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Abstract

Wireless communications at THz frequencies are considered a solution to overcome

the spectrum congestion at lower radio frequencies. Photomixing two free-running

lasers in an ultra-fast photodiode is an attractive technique for THz generation for

its seamless integration with optical networks. However, the THz signal generated

with this method can suffer from high phase noise.

In the first part of the thesis, the envelope detection of THz single sideband

(SSB)-with carrier signals is proposed as the mean to combat such phase noise. Us-

ing an ideal envelope detector (ED) at the THz receiver, no significant phase noise

penalty is observed in a system operating at 250 GHz and for combined linewidths

of up to 1 MHz. The use of interference cancellation algorithms is then proposed

as a mean to increase the bandwidth efficiency of the proposed system. Using the

Kramers-Kronig algorithm, an efficiency improvement of 38% is achieved with re-

spect to the the case without this algorithm. Next, the performance of three different

techniques for generating THz SSB signals is analyzed through numerical simula-

tions and end-to-end implementation of each of them is experimentally demon-

strated. According to the simulation, the technique giving better performance is

also the one requiring lower analog bandwidth on the transmitter arbitrary waveform

generator. This, however, comes at the expense of an increased analog complexity.

The second part of this thesis focuses on wireless bridges. To mitigate the

phase noise associated with the high number of free-running lasers that form this

type of link, the pilot tone-assisted technique is proposed. The wireless bridge is

demonstrated in several scenarios: single channel transmission, wavelength divi-

sion multiplexing network and multiple user support. The last part of this chapter
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discusses the configuration and DSP to achieve a 40 Gbit/s wireless bridge



Impact statement

THz communications (100 GHz - 10 THz ) have emerged as a solution to the scarce

spectrum available at low radio frequencies - insufficient to cope with the rapid

growth of wireless internet traffic - and a lack of technology to match wireless data

rates to those provided by optical fiber communications. In this context, this the-

sis explores several transmission configurations for photonic THz systems, which

generate the THz signal via optical technologies. A strong focus is placed on phase

noise mitigation, which can prevent the system to use higher order modulation for-

mats. This however, is key to achieving the high data rates that are envisaged for

wireless communications.

In the first part of this thesis we propose the reception of higher-order single-

sideband THz signals with an envelope detector. Experimental investigations of the

phase noise sensitivity of this scheme are carried out in a system operating at 250

GHz, transmitting 5 GBd 16-QAM signals through 10 km of optical fiber, and for

combined optical linewidths of up to 1 MHz. No penalty associated with increasing

linewidth is measured, indicating that cost-efficient free-running foundry-fabricated

lasers (linewidths of few MHz) are compatible with this technique. This, besides

the obvious advantage of cost and footprint reduction, significantly lowers the com-

plexity of the transmitter as no complex locking techniques are required. This is the

first investigation to experimentally verify the phase robustness of this technique.

To increase the bandwidth efficiency of this scheme we propose the use of digital

signal processing for signal-signal beat interference mitigation. An efficiency gain

of 38% with respect to the case without interference cancellation algorithms is ob-

tained with the Kramers-Kronig receiver. This efficiency increase can be critical as
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optical networks evolve to ultra-dense wavelength multiplexing formats, where the

use of guard bands may not be acceptable.

In the second part of this thesis we focus on the development of THz wireless

bridges, which have attracted the interest of the research community because of the

many scenarios where they could find application, from data centres to backhaul dis-

tribution in mobile and optical networks. To tackle the phase noise associated with

the high number of free-running lasers associated with this type of links, we propose

the use of the tone-assisted phase compensation technique. With this technique we

demonstrate a wireless bridge operating at 250 GHz and transmitting 16-quadrature

amplitude modulation (QAM) 40 Gbit/s signals. To the best of the authors knowl-

edge this is the only demonstration of a wireless bridge operating above 100 GHz

and using such spectrally efficient modulation format.
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Chapter 1

Introduction

1.1 THz communications

1.1.1 Why THz?

According to Cisco’s Visual Networking Index report [1], internet traffic will reach

278 Exabyte per month by 2021 (in 2016, the monthly run rate was 96 Exabyte).

The fastest-growing part of this increase is happening on wireless traffic, which

is expected to account for 63% of the total traffic by 2019 (it accounted for less

than half in 2014). Such an increase in the wireless network capacity will require

much higher wireless transmission rates both in the backhaul and access links of the

network. In this scenario, 100 Gb/s or even few Tb/s wireless links are expected to

become a reality within the next few years [2].

Recently, several spectral windows at mm-wave frequencies1 (one at the 60

GHz band and four in the 70 GHz - 90 GHz band) have been allocated for wireless

communications. The individual bandwidth assigned to these bands, however, is not

higher than 9 GHz. To achieve transmission speeds higher than 100 Gb/s with such

a constrained bandwidth, very spectrally-efficient modulation formats (modulation

order higher than 2048) would be required. The large signal-to-noise ratio (SNR)

that these formats need, would set a very stringent requirement on the transmitter

power (and also on the system dynamic range). To achieve the envisaged data rates

in a power-efficient way, it is, therefore, necessary to go to carrier frequencies where

1Although not an official designation, the term ’mm-wave’ is normally used to refer to frequen-
cies spanning from 30 GHz to 300 GHz.
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regulations allow the use of bands with bandwidths of several tens of GHz.

In this context, communications in the sub-THz2 band (100 GHz - 1 THz) are

envisioned as a key technology since this region of the electromagnetic spectrum

is not allocated and can be used entirely for wireless communications. As will be

seen in section 1.2.2, there are six atmospheric windows in this region that have

bandwidths higher than 40 GHz.

Optical wireless communication (OWC) in the near-infrared (NIR) region is

the other competitive wireless solution to achieve high-speed data transmissions.

However, OWC links are much more susceptible to: (a) certain environment con-

ditions like fog, (b) airborne particles (like those found in dust and smoke), and (c)

refractive index changes caused by local temperature, pressure, or humidity gradi-

ents (scintillation) [3]. For example, the attenuation due to fog at NIR frequencies

can be more than two orders of magnitude higher than that at sub-THz frequen-

cies [4]. On the other hand, airborne particles and scintillation have minor effects

on THz waves due to the large size of THz wavelengths compared to that of smoke

particles and NIR wavelengths. Another disadvantage of OWC, is the higher impact

of misalignment between transmitter and receiver [5].

Summarizing, sub-THz communication links potentially offer several advan-

tages over competing technologies including higher bandwidth compared to mm-

wave links and less attenuation under foggy weather or smoke conditions compared

to NIR links. However, there still exist several technology research challenges that

need to be overcome to reach a competitive solution. Some of this hurdles arise

from the propagation characteristics of THz waves, which will be reviewed in the

next section.

1.2 System considerations
When propagating, electromagnetic waves suffer from attenuation due to free-space

path loss (FSPL) and molecular absorption. In this section we review the main

implications of these effects on sub-THz communication links.

2In this thesis, the terms ”THz” and ”sub-THz” are used interchangeably.
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1.2.1 FSPL

The FSPL is quantitatively described by the Friis transmission formula:

FSPL =

(
4πd f

c

)2

, (1.1)

where d is the distance between antennas, and f is the radiation frequency. As can

be seen from equation 1.1, the FSPL is quadratically proportional to the carrier

frequency. The high FSPL at sub-THz frequencies (higher than 100 dB at 300 GHz

and a distance of 10 m) together with both the large noise bandwidth associated

with high-symbol-rate transmissions and the low power from THz compact sources

leads to the need of high-gain antennas.

To illustrate this, in table 1.1, a representative link budget calculation for a

carrier frequency of 300 GHz and link distance of 10 m is provided. A transmitter

output power of 10 mW is assumed, based on the reported output power of state-of-

the-art InP high-electron-mobility transistor (HEMT) monolithic microwave inte-

grated circuit (MMIC) electronic amplifiers at around this frequency [6]. The down-

conversion loss is assumed to be 10 dB, which is similar to that of commercially

available sub-harmonic mixers (SHMs) based on Schottky barrier diodes (SBDs)

[7]. The intermediate frequency (IF) noise figure (NF) is 7 dB—corresponding to

a noise power density of -167 dBm/Hz—to account for the amplifier(s) used after

down-conversion. Using these values and assuming binary or quadrature phase shift

keying (BPSK and QPSK) modulation (both require a SNR per bit—SNRb—of 6.8

dB to produce a bit error rate—BER—of 10−3), at least an antenna gain of 25 dBi

is needed in both transmitter and receiver antennas to allow for 5 dB of implemen-

tation penalty. Since high antenna gain implies high directivity, THz systems will

be highly directional. This is a major difference from current wireless systems,

which rely on quasi-omni-directional antennas and non-directed transmissions and

has several implications. The first one is that THz communication will take place

predominantly over line-of-sight (LOS) links and, thus, some THz applications will

require steerable antennas and active tracking. The second one is that it makes THz
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Table 1.1: Link budget calculation at 300 GHz

Parameter Value Unit Comments
Bit rate 20 Gbit/s

Source power 10 dBm
Tx antenna gain 25 dBi

Transmission loss 102 dB
at 300 GHz; link length = 10 m;

absorption negligible
Rx antenna gain 25 dBi
Received power -42 dBm

IF power -52 dBm 10 dB down-conversion loss
N0 -167 dBm/Hz IF NF = 7 dB (IF amplifier chain)

SNRb 12 dB

Margin ∼ 5 dB
c.f. BPSK or QPSK at a BER of 10-3

(SNRb = 6.8 dB)

beams very narrow. This can be exploited for different applications like secure com-

munications, as it limits the possibility of eavesdropping 3, or ultra-dense cellular

networks, as it enables high spatial reuse.

1.2.2 Frequency allocation in the sub-THz band and atmo-

spheric attenuation

In section 1.1.1, it was said that the electromagnetic spectrum from 100 GHz to

1 THz is not allocated for specific uses yet, however this is not completely true.

Current regulation covers frequencies up to 275 GHz. From 100 GHz up to this

frequency there are 10 windows allocated for fixed and mobile communications, but

none of them with a bandwidth higher than 17 GHz (see Figure 1.1). From 275 GHz

onwards no specific regulation exists. However, two passive applications, radio

astronomy and satellite-based earth exploration, use a large number of bands in this

region. Until specific bands in this range are assigned to wireless communications

(this is likely to happen in the 2019 World Radiocommunication Conference), there

are two options: constrain THz communication to remaining bands only or share

the spectrum with these applications.

3In a recent work by Mittleman and colleagues [8], it was shown that even THz wireless links are
susceptible to eavesdropping if a scattering object, which would serve to redirect part of the beam to
the attacker’s receiver, is placed in the link path. Although the degree of complexity of such attack
is still higher than those for lower RF frequencies, this suggests that appropriate counter-measures
will be required if a secure THz channel is needed.
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Figure 1.1: Atmospheric attenuation at frequencies from 100 GHz to 1 THz. Values calcu-
lated for an atmospheric pressure of 101.300 kPa, temperature of 15◦C, and a water vapor
density of 7.5 g/m3

First option would make the task of achieving ultra-high data rates a very diffi-

cult one due to the small bandwidth, less than 10 GHz [9], of the remaining bands.

Therefore, the only way to reach ultrafast wireless communications is to share the

spectrum. Although this practice is permitted by the current regulation, ”all neces-

sary steps to avoid interference must be taken”. As noted in [10], this requirement

should not be a problem in the case of radio astronomy since radio telescopes are

normally located at isolated places. On the other hand, to avoid interference with

earth exploration satellites, the power of THz telecommunication sources should

be kept below a threshold that depends on the specific transmission scenario [11].

In chapter 2 we briefly discuss whether this limitation can prevent THz links from

achieving the distances required by targeted applications.

If the spectrum is shared, all the spectrum up to 1 THz could be used for

communications. In practice, however, atmospheric attenuation of THz waves will

ultimately determine the useful transmission windows for THz communications.

Atmospheric attenuation of THz waves is mainly caused by water vapor and oxy-

gen absorption. As can be seen from Figure 1.1, there are several windows in the
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frequency range from 100 GHz to 1 THz where the atmospheric attenuation is rel-

atively low. The appropriate frequency band for each application will depend on

the required transmission distance. Bands I and II may be used for long (1 km - 10

km) and medium (100 m - 1 km) range applications, respectively. Bands III and IV

may only be suitable for indoor applications with transmission distances lower than

100 m due to increased atmospheric absorption and the fact that rain attenuation can

reach values of up to 100 dB/km at these frequencies [12]. Windows V and VI may

be suitable for near field communications (transmission distance lower than 10 cm)

[13]. Above 1 THz, because of the many absorption lines of water vapor and other

atmospheric gases, seems to be unsuitable for wireless communications.

1.2.3 Applications

THz-communication applications can be divided into two categories: (a) backhaul

links4 of mobile and optical networks and (b) access links for the distribution of

high-definition multimedia services from base stations to end customers (in mobile

networks and wireless local access networks, WLANs) and between end customers

(in wireless personal access networks, WPANs). In Figure 1.2, a diagram illustrat-

ing some examples of these applications is shown. In chapter 2, these applications

will be reviewed in more detail together with their main requirements in terms of

link distance and data rates as well as the most cost-efficient transceiver technology

for each of them.

1.3 THz technology

1.3.1 Photonics & electronics

Since the THz band is an area of convergence between electronics and photonics,

there are approaches from both sides of the spectrum with potential to become a

commercial solution for THz wireless communications. In this section we review

the most important ones for wireless transmitters and receivers.

4A backhaul link is any of the links connecting the core network with the access points that
provide Internet services to end customers.



1.3. THz technology 22

Access point

Backbone 
network

Access
link

THz link

Fiber link

Backhaul
link

Figure 1.2: Possible applications of THz links in future wireless networks: connecting
several access points, access points and end customers and different end customers

1.3.1.1 Transmitter technology

One of the greatest challenges in THz technology is the development of a high-

power source. Photonic THz transmitters are based on the beating of two optical

modes in a photomixing device (see Figure 1.3 for a more detailed explanation).

On the other hand, several electronic technologies for either direct generation or

frequency multiplication are being investigated. From these technologies, the most

relevant ones for communications are: SBDs, resonant tunneling diodes (RTDs),

and transistor-based circuits.

Based on desirable features for wireless transmitters such as portability, low-

power consumption, high spectral purity, room temperature operation, low cost and

tuneability, one of the most promising techniques for THz generation is photonic

Laser 1 

Laser 2 

Modulator 
Ultra-fast

photodiode

 

Data

Terahertz (ω1 - ω2) 

Optical fiber

ω2

ω1

Figure 1.3: Beating of two optical signals in a photomixing device (in this case a PD). The
output of two lasers is optically coupled and injected into a PD, that generates a signal at
a frequency equal to the frequency difference between the two lasers. For data generation
one of the laser outputs is modulated before combining the two lasers outputs. This process
is also referred to as heterodyne THz generation.
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down-conversion in ultrafast photodetectors (PDs). Using this approach record out-

put powers for frequencies up to 1 THz have been demonstrated [4]. Although it is

expected that the power from these devices will not exceed few mW at frequencies

around 300 GHz [14], the combination of PDs in arrays is a promising approach to

increase the link budget of photonic THz wireless systems [13].

Furthermore, the photomixing approach allows the use of modulators and mul-

tiplexing techniques from optical networks to modulate the THz signal. This en-

ables advanced modulation schemes (like vectorial and multi-carrier modulation)

to be readily applied to THz signals at very high speeds. In the case of electronic

sources, however, the modulation scheme is one of the major drawbacks. On the

one hand, the non-linear behavior of multiplication chains limits the amplitude cod-

ing at source input. On the other hand, modulating the THz signal at source output,

either by using THz SHMs or in-phase/quadrature (IQ) THz modulators will be

associated with quite high conversion losses and low modulation indexes [15].

1.3.1.2 Receiver technology

Most of the approaches that are useful as THz emitters for wireless communications

can also work as receivers. Currently, from all previously mentioned techniques,

SBD-based SHMs remain more efficient than competing technologies [16]. How-

ever, transistor-based receivers have also been used in various THz transmission

experiments showing very good performance (64 Gb/s at a distance of 850 m and

a carrier frequency of 240 GHz [17]) and on-going research is being carried out in

ultrafast PDs for optical down-conversion of THz waves [18]. RTDs have been also

demonstrated as receivers [19].

