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Abstract

Over the last two decades, terahertz communications has emerged to unleash the poten-

tial of the electromagnetic spectrum beyond 100 GHz. The rapid development in this

area has derived benefits from the state-of-the-art breakthroughs in terahertz technol-

ogy. However, employing this technology to terahertz communications applications

comes with a number of interrelated technical challenges, which tend to ceil the over-

all performance of terahertz communications systems. On a fundamental level, the

information-bearing waveforms routed over these systems are power-limited due to

the inherently low radiation levels of currently available terahertz transmitters and the

availability of terahertz amplifiers. In addition, globally adopted wireless standards

introduce additional spectral power and bandwidth constraints to these waveforms.

Hence, the prudent utilisation of the permissible regulatory emission power raises a

key challenge. Another important challenge is the reliable decoding of these waveforms

after wireless transmission. At the receiver front-end, the signal-to-noise ratio of ter-

ahertz signals becomes severely low, making them highly sensitive to time-jittering

and hence, prone to decoding errors, especially at high baudrates. Further to that,

simplifying the transceivers architectures in future wireless communications without

sacrificing the high throughput is another fundamental design challenge, which is

usually foreseen as an implicit urging necessity for nontraditional waveforms with

high spectral efficiency. Concurrently, there is a pressing need for hardware-based

computationally efficient signal processing techniques. This challenge is driven by high

bit rates available from terahertz communications, leading to an increased latency in

digital post-processing. Despite their importance, the aforementioned design challenges

remain under-investigated. Therefore, specifically designed waveforms and systems

able to sustain in such severe transmission conditions are sought after.

To this end, the main research theme of this dissertation focuses on pulse shaping in

terahertz communications. Specifically, two pulse shapes are proposed based on the

Lorentzian pulse. The first pulse shape, referred to here as the logarithmic Lorentzian

pulse, fully complies with the spectral constraints imposed by the IEEE Standard for

terahertz communications and possesses a close-to-unity spectral radiation efficiency.

The spectrum of this pulse is designed based on the partial overlap of two logarith-

mic Lorentzian spectra spaced apart by the desired bandwidth, leading to a flat, i.e.,
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Abstract

frequency-invariant, in-band spectrum and controllable out-of-band suppression. Con-

sequently, an additional degree of freedom is granted to this pulse in order to flexibly

control the inter-band interference and hence, adapt to different multi-band transmis-

sion scenarios. Validated by rigorous experiments, this pulse shape shows a potential

to support terahertz signalling with a limited emission power and stringent spectral

constraints, compared to the conventional pulse shapes. Under the same experimental

conditions, a proposed variant of this pulse is designed and tested. The modified

pulse shows a high tolerance over a wide range of the time-jittering at the receiver

side. This outcome further emphasises the vital role of pulse shaping for terahertz com-

munications. Furthermore, the optical communications-inspired carrierless amplitude

and phase modulation technique is adopted to terahertz communications. Experimen-

tal results show that this technique is a spectrally efficient orthogonal pulse shaping

and modulation contender that can significantly simplify the architecture of terahertz

transceivers for the sixth generation (6G) terahertz communications systems and, at the

same time, achieve a high throughput.

Signal processing techniques for terahertz communications constitute a supplementary

research theme in this dissertation. In this part, a microwave photonics-based pulse

shaping technique for multi-band terahertz communications is proposed and experimen-

tally demonstrated. Volterra nonlinear filters are also employed to compensate for the

dispersion and high nonlinearity of photonics-based terahertz communications systems

with optical and wireless transmission. Additionally, a low complexity equalisation

technique for multiple-input multiple output single-carrier terahertz communications

is proposed and simulated using experimental measurements for the indoor terahertz

channel frequency response.

The adoption of the concepts and contributions presented throughout this dissertation

can significantly improve the performance of existing terahertz communications sys-

tems. Additionally, the proposed pulse shapes establish the foundations for further

development of other terahertz-specific waveforms and can be used as informing guide-

lines for the design and development of terahertz communications systems with high

spectral power efficiency as well as robustness to time-jittering under the limited power

emission levels offered by current terahertz technology. Moreover, the signal processing

techniques presented in this dissertation can potentially cope up with the high data rate

requirements of terahertz communications.
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Chapter 1

Introduction

T
ERAHERTZ radiation is a facet of the electromagnetic spectrum

adjacent to the microwave and infrared bands. The unique char-

acteristics of this part of the spectrum continues to uncover a mul-

titude of applications, from molecular imaging to space communications.

With the endlessly increasing demands for wireless connectivity, this part

of the spectrum emerges as a promising solution to the foreseen shortage

of regulated radio frequency (RF) spectral resources in the near future. This

chapter presents a brief summary of the progress in the field of terahertz

wireless communications. First, the upcoming challenges of existing wireless

communications systems are highlighted, and the future trends in wireless

services are overviewed. Second, terahertz technology is presented as a key

enabler of these services, together with its most salient variants, opportu-

nities and limitations. The last part of this chapter presents the motivation

behind this research and outlines the structure and major contributions of

this dissertation.
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Chapter 1 Introduction

1.1 Current Frequency Allocation Plan

Continuously growing public interests in software applications developed for social

networking have stimulated a corresponding increase in the image and video-rich

information content on the internet. Based on long-term observations conducted over

a period of 25 years, Edholm (Cherry 2004) was the first to trace the evolution of the

average growth rate of the data traffic routed through high speed – short range wireless

communications networks as shown in Fig. 1.1. In 2004, Edholm’s law empirically pre-

dicted that the network traffic worldwide increases linearly. Inspired by Edholm’s law,

more accurate data traffic forecasts were conducted by telecommunications equipment

providers (Cisco & its Affiliates 2015) in order to verify and extrapolate this observation.

The reliability of CISCO forecast reports relies on data traffic measurements extracted

from communications devices equipped with data traffic monitoring capabilities. The

measurements validate Edholm’s model and estimate that the data traffic generated by

the wireless end-users doubles almost every 18 months. Extrapolating Edholm’s law, it

is foreseen that the wireless access at data rates of 5-10 Gbit/s/user will be inevitably

required by 2030. Consequently, the overall data traffic consumption is expected to

increase by several orders of magnitude by the end of this decade.

Currently, the 60 GHz millimetre wave systems can support wireless transmission up

to 7 Gbit/s (Mackay et al. 2022), and the peak transmission rate of fifth-generation

(5G) links is only 10 Gbit/s. However, day-by-day increasing demands for reliable

high-speed wireless services are expected to rapidly approach the capacity of 5G com-

munications networks in the near future. In addition, the spectral resources for wireless

communications are limited such that, in the current frequency allocation plan, there is

no continuous bandwidth larger than 10 GHz available below 100 GHz (Tekbıyık et al.

2019). These demands are unlikely to be fulfilled without ongoing vigorous research

on next-generation wireless networks, namely, 6G. Therefore, a progress in the devel-

opment of beyond-fifth-generation (B5G) and 6G wireless communications networks

has been accelerating over the past decade. This progress have been achieved by the

research efforts dedicated in search for tremendously high transmission capacities as

well as enabling technologies. Consequently, there is pressing need to push the carrier

frequencies beyond the millimetre wave band to cope up with the users’ activities on

wireless networks by increasing the channel capacities and reducing the routing latency.

To that end, exploring to the next frontier of the electromagnetic spectrum using new

core technologies is indispensable.
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© 2007 IEEE

Figure 1.1. Edholm’s law of data traffic growth. Evolution of the nominal data rate for wireline,
nomadic, and wireless technologies. Adapted from (Baker 2007).

1.2 Vision and Roadmap for Future Wireless Networks

New paradigms are foreseen for 6G networks (Chowdhury et al. 2020), such as support-

ing 8K-360◦ video streaming, machine-to-machine (M2M) communications, holographic

tele-presence and wireless power transfer. Compared to 5G, 6G wireless communica-

tions is expected to achieve a broader geographical coverage and incorporate a wide

range of applications, from chip-to-chip commutations to satellite-terrestrial links (Ji et

al. 2021). It is also expected that 6G communications will act as a central hub that could

potentially interconnect heterogeneous physical layer technologies such as visible light

communications (VLC) links and radio-over-fibre (RoF) links as well as millimetre wave

wireless links (Borges et al. 2021). Such a multi-level integration will be required to

support different applications such as cloud computing, radar and navigation, control,

sensing and imaging (Ji et al. 2021). To smartly control the exchange of gigantic data

traffic among these heterogeneous structures, various supporting technologies will

be employed, such as machine learning, which will be required for real-time network

self-awareness and -management (Chowdhury et al. 2020). To that end, the availability

of spectral resources, together with enabling technologies, is crucial to the realisation

of the roadmap envisaged for 6G communications. It is foreseen that, in 6G commu-

nications (Ji et al. 2021), the nominal transmission rate will range from 100 Gbit/s to
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Figure 1.2. Connectivity map of hybrid-access heterogeneous networks in future communi-
cations systems. (Reproduced from (Borges et al. 2021), Applied Sciences; an mdpi open access
journal)

.

about 1 Tbit/s, and a latency as low as 1 µs (Lee et al. 2020), which is not achievable

using neither existing microwave nor millimetre wave wireless systems.

1.3 Emerging Terahertz Technology and Its Applications

Terahertz radiation refers to electromagnetic waves in the frequency range from 100 GHz

to 10 THz. In terms of the wavelength, the terahertz band is defined from a wavelength

of 3 mm to 30 µm. This definition overlaps the millimetre wave band, which ranges from

30 GHz to 300 GHz, and incorporates the sub-millimetre wave region, from 300 GHz to

3 THz (Wiltse 1984). In addition, at its high frequency edge, the terahertz band overlaps

the far infrared region, which is defined from 3 to 20 THz (Vatansever & Hamblin 2012).

Apart from the technical definitions, Fig. 1.3 shows that the terahertz band is halfway

between the microwave and the visible bands of the electromagnetic spectrum, without

sharp boundaries at the edges of both bands.

Owing to its unique and highly desirable properties, the feasibility of employing tera-

hertz radiation to a wide range of applications has been experimentally demonstrated

during the last two decades. For instance, terahertz waves are transparent to materials

that are opaque at visible and near-infrared frequencies (Moriwaki et al. 2017, Kanda
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Figure 1.3. Electromagnetic spectrum. The terahertz frequency regime within the electromagnetic
spectrum is shown here with its overlap with the microwave and infrared regions.

et al. 2017, Suzuki et al. 2016). Due to the low photon energies at terahertz frequen-

cies, terahertz radiation is non-ionising and hence, poses no threat to biological tissues

exposed to the typical radiation levels of terahertz time-domain spectroscopy (THz-

TDS) systems (Fitzgerald et al. 2002). These properties are useful for non-destructive

medical imaging and sensing applications (Withayachumnankul et al. 2007). The ab-

sorption spectra of a wide variety of materials exhibit high responsitivity to terahertz

radiation (Naftaly & Miles 2007), which resonates with the need to characterise these ma-

terials at terahertz frequencies. Terahertz technology can also support ultra-broadband

wireless communications, which is one of the most salient applications of terahertz tech-

nology (Dhillon et al. 2017) for the unprecedented data rates associated with terahertz

carrier frequencies. Such unique characteristics would not have been uncovered without

development of the technologies required for generating and detecting terahertz waves.

1.4 Variants of Terahertz Transceivers

The development of compact radiation-efficient terahertz sources for practical appli-

cations has been an active research topic in the field of terahertz engineering and

sciences (Dhillon et al. 2017). Currently, there are several variants of low-power ter-

ahertz technology that can be employed in wireless commutations applications. The

terahertz radiation emitted by these sources can be classified into two broad categories,

namely, the impulse-radiation mode and the continuous-wave (CW) radiation mode.

Each of these two radiation modes has its own generation and detection techniques as

well as its unique application scenarios.
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In the impulse radiation mode, terahertz waves are emitted in the form of short-duration

energy bursts that typically last for a few pico-seconds (Degert et al. 2012). Due to the

time-frequency duality, the spectra of such ultra-short pulses span a wide frequency

range; from a few GHz, and up to several THz (Degert et al. 2012). Such an ultra-broad

bandwidth makes the emitted terahertz waves prone to the non-ideal atmospheric

propagation conditions, especially the high power loss in outdoor environments due to

water-vapour absorption (Song & Nagatsuma 2011), (Shams et al. 2016), (Kallfass et al.

2015).

Photo-conductive antennas (PCAs) have been the most established variant of terahertz

technology that can be used to generate and detect impulse terahertz waves (Bacon

et al. 2021). A major functional drawback of PCAs is the requirement for high-bias

voltage, which can exceed 100 V (Bacon et al. 2021), making these devices impractical

for handheld communications equipment. Importantly, the data rates that can be

achieved using currently-available PCA-based transmitters are, so far, as low as a few

hundreds of MByte/s (Systems 2022). This is because PCAs are optically pumped

using low repetition rate femto-second laser sources to generate terahertz pulses at the

same rates. However, such low data rates makes PCA-based communications lagging

behind the increasing demands for broadband applications, which have been driving

the innovations in the 6G roadmap. Nonetheless, when operated in the receiving mode,

PCAs can be used as high-speed terahertz detectors at data rates up to 640 Gbit/s (Yu

et al. 2015b).

In the CW mode, terahertz radiation is emitted as a sinusoidal wave, which has a

limited spectral spread around a well-defined frequency in the terahertz band. There-

fore, such type of terahertz radiation is commonly used for narrowband carrier-based

wireless communications. Resonant tunnelling diodes (RTDs) is an electronic variant

of semiconductor-based terahertz technology, which can be used to generate and CW

terahertz waves (Asada & Suzuki 2021). These devices can also be used to detect CW ter-

ahertz radiation, either coherently (Yu et al. 2020), or non-coherently (Webber et al. 2019).

A major limitation of RTDs is that these devices can only oscillate at unstable discrete

operational frequencies (Oshima et al. 2017). However, for practical communications

applications, it is highly desirable that terahertz sources are continuously tunable over

a large bandwidth. Tunable RTDs have been developed to overcome this limitation and

hence, extend their usability for wireless communications applications (Kitagawa et al.

2016). Additionally, being electronic device, RTD-based transmitters are incompatible
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with microwave-photonic (MWP) techniques. For RTD-based transmitters to support

these techniques, the baseband signals need to be electro-optic-modulated before being

processed using MWP techniques and subsequently photo-detected, which makes the

transmitter architecture rather complicated (Webber et al. 2019).

High-speed photo-diodes (PDs) is another semiconductor-based variant of terahertz

technology that can be used to generate CW terahertz radiation based on photo-

mixing (Seddon et al. 2022). In photo-mixing, two independent optical sources, with

two different frequencies, are combined and optically modulated before being applied

to a high-responsitivity photo-diode for optical-to-terahertz down-conversion. One

of the powerful advantages offered by these techniques is their seamless integrability

to radio-over-fibre (RoF) optical networks (Shams et al. 2016). This particular feature

intersects with one of the foreseen goals in the roadmap of future hybrid access net-

works. Importantly, this integration makes it possible to apply MWP techniques to

terahertz signals for all-optical signal processing (Shams et al. 2016) and distribution

purposes (Shams et al. 2015), (Gonzalez-Guerrero et al. 2018). Another benefit that can

be gained from employing photonics technologies to terahertz communications is to

extend the reach of terahertz signals in order to enable wireless access by end-users

and exchange gigantic data volumes over short range links such as home broadband.

Thanks to the parallel development of integrated terahertz photonics (Withayachum-

nankul et al. 2018), the potentials of terahertz technology for wireless communications

applications are gradually unleashed.

Examples of PDs especially developed for high-speed photo-mixing include positive-

intrinsic-negative photo-diodes (PIN-PDs) (Ali et al. 2020), (Castro et al. 2019) and

uni-travelling carrier PDs (UTC-PDs) (Ito et al. 2004), (Piels & Bowers 2014). Compared

to UTC-PDs, currently-available PIN-PDs emit higher terahertz power at frequencies

below 170 GHz (Nellen et al. 2019). However, at frequencies from 170 GHz to 350 GHz,

the UTC-PDs are more efficient terahertz emitters than the PIN-PDs. To put into

perspective, the UTC-PD can typically emit 56 µW at about 300 GHz, whereas the

PIN-PD power drops to about 35 µW at the same frequency. For frequencies higher

than 300 GHz, the output power levels of both emitters are almost identical, except for

a subtle difference of about 2 µW at 1 THz. Being the most efficient photonics-based

terahertz emitter in the 220-330 GHz band, the UTC-PD is the most widely adopted

choice for experimental demonstrations on wireless communications. However, one

of the major limitation of UTC-PDs is their rather limited power which is typically
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Figure 1.4. Variants of semiconductor-based terahertz technology developed for wireless
communications applications. (a) Photo for a packaged resonant tunnelling diode that oscillates
at 200 GHz. (b) Fermi-level managed barrier diode (FMBD) (Nagatsuma et al. 2019). (c) Photo-
conductive antenna (PCA) with an integrated silicon focusing lens. (d) A terahertz link comprising a
uni-travelling carrier photo-diode (UTC-PD) and a Schottky-barrier diode (SBD) operating in the
220-330 GHz band. The components in (a), (c) and (d) are at The University of Adelaide.

as low as 1 mW (Song et al. 2012). Although relatively low, this power is useful for

close-proximity wireless applications (Dhillon et al. 2017).

Similar to other wireless communications, modulated CW terahertz signals can be

detected either coherently or non-coherently, i.e., envelope detection (Nagatsuma &

Carpintero 2015). In coherent detection, the received terahertz signal is down-converted

from the terahertz band to an intermediate frequency (IF) using a local oscillator and a

sub-harmonic mixer (SHM) (Nagatsuma & Carpintero 2015). This technique is usually

required when the terahertz signal is both amplitude- and phase-modulated. However,

with simple amplitude-only modulation schemes, such as the on-off keying (OOK)

and double sideband with carrier (DSB+C) binary phase shift keying (BPSK) schemes,

envelope detection is a less-complex and more power-efficient alternative. Both the
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Table 1.1. Sample use cases of different variants of terahertz technology for communications.

Technology Frequency Data Rate Modu-
(Tx+Rx) (GHz) (Gbit/s) lation

(Yu et al. 2015b) UTC-PD + PCA Carrierless (IR) 640 OOK
(Jia et al. 2018a) UTC-PD + SHM 400 106 16-QAM

(Nagatsuma et al. 2013) UTC-PD + SBD 300 48 OOK
(Nishida et al. 2019) UTC-PD + RTD 343.2 30 ASK
(Webber et al. 2019) RTD + RTD 340 10 OOK
(Oshima et al. 2017) RTD + SBD 500, 800 2×28 OOK

(Minoofar et al. 2021) PIN-PD + SHM 300 4 QPSK

RTD and the Schottky-barrier-diode (SBD) are highly-nonlinear terahertz envelope de-

tectors. However, the input power-output voltage response of RTDs is highly nonlinear

compared to SBDs (Shiode et al. 2011). In addition, whilst the sensitivity of typical

RTDs is typically 30 dB higher than that of SBDs (Shiode et al. 2011), SBDs are more

power-efficient as they are essentially zero-bias detectors. Another device that has been

recently developed for terahertz envelope detection is the Fermi-level managed barrier

diode (FMBD) (Nagatsuma et al. 2019). This device outperforms the SBD in terms of

the detection sensitivity and the noise equivalent power. Yet, the heterodyne (Ito &

Ishibashi 2018) and homodyne (Roser et al. 1992) detection performance of the FMBD

has not been investigated.

Over the last two decades, various experiential demonstrations have been reported in

the design and development of high-speed wireless communications systems using

different variants of terahertz technology. Table 1.1 shows that, terahertz communica-

tions systems have been experimentally demonstrated using different combinations of

terahertz technology variants at the transmitter and receiver sides. The performance of

each system depends mainly on this particular combination (Yu et al. 2015b).

1.5 Overview of Terahertz Communications

Using terahertz waves for wireless communications has been considered as a promising

solution that can meet the foreseen demands for ultra-broadband wireless connectivity

and terahertz technology is a key enabler for these demands (Petrov et al. 2020), (Ji et

al. 2021). Based on Shannon’s theory, the capacity of a band-limited communications

channel increases with its bandwidth and the transmitted signal power (Shannon 1948).

In terms of the bandwidth, the terahertz band offers ample spectral resources such

that, theoretically, the average throughput can be as high as 10 Gbit/s/GHz (Schneider
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et al. 2012). However, practically, the transparency of terahertz wave propagation

through a water-vapour filled atmosphere is limited to certain discontinuous spectral

windows. The frequency range from 220 GHz to 330 GHz, which is commonly known

as the WR-3.4 band and also known as the low terahertz band, is the largest transmis-

sion window with the minimum attenuation under different atmospheric conditions

as shown in Fig. 1.5 (Song & Nagatsuma 2011). Therefore, the majority of previous

demonstrations on terahertz communications have focused on this part of the terahertz

spectrum (Shams et al. 2016), (Seeds 2014b). Concurrently, different spectral windows

in the terahertz band are explored and progressively regulated. This is to ensure the au-

thorised access to different parts of the terahertz spectrum and secure harmonious and

interference-free operation of future wireless communications. In addition, conformity

of the developed products/services to globally adopted standards is also indispensable

phase in the development phase of such an emerging generation of wireless commu-

nications networks (R. E. & Spencer 2010). This is to ensure the interoperability of

products developed by different manufacturers. In relation to that, in 2017, the IEEE

Standards Association (IEEE-SA) approved the first worldwide standard to regulate

wireless communications at terahertz frequencies. The final release of this standard,

officially called the IEEE 802.15.3d-2017 Standard, specifies the physical (PHY) layer for

the operation of point-to-point terahertz band communication networks (P2P-TBCN)

up to 100 Gbps (IEEE 2017). Additionally, in February 2019, the U.S Federal Communi-

cations Commission has released the first report on licensing the spectrum from 95 GHz

to 3 THz for experiments on terahertz signalling (FCC 2019).

It is challenging to approach Shannon’s capacity limits based on the power levels

of currently-available terahertz emitters (Schneider et al. 2012). On top of that, the

propagation of terahertz waves is also prone to free-space path loss (FSPL) (Schneider

et al. 2012), which can be modelled by the Friis gain formula as follows:

PRx = PTx
GTxGRxc2

(4πd f )2 , (1.1)

where PTx is the transmitted terahertz power, PRx is the terahertz power at the receiver

front-end, d is the Tx-Rx separation, f is the terahertz frequency, and c = 3 × 108 m/s is

the speed of light in the free space. As can be seen in Eq. (1.1), due to their dependence

on frequency, terahertz waves suffer from a severely high FSPL. Considering two

25 dBi gain antennas separated by a moderate transmission distance of 10 m, the FSPL

ranges from about 49.29 dB to 52.8 dB in the 220–330 GHz band. If not compensated,
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(a) (b)

Figure 1.5. Atmospheric attenuation of terahertz waves in terrestrial outdoor links. (a)
Attenuation of the Earth atmosphere from radio frequencies to the visible band (Reproduced from
Versita (Rogalski & Sizov 2011) under a CC-BY-NC-ND open access license). (b) Attenuation in
the terahertz band (Reproduced from (Kallfass et al. 2015) with permission from Springer Nature).

such a high power loss can significantly reduce the signal-to-noise ratio (SNR) at the

receiver front-end and hence, deteriorate the BER performance. This power loss can

be compensated using focusing Teflon lens (Ducournau et al. 2015), which can reduce

the FSPL to 0 dB, and/or high-gain terahertz antennas (Castro et al. 2020) (Liu et al.

2021). Alternatively, coherent detection techniques can be used to improve the receiver

sensitivity by up to 35 dB when the received power is as low as –30 dBm (Yu et al. 2020).

Without these power-loss compensation techniques, the maximum wireless reach of

terahertz signals would range from less than 1 mm (Hirata & Hirokawa 2018) to a few

tens of centimetres (Song 2019).

Another important challenge is the high directionality of terahertz antennas, which

allows only line-of-sight (LoS) propagation paths. However, recently, it has been

experimentally proven that, even if the terahertz waves propagate from the Tx to

the Rx via a non-LoS (NLoS) paths with obstructions, still high quality links can be

established (Ma et al. 2018). In (Sheikh et al. 2020), a 3-D ray-tracing approach has been

developed to evaluate the channel capacity in a realistic office room environment around

300 GHz. These research efforts highlight the potential of using terahertz technology in

typical indoor wireless communications applications in the 300 GHz band. Therefore,

in (Petrov et al. 2018), a road-map for the deployment of terahertz Ethernet links for

indoor environments has been proposed.
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To overcome the aforementioned limitations and hence, push terahertz communications

towards the Shannon’s capacity limits, several concepts and techniques have been intro-

duced to the area of terahertz communications. Many of these techniques are essentially

inspired by concepts and experimental demonstrations that have proven practically fea-

sible during the development of the 5G wireless networks, such as polarisation division

multiplexing (PDM) (Oshima et al. 2017), (Nagatsuma et al. 2013) and multiple-input

multiple-output (MIMO) multiplexing (Cheng et al. 2019). Nonetheless, without signal

processing, the realisability and reliability of such advanced transmission techniques

are not necessarily guaranteed.

1.6 Research Motivation and Challenges

The field of terahertz communications is multi-disciplinary and relies on the parallel

advancement of various inter-related fields such as terahertz technology, passive and

active integrated terahertz devices as well as wireless communications. Together, these

fields are all indispensable for the realisation of practical terahertz communications

systems. Of particular importance is the field of signal processing, which is crucial to the

development terahertz communications systems that show high resilience to the trans-

mission impairments and non-ideal characteristics of key terahertz devices. Despite

their immaturity, the transmission performance of current experimental demonstrations

on terahertz communications would have been further limited without employing

signal processing techniques. Admittedly, the lack of these techniques is one of the key

factors that made the progress in terahertz communications relatively slack. To that end,

the parallel advancement of the field of signal processing for terahertz communications

is essential to put the practical application of terahertz technology in place and unleash

its full potential.

Designing waveforms, or equivalently, pulse shapes, that can meet specific require-

ments and/or challenges is, so far, one of the under-investigated applications of signal

processing in the field of terahertz communications. It is noteworthy that, to date,

experimental demonstrations on terahertz communications still rely on conventional

pulse shapes, which do not necessarily meet the requirements and challenges that are

specific to this field. Independently, classical approaches for the waveform design and

processing in terahertz communications have been theoretically suggested without be-

ing experimentally investigated. Therefore, it is of paramount importance to thoroughly
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investigate the specific requirements of practical terahertz communications systems

in order to develop waveforms and signal processing techniques that can meet these

requirements. Motivated by these considerations, the main aim of this dissertation is

to showcase a number of pulse shapes and computationally-efficient signal processing

techniques through a number of contributions distributed over seven chapters. These

contributions are validated through a series of experimental demonstrations, using

photonics-based terahertz communications systems as well as rigorous simulations.
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1.7 Dissertation Scope, Contribution and Outline

The general scope of this dissertation focuses on short-range high-speed CW terahertz

wireless communications systems. Specifically, this dissertation aims to improve the

transmission performance and simplify the design of photonics-based terahertz com-

munications systems in the WR-3.4 band through pulse shaping and signal processing

techniques. This dissertation comprises seven chapters in total, including three chapters

of original contributions to the field of terahertz communications. The dissertation

structure is visually represented in Fig. 1.6, and the technical contents of each chapter

are as follows:

Chapter 1 - Introduction presents the background knowledge required to understand

the context of terahertz communications and its underlying technology. The motivation

behind the research contributions presented in this dissertation is also discussed.

Chapter 2 - Terahertz Communications and Pulse Shaping presents the background

knowledge required to establish the context of narrowband pulse shaping for terahertz

communications. Additionally, the temporal and spectral properties of two Nyquist

pulse shapes, namely, the raised-cosine (RC) pulse and the better-than RC pulse, are
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Figure 1.6. Dissertation outline. The chapters are divided into 4 major parts as background, pulse
shaping, wireless transmission and digital signal processing (DSP).
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1.7 Dissertation Scope, Contribution and Outline

revised. Key challenges in the implementation of signal processing techniques for

terahertz communications are also presented in this chapter.

Chapter 3 - Original Contribution presents a non-Nyquist waveform the fully complies

with the spectral constraints defined in the IEEE 802.15.3d Standard with a close-to-

%100 spectral power efficiency (SPE). The proposed waveform, which outperforms the

conventional RC and BTRC waveforms in terms of the SPE and the bit error rate perfor-

mance, also possesses two degrees of freedom that can be used to control its temporal

and spectral properties for flexible spectral interference management. To the best of

our knowledge, there has been no other pulse shape designs for the IEEE 802.15.3d

Standard. Therefore, the proposed waveform, together with the developed analytical

framework, would be an asset in terahertz communications, particularly for wireless-

channel multiplexing. The content of this Chapter is published in (Shehata et al. 2021).

Chapter 4 - Original Contribution presents a Nyquist pulse that is highly tolerant

to the timing-jitter. The proposed pulse shape, which is a modified form of the pulse

shape presented in Chapter 3, satisfies the Nyquist criterion for inter-symbol interfer-

ence (ISI)-free signalling and compared with the RC and BTRC pulses. In addition, the

transmission performance of this pulse shape outperforms the conventional RC pulse

as well as the BTRC pulses. The content of this Chapter is published in (Shehata et al.

2022c)

Chapter 5 - Original Contribution introduces the concept of carrierless amplitude and

phase modulation to terahertz communications for the first time, to the best of our

knowledge. This modulation technique is experimentally demonstrated using a typical

photonic-based terahertz communications system with combined optical and wireless

transmission. The content of this chapter has been submitted for publication (Shehata

et al. 2022a).

Chapter 6 - Signal Generation and Processing in Terahertz Communications. This

part presents pulse shaping and signal processing techniques that are particularly useful

for further development of terahertz communications systems. These techniques aim at

the generation, processing and shaping the spectra of terahertz signals in the optical

and baseband domains. The proposed techniques are computationally-efficient and

their implementation is potentially simple.

Chapter 7 - Summary and outlook concludes the dissertation and provides an outlook

for future developments based on the proposed contributions.
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Chapter 2

Terahertz Communications
and Pulse Shaping

T
HIS chapter presents a literature review and key challenges that

arise from transmission impairments usually encountered in tera-

hertz communications with an emphasis on the aspects relevant to

the scope of this dissertation. Firstly, a general overview of the challenges

and performance limitations associated with current terahertz communica-

tions systems is presented. The remaining sections in this Chapter overview

transmission impairments in terahertz communications, with spotlights on

the existing possible solutions and their limitations. Finally, the potential

challenges facing the signal processing are discussed in light of applications

to the terahertz regime.
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Chapter 2 Terahertz Communications and Pulse Shaping

2.1 Introduction

In communications systems, the waveforms are the ultimate result of signal process-

ing at the transmitter side before emission over-the-air (OTA) via the transmitter’s

antenna in wireless communications (Yazar & Arslan 2020), or distribution over optical

fibres in optical communications (Seeds 2014a). These waveforms determine many

of the physical resources required by the communications system, including the com-

putational resources, bandwidth, power budget as well as generation and detection

techniques (Yazar & Arslan 2020). In terahertz communications, the transceiver archi-

tecture impacts the choice of the signalling waveform (Gustavsson et al. 2021) and vice

versa (Shehata et al. 2022a). It is foreseen that, such a mutual dependence will be more

complicated in future 6G communications systems as multiple waveforms for different

standards may be required to coexist in a single transmitted OTA frame (Yazar & Arslan

2020). Furthermore, multi-purpose waveforms might be shared among heterogeneous

6G applications, such as joint communications and sensing (Mao et al. 2021), (Wild et

al. 2021). Therefore, the waveform design is a core process in the development of the

physical layer (PHY) of communications systems (Yazar & Arslan 2020). In relation to

this, several waveforms have been suggested as potential contenders for 6G terahertz

communications (Tarboush et al. 2022), (Song & Lee 2022), (Yazar & Arslan 2020). In

principle, most of these waveforms, which were originally developed for 5G applica-

tions, can be considered as potentially transferable contenders that need to be adapted

to the beyond-5G (B5G) and 6G requirements. At least, conceptually, automated ma-

chine learning techniques can be employed to dynamically adapt these waveforms to

various requirements using parameter assignment and optimisation techniques (Yazar

& Arslan 2019), (Yazar & Arslan 2020). However, a multitude of practical considerations,

particularly, the energy efficiency (Song & Lee 2022), should be rigorously considered

when designing, selecting and/or comparing different candidate waveforms for 6G

terahertz communications (Tarboush et al. 2022), (Choi 2021).

On the most fundamental level, terahertz radiation emitted by currently available vari-

ants of terahertz technology is power-limited. This radiation can be classified into two

broad categories, namely, impulse-like waves and continuous-wave (CW) signals as

discussed in Section 1.4. Each of these two waveform types has its own generation

techniques as well as temporal and spectral characteristics, which determine its unique

application scenarios. For instance, owing to their ultra-short spread in the time-domain,

impulse-like terahertz waves are valuable for electromagnetic field measurements with

Page 19



2.1 Introduction

pico second resolution. However, the ultra-broad bandwidth of this waveform type

makes it susceptible to the non-ideal atmospheric propagation conditions and hence,

impractical for communications applications. On the other hand, the limited spectral

spread of CW terahertz waveforms is a highly desired feature for spectral sharing by

multiple users communicating over a single wireless channel with limited spectral

resources. To date, the majority of experimental demonstrations on terahertz wireless

communications are based on CW terahertz technology variants. In CW terahertz

communications, waveforms can be further divided into two broad categories, namely,

single carrier (SC) waveforms (Xin et al. 2021) and multi-carrier (MC) waveforms (Be-

rardinelli et al. 2021). Several variants of both waveform types have been suggested

and theoretically compared in the context of terahertz communications (Nguyen et al.