1.3.1.3 Future prospects and challenges

There is a need for amplification both at the transmitter and receiver side to combat

the high FSPL that exists at THz frequencies. The development of THz ampli-

fiers is therefore a top priority in THz technology and one of the most active areas

of THz research [5]. From the technologies considered in this work (i.e., rele-

vant to communications), the highest output power reported at THz frequencies has

been achieved with InP transistor-based amplifiers (both HEMTs and heterojunc-
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tion bipolar transistor, HBT, InP amplifier circuits have achieved output powers of

about 10 dBm at frequencies around 300 GHz [20]).

Apart from amplification, there are other areas of active research which aim

either to increase the link budget or reduce production costs. Below are a few of

them regarding photonic technologies:

• Photonic integration. The main elements to be integrated from Figure 1.3

are the two lasers and the modulator, as depending on the application (see

section 1.3.2) the ultra-fast PD can be a standalone component. Photonic

integrated systems, compared to those based on discrete components, have

lower coupling losses, and, thus, higher power efficiency. Monolithic inte-

gration of these components on a III-V material such as InP is normally the

solution of choice. Photonic integration can also lead to lower THz signal

phase noise as the two lasers encounter the same environmental fluctuations

[21]. Although photonic integration is more and more accessible due to the

proliferation of multi-wafer foundry platforms, the development of a fully-

integrated dual laser source with RF synthesizer-like performance is still a

challenge. The integration of the ultra-fast PD with the rest of the photonic

components is also a challenge, as it typically uses a significantly different

set of epilayers. However, recent progress on integration techniques has en-

abled the first development of a fully-photonic transmitter chip for operation

at mm-wave frequencies (from 3 GHz to 120 GHz) [22].

• Development of Si photonics integrated technology. Here we distinguish be-

tween two trends: first the development of active Si integrated components

and second the development of techniques for integrating passive Si elements

with III-V active components. The main drivers for this are associated with

the large production capabilities of Si and its low optical propagation losses.

This last feature will be essential for the development of electronically steer-

able antenna-integrated PDs arrays [23]. Si photonics would also enable the

easy and cheap integration with Si electronic components.
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• Increasing PD power. Either by improving single PD performance character-

istics, in terms of saturation current and thermal management, or by develop-

ing antenna-integrated PDs arrays.

On the electronic side, areas of interest include:

• Pushing Si integrated technology oscillation frequencies. While reported InP

HEMT oscillation frequencies have exceeded 1 THz [20], the maximum fre-

quency of SiGe and Si complementary metal-oxide-semiconductor (CMOS)

integrated circuits is around 700 GHz resulting in powers 10 dB lower than

those reported for InP chips at the 300 GHz band for example [24]. Con-

sidering the mass production capabilities of this technology, pushing this fre-

quency will be key for realizing practical electronic sources.

• Integration of InP with Si. This would allow to combine the high power capa-

bilities of InP technology with the large fabrication capacity of the Si industry.

1.3.2 Converged optical-wireless access networks

Trends indicate that optical and wireless networks will converge to a highly inte-

grated network with a common optical feeder backbone [25] as depicted in Fig-

ure 1.4(a). A promising candidate for the optical feeder part of this converged

network is the passive optical network (PON). In a PON, a single feeder fibre of

up to 90 km is used to connect a central office (CO) to multiple drop fibres that

terminate in optical network units (ONUs) without the use of any active devices

such as routers. In the ONUs, which are placed at the customer premises, the op-

tical signal is converted to an electrical one for use in phones, computers, TVs...

In a converged wireless-optical network, the PON would also feed a number of

base stations (BSs) that would provide wireless connectivity to both mobile and

nomadic users in WLANs and WPANs respectively. In traditional networks, links

at the low microwave region have remained as the popular choice over optical fi-

bre backhaul options due to their associated advantages of faster deployment and

cost-effectiveness. However, such advantages are becoming weaker due to the in-

creasingly easier access to existing or planned fibre routes and, most importantly,
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the scarcity of bandwidth at low microwave bands [26]. In this context, an advan-

tage of photonic-based THz sources over electronic-based ones, is their seamless

integration with optical fibre, which would enable direct installation of photonic-

based BSs in such a hybrid network. This can be understood by looking at Fig-

ures 1.4(b) and (c). Radio-over-fibre (RoF), in comparison to the alternative tech-

nique of baseband-over-fibre (BBoF), reduces BS functionality to photo-detection

and amplification. This offers the benefits of centralised control and also minimises

the power consumption and the cost of the BSs. In mobile networks literature, these

reduced-functionality BSs are referred to as remote antenna units (RAU)s.

These advantages will be key in future cellular networks because of the large

number of BSs that will be required in the next generation of mobile telecommuni-

cations. Moreover, due to the high data rates that are envisaged for THz commu-

nications, it is very likely that in the BBoF scheme, some digital signal processing

(DSP) will be required in the BS after recovering the baseband data and before up-

converting to THz in order to compensate for transmission impairments [27]. This

will add some latency to the link that may be critical for achieving fast handover

procedures. In RoF, on the other hand, this latency is minimized since digital sig-

nal processors are only placed at the edges of the link (i.e. at the CO and the THz

receiver).
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Figure 1.4: (a) An optical wireless integrated network,(b) BBoF BS (typical configura-
tion of electronic THz generation), and (c) RoF BS (typical configuration of photonic THz
generation)
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1.4 Outline of the thesis

In sections 1.3.1 and 1.3.2, a comparison between electronics and photonics ap-

proaches for THz generation has been carried out, paying special attention to their

prospects in future converged networks. In spite of how technology progresses in

each field, it is clear that the concept of photomixing offers several advantages when

a seamless integration with fibre optics is required. Based on this premise, the use

cases that are more likely to benefit from an optical interface are identified in the

first part of chapter 2 after a detail review of the envisaged applications of THz

communications. Based on the distance and data rate requirements of these appli-

cations, chapter 2 goes on to discuss the most suitable receiver technology in each

of them. In the second part of chapter 2, techniques for phase noise mitigation in

coherent THz systems are discussed.

In chapter 3, a system based on an envelope detector (ED) and supporting

higher order modulation is proposed. Fundamental aspects of such system, such as

the carrier-to-sideband power ratio (CSPR), signal-signal beat interference (SSBI),

and phase noise sensitivity are discussed and analyzed. After this, the use of SSBI

cancellation algorithms at the digital receiver is proposed as a mean to increase the

spectral efficiency of ED systems. A THz system using the Kramers-Kronig (KK)

algorithm is then experimentally demonstrated. Finally, the phase robustness of

such system is compared with that of a heterodyne system using carrier recovery in

the receiver. In the second part of chapter 3, several single sideband (SSB) optical

techniques that relax the analog bandwidth requirement of the Tx digital-to-analog

converter (DAC) are introduced to the field of photonic THz communications. The

performance of such techniques is analyzed by means of numerical simulations and

their end-to-end implementation in a THz system is experimentally demonstrated.

Chapter 4 focuses on the realization of high capacity THz wireless bridges.

In this case, the analog tone-assisted technique is used to combat the phase noise

of the various free-running lasers used throughout the link. The wireless bridge is

demonstrated in several scenarios ((a) single channel transmission, (b) wavelength

division multiplexing (WDM) network, and (c) multiple-user support capability) for
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each of which the link configuration is slightly modified according to the specific

requirements. The last part of this chapter discusses the configuration and DSP

required to achieve a 40 Gbit/s wireless bridge.

In chapter 5 the thesis is summarized and potential lines for future research are

identified
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Chapter 2

Literature review

In this chapter, we isolate the expected applications for a THz link and describe in

detail the key technological choices to be implemented for the system to be opera-

tional.

2.1 THz applications

In this section, the main applications of THz communications are reviewed. A brief

description of each application is provided first and then the distance and data rate

requirements are discussed. The information on this section is based mainly on

the documents published by the standardization community (especially by the THz

Interest Group launched by the Institute of Electrical and Electronics Engineers [1])

such as [2, 3, 4, 5, 6]. Where information has been derived from other sources, this

is properly indicated throughout the text. THz links can be divided in two main

groups: fixed links and links requiring active tracking.

2.1.1 Fixed links

In these links the position of the receiver is known and, thus, active tracking is

not required. The alignment is performed during the installation process by radio

engineers. Note that, depending on the application, some of these links may require

to communicate with several receivers located in different (fixed) positions. This

can be achieved through either time-to-space [7] or frequency-to-space [8] beam

steering.
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Backbone 
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Figure 2.1: (a) Current network model where the BS has baseband processing capabilities
and serves a large area, and (b) C-RAN concept where the antenna unit is separated from
the baseband unit (the CO) and the density of wireless cells is increased

2.1.1.1 Mobile fronthauling and backhauling

To review the applications that are envisaged for THz wireless links it is necessary

to recall the concept of converged optical wireless network that was presented in

section 1.3.2. This model of network, which is referred to as cloud-radio access

network (C-RAN), has two fundamental aspects: on the one hand, the use of a

common optical feeder part and, on the other hand, the centralization of computa-

tional resources in the CO. Compared to the current network model (see Figure 2.1),

these two properties enable the management of a higher number of antennas from

a unique centralized unit (i.e. the C-RAN can be seen as the physical separation of

the antenna element and the baseband processing unit). This is a key advantage as

the density of wireless cells per unit area continues increasing to support the data

rates (see slide 38 of [9]).

As shown in Figure 2.1(b), the link connecting the CO with the RAU is called

fronthaul link whereas the link connecting the CO with the network backbone is

referred to as backhaul link. As said in section 1.3.2, optical fibre is becoming the
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Backbone 
network

Figure 2.2: (left) single-hop C-RAN network with THz and fibered links and (right) C-
RAN multi-hop network

most popular solution for this type of links. However, there are certain situations

where its deployment may not be economical as for example in crowded urban

areas or old historical areas. In this cases, large bandwidth wireless links might

offer better prospects than optical fibre.

In the typical C-RAN arrangement the CO is connected directly to all RAUs

(Figure 2.2 (left)). This fronthaul configuration is referred to as single-hop scheme.

In the cases where connecting all the RAUs to the CO is not possible (this may be

the case in dense urban areas), the implementation of a multi-hop network may be

the best solution. In this concept, only few RAUs will be connected directly to the

CO. These units will then forward the data packets to neighboring RAUs through

wireless links as in Figure 2.2 (right).

2.1.1.2 Wireless bridges

Wireless bridges refer to wireless links connecting two portions of a fiber link. Un-

like in mobile fronthaul or backhaul links, the signal is not demodulated in the

Rx RAU but rather up-converted to the optical domain and then transmitted to a

ONU through an extra portion of fiber as illustrated in Figure 2.3. In [10], three

case scenarios where a high-speed wireless bridge could be useful are identified:

(a) protection links in case of disasters and subsequent recovery, (b) entrance links

in rural areas where optical fiber cannot be deployed and (c) temporal link to pro-

vide network connections to small areas that are densely populated in case of large
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Figure 2.3: Wireless bridge

events, evacuation sites for disaster recovery, etc. Furthermore, these links could be

useful in university campuses, technology parks, etc. to interconnect the multiple

LANs forming the campus network.

2.1.1.3 Data centres

This is an application that has received significant attention by the THz community

[11]. Data centers contain racks equipped with various servers including storage

and multiple switches. Today fiber optics is still the preferred option to connect the

racks and the servers within a rack. However, pure wired data centers are static and

cannot be easily reconfigured following the requirements from dynamic traffic con-

ditions. In addition to this, the large amounts of cables complicate the processes of

maintaining and cooling the data center. For these reasons, the introduction of ultra-

high data rate wireless is considered as an attractive alternative currently explored

at 60 GHz [9]. THz communication, on the other hand, could enable far higher data

rates with comparable prerequisites and under the same conditions. Unlike previous

fixed links, the deployment of data center links will be indoors.

2.1.1.4 Chip-to-chip communications

This application refers to wireless links inside computers or any other electronic

devices. It is of high relevance because wired connectors and microstrip lines on

printed circuit boards are likely to become a bottleneck of upcoming bus systems

and inter-chip connections.
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2.1.2 Links requiring automatic beam steering capabilities

In this group of applications, the receiver will be in a portable device and, hence,

active tracking capabilities will be required at the transmitter to follow the receiver

and find alternative routes when shadowing of the LOS path occurs due to moving

people or objects.

2.1.2.1 THz access points

Cell networks based on THz technology, although one of the most desirable THz

applications, is also the most challenging one. This is due to the highly dynamic

environment associated with mobile access [12]. According to [13], due to the

limited coverage expected from THz stations in this kind of environment (unlikely

to exceed few meters), regular cell design will be very difficult to achieve with THz

technology, at least in the classic sense of a cell. Hence, it is more likely to have

indoor and outdoor THz hotspots providing super-fast access only within a very

limited range (nomadic access) rather than continuous access (mobile access). In

this scenario it is likely that future mobile cells will emit at different frequencies,

providing THz connectivity only when the user is in very close proximity (see slide

43 of [9] for a visual depiction of this concept).

2.1.2.2 Kiosk downloading

This is another application that has attracted the attention of the THz community

as it is expected to create an early marketplace [14]. It consists of content syn-

chronization and file exchange with the cloud through terminals called data kiosks.

Compared to conventional hotspots that are supposed to offload the traffic while the

mobile terminal is in the hotspot range, kiosk downloading is primarily for applica-

tions supporting data prefetching (i.e. pre-downloading data in readiness for later

use). Two possible case scenarios are envisaged for this application: in the first one,

the user stops in front of the terminal placing the mobile phone close to the kiosk; in

the second one, the user touches the specified spot but does not fully stop (like for

instance when walking through gates in train stations). In any case the link duration

in both cases is very short. Apart from train stations the kiosk terminals would be
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typically located in public areas such as airports, malls, convenience stores, rental

video shops, libraries, and public telephone boxes.

2.1.3 Distance and data rate requirements

Cell distances of current mobile networks, range from 250 m in urban micro cells

to 500 m in urban macro cells [15]. It is likely, hence, that the size of future cells

will range from tens of meters up to 100 m. In such case, THz fronthaul links in

the multi-hop configuration will need to reach, at least, that distance. For fronthaul

links in the single-hop configuration and backhaul links, distances as long as 1 km

and few km will be required, respectively. In the case of wireless bridges, link dis-

tances will range from few hundred of m (technology parks and campus network

links) up to few km (rural area-entrance, recovery, and event-coverage links). As

for data centers, required distances will vary, depending on the switch configuration,

between 10 m and 100 m for inter-rack links and between few cm and hundreds of

cm for intra-rack links. On the other hand, for intra-chip communications, links are

not likely to exceed few cm. In the case of THz hotspots and data kiosks, targeted

distances can be expected to be in the range of few m and few cm, respectively (in

the case of data kiosks, such a limited distance will be preferred to avoid interfer-

ence between neighboring stations).

Taking into account the speed targets that have been set for 5G and extrapo-

lating into the future, one can get an idea of the capacity that will be required from

future wireless systems. Since 5G aims to deliver data rates between 1 Gbit/s and

5 Gbit/s for WLANs users and 100 Mbit/s for mobile users [16], it is probable that

for the next generation data rates of around few tens of Gbit/s and 1 Gbit/s will be

required for WLAN and mobile users respectively.

With these figures in mind one can expect, then, several tens of Gbit/s from

fronthaul links. It should be noted that, although the current standard for fronthaul

links defines a maximum data rate of 10 Gbit/s, a revision of this standard is in the

agenda of the World Radiocommunication Conference of 2019 where it will prob-

ably be modified to support higher data rates. As for backhaul links, similarly as

for wireless bridges, data rates ranging from several tens of Gbit/s up to 100 Gbit/s
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are to be expected. On the other hand, aggregation of 10 Gbit/s links is currently

being used in data centers, so data rates of at least several tens of Gbit/s will be

required for inter-rack connections. Regarding chip-to-chip communications, data

rates up to Tbit/s are specified in a current standard, so, although it will not always

be necessary to support Tbit/s speeds, ultra-fast transmissions with data rates in the

order of 100 Gbit/s will be required.

If a data rate of a few tens of Gbit/s per user is required in future WLANs,

then, an indoor THz hotspot should be able to provide this speed. For outdoor THz

hotspots, a data rate of around 10 Gbit/s might be enough to accommodate several

users. As for data kiosks, the THz Interest Group suggests data rates in the range

of several Gbit/s to allow for a quick download of the contents. For instance, to

download a 114 minutes high-definition video in 3 seconds, which is the response

time that 83% people can wait without stress, a data rate of 28 Gbit/s is necessary.

Even higher data rates will be required for the use case where the user does not fully

stop in front of the kiosk.

Before moving on to the next section, it is necessary to discuss the poten-

tial limitations imposed by the frequency conflict with earth exploration (see sec-

tion 1.2.2). In [17], calculations of achievable distances and data rates for safe

levels of transmitter power were performed. In the case of fixed links, distances

of 867 m and 710 m were found for data rates of 40 Gbit/s (carrier frequency of

310 GHz) and 80 Gbit/s (carrier frequency of 350 GHz) respectively. Regarding

THz hotspots, a distance of 33 m was obtained assuming a data rate of 40 Gbit/s

and a carrier frequency of 310 GHz. Considering the required distance and data

rate values highlighted previously for each application, these figures are likely to

be acceptable in all the cases, where link limitations are more likely to come from

technological considerations. It is important to note, however, that the calculations

above are based on a pure SNR analysis. Generally, a better system performance

and, hence, higher transmission distances or data rates can be achieved with DSP

techniques such as pulse-shaping filters or forward error correction (FEC), which

relate to an enhanced system sensitivity.
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2.2 Technology required
In this section we review the different technology options that are available for THz

systems and attempt to determine which one suits best the distance and data rate

requirements of each application.

2.2.1 THz transmitter

For the transmitter, there are two main options: emitters based on photonic tech-

nologies and electronic sources. As said in chapter 1, photonic THz emitters offer

an advantage over electronics where a seamless connection with fiber optics is re-

quired. Most of the applications discussed previously are expected to be part of the

converged optical wireless network concept introduced in section 1.3.2 and, thus,

a seamless integration with the optical network will be required. The only appli-

cations which may not require an optical-THz interface are intra-chip communica-

tions and data centers. Also, in multi-hop networks, RAUs will not need to perform

a conversion from the optical to the THz domain either. In these specific cases, the

choice between electronics and photonics technologies will depend on how both

technologies evolve in the coming years.

Nonetheless, the advantage of optical modulation enabled by photonics (see

section 1.3.1.1) may tip the balance in favor of photonic sources even when an

optical-THz interface is not required. This might be the case when, in order to

maximize the data rate, simultaneous transmission at different THz windows would

be advantageous. As noted in [18] this is more easily accomplished with photonics,

where the channel multiplexing can be done in the optical domain (rather than in

the THz domain).

2.2.2 THz receiver

On the (electronic) receiver, there are also two main options: coherent receivers

based on mixers and non-coherent receivers based on envelope detectors (EDs).

Among all the devices that can be used as EDs at THz frequencies, those that are

interesting for high-speed wireless communications (i.e., those that have a short

integration time) operate by generating a current or voltage that is proportional to



2.2. Technology required 41

the incoming THz power. To do so, such devices must have a nonlinear current-

voltage relationship. All the electronic devices mentioned in section 1.3.1.2 (i.e.,

SBDs, RTDs, and transistors) have such nonlinear characteristic and, hence, can be

used as EDs. The same nonlinear characteristic is required for coherent receivers.

In this case, however, the received signal is coupled with the output of a THz local

oscillator (LO) that serves as the reference tone for the mixing process. The output

of a coherent receiver is a voltage or current that is proportional to the incoming

THz electric field.

While non-coherent receivers only accept intensity-modulated data and do not

support phase or carrier multiplexing (unlike coherent receivers), they significantly

simplify the system architecture since EDs do not require a THz LO. Hence, one

may always opt for non-coherent receivers as long as the supported data rate is

enough for the targeted application. In the following, we will try to determine,

based on the data rates given in section 2.1.3, for which applications this might be

the case. To simplify the discussion, we focus on the downlink only as its data rate

requirements are normally higher than those of the uplink.

Since non-coherent receivers do not support frequency multiplexing1, all the

data would need to be transmitted on a single carrier. On applications with link

distances higher than 10 m, where absorption peaks become non-negligible, this

limits the total available bandwidth to that of a single transmission window. As

shown in Figure 1.1, the wider transmission window, excluding windows V and VI

(only suitable for near field transmissions), is the first one, with a total bandwidth

of 68 GHz. Assuming double sideband (DSB) on-off keying (OOK) modulation,

this bandwidth translates into a total data rate of 34 Gbit/s. This value is clearly not

enough for any of the reviewed applications. Note that more complex non-coherent

systems based on multiple-antenna receivers (see for instance [19]), can be used to

extend the data rate. However, the complexity of such systems can be equal to or

1Frequency multiplexing can be used in non-coherent networks in order to address several re-
ceivers as long as these receivers have filters to select a determined frequency band. In this discus-
sion, however, is assumed that the transmitter communicates only with a single receiver (this would
be the case of backhaul links and wireless bridges for instance). In such a case the use of frequency
multiplexing is not supported.
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even higher than that of coherent systems supporting higher-order modulation, in

which case no reason for their implementation may be found.

On the above discussion is assumed that all the data is to be transmitted to a

single receiver. However in certain applications like fronthaul links or data centers

the transmitter will need to communicate with several receivers located at different

positions. To evaluate the feasibility of the non-coherent approach in these applica-

tions, one has to scale the capacity of a single link by the total number of links sup-

ported by the beam steering technique. As mentioned in section 2.1.1, there are two

possible ways to distribute the data between several receivers: time-to-space beam

steering (Fig. 2.4 (a)) and frequency-to-space beam steering (Fig. 2.4 (b)). With the

latter approach, different frequency components of the THz beam are sent to differ-

ent locations [8], where a non-coherent receiver may be used to down-convert the

THz signal. In this case, hence, frequency multiplexing is permitted and the total

available bandwidth would be the total bandwidth of all the atmospheric bands used

by the application. Following what was discussed in section 1.2.2, fronthaul links

may use windows I and II and data centers all the bands up to band IV, which gives

aggregated bandwidths of 114 GHz and 234 GHz and data rates of 57 Gbit/s and

117 Gbit/s respectively. This is enough for data centers but still falls short in the

case of fronthaul links. On the other hand, if a time multiplexing technique such as

that of [7] is used to steer the THz beam, transmission will be performed at a single

carrier frequency but the available bandwidth can be reused between the multiple

receivers (the number of times being limited by several parameters such as number

of antenna elements in the array, for example). In this case, sufficiently high data

rates may be achieved with non-coherent receivers in fronthaul links as well.

Thus, according to an analysis based purely on system capacity, the use of

non-coherent receivers and these techniques may be enough to meet the data rate

requirements of single-transmitter-to-multiple-receiver applications. However, un-

der practical considerations, the modulation bandwidth required at the transmitter,

which will scale with the number of supported receivers, can severely limit the

feasibility of the non-coherent approach. This is specially critical if time multi-
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Figure 2.4: (a) Time-to-space beam steering concept (adapted from [7]) and (b) Time-to-
space beam steering concept (adapted from [8]). TDD: true time delay

plexing is used to allocate the different receivers. In such case, all the data will

have be encoded to the same carrier with a single modulator. As the total trans-

mitter modulation bandwidth will be equal to the number of channels multiplied by

the bandwidth of a single channel [7], the use of (low-spectral efficiency) intensity

modulation imposed by envelope detectors may place a very stringent requirement

on the modulator bandwidth. In reality, hence, complex modulation formats with

phase multiplexing are likely to be necessary to decrease this requirement. As for

the freq. demultiplexer approach, the bandwidth load can be shared between multi-

ple low-capacity transmitters as shown in Fig. 2.4 (b). In this case the non-coherent
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Table 2.1: Summary of THz applications

Application Optical interface Distance Window Rate (Gbit/s) Modulation
Fixed links
Backhauling Yes Few km I Several tens - 100 Higher order

Wireless
bridges Yes

Hundreds of m
- few km I&II Few tens - 100 Higher order

Single-hop Yes 1 km I&II Several tens Higher order
Multi-hop No Hundreds of m I&II Several tens Higher order

Data centers Yes 10 m - 100 m I,II,III&IV Several tens Higher order

Chip-to-chip No
Few mm
- few cm all Several tens OOK

Links w/
active tracking

Data kiosk Yes 10 cm all Few tens OOK
THz hotspot Yes 10 m I Few tens OOK

approach may be feasible.

In the case of near field applications such as data kiosks or chip-to-chip com-

munications, where targeted distances are below 10 cm, atmospheric absorption

peaks are negligible and a continuum of bandwidth will be available. In these cases,

hence, bandwidth is not likely to be the main limitation. Furthermore, in both cases,

the receiver will be in a portable device and, hence, a receiver based on an ED

will be particularly convenient not only to simplify the system architecture but also

minimize the energy consumption. In the case of THz hotspots, where the main

emphasis will probably be on system simplicity and cost as well, a non-coherent

receiver is also likely to be the preferred option. Beyond the reasoning of simpler

receivers for simpler systems, it should be mentioned that, as noted in [20], coher-

ent receivers can also be advantageous in the case of portable receivers due to their

higher sensitivity. In fact, this increased sensitivity could pave the way to use lower

gain antennas, which could be more easily integrated in such portable devices. In

table 2.1, the main features and requirements of the envisaged THz applications are

summarized. After going through all the applications, one can conclude that non-

coherent receivers may only prevail in the cases where the receiver is in a portable

device. On all other applications, however, complex modulation formats will be re-

quired to maximize the data, for which coherent detection will be required. In such

case, the phase stability of the THz signal will affect the sensitivity of the system.

Hence, to operate at an acceptable power level, mechanisms to reduce the phase
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noise of the transmitted signal will be required. In the next section, some of the

techniques that have been applied to THz communication systems to combat the

phase noise are reviewed.

2.3 Phase noise reduction techniques

2.3.1 DSP

In a photonic THz system system there are two types of impairments associated

with the phase of the recovered signal: (a) frequency offset, which arises from the

frequency difference between the signal and the LO used to down-convert the signal

to baseband and translates into a linear phase variation with time and (b) phase

noise, which arises mainly from the combined laser linewidths and can normally be

modeled as a random walk distribution over time. Broadly, both the frequency offset

estimation (FOE) and phase estimation (PE) algorithms that aim to correct these

impairments operate by removing the modulation before estimating the frequency

and phase deviations.

2.3.1.1 Mth power algorithms

The Mth power algorithms describe a class of nonlinear carrier recovery techniques

for M-ary (where M is the modulation order) phase shift keying (PSK) modulated

signals. By raising the digitized symbols to the Mth power, the modulation can be

removed, allowing to estimate and eliminate both the frequency offset and phase

noise of the incoming signal through different digital operations. If an M-PSK

signal is modulated as follows:

s(t) = Acos
[

2π fct +
2π

M
m
]
, m = 1,2, ...,M (2.1)

where fc is the carrier frequency and m is the PSK, then the equivalent digitized

baseband signal can be represented as a complex number, z

z(k) = exp j(2π∆ f kTs+
2π

M m+φ(k))+n(k) (2.2)
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where n(k) is the channel noise, ∆ f is the frequency offset, Ts is the symbol period,

φ(k) is the phase noise and k is the sample number. By raising Z to the power M,

the modulated component becomes 2πm, which is always a multiple of 2π and,

therefore, evaluates to unity in equation 2.2. Once the data has been removed, the

FOE, ∆̂ f , can be obtained through a fast Fourier transform (FFT) according to [21]:

X(K) = FFT
[
zM(k)

]
X(K0) = max

[
X(K)

]
∆̂ f =

K0

NTsM

(2.3)

where N is the number of samples used in the FFT.

After the frequency offset has been removed, the phase noise can be estimated

by re-raising the samples to the Mth power a second time and then applying a block

averaging filter [22]. This is done to eliminate the effect of additive white Gaussian

noise (AWGN). Mathematically, this can be expressed as:

φ̂block =
1
M

[
arg
( N

∑
k=1

zM(k)
)]

, (2.4)

where N is the size of the averaging filter. It is important to note, that, using the

filter in 2.4, all samples within a block get the same phase error estimate. This PE

algorithm for PSK signals is called the Viterbi-Viterbi (VV) algorithm.

2.3.1.2 QAM-adapted Mth power algorithms

The Mth power algorithms presented before can be adapted to square quadrature

amplitude modulation (QAM) signals. In the case of FOE, the same procedure

(see 2.3) can be used [21]. In the case of PE, before removing the data it is necessary

to take amplitude decisions on the incoming samples (this requires equalization) so

that only samples lying on constellation rings with QPSK phase distributions are

selected [23]. For a unity power-normalized square 16-QAM signal this can be

achieved with the following algorithm:

if |x(k)|< 0.5(
√

0.2+1) or |x(k)|> 0.5(1+
√

1.8) then
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Figure 2.5: Sensitivity penalty of the QAM-adapted VV at a BER of 10−3 and an optimum
block filter length N. The lower x axis shows the linewidth × symbol product (figure of
merit of PE algorithms [24]), while the upper x axis shows the required linewidth per laser
(assuming two identical lasers) at a symbol rate of 10 GBd.

x(k)← xclass1(k)

else

x(k)← xclass2(k)

end if

where x(k) is the output of the equalizer and xclass1 are the samples with a QPSK

phase distribution. After this, the selected samples are raised to the power of four

and the estimate is calculated by averaging over a filter of length N according to:

φ̂block =
1
4

[
arg
( N

∑
k=1

x4
class1(k)
|x4

class1(k)|

)]
. (2.5)

As can be seen from 2.5, before being summed, the complex samples have to be

normalized to account for the fact that samples from different amplitude rings are

used in the estimation. The sensitivity penalty of this algorithm (compared to the

sensitivity of a system using differential decoding) is plotted in Figure 2.5.
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2.3.1.3 Cycle slips and differential decoding

The arg(·) function provides with a wrapped phase error estimate, however, the ac-

tual phase error extends from +∞ to−∞. Hence, to correctly track it, it is necessary

to unwrap the output of the averaging filter. As the jump tolerance of the unwrap-

ping operation is ±π and the phase error after the Mth power operation is scaled

by M, the estimate will be assigned a wrong quadrant number every time the phase

error exhibits a jump higher than ± π

M between blocks. This is known as cycle slip

and will cause all subsequent symbols to be misclassified until the receiver is reset

[24].

Differential logical detection can be used to overcome cycle slips [24]. In this

technique, data is encoded on the difference between the phase of two consecutive

symbols rather than in the absolute phase of each symbol. At the receiver, this data

is recovered by subtracting the phase of two consecutive received symbols. In doing

so, the information received is dependent only on the phase of the currently detected

and previously detected symbols and the propagation of errors through the symbol

sequence is avoided.

An easy way to implement differential decoding in square-QAM constellations

is by expressing the transmitted symbol as a function of the N differential angles de-

termined by the N pairs of bits that are encoded in one symbol (i.e., N = log2(M)/2)

[25]. For 16-QAM, for example, a symbol would be represented in terms of two

differential angles {∆θ1,∆θ2}and ∆θ1 would be determined by the first two bits and

and ∆θ2 by the last two bits. Expressing a 16-QAM symbol, ak, as the summation

of two vectors:

ak = bk + ck, (2.6)

then

bk = 2/
√

5 · e j(θ1,k−1+∆θ1,k) (2.7)

and

ck = 1/
√

5 · e j(θ2,k−1+∆θ2,k) (2.8)

where it is assumed that the signal has an average power of unity. This decomposi-
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Figure 2.6: Differential decoding process

tion is shown in Figure 2.6. As can be seen, this method decomposes the M-QAM

constellation to log2(M)/2 QPSK constellations.

Expressing the received signal as rk, the differentially-encoded quadrant of the

received symbol, b̂k, can be obtained as:

b̂k = 2/
√

10[sign(ℜe{rk})+ jsign(ℑm{rk})] (2.9)

where ℜe and ℑm denote the real and imaginary components, respectively, and

sign is the signum function. To obtain ∆θ̂1, one simply has to compute the phase

difference between the quadrant vectors of two consecutive symbols (i.e. b̂k · b̂∗k−1).

After this, ĉk can be computed as follows:

ĉk = 1/
√

10[sign(ℜe{rk− b̂k})+ jsign(ℑm{rk− b̂k})] (2.10)

where we have displaced the smaller QPSK constellation to the origin. θ̂2 is then

obtained by calculating ĉk · ĉ∗k−1.

2.3.1.4 Pilot tone-assisted carrier recovery

Another DSP technique that can be used for carrier recovery is the tone-assisted

technique, where a pilot tone is added to the baseband signal and transmitted

through the link [26]. At the digital receiver this tone is filtered out and then mixed
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with the unfiltered signal to remove the frequency offset and phase noise. The pilot

tone can be added to the baseband through the single sideband (SSB) with carrier

modulation format, for example.