2022), (Tarboush et al. 2022), (Schram et al. 2020). Therefore, this chapter focuses on

reshaping the spectra of CW terahertz waveforms for several requirements demanded

by terahertz communications as will be detailed later in this chapter.

The waveforms that result from the orthogonal frequency division multiplexing (OFDM)

of simple SC waveforms is one of the most salient examples that have been considered

as potential candidates for CW terahertz communications (Berardinelli et al. 2021). In

practice, the OFDM is the only MC candidate waveform that has been experimentally

demonstrated in terahertz communications. For example, in (Mingming et al. 2019), a

full OFDM-based terahertz communications system with combined optical and wireless

transmission has been experimentally demonstrated. However, the implementation

of real-time terahertz OFDM systems could be prohibitively complex, especially at

high baudrates (Tarboush et al. 2022). This is mainly due to the need for a discrete

Fourier transform (DFT) module and its inverse at the receiver and transmitter sides,

respectively. Indeed, in (Takiguchi 2017a) and (Takiguchi 2017b), a terahertz OFDM

system was experimentally demonstrated using a photonic integrated circuit (PIC),

which process in real-time. This PIC, which was used to implement a 4-point discrete

Fourier transform (DFT) in real-time only at the receiver side, resulted in an effective

data rate of 40 Gbit/s. However, using offline DSP at the transmitter and receiver

sides, a 512-point OFDM-based terahertz communications system has been experimen-

tally demonstrated with combined optical and wireless transmission at a data rate of

59 Gbit/s (Hermelo et al. 2017). In addition to these implementation challenges, there is

a broad agreement that various modifications should be introduced to OFDM-based

waveforms before they can be adopted for terahertz communications (Nguyen et al.

2022), (Zhang et al. 2020), (Tarboush et al. 2022). These modifications include enhancing
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Chapter 2 Terahertz Communications and Pulse Shaping

the spectral efficiency, reducing the out-of-band (OOB) emissions and minimising the

peak-to-average power ratio (PAPR) (Tarboush et al. 2022). To reduce the PAPR of

OFDM waveforms, an additional DFT process and its inverse can be utilised at the

transmitter and receiver sides, respectively (Wu et al. 2021), (Berardinelli et al. 2021).

The resulting waveform is a low-PAPR SC variant of the OFDM waveform (Wu et al.

2021). However, the practical generation and real-time processing of such a waveform

is more complicated than the OFDM waveform.

The research question that reveals itself here is–whether there is a resilient waveform

that can meet the design requirements of terahertz communications systems without

overwhelming processing at the transmitter and receiver sides. The answer to this

question is that, so far, the design requirements of terahertz communications have

not been thoroughly investigated. Instead, waveforms previously developed for 5G

are directly employed without being adapted to the specific requirements of terahertz

communications. It should be highlighted that, these waveforms have been developed

to solve key challenges that are specific to microwave and optical 5G communications.

Likewise, terahertz communications has its own challenges and requirements (Tarboush

et al. 2022), such as the limited computational resources of baseband signal processing

equipment as well as the susceptibility to the non-ideal transmission characteristics

of terahertz devices. Therefore, understanding these requirements is necessary to

the development of waveforms that can fulfil these design challenges (Tarboush et

al. 2022), (Nguyen et al. 2022). In relation to this, a few studies called attention to

the need for optimal SC waveforms in terahertz communications, especially in the

90–200 GHz band (Corre et al. 2019). However, the design guidelines and techniques

for such waveforms have not been initiated.

To address these design challenges, the design (Doré et al. 2018) and prototyping (Gus-

tavsson et al. 2021) of high-speed terahertz links have focused mainly on low-complexity

SC waveforms (Li et al. 2019). This is because, basically, MC waveforms can be synthe-

sised using a selected combination of multi-parameter SC waveforms and signals pro-

cessing techniques. The multiple parameters of SC waveforms form a multi-dimensional

hyperspace. Low-complexity SC waveforms are defined in terms of points that represent

only the modulation alphabet and orthogonal pulse shapes in this signal space (Yazar &

Arslan 2020). Thus, on the most fundamental level, pulse shaping plays a central, if not

the most important, role in controlling the temporal and spectral characteristic of OTA

emitted waveforms (Yazar & Arslan 2020). Reshaping the spectrum of communications
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signals has a non-negligible impact on the performance reliability and spectral efficiency

of wireless communications systems. In terahertz communications, the development

of a diversity of multi-parameter pulse shaping filters is the key to produce various of

waveforms for different purposes (Yazar & Arslan 2020).

In this chapter, we highlight three use cases and design challenges associated with

current terahertz communications systems and show how these limitations can be

overcome by employing pulse shaping techniques as problem solvers. The rest of

this chapter is organised as follows. Section 2.2 overviews current implementation

techniques and their associated challenges for terahertz pulse shaping. The same sec-

tion also highlights the need for low-complexity transceivers architectures for future

terahertz wireless communications. Section 2.3 overviews the temporal and spectral

characteristics of two Nyquist pulse shapes as potential candidates for terahertz com-

munications. Section 2.4 presents two Nyquist pulse shapes that could be potential

contenders for terahertz wireless communications. The potential limitations of these

waveforms are also discussed in this section. The same section also shows a preliminary

analysis on the design of IEEE 802.15.3d compliant waveforms.

2.2 Implementation Techniques and Challenges

The state-of-the-art experimental demonstrations on terahertz communications can

be classified as narrowband or wideband, depending on the generated signals’ band-

widths and carrier frequencies. Reshaping the spectra of these signals directly in the

passband is not possible due to the unavailability of signal processing building blocks

at terahertz frequencies (Zhou et al. 2021). Instead, there are well-established tech-

niques to synthesise arbitrarily shaped terahertz waveforms and precisely reshape their

spectra using optical pulse shaping techniques, followed by optical-to-terahertz down-

conversion. Initially, these techniques have been implemented using bulky free-space

optical components (Park et al. 1999), (Degert et al. 2012), (Sato et al. 2013), (Miyamaru

et al. 2014), (Hamraoui et al. 2017), which are impractical for wireless communications

applications with possible mobility. As an illustration, Fig. 2.1 shows examples of the

experimental setup for terahertz pulse shaping techniques using FSO components. As

shown in this figure, these setups are impractical for communications applications

where large scale integration of several components is usually desired. More impor-

tantly, with these techniques, terahertz waves can be only generated in the form of

energy bursts. These energy bursts have extremely large bandwidths compared to the
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(a) (b)

(c) (d)

Figure 2.1. Example of terahertz pulse shaping techniques using free-space optics. (a)
Schematic diagram showing a narrowband terahertz pulse shaping technique using optical excitation
of metasurfaces (Miyamaru et al. 2014) (Reproduced with permission from Springer Nature under the
creative common license) (View license online). (b) Terahertz pulse shaping through propagation in a
gas tube and free-space optical components (Hamraoui et al. 2017) (Reproduced with permission from
the American Physical Society) (View doi). (c) Experimental setup for the tunable generation and
spectral shaping of terahertz pulses from optically shaped femto-second pulses (Reproduced from (Lu
et al. 2014) with permission from ElSevier, Copyright 2014 (View license online).(d) Experimental
setup for amplitude and phase terahertz spectral shaping using passive diffractive devices (Reproduced
from Nature, (Veli et al. 2021) under the creative common license: CC-BY, open access)(View license
online).

typical spectral requirements for terahertz communications applications (IEEE 2017).

Further to that, the terahertz wave that propagate through the free-space between these

components are prone to transmission impairments, such as the frequency-dependent

group delay, exhibited by each individual component.

Integrated microelectronic platforms, such as re-programmable high-speed digital-to-

analog converters (DACs), are multi-functional signal processing platforms that can be

used to overcome the limitations of FSO-based techniques. However, operating these
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platforms at terahertz frequencies exceeds their practically achievable limits (Song &

Lee 2022). The problem of reshaping the terahertz signal spectrum can be simplified

to reshaping the spectrum of its envelope, which can be flexibly accomplished in the

baseband using high-speed DACs as follows. First, the spectrum of the terahertz signal

envelope is designed and synthesised in the baseband, using a high-speed DAC. This

way, a wide variety of pulse shapes with flexibly controllable temporal and spectral

characteristics can be generated. Second, the generated baseband spectrum is up-

converted to the terahertz band, using photonic or electronic techniques, to obtain

terahertz waveforms with the desired spectral characteristics. This way, it is possible to

cope up with the speed demands expected from terahertz communications.

An important challenge in the implementation of pulse shaping for terahertz commu-

nications is the need for high-speed DACs and analog-to-digital converters (ADCs) to

perform multi-functional processing at the transmitter and receiver sides (Song & Lee

2022). With these platforms, data rates as high as 100 Gbit/s could be achieved during

the last decade using a maximum sampling speeds of 100 GS/s (Rodrı́guez-Vázquez et

al. 2020), (Song & Lee 2022). However, still this speed needs to be increased by at least

one order of magnitude in order to reach bit rates up to 1 Tbit/s in the next decade (Song

& Lee 2022). The effective sampling rate, denoted by fs, can be calculated as follows:

fs =

⌊
fDAC

fN

⌋
fN, (2.1)

where fDAC is the maximum DAC sampling rate, fN = 2BWBB is the Nyquist sampling

rate, BWBB is the baseband signal bandwidth. Table 2.1 shows the sampling rate re-

quirements for various channel bandwidths defined in the IEEE 802.15.3d Standard,

considering fDAC = 65 GS/s, which is typical for many currently-available DACs. It

should be highlighted that, in addition to pulse shaping, digital platforms are also

Table 2.1. Sampling rate requirements for the IEEE 802.15.3d Standard, assuming a maximum
sampling rate of 65 GS/s.

Passband Baseband Nyquist Sampling Oversampling Effective Sampling
Bandwidth (GHz) Bandwidth (GHz) rate (GS/s) factor Rate (GS/s)

2.16 1.08 2.16 30 64.80
4.32 2.16 4.32 15 64.80
8.64 4.32 8.64 7 60.48
12.96 6.48 12.96 5 64.80
17.28 8.64 17.28 3 51.84
25.92 12.96 25.92 2 51.84
51.84 25.92 51.84 1 51.84
69.12 34.56 69.12 0 –
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required to perform other complicated DSP tasks, such as channel equalisation, non-

linearity compensation, matched filtering, sampling as well as error detection and

correction. However, the computational resources of currently-available ADCs and

DACs are rather limited, making these DSP tasks overwhelming, especially at high

baud rates. Therefore, it is reasonable to start the pulse shape design by identifying

the needs, limitations and transmission impairments that motivate the design of new

pulse shapes for terahertz communications. In the following sections, we highlight

three of the challenges and design requirements that have been encountered so far in

terahertz communications before pulse shaping solutions are introduced in the next

three chapters.

2.3 IEEE 802.15.3d-Compliant Communications

It has been envisaged that the terahertz band can support the demands of the sixth

generation (6G) of wireless communications systems for the high-speed transmission

of gigantic data volumes. Various communications systems have been reported at

terahertz frequencies (Nagatsuma & Carpintero 2015), (Elayan et al. 2020), especially,

from 220 GHz to 330 GHz. The majority of these experimental demonstrations have

focused on optimising the transmission performance without imposing any constraints

on the effective isotropic radiated power (EIRP) of the radiated terahertz signals.

It important to note that, the technical specifications defined in regulatory standards can

be used as guidelines for the design and development of terahertz communications sys-

tems. In addition, meeting these regulations as design targets make it possible to assess

different implementations within a unified framework. Further to that, complying with

globally adopted wireless standards is also crucial to the harmonious interoperability

of wireless communications equipment produced by different manufacturers.

In 2017, the IEEE released the first global standard for wireless communications in

order to regulate these increasing research interests in the advancement of terahertz

communications (IEEE 2017). In this standard, a large bandwidth of 70 GHz, namely,

from 252.72 GHz to 321.84 GHz, usually called the low-terahertz band, is dedicated

for terahertz communications. This bandwidth is shareable among multiple users

based on the principle of frequency division multiplexing. The number of users, and

consequently, their bandwidths, are determined by one of eight possible channelisation

schemes. The bandwidth of a single user channel ranges from 2.16 GHz to 69 GHz.

Due to the inherently weak power of currently available key terahertz devices, no
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upper bound on the power spectral density (PSD) transmitted by each channel has been

set. However, to ensure an almost interference-free coexistence of terahertz signals,

spectral constraints with sharp cutoff frequencies have been imposed to their PSDs at

the boundaries of adjacent channels. Therefore, the spectra of terahertz signals should

be carefully designed to be fully compliant with the spectral constraints defined by this

standard.

Indeed, since its release in 2017, there has been increasing interests in the full or partial

compliance with the regulations defined in the IEEE 802.15.3d Standard, e.g, (Chinni et

al. 2018a,b, Fujishima 2018, Dan et al. 2020). However, only a few of these demonstrations

have considered the PHY layer specifications defined by the IEEE 802.15.3d Standard.

For instance, in (Chinni et al. 2018a), successful wireless transmission of a 100 Gbps 16-

quadrature amplitude-modulated (16-QAM) signal at 280 GHz has been experimentally

demonstrated based on photomixing, also known as optical heterodyning, using a

UTC-PD. The spectrum of the generated terahertz signal was reshaped at the baseband

by employing a root-raised cosine pulse shaping filter with a roll-off factor of 0.35. The

generated terahertz signal occupied the 69th channel regulated by the IEEE 802.15.3d

Standard with a bandwidth of about 69 GHz. The compliance of this signal with the

spectral mask dedicated to this channel was not considered. Moreover, the reported

transmission bit rates are not compliant with the standard transmission rates designed

by the IEEE 802.15.3d Standard for the 69th channel. In (Fujishima 2018), an all-electronic

technique based on silicon CMOS integrated circuits was employed to demonstrate

the successful generation of a 27 GHz bandwidth terahertz signal in the low-terahertz

band. The author consumed 12.5 channels of 2.16 GHz bandwidth to accommodate the

spectrum of the generated signal, which does not comply with any of the channelisation

schemes defined in the IEEE 802.15.3d Standard. Also, the spectrum of the generated

signal was not reported. Similarly, the work provided in (Dan et al. 2020) reported the

multi-channel generation and transmission of two terahertz signals in the 300 GHz

band, each with a bandwidth of 2.16 GHz. A raised-cosine pulse shaping filter, with

a roll-off factor of 0.35, was employed to reshape the spectra of these signals at the

baseband without considering the conformity of the generated spectra to the spectral

constraints defined in the IEEE 802.15.3d Standard.

It is important to highlight that, most of the channelisation schemes of the IEEE 802.15.3d

Standard support multi-user transmission. Therefore, shaping the spectra of the emitted
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Figure 2.2. The spectral emission mask of the first channelisation scheme in the
IEEE 802.15.3d and its inverse Fourier transform. (a) The power spectral density (PSD),
M( f ), of the first channelisation scheme in the IEEE 802.15.3d Standard. (b) The inverse Fourier
transform of M( f ) in (a). The symbol rate is Rs 1.44 Gbit/s, Ts = 1/Rs, and fc is the terahertz
carrier frequency. The numerical values of f0 to f4 and M0 to M4 are given in Table 2.2.

OTA terahertz waveforms is one of the essential design constraints that should be con-

sidered to minimise the mutual cross-talk between adjacent channels. In addition, the

terahertz signal must fully comply with the IEEE 802.15.3d spectral emission mask and,

at the same time, occupy the maximum possible area under this spectral mask (Shehata

et al. 2021) in order to maximise the spectral radiation efficiency of currently available

terahertz devices. Figure 2.2(a) shows the IEEE 802.15.3d spectral emission mask for the

first channelisation scheme. As shown in this figure, the emission mask is defined in

terms of the normalised PSD at four different knee frequencies.

The numerical values of the knee frequencies, i.e., f0 to f4, and the spectral mask at

these frequencies, i.e., M0 to M4, are defined in Table 2.2 for the first channelisation

scheme. However, the emission masks of other channelisation schemes have the same

PSD limits defined at a different set of knee frequencies, depending on each particular

scheme. Mathematically, the spectral mask in Fig. 2.2(a) can be expressed in terms of a

continuous piece-wise linear function of the frequency, denoted by M( f ).

In principle, a waveform with a PSD of M( f ) is optimal as it fully complies with the

IEEE 802.15.3d spectral mask. Assuming a phaseless spectrum, the corresponding

time domain waveform can be analytically obtained by applying the inverse Fourier

transform directly to
√
M( f ).

Page 27



2.4 Existing Pulse Shapes in Terahertz Communications

In the time domain, this waveform can be expressed as follows:

m(t) = F−1
{√

M( f )
}

=
1
π

4

∑
n=1

√
an

k2
n + t2

[
exp (knω) cos

(
ωt − ϕn(t)

)]ωn+1

ωn

, (2.2)

where F−1 {·} is the inverse Fourier transform,
[
F(x)

]x2
x1

∆
= F(x2) − F(x1), ϕn(t) =

tan−1
(

t
kn

)
, and the constants kn, an and cn are defined as follows:

kn =
0.1 ln(10)

4π

(
Mn − Mn−1

fn − fn−1

)
, (2.3a)

an = 100.1cn , (2.3b)

cn = Mn−1 −
(

Mn − Mn−1

fn − fn−1

)
fn−1. (2.3c)

Figure 2.2(b) plots m(t) for the first channelisation scheme of the IEEE 802.15.3d Stan-

dard when the symbol rate is Rs 1.44 Gbit/s. As shown in this figure, m(t) strongly vio-

lates the Nyquist criteria for ISI-free signalling, i.e., m(t = nTs) ̸= 0, where Ts = 1/Rs.

This observation is also applicable to all other channelisation schemes. Therefore, design-

ing waveforms that fully comply with the spectral requirements of the IEEE 802.5.13d

standard and, at the same time, closely match the Nyquist ISI criteria needs to be

investigated more thoroughly, and it is discussed in Chapter 3.

2.4 Existing Pulse Shapes in Terahertz Communications

Typically, binary information signals are generated in the form of the conventional non-

return to zero (NRZ) rectangular pulses, which cannot always meet the various design

requirements of wireless communications systems. For instance, these pulse shapes are

not spectrally efficient and practically un-realisable due to their sharp, i.e., ideally zero,

rise and fall times. On the other hand, compared to the conventional rectangular NRZ

pulse, Nyquist pulses, such as the raised-cosine (RC) pulse, are practically realisable and

Table 2.2. Spectral limits of the IEEE 802.15.3d emission masks, M( f ), for the first
channelisation scheme. The passband bandwidth of this scheme is 2.16 GHz.

Spectral limit, Mn (dBr) M0 M1 M2 M3 M4

Value 0 0 −20 −25 −30
Knee frequency, fn (GHz) fo f1 f2 f3 f4

Value 0 0.94 1.1 1.6 2.2
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Table 2.3. Commonly used pulse shapes in terahertz communications.
Modulation Carrier Data Rate Roll- off
Scheme frequency (GHz) (GBit/s) factor, α

Nyquist pulses

(Shams et al. 2016) QPSK 220–280 100 0.01
(Harter et al. 2019) QPSK 326 30 0.1
(Gonzalez-Guerrero et al. 2019) 16-QAM 250 20 0.1
(Shams et al. 2016) 16-QAM 350 100 0.1
(Yu et al. 2015a) QPSK 403 60 0.1
(Pang et al. 2016) 16-QAM 300–500 300 0.15
(Jia et al. 2018a) 16-QAM 400 106 0.15
(Takiguchi 2021) OOK 300 80 0.3
(Dan et al. 2020) 16-QAM 300 60 0.35
(Chinni et al. 2018a) 16-QAM 280 100 0.35
(Koenig et al. 2013) 16-QAM 237.5 100 0.35
(Moon et al. 2022) 16-QAM 300 100 0.4
(Wang et al. 2014) 16-QAM 340 3 0.4
(Rodriguez-Vazquez et al. 2019) 16-QAM 230 100 0.2–0.7
(Jia et al. 2018b) 16-QAM 370 56 0.8
Non-Nyquist pulses

(Shrestha et al. 2022) OOK 197.5 1.12 Rectangular
(Webber et al. 2019) OOK 350 10 Gaussian
(Shehata et al. 2020) BPSK 307.8 1.44 Gaussian-

Butterworth
(Yu et al. 2015b) OOK Carrierless (IR) 640 Gaussian

monocycle

more spectrally efficient. Other Nyquist pulse shapes, such as the better-than RC (BTRC)

pulse can also be used to improve the tolerance of wireless communications to the time-

jittering at the receiver side, especially at high data rates and low signal-to-noise ratio

conditions, which is the typical case for terahertz communications. Table 2.3 shows that,

in terahertz communications, the RC pulse is the most commonly used pulse shape,

whereas other pulse shapes, such as the Gaussian pulse (Shehata et al. 2020) and its

derivatives (Shree et al. 2019), and arbitrary pulse shapes have been rarely considered for

communications (Chudzik et al. 2014) and channel-analysis applications (Yu et al. 2015b).

Therefore, the rest of this section focuses on the temporal and spectral characteristics

of Nyquist pulse shapes, specifically, the RC and BTRC pulses, as potential waveform

contenders for terahertz communications. The RC pulse shape is a Nyquist pulse that

has been widely adopted for signalling over the physical layers of various wireless

and optical communications systems. It should be highlighted that, Nyquist pulse

shapes, including the RC and BTRC pulses, are inherently descendants of the sinc pulse

with different decaying envelope profiles. The sinc pulse has zero-crossings at integer

multiples of the symbol duration (Alagha & Kabal 1999). This property satisfies the

first Nyquist criterion to minimise the impact of ISI on the BER performance in the
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presence of transmitter-receiver synchronisation errors (Nyquist 1928). The envelopes

of the mother sinc pulse, on the other hand, are designed to improve the temporal and

spectral characteristics of this pulse, especially, the decay rate in the time-domain and

the stop-band attenuation in the frequency-domain.

In non-terahertz wireless communications, various Nyquist pulses with different enve-

lope profiles have been proven to outperform, or at least be comparable with, the RC

pulse in terms of the transmission performance over band-limited channels. Examples

of these pulse shapes include, but are not limited to, the generalised phase-compensated

Nyquist pulse (Alagha & Kabal 1999), the flipped hyperbolic-secant (fsech) and the

flipped inverse hyperbolic-secant pulses (Assalini & Tonello 2004). Of particular im-

portance is the BTRC pulse owing to its several advantages. For instance, the BTRC

is the only pulse shape, other than the RC pulse, that has a closed-form time-domain

expression (Beaulieu et al. 2001), which facilitates the theoretical evaluation of the BER

performance. Additionally, in (Kumar et al. 2017) it has been proven that, compared

with the RC waveform, employing the BTRC waveform in the generalised frequency

division multiplexing (GFDM) systems can potentially improve the symbol error rate

(SER) performance. In (Haigh et al. 2018), the transmission performance of the BTRC

waveform has been experimentally tested using a visible light communication system

operating under AWGN channel conditions. It was found that the BTRC pulse shape

offers superior bit-error rate (BER) performance and lower computational complexity

compared with the RC pulse shape. Throughout this dissertation, the RC and the BTRC

pulse shapes are adopted as comparison benchmarks.

The spectrum of a typical RC waveform is given by (Beaulieu et al. 2001):

SRC( f ) =


1, 0 ≤

∣∣ f ∣∣ < B(1 − α)

1
2

{
1 + cos

(
π

2Bα (| f | − B(1 − α))
)}

, B(1 − α) ≤
∣∣ f ∣∣ ≤ B(1 + α)

0, B(1 + α) ≤
∣∣ f ∣∣,

(2.4)

where α is the roll-off factor, Ts is the symbol period, and B = Rs/2 = 1/(2Ts) is the

minimum transmission bandwidth, i.e., the Nyquist bandwidth, Rs is the symbol rate

and Ts = 1/Rs is the symbol duration. The corresponding time-domain RC waveform

is given by (Beaulieu et al. 2001):

sRC(t) = sinc
(

t
Ts

)
cos (παt/Ts)

1 − 4α2t2/T2
s

. (2.5)
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As shown in Eq. (2.4), the RC pulse is a variant of the sinc pulse that fulfils the Nyquist

criteria for ISI-free signalling and, at the same time, has an envelope that improves its

time and frequency characteristics.

The spectrum of the BTRC pulse shape is defined as follows Beaulieu et al. (2001):

SBTRC( f ) =



1, 0 ≤
∣∣ f ∣∣ < B(1 − α)

exp
{

ln 2
αB

∣∣ f − B(1 − α)
∣∣} , B(1 − α) ≤

∣∣ f ∣∣ < B

1 − exp
{

ln 2
αB

∣∣ f − B(1 + α)
∣∣} , B ≤

∣∣ f ∣∣ < B(1 + α)

0, B(1 + α) ≤
∣∣ f ∣∣ .

(2.6)

The corresponding time-domain BTRC pulse is given by (Beaulieu et al. 2001):

sBTRC(t) = 2Bsinc (2Bt)× 4βπt sin (2πBαt) + 2β2 cos (2πBαt)− β2

4π2t2 + β2 , (2.7)

where β = (ln 2/αB). It should be pointed out that, practically, the RC and the BTRC

pulse shaping are realised using the square root of Eq. (2.4) and Eq. (2.6) at the trans-

mitter and receiver side (Farhang-Boroujeny & Mathew 1996), respectively. To comply

with the IEEE 802.15.3d Standard, the value of Ts in Eq. (2.5) and Eq. (2.7) is selected

according to the discrete set of the symbol rates defined in (IEEE 2017). However, in this

way, α is the only independent parameter that can be used to control the in-band and the

out-of-band (OOB) spectral characteristics of the RC and BTRC pulses. In addition, for

both pulse shapes, increasing α increases the OOB power at the expense of the in-band

power and vice versa.

2.5 Time-Jittering in Terahertz Communications

In practice, the generation and modulation of high carrier frequencies is usually accom-

panied by a randomly fluctuating phase noise, which becomes noticeable as random

timing-jitter in the baseband at the receiver side. Unless precisely estimated and compen-

sated, this timing-jitter gives rise to imperfect synchronisation between the transmitter

and the receiver. Such a net non-zero time-varying timing-offset could severely deterio-

rate the end-to-end bit error rate (BER) performance, especially at high transmission

symbol rates (Roumelas et al. 2020).
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In the field of terahertz communications, timing-jitter with a remarkable proportion

of the symbol period has been frequently observed in many experimental demonstra-

tions (Ducournau et al. 2014, Nagatsuma et al. 2013, 2016a, Webber et al. 2019). For

instance, in a typical terahertz electronic receiver, the average timing-jitter was mea-

sured to be in the range of 10 ps at 5 Gbit/s to 25 ps at 12 Gbit/s (Webber et al. 2019),

which corresponds to about 5% to 30% of the symbol duration, respectively. The impact

of this timing-jitter, and consequently, the inter-symbol interference (ISI), on the BER

performance was considered insignificant since the received signal exhibited a highly-

confined Gaussian-like profile over the allocated symbol duration (Webber et al. 2019).

However, for the same symbol rate, the root mean squared (RMS) bandwidth of a typical

Gaussian pulse is much higher than the Nyquist bandwidth requirement. Therefore, in

most of the previous demonstrations of terahertz communications, e.g., (Chinni et al.

2018a,b, Fujishima 2018, Dan et al. 2020), it has been a common practice to rely on the

RC pulse shape with various roll-off factors for bandwidth-efficient signalling.

Although spectrally-efficient, the transmission performance of Nyquist pulses, including

the RC pulse, is sensitive to the timing-jitter due to the large overlap between adjacent

pulses. The ISI caused by this overlap can severely deteriorate the BER performance

unless the detection is performed at the optimum sampling instants at the receiver side.

In (Beaulieu 1991), it has been shown that when the timing-offset is 25% of the symbol

period, the BER can exceed 10−3, which is much higher than the error-free transmission

limit of 10−12.

Admittedly, in most of the previous demonstrations of terahertz communications links,

the impact of timing-jitter on the transmission performance of RC pulses has not been

considered. This is because that, in these demonstration, offline digital signal processing

(DSP) techniques have been employed to jointly compensate for various transmission

impairments, including the timing-jitter. Whilst offline DSP techniques are sufficient

for proof-of-concept experiments, the timing-jitter estimation and compensation can

be a complicated DSP task for receivers with limited computational resources. This

issue can be challenging in practical scenarios, especially for real-time applications.

A computationally-efficient solution to reduce the severity of the timing-jitter on the

receiver error performance is to design Nyquist pulse shapes with rapidly decaying

profiles. This way, the power contained in the time-domain sidelobes of these pulse

shapes and, consequently, their ISI interaction, can be reduced. As a result, the receiver
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error performance can be improved, and the need for high-speed precise timing-control

circuitry can be relaxed.

In digital communications, the timing-jitter can typically be modelled as a Gaussian

random process that has a mean value equal to the optimum time sampling instant

within the symbol period (Roumelas et al. 2020). For symmetric pulse shapes, this

sampling instant is located at the pulse centre, i.e., t = 0, where the maximum of this

pulse is located. In addition, the relationship between this timing-jitter, denoted by δt,

and the symbol waveform, denoted by p(t), can be modelled in terms of the modified

Cramer-Rao bound (MCRB) as follows (D’Andrea et al. 1994):

Var (δt) ≥

√√√√√√√√
∞∫

−∞

∣∣P( f )
∣∣2d f

4π2SNReff

∞∫
−∞

f 2
∣∣P( f )

∣∣2d f
, (2.8)

where Var (.) is the statistical variance operator, f is the frequency domain, P( f ) is the

Fourier transform of p(t), and SNReff is the effective signal-to-noise ratio after terahertz-

to-baseband down-conversion at the receiver side. As can be seen from Eq. (2.8), the

effective SNR at the receiver side and, consequently, its error performance, depends

on the timing-jitter as well as the selection of a particular symbol waveform, p(t). It

should be highlighted that Eq. (2.8) can be reformulated and expressed in terms of the

root mean squared (RMS) spectral width of P( f ), denoted by σf , which is defined as

follows (Cohen 1994, Loughlin & Cohen 2004):

σf =
1

2π

√
⟨ω2⟩ − ⟨ω⟩2, (2.9)

where ω = 2π f , ⟨ω⟩ and ⟨ω⟩2 are first and the second centralised order moments of

the pulse spectrum, defined, respectively, as follows:

⟨ω2⟩ =

∞∫
−∞

ω2|P(ω)|2dω

∞∫
−∞

|P(ω)|2dω

, (2.10a)

⟨ω⟩ =

∞∫
−∞

ω|P(ω)|2dω

∞∫
−∞

|P(ω)|2dω

. (2.10b)

Page 33



2.5 Time-Jittering in Terahertz Communications

Since p(t) is real-valued, then ⟨ω⟩ = 0. Expressing Eq. (2.8) in terms of Eq. (2.9) yields:

SNReff ≥
1

4π2σ2
f Var (δt)

. (2.11)

It is reasonable to assume that the timing-jitter off the optimum sampling instant, i.e.,

Var (δt), does not exceed the RMS temporal width of p(t), which is denoted by σt.

Such a practically valid assumption makes it possible to simplify Eq. (2.11) to the

following form:

SNReff ≥
1

4π2σ2
f σ2

t
, (2.12)

where σt is defined as follows:

σt =
1

2π

√
⟨t2⟩ − ⟨t⟩2, (2.13)

and ⟨t⟩ and ⟨t2⟩ are the first and second order moments of p(t), respectively. These

moments are defined, respectively, as follows:

⟨t2⟩ =

∞∫
−∞

t2|p(t)|2dt

∞∫
−∞

|p(t)|2dt
, (2.14a)

⟨t⟩ =

∞∫
−∞

t|p(t)|2dt

∞∫
−∞

|p(t)|2dt
. (2.14b)

The time-jittering range can be expressed in terms of the MCRB inequality in Eq. (2.11)

as follows:

σt ≥
√

1
4π2σ2

f SNReff
. (2.15)

The effective SNR can be given by SNReff
∆
= EsRs/ (NoB), where Es is the average

received symbol energy, i.e., after terahertz-to-baseband down-conversion, Rs is the

symbol rate, B is the signal transmission bandwidth, No = kT is the additive while

Gaussian noise power spectral density, k = 1.38 × 10−23 J/K is the Boltzmann constant,

and T = 300 K is the temperature in Kelvin.

Ideally, the signal transmission bandwidth, B, is equal to the Nyquist bandwidth.

However, in practice, p(t) is time-limited as it is usually generated by a finite impulse
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response (FIR) digital filter. Consequently, P( f ) is band-unlimited due to the time-

frequency uncertainty principle (Cohen 1994, Loughlin & Cohen 2004). In this case,

the spectral spread of P( f ) is not limited to the Nyquist bandwidth, and it is more

reasonable to assume that the signal transmission bandwidth is equal to its RMS spectral

width (Hranilovic 2007), i.e., B = σf .