2.3.2 Optical frequency comb filtering

As we have seen in the previous section, although DSP can be used to mitigate the

phase noise of free-running lasers, it can increase considerably the power consump-

tion of the receiver and introduce some latency to the link. Furthermore, if using

low-cost foundry-fabricated lasers (linewidths > 1 MHz [27]) or high-order mod-

ulation formats, they can incur in notably high penalties as seen in Figure 2.5. To

avoid excessive digital complexity, two phase-correlated optical tones can be used

for the beating process in the ultrafast PD.

The easiest way of creating two locked modes is modulating an optical con-

tinuous wave (CW) optical signal with an external modulator. In that case, two

sidebands are generated at both sides of the optical carrier at a frequency distance

equal to the driving signal frequency. This technique, however is not suitable for

THz generation since it already requires an electrical signal at the desired frequency.

To extend the frequency of an electrical signal in the optical domain the nonlinear

transfer function of an external Mach-Zehnder modulator (MZM) can be exploited

to create a carrier-suppressed modulation. The output signal consists now of two

modes with a frequency separation equal to two times the driving frequency sig-

nal. For the THz regime, however, this technique still remains impractical given the

frequency limitation of the available sources and the modulators.

A further increase in the frequency separation of two phase-locked modes,

can be achieved by using several cascaded modulators [28] or a single dual-drive

MZM driven by large-amplitude signals [29]. The output in this case, referred to

as an optical frequency comb, is made of multiple optical wavelengths spanning

over a wide optical wavelength range (comb span), all equidistant from each other

by a fixed value (comb spacing), and all phase correlated to each other. The comb

spacing is equal to the driving signal frequency. The subsystem used for creating

such optical frequency comb (i.e. the CW laser, the modulator(s) and the RF LO)
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is known as optical frequency comb generator (OFCG). When using an OFCG for

coherent THz communications, two optical modes are filtered and sent to individual

optical arms where one of them is modulated as seen in Figure 2.7.

For filtering two modes, passive filters may be used such as arrayed waveguide

gratings (AWG) or ring-based filters. The problem with these filters is that their

passband remains in the GHz-range level and their insertion loss is typically high

(10 dB) [30]. If tight filtering is required and/or the peak power per comb line is

low, a laser locking technique can be implemented instead to select the two OFCG

modes. Injection locking, for instance, can be used for such a purpose [31]. How-

ever, the homodyne nature of this technique (i.e., the output of the slave laser can

not be offset from that of the master) can limit the tunability of the THz signal if

the line spacing of the OFCG cannot be quickly adjusted. To overcome all these

problems, an optical phase-locked loop (OPLL) can be implemented instead.

An OPLL enables electronic control of the phase of an output of a laser source,

locking the two wavelengths to a microwave reference electrical signal [32]. It is

formed by a master and a slave laser, a PD, a phase detector (i.e., mixer), a low pass

loop filter, and a microwave reference oscillator. The operation principle is based on

comparing the signal generated by heterodyning the two lasers on the PD against

that from the microwave reference. This process is done in the mixer, which is

typically implemented as a double balanced mixer to minimize the unwanted direct

current (DC) terms [33]. The error signal generated after proper filtering is fed back
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to the phase section of the slave laser, forcing it into tracking the master laser at a

frequency offset equal to the microwave reference frequency. To filter two OFCG

modes, a dual arm OPLL—as that shown in Figure 2.8—can be used.

2.3.2.1 Phase noise in OFCGs-based systems

As shown in Figure 2.7, after selecting the two modes with the active/passive filter,

one of them is passed through a modulator. Since both modes travel through dif-

ferent optical paths until they are recombined in the coupler, a time delay between

the two optical modes will arise. This means that the phases of the two modes will

not be totally correlated when they reach the ultra-fast PD causing a broadening in

the THz signal linewidth. The degree of decorrelation depends on the coherence

length—which is inversely proportional to the linewidth—of the laser driving the

OFCG so that using a laser with a high coherence length—or a narrow linewidth—

can mitigate the problem. Alternatively, if narrow-linewidth lasers are not eco-

nomically viable, path-matching fibers can be used to effectively compensate the

mismatch [34].

Apart from physical path mismatches, optical path fluctuations between the

two optical paths can also arise due to temperature and acoustic noise in the optical

fiber cables. These, as reported in [19], also compromise the phase of the generated

signal. To mitigate this problem in reference [35], a method based on locking the

two filtered modes (decorrelated) to the original unfiltered modes (correlated) of the

OFCG is proposed. To do so a phase shifter (PS) in each arm is driven by the error

λ

OFCG

LPF

Microwave
reference

Phase
detector

Diode laser

λ

Locked
output

Figure 2.8: Dual-arm OPLL
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signal resulting from photomixing the two filtered modes with the OFCG output.

Since the photomixing process takes place in a low-speed PD, it only outputs the

mixing products from modes oscillating at the same frequency. Multiple modes

can be independently locked in a single PD by using dither signals as shown in

Fig. 2.9. Another approach to decrease such time fluctuations is to integrate all

the components in a single chip. This ensures better thermal tracking between the

generated spectral line and can results in improved stability [36].

Even if the physical and the optical lengths mismatches between the two arms

are well managed, the THz signal will exhibit the phase noise arising from the

multiplication of the local oscillator signal driving the modulator in the OFCG.

The resultant phase noise associated with this process is directly proportional to the

number of times that the LO frequency has to be multiplied to achieved the proper

frequency separation between modes [37]. For THz generation this multiplication

factor can be quite high: for a LO frequency of 20 GHz and a target THz frequency

of 300 GHz, the multiplication factor is 15. The contribution of this multiplication

factor to the phase noise spectral density is given by 20× log(N) (i.e., for N = 15,

the phase noise spectral density will be scaled by 23.5 dB).

Furthermore, if the system is intended for RoF, the degree of correlation of the

two modes reaching the PD will ultimately be limited by chromatic dispersion. This

would have an effect similar to a path mismatch between the two transmitted modes

[38]. Although these effects may not be critical if low-noise optical and electrical
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Figure 2.9: Stabilization of two OFCG’s filter modes with PSs. Adapted from [35].
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Table 2.2: Notable THz transmissions with OFCGs

Data rate
(Gbit/s)

Frequency Multiplexing Modulation
Carrier

recovery DSP
Reference

20 325 GHz - QPSK Yes [15]
100 200 GHz Frequency QPSK Yes (only PE) [39]
100 237.5 GHz Frequency 16- & 8-QAM Yes [40]
106 400 GHz - 16-QAM Yes [41]
100 320 GHz - QPSK No [42]

sources are available, they may become limiting factors if cost-efficient sources are

required and higher-order modulation formats like 16-QAM are needed. For all

these reasons, most of the systems employing OFCGs for THz generation have also

used DSP compensation in the receiver. In table 2.2, notable THz communication

experiments using OFCG are shown.

2.3.3 Envelope detector-based systems

Direct detection of THz with an envelope detector can be used to eliminate the

penalty due to phase noise. To enable the use of QAM or PSK with an envelope

detector, the complex baseband signal must be up-converted to an RF [43]. This

signal plus a DC term are then modulated to an optical carrier to produce an inten-

sity modulated (IM) signal with a double sideband-with carrier (DSB+C) spectrum.

This signal is then combined with another optical tone at the proper frequency sep-

aration and sent to a high-speed PD to produce a DSB+C THz signal. The problem

with this technique is that the optical DSB+C signal has low spectral efficiency and

is sensitive to power fading due to chromatic dispersion. To solve these problems

one of the redundant sidebands can be suppressed by using the SSB modulation

format [44].

One of the ways to achieve a SSB signal is via the Hilbert transform (HT) [45].

The HT is a mathematical operator in which all negative frequency components of

a signal are phase advanced by 90◦ whereas all positive frequency components are

phase-delayed by 90◦ (i.e. it introduces a 180◦ phase difference between the neg-

ative and positive components of the input signal). The amplitude of the spectrum

remains unchanged. The frequency response of a HT, GHT (ω), can be therefore
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Figure 2.10: SSB signal generation using Hilbert transform

expressed as:

GHT(ω) =


e− jπ/2, if ω > 0

0, if ω = 0

e jπ/2, if ω < 0

(2.11)

where ω denotes the angular frequency. The HT can be implemented in the analog

domain with a 90◦ phase shifter or in the digital domain with frequency- (exact

response function) or time-based (approximate response function) filters.

To generate an optical SSB signal, a setup like that shown in Figure 2.10 is

required. The RF up-converted signal is first split into two paths. In one of them the

signal is passed through a block implementing the HT operator whereas in the other

the signal remains unchanged. Both outputs are then used as the driving signals of

an optical IQ-modulator. Analytically, if we express the up-converted signal as:

b(t) = Amod(t)cos(ωRFt +θmod(t))

=
Amod(t)

2
[e j(ωRF t+θmod(t))+ e− j(ωRF t+θmod(t))],

(2.12)
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where wRF is the up-conversion frequency, then its HT b̂(t) is:

b̂(t) = H[b(t)] = Amod(t)sin(ωRFt +θmod(t))

=
jAmod(t)

2
[−e j(ωRF t+θmod(t))+ e− j(ωRF t+θmod(t))],

(2.13)

where H[•] denotes the HT. By writing the output of the CO laser as ES(t) =

ASe j(ωSt+ϕS(t)), where ϕS(t) denotes the phase noise of the laser, and assuming a

sufficiently small modulation index, the IQ-modulator linearly maps b(t) and b̂(t)

to the optical domain, so that the output electric field can be expressed as:

Eout(t) ∝ ES(t) · [(VI +b(t))+ j(VQ + b̂(t))]

∝ ACe j(ωSt+θbias+ϕS(t))+Amod(t)e j((ωS+ωRF )t+θmod(t)+ϕS(t)),
(2.14)

where VI and VQ are the biasing points of the I- and Q-components respectively,

θbias = arctan(VQ/VI), (2.15)

and

AC =
√

V 2
I +V 2

Q. (2.16)

As can be seen from 2.14, the output of the IQ-modulator is a SSB signal with

the optical carrier (first term) and the upper sideband (second term). As shown in

Figure 2.11, for THz generation, this signal is then combined with another optical

tone, which may be written as ELO(t) = ALOe j(ωLOt+ϕLO(t)), where ϕLO(t) denotes

the phase noise of the laser. The combined signal is then sent to a PD, where a

current oscillating at a frequency equal to the frequency difference between the two

lasers (here assumed to be in the range of THz) is generated according to:

ET Hz(t) ∝ Eout(t) · ( jELO(t))∗

∝ ACe j(ωT Hzt+θbias+∆ϕ(t))+Amod(t)e j((ωT Hz+ωRF )t+θmod(t)+∆ϕ(t)),
(2.17)

where ωT Hz = |ωS−ωLO|, and ∆ϕ(t) = ϕS(t)−ϕLO(t)−90◦ represents the phase

noise of the THz signal and includes the 90◦ degree phase shift introduced by the
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Figure 2.11: Photonic generation and envelope detection of THz SSB signals

3-dB coupler.

Finally, modeling the THz ED as a square-law device where the output is low

pass filtered, the final signal can be expressed as:

IED(t) ∝ ET Hz(t) ·E∗T Hz(t)

∝ A2
C +A2

mod(t)+2RAmod(t)cos(ωRFt +θmod(t)−θbias),
(2.18)

From 2.18 it is easy to see that the recovered signal does not include the combined

phase noise contribution of the two lasers ∆ϕ(t) since it vanishes when the unmod-

ulated tone beats with the sideband in the ED. On the other hand, it does contain

the phase term introduced by the biasing points of the I- and Q-components in the

optical modulator θbias. Although this only causes a fixed phase rotation of the re-

ceived signal (i.e. it does not vary with time), it needs to be removed during the

demodulation process. From 2.18, one can also see that the detected signal, apart

from the useful signal, includes a DC component (first term) and a term which is

the beating of the signal with itself (second term). This term spans from DC up to

the signal bandwidth and as we shall see later can interfere with the useful signal if

no counter techniques are used.
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Chapter 3

Envelope detector-based THz systems

THz systems based on EDs have several advantages. On the one hand, they sub-

stantially simplify the receiver as no LO is needed. On the other hand, as shown

in Equation 2.18, these systems are robust against phase noise, which enables the

use of free-running lasers. This, in turn, brings another set of advantages. The

most obvious one is the complexity and cost reduction associated with these type of

lasers, as opposed to systems based on OFCGs and narrow-band filters. Crucially

this also allows placing one of the lasers on the RAU. This arrangement, apart from

freeing CO channels, thereby increasing the bandwidth efficiency and facilitating

the integration with PONs, it also increases the energy efficiency as the laser in the

RAU does not get attenuated by the optical fiber connecting the CO and RAU. On

the other hand, these benefits could be tainted by the fact that placing a laser on the

RAU would increase the cost of such unit [1]. However, if the link is to support

full-duplex operation, then the RAU will need to have an optical source anyway

(for the uplink data). Although laser-free RAUs have been proposed, they require

complex filtering schemes [2]. By reusing the free-running laser at the RAU for the

uplink and the downlink, the system can be greatly simplified, obtaining units very

similar to what is currently being proposed for future optical networks ONUs [3].

In this chapter, THz system architectures based on envelope detection and

high-order modulation formats are investigated. In section 3.1, the DSP used for

generation and detection of SSB signals is presented, briefly explaining the main

algorithms used in this work. Then, in the second part of section 3.1, the experi-
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mental arrangement used throughout this chapter is outlined. In section 3.2, impor-

tant parameters of SSB signals, like the signal-signal beat interference (SSBI) or the

carrier-to-sideband power ratio (CSPR) are discussed. The phase noise robustness

of SSB signals is then experimentally tested by means of linewidth emulation [4].

In the last part of section 3.2, the bandwidth-efficiency gain of a SSBI-cancellation

algorithm known as Kramers-Kronig (KK) is studied. After this, the linewidth toler-

ance of a system based on baseband signals (throughout this thesis we refer to THz

QAM signals as baseband signals to distinguish them from the IM SSB signals) and

carrier recovery is tested and compared to that achieved with SSB signals and ED.

In section 3.3, two techniques for SSB signal generation that lower the analog

bandwidth requirements of the digital-to-analog converter (DAC) in the transmit-

ter, are presented, highlighting the main features of each technique. Following this,

simulation results are provided comparing the quality of the sideband signal gener-

ated by each technique. In the last part of section 3.3, end-to-end implementation

of a THz system incorporating each of these techniques is performed. Finally, the

obtained BER results for each technique, including those obtained with the conven-

tional SSB generation technique through the HT, are analyzed and compared.

3.1 Tx and Rx DSP and experimental arrangement

3.1.1 DSP for SSB generation and reception

Due to the phase robustness of envelope-detected signals, no FOE or PE algorithms

are required in their demodulation process. Next, the main DSP blocks used in this

work for systems based on ED are briefly described and explained as well as the

complete DSP chain used both at the transmitter and receiver.

3.1.1.1 Root raised cosine filters

Root raised cosine (RRC) filters are used throughout this thesis for pulse shaping

purposes. The frequency response of such filters is derived from that of the raised

cosine filter, whose time characteristics satisfy the Nyquist intersymbol interference

(ISI) condition, while having a band-limited spectrum in the frequency domain. To

take advantage of matched filtering, the pulse shaping load of the raised cosine
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can be implemented as the product of two identical responses. In such cases, the

response becomes a square-root raised cosine. The frequency response of such

filters is given as:

H(ω) =


√

Ts, if 0≤ ω ≤ c
√

Ts

(
cos
[

Ts(ω−c))
4α

])
, if c≤ ω ≤ d

0, if ω > d

(3.1)

where ω is the radian frequency, Ts denotes the symbol period, c = π(1−α)
Ts

and

d = π(1+α)
Ts

. As can be seen from this, the stop band frequency ( fstop), defined as

the frequency at which the response first reaches zero magnitude, is related to α by

fstop = (1−α)Rs
2 , where Rs is the symbol rate. While low values of α increase the

spectral efficiency of a system, they also lead to higher peak to average power ratios

and can increase the likelihood of ISI. Thus the specific election of α is a trade-off

between these features.

3.1.1.2 Equalization

Adaptive equalization is used in this thesis for two purposes: for symbol re-timing

(i.e., to get the ideal sampling phase) and to approximate the inverse channel re-

sponse. The equalizers used here are blind (do not require training sequences for

their initialization) and adaptive. Such filters adapt their tap weights after each iter-

ation based on the output of an error function. This error function is a measure of

the deviation from the property that equalizer aims to restore, which is determined

a priori based on the knowledge of the modulation format.