For a symbol duration of Ts, Es
∆
= V2

rmsTs, where Vrms is the received RMS voltage after

terahertz detection, SNReff can be expressed as follows:

SNReff =
2V2

rms
N0Rs

. (2.16)

Substituting Eq. (2.16) in Eq. (2.15), the MCRB of σt, normalised to the symbol duration,

Ts, can be expressed as follows:

min
{

σt

Ts

}
=

√
N0Rs

2π2V2
rms

. (2.17)

To estimate the time-jittering range in terahertz communications, it is reasonable

to use the wide range of symbol rates defined for all channelisation schemes in the

IEEE 802.15.3d Standard (IEEE 2017). Figure 2.3 plots the minimum fractional time-

jittering, i.e., min{σt/Ts}, versus the symbol rate, Rs, at three different values of the
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Figure 2.3. Estimated lower bound of the time-jittering range versus the symbol rate. The
symbol rates of all channelisation schemes in the IEEE 802.15.3d Standard are included, and three
different values of the received root mean squared (rms) voltage are considered. CS: channelisation
scheme.
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received rms voltage, i.e., Vrms = 5 µV, 10 µV, and 50 µV. As shown in this figure, for

all symbol rates, as the rms voltage increases, the corresponding fractional timing-jitter

decreases as a result of improving the SNR. Additionally, for all symbol rates defined in

this Standard, the timing-jitter can be as low as 0.97% and up to 66.4% of the symbol

duration, depending on the particular symbol rate as well as the RMS received voltage

at the terahertz receiver output. Such a wide timing-jitter range incorporates the range

theorised in (Beaulieu et al. 2001) and the range measured in (Webber et al. 2019). This

observation emphasise the role of pulse shaping in mitigating the timing-jitter effects

on the BER performance of terahertz communications systems. Chapter 4 presents a

proposed pulse shape that is highly tolerant to the timing-jitter.

2.6 Overview of Terahertz Transceiver Architectures

The terahertz band, i.e., 0.1–10 THz, has been envisioned as a promising part of the

radio spectrum that can potentially fulfil the increasing demands for short-range high-

speed wireless communications services and applications. As a proof-of-concept, a

number of system-level experiments have demonstrated the generation and wireless

transmission of terahertz signals in the J-band, i.e., from 200 GHz to 400 GHz. Some of

these demonstrations have focused on simple modulation schemes, such as the on-off

keying (OOK) (Pirrone et al. 2022), (Ducournau et al. 2014) and the pulse amplitude

modulation (PAM) schemes (Oshiro et al. 2021). However the maximum speed that can

be achieved using these modulation schemes does not exceed 50 Gbit/s, whereas it has

been widely acceptable that 100 Gbit/s is the transmission limit targeted by terahertz

communications. Therefore, the majority of proof-of-concept terahertz communications

experiments focused on the generation of high-throughput terahertz signals (Jia et al.

2018a, Song & Lee 2022, Chinni et al. 2018a,b, Seeds 2014a, Jia et al. 2016a, Dan et al. 2020,

Hamada et al. 2018, Rodriguez-Vazquez et al. 2019, Gustavsson et al. 2021). This high

throughput is enabled mainly by the spectrally efficient M-ary quadrature amplitude

modulation (M-QAM) schemes based on I–Q mixing, together with advanced digital

signal processing (DSP) at the transmitter and receiver sides (Jia et al. 2018a, Song &

Lee 2022).

Currently, there are two broad categories of direct I-Q mixing techniques to modulate the

in-phase (I) and quadrature (Q) components of a baseband signal onto a terahertz carrier.

In the first category, namely, direct optical I-Q mixing, the I and Q components are

modulated onto a dual-wavelength optical carrier via an optical I-Q modulator (Chinni
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© 2020 IEEE
(a) (b)

© 2018 IEEE © 2018 IEEE
(c) (d)

Figure 2.4. Photonics- and electronics-based implementation of terahertz transceiver archi-
tectures for the generation of quadrature amplitude modulated (QAM) terahertz signals.
(a): Optical I-Q mixing (Reproduced from (Chinni et al. 2018a), with permission from John Wiley
& Sons). (b) Electronic I-Q mixing using the super-heterodyne approach, adapted from (Dan et al.
2020). (c) Optical I-Q mixing, together with digital I-Q mixing (Gonzalez-Guerrero et al. 2018). (d)
Digital I-Q mixing using the arbitrary waveform generator (AWG) in (c) (Gonzalez-Guerrero et al.
2018).

et al. 2018a),(Chinni et al. 2018b). Then, the modulated optical signal is down-converted

to the terahertz band using a photo-mixer, such as the uni-travelling carrier photodiode

(UTC-PD) (Chinni et al. 2018a). Figure 2.4(a) illustrates a sample realisation of this
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technique. However, a major drawback with this technique is that, unless the photo-

mixed carriers are coherent (Seeds 2014a, Jia et al. 2016a), the resulting terahertz QAM

signal is often accompanied by a high phase noise, leading to I-Q demodulation errors

at the receiver side. In the second category, namely, electronic I-Q mixing, a combi-

nation of high-frequency local oscillators (LOs), frequency multipliers, harmonic or

sub-harmonic mixers (SHM), and/or filter circuits (Dan et al. 2020) are usually required

to I-Q-modulate a terahertz carrier. A sample realisation of this technique is depicted

in Fig. 2.4(b). However, electronically-generated terahertz QAM signals usually suffer

from the I-Q imbalance, which deteriorates the error performance of these systems (Dan

et al. 2020),(Hamada et al. 2018),(Rodriguez-Vazquez et al. 2019). A major drawback

that is common to both optical and electronic I-Q mixing-based terahertz transceivers

is their highly complicated architectures, especially, involving heterodyne terahertz

detection (Gustavsson et al. 2021).

Digital I-Q mixing can be used to reduce the phase noise and I-Q imbalance problems

of the optical and electronic-based techniques (Song & Lee 2022). In this technique,

highly precise digital-to-analog converters (DACs) are used to generate amplitude-

matched and time-synchronous I and Q signals. These signals are modulated onto

a quadrature pair of intermediate frequency (IF) sinusoidal carriers, which are syn-

thesised by the same DAC. The resulting IF signal is then modulated onto an optical

or a microwave signal, before being down-converted or up-converted, respectively,

to a terahertz signal (Fujishima 2018). This way, the I-Q imbalance and phase noise

problems can be avoided, and the coherent detection and the phase noise mitigation

techniques (Jia et al. 2018a) are no longer required at the receiver side. Figure 2.4(c)

shows a sample realisation of the digital I-Q mixing with the optical I-Q mixing tech-

niques combined. Figure 2.4(d) details the implementation of the digital I-Q mixing

technique before optical modulation. Although electronic and optical I-Q mixing be-

come more accurate when assisted by digital I-Q mixing, the generation and modulation

of high-frequency IF carriers can be an overwhelming DSP task for DACs with limited

computational resources, which makes the design of practical terahertz transceivers

challenging, especially for real-time applications at high baudrates. The topologies of

the photonically-assisted terahertz transmitters in Figs. 2.4(a) and (c) are, so far, the

only known optical I-Q mixing techniques in terahertz communications. As shown

in both figures, the I and Q components are orthogonally modulated onto an optical

carrier using a dual-drive Mach-Zehnder modulator (MZM), without or with digital

I-Q mixing, respectively. On the other hand, Fig. 2.4(b) shows an example of many
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Figure 2.5. Common terahertz transceiver architectures for the generation of quadrature
amplitude modulated (QAM) terahertz signals. (a) Homodyne terahertz transmitter architecture
based on direct conversion mixer, i.e., zero IF. (b) Heterodyne terahertz transmitter architecture based
on a single stage or multi-stage IF-to-terahertz up-conversion. (c) Heterodyne terahertz transmitter
architecture based on a single stage or multi-stage IF-to-terahertz up-conversion. (d) Possible
implementation of a terahertz frequency oscillator based on a single microwave oscillator and a
single-stage or multi-stage frequency multiplier. (e) Architecture of a superheterodyne terahertz
receiver. (f) A sub-harmonic mixing (SHM)-based terahertz receiver. LO: Local oscillator. IF:
intermediate frequency. I: in-phase. Q: quadrature. LPF: low-pass filter. ADC: analog-to-digital
converter. DAC: digital-to-analog converter.

possible implementation topologies for electronics-based terahertz transmitters. For

instance, Fig. 2.5(a) shows the functional block diagram of the homodyne terahertz

transmitter. As shown in this figure, the I and Q baseband signals are modulated onto

the terahertz carrier using a direct converting mixer. Figure 2.5(b) shows a more com-

plicated topology, which is commonly called the heterodyne terahertz transmitter. As

shown in this figure, the heterodyne terahertz transmitter is based on a single stage or

multi-stage baseband-to-IF up-conversion using microwave LOs and I-Q mixers before

IF-to-terahertz up-conversion. The IF-to-terahertz up-conversion can be implemented
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using frequency mixing, as shown in Fig. 2.5(b), or a single-stage or multi-stage Nth-

order frequency multiplier as in Fig. 2.5(c), which can destroy the phase information

due to its high nonlinearity. Figure 2.5(d) also shows a typical implementation of a

terahertz frequency oscillator based on a single microwave oscillator and a single-stage

or multi-stage frequency multiplier. This functional block diagram models the terahertz

LO in Fig. 2.4(b) at the transmitter and receiver sides. Terahertz LOs are also required

for the coherent demodulation of I-Q-modulated terahertz signals at the receiver side, in

which the terahertz signal is down-converted directly to the baseband. The architecture

of such receiver types, also known as the superheterodyne terahertz receivers, is illus-

trated in Fig. 2.5(e). Figure 2.5(f) shows a multi-stage terahertz receiver, in which the I-Q

terahertz signal is down-converted to an IF stage, also sub-harmonic mixing (SHM), be-

fore IF-to-baseband down-conversion. Both receiver types can be used with photonics-

and electronics-based terahertz transmitters, regardless of its particular implementation

topology.

It is noteworthy that, the generation and demodulation of I-Q-modulated terahertz sig-

nals for high-throughput applications requires rather complicated terahertz transceiver

architectures. However, currently available terahertz transceiver architectures are still

impractical for future 6G communications equipment, which should be compact and

less demanding in terms of the design complexity. Therefore, there it is of paramount

importance to develop terahertz transceivers that can support high data rates as the I-Q-

based transceivers and, at the same time, have a reasonable implementation complexity.

Fundamentally, the implementation of the I-Q mixing and demodulation concepts as

well as consequential problems originate from the need for physical components to

orthogonally combine or demodulate the I and Q baseband signals using two quadra-

ture sinusoids. Importantly, the baseband pulse shaping is an essential DSP task that is

independently implemented at the transmitter and receiver sides using two identical

Nyquist waveforms for the I and Q baseband signals, regardless of their terahertz

transceiver architecture. Therefore, a potential radical solution to these design chal-

lenges is to orthogonally combine the I and Q components of the transmitted signal

in the baseband using a pair of Hilbert Nyquist waveforms. The DSP modules at the

transmitter and receiver sides can be configured to orthogonally combine and demodu-

late the I and Q signals accurately in the baseband at the transmitter and receiver sides,

respectively. This part is discussed in detail in Chapter 5.
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2.7 Demonstration of Terahertz Communications

Terahertz wireless communications has been envisaged as a capable carrier of future

high data rate applications such as the live streaming of 360◦ panoramic videos (Du

et al. 2020). To realise the long-term vision of integrating 6G wireless networks with

the existing optical infrastructure, the concept of combing terahertz wireless com-

munications with optical RoF technologies has been proposed and experimentally

demonstrated (Shams et al. 2015). Previous experimental demonstrations on terahertz-

over-fibre systems have been primarily based on the high-speed reliable transmission of

random binary streams. The reliability of these systems has been achieved by employing

offline DSP techniques at the receiver side, which is impractical for many real-world

usage scenarios. A few of these demonstrations have been concerned with the real-time

distribution of user-interpretable signals, such as 4k videos, over practically deployable

terahertz-over-fibre links. For instance, in (Zhen Chen et al. 2013), the wireless trans-

mission of 2.5 Mbit/s and 5 Mbit/s video signals for 2.4 m was experimentally demon-

strated using a 3.9 THz carrier. In a more spectrally-efficient demonstration (Moon et al.

2021), two uncompressed full-8K videos of 24 Gbit/s each have been simultaneously

transmitted for a distance of 2–3 cm over two independent terahertz channels operating

at 324 GHz and 335 GHz. In (Nallappan et al. 2018), a real-time generated 5.5 Gbit/s

4k video was transmitted over a 1 m wireless terahertz link using a 140 GHz carrier.

However, these demonstrations have relied on pre-recorded video signals that have

been pre-processed offline to minimise the required transmission bandwidth (Shafi

et al. 2020). Additionally, the optical transmission have not been considered in these

demonstrations. Therefore, these experimental demonstrations do not approach the

real capabilities of terahertz communications as a key enabler of 6G hybrid access, i.e.,

wireless and optical, networks.

In this section, we show that terahertz communications has a potential to deliver user

interpretable signals at high speeds in real-time. Additionally, we also show that

terahertz wireless communications systems can be readily integrated with the existing

optical networks, at least for the last mile point-to-point optical connection before the

wireless distribution of terahertz signals to end users. Specifically, we experimentally

demonstrate the real-time generation and transmission of a 6 Gbit/s 4k video signal

over a highly reliable terahertz-over-fibre communications system. This system is highly

reliable and comprises a 30 cm terahertz wireless channel operating at 300 GHz as well

as a 5-km single mode optical fibre link.
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Figure 2.6. Schematic showing the experimental setup of the terahertz over fibre system.
B2B: back-to-back. RoF: Radio-over-Fibre. VOA: Variable optical attenuator. EDFA: Erbium
doped fibre amplitude. PPG: Pulse pattern generator. UTC-PD: Uni-travelling-photo diode. SBD:
Schottky-barrier diode. BERT: Bit error rate tester. ESA: Electrical spectrum analyser. SSMF:
Standard single mode fibre.

Figure 2.6 illustrates the block diagram for the experimental setup of a typical terahertz-

over-fibre system, which emulates a realistic scenario conceived for future 6G commu-

nications. As shown in this figure, the system comprises three main units, namely, a

photonics-based central office (CO), a remote antenna unit (RAU) and a wireless end

user (EU). The CO is connected to the RAU, which is based on a UTC-PD, via a 5-km

single-mode fibre. The RAU wirelessly radiates a terahertz video signal to the EU,

which is a low-complexity electronic receiver that relies on an SBD as a non-coherent

detector.

At the CO, two independent continuous-wave (CW) tunable laser sources (TLS) with

identical optical power of −30 dBm emit two lightwave carriers at a wavelength of

1550.000 nm and 1550.802 nm, leading to a frequency difference of about 100 GHz. The

linewidth of the emitted optical carriers is less than 100 kHz.

The pulse-pattern generator (PPG) produces a 6 Gbit/s pseudo-random binary sequence

(PRBS) of 212 − 1 bits length. Meanwhile, the two optical carriers are amplified by

the first erbium-doped fibre amplifier (EDFA) and combined via the optical coupler

(OC) before being applied to the Mach-Zehnder modulator (MZM), together with the
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PPG signal, for electro-optic modulation. The gross line rate of the dual-wavelength

modulated signal, i.e., after the OC, is 12 Gbit/s.

The modulated optical signal is then optically amplified using the second EDFA before

being launched into the 5-km standard single-mode fibre (SSMF), which connects the

CO to the RAU. The optical signal at the SMF output end is applied to the UTC-PD via

the variable optical attenuator (VOA) for terahertz signal generation via photo-mixing.

The RAU has an electronic front-end, which comprises a 100 GHz terahertz amplifier,

followed by a 3× frequency multiplier, which up-converts the generated 100 GHz signal

to 300 GHz. The generated terahertz signal is then forwarded to a 25 dBi diagonal horn

antenna via a WR-3.4 waveguide before being wirelessly emitted over free-space to an

identical antenna at the end-user side.

At the receiver side, i.e., the EU unit, the terahertz signal is envelope-detected and

applied to a low-noise amplifier (LNA), which is cascaded by a limiting amplifier, in

order to compensate for the free space path loss (FSPL). Subsequently, the amplified

signal is forwarded to a BER tester (BERT) for BER evaluation.

We evaluate the transmission performance of this system using two experiments. In the

first experiment, the transmission performance is tested with and without the SSMF, i.e.,

a back-to-back (B2B) configuration. The SNR is controlled by tuning the UTC-PD photo-

current in the range from 0.7 mA to 1.2 mA with a step of 0.1 mA. This relatively narrow

tuning range reflects the high sensitivity of the terahertz electronic front-end. Fig-

ure 2.7(a) plots the measured BER versus the UTC-PD photo-current with and without

RoF transmission. In both cases, the BER relationships are logarithmically approximated

by first-order polynomials. The approximations are used to estimate the optical power

penalty due to SSMF transmission, which is about 20log(Iph,5 km/Iph,B2B) =1.4 dB at

a BER of 10−9. Additionally, at a photo-current of 1.2 mA, a minimum BER perfor-

mance of 1.06 × 10−9 and 7.91 × 10−12 is attained with and without SSMF transmis-

sion, respectively. Considering on-off keying (OOK) over additive white Gaussian

noise (AWGN) channels, these BER limits correspond to signal-to-noise ratio (SNR)

upper bounds of about 15.54 dB and 16.57 dB, respectively. Figures 2.7(b)-(e) depict

the eye diagrams of the received signal with and without SSMF transmission at a

photo-current of 1 mA and 1.2 mA. In terms of the overall shape, the eye diagrams

in Figs. 2.7(b) and (d) show similar trends owing to similar transmission conditions,

namely, without SMF transmission. Importantly, the eye diagram in Fig. 2.7(b) is eval-

uated at a photo-current of Iph,1 = 1 mA, whereas the eye diagram in Fig. 2.7(d) is
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evaluated at a photo-current of Iph,2 = 1.2 mA. Such a subtle difference between both

photo-currents results in an optical signal-to-noise ratio (OSNR) improvement of about

20log(Iph,2)− 20log(Iph,1) = 1.58 dB. This incremental change in the OSNR makes it

barely possible to visually assess the corresponding improvement in the performances

through only the eye diagrams, specially because both figures are evaluated without

SMF transmission. Likewise, Figs. 2.7(c) and (e) show similar trends as they both use

an SSMF and have the same difference in their photo-currents. Therefore, the BERs

are quantified and plotted in Fig. 2.7(a) for all scenarios. As can be seen in this figure,

when the photo-current is beyond 1 mA, the BER is as low as 10−9 with and without

SSMF transmission. However, it still can be noticed that, the rising and falling edges

of the waveforms in Figs. 2.7(c) and (e) are thicker than the corresponding edges in

Figs. 2.7(b) and (d), respectively, due to the 1.4 dB optical power penalty introduced by

the SSMF. Also, the vertical and horizontal eye openings shown in Figs. 2.7(b) and (d)

for B2B transmission are wider than the corresponding eye patterns shown in Fig. 2.7(c)

and (e) for the RoF transmission. The widths of these eye patterns are inline with the

corresponding BERs depicted in Fig. 2.7(a). However, for the same propagation scenario,

no much difference can be observed when the photo-current is 1 mA or 1.2 mA.
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Figure 2.7. Measured error performance with and without single mode fibre transmission.
(a) Bit error rate versus the photo-current without radio-over-fibre transmission. (b) Eye diagram
of the received waveforms at a photo-current of 1 mA without fibre transmission. (c) Eye diagram
of the received waveforms at a photo-current of 1 mA with fibre transmission. (d) Eye diagram of
the received waveforms at a photo-current of 1.2 mA without fibre transmission. (e) Eye diagram of
the received waveforms at a photo-current of 1.2 mA with fibre transmission. The voltage scale is
100 mV/division and the time base is 100 ps/division. B2B: Back-to-back. RoF: Radio-over-Fibre.
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In the second experiment, the PPG is replaced by a 4k video source. This video source

is a laptop 4k camera connected to a HDMI-to-SDI video encoder to generate a 6 Gbit/s

video signal. At the EU side, this video signal is decoded by an SDI-to-HDMI video

converter before being displayed on a 4k monitor. We manually rotate the 4k video

source over an angle of 240◦ and continuously monitor the received video spectrum.

Ideally, the spectrogram of the video signal should be continuously monitored to ensure

the invariance of the spectral budget required for 4k video transmission. However,

since this feature is currently beyond the capabilities of the measurement equipment,

the received video spectrum is measured and recorded at different time instants using

a 10 GHz electrical spectrum analyser (ESA). Figure 2.8(a) shows the video signal

spectrum, recorded at three different view angles of the video source, i.e., 0◦, 120◦, and

240◦, in the B2B configuration and with SSMF transmission. As shown in Fig. 2.8(a),

without fibre transmission, the video signal spectrum remains invariant with changing

the view angle and the video contents at each angle. A similar observation holds for

Fig. 2.8(b) when the video signal is optically transmitted for a 5 km distance. However,

a spectral broadening effect is observed with the optically transmitted video compared

to the B2B transmission. This spectral re-growth highlights the nonlinearities of the

optical fibre, which is likely to be induced by the EDFAs. The photograph in Fig. 2.8(c)

shows that, still the transmitted 4k video can be correctly decoded at a high quality at

the receiver side, even with combined optical and wireless transmission.
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Figure 2.8. Transmission of a 4k video signal over a photonics-based terahertz communications
system with combined optical and wireless transmission. (a) Measured electrical spectra of the
received 4k video signal without optical fibre transmission. (b) Measured electrical spectra of the
received 4k video spectrum after optical transmission over a 5-km standard single mode fibre (SSMF).
(c) A photograph of the experiment showing 4k video streaming in real-time. The 4k video signal is
wirelessly transmitted over a 31 cm terahertz wireless link operating at 300 GHz.
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2.8 Summary

In conclusion, key pulse shaping techniques using digital platforms need to be substan-

tially investigated before being re-introduced to, and potentially incorporated into, the

field of terahertz communications. This chapter highlights the need for these techniques

to meet design requirements that are specific to terahertz communications. These design

requirements include the compliance with the IEEE 802.15.3d Standard as a global wire-

less standard, high tolerance to time-jittering and ease of transceiver implementation. By

considering the design challenges identified in this chapter, terahertz communications

systems with low-complexity and improved transmission performance can be realised.

The parallel development of computationally-efficient signal processing techniques

is crucial to the adoption of these techniques for real-time high-speed terahertz com-

munications. Yet, much work on pulse shaping and computationally-efficient signal

processing is to be done in the domain of terahertz communications.

Page 46



Chapter 3

IEEE 802.15.3d-Compliant
Pulse Shaping

C
OMPLYING with globally adopted standards for wireless

communications is crucial to the harmonious interoperability

of wireless communications equipment produced by different

manufacturers. In this chapter, we propose a waveform that shows full

compliance with the spectral emission mask imposed by the IEEE Standard

for terahertz communications. The designed waveform exploits 99.3% of

the total in-band energy admissible by this mask and provides an extra

degree of freedom for out-of-band interference management. A proof-of-

concept experiment is conducted using a 300 GHz photonics-based terahertz

communications link to demonstrate the generation and wireless transmis-

sion of the proposed waveform. Experimentally validated bit error rates

show that the proposed waveform outperforms the widely adopted raised-

cosine waveform as well as the better-than- raised-cosine waveform, even

when the Nyquist criterion for inter-symbol interference-free signalling is

not satisfied. Moreover, an error-free transmission at an IEEE 802.15.3d

Standard-compliant bit rate of 1.44 Gbit/s is achieved without employing

complicated digital signal processing at the receiver side.
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3.1 Introduction

Continuously increasing demands for short-range high-speed wireless communications

have stimulated intensive research interests in innovative solutions towards spectrally

efficient communications technologies amid the radio spectrum, which is fully allocated

up to 100 GHz. As an unoccupied part in the electromagnetic spectrum, the terahertz

band from 100 GHz to 10 THz has emerged as a promising solution to meet these

demands (Tekbıyık et al. 2019). To regulate multi-user access to this band and control

inter-band interference, the maximum effective isotropic radiated powers (EIRPs) of

practical wireless transmitters and their usable bandwidths are regulated by the local

regulatory authorities based on the globally-adopted wireless communication standards.

To meet the spectral emission requirements of these standards, the over-the-air (OTA)

signals’ spectra are reshaped at the transmitter side before being wirelessly distributed

over free-space channels (R. E. & Spencer 2010, Shin 2013, Gigl et al. 2010, Thomas Gigl

& Witrisal 2012, Du et al. 2015, Tuset-Peiró et al. 2019, Dalce et al. 2014, Guglielmo et al.

2016).

In the field of terahertz communications, the first worldwide standard, officially called

the IEEE 802.15.3d Standard (IEEE 2017), was released in 2018 to support the operation

of high-speed Ethernet wireless links up to 100 Gbit/s. In this standard, a 69 GHz

bandwidth is dedicated to terahertz communications in the frequency range from

252 GHz to 321 GHz, commonly called the IEEE terahertz band. It is important to

highlight that, as shown in Fig. 2.2, the IEEE 802.15.3d Standard does not specify a pulse

shaping filter. Instead, filtering is implied in the spectral emission masks specified by

this standard. Despite the broad bandwidth allocated by the IEEE 802.15.3d Standard

to terahertz communications, the power levels offered by currently available terahertz

wireless transmitters are relatively limited (Song et al. 2012), (Chinni et al. 2018a). The

power is further reduced at the receiver side due to the high free-space path loss at

terahertz frequencies. Hence, the prudent utilisation of the emission masks admissible

by the IEEE 802.15.3d Standard raises a key challenge in the development of future

terahertz communications systems. Despite its importance, this challenge remains

under-investigated.

In most of the previous demonstrations, the terahertz spectrum has been explored

freely without imposing any constraints on the EIRPs, the central frequencies and the

bandwidths of the generated terahertz signals (Shams et al. 2016, Koenig et al. 2013,

Webber et al. 2019, Jia et al. 2016a, Ducournau et al. 2014).
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Only a limited number of the previous demonstrations have partially considered the

physical (PHY) layer specifications defined by the IEEE 802.15.3d Standard, including

the pulse shaping required to comply with this standard. For instance, in (Chinni et

al. 2018a), (Chinni et al. 2018b), the first successful transmission of an IEEE 802.15.3d

terahertz signal in the 300 GHz band was reported. An RC pulse shaping filter, with a

roll-off factor of 0.35, was employed to reshape the spectrum of a quadrature amplitude

modulated (QAM) signal in the baseband before being up-converted and transmitted

over the IEEE band at data rates of 56, 80 and 100 Gbit/s. In (Fujishima 2018), an

all-electronic transmitter was implemented to demonstrate the generation of a 27 GHz

bandwidth signal at 300 GHz. The generated terahertz signal spanned 12.5 single-user

channels of 2.16 GHz bandwidth each, which violates the frequency allocation plan

defined by the IEEE 802.15.3d Standard for multi-user operation scheme. Moreover, the

design criteria of the generated signal spectrum were not reported. In (Dan et al. 2020),

a dual-channel generation and transmission of 2.16 GHz bandwidth terahertz signals

in the 300 GHz band was reported. An RC pulse shaping filter, with a roll-off factor

of 0.35, was employed to reshape the signals spectra in the baseband. The conformity of

the generated spectra to the emission mask defined in the IEEE terahertz communica-

tions standard was not investigated either. Obviously, a common shortcoming in the

aforementioned demonstrations is the lack of compliance to this IEEE Standard.

To address this issue systematically, here we provide an analytical framework for the de-

sign and performance assessment of terahertz waveforms developed for IEEE 802.15.3d

terahertz communications. Then, we investigate two widely-used waveforms, namely

the RC and the better-than raised-cosine (BTRC) waveforms, using the developed ana-

lytical framework. Importantly, we propose an alternative waveform for terahertz com-

munications under the most stringent spectral constraints defined by the IEEE 802.16.3d

Standard. The transmission performance of the three considered waveforms is experi-

mentally investigated using a photonics-based terahertz communication system, with

the bit error rate (BER) as a performance metric. It should be highlighted that, using

photonics-based terahertz systems for experimental demonstrations emphasises the

possibility of seamless integration of radio-over-fibre (RoF) optical networks to tera-

hertz wireless links as well as the applicability of microwave-photonic (MWP) signal

processing techniques, at least conceptually, to terahertz communications (Shams et al.

2016).
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The rest of this chapter is organised as follows. Section 3.2 overviews the IEEE 802.15.3d

Standard and introduces a relevant analytical framework for the terahertz waveform

design. In particular, two metrics are defined to quantify the compliance of terahertz

waveforms with the spectral emission mask of the IEEE 802.15.3d Standard. In Sec-

tion 3.3, the proposed waveform is presented and compared with two of the most

commonly used pulse shapes in digital communications. Section 3.4 presents the

experimental investigation of the transmission performance of the three considered

waveforms using a terahertz photonic system. Section 3.5 discusses the impact of the

terahertz system nonlinearity on the compliance of IEEE 802.15.3d signals before the

chapter is finally concluded in Section 3.6.

3.2 IEEE 802.15.3d Spectrum Analysis Framework

Since the IEEE 802.15.3d Standard-compliant terahertz waveforms are subject to a set of

spectral constraints, designing the targeted waveform in the frequency domain followed

by frequency-to-time conversion is a straightforward approach. However, reshaping

the spectra of narrow band signals in the terahertz band is not practical when using the

currently available all-electronic digital platforms. Therefore, to relax the computational

efforts required, we map the IEEE spectral emission mask from the passband to the

baseband (Adalan et al. 2009). Then, the baseband spectrum is reshaped using all-

electronic-based processing platforms before being up-converted to the passband to

produce the spectrally compliant terahertz OTA signal.

Since the IEEE 802.15.3d Standard relies on multi-rate adaptive coding and modulation

(ACM) schemes, the proposed design approach can be considered highly adaptive

as it allows for a modular transmitter design and implementation using all-electronic

platforms, such as high-speed re-programmable digital-to-analog converters (DACs),

regardless of the terahertz carrier frequency and/or the generation technique. These

platforms are generic as they have the capacity to implement sophisticated commu-

nications processing in the baseband, including the pulse shaping (Schmogrow et al.

2011). The implementable modulation schemes can be simple on-off keying (OOK) and

binary phase shift keying (BPSK), or higher-order vector modulation formats such as the

π/2- quadrature phase shift keying (π/2-QPSK), 16-quadrature amplitude modulation

(16-QAM) and 64-QAM. Moreover, the transmission bit rates supported by all-electronic

SDR-driven optical systems can exceed 100 Gbit/s (Schmogrow et al. 2010). All of the
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aforementioned modulation formats and data rates are compatible with the technical

requirements defined in the IEEE 802.15.3d Standard.

The IEEE 802.15.3d Standard defines eight different channelisation schemes within

the range from 252 GHz to 321 GHz. Each channelisation scheme comprises multiple

parallel channels with bandwidths ranging from 2.16 GHz to 69.1 GHz. To limit the

mutual inter-band interference (IBI) among the OTA terahertz signals transmitted in

adjacent channels, a spectral emission mask is imposed to the EIRP of each signal. The

spectral emission mask of the ith channelisation scheme, denoted by Mi( f ), can be

modelled by a piece-wise linear function when expressed in the dBr unit. This spectral

mask is defined by a unique set of four knee frequencies, denoted by fi,k, and the

corresponding power spectral density (PSD) upper-bounds at these frequencies. Here,

i ∈ {1, 2..., 8} denotes the channelisation scheme number and k ∈ {0, 1, 2, 3, 4} is the

knee frequency index. This can be formulated mathematically as follows:

Mi( f ) (dBr) =



(
Mi,k−Mi,k−1

fi,k− fi,k−1

)
f −

(
Mi,k+1−Mi,k

fi,k+1− fi,k

)
fi,k + Mi,k

; fi,k−1 ≤ f < fi,k

≤ −30 ; f ≥ fi,4,

(3.1)

where Mi,k denotes the maximum admissible PSD at the kth knee frequency of the ith

channelisation scheme. Tables 3.1 and 3.2 list the numerical values of the PSD limits

and the corresponding knee frequencies for the eight channelisation schemes specified

by the IEEE 802.15.3d Standard, respectively. It should be pointed out that the PSD

limits are expressed in the dBr unit. This is because the IEEE 802.15.3d standard does

not specify the absolute EIRP level as it is dependent on the respective local regulating

authorities. In addition, the channel bandwidths listed in Table 3.2 are in the passband.

The equivalent baseband bandwidths are 50% of the bandwidths in Table 3.2. The knee

frequencies are relative to the terahertz carrier frequency in the passband.

Table 3.1. Spectral limits of the IEEE 802.15.3d emission masks.

Spectral limit, Mi,k (dBr) Mi,o Mi,1 Mi,2 Mi,3 Mi,4

Value 0 0 −20 −25 −30
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Table 3.2. Knee Frequencies of the spectral emission masks of the IEEE 802.15.3d Standard.
Frequencies are in GHz (IEEE 2017).

Channelisation Scheme ID Bandwidth (GHz) fi,1 fi,2 fi,3 fi,4
1 2.16 0.94 1.1 1.6 2.20
2 4.32 2.02 2.18 2.68 3.28
3 8.64 4.18 4.34 4.84 5.44
4 12.96 6.34 6.50 7.00 7.60
5 17.28 8.50 8.66 9.16 9.76
6 25.92 12.82 12.98 13.48 14.08
7 51.84 25.78 25.94 26.44 27.04
8 69.12 34.42 34.58 35.08 35.68

3.2.1 Spectral Compliance Metric

In non-terahertz wireless communications, several metrics have been introduced to

quantify the compliance of wirelessly radiated signals’ spectra with a pre-specified

spectral emission mask (Fellows et al. 2015b,a). For instance, in (Abraha et al. 2011), a

frequency-dependent binary compliance metric, denoted by BΨ̃( f ) ∈ {0, 1}, has been

proposed to quantify the compliance of ultra-wideband (UWB) signals with the FCC

spectral emission mask.