Two different equalizers are used throughout this thesis: the radius directed

equalizer (RDE) and the decision-directed (DD) equalizer. The RDE has the fol-

lowing error function:

e(k) = y(k)(Ry−|y(k)|2), (3.2)

where y(k) is the equalized output and Ry is the radius of the nearest constellation

symbol for each equalizer output. To determine (Ry), amplitude decision need to be

taken on the equalizer output. For 16-QAM the algorithm in section 2.3.1.2 can be
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used. On the other hand, the error function of the DD equalizer is defined as:

e(k) = â(k)− y(k) (3.3)

where â(k) is the decision value using a standard rectilinear grid of decision re-

gions in the constellation (hard decision). The convergence of this algorithm, thus,

depends on making a series of successive correct decisions for symbols. For this

reason, this equalizer is used at the final stage of the receiver DSP routine and often

in conjunction with other equalizers.

After the error function has been calculated, the tap weights of the two equal-

izers are updated with the least mean squares (LMS) algorithm according to

w(k+1) = w(k)+µ ·x(k) · e∗(k) (3.4)

where w(k) are the tap weights, µ is the step size parameter of the LMS algorithm

and x(k) is the equalizer input.

3.1.1.3 Complete transmitter and receiver DSP routine

The DSP blocks used to generate the SSB signal waveform are shown in Figure 3.1.

Four 211 De Bruijn bit sequences decorrelated by approximately 25% of the pattern

length were used for symbol generation. The length of the De Bruijn sequence is an

important parameter as a short sequence can inaccurately predict the impact of ISI.

Assuming the main source of ISI in our system comes from chromatic dispersion

(CD), then the minimum required order of the symbol sequence is given by [5] :

ns = Dmax
c
f 2
s

Bsrs +1 (3.5)

where ns is the symbol order, rs the symbol rate, Dmax is the accumulated chromatic

dispersion, fs the optical carrier frequency and Bs the signal bandwidth. From all

the transmission experiments carried throughout this thesis, the maximum length of

optical fiber was 50 km, which (at an optical carrier frequency of 193.1 THz and a

dispersion coefficient of 16ps/(nm·km)) gives a minimum symbol order of 2. For
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16-QAM this translates into a symbol sequence of 162×4 = 1024 symbols, which

is less than the one used here.

After bit-to-symbol mapping, a pair of RRC filters with α = 0.1 (giving a

passband bandwidth of 5.5 GHz) are applied to the I- and Q-components. The RRC-

shaped signal is then digitally up-converted to an RF frequency ( fsc) by feeding it

to a digital IQ modulator. After this, a HT is applied to the Q-component to remove

the lower frequency sideband.

In Figure 3.2 the DSP blocks used to recover the envelope detected signals are

shown. The digitalized signal is first fed into a digital IQ demodulator for down-

conversion to baseband. After this, a coherent DSP routine consisting of: RRC

matched filtering, resampling, power normalization, and equalization is carried out.

The equalizer is initialized using the RDE and then switched to the DD equalizer.

Before switching to the DD equalizer, θbias in Equation 2.18 is corrected with the

square QAM-adapted VV algorithm. Note that in a practical system, θbias may

be removed with a single-phase rotation without the VV algorithm to reduce dig-

ital complexity [6]. A typical constellation diagram after each block is shown in

Figure 3.3. After all these blocks, symbol-to-bit mapping was performed for BER

measurements.
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3.1.2 Complete experimental arrangement

The complete experimental arrangement used in the transmission experiments is

shown in Figure 3.4. The digital waveforms resultant after applying the transmitter

DSP described in section 3.1, were uploaded to an arbitrary waveform generator

(AWG) with an analog bandwidth of 12 GHz and operating at a sampling rate of 50

GSa/s. As shown in Figure 3.4, the generated waveforms were time-aligned with

two PSs before being electrically amplified. This was done to correct a slight delay

between the two channels so that a high optical sideband suppression ratio (OSSR)

could be achieved. The maximum OSSR achievable with an optical modulator is

approximately equal to its extinction ratio (ER) and only obtained when the the sig-

nals driving the IQ-modulator are amplitude-, phase- and time-matched (i.e., there

is no IQ imbalance) [7]. As can be seen from the generated optical SSB signal (inset

of Figure 3.4) an OSSR of about 30 dB was obtained which matches well with the

measured ER of our IQ-modulator (30.5 dB).

On the transmitter side, an external cavity laser (ECL #1) with a linewidth of

11 kHz and a wavelength of 1549 nm was used as the CW source for data modula-

tion. After optical modulation, amplification (with an erbium-doped fiber amplifier,

EDFA) and filtering, the signal was transmitted through 10 km of optical single

mode fibre (SMF). When no linewidth emulation was carried out, the transmitted

optical signal was combined with a second ECL (ECL #2) with a 11 kHz linewidth

and a wavelength of 1551 nm (the frequency difference between the two lasers was

250 GHz). After optical amplification and filtering, the signal and the unmodu-

lated tone were sent to an ultrafast PD. This ultrafast PD was a uni-travelling carrier

(UTC) PD. In UTC PDs the absorption occurs in the p-doped layer and—unlike

A B C D

Figure 3.3: Typical constellation diagram after (A) normalization, (B) RDE, (C) VV and
(D) DD equalizer.
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in p-i-n PDs—only electrons diffuse into the depletion layer. As electrons have

higher drift velocities than holes, UTC PDs offer higher bandwidths than p-i-n PDs,

where holes also drift through the depletion layer (thus limiting their frequency re-

sponse). To overcome the low responsivity of vertically-illuminated UTCs while

keeping the absorber thickness required for fast operation, the UTC PD was edge-

coupled. Apart from enhancing the responsivity, this configuration enabled the use

of a travelling wave design to further enhance the frequency response of the UTC

[8].

Horn antennas with a gain of 25 dBi were used for both transmission and re-

ception and placed at a distance of 0.3 m from each other. A pair of lenses were

LO

EDFA 1

OBPF VOA

UTC-PD

25 dBi antennas
+ lenses

Scope

ECL #2 

×6

Brick-wall
BPF

CSPR calculation

(∙)2

Brick-wall
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const. power
(4 dBm)
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PC
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IQ mod.

AWG

PS 1 τ τ
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Figure 3.4: Block diagram of the experimental arrangement for the transmission of SSB
THz signals (including the digital ED and the CSPR measurement point). The inset shows
the optical spectrum of the generated SSB signal at point A (i.e., after EDFA1).
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inserted between the two antennas to increase the collimation of the THz beam and

achieve a higher transmission gain. These lenses had a diameter of 50 mm, which

gives a theoretical gain of 42 dBi per lens—according to G = (4πS)/λ 2, where G

is the gain, S is the area of the lens, and λ is the wavelength of the electromagnetic

wave and corresponding to the diffraction-limited lossless case [9]—and a total 84

dB gain for the two lens-antenna pairs. Note, however, that, due to the short trans-

mission distance used in the experiments, a link budget calculation using the Friis

formula would give unrealistic results [10].

Due to the lack of a THz ED at the time of performing the measurements, the

envelope detection was implemented here in the digital domain after the ADC. This

is why a THz LO was used to down-convert the SSB signals to an IF. It should

be noted that this configuration was only intended to replicate the performance of

a system with an analog ED. The module for down-conversion consisted of a ×6

multiplier, a SHM, and an IF amplifier. After down-conversion, the IF signal was

amplified again and then digitized in an analog-to-digital converter (ADC) operating

at 80 GSa/s. In all the transmission experiments, the duration of the recorded signal

was 10 µs, giving a total number of bits of around 2 ·105. With this number of bits,

the lowest statistically-reliable BER that can be measured is well below 10−4. This

figure is much lower than the BER limits of the FEC schemes considered in this

work (BER > 10−3).

The flow chart of the ED together with the CSPR measurement point are also

shown in Figure 3.4. The ED consists of a brick-wall band pass filter (BPF) to fil-

ter out the SSB signal, a squaring operation, and a brick-wall low pass filter (LPF)

to remove the second order terms. All this was carried out at the sample rate of

the ADC. In Table 3.1, important parameters of the components used in the exper-

imental arrangement are summarized. Parameters such as the NF of the electrical

amplifiers, the AWG effective number of bits (ENOB) and full-scale voltage (VFS),

as well as the modulator π voltage (Vπ ), will be used in section 3.3 for simulation

purposes.
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Table 3.1: Parameters of components used in the transmission experiments

Component Manufacturer; version Parameters
Elec. amp. 1,
Elec. amp. 2

SHF;
807 B

Gain: 23 dB
NF: 5 dB

Receiver module
VDI;

WR3.4SAX

SHM conversion loss: 14 dB
IF amp. 1 gain: 10 dB

NF: 24 dB

IF amp. 2
Microsemi;

AML618P3502
Gain: 35 dB

NF: 4 dB
ECL #1,
ECL #2

Pure Photonics;
PPCL100

∆ν : 11 kHz
Max. power: 15 dB

IQ mod.
Covega;

086-40-16-SFF
ER: 30 dB
Vπ : 3.25 V

AWG
Tektronix;

AWG70001A
ENOB: 4.6

VFS: 500 mV

3.2 Phase robustness and spectral efficiency of SSB

signals

As was shown in Equation 2.18, the envelope-detected signal has a term which is

the beating of the signal with itself. If the up-conversion frequency of the SSB

signal, fsc, is not high enough this term can interfere with the useful signal, giving

origin to the SSBI. As the mixing of the signal with itself extends from DC to the

passband signal bandwidth (BW) the minimum fsc that prevents the SSBI is that

which generates a guard band (GB) between carrier and signal equal to the BW i.e.,

fsc =
3
2BW = 3Rs

2 (1+α). While this is optimum in terms of SSBI it severely limits

the spectral efficiency of the system. Thus, before characterizing the phase-noise

tolerance of the ED-based THz system, its BER performance was characterized for

different values of fsc in order to determine the highest spectral efficiency allowed

by the system (i.e., the SSB signal with the lowest fsc that could be successfully

recovered).

In Figure 3.6, the BER versus the received electrical power (measured from

the recorded waveforms in the real-time oscilloscope) is shown for different fsc

values. On the top axis of the figure, the THz power after the the Rx antenna is

also shown. This is calculated from the parameters in Table 3.1, assuming 1-dB
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waveguide losses and taking into account a 3-dB attenuator that was inserted before

the ADC. All this amounts to a gain factor of 27 dB which is subtracted from the

received electrical power displayed in the bottom axis of Figure 3.6. For all the BER

curves, the maximum input power to the PD (measured with an in-line power meter

inserted before the fibre feeding the PD) was limited to 12 dBm to avoid saturation

effects.

As can be seen, a fsc of 6.25 GHz (GB of 3.5 GHz) was enough to satisfy the

hard decision (HD)-FEC requirement (BER of 3.8 ·10−3). This fsc value was, there-

fore, the one used in the linewidth emulation measurements. The BER curve for a

GB as wide as the BW (GB of 5.5 GHz) is also included to show the performance

of the system when there is no SSBI. The optimum CSPR obtained for each GB is

f

GB BW

Carrier

(a) GB = BW

f
0THz

Envelope
detec�on

No SSBI

f

GB BW

Carrier

(b) GB < BW

f
0THz

Envelope
detec�on

SSBI

BW

Direct detec�on terms

fSC

fSC

Figure 3.5: The spectrum of envelope-detected signals when (a) the guard band between
carrier and signal (GB) is equal to the signal passband bandwidth (BW) and (b) when the
GB is lower than the BW. In the first case the direct detection terms do not overlap with
the down-converted signal after envelope detection and there is no SSBI. On the latter case
there is some overlap and hence there is SSBI.
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Figure 3.6: BER versus received electrical power for SSB signals with different GBs. The
inset shows the optimum CSPR versus the GB.

shown as the inset. The CSPR, defined as

CSPR(dB) = 10log
(

A2
C

E[A2
mod(t)]

)
(3.6)

where E[.] denotes statistical expectation and AC and Amod(t) are the carrier and

sideband amplitudes, respectively (as defined in Equation 2.14), is an important

parameter in systems using envelope detection. SSB signals with low CSPR suffer

from high SSBI, while high CSPR leads to reduced SNR. Thus, it is important to

ensure the system always operates at the optimum CSPR value. As can be seen from

Figure 3.6, the optimum CSPR increases as the GB is reduced. This is because the

narrower the GB is, the higher the SSBI becomes, requiring high values of CSPR to

compensate it. Wide GBs, on the other hand, can reduce or completely eliminate the

SSBI, allowing operation at lower CSPRs to increase the SNR of the received signal.

When using the HT and an IQ-modulator to generate the SSB signal, the tuning of

the CSPR is achieved by adjusting the biasing points of the I- and Q-components

in the optical modulator. To achieve high CSPRs (i.e., narrow GBs), the biasing
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points must be set close to the quadrature point. On the other hand, to reduce the

CSPR (i.e., wide GBs), the modulator must be biased close to the null point. To

find the optimum CSPR value, at a fixed optical power input to the PD of 12 dBm,

the biasing points of the I- and Q- components in the optical modulator were tuned

while measuring the BER for each biasing configuration. The configuration that

yielded the lowest BER was taken as the optimum one.

Once the the spectral efficiency of the system was optimized, the experiments

to test the phase robustness of the SSB system were conducted. For this, a linewidth

emulation stage consisting of a second AWG and an IQ modulator fed by ECL

#2 was used as the optical source in the RAU. ECL #2 was modulated by sev-

eral white frequency noise sequences as described in [4]. The combined linewidth

of the signal laser and the linewidth emulator output was characterized separately

by measuring the frequency modulation (FM) noise spectrum of the heterodyne

signal between these two sources at a frequency of around 6.5 GHz. The beat

note at this frequency was recorded by a 20 Gsample/s ADC and processed digi-

tally off-line (down-converted, filtered and re-sampled) before computing the white

frequency noise component [11]. The measured Lorentzian linewidths of the het-

erodyne signal (i.e., including ECL #1 linewidth) for the three different emulated

linewidths used in the experiment were 229 kHz, 493 kHz and 905 kHz (for emu-

lated linewidths of 200 kHz, 500 kHz, and 1 MHz, respectively). This value was

used as an estimate of the linewidth of the THz signal. The results of the linewidth

emulation for a fsc of 6.25 GHz a are plotted in Figure 3.7. In all the cases, the

CSPR was optimized for the highest value of received power and then kept constant

over each BER curve measurement. As can be seen, a remarkable phase noise ro-

bustness was obtained since no hint of a penalty associated with higher linewidths

was observed.

If the spectral efficiency of the SSB signals is critical and the use of GBs is not

acceptable, the use of DSP algorithms for SSBI cancellation can be useful. From

all the algorithms that have been proposed for this purpose, the KK receiver (first

demonstrated in [12]) has shown promising results in direct detection (DD) optical
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Figure 3.7: BER versus received electrical power for SSB signals with fSC of 6.25 GHz and
different combined optical linewidths. Insets A, B, C, and D: constellation diagrams at the
lowest BER value for the 22 kHz, 229 kHz, 493 kHz and 905 kHz linewidths respectively.

networks [13]. The KK relies on the fact that the complex envelope of SSB signals

is formed by an analytic signal. Analytic signals are those where the complex and

real parts are linked by a HT. This relation can be exploited to retrieve the phase

of a SSB signal by first measuring its amplitude, and this can be done with an ED.

Taking up the notation from section 2.3.3 the THz signal from equation 2.17 can be

expressed as:

ET Hz(t) = ℜ

{
U(t)e j(ωT Hzt+θbias+∆ϕ(t))

}
, (3.7)

where

U(t) = AC +Amod(t)e j(ωRF t+θmod(t)−θbias) = |U(t)|e jθ(t), (3.8)

From equation 3.8, one can see that the complex envelope U(t) of the THz signal

is formed by a DC component, AC, and the analytic signal1 b(t)+ jb̂(t) (rotated by

θbias). If the natural logarithm is now applied to equation 3.8, one arrives at:

ln(U(t)) = ln(|U(t)|)+ jθ(t). (3.9)

The key point here is to know that if Amod(t)e j(ωRF t+θmod(t)−θbias) is an analytic

1remember from section 2.3.3 that b(t)+ jb̂(t) = Amod(t)e j(ωRF t+θmod(t))
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signal, then ln(U(t)) is also an analytic signal and its real and imaginary compo-

nents are linked by a HT so that

θ(t) = H[ln(|U(t)|)]. (3.10)

Since |U(t)| can be obtained by taking the square root of the ED output (i.e.,

|U(t)| =
√

IED(t)) one can readily obtain the data-carrying signal from equa-

tions 3.8 and 3.10 :

Amod(t)e j(ωRF t+θmod(t)−θbias) =U(t)−AC = |U(t)|e jH[ln(|U(t)|)] (3.11)

To arrive at equation 3.10, there is one extra condition that U(t) must fulfill: it

must be a minimum phase signal. This condition is ensured if AC > max(Amod(t))

(i.e., if the CSPR is sufficiently big). If this condition is fulfilled, the KK receiver

successfully reconstructs the complex envelope of the THz signal reaching the ED.