Likewise, this metric can be employed in the context of IEEE 802.15.3d Standard-

compliant terahertz communications. The normalised PSD of an arbitrary terahertz

signal envelope, denoted by |Ψ̃n(j f )|2, is quantified as follows. Firstly, a logarithmic

PSD ratio, denoted by ζ( f ) is defined and evaluated as follows:

ζ( f ) = 10 log
(

Mi,k( f )/|Ψ̃n(j f )|2
)

. (3.2)

Secondly, a frequency-domain binary variable BΨ̃( f ) is defined as follows:

BΨ̃( f ) =

1; ζ ≥ 0

0; ζ < 0 .
(3.3)

where BΨ̃( f ) = 1 indicates that the compliance to the spectral mask Mi,k( f ) is achieved

at f , while BΨ̃( f ) = 0 denotes the violation of this compliance. It should be pointed out

that, in contrast to the definition provided in (Abraha et al. 2011), ζ( f ) is defined in the

dBr unit, rather than in the linear unit, to capture spectral details at low PSD levels such

as the additive white Gaussian noise (AWGN) floor level. Hence, this modified metric

can precisely identify the frequencies at which the signal PSD should be particularly

considered. Meanwhile, it is also reasonable to define a figure-of-merit (FoM) that
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quantifies the overall compliance of the signal PSD over an arbitrary bandwidth of

interest. We define the average compliance coefficient (CC), denoted by ρΨ̃, as follows:

ρΨ̃ =
1

2∆ f

f0+∆ f∫
f0−∆ f

BΨ̃( f )d f , (3.4)

where 0 ≤ ρΨ̃ ≤ 1, f0 is the central terahertz carrier frequency of interest, and 2∆ f is the

bandwidth over which the CC of |Ψ̃n(j f )|2 is calculated. Although the IEEE 802.15.3d

Standard limits the operation of a terahertz signal to the passband bandwidths listed in

Table 3.2, the value of ∆ f in Eq. (3.4) can be arbitrarily large (∆ f ≫ BW) to capture the

aggregate contributions of the spurious out-of-band (OOB) emissions and the spectral

regrowth effects in the overall compliance analysis (Dahlman et al. 2016).

3.2.2 Spectral Radiation Efficiency Metric

The concept of maximising the spectral radiation efficiency (SRE) of an emitted OTA

signal, whilst complying with the constraints of a spectral emission mask, has been

developed in the context of UWB communications (Abraha et al. 2011). In UWB com-

munications, the SRE has been adopted as a waveform design objective that can be

optimised in order to maximise other dependent metrics, such as the wireless reach

and channel capacity. Likewise, in this work, we employ this metric to the design of

IEEE 802.15.3d-compliant signals for the same considerations that were in UWB com-

munications. Assume that |Ψ̃n(j f )|2 is defined over the bandwidth of an IEEE 802.15.3d

channel. The SRE of this envelope signal is defined as the ratio of the power contained

within its spectrum to the total PSD admissible by the spectral emission mask. This

definition is expressed mathematically as follows:

η =

∫
BW

|Ψ̃n(j f )|2d f∫
BW

Mi( f )d f
, (3.5)

where η is the SRE of the baseband envelope of the terahertz signal. A number of

benefits can be achieved by maximising the SRE of terahertz signals at the receiver

front-end, including the improvement of the signal-to-noise plus interference ratio

(SNIR) and extending the wireless communications reach. An implicit challenge arises

when considering Eq. (3.4) and Eq. (3.5) jointly, where the PSD of an optimal terahertz

waveform should be carefully shaped to achieve the maximum SRE, and at the same
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time, be subject to the EIRP constraints imposed by the IEEE 802.15.3d spectral regu-

lation mask. This design trade-off leads to the definition of the following non-convex

multi-objective optimisation problem:

Problem Statement. An optimal terahertz signal that fully complies with the spectral emission

mask of the IEEE 802.15.3d Standard can be obtained by designing its baseband envelop

waveform ψ(t), defined by a complete parameter set of Ξ, such that the following two independent

optimisation problems are jointly satisfied:

maximize
Ξ

 ∫
BW

|Ψ̃n(j f , Ξ)|2d f

 (3.6)

such that

max
{
|Ψ̃n(j f , Ξ)|2

}
≤ M( f )∀ f or ρΨ̃ = 1 . (3.7)

The solution of the multi-objective optimisation problem defined in Eq. (3.6) and Eq. (3.7)

jointly yields a desired optimal terahertz waveform.

3.3 Proposed Waveform

The proposed waveform is based on the Lorentzian pulse shape, which has been largely

overlooked in the context of spectral shaping for digital communications (Farès et al.

2017) despite its unique temporal and spectral features. An amplitude-scaled Lorentzian

pulse can be expressed as (Farès et al. 2017):

pL(t) =
A

1 +
(

t
τ

)2 , (3.8)

whereas the Fourier transform of pL(t) is given by Farès et al. (2017)

L( f , τ) = Aπτ exp
(
−2πτ

∣∣ f ∣∣) . (3.9)

When expressed in the dBr unit, L( f , τ) follows a triangular-shaped spectrum with

a steady spectral roll-off (Pace et al. 2008), which can be controlled via the temporal

width τ of the Lorentzian basis pulse. This spectral feature makes it possible to use the

Lorentzian pulse to match the spectral mask shape defined in Tables 3.1 and 3.2. In

particular, we propose a fully-compliant spectrum based on a linear combination of

Page 55



3.3 Proposed Waveform

logarithmic double-sided Lorentzian spectra centred at the knee frequencies as follows:

L( f ) (dB) =
4

∑
k=1

Ak

(
L+

k ( f , τk) + L−
k ( f , τk)

)
= −

4

∑
k=1

(
bk

(∣∣ f + fk
∣∣+ ∣∣ f − fk

∣∣)+ 2ak

)
, (3.10)

where L±
k ( f , τk) = 10 log

(
L( f ± fk, τk)

)
, bk = 10τklog(e), ak = 10τklog(πAkτk), and Ak

and τk denote the amplitude and the temporal width of the corresponding kth time-

domain Lorentzian pulse, respectively. Equation (3.10) suggests that the area under

Mi( f ) can be fully occupied by four overlapping pairs of the triangular logarithmic

Lorentzian spectra, corresponding to the four knee frequencies defined in Table 3.2.

To reduce the mathematical complexity associated with applying the inverse Fourier

transform directly to the linear form of Eq. (3.10), we inspect the distribution of the

emission mask PSD over frequency. The total power contained in a sub-band located

between two consecutive knee frequencies is given by:

Pi,k =

fk∫
fk−1

Mi( f )d f

f4∫
0

Mi( f )d f

; k ∈ {1, 2, 3, 4}, (3.11)

where f0 = 0. Accordingly, the cumulative PSD contribution of Mi( f ) at the kth knee

frequency can be defined as follows:

Ck =
k

∑
m=1

Pm; k ∈ {1, 2, 3, 4} . (3.12)

Figure 3.1 illustrates Pk and Ck versus k for the first channelisation scheme specified in

the IEEE 802.15.3d Standard. From this figure, it is observed that, more than 95% of

the PSD under the spectral emission mask is concentrated in the frequency range of

− f2 ≤ f ≤ f2. However, it will be shown that an SRE of about 99% is achieved when

only A1L±
1 ( f , τ1) is considered in Eq. (3.10). This is because the amount of PSD lost as a

result of neglecting L±
2 ( f , τ2), L±

3 ( f , τ3) and L±
4 ( f , τ4) is substituted by L±

1 ( f , τ1), which

is non-zero for | f | ≥ f1. This property holds for the eight IEEE 802.15.3d channelisation

schemes and can be utilised to simplify Eq. (3.10) to the following form:

L( f ) (dB) ≈ L+
1 ( f , τ1) + L−

1 ( f , τ1) = 2a1 − b1

(∣∣ f + f1
∣∣+ ∣∣ f − f1

∣∣) . (3.13)
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Figure 3.1. Distribution of the PSD over the sub-bands of spectral emission mask defined by
the IEEE 802.15.3d Standard for the first channelisation scheme. Pk is for power distribution in
each sub-band, whereas Ck is for cumulative power. The dashed line is for visual guidance.

The corresponding PSD, measured in the units of W/Hz, is given by:

∣∣L( f )
∣∣2 = exp (2γBα) exp

(
−γ

(∣∣ f + Bα
∣∣+ ∣∣ f − Bα

∣∣)) , (3.14)

where γ = πτ, and α = 1 − α, which is defined as the complementary roll-off factor. It

should be pointed out that, practically, the pulse shaping and a corresponding matched

filtering are applied at the transmitter and the receiver sides, respectively, using the

square root of Eq. (3.14). Accordingly, the time-domain waveform corresponding

to Eq. (3.14) can be obtained by applying the inverse Fourier transform to the square

root of Eq. (3.14), which yields:

sL(t) =
1

2π

+∞∫
−∞

L( f ) exp
(

jωt
)

dω

= exp (γBα)π exp
(
−γ

α

Ts

)

×


α

Ts
sinc

(
αt
Ts

)
+

1
γ

cos
(

παt
Ts

)
−
(

πt
γ

)
sin
(

παt
Ts

)
1 +

(
πt
γ

)2

 . (3.15)

It is noted from Eq. (4.1) that the Nyquist sampling conditions for inter-symbol inter-

ference (ISI)-free signalling is not strictly satisfied by sL(t), i.e., sL(t = 0) = 1, whereas

sL(t = nTs) ̸= 0 when n = {±1,±2, ...}.
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Alternatively, the ISI performance of sL(t) can be evaluated based on the relaxed

Nyquist condition as follows (Bobula et al. 2010):

ISI (dB) = 10 log

∣∣sL(0)∣∣2∣∣∣∣∣ +∞
∑

n=−∞;n ̸=0
sL(t − nTs)

∣∣∣∣∣
2 . (3.16)

This condition considers a signalling waveform to be ISI-free as long as the instantaneous

signal-to-ISI power ratio at the optimum sampling time instant is maintained above

a pre-specified acceptable threshold. In Section 3.3.2, the condition in Eq. (3.16) is

employed to quantify the ISI performance of the proposed waveform after optimising

its spectrum.

3.3.1 Comparison of the Waveforms’ Spectra

One of the major drawbacks of the RC and BTRC waveforms is that, although their

bandwidths can be well-controlled, the amount of power divided between the in-band

and the OOB spectra cannot be controlled independently. Instead, the in-band spectral

flatness and the IBI that could result from the non-zero OOB spectra are jointly controlled

with only a single degree of freedom, which is α. Figure 3.2 compares the impact of

reshaping the spectra of the three considered waveforms on their compatibility to the

IEEE 802.15.3d spectral requirements. Specifically, Figs. 3.2(a) and 3.2(b) show the RC

and the BTRC spectra at different values of α, whereas Fig. 3.2(c) plots the proposed

spectrum at α = 0 and different values of γ. On the other hand, based on Eq. (3.14),

the proposed spectrum possesses two independent degrees of freedom to manage the

spectral flatness and the IBI, namely, α and γ. These properties make it possible to

manage the SRE and the compliance independently with great flexibility. Additionally,

in the proposed waveform, the impact of the complementary roll-off factor, i.e., α, is the

same as the impact of α in the RC and the BTRC waveforms; increasing both parameters

increase the transmission bandwidth.

3.3.2 Waveform Design Optimisation

We optimise the design of each waveform to fit the spectral emission mask defined

by the IEEE 802.15.3d Standard for the first channelisation scheme, which has the

most stringent emission mask with a steady roll-off as large as 20 dB over a transition

bandwidth of only 160 MHz. The waveforms considered in this work are optimised to
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Figure 3.2. Simulated baseband spectra of the three considered waveforms. (a) RC waveform,
(b) the BTRC waveform, and (c) the proposed waveform. The roll-off factor is fixed at α = 0 for the
proposed waveform at all value of γ.

fit the first channelisation spectral mask by setting B = f1 in Eq. (3.14). This implies that

the conducted analysis is also applicable to other channelisation schemes by considering

the first knee frequency of each particular channelisation scheme listed in Table 3.2.

To ensure that the designed spectrum is compliant with the first emission mask, the

involved parameters are optimised for each waveform individually, based on Eq. (3.6)

and Eq. (3.7). Moreover, we assume a maximum frequency of 32 GHz to define the spec-

tra of the three spectral shapes. This maximum bandwidth is large enough compared to

the baseband equivalent bandwidth of the considered channelisation scheme (1.08 GHz)

and, consequently, guarantees aliasing-free spectra. However, for other channelisation

schemes, if the bandwidth increases by a factor of n, the maximum frequency should

be increased by the same factor in order to capture the same spectral details and avoid

low-pass filtering distortions during the waveform design process. For the three spectral

shapes, the value of α is changed from 0 to 1 with a step of 10−3. For the RC and the

BTRC waveforms, B is set to Rs/2, where Rs = 1.44 Gbit/s, while for the proposed

waveform, B is set to f0. Moreover, for the proposed spectrum, since γ relies on the full

width at half maximum (FWHM) τ, the value of τ is increased from 0 to 20Ts with a

resolution of 0.001Ts. The SRE and CC are evaluated for the three pulse shapes over the

considered parameters ranges. Then, the direct search algorithm (DSA) (Abraha et al.

2011) is applied to the calculated SRE and CC to extract the optimum values of α and γ.

Figure 3.3(a) shows the SRE and the CC versus α for the RC and the BTRC waveforms,

whereas Fig. 3.3(b) shows the SRE and the CC versus γ for the proposed waveforms
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Figure 3.3. Design optimisation metrics of the three considered waveforms. (a) the compliance
and spectral radiation efficiency versus α for the RC and BTRC waveforms, (b) the compliance
and spectral radiation efficiency versus γ for the proposed waveform at a α = 0, and (c) the ISI
performance versus γ for the proposed waveform at different values of α.

at the optimised value of α. From Fig. 3.3(a), it can be seen that the RC and the BTRC

waveforms fully comply with the IEEE 802.15.3d emission mask constraints with a

roll-off factor α up to 0.48 and 0.6, respectively. Beyond these values, the compliance

condition is violated, which is strictly prohibited for IBI considerations in multi-user

channel access scenarios. The SRE is approximately independent of α with a constant

value of 73.58% for both waveforms.

As can be observed from Figs. 3.2(a) and 3.2(b), this independence is a result of substitut-

ing the unfilled parts under the emission mask at
∣∣ f ∣∣ < B by the spectrally broadening

of the PSD for
∣∣ f ∣∣ > B and hence; maintaining a constant total power. Therefore, in this

work, the roll-off factor is selected at the commonly used value of α = 0.35 to define the

optimum RC and the BTRC waveforms.

For the proposed waveform, the full compliance is achieved at α = 0 and a spectral

roll-off control factor, γ, of 7.226 × 10−9, whereas the corresponding SRE is 99.3% as can

be seen from Fig. 3.3(b). The dips observed in the CC are due to the step discontinuity

in the Heaviside function used in this metric as well as the non-differentiability of the

spectral emission mask at the knee frequencies. This difference between the SRE of

the proposed waveform and that of the RC and the BTRC waveforms implies that a

virtual increase of about 34.96% in the emitted terahertz power can be achieved at

no additional cost. It is noteworthy that, the monolithic integration of two photonic

transmitters would be required to increase the power of the emitted terahertz waveform
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Figure 3.4. Three waveforms obtained from the optimal parameters to comply with the IEEE
spectral emission mask. RC: raised-cosine. BTRC: better-than RC.

by 20% (Song et al. 2012). This comparison emphasises the importance of spectral

shaping in managing the power budget of currently available terahertz technology.

Since the proposed waveform is not ISI-free, the ISI performance of this waveform

is evaluated using 210 pseudo-random BPSK symbols (Beaulieu et al. 2001), which

interfere a pulse centred at t = 0 with no AWGN. Figure 3.3(c) shows the result of ISI

based on Eq. (3.16) of the proposed waveform versus γ at different values of α. At

the optimum values of α and γ, the proposed waveforms experiences a signal-to-ISI

power ratio of 21.93 dB, which is high enough to ignore its impact during the matched

filtering at the receiver side (Bobula et al. 2010). Figure 3.4 shows the three considered

waveforms resulting from the optimisation of their respective parameters α and γ.

In practice, the pulse shaping process is implemented in the digital domain using finite

impulse response filter (FIRs). Here, a truncated version of the signalling waveform is

generated with an adequately finite filter length, denoted by L, to minimise the group

delay of the FIR filter. However, this truncation induces undesired side-lobe level (SLL)

spectral components beyond the dedicated waveform bandwidth. For an RC waveform

with a symbol span of L = 5 and a roll-off factor of 0.35, this SLL can be as high −1.5 dB,

which strongly violates the maximum stop-band attenuation of −30 dB (Bobula et al.

2010). Figures 3.5(a)-(c) show the impact of hard truncation on the stop-band attenuation
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Figure 3.5. Impact of hard truncation on the stop-band attenuation of the RC, BTRC and
the proposed waveforms. (a) L = 7, (b) L = 15, and (c) L = 41. The dashed lines represent
maximum OOB emission limit allowed by the IEEE 802.15.3d Standard.

of the three considered waveforms for a symbol span of 2L, where L = 7, 15 and 41,

respectively. For the proposed waveform, an almost flat passband response is exhibited

up to the first knee frequency, i.e., f1 = 0.94 GHz, while offering a maximum SLL of

about −30 dB. Moreover, although the proposed waveform shows SLL that is higher

than the RC and the BTRC waveforms, this SLL is still lower than the −30 dBr PSD

limit defined in Eq. (3.1) for OOB emissions. By using a sufficiently long symbol span,

i.e., L > 41, the SLL can be maintained well below this limit and the spectrum can be fit

to the emission mask more efficiently.

3.4 Experiment and Results

As a proof-of-concept, the transmission performance of the three considered wave-

forms is experimentally evaluated using the photonic-terahertz communications system

shown in Fig. 3.6. This system is based on the principles of intensity modulation–direct

detection (IM-DD) and photo-mixing. In the experiment, the spectrum of a 220 − 1

pseudo-random OOK or BPSK-modulated binary sequence is reshaped by each of the

three considered pulse shapes to generate the baseband signals. A regular pattern

of consecutive of ”1”s and ”0”s, running at a symbol rate of Rs/4, is employed as a
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Figure 3.6. Experimental setup of the terahertz photonic communications link based on
photomixing. TLS: tunable laser source. AWG: arbitrary waveform generator. LNA: low-noise
amplifier. MZM: Mach-Zehnder modulator. EDFA: erbium doped fibre amplifier. VOA: variable
optical attenuator. UTC-PD: uni-travelling carrier photodiode. SBD: Schottky barrier diode. LPF:
low-pass filter. DSO: digital sampling oscilloscope. MA: moving average. S: synchronisation word. D:
data payload. Z: zero-padding sequence. The maximum sampling rate of the AWG is 65 GSample/s.

synchronisation word. This synchronisation word is interleaved cyclically with the data

packets. A guard time interval of 100 zero-valued symbols is inserted between consecu-

tive data packets. It should be mentioned that, the resulting data packet format does

not follow the IEEE 802.15.3d Standard frame structure defined in the IEEE 802.15.3d

Standard, which allows automatic switching between different modulation schemes by

changing the physical layer (PHY) mode options in the relevant field of the frame header.

Instead, for proof-of-concept, the OOK and BPSK modulated signals are independently

transmitted.

This baseband signal is generated at a peak voltage of Vp = 300 mV using an arbitrary

waveform generator (AWG) at a sampling rate of 64 GSample/s. The generated data

rate, which is 1.44 Gbit/s, is compatible with the first channelisation scheme specified

in the IEEE 802.15.3d Standard. In principle, this data rate can be increased without

degrading the system error performance as long as the AWG and DSO sampling rates

can be proportionally increased. This is to maintain a constant over-sampling factor that

is well-above the Nyquist condition as briefly discussed in Chapter (2) through Table 2.1
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Figure 3.7. The measured UTC-PD terahertz output power versus its photo-current. The
fitting error using the second order polynomial is about 0.087.

and Eq. (2.1). However, practical off-the-shelf electronics exhibit non-ideal frequency

responses. Therefore, the signal data rate and, consequently, its bandwidth, are limited

by the flat bandwidth of all baseband electronic components combined, which depends

on a particular system design. Independently, two optical carriers at 193.5000 THz

and 193.8100 THz are emitted by a dual-channel continuous wave tunable laser source

(CW-TLS) and combined by a 50:50 optical coupler (OC). The linewidth of this CW-TLS

is about 100 kHz. The generated baseband signal is then modulated onto the combined

optical carriers by a Mach-Zehnder modulator (MZM), operated in the linear region

of its electro-optic transfer characteristics. The 3-dB bandwidth of this MZM is about

20 GHz, which guarantees an almost distortion-free electro-optic conversion for the

1.44 Gbit/s signal. After optical amplification, the two optical signals are injected into

a UTC-PD for photo-mixing. The terahertz carrier frequency is 311.00 GHz, which

corresponds to the 32nd channel defined by the Standard. In the experiment, the photo-

current is increased from 1 mA to 6 mA, with a step of 1 mA. Figure 3.7 plots the

UTC-PD photo-current, denoted by Iph, and the corresponding measured terahertz

output power, denoted by PTHz.

The generated terahertz signal then propagates over a wireless channel, which com-

prised two identical WR-3.4 diagonal horn antennas aligned in the line-of-sight (LoS)
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configuration along their directions of maximum emission with an antenna separation

of 15 mm. The estimated free-space propagation loss at this distance, using the Friis

transmission formula, is −25.83 dB. Moreover, this propagation distance is within the

wireless transmission range specified by the IEEE 802.15.3d Standard for close-proximity

terahertz wireless links (Kado et al. 2010, Hirata & Hirokawa 2018, Hirata & Hirokawa,

Jiro 2018, Nagatsuma et al. 2016b, T. Nagatsuma, K. Oogimoto, Y. Inubushi, and J.

Hirokawab 2016, Nishida et al. 2019, Diebold et al. 2016).

The passband bandwidth of the UTC-PD-SBD configuration is determined by the

bandwidths of the individual wave-guiding structures attached to the UTC-PD and the

SBD. Since the UTC-PD is attached to a WR-3.4 waveguide, its actual bandwidth ranges

from 220 GHz to 325 GHz. Moreover, the actual bandwidth of the SBD is from 260 GHz

to 400 GHz as it is attached to a WR-2.8 waveguide. As a result, the effective bandwidth

of the UTC-PD-SBD configuration is from 260 GHz to 325 GHz. Within this band, the

entire UTC-PD-SBD configuration is operated near its frequency of maximum emission.

The end-to-end system frequency response possesses low-pass characteristics with a

baseband bandwidth of 20 GHz and a cut-off frequency of 10 GHz.

At the receiver side, the baseband envelope of the received terahertz signal is detected

via the SBD and the free space path loss is compensated by a 30 dB low-noise amplifier

(LNA). The amplified signal is then sampled by a 80 GSample/s digital storage oscillo-

scope (DSO) for offline digital signal processing (DSP) using MATLAB as illustrated in

Fig. 3.6.

To match the sampling rate at the transmitter side, the recorded data is down-sampled

from 80 GSample/s to 64 GSample/s using a down-sampling ratio of 5:4 to remove the

redundant samples. To mitigate the AWGN, a 44-taps moving average (MA) filter is

applied to the received signal as a denoising filter. This filter length is equivalent to

a sliding window width of the symbol duration, measured in samples, to ensure that

the AWGN is averaged over the symbol duration without influencing the information

content in adjacent symbols. The synchronisation word is then extracted from the

denoised signal for timing offset estimation and compensation. The sliding window

approach (Massey 1972) is also adopted for frame-level synchronisation (Pfletschinger

et al. 2015), which is achieved by estimating the optimum delay that maximises the

cross-correlation of the received sequence and the synchronisation word. Figures 3.8(a)

and 3.9(a) confirm the accuracy of the timing offset estimation and recovery using this

algorithm at the receive side. It is noteworthy that, the experimental setup results in
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Figure 3.8. Signals and spectra at the receiver side for OOK modulation. (a) Segment of the
synchronisation word, (b) segment of the data payload, and (c) spectrum of the received signal after
de-noising. The UTC-PD photo-current is 3 mA.

a non-coherent terahertz communications link as it relies on IM-DD. However, since

a constant bias voltage is applied to the MZM, an optical double-side band envelope

modulated signal is produced at the MZM output. Correspondingly, this results in

a DSB terahertz signal with a positive envelope emitted by the UTC-PD. The phase

of the emitted terahertz signal is not modulated by the baseband information. At the

receiver side, having a terahertz carrier with a positive envelope makes it possible to

employ a simple envelope detector, such as the Schottky-barrier diode, to extract the

baseband information signal from the terahertz carrier envelope. After that, the BPSK

demodulation can be applied by relying on the polarity of the detected baseband signal.

Therefore, the Kramer-Krönig algorithm is not required to reconstruct the signal phase

at the receiver side. Further to that, the synchronisation word in the baseband data

packet enables the correct identification of each symbol boundaries.

Figures 3.8(b) and 3.9(b) also show the received baseband waveforms after denoising

and synchronisation, at a UTC-PD photo-current of 3 mA for OOK and BPSK mod-

ulation schemes, respectively. Figures 3.8(c) and 3.9(c) plot the spectra of these two

signals at the same value of the UTC-PD photo-current. For the OOK spectrum in

Fig. 3.8(c), a 6-dBr carrier component is detected at f = fc due to the non-zero net DC

component of the transmitted OOK signal. This relative power level is much lower than

Page 66



Chapter 3 IEEE 802.15.3d-Compliant Pulse Shaping

0 10 20 30 40 50 60
{0.6

{0.2

0.2

0.6

1
(a)

0 10 20 30
Normalized Time t=Ts

{1

{0.6

{0.2

0.2

0.6

1

A
m
p
li
tu
d
e
(a
.u
)

(b)

Tx

Rx

{2 {1 0 1 2
Frequency (GHz)

{34

{30

{26

{22

{18

{14

{10

{6

{2

2

6

N
o
rm

a
li
ze
d
P
S
D

(d
B
r)

(c)

Rx Spectrum
IEEE Mask

Figure 3.9. Signals and spectra at the receiver side for BPSK modulation. (a) Segment of the
synchronisation word, (b) segment of the data payload, and (c) spectrum of the received signal after
denoising. The UTC-PD photo-current is 3 mA.

the 40-dBr carrier-to-signal power margin allowed by the IEEE 802.15.3d Standard for

the un-modulated carrier component in the OOK terahertz signalling mode.

The received signals comply with the IEEE spectral mask over most of the channelisation

scheme bandwidth as shown in Figs. 3.8(c) and 3.9(c), which illustrate the spectra of

the OOK and BPSK signals, respectively, at Iph = 3 mA. It should be pointed out that,

although the compliance requirements is achieved throughout the waveform design

phase, this requirement is partially violated by the received signal spectrum. This

partial violation is mainly attributed to the SBD nonlinearities (Harter et al. 2020), which

induces the spectral regrowth effects in the received envelope. This observation applies

at all considered values of the photo-current. However, the full-compliance of the

emitted terahertz signal should not be affected by these nonlinear distortions, which

occur at the receiver, i.e., after the SBD. The impact of the SBD nonlinearities on the

compliance of the received IEEE 802.15.3d is detailed in Section 3.5. Figure 3.10 shows

the measured UTC-PD power response as well as the overall end-to-end amplitude

response of the terahertz link, i.e., from the AWG output at the transmitter side to

the LNA output at the receiver side. As shown in Fig. 3.10(a), the UTC-PD exhibits a

quasi-linear response, which guarantees the linearity of the entire photonic-terahertz

transmitter. However, the overall end-to-end amplitude response of the terahertz
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Figure 3.10. Measured optical-terahertz response of the UTC-PD and the end-to-end response
of the photonic-terahertz system. (a) input-output power response of the photonic-terahertz
transmitter. (b) transceiver end-to-end normalised voltage response. PTHz (dBm): terahertz output
of the uni-travelling carrier photo-diode (UTC-PD), measured in the dBm units. PUTC−PD,in (dBm):
is the input optical power at the UTC-PD input, also measured in the dBm units. VLNA: normalised
voltage at the low-noise amplifier output. VAWG: normalised arbitrary waveform generator voltage.
In (a), PUTC−PD,in = Iph

2Rin, where 0 ≤ Iph ≤ 6 mA and Rin = 1 Ω denotes the normalised input
resistance of the UTC-PD.

link shown in Fig. 3.10(b) is remarkably nonlinear, which identifies the SBD as the

main source of this nonlinearity. This observation agrees with the measured voltage-

current response and the associated nonlinear SBD model detailed in the supplementary

material of (Harter et al. 2020). Nonetheless, the nonlinear response of SBD-based

receivers can be mitigated by employing Kramer–Krönig (KK) post-processing at the

receiver to improve its decoding capabilities (Harter et al. 2020, Ecozzi 2019, An et al.

2019, Li et al. 2017a,b).

The BER performance of the RC, BTRC and proposed Lorentzian-based pulse shapes

are also evaluated under the OOK and BPSK modulation formats, without applying

forward error correction (FEC) techniques. The results, which are plotted in Figs. 3.11(a)

and (b), show that the lowest BER performance is achieved by the proposed waveform,

regardless of the modulation format. It is worth mentioning that, the BERs in Figs. 3.11(a)

and (b) are evaluated using offline DSP. The minimum BER that can be evaluated using

this technique is impacted by the maximum number of bits that can be practically

generated and collected at the transmitter and receiver sides, respectively. To put into

perspective, achieving bit error rates (BERs) below 10−5 generally requires a minimum of

106 transmitted/received bits so that the counted bit errors converge. In the experiment,

105 bits were transmitted. This means that, the BERs in Figs. 3.11(a) and (b) are accurate

to about 10−4, and more transmitted/received bits would be required to observe more
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Figure 3.11. Measured bit error rate performance of the proposed waveforms as compared
to the RC and the BTRC waveforms. (a) OOK and (b) BPSK modulation schemes. The eye
diagrams are plotted for the proposed waveform obtained at a photo-current of 3 mA. The line plots
are terminated at the points after which the error-free transmission limit is achieved. BER: bit error
rate. RC: raised-cosine. BTRC: better-than RC.

errors. In Fig. 3.11(a), the OOK-modulated RC and BTRC waveforms show similar BER

trends for 1 mA ≤ Iph ≤ 6 mA with a minimum BER of 5.952 × 10−5 and 1.7 × 10−3,

respectively, achieved at Iph = 5 mA. However, increasing the photo-current Iph beyond

5 mA deteriorates the BER of both waveforms. This effect is attributed to the nonlinearity

of the terahertz link (Harter et al. 2020), (Ecozzi 2019), which induces harmonic and

inter-modulation distortion components that grow with increasing photo-current and

hence dominate the desired signal. Figure 3.11(b) shows that the BPSK-modulated

RC and BTRC waveforms also follow similar BER trends for 1 mA ≤ Iph ≤ 5 mA

with a minimum BER of 1.4 × 10−3 and 2.5 × 10−3, respectively, both achieved at Iph =

5 mA. An error-free transmission is observed for both waveforms when Iph is increased

beyond 5 mA.
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On the other hand, for the proposed waveform, the BER decreases monotonically with

increasing the photo-current from 1 mA to 3 mA for both OOK and BPSK modulation

formats. A minimum BER of about 10−4 and 10−3 is achieved by this waveform

at Iph = 3 mA with OOK and the BPSK modulations, respectively. The error-free

transmission limit of 10−12 is observed when Iph is increased beyond 3 mA. From the

aforementioned observations, it can be concluded that the transmission performance is

more sensitive to the SRE rather than the ISI.

3.5 Impact of Receiver Nonlinearity

As discussed in Section 3.4, the compliance of the proposed IEEE 802.15.3d waveform

is mainly impacted by the nonlinearities introduced by the SBD at the receiver side.

In this section, we further elaborate on the compliance-linearity trade-off by using an

independent experimental setup similar to that in Fig. 3.6. It should be highlighted that

the experimental setup used in this investigation is similar to that used in Section 3.4, as

here we intend to verify the origin of spectrum regrowth, regardless of the particular

system implementation.

In the new experimental setup, the system comprises the same equipment as the system

in Fig. 3.6, except for the low-noise amplifier at the transmitter side before the MZM.

This is due to the lack of this amplifier in the new setup. However, the EDFA optical

pump current is increased to its maximum value such that the output terahertz power

is −10 dBm, which is higher than the maximum terahertz power in the original setup

as shown in Fig. 3.7, i.e., −12.3 dBm. It should be noted that, typically, the close-to-

saturation power limit of SBDs is about −10 dBm (Hesler et al. 2007). Additionally,

The MZM is biased at its quadrature point, which is 1.3 V, and the optical carrier

frequencies are fixed at 193.000 THz and 193.253 THz. The difference between these

two frequencies, i.e., 253 GHz, is the maximum emission terahertz frequency, which is

required to strongly stimulate the system nonlinearities.