For practical purposes, this means eliminating the DD terms and, thus, the SSBI.

To see the spectral efficiency gain that can be achieved with this algorithm, the KK

receiver was implemented after envelope detection and before the coherent Rx DSP

(see Figure 3.2).

In Figure 3.8, the BER curves obtained with the KK algorithm are plotted for

different values of fsc. As can be seen, although the implementation of this algo-

rithm was not sufficient to successfully recover a signal with no GB (at a maximum

optical input power to the PD of around 12 dBm), it did allow the recovery of a sig-

nal with a GB as low as 1 GHz. For comparison, the linear-fit curves for GBs of 1

GHz and 5.5 GHz without the KK receiver are also shown in Figure 3.8. It is worth

noting that, in the KK algorithm, oversampling is required to account for the square

root and logarithmic operations [14]. In our case, sample rates of 6 sample/symbol

and 9 sample/symbol were used for fSC of 2.75 GHz and 3.75 GHz, respectively.

In Figure 3.9, the BER at a received power of -4 dBm (which is close to the

maximum power recorded by the ADC in the transmission experiments) is plotted

as a function of the net information spectral density (ISD) of the SSB signals (both
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Figure 3.8: BER versus received electrical power for SSB signals using the KK receiver.
The inset shows the optimum CSPR versus the GB for the two curves taken with the KK
receiver.

w/o and w/ the KK receiver). The net ISD, which is just another way to refer to

the spectral efficiency of a signal, is defined as: r× (Rs · log2(M)/BW), where r

is the code rate of the FEC process (here assumed to be 0.96). It should be noted

that, in the cases where the maximum received power was less than -4 dBm, the

linear fit was extrapolated to find the intersection point. As expected, in both cases,

the BER performance improves when the GB is increased (i.e., the ISD is reduced).

The maximum ISD achievable with a SSB signal is obtained when no GB is used

and is equal to that associated with the bandwidth of the data-carrying signal (i.e.,

BW). In our case, since the data-carrying signal was a 16-QAM signal with a RRC

roll-off factor of 0.1, the maximum achievable net ISD was 3.49 b/s/Hz (this value

of ISD corresponds to the left vertical axis in Figure 3.9). Compared to this upper

limit, and when the KK receiver was not used, the ISD of the SSB signal had to be

reduced by 39% (ISD of 2.13 b/s/Hz) to satisfy the HD-FEC requirement. On the

other hand, using the KK receiver, a BER below the FEC limit could be achieved

with a SSB signal with an ISD as high as 2.95 b/s/Hz, which represents just a 15%
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Figure 3.9: BER at a received electrical power of -4 dBm versus the net ISD of the trans-
mitted SSB signal.

reduction with respect to the upper limit (or an improvement of 38% with respect

to the system w/o KK receiver).

Compared to coherent detection of THz baseband signals, envelope-detected

IM SSB signals have the disadvantage of the SSBI, which limits the sensitivity of

the system. However, owing to their phase noise insensitivity, this signals can be

useful in systems with high levels of phase noise. Recalling the system architecture

that was presented at the beginning of the chapter, the use of low cost lasers in

the RAU will be mandatory to keep a low cost per RAU. In this case, foundry-

fabricated lasers (linewidths > 1 MHz) can be expected to be the choice. In this

scenario and depending on the overall linewidth of the link, baseband signals, whose

performance degrades with phase noise, may yield worse performance than SSB

signals. To determine at which linewidth the performance surpass happens, a second

linewidth emulation experiment but in this occasion with THz baseband signals was

carried out.

The DSP for reception of baseband signals included, apart from the blocks used

for SSB signals, the FFT-based FOE algorithm explained in section 2.3.1.2, the VV
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Figure 3.10: BER versus received electrical power for baseband signals and different com-
bined optical linewidths. Insets A, B, C, and D: constellation diagrams at the lowest BER
values for 22 kHz, 229 kHz, 493 kHz, and 905 kHz linewidths, respectively. The linear
fit for the BER curve obtained for a SSB signal when no emulation was performed is also
shown for comparison. N denotes the size of the averaging filter in the VV algorithm.

algorithm and differential decoding. The BER obtained for the baseband signals

and each of the four emulated optical linewidths is shown in Figure 3.10. For each

linewidth, the block length of the VV algorithm (N), was optimized for the highest

received power and then kept constant over the BER measurements. As can be seen

there is a clear penalty associated with phase noise. This degradation comes as the

averaging filter of the VV algorithm is shortened to track the faster phase deviations

introduced by broader linewidths. The shorter the averaging filter the less effective

it becomes against AWGN and, hence, the higher the SNR is needed to produce a

pre-determined BER. The BER curve obtained for a SSB signal and a linewidth of

22 kHz is also shown for comparison.

In Figure 3.11, the penalty at the HD-FEC threshold versus the (combined

linewidth) × (symbol period) product is plotted for both the baseband and the SSB

signals. Using the dashed lines for each type of signal (for the case w/ the KK

receiver we assume the penalty remains constant and extrapolate the value obtained

when no linewidth emulation is performed), one can see that the penalty of baseband

signals becomes higher than that of the SSB signals, both w/o and w/ KK receiver,
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SSB signals w/ KK receiver, the penalty is assumed to remain constant with linewidth (this
is experimentally verified for SSB signals w/o the KK receiver).

for a (∆ν ·T) product of approximately 1.1 · 10−4. Assuming a linewidth for the

RAU laser of 2 MHz (which is similar to the ones reported for foundry-fabricated

DFB lasers [15]) and of 100 kHz for the laser in the CO (linewidth of off-the-shelf

ECL lasers2), a combined linewidth of 2.1 MHz is obtained, which, solving for T−1

yields a symbol rate of approximately 19 GBd. For symbol rates lower than this,

the envelope detection of SSB signals should be more effective. On the other hand,

if we assume fixed symbol rates of 10 GBd and 5 GBd, combined linewidths of

1.1 MHz and 0.55 MHz, respectively, are obtained. Assuming a CO laser linewidth

of 100 kHz, this translates into RAU-laser linewidths of 1 MHz and 0.45 MHz,

respectively. For RAU-laser linewidths wider than this, the SSB approach should be

more effective. These results seem to indicate, hence, that the envelope detection of

SSB signals can offer good prospects for the deployment of low cost RAU units for

THz-over-fibre systems without necessarily compromising the spectral efficiency of

such links.

2Note that the use of narrow linewidth lasers in the CO is acceptable as the cost is shared between
all customers supported by the network [16].
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3.3 Techniques for SSB signal generation

Recalling from section 3.2, there are two possible ways to mitigate the SSBI: (a)

using SSBI-cancellation DSP algorithms at the receiver and (b) allocating a GB be-

tween carrier and sideband. While the KK receiver has a great potential in terms

of performance, the increased DSP associated with this technique can be a critical

factor in wireless receivers, which usually have more stringent power and cost re-

quirements than their optical counterparts. Moreover, at THz frequencies, given the

large unregulated spectrum, the use of wide GBs may be a reasonable choice. How-

ever, considering the large data rates envisaged from THz communications, this ap-

proach can place stringent requirements on the analog bandwidth of the DAC used

at the transmitter. In [17], the only ED-based higher-order transmission published

in literature above 100 GHz (apart from the works stemming from this thesis), the

bandwidth of the GB was set equal to that of the passband signal to entirely cancel

the SSBI. Under these circumstances a DAC with an analog bandwidth of at least

20 GHz was required to perform the transmission.

If GBs comparable to the signal bandwidth are to be a feasible approach in THz

SSB systems, it would be advantageous, thus, to find SSB generation techniques

that relax the DAC bandwidth requirements. To do so, one can turn to DD optical

networks, where two types of techniques have been proposed for such a purpose:

the digital virtual SSB (DVSSB) [18] and the analog virtual SSB (AVSSB) [19]. In

this section, the two technique are described, paying special attention to important

parameters such as required bandwidth or CSPR tuning mechanism. The quality

of the optical signal generated by each technique is then studied through numerical

simulations and compared to that achieved with the conventional way of generating

SSB signals through the HT (in this chapter referred to as conventional SSB, CSSB).

Finally end-to-end system demonstrations implementing the three techniques are

realized. The SSB performance obtained for each technique is analyzed for three

different GBs: 5.5 GHz, 4.75 GHz, and 3.5 GHz.
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Figure 3.12: Optical DVSSB transmitter design. Inset (A) complex spectrum of the off-line
digital signal for fSC−DV SSB = 2.75 GHz and fT−DV SSB =−5.5 GHz and (B) spectrum of the
resultant optical signal (resolution bandwidth of 10 MHz). | fT−DV SSB|= 1/2[GB+SR(1+
α)] and | fSC−DV SSB| = GB/2, where GB is the guard band, SR is the symbol rate and α is
the roll-off factor of the RRC filter.

3.3.1 Digital virtual SSB (DVSSB) implementation

In the DVSSB technique, the tone and the baseband signal are digitally multiplexed

(see Figure 3.12) and sent to an IQ modulator, in which the I- and Q-components

must be biased at the null point to suppress the optical carrier [18]. By properly

setting the digital tone and sub-carrier frequencies ( fT−DV SSB and fSC−DV SSB, re-

spectively), the maximum frequency of the digital signal can be reduced by a fac-

tor of 2 compared with that of CSSB (i.e. the required DAC bandwidth is now

1/2[BW +GB]).

The CSPR is set digitally by varying the amplitude of the digital tone (for a

normalized power of the baseband signal, A = [10(CSPR/10)]−1/2, where A is the

amplitude of the digital tone). The digital and optical spectra for the 5.5 GHz-GB

signal are shown in Figure 3.12 insets (A) and (B) respectively. As can be seen from

Figure 3.12 inset (B), the OSSR achieved using this technique is also around 30 dB.

The peaks >30 dB below the virtual tone are spurious peaks generated in the AWG.
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Figure 3.13: Optical AVSSB transmitter design. Inset (A) complex spectrum of the off-line
digital signal, and (B) spectrum of the resultant optical signal for | fT−DV SSB| = 8.25 GHz
(resolution bandwidth of 10 MHz). | fT−DV SSB|= GB+SR(1+α)/2 where GB is the guard
band, SR is the symbol rate and α is the roll-off factor of the RRC filter.

3.3.2 Analog virtual SSB (AVSSB) implementation

In the AVSSB scheme, the AWG is used only to generate the baseband signal, which

is then multiplexed with an RF tone in the analog domain [19], as shown in Fig-

ure 3.13. The frequency of this tone ( fT−AV SSB) is equal to the subcarrier frequency

of the CSSB technique ( fSC−CSSB). Since the DAC only generates the baseband

signal, the required bandwidth is BW/2, which compared to that in the CSSB tech-

nique, is a factor of two lower when the GB and BW are the same. As in the DVSSB

technique, the IQ modulator bias points must also be set at the null point. Ideally,

the CSPR is tuned by adjusting only the power from the RF synthesizer but CSPR

tuning can also be achieved by decreasing the AWG output power.

The RF oscillator 10 MHz reference output signal was used as the clock signal

for the AWG to ensure a good phase relationship between the data subcarrier and

analog tone. The PS after the RF oscillator (PS 3 in Figure 3.13) was adjusted to

provide a 90◦ phase shift to the RF tone. As can be seen, an OSSR between the

desired and image optical tones of around 35 dB was achieved. To achieve a good

suppression, both branches of the analog circuit must have the same amplitude and
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phase response (as no data goes through, time-matching is not as important provided

the RF oscillator has sufficiently low phase noise). To prevent the crosstalk between

the I- and Q-channels, the two branches must also be properly isolated. In our case,

using two 10 dB attenuators was found to be enough to suppress the crosstalk.

LPF were used to prevent excessive RF power from going into the AWG output

ports. The bandwidth of these LPFs set the minimum value of GB allowed by this

technique, which is the reason why the 3.5 GHz GB was chosen as the lower bound

in the comparison experiments. The digital and optical spectra generated with this

technique for fTAV SSB = 8.25 GHz, are shown in Figure 3.13 insets (A) and (B)

respectively.

3.3.3 Simulation results

To determine the quality of the signal produced by each technique (including the

CSSB) numerical simulations were carried out in Matlab. Following the experi-

mental configuration shown in Figures 3.12, 3.13, and the red rectangle on Fig-

ure 3.4. the waveforms generated for each technique (as explained in Section 3.3)

were electronically amplified, fed to an IQ modulator and then optically amplified

to a constant output power of 4 dBm. For the AVSSB technique, before electronic

amplification, the waveform was combined with a tone and passed through a 7 dB

attenuator (emulating the insertion loss of adapters and cables and the intrinsic 6 dB

loss of the power combiner). The noise of the AWG was modelled as AWGN whose

variance was calculated using the parameters provided in Table 3.1 and according

to:

σ
2
AWG =

(
V 2

FS
8

)(
BWsim

BWSNDR

)
10−(0.602N+0.176), (3.12)

where BWsim and BWSNDR are the simulation and signal-to-noise-and-distortion ra-

tio (SNDR) measurement bandwidths respectively, and N is the ENOB. The noise

generated in the electronic circuit was estimated from the NF of the transmitter

amplifiers by calculating their equivalent noise temperature. For the AVSSB tech-

nique, the NF of the attenuator block, which was set as its attenuation value, was

also considered in the calculation. The gain of the electronic amplifiers was ad-



3.3. Techniques for SSB signal generation 85

- 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5 6 72 2
2 3
2 4
2 5
2 6
2 7
2 8
2 9
3 0

SN
R s

ide
ba

nd
 (d

B)

C S P R  ( d B )

 C S S B
 D V S S B
 A V S S B

Figure 3.14: Optical sideband SNR versus CSPR for each technique.

justed to avoid nonlinear distortions in the IQ modulator, which was illuminated

with an optical power of 5 dBm. As in the experimental transmissions, the output

of the modulator was amplified to an optical power of 4 dBm with an EDFA. To

compute the amplified spontaneous emission (ASE) noise, a spontaneous factor of

1.5 was used.

The SNR of the optical SSB signal was used as the figure of merit for the

comparison and was evaluated as:

SNR =
E
[
|X |2

]
E
[
|Y −X |2

] , (3.13)

where X and Y are the symbols generated at the digital transmitter and after opti-

cal amplification, respectively, and E[.] denotes statistical expectation. Figure 3.14

shows the sideband SNR versus the CSPR for the three techniques. Assuming a

linear conversion from the electronic to the optical domain (and neglecting the fre-

quency response of the system), the SNR of the sideband is independent of the GB

so only the results for the 5.5 GHz GB are shown.

As can be seen from Figure 3.14, the SNR of both the AVSSB and CSSB

techniques remains constant while that of the DVSSB degrades with CSPR. This

is because, unlike in the first two schemes, the electrical power allocated to the
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sideband in the DVSSB technique decreases as the CSPR is increased. The higher

SNR of the AVSSB technique compared to that of the CSSB scheme, accounts

for the fact that the average power of the baseband waveform (i.e. the AVSSB

technique) was higher than that of the up-converted waveform (CSSB). In the digital

waveforms used in the experiment, the difference was 1.8 dB. The lower value found

in Figure 3.14 between the AVSSB and CSSB curves ( 1.5 dB) comes from the slight

SNR degradation that is caused by the attenuator in the AVSSB signal. Contrary to

what could be expected, this attenuation does not degrade much the quality of the

signal because of two reasons: (a) the noise from the AWG is much higher than

the noise introduced by the attenuator and (b) even attenuated, the electrical noise

dominates over ASE noise.

3.3.4 System demonstrations

In this section all the techniques are implemented in a THz system using the exper-

imental arrangement shown in Figure 3.4 (but without fiber transmission between

the CO and RAU) . In the THz transmissions, receiver noise (dominated by the large

NF of the WR3.4SAX module, see Table 3.1) prevailed over transmitter noise. Tak-

ing into account this and the fact that the power of the optical SSB signal was the

same in all techniques (EDFA was operated in constant output power mode) similar

results between the technique are to be expected.

In Figure 3.15, the obtained BER with each technique is shown as function

of the CSPR for the 5.5 GHz, 4.75 GHz and 3.5 GHz GBs (at an input optical

power to the PD of 12.9 dBm). As can be seen, in all the cases, the BER reaches a

minimum for a certain CSPR value and then it degrades for both lower and higher

CSPRs. For the 4.75 GHz- and the 3.5 GHz-GB transmissions, where the GB was

less than the BW, the performance degradation at lower CSPR values is caused

by the SSBI, as noted in Figure 3.15 (B) and (C), respectively. In the case of the

transmission with the 5.5 GHz-GB signal, where the GB was equal to the BW (i.e.,

there was no SSBI), the BER performance deterioration at lower CSPRs is caused

by the sideband-noise beating interference [20], as noted in Figure 3.15 (A). On

the other hand, at higher CSPRs, the system becomes limited by the decrease in
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Figure 3.15: BER versus CSPR for the (A) 5.5 GHz, (B) 4.75 GHz, and (C) 3.5 GHz GBs
and at an input optical power to the PD of 12.9 dBm. The normalized GB (GB/BW ) is also
indicated inside the brackets.

SNR that results from the reduction in sideband power. Note that, although the

SNR and the electrical power of the sideband remain constant in the CSSB and

AVSSB techniques, the power of the sideband after optical amplification decreases

with CSPR in the three techniques, as a consequence of EDFA 1 being operated in

a constant output power mode.

In Figure 3.16, the optimum CSPR as function of the normalized GB (GB/BW )

is shown for each technique. As expected the optimum CSPR increases as the GB

decreases to tackle the increase of SSBI. As can be seen, the AVSSB technique

presents lower values of optimum CSPR for the 5.5 GHz and 4.75 GHz GBs. For

a certain GB, a lower optimum value of CSPR means the technique suffers from

lower SNR [21]. Since these deviations do not match with the simulation results,

these lower values are likely to be due to experimental errors (due to the quantized

nature of the CSPR measurements or a decrease in the transmitted THz power due
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Figure 3.16: Optimum CSPR versus normalized GB.

to fiber-PD misalignments or polarization mismatches, for example).

In Figure 3.17, the BER curves for each GB and technique are plotted as a

function of the total received electrical power, as measured from the recorded wave-

form in the ADC. The CSPR was adjusted to match the optimum one shown in

Figure 3.16 and then kept fixed over each BER measurement. In Figure 3.18, the

penalty at the HD-FEC limit is shown as function of the normalized GB.

While the absolute performance of the three schemes is very similar for the

4.75 GHz and 5.5 GHz GBs, the penalty substantially increases for the 3.5 GHz GB

due to increased SSBI. In terms of relative performance, one can see that the AVSSB

exhibits a slight penalty at the 5.5 GHz and 4.75 GHz GBs, but no penalty at the 3.5

GHz GB with respect to the CSSB technique. This penalty (which is less than 0.6

dB) could have been caused by a non-optimum CSPR due to the reasons discussed

previously. Regarding the DVSSB technique, it can be seen from Figure 3.18 that

its penalty increases progressively as the GB is reduced, eventually reaching 1 dB at

the 3.5 GHz GB. This could seem to be due to the decrease in SNR with CSPR asso-

ciated with this technique. However, since transmitter AWGN should not increase

with CSPR (i.e., receiver noise still dominates), this is not likely to be the cause.

We rather attribute this to nonlinear distortions (in the AWG, electronic amplifier or



3.4. Summary and conclusions 89

- 9 - 8 - 7 - 6 - 5 - 4 - 3 - 2 - 1 0 1 2 3
3 . 0

2 . 5

2 . 0

1 . 5

1 . 0

- 9 - 8 - 7 - 6 - 5 - 4 - 3 - 2 - 1 0 1 2 3
3 . 0

2 . 5

2 . 0

1 . 5

1 . 0

- 9 - 8 - 7 - 6 - 5 - 4 - 3 - 2 - 1 0 1 2 3
3 . 0

2 . 5

2 . 0

1 . 5

1 . 0

H D - F E C

H D - F E C-lo
g(B

ER
)

R e c e i v e d  e l e c t r i c a l  p o w e r  ( d B )

 C S S B
 D V S S B
 A V S S B

A  [ G B  =  5 . 5  G H z ,  N o r m .  G B  =  1 ]

H D - F E C -lo
g(B

ER
)

R e c e i v e d  e l e c t r i c a l  p o w e r  ( d B )

 C S S B
 D V S S B
 A V S S B

B  [ G B  =  4 . 7 5  G H z ,  N o r m .  G B  =  0 . 8 6 ]

-lo
g(B

ER
)

R e c e i v e d  e l e c t r i c a l  p o w e r  ( d B )

 C S S B
 D V S S B
 A V S S B

C  [ G B  =  3 . 5  G H z ,  N o r m .  G B  =  0 . 6 3 ]

Figure 3.17: BER versus received electrical power for the (A) 5.5 GHz, (B) 4.75 GHz, and
(C) 3.5 GHz GBs. The normalized GB is also indicated inside the brackets.

optical modulator) caused by the increase in the virtual tone power.

3.4 Summary and conclusions
The sensitivity to optical LO linewidth of a THz-over-fibre system based on SSB

signals & envelope detection has been characterized. Before doing so, the impact of

GB has been investigated to determine the highest spectral efficiency allowed by the

system. Finally, the obtained results have been compared with those obtained with

baseband signals & carrier recovery. Using 5 GBd 16-QAM signals, it has been

confirmed that the SSB scheme, unlike the baseband approach, shows no penalty

associated with linewidth. Furthermore, it has been found that, for a total optical

linewidth wider than 0.55 MHz, this approach yields better sensitivity. This, how-

ever, was achieved at the expense of reducing the ISD of the SSB signal by 39%

compared to the maximum achievable (which is obtained when no GB is used be-

tween carrier and sideband). On the other hand, using the KK receiver to mitigate
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Figure 3.18: Penalty (taking the lowest received electrical power yielding a BER below the
FEC limit on Figure 3.17 as reference) versus normalized GB.

the SSBI, only a 15% reduction of the ISD was needed to meet the HD-FEC re-

quirement.The envelope detection of SSB signals, therefore, is a promising solution

to enable the use of low-cost free-running lasers in THz-over-fibre systems.

In the second part of this chapter, Two SSB techniques that relax the band-

width requirements of the DAC, namely AVSSB and DVSSB, were introduced to

the field of THz communications. Their performance was compared against that

of the CSSB technique through numerical simulations. Then the end-to-end im-

plementation of a THz system employing each of the three technique was demon-

strated for three different GBs. The results of the simulations show that, unlike

in the CSSB and AVSSB schemes, the quality of the sideband generated with the

DVSSB degrades as the CSPR is increased. This is because, in this scheme, the

electrical power allocated to the sideband also decreases with CSPR. Between the

CSSB and AVSSB techniques, the AVSSB exhibits slightly better SNR as the av-

erage power of the baseband waveform is higher than that of the up-converted one.

In the transmission experiments, where receiver noise dominates, similar behavior

was found between the three techniques. At the 3.5 GHz GB, however, the DVSSB

exhibited a penalty of 1 dB with respect the other two. This is likely to be due to

nonlinear distortions caused by the increase in the virtual tone power. As a sum-



3.4. Summary and conclusions 91

Table 3.2: Summary of SSB techniques

CSSB DVSSB AVSSB

DAC bandwidth
High

BW +GB
Medium

1/2[BW +GB]
Low

BW/2
CSPR

tunning
IQ-mod.

biasing points
DSP

RF synthesizer
power

IQ-mod.
biasing points

Accorsing to
desired CSPR

Null Null

DSP
complexity

High High Low

Analog
complexity

Low Low High

Main problem
High DAC
bandwidth

Reduction in sideband
SNR with CSPR

Analog
complexity

mary, the main features of each technique, together with the main problem faced by

each of them, are summarized in Table 3.2.
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Chapter 4

THz wireless bridges

As highlighted in section 2.1.1, wireless bridges are one of the main applications

currently envisaged for THz links. This chapter focuses on the design and exper-

imental demonstration of THz wireless bridges. In section 4.1, the experimental

arrangement used throughout this chapter, as well as the DSP used a the digital

receiver, is highlighted. In this section, the results obtained for a single-channel

wireless bridge transmitting 20 Gbit/s are discussed. Furthermore, the phase noise

tolerance of the proposed system is experimentally characterized by replacing the

RAU ECL with a DFB laser. The performance of the same system transmitting

baseband signals is also characterized and used as a reference for comparison with

the proposed system. In section 4.2, the proposed wireless bridge is demonstrated

in the context of a WDM network scenario, where the CO transmits several optical

channels and the RAU selects one of them for wireless transmission. In section 4.3,

two wireless channels are transmitted simultaneously in an effort to increase the

number of users supported by the wireless bridge, achieving a net data rate of 35

Gbit/s under the assumption of soft decision (SD)-FEC. Finally, in section 4.4, a

40 Gbit/s wireless bridge is realized by using advanced DSP both in the transmitter

and receiver.

4.1 Tone-assisted THz wireless bridge
Figure 4.1 presents a depiction of a THz wireless bridge based on photonic tech-

nologies. As can be seen, various methods for THz-to-optical conversion can be
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used in the receiver RAU (only schemes supporting higher-order modulation are

considered). The simplest one is the direct mapping of the incoming THz field to

the optical domain via an ultra-wide bandwidth optical modulator. Recently, sev-

eral demonstrations of this concept using plasmonic modulators (which can exhibit

remarkably high electrical bandwidths) have been reported [1] [2]. After optical

mapping, an optical filter is needed to select one of the data-carrying sidebands.

However, since the wavelength separation between carrier and sideband will be at

least a couple of nm if the transmission is at THz frequencies, a narrow-bandwidth

optical band pass filter (OBPF) is not required.

The alternative approach is to down-convert the THz signal first and then per-

form the up-conversion to the optical domain via a conventional optical modulator.

For THz down-conversion either an homodyne [3], heterodyne [4] [5], or ED-based

receiver can be used. The advantage of the homodyne receiver is that no redun-

dant signal is generated and, hence, it does not require a narrow-bandwidth OBPF

to remove it. On the other hand, down-conversion to an IF, either with an ED or

heterodyne receiver, greatly simplifies the number of high-frequency components

in the receiver RAU, making it a more cost-effective solution.

In Table 4.1, relevant experiments on wireless bridges supporting higher order

modulation formats are summarized. For the sake of comparison only transmissions

achieving (gross) BERs below the HD-FEC limit of 3.8 ·10−3are shown. The high-

est data rate fulfilling this condition so far is 80 Gbit/s, which was achieved using

polarization multiplexing (PM) and 16-QAM modulation. However, this was ob-

tained in a system operating at a carrier frequency below 100 GHz [6]. Above 100

GHz, systems supporting only QPSK — in either single carrier or multi-carrier (i.e.,

orthogonal frequency division multiplexing, OFDM) formats — have been demon-

strated to date. The realization of a wireless bridge at THz frequencies with a more

efficient format is, thus, a pending task. Although an electronic approach is used in

[3] for THz generation, this reference is included for completeness.

As shown in Figure 4.1, depending on the type of receiver used at the ONU, the

link can have either 3 or 4 free-running lasers (note that only schemes 2 and 3 are
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Figure 4.1: Schematic representation of a wireless bridge based on photonic THz genera-
tion.

compatible with a DD ONU; in schemes 1 and 4 a coherent optical receiver must be

employed to recover the signal). Thus, to enable the use of foundry-fabricated lasers

while not incurring on a high penalty, a phase noise-robust technique is essential in

this type of links. For this reason, an ED may seem the most appropriate solution.

However, the increased sensitivity associated with mixers may be crucial to achieve

an adequate SNR upon optical conversion at the Rx RAU . To keep the phase noise

tolerance associated with EDs while using heterodyne down-conversion, one may

use the pilot tone-assisted technique. In this scheme, a pilot tone is added to the
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Figure 4.2: Receiver DSP including the tone-assisted technique.

baseband signal and transmitted through the link. In the digital receiver, this tone is

first filtered out and then mixed with the unfiltered signal for frequency offset and

phase noise compensation. Note that, although the mixing is, in this case, performed

digitally rather than with an ED, the same analysis as in section 2.3.3 holds true.

The carrier recovery approach implemented in this work at the ONU is divided

into two stages. In the first stage, the pilot tone-assisted technique is used for FOE

and coarse PE. In the second stage, the square QAM-adapted VV is only used to

compensate a fixed phase offset. To add the pilot tone to the data-carrying signal,

the SSB-with carrier format is employed. Note that the phase offset that the second

stage aims to correct arises from the biasing points of the I- and Q-components

in the optical modulator as detailed previously in Equation 2.14. The complete

receiver DSP, including RDE and DD equalization is shown in Figure 4.2. Using

such a data recovery scheme at the ONU made it possible to achieve single channel

transmission at 250 GHz and a net data rate of 20 Gbit/s (5 GBd 16-QAM signals).

In the first instance, the experiment was performed without optical transmission.

A total length of optical fiber of 50 km (10 km between CO and Tx RAU and 40

km between Rx RAU and ONU) was then inserted. In such transmissions, the Tx

RAU and Rx RAU shared an ECL. To see the phase noise penalty of the proposed

carrier recovery scheme, the ECL was replaced by a DFB laser at the Tx RAU.

Finally, the obtained results were compared with those obtained when transmitting

baseband signals. The DSP used in the reception of baseband signals, included the

FFT-based FOE, the VV algorithm for PE, and differential decoding to avoid cycle

slips.
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Table 4.1: Summary of relevant wireless bridge transmission experiments supporting
higher order modulation

Freq.
(GHz)

Rate (Gbit/s);
Format

Wireless
distance (cm)

THz
emitter

Optical
distance (km) THz/O tech. Ref.

60 10/20; QPSK 500/100 PD - 1 [1]

95
80;

PM-16QAM 100 PD 100 3 [6]

220
9;

OFDM-QPSK 50 MMIC 40 3 [3]

288.5 36;QPSK 1600 PD - 1 [2]
300 40;QPSK 10 PD 10.5 3 [4]
450 13;QPSK 380 PD 12.2 3 [5]

The complete experimental arrangement used for transmission is shown in Fig-

ure 4.3. For digital signal generation, four 211 de Bruijn bit sequences were mapped

into the 5 GBd 16-QAM symbols using Matlab. For SSB signal generation, after

applying a RRC filter with a roll-off factor of 0.1, the signal was up-converted to

a frequency of 3.5 GHz, giving a GB between tone and signal of 500 MHz (note

that in this case, since the tone and the data-carrying signal are linearly mixed, no

DD terms are present upon detection and, thus, there is no need for large GBs). The

resultant waveforms after applying the transmitter DSP were uploaded to an AWG

operating at 50 GSa/s. The two signals generated in the AWG were time-aligned

with two PS and electronically amplified before being fed to the optical modulator.

At the CO, an ECL (ECL#1) emitting at a wavelength of 1549 nm was used for data

modulation.

The optical signal received at the Tx RAU was combined with a second optical

tone (from ECL#2 or DFB#1) at a wavelength of 1551 nm. After optical amplifica-

tion and filtering, the two optical tones were fed into an unpackaged PD by means of

a lensed fiber. Horn antennas with a gain of 25 dBi were used for both transmission

and reception and placed at 0.2 m from each other. A pair of lenses were inserted

between the two antennas to increase the collimation of the THz beam. On the Rx

RAU, the signal was down-converted to a frequency of around 11 GHz with an en-

closed receiver module consisting of a 6 multiplier, a SHM, and an IF amplifier.

After down-conversion, the IF signal was passed through two additional IF ampli-
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Figure 4.3: Experimental arrangement for single optical/single wireless channel THz
bridge.

fiers and a BPF, which was used to remove the low-frequency noise of the receiver

module. The resultant electrical signal was used to drive an IM biased between the

quadrature and null points. After optical amplification, the DSB-with carrier signal

from the IM was filtered with a narrow-band OBPF to suppress the upper sideband.

Finally, a DD receiver was employed to recover the SSB-with carrier signal. The

signal was digitized in an ADC operating at 80 GSa/s and with an analog bandwidth

of 36 GHz.

The linewidth of the received signal at the ONU (i.e. including all sources

of phase noise throughout the link) was measured for each laser used in the Rx

RAU (i.e., ECL#2 and DFB#1) when no data was being transmitted. The product

of the carrier and sideband tone of the SSB-with carrier signal generated in the Rx

RAU after optical filtering was recorded by an ADC and processed digitally offline

(down-converted, filtered and resampled) before computing the white frequency

noise component. The linewidths obtained when ECL#2 and DFB#1 were used at

the Tx RAU where 19 kHz and 1.8 MHz, respectively.