To confirm that the spectral regrowth is dominated by the SBD nonlinearity, we consider

the transmitter side in more detail. We experimentally measure the MZM electro-

optic transmittance over a sufficiently wide range of the input voltage as well as the

corresponding optical dynamic range at the EDFA output. The MZM characteristics can

be approximated by a quasi-linear input/output relationship over the narrow voltage

swing around its operating point. Figures 3.12 (a) and (b) show the MZM electro-optic

transmittance, i.e., from the AWG electrical output to the MZM optical output as well as
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Figure 3.12. Measured input-output response of the photonic-terahertz transmitter active
and passive components. (a) MZM electro-optic response. (b) Input-output power response of the
Erbium doped fibre amplifier. The thick red markers denote the operating points.

the corresponding EDFA power response, respectively. As can be seen in both figures,

a quasi-linear narrow dynamic range of each device is exploited, reflecting the high

linearity of the transmitter. Additionally, this range is relatively linear compared to the

overall nonlinear system response depicted in Fig. 3.10(b).

To further confirm the dominance of the SBD nonlinear effects, a new experimental

approach is proposed. This approach can be explained as follows. At high photo-

currents and short Tx-Rx antenna separation, high terahertz power levels are detected

at the receiver side. This high power level should be sufficient to stimulate the receiver

nonlinearities. However, when the Tx-Rx antenna separation is increased, the received

terahertz power is reduced, and only a limited range of the SBD response is exploited,

which makes it possible to approximate the SBD response by a quasi-linear input-output

relationship. It is noted that, although the system we use for this experiment is slightly

different from that used in Section 3.4, due to system availability, the architecture is

exactly the same from a functional viewpoint. To stimulate strong SBD nonlinearities,

the photo-current is set to 5 mA. The transmission distance is set to 2, 4, 5, and 6 cm.

At each transmission distance, the waveform spectra is sampled and recorded using

a 25 GSample/s RTO. After that, the waveform is denoised using a MA filter. Subse-

quently, the waveform spectrum is evaluated using the fast Fourier transform (FFT)

technique without applying spectral windowing.

Figure 3.13 shows the received terahertz envelope spectra measured at a Tx-Rx antenna

separation of 2, 4, 5, and 6 cm, respectively. As can be seen in these figure, different
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Figure 3.13. Evolution of the received IEEE 802.15.3d signal spectrum with the transmitter-
receiver antenna separation. (a) 2 cm. (b) 4 cm. (c) 5 cm. (d) 6 cm. In all figures, the solid red
line represents the IEEE 802.15.3d spectral emission mask.

distances stimulate different levels of the spectral broadening effect. As shown in

Fig. 3.13(a), the received envelope spectrum exceeds the spectral mask at a distance

of 2 cm. However, as the distance is increased to 4, 5, and 6 cm, the compliance with

the IEEE 802.15.3d mask is fulfilled as shown in Figs. 3.13(b), (c), and (d), respectively.

These observations confirm that SBD is mainly responsible for the spectral regrowth

effects.

3.6 Conclusion

In this chapter, we establish the context of pulse shaping for terahertz communications

networks that comply with the technical specifications defined in the IEEE 802.15.3d

Standard. An analytical framework is formulated for the design of optimal terahertz

envelope waveforms, with an aim to maximise the spectral radiation efficiency under

the spectral emission constraints defined in this Standard. Importantly, a new waveform

is proposed and compared to the RC and BTRC waveforms via numerical analysis and

experiments. The proposed waveform shows full compliance with the most stringent

spectral mask defined by the IEEE 802.15.3d Standard, where the largest number of

densely packed channels can be found. Additionally, this waveform utilises more than
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99% of the power spectral density admissible by this spectral mask and outperforms

the conventional RC and the BTRC waveforms by about 35% in terms of the radia-

tion efficiency, leading to an improvement of, at least, one order of magnitude in the

BER performance. Moreover, experimental results show that, using the experimental

setup reported in this work, the transmission error-free limit of 10−12 defined by the

IEEE 802.15.3d Standard can be achieved using the proposed waveform without em-

ploying FEC codes. Additionally, since the bandwidths of all IEEE 802.15.3d emission

masks are integer multiples of 2.16 GHz, the proposed waveform presented in this

work is applicable to the design and development of standard-compliant terahertz

communications systems considering the higher-order channelisation schemes. The

matched-filter implementation of the proposed waveform is beneficial for noise shaping

as it results in the maximum possible signal-to-noise ratio (SNR) at the receiver side,

and consequently, reduces the bit error rate to the minimum possible levels. Therefore,

this issue is also open for further investigation in future work.
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Chapter 4

Timing-Jitter Tolerant
Nyquist Pulse for Terahertz

Communications

S
EAMLESS integration of terahertz wireless communications

with existing optical access networks can potentially offer tens

of gigahertz of channel bandwidth. However, the timing-jitter

exhibited by the electronics-based transceivers is a key transmission impair-

ments that tends to ceil the performance of these hybrid access networks,

especially at high transmission baud rates. In this chapter, we propose

a sinc-Lorentzian Nyquist pulse shape that outperforms the conventional

raised-cosine and the better-than raised-cosine pulse shapes under the in-

fluence of timing-jitter of up to 35% of the symbol duration. Experimental

demonstrations are carried out using a 311 GHz photonic-terahertz system

operating at a standard bit rate of 1.44 Gbit/s to investigate the robustness of

the three pulse shapes against timing-jitter. It is confirmed that the proposed

pulse shape is highly-tolerant to timing-jitter as well as the nonlinearity

exhibited by terahertz systems, and hence, can improve the bit error rate

performance by an order of magnitude when the average timing-jitter is as

large as 0.24 ns. The proposed pulse shape is a critical step for designing

ultra-high-speed terahertz communications links with improved robustness

to timing-jitter.
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4.1 Introduction

Day-by-day increasing demands for reliable high-speed wireless services are expected

to rapidly approach and exceed the capacity of fifth-generation (5G) communications

networks. These demands are unlikely to be fulfilled without ongoing vigorous research

on next-generation wireless communications, namely, 6G. Terahertz technology is a

key enabler for 6G communications as it makes it possible to access ample spectral

resources for point-to-point wireless systems (Petrov et al. 2020) in the terahertz band.

Numerous advantages are expected from pushing the carrier frequencies towards

the terahertz band (100 GHz to 10 THz), such as increased channel capacities with

much lower latency and increased user activities on the network. In practice, the

generation and modulation of such high carrier frequencies is usually accompanied by

a randomly fluctuating phase noise, which becomes noticeable as random timing-jitter

in the baseband modulated signal. Unless precisely estimated and compensated, this

timing-jitter gives rise to imperfect synchronisation, i.e., a net timing-offset, between the

transmitter and the receiver, which could severely deteriorate the end-to-end bit error

rate (BER) performance, especially when increasing the system data rate (Roumelas et

al. 2020).

In the field of terahertz communications, timing-jitter with a remarkable proportion

of the symbol period has been frequently observed in many experimental demonstra-

tions (Ducournau et al. 2014, Nagatsuma et al. 2013, 2016a, Webber et al. 2019). For

instance, in a typical terahertz electronic receiver, the average timing-jitter was measured

to be in the range of 10 ps at 5 Gbit/s to 25 ps at 12 Gbit/s (Webber et al. 2019), which

corresponds to about 5% to 30% of the symbol duration. The impact of this timing-jitter,

and consequently, the inter-symbol interference (ISI), on the BER performance was con-

sidered insignificant since the received signal exhibited a highly-localised Gaussian-like

profile over the allocated symbol duration (Webber et al. 2019). However, for the same

symbol rate, the root mean squared (RMS) bandwidth of a typical Gaussian pulse is

much higher than the Nyquist bandwidth requirement. Therefore, in most of the previ-

ous demonstrations of terahertz communications, e.g., (Chinni et al. 2018a,b, Fujishima

2018, Dan et al. 2020), it has been a common practice to rely on the raised-cosine (RC)

pulse shape with various roll-off factors for bandwidth-efficient signalling.

Although spectrally-efficient, the transmission performance of Nyquist pulses, includ-

ing the RC pulse, is sensitive to the timing-jitter due to the large overlap between

adjacent symbols. Unless the detection is performed at the optimum sampling instants
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at the receiver side, the ISI caused by this overlap can severely deteriorate the BER

performance. In (Beaulieu 1991), it has been shown that, typically, the BER of Nyquist

pulses can exceed 10−3 when the timing-offset is 25% of the symbol period. It is im-

portant to minimise the gap between such a relatively high BER and the error-free

transmission limit of 10−12 in terahertz communications.

Admittedly, in most of the previous demonstrations of terahertz communications links,

the impact of timing-jitter on the transmission performance of RC pulses has not been

considered since offline digital signal processing (DSP) techniques have been employed

to compensate for various transmission impairments, including the timing-jitter. Whilst

offline DSP techniques are sufficient for proof-of-concept experiments, the timing-jitter

estimation and compensation can be a complicated DSP task for receivers with limited

computational resources. This issue can be challenging in practical scenarios, especially

for real-time applications.

A spectrally-efficient solution to reduce the severity of the timing-jitter on the transmis-

sion performance of Nyquist pulses is to design pulse shapes with rapidly decaying

profiles in order to reduce the power contained in time-domain sidelobes and, conse-

quently, the resulting ISI. This way, the BER of these pulses can be improved and the

requirement for high-speed precise timing-control circuitry at the receiver side can be

relaxed.

To this end, we propose and experimentally demonstrate a sinc-Lorentzian Nyquist

pulse shape that is highly-tolerant to timing-jitter exhibited by photonic-terahertz

systems. The proposed pulse shape possesses two independent degrees of freedom,

which allow for flexible control of its temporal and spectral characteristics. We further

investigate the impact of timing-offsets on the transmission and detection performance

of the proposed waveform in comparison to the other two common waveforms using

a photo-mixing-based terahertz communications link. It should be highlighted that,

unlike the waveform presented in Chapter 3, the Nyquist condition for ISI-free signalling

is considered for the proposed sinc-Lorentzian.

The rest of this chapter is organised as follows. The proposed Nyquist pulse is presented

in Section 4.2. Here, an ISI analysis is carried out for the three considered pulse shapes

in Section 4.3. Section 4.4 presents an experimental investigation of the transmission

performance of these pulse shapes before this chapter is finally concluded in Section 4.5.
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4.2 Proposed Nyquist Pulse Shape

The proposed pulse shape, referred as the sinc-Lorentzian pulse, is defined mathemati-

cally as follows:

pSL(t) =
γTsE(t)

γα− + Ts
sinc

(
t

Ts

)
, (4.1)

where γ = ζTs is a parameter that controls the time-domain decay rate as well as the

spectral distribution of pSL(t), ζ is a dimensionless parameter, and E(t) is defined as

follows:

E(t) =
α−sinc

(
α−t
Ts

)
Ts

+
cos

(
πα−t

Ts

)
−
(

πt
γ

)
sin
(

πα−t
Ts

)
γ +

(
π2t2

γ

) . (4.2)

The two-parameters in Eq. (4.1), i.e., α− and γ, make it possible to flexibly control the

temporal and the spectral characteristics of the sinc-Lorentzian pulse (Assimonis et al.

2008).

The spectrum of Eq. (4.1) is numerically evaluated using the fast Fourier transform (FFT)

technique with 218 points. Figure 4.1 shows the spectrum of the proposed waveform.

The RC and BTRC spectra are also shown for comparison. In this figure, the spectra

of the three waveforms are evaluated at the same roll-off factor of α = 0.35. For the

sinc-Lorentzian pulse, ζ is set to 10.47 unit-less for reasons to be discussed in detail

in Section 4.4. It should be highlighted that, in contrast to the RC and BTRC pulses,

the proposed SL pulse shape is band-unlimited. Therefore, we apply the concept
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Figure 4.1. Simulated baseband spectra of the three considered waveforms. All spectra are
evaluated at a roll-off factor of α = 0.35. For the sinc-Lorentzian pulse, ζ = 10.47.

Page 79



4.2 Proposed Nyquist Pulse Shape

of −10 dB bandwidth in order to evaluate the excess bandwidth required beyond the

Nyquist bandwidth. Consequently, the excess bandwidth of the proposed pulse is 0.77B,

compared to 0.35B in the RC and BTRC pulses.

Figure 4.2 shows the eye diagrams of the three considered waveforms evaluated using

210 BPSK symbols at α = 0.35. The proposed waveform has much smaller amplitude

distortions, i.e., lower sidelobe energy, and a much wider horizontal eye opening at

the receiver side than the eye diagrams of the classical RC and BTRC Nyquist pulses.

This implies that the proposed pulse can tolerate a larger timing deviation around

the optimum sampling instant without experiencing significant ISI. This behaviour is

attributed to the pulse decay rate in the time domain, which we discuss in details below.

In (Assalini & Tonello 2004), it has been shown that the decay rate of a Nyquist wave-

form depends on the overall waveform design, i.e., considering the mother sinc together

with its envelope, rather than the particular envelope decay order. For instance, analyt-

ically, Eq. (2.5) and Eq. (2.7) show that the envelopes of the RC and the BTRC pulses

decay as |t|−3 and t−2, respectively. Also, the two pulse shapes presented in (Assalini

& Tonello 2004) show an analytical envelope decay rate of |t|−3 and t−2. However, the

overall waveform amplitude of the main sidelobes with the t−2 envelope decay rate

are smaller than those of the pulse shapes with the |t|−3 envelope decay rate. Likewise,

although Eq. (4.1) shows that the proposed pulse shape has an envelope asymptotic

decay of t−2. Figures 4.3(a) and (b) show that this decay rate is larger than the RC
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Figure 4.2. Eye diagrams of a binary-phase modulated sequence of 210 symbols length.
(a) Raised-cosine pulse with α = 0.35, (b) better-than raised-cosine pulse with α = 0.35, and (c)
proposed sinc-Lorentzian pulse shape with α = 0.35 and γ = 7.226 × 10−9. Time is normalised to
one symbol duration.
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Figure 4.3. Simulated time domain baseband waveforms. (a) Electrical baseband waveforms,
(b) envelopes of the electrical baseband waveforms, and (c) optical intensity waveforms. The roll-off
factor is fixed at α = 0.35 for the raised-cosine and the BTRC waveforms, whereas, for the proposed
waveform, α = 0 and ζ = 10.47.

and the BTRC pulses. Further to that, since we employ a photonics-based terahertz

communications system in this work, the impact of the electro-optic (EO) modula-

tion nonlinearity on the three waveforms is considered. In this work, we employ a

Mach-Zehnder modulator (MZM) as an EO modulator. However, it is noteworthy that

other types of nonlinearities can also be exhibited by several components other than

the MZM, such as the erbium doped fibre amplifier (EDFA) at the transmitter side,

and the Schottky-barrier diode (SBD) at the receiver side. Since, the EO modulation

is essentially a voltage-to-optical intensity conversion process, the optical waveforms

are proportional to the squared amplitude of the electrical waveforms. Figure 4.3(c)

compares the squared magnitude of the three considered waveforms corresponding

to the electrical waveforms in Fig. 4.3(a) for 0 ≤ t ≤ 3Ts. As shown in Fig. 4.3(c), the

three optical waveforms decay more rapidly compared to the corresponding electrical

waveforms in Fig. 4.3(a). In particular, the decay rate is doubled due to the EO mod-

ulation. Additionally, the inset of Fig. 4.3(c) shows that the maximum sidelobe level
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of the proposed waveform, i.e., for Ts ≤ t ≤ 2Ts, is much lower than the RC and the

BTRC waveforms. To put into perspective, the maximum sidelobe optical intensity of

the proposed pulse is lower than the corresponding levels of the RC and the BTRC

pulses by 17 dBr and 15 dBr, respectively. At the high transmission speeds of terahertz

communications, it is desirable to minimise the overlap between adjacent symbols,

which increases in the presence of time-jittering. Therefore, the low sidelobe level of

the proposed waveform beyond the symbol duration, −Ts/2 ≤ t ≤ Ts/2, has a clear

advantage.

4.3 Inter-Symbol Interference Analysis

Assuming ideal sampling and binary phase shift keying (BPSK) modulation, the re-

ceived symbol sequence is ISI-free and the probability of bit error is theoretically given

by Pε = Q(
√

2SNR), where SNR is the signal-to-noise ratio (SNR), and Q(.) is the

complementary cumulative distribution function of a standard zero-mean unit-variance

Gaussian distribution. At an SNR of 15 dB, Pε = 9.124 × 10−16, which is much lower

than the standard error-free transmission limit of 10−12. In the presence of timing-jitter,

the semi-analytical method proposed in (Beaulieu 1991) can be used to evaluate the ISI

performance of an arbitrary Nyquist pulse. Here, to avoid the impact of the residual

errors associated with the approach in (Beaulieu 1991), we employ a more straight-

forward semi-analytical approach to quantify the impact of the timing-jitter on the

probability of symbol error for the considered pulse shapes. First, we formulate the

received symbol sequence, denoted by y(t), in the presence of timing-jitter and the

additive white Gaussian noise (AWGN), as follows:

y(t) =
N+

∑
k=−N−

bk p(t ± ∆tk − kTs) + n(t), (4.3)

where k ∈ {0,±1,±2,±3...} is the symbol index, N− is the number of interfering

symbols that precedes the central data symbol located at t = 0, and N+ denotes the

number of symbols that follow this central symbol. Moreover, bk ∈ {±1} is the kth

BPSK information symbol, and n(t) is the AWGN. The pulse shape p(t) denotes one of

the three candidate pulses considered here: pRC(t), pBTRC(t) or pSL(t) and ∆tk denotes

the timing-jitter introduced to the kth symbol. A ± sign is introduced to ∆tk in Eq. (4.3)

in order to account for positive and negative timing deviations around the optimum

sampling instant of the kth symbol. Secondly, we assume that y(t) is forwarded to a
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timing-jitter estimator and compensator. The compensated received symbol is denoted

by ŷ(t) = y(t ∓ ∆̂tk), where ∆̂tk is the estimated timing-jitter. At the optimum sampling

instants, i.e., t = kTs, ŷ(t) is given by

ŷ(kTs) = p(±δtk)bk + Ik(δtm) + nk, (4.4)

where p(±δtk) accounts for the reduction in the desired symbol amplitude, and Ik(δtm)

is the adjacent ISI, defined as follows:

Ik(δtm)
∆
=

N+

∑
m=−N−

bm p(±δtm + (k − m)Ts); m ̸= k. (4.5)

Moreover, δtk = |∆̂tk − ∆tk| is the timing-jitter estimation error, while nk is the AWGN

at the kth symbol. A decision variable, denoted by zk, is formed as follows:

zk =

+1; ŷ(kTs) ≥ 0

−1; ŷ(kTs) < 0 .
(4.6)

It should be highlighted that, p(±δtk) = 1 and Ik(±δtm) = 0 when δtk = 0, whereas

for δtk ̸= 0, the values of p(±δtk) and Ik(±δtm) depend on the particular choice of the

pulse shape, p(t). Thirdly, the probability of symbol error, denoted by Pε, is numerically

evaluated by calculating Pr{zk ̸= bk} using the Monte-Carlo numerical simulation

technique. It is noteworthy that, the proposed approach results in the same error

performance as the earlier approach (Beaulieu 1991) when used to evaluate time unlim-

ited waveforms (Beaulieu et al. 2001),(Assalini & Tonello 2004), while it can avoid the

mathematical complexity associated with the approach in (Beaulieu 1991).

Table 4.1 lists the simulation parameters used to evaluate the BER performance of

the three considered waveforms in the presence of timing-jitter. The symbol rate, Rs,

corresponds to a symbol rate of 1.44 Gbit/s based on the IEEE standard for terahertz

communications. Additionally, in practice, p(t) is the impulse response of a digital

FIR filter, which is implemented using a finite number of symmetric taps to avoid long

processing delays (Koike-Akino et al. 2018a). Therefore, the impact of ISI introduced by

a finite number of interfering symbols before and after the desired symbol is considered

in Eq. (4.3). The number of interfering symbols listed in Table I is in line with the typical

filter half-length required for a (2L + 1)-tap symmetric FIR filter (Koike-Akino et al.

2018a), where L ≤ 31.
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Table 4.1. Simulation Parameters for the inter-symbol interference analysis of the raised-
cosine better-than raised-cosine and proposed pulse shapes.

Parameter Value Unit
Roll-off factor, α 0.25, 0.35, 0.45 −
Symbol rate, Rs 1.44 Gbit/s

Symbol period, Ts 0.694 ns
ζ = γ/Ts 10.47 −

Normalised timing-offset, δtk/Ts ±{0.2, 0.25, 0.3, 0.35} −
Number of ISI symbols, N+, N− 40 −

Figure 4.4 plots the simulated BER performance of the three considered waveforms in

the presence of timing-offsets at a signal-to-noise ratio of 15 dB. For a given pulse shape

with a fixed roll-off factor, the BER deteriorates with an increase in the timing-offset.

Moreover, for the RC and BTRC pulse shapes and fixed timing-offset, increasing the roll-

off factor improves the BER performance. This is because increasing the roll-off factor

increases the bandwidth beyond the Nyquist bandwidth and hence, reduces the time-

domain sidelobes, which in turn reduces the ISI. On the other hand, for the proposed

sinc-Lorentzian pulse, increasing the roll-off factor degrades the BER performance. This

is because the sinc pulse envelope in Eq. (4.1) depends on α− rather than α. Nevertheless,

among the three pulse shapes, the BER performance of the sinc-Lorentzian pulse is

least sensitive to the roll-off factor as well as the most tolerant to the timing-offsets.

The differences in the BER performances exhibited by the three pulse shapes can be

explained in terms of the effective SNR of the signal in Eq. (4.4) as follows.
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Figure 4.4. Probability of bit error performance resulting from the timing-offset-induced inter-
symbol interference. (a) Raised-cosine pulse. (b) Better-than raised-cosine pulse. (c) Proposed
sinc-Lorentzian pulse. For the proposed waveform, γ = 7.226 × 10−9. For all waveforms, the roll-off
factor, α, is 0.25, 0.35, and 0.45, and the signal-to-noise ratio is 15 dB.
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Assuming a Gaussian distribution for the ISI in Eq. (4.4), the effective SNR becomes

equal to the signal-to-interference plus noise ratio. In this case, the non-zero error

performance of timing-offset estimators, i.e., when δtk ̸= 0, in the presence of AWGN is

lower-bounded by the modified Cramer-Rao bound (MCRB) (D’Andrea et al. 1994) and

can be formulated in terms of the effective SNR derived in Chapter 2 as follows:

SNReff ≥
1

4π2σ2
f σ2

t
, (4.7)

where SNReff is the effective SNR of the timing-offset-compensated signal, while σf and

σt are the root mean squared (RMS) spectral width and temporal width, respectively.

As can be seen from Eq. (4.7), the effective SNR of a signalling waveform, and its

corresponding BER performance, depends on the distribution of its energy in the time

and the frequency domains. Figure 4.5 illustrates the normalised time-bandwidth

product (TBP), defined as σtσf /(BTs), for the three considered waveforms when 0 ≤
α ≤ 1. Figure 4.5 also plots the corresponding SNReff over the same range of α based

on Eq. (4.7). In both plots, the sinc-Lorentzian pulse is calculated at ζ = 10.47. In terms

of the SNR, the three pulse shapes are equivalent when α is about 0.8. On one hand,

decreasing α below 0.8 improves the SNR of the sinc-Lorentzian pulse compared to the

RC and the BTRC pulses. This improvement attains its maximum, which is about 23 dB,

Roll-off factor 

N
o
rm

al
iz

ed
 t

im
e-

b
an

d
w

id
th

 p
ro

d
u
ct

E
ff

ec
ti

v
e 

si
g
n
al

-t
o
-n

o
is

e 
ra

ti
o
 (

d
B

)

TBP - RC

TBP - BTRC

TBP - SL

SNR
eff

 - RC

SNR
eff

 - BTRC

SNR
eff

 - SL

Figure 4.5. Time-bandwidth product and effective signal-to-noise ratio versus the roll-off
factor, α. The time-bandwidth product is normalised to the Nyquist bandwidth multiplied by the
symbol duration. TBP: time-bandwidth product. RC: raised-cosine. BTRC: better-than raised-cosine.
SL: sinc-Lorentzian. The SL spectrum is evaluated at ζ = 10.47.
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at α = 0. On the other hand, increasing α beyond 0.8 reverses the situation as the SNR

of the sinc-Lorentzian pulse becomes lower than that of the RC or the BTRC pulse, with

a maximum SNR degradation of 4.41 dB compared to the RC pulse.

4.4 Experimental Results and Analysis

To assess the transmission performance of the three considered pulse shapes, we conduct

experimental investigations using the same experimental setup, together with the DSP

at the transmitter side, as that reported in Chapter 3. Figure 4.6 shows this experimental

setup as well as the post-detection DSP at the receiver side for this work.

In the experiment, α is set to 0.35 for the RC and BTRC waveforms. This value is

frequently reported in the literature on terahertz communications, e.g., (Koenig et al.

2013, 2014, Chinni et al. 2018a), and other forms of communications, e.g., (Alagha &

Kabal 1999), (Beaulieu et al. 2001), (Assimonis et al. 2008). In addition, setting the

same roll-off factor for both waveform guarantees fair comparisons as in (Beaulieu

et al. 2001). For the proposed waveform, as shown in Fig. 4.5, the effective signal-to-

noise ratio and the time-bandwidth product are almost independent of α in the range

0 ≤ α ≤ 0.5. Therefore, in the experiments, α is set to zero to simplify the analysis

without significantly affecting the results. Additionally, further reduction of ζ below

10.47 does not improve the effective signal-to-noise ratio nor reduce the time-bandwidth

product. Also, at the transmitter side, the AWG in Fig. 4.6 is programmed to generate

the three considered waveforms at a data rate as low as 1.44 Gbit/s to ensure that the

signal bandwidth is well-below the flat bandwidth of all baseband electronic equipment.

At the receiver side, the baseband envelope of the received terahertz signal is detected

via the SBD and the free space path loss is compensated by a 30 dB low-noise amplifier

(LNA). The amplified signal is then sampled by a 80 GSample/s real-time oscilloscope

(RTO) for offline DSP as illustrated in Fig. 4.6. To match the sampling rate at the transmit-

ter side, the recorded data is down-sampled from 80 GSample/s to 64 GSample/s using

a down-sampling ratio of 5:4 to remove the redundant samples. To mitigate the AWGN,

a 44-taps moving average (MA) filter is applied to the received signal as a denoising

filter. This filter length is equivalent to the width of the symbol duration, measured

in samples, to ensure that the AWGN is averaged over the symbol duration without

influencing adjacent symbols. The Tx-Rx synchronisation is recovered by estimating the
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Figure 4.6. Block diagram of the experimental setup including the receiver processing. TLS:
tunable laser source. AWG: arbitrary waveform generator. EOM: electro-optic modulator. SBD:
Schottky-barrier diode. UTC-PD: uni-travelling carrier photo-diode. RTO: real-time oscilloscope.
MA: moving average. Rx DSP: receiver digital signal processing. The maximum sampling rate of the
AWG is 65 GS/s.

optimum delay that maximises the cross-correlation of the transmitted and the received

sequences.

It should be highlighted that, this experimental setup relies on optical intensity mod-

ulation at the transmitter side and direct terahertz envelope detection (IM-DD) at the

receiver side. The constant voltage at the MZM bias input results in a double-side band

(DSB) envelope-modulated optical signal with a carrier component. After photo-mixing,

this DSB signal is down-converted to a corresponding DSB terahertz signal with a

non-negative envelope at the uni-travelling carrier photo-diode (UTC-PD) output. Since

the phase of the emitted terahertz signal is not modulated by the baseband signal, the

phase noise does not impose a strong effect on the detector side.

The timing-offset process is imitated offline by introducing an integer delay of [δt/Ts]

samples to the time-corrected signal before matched filtering, where [.] is the rounding

operator. Figures 4.7(a) and (b) plot the BER performance of the three considered

pulse shapes versus the sampling time-offset, δt, at a photo-current of Iph = 3 mA

or 5 mA, which corresponds to an emitted terahertz power of PTHz = −18.4 dBm or

−13.3 dBm, respectively. The eye diagrams are plotted for the three waveforms at

δt = 0.05Ts. As shown in the BER plots, for the three pulse shapes, the BER increases

monotonically with increasing the timing-offset. This BER deterioration is a result of
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Figure 4.7. Bit error rate performance versus the normalised timing-offset of the received
waveforms at two different values of the emitted terahertz power. (a) PTHz = −18.4 dBm. (b)
PTHz = −13.3 dBm. The eye diagrams are plotted for the RC, BTRC, and the proposed waveforms
from top to bottom, respectively, at a normalised timing-offset of 0.05.

the reduction in the desired symbol amplitude and an accompanying increase in the

sidelobe level introduced by the adjacent symbols as the sampling instant is displaced

further from the optimum sampling instant. Figure 4.7(a) shows that, at δt = 0.35Ts,

the BER performance of the terahertz link is improved by a factor of 50% when the

RC and BTRC pulses are replaced by the sinc-Lorentzian pulse. This improvement

confirms the gain observed in the effective SNR as shown in Fig. 4.5. When δt is reduced

to 0.05Ts, an improvement of about 95% in the BER can be achieved. Additionally,

in Fig. 4.7(b), at δt = 0.35Ts, the BER performance of the sinc-Lorentzian pulse is

further improved by about an order of magnitude compared to the RC and the BTRC

pulses. Whilst the RC and the BTRC pulses show a minimum BER of 3.2 × 10−3 at

δt = 0.05Ts, the sinc-Lorentzian pulse shows error-free transmission, i.e., zero BER, for

0 ≤ δt < 0.225Ts. The eye diagrams in Figs. 4.7(a) and 4.7(b) confirm the transmission

performance of the three pulse shapes. From these diagrams, the sinc-Lorentzian pulse

has the widest eye opening as well as the minimum sidelobe distortion. The superior

BER performance exhibited by the proposed pulse is attributed to its low time-domain

sidelobe, which is further suppressed by the system nonlinearities, including the EO

modulation nonlinearity as discussed in Section 4.3, and, hence, reduces the nonlinear

interaction between adjacent symbols as illustrated in Fig. 4.3(c).

It is noteworthy that, in contrast to the simulated BER performance shown in Fig. 4.4,

the experimentally evaluated BER performances for the RC and the BTRC pulse shapes

are very close over the entire range of δt. This discrepancy between the simulated and

measured BER performances can be explained as follows. In electrical channels, the
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ISI is the result of linear interaction between adjacent symbols, i.e., the superposition

of the accumulating ISI contributed by all symbols that precede or follow the desired

symbol. In optical channels, however, this interaction is affected by the EO conversion

nonlinearity. Additionally, the SBD is one of the highly-nonlinear elements in terahertz

wireless links, which further strengthens the nonlinear interactions between adjacent

symbols (Harter et al. 2020). At the receiver side, matched filtering is applied to |p(t)|2

rather than p(t), which does not result in the maximum SNR, even if the symbols are

sampled at the optimum sampling instants. However, such nonlinear interaction does

not significantly impact the BER of the proposed waveform due to its rapidly decaying

profile.

4.5 Conclusion

This chapter presents a timing-jitter-tolerant pulse shape for photonically-enabled tera-

hertz communications. The bit error rate performance of the proposed sinc-Lorentzian

waveform is numerically and experimentally investigated. Numerical and experimental

results show that the proposed pulse shape is more robust than the conventional RC

and BTRC waveforms against the time sampling errors caused by the timing-jitter. The

results reported in this work serve as a starting point as well as a guideline for further

research on waveform designs that are more robust to the time sampling errors in high-

speed photonically-enabled terahertz communications. Furthermore, the proposed

waveform can be considered as a guideline towards the design of spectrally efficient

Nyquist waveforms for multi-user IEEE 802.15.3d-compliant terahertz communications

systems.
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Chapter 5

Carrierless Terahertz
Amplitude and Phase

Modulation

T
ERAHERTZ communications has been foreseen as a key enabler

to the sixth generation (6G) of wireless communications systems.

However, the design of spectrally-efficient waveforms and modu-

lation schemes is an ongoing challenge in this regime. In this chapter, we

propose and experimentally demonstrate the transmission of M-ary car-

rierless amplitude and phase (CAP) modulated signals using a 253 GHz

photomixing-based terahertz wireless communications system combined

with the optical transmission over a 10-km standard single mode fibre

(SSMF). Experimental results show that the CAP modulation technique

has the capability to support the high-speed transmission of terahertz sig-

nals over a wide range of data rates from 4 Gbit/s to 96 Gbit/s based solely

on optical intensity modulation at the transmitter side and terahertz enve-

lope detection at the receiver side. Consequently, M-ary CAP can potentially

be adopted as a low-complexity waveform and modulation contender to

simplify the transceivers architectures for the sixth generation (6G) terahertz

communications systems, without sacrificing the high throughput targeted

by these systems.
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5.1 Introduction

During the last two decades, a number of system-level experiments have demonstrated

the generation and wireless transmission of high-throughput terahertz signals in the

J-band, i.e., from 200 GHz to 400 GHz (Jia et al. 2018a, Song & Lee 2022, Chinni et al.

2018a,b, Seeds 2014a, Jia et al. 2016a, Dan et al. 2020, Hamada et al. 2018, Rodriguez-

Vazquez et al. 2019, Gustavsson et al. 2021). This high throughput is enabled mainly

by the spectrally efficient M-ary quadrature amplitude modulation (M-QAM) schemes,

together with advanced baseband digital signal processing (DSP) at the transmitter and

receiver sides (Jia et al. 2018a, Song & Lee 2022).

The generation of QAM-modulated signals is based on the concept of I–Q mixing, in

which the I and Q baseband components of these signals are modulated onto two

quadrature sinusoids with the desired carrier frequency before being combined to form

the passband QAM signal. The straightforward implementation of the I–Q mixing

technique, which is technically called the super-heterodyne approach, is relatively

complicated as it requires quadrature oscillators, frequency mixers and 90o phase

shifters.

In terahertz communications, implementing super-heterodyne transmitters using elec-

tronic components is difficult owing to a number of issues that also result in decoding

errors at the receiver side. For instance, terahertz oscillators, such as the resonant

tunnelling diodes (RTDs), suffer from the frequency-instability and nonlinearity prob-

lems. To avoid these issues, terahertz oscillators are usually substituted by microwave

oscillators, followed by Nth order frequency multipliers, to generate a desired terahertz

carrier frequency. However, the phase noise of these microwave oscillators increases

with the frequency multiplication factor, N. Additionally, terahertz frequency mixers

suffer from the I-Q imbalance problem (Dan et al. 2020), which significantly deteriorates

the error performance of terahertz transceivers.

Terahertz QAM-modulated signals can also be generated using two-stage heterodyne

transmitters. First, the baseband I and Q components are modulated onto an inter-

mediate frequency (IF) carrier using an all-microwave super-heterodyne transmitter.

Second, the resulting IF QAM signal is up-converted to the terahertz band using single-

or multi-stage IF-to-terahertz up-converters, which comprise frequency multipliers

and/or frequency mixers. However, the terahertz QAM signals resulting from this

technique also suffer from the high phase noise as well as inter-modulation distortion

due to the nonlinearities of the frequency multipliers and/or frequency mixers.
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Compared to the electronic I-Q mixing, the optical I-Q mixing technique is a less com-

plicated alternative as it employs a dual-drive Mach-Zehnder modulator to modulate

the I and Q baseband components onto an optical carrier. The modulated optical carrier

is then down-converted to the terahertz band via photo-mixing. Nonetheless, still pho-

tonically generated terahertz QAM signals suffer from the same I-Q imbalance and the

phase noise problems, which impact their error rate performance and hence, increase

the processing demand at the receiver side, as with their electronics-based counterparts.

It should be highlighted that, the role of I-Q mixing is to orthogonally combine the I

and Q components of QAM signals after baseband-to-passband up-conversion. Funda-

mentally, the I and Q components are the output of the baseband DSP at the transmitter

side. To date, the main role of DSP in terahertz transmitters is limited to the spectral

shaping of these components using two identical Nyquist filters. Therefore, a potential

radical solution to the design challenges associated with the conventional I-Q mixing

is to combine the I and Q components in the baseband using a digitally synthesised

pair of Hilbert filters. Such an approach is called carrierless amplitude and phase (CAP)

modulation, which was originally developed to replace the optical I-Q mixing in optical

communications (Abdolhamid & Johns 1998).

The adoption of this modulation technique to terahertz communications yields sev-

eral advantages. First, this approach makes it possible to eliminate the physical or

software-based I-Q mixing stages at the terahertz transmitter side, leading to a sig-

nificant reduction in its implementation complexity. Second, unlike QAM signals, as

an amplitude-only modulated signal, the I-Q imbalance and phase noise problems

are undefined, at least in principle, for a CAP-modulated signals. Third, the I and Q

components can be reconstructed at the receiver side based solely on terahertz envelope

detection, i.e., without using down-converting mixers. To this end, we propose to apply

the CAP modulation technique (Zhong et al. 2018) to terahertz communications as

a low-complexity surrogate that can replace conventional I-Q mixing techniques. To

prove the concept, we provide a preliminary investigation of this technique in (Shehata

et al. 2022b). Here, we present a thorough analysis and experimentally demonstrate

the generation of CAP-modulated terahertz signals at 253.0 GHz and an effective data

rate up to 96 Gbit/s. The generated terahertz CAP signals are transmitted over a

photonically-assisted terahertz communications system with combined optical and

wireless transmission. The detailed experimental result presented in this chapter shows
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that, indeed, it is possible to achieve high-speed data transmission rates that are com-

petitive to the conventional QAM-based transceivers within reasonable performance

limit, namely, around the 10−3 bit error rate limit. Consequently, the CAP modulation

technique can be considered as a practically feasible pulse shaping and a modulation

contender that has a capacity to transmit massive data using low-complexity terahertz

transceivers, offering a clear advantage for future 6G communications.

The remainder of this chapter is organised as follows. Section 5.2 highlights the key

differences between the carrier-based versus CAP modulation and outlines the analyti-

cal framework of the proposed CAP terahertz system. The experimental setup of the

proposed M-ary CAP terahertz system is presented in Section 5.3. The transmission per-

formance of this system is discussed and analysed in Section 5.4. Section 5.5 concludes

this chapter.

5.2 CAP Modulation versus I-Q Mixing

In this section, we briefly discuss the key differences between the QAM and CAP

modulation techniques in the context of terahertz communications. Figures 5.1(a)

and (b) show typical block diagrams of the transmitters based on both techniques

from a functional viewpoint (Abdolhamid & Johns 1998). Regardless of a particular

I-Q mixing implementation, a M-ary QAM signal can be expressed mathematically as

follows:

xQAM(t) =
+∞

∑
k=−∞

(
xI

kg(t − kTs) cos(2π fLOt)− xQ
k g(t − kTs) sin(2π fLOt)

)
, (5.1)

where g(t) is an arbitrary Nyquist pulse, k is the time-domain symbol index, Ts is

the symbol duration, fLO is the LO frequency, and xI
k and xQ

k are the in-phase and

quadrature components of the kth M-ary QAM symbol, respectively. Likewise, the xI
k

and xQ
k symbols can also be used to form a M-ary CAP signal, denoted by xCAP(t), as

follows (Chvojka et al. 2017):

xCAP(t) =
+∞

∑
k=−∞

(
xI

kϕm
I (t − kTs)− xQ

k ϕm
Q(t − kTs)

)
, (5.2)

where ϕm
I (t) and ϕm

Q(t) form an orthogonal Hilbert-transform filter pair, and m ∈
{1, 2, 3, ...} is the filter order. The filters ϕm

I (t) and ϕm
Q(t) are usually called the in-phase

and quadrature filters, respectively.
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Figure 5.1. Comparison of sinusoidal carrier-based versus carrierless I-Q mixing. (a) Block
diagram of the conventional I-Q mixing for quadrature amplitude modulation (QAM). (b) Block
diagram of a carrierless amplitude and phase (CAP) modulation-based transmitter. (c) Impulse
responses of the raised-cosine (RC) filter and the CAP modulation Nyquist filters. For both signals,
the roll-off factor is 0.35. LO: local oscillator.

The impulse responses of the in-phase and quadrature filters are given, respectively,

by (Chvojka et al. 2017):

ϕm
I (t) = g(t) cos

(
γ(2m − 1)δ

)
, (5.3)

ϕm
Q(t) = g(t) sin

(
γ(2m − 1)δ

)
, (5.4)

where γ = πt/Ts, δ = (1 + β), and β is the roll-off factor. Here, we choose g(t) as the

conventional square-root raised-cosine (SRRC) pulse, defined as follows (Chvojka et al.

2017):

g(t) =
sin
(
γ(1 − β)

)
+ 4β t

Ts
cos (γδ)

γ

[
1 −

(
4β t

Ts

)2
] . (5.5)

It should be highlighted that, Nyquist pulses other than the SRRC pulse, such as the

better-than raised-cosine and Xia pulses (Haigh et al. 2018), can also be used as g(t) to

implement the CAP modulation.

Figure 5.1(c) shows the impulse responses of the first order Hilbert-Nyquist pulse

pair {ϕ1
I (t), ϕ1

Q(t)} compared with the SRRC pulse, evaluated at a symbol rate of

Rs = 1/Ts = 1 GBaud and a roll-off factor β of 0.35. This roll-off factor has been

commonly used in previous experimental demonstrations on terahertz QAM modu-

lation schemes (Koenig et al. 2013, 2014, Chinni et al. 2018a). As shown in Fig. 5.1(c),

at the optimum sampling instants, i.e., at t = kTs, the zero locations of ϕm
I (t) and

ϕm
Q(t) are the same as those of g(t). This means that, despite the multiplication by the

terms cos
(
γ(2m − 1)δ

)
and sin

(
γ(2m − 1)δ

)
in Eq. (5.3) and Eq. (5.4), respectively, still
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ϕm
I (t) and ϕm

Q(t) can satisfy the Nyquist criteria for zero inter-symbol interference after

matched filtering at the receiver side.

In terahertz QAM modulation, the pulse shaping is always implemented digitally in the

baseband (Koenig et al. 2013, 2014, Chinni et al. 2018a). After pulse shaping, the QAM

pair (xI
k, xQ

k ) · g(t) is modulated onto the quadrature pair
(

cos(ωLOt), sin(ωLOt)
)

for

I-Q mixing as illustrated in Eq. (5.1) and Fig. 5.1(a). The I-Q mixing can be implemented

either digitally, or using external physical I-Q mixers. In this case, the LO frequency

should be at least equal to the baseband signal bandwidth to achieve aliasing-free

I-Q mixing. When implemented digitally, IF I-Q mixing and IF-to-baseband down-

conversion increase the computational burden at the transmitter and receiver sides,

respectively.

In contrast to this, Eq. (5.2) and Fig. 5.1(b) show that the pulse shaped I and Q pairs

(xI
kϕm

I (t), xQ
k ϕm

Q(t)) can be combined directly in the baseband to form the M-ary CAP

symbol. The additional IF stage for I-Q mixing in Fig. 5.1(a) and the 90o phase shifter

can be eliminated as the orthogonality of the I and Q components is already inherent in

the baseband Hilbert filters. In addition, since in terahertz communications the pulse

shaping is often required and always implemented digitally, the taps of the two SRRC

digital filters in Fig. 5.1(a) can be re-programmed to produce ϕm
I (t) and ϕm

Q(t), instead

of g(t) at no additional cost as shown in Fig. 5.1(b).

At the receiver side, the QAM-modulated terahertz signals can be detected coherently,

using harmonic or sub-harmonic mixing (SHM). The coherent detection of a QAM-

modulated terahertz signal using harmonic mixing, also called direct down-conversion,

is almost equivalent to its generation in terms of the implementation complexity. In

this technique, extracting the I and Q baseband components from a QAM-modulated

terahertz signal is a single-step down-conversion process that requires a high frequency

LO and a frequency mixer for each component. The LO frequency is equal to the

terahertz signal frequency. In SHM, extracting the I and Q baseband components from

a QAM-modulated terahertz signal is a two step process. First, the QAM terahertz

signal is down-converted to an IF frequency using a single LO and a frequency mixer.

Second, the IF signal is further down-converted to the baseband using two IF LOs and

two frequency mixers for the I and Q components. This step is usually accomplished

offline using DSP. In both techniques, using LOs at the receiver side is essential and

enhances the receiver sensitivity due to the power contributed by the LOs. It should

be highlighted that, in practice, these demodulation techniques could be implemented
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using more complicated transceiver architectures as outlined in Fig. 2.5. The non-ideal

characteristics of the LOs and frequency mixers that comprise these architectures also

contribute to the I-Q imbalance, high phase noise and nonlinearity experienced by the

terahertz signal. To reduce these impacts and, at the same time, simplify the terahertz

receiver architecture, QAM-modulated terahertz signals can also be demodulated using

digitally-assisted non-coherent demodulation techniques. In these techniques, the QAM

terahertz signal is non-coherently detected using terahertz envelope detectors, such as

the Shottky-barrier diode (SBD). After that, the QAM signal envelope is forwarded to a

digital coherent receiver, such as the generalised Kramer-Krönig receiver (Harter et al.

2020) to extract the baseband I and Q components.

On the contrary, since the CAP-modulation is essentially a variant of the amplitude

modulation scheme, the terahertz CAP signals can be only envelope detected, i.e., non-

coherently, at the receiver side. After that, the baseband I and Q components can be

extracted from the envelope CAP signal using a Hilbert filter pair that are matched to the

corresponding filters at the transmitter side as detailed in the next section. In this way,

as an envelope detector, the terahertz CAP receiver is similar to the digitally-assisted

non-coherent QAM demodulator in terms of the power requirements and physical

implementation complexity. This is because both receiver types employ envelope detec-

tors, together with post-detection DSP, to extract the I and Q components, and do not

employ neither LOs nor frequency mixers. However, being a non-coherent technique,

the CAP demodulation sensitivity is lower than that of the coherent QAM demodulation

techniques. Therefore, the implementation of the CAP modulation/demodulation tech-

nique should be considered when the terahertz transceiver complexity is the primary

design concern, whereas the QAM modulation/demodulation technique is when the

receiver sensitivity is the main design consideration.

5.3 Experimental Setup

To experimentally demonstrate the transmission performance of the M-ary CAP tera-

hertz system, we use the setup depicted in Figs. 5.2(a) and (b). As shown in Fig. 5.2(a),

the transmitter is based on optical IM using the Mach–Zehnder modulator (MZM),

and photo-mixing using the UTC-PD, whereas the receiver front-end is the zero-biased

Schottky-barrier diode (SBD), which is a non-coherent terahertz envelope detector. As

shown in this figure, a 212 − 1 pseudo-random binary sequence (PRBS) is generated and
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Figure 5.2. Experimental setup of the M-ary CAP photonics-terahertz system. (a) System
block diagram. (b) Photo for the experimental setup. (c) Photo for the UTC-PD transmitter and
the SBD receiver, including the WR-3.4 waveguides and diagonal horn antennas. QAM: quadrature
amplitude modulation. Sync.: synchronisation. DAC: digital-to-analog conversion. ADC: analog-to-
digital conversion. TOR: timing-offset recovery. MF: matched filter. FFT: fast Fourier transform.
IFFT: inverse FFT. BER: bit error rate. TLS: tunable laser source. AWG: arbitrary waveform generator.
MZM: Mach–Zehnder modulator. EDFA: erbium doped fibre amplifier. SSMF: standard single-mode
fibre. VOA: Variable optical attenuator. SBD: Schottky-barrier diode. UTC-PD: uni-travelling
carrier photo-diode. DSO: digital-storage oscilloscope. DSP: digital signal processing. The maximum
sampling rate of the AWG is 65 GS/s.

applied to a M-ary CAP constellation. Each CAP symbol is then up-sampled before be-

ing split into its I and Q components, which are applied to the in-phase and quadrature

filters, respectively, for pulse shaping. To minimise the bandwidth, the transmitter I

and Q Hilbert filters are designed to have a close-to-Nyquist transmission bandwidth

by using a roll-off factor of β = 0.1. The I and Q pulse shaped symbols are combined
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to form the CAP signal, which we refer to as the 4-, 16-, or 64-CAP signal. These CAP

modulation schemes are equivalent to the π/2-quadrature phase shift keying (π/2-

QPSK), 16-QAM, and 64-QAM, respectively, which are commonly used in terahertz

communications (Shams et al. 2017).

Each group of L CAP symbols are multiplexed with the synchronisation word to form

a data payload packet. Additionally, each data packet is preceded and succeeded by

100 zero-valued symbols to simplify the identification of the data packet boundaries

and hence, precisely recover the transmitter-receiver timing-offset at the receiver side.

The AWG generates these encapsulated data packets in real-time at a fixed sampling

rate of fs = 64 GS/s. The effective transmission bit rate, denoted by Rb, depends on the

symbol rate and the CAP modulation order, denoted by M, as follows: Rb = Rslog2(M).

Here, three different symbol rates, namely, Rs = 2, 8, and 16 GBaud are employed.

Consequently, the CAP signal can be generated at a wide range of data rates, from

a minimum of 4 Gbit/s, corresponding to the 4-CAP modulation at a symbol rate of

2 GBaud, and up to a maximum of 96 Gbit/s for the 64-CAP modulation at a symbol

rate of 16 GBaud. However, since the AWG sampling rate is fixed, increasing the symbol

rate comes at the expense of the number of samples per CAP symbol, fs/Rs.

In the experiment, two independent lightwave carriers at frequencies of 193.0000 THz

and 193.2530 THz, or equivalently, wavelengths of 1553.33 nm and 1551.295 nm, re-

spectively, with an optical power of 35 mW each, are emitted by a tunable laser source

(TLS) before being combined via a 50:50 optical coupler. The linewidth of the TLS is less

than 100 kHz, which guarantees a high spectral purity in the generated optical carriers.

It should be highlighted that, the frequency drifting of the TLS in Fig. 5.2 impacts

the frequency and phase stability of the generated terahertz signals. These impacts

would be salient if the generated terahertz signal was amplitude and phase-modulated,

such as in QAM modulation schemes, or phase-only modulated, such as in the QPSK

modulation scheme. In such cases, phase noise mitigation techniques are usually em-

ployed at the receiver side (Gonzalez-Guerrero et al. 2018). However, with the CAP

modulation technique, the generated terahertz CAP signals are amplitude-only modu-

lated, which makes these signals almost insensitive of the frequency and phase stability

problems associated the terahertz carrier. The generated baseband M-ary CAP signal is

intensity-modulated onto the combined optical carriers by a single-drive Mach–Zehnder

modulator (MZM), which is biased at its −Q point to minimise the electro-optic conver-

sion nonlinearity. After that, the modulated optical carrier is amplified using the erbium
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doped fiber amplifier (EDFA) before being launched into the 10-km standard single

mode fibre (SSMF). At the SSMF output end, the optical signal is applied to the variable

optical attenuator (VOA), which controls the optical power injected into the UTC-PD

for photo-mixing. The photo-mixing results in the CAP-modulated terahertz signal at

253.0 GHz. This frequency is the difference between the two TLS optical frequencies

and also the maximum emission power of this particular UTC-PD module. To increase

the emitted terahertz power and consequently, the signal-to-noise ratio (SNR) at the

receiver side, the UTC-PD photo-current is increased from 1 mA to 3.5 mA, with a step

of 0.5 mA.

The wireless terahertz channel comprises two identical WR-3.4 diagonal horn antennas

aligned in a face-to-face configuration and separated by a distance of 6 cm. Each

antenna has a gain of 25 dBi. Although small, the 6-cm antenna separation is within the

range recommended by the IEEE 802.15.3d-2017 Standard for device-to-device (D2D)

terahertz communications (IEEE 2017), (Kim & Zajic 2016). Nonetheless, this distance

can be further extended by using terahertz lenses for beam collimation. However,

increasing the wireless reach of the generated terahertz CAP signal does not affect

neither the main purpose of using the CAP modulation technique to reduce the terahertz

transceiver complexity nor the overall system error performance, especially because the

received terahertz power comes only from the line-of-sight (LoS) path. After wireless

transmission, the received terahertz signal is then envelope-detected via the SBD. The

detected signal is amplified by a 40 GHz low-noise amplifier (LNA), which amplifies the

detected signal power by about 11 dB before being sampled and recorded in real-time

using a 25 GS/s digital-sampling oscilloscope (DSO) for further offline DSP.

Figure 5.2(a) also shows the functional block diagram customised for the receiver DSP.

As shown in this diagram, the received signal is fractionally up-sampled from 25 GSa/s

to 64 GSa/s using a sinc-interpolation filter to match the AWG sampling rate. The

up-sampled signal is then forwarded to the timing offset recovery (TOR) stage for

synchronisation correction and data payload extraction. After that, the extracted CAP

signal is forwarded to the Hilbert Nyquist filters, which match the corresponding filter

pair {ϕI(t), ϕQ(t)} at the transmitter side. The outputs from the matched filters are

sampled at the symbol rate, and the resulting I and Q sample pairs are then combined

via the j =
√
−1 operator to form QAM symbols. Each L symbols are forwarded to

the L-tap frequency domain equaliser (FDE) on a frame-by-frame basis. The equalised

symbols are applied to the M-ary QAM demapper to estimate the transmitted bit
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sequence and evaluate the BER performance. Here, we employ a modified form of the

FDE in the TeraNova testbed (Sen & Jornet 2019). Specifically, we assume that the end-to-

end system transfer function, denoted by H(k), can be estimated as H(k) = Y(k)/X(k),

where X(k) and Y(k) are the fast Fourier transform (FFT) of the baseband QAM signal

at the transmitter and receiver, respectively, and k ∈ {0, 1, 2..., L − 1} is the frequency

domain index. The FDE transfer function can be given by:

W(k)
∣∣
l =

H−1(k), 0 ≤ k ≤ l

1 , l < k ≤ L,
(5.6)

where l ∈ {0, 1, 2..., L} is defined as the number of perfectly estimated and equalised

channel taps. Assuming that the FDE taps are separated by ∆ f Hz in the frequency

domain, B f ≜ ∆ f l/∆ f L can be defined as the fractional equalisation bandwidth over

which the signal is fully compensated for the transmission impairments. In this case, l

determines the equalisation bandwidth as well as the spectral resolution of the FDE.

When l = 0, the received signal is un-equalized, i.e., B f = 0, whereas when l = L, W(k)

operates over the full signal bandwidth and B f = 1. When 0 < l < L, or equivalently,

0 < B f < 1, the signal is partially equalised.

5.4 System Performance and Analyses

5.4.1 System Performance

Figure 5.3 shows the BER performance of the 4-CAP, 16-CAP and 64-CAP modulation

schemes as a function of the fractional equalisation bandwidth, B f (%), at different

photo-currents. In this figure, each row compares the BER performances of the three

modulation schemes at the same symbol rate, whereas each column presents the BER

of a single modulation scheme at different symbol rates. As can be seen in Fig. 5.3,

for all modulation schemes and symbol rates, the BER decreases monotonically with

increasing the fractional equalisation bandwidth, regardless of the photo-current. In

addition, for all modulation schemes, symbol rates and photo-currents, the minimum

non-zero BER is attained at B f ≈ 90%. When the CAP signals are equalised over

B f ≳ 90% of their bandwidths, no bit errors are observed so they are not shown in the

figure. For each modulation scheme and symbol rate combination, two constellation

diagrams are evaluated at two values of B f (%), namely, B f = 95% and B f = 99.6%.

These constellation diagrams show that the density of the received noisy CAP symbols
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Figure 5.3. Measured bit error rate performance of three QAM-equivalent CAP modulation
schemes. Each column represents a modulation scheme and each row represents a different symbol
rate. (a) 4-CAP at 2 GBaud. (b) 16-CAP at 2 GBaud. (c) 64-CAP at 2 GBaud. (d) 4-CAP at
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scenarios. Therefore, the results are not shown in the figures for this range. Instead, insets present
constellation diagrams evaluated at a photo-current of 3.5 mA and β f = 95% and 99.6%.

around their ideal positions decreases with increasing the equalisation bandwidth,

which is in line with the BER trends for B f < 90%. In each row of Fig. 5.3, i.e., for same

symbol rate, increasing the modulation order deteriorates the BER performance. This is

because that the M-ary amplitude levels in the 16- and 64-CAP signals are closer, making

these signals more prone to the de-mapping errors than the 4-CAP signal. On the other

hand, in each column, i.e., for the same modulation scheme, the BER deteriorates when
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the symbol rate increases. Apparently, for the 4-CAP signal, the 8 GBaud and 16 GBaud

signals outperform the 2 GBaud signal in terms of the BER at β = 90%. This is because

that, numerically, the 2 GBaud signal achieves a zero BER when β > 90%, whereas the

BER of the 8 GBaud and 16 GBaud signals is about 10−3 at β ≈ 90.1%. The deterioration

of the BER at higher symbol rates is because that increasing the symbol rate of the CAP

signal leads to a proportional increase in its bandwidth, making the transmitted symbols

susceptible to frequency-dependent distortion and noise. Meanwhile, since the AWG

sampling rate is fixed, the symbol rate increases at the expense of a lower number of

samples per symbol and hence, less energy is carried by higher-speed symbols. Together,

the symbol energy, distortions on the pulse shape level as well as superimposed noise

reduce the per-symbol signal-to-noise ratio (SNR).

The dependence of the BER performance on the photo-current is also illustrated in

Figure 5.3 for the three considered modulation schemes. As an example, in Fig. 5.3(a),

the minimum non-zero BER of the 2 GBaud 4-CAP signal deteriorates by about one

order of magnitude when the photo-current increases from 1.0 mA to 3.5 mA. Such

an anomalous deterioration in the BER performance is because increasing the photo-

current induces higher nonlinearity in the SBD (Harter et al. 2020), (Shehata et al.

2021). Figures 5.3(b) and (c) show that the 16-CAP and 64-CAP signals, respectively,

also exhibit the same BER trends at the same symbol rate. However, unlike the 4-

CAP modulation, the BERs of these two modulation schemes are less sensitive to the

photo-current, or equivalently, the system nonlinearities, regardless of B f . When the

symbol rate increases to 8 GBaud and 16 GBaud, Figs. 5.3(d)-(i) show that the BERs

of all modulation schemes become less sensitive to the photo-current. The impact

of increasing the symbol rate and system nonlinearity on the system transmission

performance is detailed in the following sub-section.

5.4.2 Linear and Nonlinear Impairments

There are several linear and nonlinear transmission impairments exhibited by various

components in this particular terahertz-photonic system. The nonlinearity is mainly

introduced by the SBD to the CAP signal in the terahertz domain (Harter et al. 2020),(She-

hata et al. 2021). The linear dispersive effects are caused by the chromatic dispersion

(CD) introduced by the SSMF to the CAP-modulated optical signal. It should be high-

lighted that, practically, there are two optical CAP signals at closely-spaced optical

frequencies due to the dual-wavelength modulation as shown in Fig. 5.2. Both signals

are simultaneously transmitted over the SSMF. Consequently, the optical signals are

Page 104



Chapter 5 Carrierless Terahertz Amplitude and Phase Modulation

more susceptible to the fibre CD. At sufficiently low symbol rates, these dispersive and

nonlinear effects are nearly independent. However, when the symbol rate and/or the

photo-current increase, the interplay between the dispersion and nonlinearity can no

longer be neglected. Such interaction can be analyzed using highly complicated models,

such as the nonlinear Shrödinger equation (Shah et al. 2020), and equalised using sophis-

ticated DSP compensation techniques, such as the back-propagation method (Essiambre

et al. 2010). Additionally, the non-ideal baseband frequency responses of the DAC and

ADC at the transmitter and receiver sides, respectively, also introduce non-negligible

impacts on the end-to-end error performance of terahertz communications systems (Dan

et al. 2020). With these considerations in mind, the BERs in Fig. 5.3 can be regarded as

reasonable.

Here, we experimentally evaluate these transmission impairments by performing two

independent experiments. In the first experiment, we measure the frequency response

of the AWG-DSO when connected in a back-to-back configuration. The main purpose

of this measurement is to evaluate the non-negligible impact of the DAC and ADC

at the transmitter and receiver sides, respectively, on the overall BER performance

without considering the impact of the terahertz communications system (Dan et al.

2020). Figure 5.4(a) shows the measured AWG-DSO frequency response to a 100 equal-

amplitude sum-of-sinusoids (SoS) test signal. This frequency comb signal spans the

frequency range from 100 MHz, and up to 10 GHz with a uniform frequency resolution

as low as 10 MHz. The measurement bandwidth covers the bandwidth of the highest

baudrate CAP signal considered in this work, i.e., ≈ 8.8 GHz at 16 GBaud. The fre-

quency response of the AWG-DSO configuration is highly distorted over the bandwidth

of the CAP signals considered in this work. Importantly, this frequency response ex-

hibits several ripples that are randomly distributed across different spectral bins in the

passband and can be as high as 3 dB. In the second experiment, the quasi-stationary

time-domain magnitude response of the photonic-terahertz system is measured using

a 500 MHz triangular waveform. Using such a low frequency makes it possible to

highlight the effect from the SBD nonlinearity without interference from the fiber CD

and the AWG-DSO frequency response. Figure 5.4(b) shows the measured magnitude

response and a 5-th order polynomial fitting, which is used to estimate the ideally

noiseless magnitude response from the measured response. The estimated magnitude

response reveals that the system is highly nonlinear and asymmetric, depending on the

signal polarity. Figure 5.4(c) shows the impact of the combined linear and nonlinear

transmission impairments on the spectrum of the received 4-CAP signal. As can be
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Figure 5.4. Linear and nonlinear distortions of the terahertz photonic system. (a) Combined
frequency response of the arbitrary waveform generator and the digital storage oscilloscope. (b)
End-to-end magnitude response of the terahertz photonic system. (c) Transmitted and received
spectra of the 4-CAP signal at 2 GBaud. SoS: sum-of-sinusoids.

seen in this figure, these interactions cause in-band spectral distortions as well as out-of-

band spectral regrowth effects. As a consequence, these spectral distortions result in

non-matched filtering by the receiver Hilbert filters and hence, reduces the SNR and

hence deteriorates the BER performance.

5.4.3 Signal-to-Noise Ratio Analysis

In addition to the aforementioned linear and nonlinear distortions, the signal-to-noise

ratio (SNR) at the SBD front-end is another key factor that limits the BER performance

shown in Fig. 5.3. This SNR in turn depends on the maximum terahertz output power

of our UTC-PD. Based on the manufacturers’ specifications, the relationship between

the UTC-PD input photo-current and its terahertz output power can be approximated

by a quadratic fitting polynomial, i.e., PTHz ≈ 4I2
ph. Without the SSMF, the UTC-PD

photo-current can be increased to Iph,B2B = 5 mA, resulting in a terahertz output power

of about −10 dBm. However, the optical power penalty due to SSMF transmission

limits this photo-current to about Iph,SSMF = 3.5 mA. Thus, the terahertz power lost due
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to SSMF transmission can be estimated as follows:

∆PSMF(dB) = 20 log

(
Iph,B2B

Iph,SSMF

)
= 3.1 dB. (5.7)

This power loss is consistent with the measured end-to-end optical power loss of the

SSMF, which is about 5 dB, including the connector loss at both fibre ends. The free-

space path loss (FSPL) also limits the received SNR at the SBD front-end. This FSPL can

be calculated using the modified Friis equation as follows (Oshima et al. 2017):

FSPL (dB) = −7.56 − GTx(dBi)− GRx(dBi) + 20 log
(

fGHz
)
+ 20 log (dcm) ,(5.8)

where fGHz is the frequency in GHz, dcm is the Tx-Rx antenna separation in cm, and

GTx(dBi) and GRx(dBi) are the transmitter and receiver antenna gain, respectively,

measured in the dBi units. The emitted UTC-PD terahertz power and the FSPL in

Eq. (5.8) are used to evaluate the received terahertz power at the SBD front-end, which

can be expressed mathematically as follows:

PRx (dB) ≈ 10 log(4I2
ph) + GTx (dBi) + GRx (dBi)− FSPL(d) (dB), (5.9)

where PRx is the received terahertz power, measured in the dB units. Figure 5.5 plots PRx

in Eq. (5.9) versus d at different values of the photo-current, Iph, where 0 ≤ Iph ≤ 3.5 mA

and 1 cm ≤ d ≤ 6 cm as listed in Table 5.1. Assuming transmission over an additive

white Gaussian noise (AWGN) channel, the SNR at the LNA output can be expressed as

follows (Oshima et al. 2017):

SNRRx (dB) ≈ PRx (dB) + GLNA(dB)− 10 log
(

N0.BWLNA

)
− 10 log

(
NEPavg

)
,

−NF (dB) (5.10)

where SNRRx (dB), is the received SNR at the LNA output, measured in dB, N0 = kT

is the additive white Gaussian noise (AWGN) power spectral density, k = 1.38 ×
10−23 J/K is the Boltzmann constant, and T = 300 K is the room temperature in

Kelvin. The rest of the parameters in Eq. (5.10), together with their numerical values,

are defined in Table 5.1. Based on these parameters, the estimated SNR at the LNA

output ranges from about –1.84 dB to 9.05 dB. Such a low SNR range is far below

the minimum SNR required for similar terahertz communications systems, which is

least 20 dB (Pirrone et al. 2022). Nevertheless, the BERs in Fig. 5.3 are within the typical
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limits attained by similar terahertz communications systems with optical and electronic-

based I-Q mixing techniques. We also use the estimated SNR obtained from Eq. (5.10)

to evaluate the BER performance of the three considered CAP modulation schemes via

Figure 5.5. Received terahertz power as a function of distance at different photo-currents
based on Eq. (5.9). The transmitter and receiver antenna gains are 25 dBi.

Table 5.1. Link-level simulation parameters for the bit error rate comparison of the M-ary
CAP and QAM modulation scheme. An AWGN channel is assumed.

Parameter and Symbol Value Unit
Roll-off factor, α 0.1 −
Symbol rate, Rs 2, 8, 16 GBaud

Sampling rate, fs 64 GS/s
Modulation 4-, 16-, 64-CAP & −

4-, 16-, 64-QAM −
UTC-PD photo-current, Iph 1.0–3.5 mA

Terahertz frequency, fGHz 253.0 GHz
Antenna gains, GTx, GRx 25 dBi
Antenna separation, dcm 6 cm

SBD noise-equivalent 17 pW/
√

Hz
power, NEP

SBD bandwidth, BWSBD 110 (220–330) GHz
LNA gain, GLNA 11 dB

LNA bandwidth, BWLNA 40 GHz
LNA noise figure, NF 5 dB

LNA input return loss, RLin 13 dB
LNA output return loss, RLout 13 dB
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numerical simulations. The same SNR range is also used to evaluate the BER of the

QAM-equivalent modulations, namely, the QPSK, 16-QAM and 64-QAM modulations.

In the simulations, we assume the transmission of both modulation schemes over

an AWGN channel without the linear and nonlinear distortions discussed earlier in

this section. The purpose of these simulations is to assess the BER performance of

the CAP modulation schemes under ideal transmission conditions and compare this

performance with the experimentally obtained BER ranges. Another purpose is to

compare the CAP modulation schemes with their QAM-equivalent modulations in

terms of the BER performance. In the simulations, we also assume that the terahertz up-

and down-conversion of both signals are transparent, i.e., without I-Q imbalance and

phase noise, and distortion-less.

Figure 5.6 compares the BER performances of the 4-, 16-, 64-CAP modulation schemes

with their QAM-equivalent schemes, namely, the QPSK, 16-QAM and 64-QAM mod-

ulations, respectively. Each row compares the BER performances of two equivalent

modulation schemes at the same symbol rate, whereas each column presents the BER

of a single modulation order at different symbol rates. As can be seen in Fig. 5.6, for

all modulation schemes, the BER decreases monotonically with increasing the SNR.

Importantly, the M-ary QAM signal always outperforms its corresponding M-CAP

equivalence in terms of the BER, regardless of the modulation order, symbol rate and

SNR. This can be interpreted as follows. In Fig. 5.1(c), it can be seen that the impulse

responses of the two Hilbert filters show a relatively rapid ringing in their side-lobes

compared with the SRRC filter. This increased ringing is attributed to the cos(·) and

sin(·) terms in Eq. (5.3) and Eq. (5.4), respectively. The symbol rates of both signals are

increased at a fixed sampling rate. As a result, the quadrature filters are relatively under-

sampled, which in turn reduces the energy per symbol and deteriorates the overall

BER performance. Practically, the BER performance depends on the particular channel

estimation, equalisation and nonlinearity compensation techniques. Here, we assume

that the FDE transfer function, W(k)
∣∣
l, in Eq.(5.6) is based on the perfect estimation of

the end-to-end channel response, H(k). Therefore, the BER limits in Fig. 5.3 can be con-

sidered as performance indicators of the CAP modulation technique in photonics-based

terahertz communications systems operated over a wide range of baud rates.

It should be highlighted that, in terms of the equalisation complexity, both the CAP

and QAM techniques are equivalent as the equalisation is required to compensate for

the transmission impairments and channel non-ideal device characteristics. Another
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Figure 5.6. Simulated bit error rate performance of CAP and QAM modulation schemes
in an AWGN channel. Each column represents a modulation scheme and each row represents a
different symbol rate. (a) 4-CAP, QPSK at 2 GBaud. (b) 16-CAP and 16-QAM at 2 GBaud. (c)
64-CAP and 64-QAM at 2 GBaud. (d) 4-CAP and QPSK at 8 GBaud. (e) 16-CAP and 16-QAM at
8 GBaud. (f) 64-CAP and 64-QAM at 8 GBaud. (g) 4-CAP and QPSK at 16 GBaud. (h) 16-CAP
and 16-QAM at 16 GBaud. (i) 64-CAP and 64-QAM at 16 GBaud. Insets are constellation diagrams
evaluated at a signal-to-noise ratio of 9 dB.

fundamental difference between the CAP and QAM modulation techniques is the

sensitivity to the phase noise effects. In QAM modulation, both the amplitude and the

phase of the generated terahertz signal are modulated by the I and Q components of

the baseband signal. This way, the phase noise generated by the TLSs unavoidably

impacts the phase component of the demodulated QAM signal at the receiver side.

Therefore, DSP techniques for phase noise mitigation (Gonzalez-Guerrero et al. 2018) are
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usually employed. In contrast to this, the CAP modulation is based only on amplitude

modulation, and the I and Q components can both be extracted from the amplitude

of the envelope-detected CAP signal. In this way, in principle, the phase noise has no

impact on the demodulated CAP signal.

5.4.4 Transceiver Complexity Analysis

Table 5.2 compares the proposed CAP terahertz system with the state-of-the-art terahertz

experimental demonstrations, with a focus on their transceivers architectures. As

shown in this table, the architectures of low-complexity terahertz transceivers are

based on optical intensity modulation (OIM) and envelope detection at the transmitter

and receiver sides, respectively. These transceivers can be used to implement simple

modulation schemes, such as the on-off keying (OOK) and the 4-level pulse amplitude

modulation (4-PAM). However, with these modulation schemes, the maximum data rate

that can be achieved is so far limited to 48 Gbit/s, which is less than 50% of the average

data rate required for future terahertz communications, namely, 100 Gbit/s (Pirrone et

al. 2022).

Table 5.2 also shows that, to increase the data rate towards or beyond 100 Gbit/s, the

use of the high-order QAM modulation schemes, such as the 16-QAM, is commonly

implemented. Remarkably, supporting the generation and detection of such a high-

order modulation scheme complicates the terahertz transceiver architecture. As an

example, in (Gonzalez-Guerrero et al. 2018) and (Gonzalez-Guerrero et al. 2019), the

transmitters are based on digital as well as optical I-Q mixing to generate 16-QAM

signals. At the receiver side, the 16-QAM terahertz signals are down-converted to the IF

band using SHM. In addition, in SHM-based terahertz receivers, still the IF signal needs

to be I-Q-demodulated using baseband offline DSP. Although highly complicated, these

transceivers can support a data rate of only 20 Gbit/s. Furthermore, in the majority of

the state-of-the-art experimental demonstrations, pulse shaping and matched filtering at

the transmitter and receiver sides, respectively, are indispensable for spectrally efficient

QAM terahertz signals. These functionalities contribute to the overall computational

burden of DSP-assisted terahertz transceivers. In contrast to this, the proposed terahertz

CAP system combines several advantages of previous terahertz transceivers. These

advantages can be summarised as follows:
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Table 5.2. Comparison of the proposed CAP terahertz system with the state-of-the art
terahertz experimental demonstrations.

Reference Transmitter Receiver Modulation Maximum Data Optical Wireless
Topology Topology Scheme Rate (Gbit/s) Transmission Distance

(Pirrone et al. 2022) OIM (single-drive MZM) Envelope detection OOK 14 No 50 cm
(with lens)

(Ducournau et al. 2014) OIM (single-drive MZM) Sub-harmonic OOK 40 No 2 m
mixing (with lens)

(Oshiro et al. 2021) OIM (single-drive MZM) Envelope detection 4-PAM 48 No 5 cm
(Pirrone et al. 2022) Direct optical I-Q mixing Sub-harmonic 16-QAM 104 No 50 cm

mixing (with lens)
(Chinni et al. 2018a) Direct optical I-Q mixing Sub-harmonic 16-QAM 100 No 50 cm

mixing
(Koenig et al. 2013) Direct optical I-Q mixing Sub-harmonic 16-QAM 100 No 40 m

mixing (with lens)
(Gonzalez-Guerrero et al. 2018) Digital IF Sub-harmonic 16-QAM 20 10-km 30 cm

+ Optical I-Q mixing mixing SSMF
(Gonzalez-Guerrero et al. 2019) Digital IF Sub-harmonic 16-QAM 20 No 10 cm

+ Optical I-Q mixing mixing
(Rodriguez-Vazquez et al. 2020) Direct electronic Harmonic mixing 16-QAM 80 No 1 m

I-Q mixing (I,Q) (with lens)
(Rodriguez-Vazquez et al. 2019) Direct electronic Harmonic mixing 16-QAM 100 No 1 m

I-Q mixing (I,Q) (with lens)
(Dan et al. 2020) Analog IFs (I,Q) Two-stage down- 16-QAM 60 No 50 cm

+ electronic I-Q mixing converting mixers
(Hamada et al. 2018) Digital IF + electronic Sub-harmonic 16-QAM 100 No 2.2 m

up-converting mixer mixing
This work Digital CAP Envelope detection 04-CAP 04,16,32 10-km 6 cm

+OIM (single-drive MZM) SSMF
This work Digital CAP Envelope detection 16-CAP 16,32,64 10-km 6 cm

+OIM (single-drive MZM) SSMF
This work Digital CAP Envelope detection 64-CAP 32,64,96 10-km 6 cm

+OIM (single-drive MZM) SSMF

• In terms of the transmitter complexity, this system is based on OIM as the I and Q

components of the CAP signal are orthogonally combined via pulse shaping.

• At the receiver side, the system is based on terahertz envelope detection, which

makes it possible to eliminate terahertz-to-IF down-conversion stages and hence,

reduce the overall transceiver implementation complexity.

• The elimination of the IF-based I-Q demodulation at the receiver side also makes

it possible to rely solely on Hilbert matched filtering to extract the I and Q com-

ponents. That said, still such a low-complexity CAP transceiver can support the

transmission of QAM-equivalent signals over a wide range of data rates, up to

96 Gbit/s.

In addition to the aforementioned advantages, Table 5.2 also shows that, unlike most

of the previous demonstrations on terahertz communications, the proposed terahertz

CAP system can support optical transmission to distances up to 10 km. Supporting the

proposed system by SSMF transmission is highly desirable and in line with the foreseen

seamless integration of terahertz wireless communications with existing and future

optical access networks (Shams et al. 2016).
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5.5 Conclusion

We introduce the CAP modulation to terahertz communications as a spectrally-efficient

low-complexity alternative to the conventional sinusoidal-based QAM modulation

schemes. Up to 96 Gbit/s, optical intensity-modulated CAP signals are generated

and transmitted over 10-km single mode optical fibre before being down-converted

to 253 GHz using a UTC-PD photo-mixer. After wireless transmission, this terahertz

CAP-modulated signal is envelope detected using an SBD. Experimental results show

that, employing the CAP modulation technique to terahertz communications makes it

possible to rely on low-complexity terahertz transceivers and, at the same time, achieve

high-speed data transmission rates that are competitive to the conventional QAM-based

transceivers with bit error rates lower than 10−3. Therefore, CAP modulation can be

considered as both a promising pulse shaping and a modulation contender that has a

capacity to transmit gigantic data volumes using low-complexity terahertz transceivers,

which is highly desirable for future 6G communications.

As an extension, multi-band CAP modulation is available to support multi-user trans-

mission with manageable inter-band interference. Although applied to a single-drive

electro-optic modulator in this work, we also foresee that the CAP modulation technique

could potentially be used with electronic-based key terahertz devices that have a single

IF input port, such as resonant tunnelling diodes (RTDs) and quantum-cascade lasers

(QCLs).
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Chapter 6

Signal Generation and
Processing in Terahertz

Communications

D
ESPITE the maturity of the terahertz signal generation and

detection techniques, still the functionality and reliability of

these techniques are rather limited on the device- and system-

levels. Therefore, photonics-based signal processing techniques is foreseen

as a potential opportunity that can be used to overcome the functionality

limitations of terahertz communications systems. Additionally, to increase

the reliability of these systems, conventional signal processing techniques are

applied to the baseband signal. In this chapter, we propose two all-optical

signal processing techniques that are called-for in terahertz communications,

namely, frequency tuneability and multi-band spectral shaping. These two

functionalities are essential for the development of frequency-division multi-

plexed terahertz communications, where the dynamic frequency allocation

and multi-band processing are essential requirements. We also show that

some already in-use baseband signal-processing techniques should be re-

vised before being applied to terahertz communications. Particularly, we

optimise two typical linear and nonlinear equalisation techniques, with a

focus on the accuracy and computational complexity metrics, which are of

a paramount importance for the high-speed processing of massive data in

real-time.
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6.1 Introduction

The advancement of terahertz communications has been relying on the development of

terahertz signal generation, transmission and processing techniques. Employing signal

processing techniques to terahertz communications has two vital roles. First, with these

techniques the temporal and spectral characteristics of terahertz signals can be flexibly

controlled. Second, the reliability of most terahertz communications systems crucially

depends on the mitigation of practical transmission impairments using these techniques.

Despite the growing interests in terahertz communications, terahertz signal processing

techniques are relatively under-investigated compared with the generation techniques.

To date, still the major contributions to terahertz communications are largely at the

device level rather than the system level (Tarboush et al. 2022).

Whilst terahertz signals can be processed in the passband in real-time using pho-

tonic (Yoo et al. 2012) or terahertz (Ma et al. 2017) techniques, so far, still the processing

of these signals is often implemented offline in the baseband using high-speed elec-

tronically programmable platforms (Song & Lee 2022), (Tarboush et al. 2022). This is

because baseband processing offers a variety of well-established techniques that have

been widely adopted for years in optical and microwave communications before being

transferred to terahertz communications. Adapting these techniques to the require-

ments of terahertz communications systems will significantly enhance the performance

of these systems and extend their capabilities. In terahertz communications, signal

processing techniques are employed for various purposes, such as spectral shaping,

phase noise mitigation (Gonzalez-Guerrero et al. 2018), linear (Schram et al. 2020) and

nonlinear (Qiao et al. 2021) equalisation, to name a few. In this chapter, we present

four different electrical and optical signal processing techniques that aim to extend the

capabilities of existing terahertz communications systems. It should be highlighted

that, this chapter presents preliminary analysis and results for the proposed techniques,

which require further investigations in future work.

The remainder of this chapter deals with all-optical as well as baseband signal processing

techniques and comprises five sections, which are organised as follows. Sections 6.2

and 6.3 present two all-optical techniques that can be used to control the spectrum of

terahertz signals. Sections 6.4 and 6.5 focus on the highly precise and computationally-

efficient implementation of linear and nonlinear baseband equalisation techniques,

which are viable requirements for the reliability and real-time operation of terahertz

communications.
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Specifically, in Section 6.2, we propose a photonic generation technique of sub-terahertz

signals based on the Kerr effect in highly nonlinear optical fibres. We show via sim-

ulations that this technique can be used to generate on-off keying (OOK) modulated

terahertz signals with electrically tunable frequency. In Section 6.3, we propose an

all-optical multi-band raised-cosine filter with tunable bandwidth for multi-channel

IEEE 802.15.3d Standard–compliant terahertz communications using only a single-tap

microwave photonic filter. The functionality of the proposed filter is modelled, simu-

lated and experimentally demonstrated. In Section 6.4, we experimentally demonstrate

a highly-precise equalisation technique based on a Volterra nonlinear filter for highly

nonlinear terahertz communications systems. This technique is experimentally demon-

strated using a 253 GHz photonics-based terahertz system with 10-km radio-over-fibre

link. In Section 6.5, we propose a low-complexity implementation for the zero-forcing

(ZF) equaliser in single-carrier frequency domain multiple access (SC-FDMA) MIMO

terahertz communications systems. The proposed method is based on restructuring

the MIMO channel matrix to reduce the computational complexity of the conventional

ZF equaliser. Simulation results show that the proposed equaliser is comparable to

the conventional ZF equaliser in terms of the bit error rate (BER), with a much lower

computational complexity. The proposed equalisation technique can be considered

as a potentially significant step towards the implementation of real-time terahertz

communications applications. Section 6.6 concludes this chapter.

6.2 Optical Frequency Tuning of Terahertz Signals

Terahertz signal generation based on the photo-mixing of two independent optical

signals is a well-established technique in terahertz communications (Shams & Seeds

2017). However, since independent optical sources (Jia et al. 2016b) are uncorrelated and

non-coherent, terahertz signals resulting from this technique are usually accompanied

with a highly random phase noise. Additionally, in terms of the practical implementa-

tion requirements, the monolithic integration of semiconductor laser structures with

different wavelengths on the same chip is relatively complicated (Jia et al. 2016b). Im-

portantly, terahertz frequencies resulting from this technique are tuned manually by

controlling the optical frequencies. This tuning mechanism is not practical for dynamic

frequency allocation, which is essential for efficient spectral sharing in future multi-user

terahertz wireless communications. To overcome these tunability and phase noise

limitations, another category of techniques have been developed to generate low-phase

noise frequency-tunable terahertz signals from an optical frequency comb (OFC).
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In these techniques, a single laser source with a fixed optical frequency is applied to

an optical phase modulator, together with frequency-tuneable radio frequency (RF)

oscillator (Nagatsuma & Carpintero 2015). The optical phase modulator generates

an OFC with multiple uniformly spaced optical tones. Two optical comb lines with

the desired terahertz frequency spacing are selected for terahertz signal generation

via photo-mixing. The frequency of the resulting terahertz signal can be continuously

tuned by varying the RF oscillator frequency, which changes the spacing between the

optical comb tones. However, only two out of N OFC lines are usable for frequency

mixing, which limits the power efficiency to only 2/N. In this section, we propose

a simple technique that relies on optical wavelength conversion in highly nonlinear

fibre (HNLF) to generate continuously tunable terahertz signals from a single optical

source. In contrast to OFC-based techniques, the generated sub-terahertz frequency

can be continuously tuned by controlling the amplitude of the modulating baseband

signal rather than the frequency of an independent RF oscillator. This capability has a

clear practical advantage for frequency division multiplexed terahertz communications,

which often require dynamic frequency allocations for efficient spectral sharing.

6.2.1 Principle of Operation

The proposed technique relies on a single wavelength optical source, from which

a second optical tone is generated via optical wavelength conversion. The optical

wavelength conversion is based on the frequency chirp resulting from the self-phase

modulation (SPM) of the first optical frequency based on the the Kerr effect in a HNLF.

The chirped and non-chirped optical signals has a frequency spacing equal to the desired

terahertz frequency and are forwarded to a photo-mixer for terahertz signal generation.

The schematic diagram in Fig. 6.1 illustrates this principle. The continuous wave (CW)

laser source generates an optical carrier with a power of Po and a frequency of fo. The

power of this optical carrier is equally split into two identical optical paths using a 50:50

optical splitter (OS). The first optical signal, referred to as the reference frequency, is

forwarded directly to the high-speed PD. The optical electric fields of these signals can

be expressed in the phasor form as follows:

Ẽ1(t) =

√
Po

2
· exp(jωot), (6.1)

Ẽ2(t) =

√
Po

2
· exp(jωot), (6.2)

where ωo = 2π fo, and Ẽ1(t) and Ẽ2(t) are the complex baseband optical electric fields.
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Figure 6.1. Schematic diagram of the proposed photonics-based terahertz voltage controlled
oscillator. CW: continuous wave. PPG: pulse pattern generator. EA: electrical amplifier. EGC:
electrical gain control. MZM: Mach-Zehnder modulator. EFDA: erbium doped fibre amplifier. HNLF:
highly nonlinear fibre. OC: optical coupler. BPF: bandpass filter. PIN-PD: positive-intrinsic-negative
photo-detector. Black lines represent electrical paths, whereas red lines represent optical paths.

The second optical signal, i.e., Ẽ2(t), is forwarded to the Mach-Zehnder modulator

(MZM) for electro-optic modulation. Meanwhile, a signal source generates an on-off

keying (OOK) non-return-to-zero (NRZ) baseband signal, denoted by vin(t). This signal

is applied to an electrical amplifier (EA), which has a voltage gain of Gelec. The EA

output voltage is given by vm(t) = Gelecvin(t). The electrically amplified voltage signal

is modulated onto the second optical carrier using the MZM. The optical intensity at

the MZM output is given by:

IMZM(t) =
Po

2
cos2

(
π

2Vπ

(
VB + vm(t)

))
, (6.3)

where Vπ is the MZM half-wave voltage, i.e., the voltage required to introduce a phase

shift of π/2 to the optical carrier, and VB is its DC bias voltage. Assuming that the MZM

is biased at the negative quadrature point of its transfer characteristics and operates

over its quasi-linear range, i.e., vm(t) ≪ Vπ, the output optical intensity in Eq. (6.3) can

be amplitude-modulated and approximated as follows:

IMZM(t) ≈ Po

2
(

A − Bvm(t)
)

, (6.4)

where A and B are defined as follows:

A ≜
1
2
+

1
2

cos
(

πVB

Vπ

)
, (6.5a)

B ≜
π

2Vπ
sin
(

πVB

Vπ

)
. (6.5b)
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The MZM output optical intensity in Eq. (6.4) is amplified by the erbium doped fibre

amplifier (EDFA), which has an optical gain of GEDFA, before being coupled to the HNLF.

In the HNLF, the modulated optical carrier experiences a self-phase modulation (SPM)

due to the Kerr-based nonlinearity (Zadok et al. 2010). The optical electric field at the

HNLF output, denoted by E′
2(t), can be expressed as follows:

Ẽ′
2(t) =

√
PoGEDFA IMZM(t)

2
· exp

(
jωot + jφ(t)

)
, (6.6)

where φ(t) = n2GEDFA IMZM(t), n2 = γLHNLF is the second-order refractive index of

the HNLF, γ is the nonlinearity coefficient of the this fibre, measured in (m.W)−1, and

LHNLF is the fibre length. A time varying optical frequency chirp, denoted by ∆ fo,

results from φ(t) and can be calculated as follows:

∆ fo =
1

2π

dφ(t)
dt

=

(
γLHNLFPoGelecGEDFA

8Vπ

)
sin
(

πVB

Vπ

)
dvin(t)

dt
. (6.7)

It should be highlighted that, practically generated OOK-NRZ signal possess non-zero

rise and fall times, denoted by τr and τf , respectively, due to capacitive effects in

electronic platforms, specially at high switching speeds. Considering an individual

OOK-NRZ pulse with a peak voltage of Vp and equal rise and fall times, i.e., τr = τf = τ,

the derivative in Eq. (6.7) can be approximated as follows:

dvin(t)
dt

≈


+

Vp
τ ; for the rising edge

−Vp
τ ; for the falling edge

0 ; otherwise.

(6.8)

After the HNLF, the reference and the chirped optical signals are combined via the

50:50 optical coupler (OC) and applied to the optical bandpass filter (OBPF). The OBPF

removes the excess amplified spontaneous emission (ASE) noise resulting from the

EDFA. The filtered optical signal is forwarded to the positive-intrinsic-negative PD

(PIN-PD) for photo-mixing. For photo-mixing, the PIN-PD operates as a square-law

optical detector, and the electric field at its output, denoted by EPIN−PD(t), can be related

to the optical electric fields at its input as follows:

EPIN−PD(t) ∝
(
Re{Ẽ1(t)}+Re{Ẽ′

2(t)}
)2

. (6.9)
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In practical terahertz communications systems, the photo-mixing PD is coupled to a

terahertz antenna via a terahertz waveguide that supports only one dominant mode.

Consequently, this waveguide can be modelled as a bandpass filter that bypasses only

the terahertz component of the electric field in Eq. (6.9). The radiated terahertz field can

be expressed as follows:

ETHz(t) ∝ cos(2π|∆ fo|t) = cos(2πKVpt) = cos(2π fTHzt), (6.10)

where KVp ≜ fTHz is the resulting terahertz frequency and K is defined as the frequency

tuning sensitivity, measured in Hz/V, and expressed as follows:

K ≜
γLHNLFPoGelecGEDFAVp

8Vπτ
sin
(

πVB

Vπ

)
. (6.11)

Equation (6.11) suggests that the generated terahertz frequency can be tuned either

electrically by controlling the parameter set {VB, Vp, Gelec, τ}, or optically via the pa-

rameter set {Po, GEDFA, γ, LHNLF}. We focus on the electrical tuning of the parameter K

via the peak input voltage, Vp, so that the resulting frequency, fTHz , is in the terahertz

band. In this way, the proposed system can be regarded as a photonically-assisted

terahertz voltage controlled oscillator (VCO). The tuning sensitivity of this VCO can

be controlled via the parameters {VB, Gelec, Po, GEDFA, γ, LHNLF}. We evaluate K and

the resulting absolute frequency chirp |∆ fo|, which is also the terahertz frequency fTHz,

at different values of the EA gain, Gelec based on the parameters listed in Table 6.1.

These parameters are exhibited by typical practical equipment so that the results are

close-to-realistic. The input voltage, vin(t), is modelled as a super Gaussian pulse with

non-zero rise and fall times to emulates practically generated OOK-NRZ signals.

Table 6.1. Simulation parameters to evaluate the tuning sensitivity, K, based on Eq. (6.11).

Parameter and Symbol Value and Unit
Input voltage amplitude, Vp 0–800 mV

Rise/fall time, τ 18 ps
Electrical amplifier gain, Gelec 0, 3, 10 dB

Input optical power, Po 20 dBm
MZM halfwave voltage, Vπ 1 V

MZM DC bias voltage, VB 0.5 V
Optical amplifier gain, GEDFA 19 dB

Fibre length, LHNLF 200 m
Nonlinear fibre coefficient, γ 31.4 (W.km)−1
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Figure 6.2(a) shows a typical amplitude-normalised input voltage, vin(t), over a single

“1” OOK-NRZ symbol duration, together with its amplitude-normalised derivative.

As shown in this figure, based on Eq. (6.7), the derivative of each “1” OOK-NRZ

symbol, i.e., vin(t), comprises two impulse-like waveforms with opposite polarities,

corresponding to the rising and falling edges of vin(t) at the symbol boundaries. These

two impulse-like waveforms result in a positive and negative optical frequency chirp

with respect to the reference optical frequency, fo. The amount of this frequency chirp,

and consequently, the generated terahertz frequency, depends on the steepness of vin(t),

i.e., the ratio of Vp to τ.

Figure 6.2(b) shows the impact of the peak input voltage on the resulting terahertz

frequency. As shown in this figure, regardless of the electrical gain, Gelec, the generated

terahertz frequency, fTHz depends linearly on the peak input voltage Vp, and the slope

is equal to the tuning sensitivity, K, defined in Eq. (6.11). The tuning sensitivity can be

enhanced by increasing the electrical gain, Gelec. As an example, a terahertz frequency

of 220 GHz can be generated without using the EA, i.e., Gelec = 0 dB, when the peak

voltage is about 630 mV, whereas the same frequency can be generated when the peak

voltage is reduced to 160 mV at Gelec = 10 dB. It is also noteworthy that, the maximum

of Vp is 800 mV, which can be generated by currently available waveform generators.
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Figure 6.2. Performance of the system proposed in Fig. 6.1. (a) Positive and negative frequency
chirps in response to the input voltage. (b) Generated terahertz frequency at different values of the
tuning sensitivity, K. Vp: peak input voltage. τr: pulse rise time. τf : pulse fall time. Tb: symbol
duration. Gelec: electrical amplifier gain. The WR-3.4 band extends from 220 GHz to 330 GHz.
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Additionally, this voltage range is sufficient to generate terahertz frequencies in the WR-

3.4 band, i.e., from 220 GHz to 330 GHz, which is in line with most of the experimental

demonstrations on terahertz devices and communications systems.

6.2.2 Simulation Results and Analysis

The performance of the proposed terahertz generator is simulated based on the finite-

difference time-domain (FDTD) technique using VPI Transmission Maker. We use

the simulation parameters listed in Table 6.2. Each “1” OOK-NRZ symbol is a super-

Gaussian pulse with a 95% duty cycle, i.e, 5% rise and fall times. We also use a sampling

rate of 1 TS/s. Such a high sampling rate is required in order to capture the details of

the super-Gaussian pulse at the rise and fall times. The length of the HNLF is 200 m.

Table 6.2. Link-level simulation parameters for the photonic-terahertz system shown in
Fig. 6.1. Simulations are carried out using VPI Photonics.

Parameter Value and Unit
Pulse pattern generator
Modulation OOK-NRZ
Waveform profile Super-Gaussian
Voltage amplitude, Vp 1 V
Rise/fall time, τ 20% − 80%
Data rate, Rb 20 Gbit/s
Sampling rate 1 Tbit/s
Electrical gain, Gelec 0 dB
Tunable laser source
Optical frequency 193.000 THz
Line width 100 kHz
Optical Power 15 dBm
Mach-Zehnder modulator
Null voltage, Vπ 1 V
Bias voltage, VB 0.5 V
Erbium doped fibre amplifier
Optical gain, GEDFA 10 dB
Highly nonlinear fibre
Type single mode fibre
Length, LHNLF 100 m
Nonlinear coefficient, γ 31.4 (W.km)−1

Optical bandpass filter
Type Super-Gaussian, 5th order
Centre frequency 193.000 THz
Bandwidth 200 GHz
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Such a relatively short length is suitable mainly for optical signal processing. However,

for broadcasting application scenarios, longer HNLF sections with different nonlinear

coefficients can be used (Zadok et al. 2010).

Figure 6.3 shows the time and frequency domain performance of the proposed sub-

terahertz photonic signal generator. Figure 6.3(a) shows a segment of the transmitted

OOK-NRZ waveform, i.e., before electro-optic modulation. Figures 6.3(b) and (c) show

the envelope of the terahertz signal generated at the PD output before and after post-

processing, respectively. As shown in Fig. 6.3(b), the terahertz signal envelope has a

non-zero net DC component due to the MZM bias. The post-processing comprises

a DC level shifter, followed by a 11-tap moving average (MA) filter. Figure 6.3(d)

shows the optical spectrum of the TLS. Figure 6.3(e) shows the optical spectrum at

the OBPF output and before being applied to the PD. As shown in this figure, this

composite optical spectrum comprises two dominant optical tones at 193.000 THz and

193.150 THz as well as multiple low-power discrete comb lines separated by 20 GHz.

The difference between the two dominant optical frequencies is equal to the generated

terahertz signal frequency, whereas the comb line spacing is equal to the baseband data
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Figure 6.3. Time and frequency domain performance of the proposed sub-terahertz photonic
signal generator. (a) Transmitted OOK-NRZ waveform. (b) Received terahertz signal envelope
before post-processing. (c) Received OOK-NRZ waveform waveform after post-processing. (d)
Optical spectrum of the tunable laser source (TLS). (e) Combined optical spectra of the TLS and
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Terahertz spectrum at the PIN PD output.
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rate, i.e., 20 GBit/s. The 150 GHz frequency spacing results in the OOK-modulated

sub-terahertz signal at 150 GHz after photo-mixing as shown in Fig. 6.3(f). It should

be highlighted that, a major limitation of the proposed approach is that higher order

modulation schemes, such as the quadrature phase shift keying (QPSK) scheme, are not

supported (Zadok et al. 2010).

6.3 Terahertz Pulse Shaping using Microwave-Photonics

The implementation of the technical specifications defined in the IEEE 802.15.3d Stan-

dard calls for high-speed low-complexity signal generation concepts and system-level

demonstrations. In particular, considering the first channelisation scheme in the

IEEE 802.15.3d Standard, a typical multi-user transmitter must apply spectral shaping

filters to the 32 wireless channels in the 252–321 GHz band. Traditionally, this requires

a raised–cosine (RC) filter bank for 32 users to reshape their spectra in the baseband

before up-conversion to the terahertz frequencies. It should be highlighted that, in

multi-band terahertz communications systems, the processing of multiple frequency

division multiplexed signals could be prohibitively complicated when implemented

in the baseband using digital platforms. In this section, we propose to overcome this

implementation complexity by employing MWP filters (Yao 2009) as a low-complexity

all-optical processing solution. The technique can also potentially contribute to the

implementation of IEEE 802.15.3d Standard-compliant terahertz transmitters with high-

speed centralised multi-user processing. Experimental and simulation results show that

a typical single-tap MWP filter can be employed as a tunable all-optical multi-band RC

pulse shaper for terahertz communications.

6.3.1 Principle of Operation

The IEEE 802.15.3d Standard defines eight channelisation schemes within the range

from 252 GHz to 321 GHz. Six of these channelisation schemes are dedicated to multi-

user signalling. To fully comply with this standard, the terahertz signal spectrum must

be carefully reshaped before being emitted by each user. In a typical terahertz downlink,

a computationally-powerful central station (CS), equipped with a digital pulse shaping

filter bank, is required to implement this task. Table (6.3) shows the maximum per-user

symbol rates as well as the total number of users defined in each channelisation scheme,

which should be simultaneously handled by a fully-loaded CS. As shown in this table,
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Table 6.3. Multi-user specifications of the IEEE 802.15.3d Standard (IEEE 2017).

Channelisation scheme ID 1 2 3 4 5 6
Number of users 32 16 8 5 4 2

Maximum symbol rate (GBaud) 1.64 3.29 6.57 9.86 13.14 19.71

the per-user symbol rate decrease with increasing the number of users to limit the

overall terahertz channel bandwidth to the 252–321 GHz band. Additionally, for the

first channelisation scheme, a maximum overall symbol rate of 52.48 GBaud is required

to process all users’ signals. Assuming a practical over-sampling factor of 21 Koike-

Akino et al. (2018b), an overall sampling rate of 1 TSample/s is required by the CS in

order to process these signals. Such a high sampling rate is overwhelming and power-

inefficient for currently available electronic-platforms. To overcome this implementation

complexity, we propose to employ microwave photonic (MWP) filters (Yao 2009) to

terahertz communications as a low-complexity multi-band pulse shaping solution.

Figure 6.4 illustrates the schematic diagram of a typical photonically-enabled terahertz

transmitter, with a first-order MWP filter incorporated into to this transmitter. As

shown in this figure, the multi-band intermediate frequency (IF) IEEE 802.15.3d signal

modulates an optical carrier, which has a frequency of f1, using the Mach-Zehnder

modulator (MZM). The modulated optical signal is then applied to the single-tap MWP

filter for optical spectral shaping. After that, the filtered optical signal is combined

with an un-modulated optical carrier, which has a different frequency of f2, using an

optical power coupler. The resulting dual-wavelength optical signal is then forwarded

to the unit-travelling photo-diode (UTC-PD) for photo-mixing, which results in the

spectrally-reshaped terahertz signal.

The MWP filter comprises a power divider with a splitting ratio of α, a tunable optical

time delay line (OTDL), which introduces a time delay of τ, and a power combiner

with a power coupling ratio of κ. Mathematically, the baseband-equivalent frequency

response of this filter, denoted by HMWP(jω), can be expressed as follows Yao (2009):

HMWP(jω) = α + κ exp
(
−jωτ

)
, (6.12)

where ω is the angular frequency. Assuming an equal-ratio power divider and coupler,

i.e., α = κ = 1, the squared-magnitude frequency response of this filter can be expressed

as follows Yao (2009): ∣∣HMWP(jω)
∣∣2 = 2

(
1 + cos(2ωτ)

)
. (6.13)
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Figure 6.4. Schematic diagram of the proposed microwave photonically-assisted multi-band
terahertz filter. TLS: tunable laser diode. MZM: Mach-Zehnder modulator. IF: intermediate
frequency. OD: optical divider. OTDL: optical time–delay line. OC: optical coupler. UTC-PD:
uni-travelling carrier photo-diode.

Figure 6.5(a) plots this squared-magnitude response at three different values of τ. As

shown in this figure and Eq. (6.13), the optical delay, τ, is the key parameter that

controls the overall filter response. In addition, the frequency response of the MWP

filter in Eq. (6.13) is periodic with uniformly-spaced nulls. The null-to-null (N2N)

bandwidth, denoted by BWN2N, is given by BWN2N = 1/(4τ).

Importantly, for | f | ≤ BWN2N/2, this frequency response is identical to the frequency

response of a typical baseband raised-cosine (RC) filter with a unity roll-off factor.

Whilst the MWP filter frequency response is periodic, the frequency response of a

baseband RC filter is equal to zero, for | f | > BWN2N/2.

The optical time delay, τ, is numerically optimised to minimise the mean-squared error

(MSE) between the MWP filter response and the frequency response of an RC pulse

shaping filter at different values of the roll-off factor, denoted by β. Figure 6.5(b) shows

the normalised MSE as a function of the optical time delay. In all cases of the roll-off

factor β, a minimum MSE of about 10−2 is obtained at an optical time delay of 0.6944 ns,

which is half the symbol duration required for an equivalent RC filter with a unity

roll–off factor and a standard symbol rate of 1.44 GBaud IEEE (2017).

It should be highlighted that, matching the spectral emission masks defined by the

IEEE 802.15.3d Standard using the proposed MWP filter is a two-step process that can

be performed as follows. First, the OTDL is tuned so that the N2N bandwidth of the

MWP filter is equal to the bandwidth of the desired IEEE 802.15.3d channelisation

scheme. This can be done regardless of the optical frequency of the first TLS in Fig. 6.4.
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Figure 6.5. Design and optimisation of the microwave photonic filter frequency response.
(a) Impact of tuning the optical delay on the MWP filter frequency response. (b) Normalised
mean-squared error (NMSE) between the MWP and the raised–cosine frequency responses versus the
optical time–delay. (c) Periodic frequency response of the MWP filter (red dashed line) and the IEEE
802.15.3d spectral emission masks of the first channelisation scheme at terahertz frequencies (solid
lines).

Second, the optical frequency of the second TLS must be chosen precisely so that the

generated terahertz signal at the UTC-PD output are located at the centre frequencies of

the desired IEEE 802.15.3d channelisation scheme. Fig. 6.5(c) illustrates this principle,

where the terahertz frequency response is designed to match the spectral emission

masks defined by the IEEE 802.15.3d Standard for the first channelisation scheme.

The OTDL can also be tuned, together with the optical frequency of the second TLS, so

that the resulting terahertz frequency response matches other IEEE 802.15.3d Standard

channelisation schemes with different bandwidths and centre frequencies. Such a

parallel tuneability mechanism could be potentially useful for the centralised processing

of multi-rate multi-user terahertz signals.

6.3.2 Experiment

We experimentally measure the optical frequency response of the proposed multi-band

optical filter using the setup shown Fig. 6.6(a) and (b). As shown in Fig. 6.6(a), the
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MWP filter is constructed using two OTDLs instead of a single OTDL as in Fig. 6.4. This

is because, practically, the OTDL introduces a non-zero delay offset due to the fibres

pigtails at its input and output ports. To compensate for this delay, the second OTDL,

which has an almost identical characteristics, is used in the second tap so that the net

relative delay between both filter arms is zero.

Both OTDLs operate at a wavelength of 1550 nm and are mechanically tunable, with

a maximum time delay of 500 ps. The 1550 nm erbium doped fibre amplifier (EDFA)

is used as source of broadband optical noise. This broadband noise is the amplified

spontaneous emission (ASE) emitted by the EDFA when operated in the free running

mode, i.e., without an optical signal at its input. When the EDFA optical pump current

is 450 mA, the measured ASE power is −8.14 dBm.

The MWP output response is measured using an optical spectrum analyser (OSA) in

the optical wavelength range form 1540 nm to 1560 nm. The OSA spectral measure-

ment window is centred at 1550 nm and has a spectral resolution of 0.05 nm. These

measurement setting correspond to an electrical bandwidth of 2.5 THz and a frequency

resolution of 6.24 GHz. Figure. 6.6(c) and (d) show the optical frequency response

at the MWP filter output at optical time delays of about 4 ps and 8 ps, respectively.

Figure 6.6(c) shows that the N2N bandwidth is about 250 GHz, whereas in Fig. 6.6(d)

the N2N bandwidth is about 125 GHz. These bandwidths is in precise agreement

with the analytical relationship between the OTDL delay and the N2N bandwidth, i.e.,

BWN2N = 1/(4τ). Conceptually, these bandwidths can be further reduced by increas-

ing the time delay to match the IEEE 802.15.3d bandwidths. However, practically, the

measurement of the resulting optical bandwidth is lower bounded by the OSA optical

measurement resolution, which limits the sufficient number of optical frequency bins

required to represent the optical frequency response. Nonetheless, these experimental

results prove the feasibility of using the proposed MWP filter for the optical pulse

shaping of multi-band terahertz signals.
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Figure 6.6. Experimental setup and measurement of the photonics-based multi-band terahertz
filter. (a): Schematic of a practical photonic filter. (b): Photo of the MWP experimental setup. OD:
optical divider. OC: optical coupler. EDFA: erbium doped fibre amplifier. OSA: optical spectrum
analyser. ∆τ: optical time offset due to fibre pigtail. (c) Optical filter frequency response for an
optical bandwidth of 10 nm, or equivalently, 1.25 THz. (d) Optical filter frequency response for an
optical bandwidth of 5 nm, or equivalently, 624 GHz.
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6.4 Low-Complexity Equalisation for MIMO SC-FDMA

Multiple input-multiple output (MIMO) transmission diversity has proven to be a

spectrally-efficient technique that increases the capacities of band-limited wireless chan-

nels. Employing this technique to the inherently bandwidth-generous terahertz tech-

nologies results in massive data volumes, which calls for computationally-affordable

signal processing techniques.

Single-carrier frequency division multiple access (SC-FDMA) transmission technique is

an example of many concepts and experimental demonstrations that have been inspired

after proven practically feasible during the development of the 5G wireless networks.

Recently, this concept has been suggested as a potential multi-carrier air interface for

terahertz wireless communications (Schram et al. 2020). Specifically, the transmission

performance of a 2×2 MIMO SC-FDMA system was numerically evaluated over a

channel bandwidth as large as 900 GHz, ranging from 100 GHz to 1 THz (Schram et al.

2020). Moreover, two frequency domain equalisation (FDE) techniques; the zero-forcing

(ZF) equaliser and the minimum mean squared error (MMSE) equaliser, were employed

to mitigate the inter-symbol interference (ISI) and the inter-antenna interference (IAI)

effects in frequency-selective MIMO channels (Singh et al. 2020).

Conceptually, the ZF-FDE technique can be considered as potential contender that can

be adapted to meet the technical requirements of the terahertz wireless communications

networks. Typically, this equaliser is implemented by direct inversion of the full MIMO

channel matrix. The effective number of floating-point operations (flops) required

for matrix inversion is proportional to the number of non-zero entries in this matrix.

However, in practical FDMA systems, the number of sub-carriers, and consequently, the

MIMO channel matrix dimensions, can be as large as 2048 (Schram et al. 2020), (IEEE

2004). Such a large number of sub-carriers calls for prohibitively complex computa-

tional efforts and impractical processing speeds at the receiver side to implement the

ZF equaliser using the full matrix inversion (FMI) approach, especially at high data

rates. It should be highlighted that, until now, the vast majority of the experimental

demonstrations of terahertz transceivers designs still relying on offline digital signal

processing (DSP), including channel equalisation techniques (Harter et al. n.d., Koenig

et al. 2013, Gonzalez-Guerrero et al. 2018). Therefore, in parallel to these experimental

demonstrations, the development of powerful terahertz-specific DSP algorithms is

crucial to the realisation of real-time high-speed applications promised by terahertz

technology.
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To address this issue, we focus on reducing complexity of the conventional ZF-FDE (Wen

et al. 2013) for MIMO terahertz wireless communications. Particularly, we show that, by

exploiting the sparseness of the MIMO channel matrix, the computational complexity

of this equaliser can be significantly reduced to yield a benefit for future terahertz

wireless links. The remainder of this section is structured as follows. The analytical

model of a typical 2×2 MIMO SC-FDMA system is reviewed in Section 6.4.1. In

Section 6.4.2, the proposed equaliser is analytically derived and a complexity analysis is

presented. Simulation results are presented in Section 6.4.3 to verify the analysis. Also,

throughout the rest of this section, boldface letters and symbols designate both vectors

and matrices, whereas (.)−1 and (.)H denote the matrix inversion and the Hermitian

operators, respectively.

6.4.1 MIMO SC-FDMA: System Model Review

We consider the 2×2 MIMO SC-FDMA system depicted in Fig. 6.7. Throughout the

analysis, a perfect transmitter-receiver (Tx-Rx) timing synchronisation is assumed. At

the transmitter side, the binary data emitted by the information source is forwarded to

a convolutional encoder with a coding rate of rc. The encoded bits are then applied to a

baseband mapper, which groups each k bits into a single complex-valued symbol s ∈
C2N×1. Afterwards, the modulated symbols are demultiplexed into two independent

parallel sequences sj ∈ CN×1, where j = 1 and 2, corresponding to the first and the

second Tx antennas, respectively. Each N samples are grouped and applied to an N-

points discrete Fourier transform (DFT) SD = FNsj, where FN ∈ CN×N and FN(k, n) =

exp
(

j2πkn/N
)

; k, n = 0, 1, ..., N − 1. It should be highlighted that FN is a unitary

matrix, i.e., FNFH
N = FNF−1

N = IN. The resulting N frequency-domain samples are

mapped onto a number of M sub-carriers, where M > N. As a result, the bandwidth of

the frequency domain symbol expands by a factor of Q = M/N. The frequency domain

vector is converted to the time domain via an M-points inverse DFT (IDFT) module.

The resulting SC-FDMA symbol can be expressed as follows:

s̃j = F−1
M MTFNsj, (6.14)

where MT is the sub-carriers mapping matrix. The structure of MT depends on whether

the distribution of the N sub-carriers over the M frequency bins is localised Song et

al. (2011) or interleaved Sridharan & Lim (2012). A cyclic prefix (CP) vector of NCP
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Figure 6.7. Block diagram of a typical 2×2 MIMO SC-FDMA system. CP: cyclic prefix. DFT:
discrete Fourier transform. IDFT: inverse DFT. FDE: frequency domain equalisation.

samples length is added to the header of each SC-FDMA symbol. The cyclic prefixed SC-

FDMA symbols are then forwarded to a dual-channel terahertz transmitter before being

synchronously emitted to free space by the Tx antennas. In the absence of IAI, each

symbol is received by the relevant Rx antenna. However, in practice, this requires highly

directional terahertz antennas at the Tx and the Rx sides. In practice, the cross coupling

between the two single input - single output (SISO) channels is usually caused by the

misalignment and/or the beam spreading of the corresponding Tx and Rx antenna

elements Kokkoniemi et al. (2020). As a result, both transmitted signals are likely to

interfere at each Rx antenna. After the CP removal, the received SC-FDMA vectors can

be expressed mathematically as follows:

RM1 = ΦM11SM1 + ΦM12SM2 + NM1 , (6.15)

RM2 = ΦM21SM1 + ΦM22SM2 + NM2 , (6.16)

where ΦMij ∈ CM×M is a diagonal matrix that represents the channel frequency re-

sponse between the jth transmit antenna and the ith receive antenna as illustrated in

Fig. 6.7, whereas SMi = FMs̃j ∈ CM×1 and NMi ∈ CM×1 are the frequency domain

received vector and the noise vector observed at the the ith receive antenna, respectively.

The entries of the noise vector, NMi , follow a zero-mean complex-valued Gaussian

random process ∼ CN (0, σ2
n), where σ2

n is the noise variance.
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Within each receiver, the received signal is processed on a symbol-by-symbol basis and

can be modelled as follows:

RD1 = ΦD11SD1 + ΦD12SD2 + ND1 , (6.17)

RD2 = ΦD21SD1 + ΦD22SD2 + ND2 , (6.18)

where RDi = MRRMi is the ith received frequency-domain SC-FDMA symbol after

applying the demapping process, MRMT = IN, ΦDij = MRΦMijMT, SDi = MRSMi

and NDi = MRNMi . It should be highlighted that, since N < M, the FDE process is

applied after de-mapping to avoid the high complexity associated with processing a

large number of sub-carriers. The equalised SC-FDMA symbol is expressed as follows:

Υ = WFDEΦDS + WFDEN, (6.19)

where Υ ∈ C2N×1 is the equalised frequency-domain vector, WFDE ∈ C2N×2N is the

FDE matrix, Υ =
[
ΥT

1 ΥT
2

]T
, S ∈ C2N×1, S =

[
ST

D1
ST

D1

]T
, N ∈ C2N×1, N =[

NT
D1

NT
D1

]T
and ΦD ∈ C2N×2N is the demapped MIMO channel matrix, defined

as follows:

ΦD =

 ΦD11 ΦD12

ΦD21 ΦD22

 (6.20)

It should be highlighted that ΦD11 and ΦD22 model the ISI effects, whereas ΦD12 and

ΦD21 model the IAI effects. Moreover, each of the aforementioned matrices include the

impact of the inter-carrier interference (ICI) in mobility-induced carrier frequency offset

(CFO) channels. Since ΦMij is diagonal in the absence of CFO, ΦDij is also diagonal.

At the receiver side, the symbols after FDE are then transformed back to the time

domain via an N-point IDFT matrix before being multiplexed, detected and decoded

for subsequent BER calculation.

6.4.2 Proposed FDE-ZF Algorithm

The FMI-ZF equaliser is given by direct inversion of the full MIMO channel matrix,

i.e., WFDE = Φ−1
D , so that the effective MIMO channel matrix can be fully equalised as

follows:

Φe =
(

Φ−1
D Φ−1

D

)
=

 IN×N 0N×N

0N×N IN×N

 . (6.21)

Since the dimensions of the MIMO channel matrix ΦD is 2N × 2N, the FMI-ZF equali-

sation matrix inversion costs O(8N3) flops (Cao et al. 2007). The proposed equalisation
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approach is based on the successive elimination of the ISI and the IAI, respectively.

To do so, we assume that the FDE matrix can be decomposed into a product of two

matrices; an ISI mitigation matrix, denoted by WISI, and an IAI mitigation matrix, de-

noted by WIAI, i.e., WFDE = WIAI WISI. In the absence of IAI, WIAI = IN and WISI can be

expressed as follows:

WISI =

 Φ−1
D11

0N×N

0N×N Φ−1
D22

 . (6.22)

The necessary and sufficient condition to obtain a jointly ISI- and IAI-free effective

channel matrix can be written as follows:

Φe = WIAI (WISIΦD) =

 IN×N 0N×N

0N×N IN×N

 . (6.23)

Here, we assume that the IAI cancellation matrix can be structured as follows:

WIAI =

 WIAI11 WIAI12

WIAI21 WIAI22

 . (6.24)

Substituting Eq. (6.24) in Eq. (6.23) and solving for WIAIij yields:

WIAI12 = Φ−1
D11

ΦD12

(
Φ−1

D22
ΦD21

Φ−1
D11

ΦD12
− IN

)−1
(6.25a)

WIAI11 = IN − WIAI12Φ−1
D22

ΦD21
(6.25b)

WIAI21 = Φ−1
D22

ΦD21

(
Φ−1

D11
ΦD12

Φ−1
D22

ΦD21
− IN

)−1
(6.25c)

WIAI11 = IN − WIAI21Φ−1
D11

ΦD12
. (6.25d)

Although the equalisation matrices in Eq. (6.25) are designed to equalise 2 × 2 MIMO

channels, the condition in Eq. (6.23) can be reformulated and applied to square MIMO

channels with square diversity orders higher than the second order.

As can be seen from Eq. (6.22) and Eq. (6.25), the proposed technique relies on the

inversion of the individual SISO channel matrices. Therefore, throughout the rest of

this section, we refer to the proposed technique as the sub-matrix inversion ZF (SMI-

ZF) technique. Since ΦDij is diagonal, establishing the matrices WISI and WIAI costs

O(N) flops per matrix inversion. Accordingly, an overall complexity of only 54N flops

is required to establish the SMI-ZF equalisation matrix, which significantly reduces

the computational efforts, and correspondingly, the sampling speed and the power

consumption requirements, at the receiver side. Particularly, a complexity reduction

Page 136



Chapter 6 Signal Generation and Processing in Terahertz Communications

ratio of 8N2/54 is achieved by the SMI-ZF compared to the FMI-ZF technique. It

should be noted that, in previous MIMO SC-FDMA equalisation approaches that rely

on individual sub-carriers equalisation, the computational complexity is governed by

the number of SC-FDMA sub-carriers as well as the number of iterations required to

refine the equalisation coefficients (Dang et al. 2011). In contrast to these approaches,

the proposed equalisation technique is a single-shot process.

6.4.3 Simulation Results and Analysis

In this section, we compare the performance of the proposed equalisation technique

with the conventional ZF equaliser in the presence of ISI and IAI. The encoder is a

convolutional encoder with a coding rate of 1/2 and an octal generating polynomial

of (133,177). The binary phase shift keying (BPSK) and quadrature phase-shift key-

ing (QPSK) modulation formats are employed to modulate the generated SC-FDMA

symbols. The number of sub-carriers N is set to {32, 64, 128, 256, 512, 1024, 2048}, with

M = 2N. Moreover, throughout the simulations, we employ the statistical 2×2 MIMO

terahertz channel model provided in Cheng et al. (2019), which is proven to be accurate

over the 200–300 GHz frequency band Singh et al. (2020). The SNR is varied from 0 dB

to 30 dB and the BER performance is averaged over 105 Monte Carlo iterations. To

evaluate the accuracy of the proposed SMI-ZF technique, we employ the normalised

mean squared error (NMSE) definition in (Cao et al. 2007) to measure the accuracy of

reconstructing the transmitted SC-FDMA symbols using the corresponding noise-free

symbols after demapping at the receiver side. Figure (6.8) shows the NMSE perfor-

mance and the computational complexity of the proposed FDE and the conventional

ZF equaliser for the considered values of N. As can be seen in this figure, the NMSE

of both FDE techniques are very close to each other for all values of N. The subtle

differences between the corresponding NMSEs of both techniques are negligible for

practical implementation. The maximum and the minimum NMSE achievable by both

techniques is about 2.3 × 10−3 and 1.55 × 10−30 at N = 32 and 64, respectively. Impor-

tantly, the computational complexity of the proposed SMI-ZF technique is exceptionally

low compared with the conventional FMI-ZF equaliser. The BER performance metric

is adopted to evaluate the performance of both techniques in the presence of AWGN.

Figures 6.9 (a) and (b) show the BER performance of BPSK modulation without and

with the convolutional code, respectively. Also, Figs. 6.9 (c) and (d) show the BER per-

formance of QPSK modulation without and with the convolutional code, respectively.
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Each figure includes the performance of the FMI-based and the SMI-based ZF algo-

rithms. Moreover, the dependence of the BER on the number of sub-carriers, N, is also

shown in each figure. Clearly, the BER performances of both equalisation techniques

are almost identical, despite the low-complexity of the proposed SMI-ZF algorithm.
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This similarity follows from Eq. (6.21) as it is the equalisation condition from which

both techniques are derived. It is noteworthy that, for the considered equalisation

techniques and modulation types, the SNR after which the coding gain can be achieved

is determined by the particular number of sub-carriers.

6.5 Volterra Filters for Nonlinearity Mitigation

Terahertz communications systems are usually prone to power penalties due to their

nonlinear response, which is introduced by various electrical, optical and terahertz com-

ponents such as the low-noise amplifiers (LNA), electro-optic modulators (EOM), optical

amplifiers, and Schottky-barrier diode (SBD). So far, three techniques have been pro-

posed to mitigate these nonlinear transmission impairments at the receiver side, namely,

the Kramer-Körnig receiver (Ecozzi 2019), the generalised Kramer-Krönig (GKK) re-

ceiver (Harter et al. 2020), and the Volterra-series based nonlinear filter (VNLF) (Qiao

et al. 2021). The VNLF can be considered as an adaptive and generic form of the KK

and GKK receivers as it relies on polynomial basis functions with time-varying coef-

ficients. Hence, the VNLF can capture both the dispersive and nonlinear effects in

terahertz-photonic systems, where the response is crucially dependent on the particular

system architecture, its peripherals as well as the operating conditions (Harter et al.

2020). In (Qiao et al. 2021), the VNLF was employed to mitigate only the signal-to-signal

beating interference (SSBI), i.e., without investigating its applicability to the system and

channel responses. Therefore, in this work we employ the VLNF to jointly compensate

for the dispersion and nonlinearities introduced by a typical 253 GHz photonic-terahertz

communications system.

6.5.1 Experimental Setup and Results

Figure 6.10 illustrates the schematic diagram of the experimental setup we use in this

work to characterise the magnitude response of the photonic-terahertz system. The

arbitrary waveform generator (AWG) generates a triangular waveform at 500 MHz.

Meanwhile, a tunable laser source (TLS) generates two optical continuous waves at

193.000 THz and 193.253 THz before being combined via an optical coupler. The re-

sulting optical signal is then applied to the Mach–Zehnder modulator (MZM), together

with the triangular waveform, for electro-optic (EO) modulation. After that, the modu-

lated optical signal is transmitted over a 10-km single mode fibre (SMF). The measured

SMF loss, including the connectors at both fibre ends, is about 5 dB. To compensate
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Figure 6.10. Schematic diagram of the nonlinear photonic-terahertz system. TLS: tunable laser
source. AWG: arbitrary waveform generator. MZM: Mach-Zehnder modulator. SMF: single mode
fibre. EDFA: erbium doped fibre amplifier. VOA: variable optical attenuator. UTC-PD: uni-travelling
carrier photo-diode. SBD: Schottky-barrier diode. RTO: real-time oscilloscope. LNA: Low-noise
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for this loss, the signal at the SMF output is optically amplified by the erbium doped

fibre amplifier (EDFA) before being applied to the uni-travelling carrier photo-diode

(UTC-PD), via a variable optical attenuator (VOA), for photo-mixing. The UTC-PD

generates a 253 GHz terahertz signal, which is the difference between the TLS optical

frequencies. This terahertz signal is then radiated to free space via a WR-3.4 diagonal

horn antenna.

At the receiver side, the terahertz signal is collected by another WR-3.4 horn antenna

attached to the SBD for envelope detection. After that, the envelope-detected signal is

sampled and recorded by a 25 GS/s real-time oscilloscope (RTO) for post-processing.

The processing comprises fractional up-sampling by a factor of 25:64 using a sinc inter-

polating filter and synchronisation with the AWG signal. After that, the synchronised

and transmitted waveforms are applied to a third order VNLF (Guo et al. 2018), which

has an update factor of µ = 10−2.

We consider the system nonlinear response at two considerably different states of the

signal-to-noise plus distortion ratio (SNDR). In the low-SNDR state, the photo-current is

1 mA, and the Tx-Rx distance is 6 cm, whereas in the high-SNDR state, the photo-current
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Figure 6.11. Nonlinear distortion and memory effects introduced by the terahertz-photonic
system in Fig. 6.10 at a photo-current of 1 mA and a Tx-Rx antenna separation of 6 cm.
(a) Segment of the transmitted waveform and the corresponding received waveform versus the
time-domain index. (b) Input-output magnitude response. (c) Transmitted and equalised waveforms
versus the time-domain index. (d) Signal-to-noise plus distortion ratio before and after applying the
Volterra nonlinear filter (VNLF).

is increased to 3 mA, and the distance is reduced to 1 cm. Figures 6.11(a) and 6.11(b)

show the transmitted and received waveforms together with the input-output (I/O)

magnitude response under the low-SNDR setting, respectively. Figure 6.11(b) also

shows a 5th order fitting polynomial, which is used to estimate the ideally noiseless

I/O magnitude response. Figures 6.11(c) and 6.11(d) illustrate the equalised waveform,

whereas Fig. 6.11(d) shows the evolution of the SNDR, measured in decibels, before

and after the VNLF. Figures 6.12(a)-(d) show a set of measurements corresponding to

Figures 6.11(a)-(d), respectively, for the high-SNDR state.

As Fig. 6.11(a) shows, there is a high discrepancy between the transmitted and received

waveforms. However, after the VNLF, there is a remarkable similarity between the trans-

mitted and equalised waveforms as shown in Fig. 6.11(c). This similarity is attributed to

the evolutionary improvement in the SNDR plotted in Fig. 6.11(d), which is iteratively

convergent. The speed of this convergence is inversely proportional to the number of
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Figure 6.12. Nonlinear distortion and memory effects introduced by the terahertz-photonic
system in Fig. 6.10 at a photo-current of 3 mA and a Tx-Rx antenna separation of 1 cm.
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Volterra nonlinear filter (VNLF).

waveform samples simultaneously processed by the VNLF and the accuracy update

factor, µ. The average improvement in the SNDR, calculated by averaging the SNDR

over all iterations, is about 3.38 dB and 4.16 dB for the low-SNDR and high-SNDR

states, respectively. It is noteworthy that, Fig. 6.11(b) and Fig. 6.12(b) show that there is

a remarkable dissimilarity in the nonlinearities of the high- and low-SNDR states. This

dissimilarity is mainly caused by the difference in power loss between the two states,

which is estimated to be about 25.01 dB. Despite this large difference, the performance

gap between the average improvement in SNDRs of the two states is only 0.78 dB. This

observation indicates that, the VNLF could reduce the LNA gain requirements at the

receiver side, especially when the received terahertz power is severely low. Nonethe-

less, future research can focus on further improvement of the SNDR performance by

optimising the VNLF parameters, such as the order and the basis functions, prolonging

the training period, and/or increasing the number of iterations.
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6.6 Conclusion

In this chapter, we propose two all-optical signal processing techniques to extend the

capabilities of existing terahertz communications systems. The first technique employs

the self-phase modulation introduced by the nonlinear Kerr effect in highly nonlinear

fibres to generate a wavelength converted optical signal from a single optical carrier.

Analysis and simulation results show that frequency tunable sub-terahertz signals can

be generated by electrically tuning the amplitude of the wavelength converted signal

and photo-mixing with the un-modulated optical carrier. The second technique is an

all-optical multi-band raised-cosine filter based on the periodic frequency response of a

single-tap microwave-photonic filter. The underlying theoretical basis of this technique

is presented and its optical frequency response is simulated and experimentally verified.

Simulation and experimental results show that the proposed technique is bandwidth

tunable and hence, is useful for photonically-assisted multi-band terahertz communica-

tions systems, where the processing of multiple frequency division multiplexed signals

could be prohibitively complicated.

We also present two baseband signal processing techniques to increase the reliability

of terahertz communications. The first technique is a frequency-domain linear equali-

sation technique with an exceptionally-low computational complexity for 2×2 MIMO

SC-FDMA terahertz communications systems. Simulation results show that, the pro-

posed equaliser is equivalent to the conventional ZF equaliser in terms of the bit error

rate performance and has a lower computational complexity by about two orders of

magnitude. Therefore, the proposed equaliser is promising for real-time high-speed ter-

ahertz communications applications. Also, the proposed technique can be considered as

a potential solution to the mutual cross-talk in other types of frequency-selective MIMO

channels, such as polarisation division multiplexing. Additionally, the application of

the proposed equalisation technique can be extended to large-scale MIMO terahertz

systems with arbitrary high diversity orders. The second technique is a highly-precise

nonlinear Volterra equaliser, which is experimentally demonstrated using highly non-

linear terahertz photonic system operating under severely low-signal-to-noise ratio.

Experimental results show that, Volterra equaliser can be optimised and used for highly

precise recovery of signal patterns that are known at the transmitter and receiver sides.
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Chapter 7

Summary and Outlook

T
HIS Dissertation showcased several original contributions to the

field of narrowband pulse shaping and signal processing in tera-

hertz communications. The short-term goal of these contributions

is to cope up with the current demands of terahertz communications sys-

tems. On the long-term, further developments can be introduced based on

the techniques and approaches presented in this dissertation. This chapter

concludes the work presented throughout this dissertation and foresees

possible further research directions.
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7.1 Conclusion

The main topic of this dissertation is to investigate terahertz communications systems

that can sustain the limitations and non-idealities of their constituting key components.

To this end, spectrally efficient pulse shapes and computationally efficient signal pro-

cessing techniques are showcased. The main goal of the presented contributions is to

increase the reliability of terahertz communications systems and, at the same time, sim-

plify their architecture. Based on well-established analytical frameworks and in-depth

analysis, two waveforms have been proposed and compared to typical candidate wave-

forms for terahertz communications. The transmission performance of the proposed

waveforms have been experimentally demonstrated using photonics-based terahertz

communications systems, with and without optical fibre transmission. Experimental

results show that the proposed waveforms can improve the spectral efficiency and

reliability of terahertz communications systems. Both factors are essential for the op-

eration of future 6G wireless systems. Also, in this dissertation, it has been shown

that, pulse shaping can simplify the architecture of terahertz communications systems

without sacrificing their high throughput. In addition, the electrical and optical signal

processing techniques presented in this dissertation are developed with the real-time

implementation in mind. This section summarises the original contributions presented

in this dissertation.

Pulse shaping for standard compliant terahertz communcaitions: This concept and

its relevant contribution is presented through Chapter 3. This chapter presents

a waveform that fully complies with the spectral constraints imposed by the

IEEE 802.15.3d Standard. An analytical framework for the design of IEEE 802.15.3d-

compliant waveforms is developed. This framework is then used to design a

non-Nyquist waveform that fully complies with the spectral constraints defined

in the IEEE 802.15.3d Standard with a close-to-%100 spectral power efficiency.

The proposed waveform can utilise about 99.3% of the total power admissible

by the spectral mask defined by this standard, outperforming the conventional

raised-cosine (RC) waveform by more 33% in terms of the radiation power. Addi-

tionally, the proposed waveform possesses two degrees of freedom that can be

used to control its temporal and spectral properties for flexible spectral interfer-

ence management. To the best of our knowledge, there has been no other pulse

shape designs for the IEEE 802/15.3d Standard. This design would be an asset in

terahertz communications, particularly for wireless-channel multiplexing.
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Pulse shaping for time-jittering tolerant terahertz communcaitions: This concept along

with relevant contribution is presented through Chapter 4. This chapter presents a

Nyquist pulse that is highly tolerant to the timing-jitter. The proposed pulse shape,

which is a modified form of the pulse shape presented in Chapter 3, satisfies the

Nyquist criterion for inter-symbol interference (ISI)-free signalling. In addition,

experimental results show that the transmission performance of this pulse shape

outperforms the conventional RC pulse as well as the BTRC pulses.

Pulse shaping to simpligy terahertz transceivers architectures: This concept and its

relevant contribution is presented through Chapter 5. This chapter introduces the

concept of carrierless amplitude and phase modulation to terahertz communica-

tions for the first time, to the best of our knowledge. This modulation technique is

experimentally demonstrated using a photonic-based terahertz communications

system with combined optical and wireless transmission.

Signal generation and processing techniques for terahertz communciations: The con-

tributions related to this area are presented in Chapter 6. These techniques pre-

sented in this chapter aim at the generation, processing and pulse shaping of tera-

hertz signals in the optical and the baseband domains. The proposed techniques

are computationally-efficient and their implementation is potentially simple and

hence, are particularly useful for further development of terahertz communica-

tions systems.

7.2 Future Outlook

This dissertation established a context for further developments in the field of pulse

shaping and signal processing in terahertz communications. Other advanced pulse

shapes can be conceptualised and developed by following the concepts, analytical

guidelines and achievements presented in this dissertation. In particular, this section

suggests two potentially feasible directions, which can be followed to further advance

these concepts.

• First, it is of paramount importance to identify the key limitations and imperfec-

tions of existing and emerging terahertz devices as well as the impact of these

devices on the transmission performance of the entire terahertz communications
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systems. The non-ideal characteristics of these devices give rise to a number

of challenges for which waveforms can be specifically designed as potentially

feasible solutions.

• Second, it is also important to realise that, the non-idealilites of terahertz devices

and/or systems can also be mitigated using signal processing techniques. There

exist various signal processing techniques that have been originally developed for

non-terahertz communications. The major limitation associated with transferring

these techniques to terahertz is their computational complexity arising form antic-

ipated data rates beyond 100 Gbit/s. This makes their real-time implementation

prohibitively complex and challenging. However, with the necessary adaptation,

computationally efficient versions of these techniques can be reproduced.
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