An important parameter in the pilot tone-assisted phase noise compensation
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Figure 4.4: (a) BER versus PSPR for ECL#1 and DFB#1, and (b) BER curves for the
various transmission configurations.

technique is the pilot tone-to-signal power ratio (PSPR). Similarly to the CSPR in

envelope detected signals, there is a specific value of this ratio at which the link

performance is optimal. Below this value, the pilot tone is not sufficiently above

the noise level to obtain accurate phase information. At higher values, the system

becomes limited by the SNR of the data-carrying signal. When using the HT and

an IQ-modulator to generate the SSB signal, the PSPR can be tuned by adjusting

the biasing points of the I- and Q-components. Thus, to find the optimum value, at

a fixed optical power input to the PD of 13 dBm, the biasing points of the I- and Q-

components in the optical modulator were tuned while measuring the BER for each

biasing configuration. In Figure 4.4 (a), the BER versus the PSPR is plotted for the

link with ECL#2 and the link with DFB#1. The legend in Figure 4.4 (a) indicates

the linewidth of the signal reaching the ONU as well as the filter bandwidth used in

the tone-assisted technique.

As can be seen, the optimum PSPR depends on the level of phase noise present

in the received signal. At low levels, a narrow digital filter can be used to select

the tone, minimizing the amount of AWGN introduced to the system. This enables

the use of low PSPRs to maximize the SNR of the data-carrying signal. On the

other hand, as the linewidth broadens, a wider filter is needed to correctly track

the faster phase distortions, increasing the level of AWGN. To compensate for this

and achieve a decent SNR in the filtered tone, the PSPR must be increased. This,

however, compromises the SNR of the data-carrying signal as mentioned previ-
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ously. The optimum PSPRs obtained for ECL#2 and DFB#1 were approximately

-15 dBm and -5 dBm, respectively.

In Figure 4.4 (b), the BER curves obtained for the various transmission con-

figurations are shown. The BER is plotted against the squared DC photocur-

rent generated in the PD, which is proportional to the transmitted THz power.

As can be seen, at the HD-FEC limit, there is a penalty of around 1 dB (i.e.,

10 · log10[I50km/IB2B]
2 ≈ 1 dB) when the 50 km of optical fiber is inserted. This

is because the optical amplifier in the Rx RAU could not entirely compensate for

the extra 8 dB attenuation from the 40 km of optical fiber, which resulted in a de-

crease in the system's dynamic range. This could be solved by inserting an optical

pre-amplifier and/or an electronic amplifier in the ONU. Regarding the comparison

between baseband signals and SSB signals, the tone-assisted scheme offers a sub-

stantial advantage when linewidths comparable to those found in foundry-fabricated

lasers are used. Although the use of the DFB laser prevented obtaining a BER below

the HD-FEC, it was still possible to achieve a BER below the SD-FEC level (BER

of 2 · 10−2) with this technique, something which was not possible with baseband

signals.

4.2 Wireless bridge on a WDM network

In realistic scenarios, the wireless bridge is likely to be part of a multi-user network

where a single CO serves several ONUs by means of wavelength multiplexing. In

Figure 4.5 (a) a depiction of such scenario is shown assuming a colorless PON,

where a power split is used to address each ONU [7]. In Figure 4.5 (b), the exper-

imental arrangement used to demonstrate a wireless bridge embedded in a WDM-

PON network is shown. In this demonstration, the WDM network was configured

to support 4 optical channels spaced by 17.5 GHz. The 4 optical channels were gen-

erated by means of an OFCG fed by an ECL with a linewidth of 10 kHz (ECL#3).

The output of the OFCG, which consisted of 13 lines in a 10 dB bandwidth, was

amplified and then filtered with a narrow-band OBPF to select 4 lines, which were

fed to the IQ modulator. The IQ modulator was driven with similar signals as those
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Figure 4.5: (a) Schematic representation of a wireless bridge embedded on a WDM net-
work and (b) experimental arrangement for multiple optical-/single wireless-channel THz
bridge. The inset shows the spectra of the 4 modulated optical channels before fiber trans-
mission.

described in section 4.1. The only difference was that, based on the required digital

filter bandwidths found in section 4.1, the up-conversion frequency of the baseband

signal was reduced to 2.875 GHz giving a GB between tone and signal of 125 MHz.

To take into account any penalty due to inter-channel crosstalk, the 4 modu-

lated lines were amplified and sent to a decorrelation stage. Here, the odd and even

channels were first demultiplexed with a wavelength selective switch (WSS) and

then delayed by more than 240 symbols (corresponding to a fiber length of around

10 m). Note that the use of this optical decorrelation technique is possible due to the

use of pulse shaping filters and the large channel separation [8]. The decorrelated

channels were amplified one last time (to 11 dBm) before being sent to the Tx RAU.

The optical spectrum of the optical channels generated in the CO is shown in the

inset of Figure 4.5 (b). At the entrance of the Tx RAU another narrow-band OBPF

was used to select the channel intended for wireless transmission. The rest of the

link is the same as that shown in Figure 4.3. In this case, ECL#2, whose wavelength

was readjusted to always ensure a wavelength separation of 2 nm (corresponding to

a carrier frequency of around 248.7 GHz) with the selected channel, was used at the
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Figure 4.6: BER curves for the 4 optical channels.

Tx RAU. As in the previous demonstration, the separation between the lenses was

0.2 m. In Figure 4.6, the BER curves obtained for each channel are shown. The

optimum PSPR was found to be around -12 dBm. As can be seen, a BER below

the HD-FEC limit was obtained with all the channels. The higher penalty of the

even channels is due to a higher signal leakage in the WSS port selecting the odd

channels (i.e., a lower suppression of the even channels in this port compared to

the suppression of the odd channels in the even-channels port). After decorrelation

and optical recombination, this leakage interferes with the useful signal and causes

a degradation in the OSNR.

4.3 Dual wireless channel transmission

Depending on the specific position of the wireless bridge in the access network,

it may need to support multiple wireless-channel transmission. Assuming a tree-

like PON network, if the wireless link is at the bottom of the hierarchical structure

supporting only one user, then only one optical channel will need to be transmitted

wirelessly. However, if the wireless link is further up in the tree network, multi-
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channel wireless transmission will be required (the specific number of channels

being subject to the number of subscribers supported by the node after the Rx RAU).

Figure 4.7 (a), provides a depiction of such scenario. To demonstrate transmission

of several wireless channels, the experimental arrangement in Figure 4.7 (b) was

used. In this case, two wireless channels were supported by the THz bridge. The

OFCG was replaced by two free running ECLs (ECL#3 and ECL#4) to avoid the

need for narrow optical filtering and amplification and to increase the OSNR. Due

to the limited IF response of the Rx RAU—with a flat region of only 9 GHz (5

GHz - 14 GHz) as can be seen from the blue curve of Figure 4.8—, the frequency

separation between the two channels was decreased to around 12 GHz (the carrier

frequency of the lower channel was around 236 GHz). To achieve this channel

separation without incurring in a high channel crosstalk in the decorrelation stage,

the WSS was replaced with two OBPFs with narrower bandwidths and sharper roll-

offs. The THz response of the system (UTC and SHM) is plotted in the red curve of

Figure 4.8. One can see that the THz response stayed reasonably flat over the range

of carrier frequencies used in these transmissions (236 GHz - 250 GHz).
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Figure 4.7: (a) Schematic representation of a wireless bridge supporting several users and
(b) experimental arrangement for multiple optical-/multiple wireless-channels THz bridge.
The inset shows the electrical spectra of the received signal at the ONU.
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Figure 4.8: IF response of the Rx RAU (including SHM amplifiers and optical modulator)
(blue curve) and combined THz response of UTC and SHM (red curve).

To maximize the sensitivity of the ONU, a coherent optical heterodyne receiver

was used instead of a DD one. The laser used as optical LO was a 100 kHz-linewidth

ECL (ECL#5). This also allowed biasing the Rx RAU IM at null point, maximizing

the power of the generated optical sideband. To further maximize the power budget

of the link, the antennas of the Rx and Tx RAUs were placed very close to each

other (around 2 cm of separation) with no lenses in between. The spectrum of the

electrical signal received at the ONU is shown in the inset of Figure 4.7 (b).

Figure 4.9 shows the BER curves of the two transmitted channels. Both chan-

nels were modulated at the same symbol rate, first at 4 GBd and then at 5 GBd. As

can be seen, for 4 GBd (gross data rate of 32 Gbit/s), a BER below the HD-FEC

limit was obtained with both channels. For 5 GBd (gross data rate of 40 Gbit/s),

while only the first channel had a BER below the HD-FEC limit, the second one

still exhibited a BER below the SD-FEC condition, giving a net data rate of 35

Gbit/s (assuming code rates of 0.84 and 0.94 for the SD-FEC and HD-FEC pro-

cesses, respectively).

As can be seen from Figure 4.9 (a), channel 2 performed better than channel

1 at 4 GBd but worse at 5 GBd. The reason for this change is likely to be the IF

response of the Rx RAU. For 5 GBd, the optical frequency of channel 2 was slightly

increased to avoid cross-talk in the decorrelation stage. This, as shown in Figure 4.9
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Figure 4.9: (a) BER curves of the 2 transmitted channels at 4 GBd and 5 GBd (the THz
frequency of each channel is shown in the legend); (b) electrical spectrum of the signals
received at the ONU for each modulation speed; (c) electrical noise in the Rx RAU.

(b), caused this channel to be downconverted to the region of the Rx-RAU response

with a strong roll-off (see Figure 4.8). On the other hand, the better performance of

this channel at 4 GBd is likely to be due to the increased noise at lower IFs in the

Rx RAU (Figure 4.9 (c)).

4.4 40 Gbit/s wireless bridge
In section 4.3, the main factor limiting the system capacity, was the decorrelation

stage. The finite dB/nm roll-off of the OBPFs prevented the closer allocation of

the two channels. Because of this and the limited IF response of the Rx RAU, it

was not possible to recover a BER below the FEC limit at 40 Gbit/s. To overcome

this limitation, the two channels were multiplexed in the digital domain using a

technique called twin-SSB [9]. Since the two channels can be generated from two

independent symbol sequences, there is no need for a decorrelation stage. The DSP

for twin-SSB signal generation is shown in Figure 4.10. The basic idea behind the

twin-SSB technique is to generate two SSB signals, and through appropriate DSP

map them to apposite sidebands. Since both sidebands contain useful information,

a more efficient use of the dual-channel AWG is made.

As can be seen in Figure 4.10, the signals were pre-equalized to compensate
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Figure 4.11: Electrical channel and pre-equalization filter responses

the frequency response of the equipment in the CO. The pre-equalizer was based

in the zero forcing principle and was implemented in the frequency domain. To

measure the frequency response of the transmitter, a frequency comb was generated

in the AWG and passed through each electrical arm feeding the optical modulator.

To avoid a high peak-to-average power ratio (PSPR), the phase of each comb tone

was chosen randomly [10]. After recording each received waveform in the ADC,

the comb lines were located to get the I- and Q-channel responses. After calculating

the inverse of the response and applying a smoothing filter, the frequency response

of the filter was generated. In Figure 4.11, the measured response (up to 12 GHz) of

each electrical channel, as well as the calculated pre-equalization filter responses, is

shown.

As was done in section 4.1, the performance of the system transmitting base-
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Figure 4.12: Optical spectra of (a) baseband signal and (b) twin-SSB signal.

band signals was also characterized for benchmarking purposes. In this case, to

match the data rate and bandwidth of the twin-SSB signal, a 10 GBd QAM signal

with a roll-off factor of 0.125 was used (the roll-off factor was increased to account

for the frequency separation between tone and the two sidebands in the twin-SSB

signal). Compared to previous occasions, the VV algorithm was replaced by the

blind PE algorithm proposed in [11]. One of the drawbacks of the square QAM-

adapted VV algorithm is that not all the received samples are used to calculate the

symbol deviations introduced by phase noise. Because of this, tracking the phase

deviations while keeping a reasonable filter length becomes harder as the linewidth

increases. To solve this, the authors of [11], propose a different technique which

does not rely on the Mth power operation. In this algorithm, the incoming samples

are de-rotated by several test angles. After this, the distance to the closest con-

stellation point is calculated. The squared distance of several adjacent symbols is

then summed and the optimum phase estimate is that yielding the lowest sum of

squared distances. Although the complexity of this algorithm is higher than that

of the VV algorithm [12], it enables an improved sensitivity and, thus, is a good

algorithm to benchmark the performance of the twin-SSB technique. The optical

spectra of both the baseband and twin-SSB signals are shown in Figures 4.12 (a)

and (b) respectively.

Using the experimental arrangement shown in Figure 4.3 and a coherent re-

ceiver at the ONU (the Rx RAU IM was biased at the null point), the BER produced
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by each signal was calculated. In Figure 4.13, the BER obtained for each scheme is

shown as a function of the squared photocurrent. To calculate the total BER of the

twin-SSB signal, the number of errors produced by each channel in a time interval

of 10 µs was divided by the sum of the symbols transmitted by each of them. For

comparison with the results of section 4.3, the inset of Figure 4.13 shows the BER

of each sideband. As can be seen, unlike in transmission of section 4.3, the two

channels were able to produce a BER below the HD-FEC limit.

In terms of the relative performance between the two techniques, interestingly,

the twin-SSB signal exhibited better performance at low values of photocurrent. On

the other hand, for values of photocurrent higher than approximately 2 mA, the BER

of this technique, unlike that of the baseband system, remained constant. This could

be attributed, in principle, to an improper biasing of the IQ modulator, which would

cause a lower OSSR and residual image noise. To rule out this possibility, the twin-

SSB transmitter was rearranged to enable the use of the same biasing configuration

as the baseband system. To do so, the optical tone from ECL#1 was split into two

paths. One of them was passed trough the IQ modulator and the other through

a polarization controller to match both polarization states. Both paths were then

recombined in a second 3 dB coupler. By doing this, the biasing points of the IQ

modulator could also be set at the null point for twin-SSB transmission. Doing this,

however, did not improve the results and the BER curve exhibited exactly the same

behavior (see Figure 4.13).

Since neither changing the amplifiers nor increasing the degree of attenuation

after the enclosed THz receiver corrected this (i.e., saturation effects occurred at

the same value of photocurrent), these effects are likely to be caused by the THz

receiver itself. It is important to mention that the saturation point when transmitting

the QAM signal (i.e., without the pilot tone) ocurred at higher photocurrents. This

is likely to be due to the higher PSPR of the twin-SSB signal.
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Figure 4.13: BER as a function of the squared photocurrent for twin-SSB (both for conven-
tional approach and split carrier scheme) and baseband signals. The inset shows the BER
produced by each of the sidebands in the twin-SSB signal.

4.5 Conclusions

Among the envisaged applications of sub-THz communications, wireless bridges

have attracted significant interest due to the wide range of scenarios where they may

be used. In this chapter, the tone-assisted carrier recovery is proposed to mitigate

the phase noise of the free-running lasers present in such links. Using this tech-

nique, a single optical-/single wireless-channel THz bridge operating at 250 GHz

and transmitting 5 GBd 16 QAM signals is realized. The proposed wireless bridge

is also demonstrated in the context of a WDM network scenario, where the CO

transmits several optical channels and the Tx RAU selects one of them for wireless

transmission. After this, two wireless channels are transmitted simultaneously in an

effort to increase the number of users supported by the wireless bridge, achieving a

net data rate of 35 Gbit/s. Finally, to further scale the capacity of the wireless bridge

the twin-SSB technique is proposed, whereby two SSB are multiplexed in the digi-

tal domain. For benchmarking purposes, the proposed scheme is compared against

the performance of a baseband system using advanced carrier recovery at the digital
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receiver. Interestingly, the twin-SSB technique showed better performance at lower

values of photocurrent. On the other hand, at high values of photocurrent this tech-

nique seemed to saturate the THz enclosed receiver. This is likely to be due to the

higher PSPR of the twin-SSB signal compared to that of a QAM signal.
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Chapter 5

Conclusions and further work

Different THz communication system configurations have been explored in this the-

sis. In this chapter, the salient results from these investigations are summarized

(section 5.1). Suggestions for potential research directions in THz communications

are given in section 5.2.

5.1 Summary of research
There is a need for bandwidth in wireless communications due to increased user

adoption of higher bandwidth services. In recognition of this, research around the

world has pushed the RF carrier frequencies beyond 60 GHz. After a period of tech-

nology development in what was usually referred to as the ”THz gap”, the status of

THz communications has evolved to a stage of end-to-end system demonstrations.

In this context, this thesis has investigated the feasibility of using photonic tech-

nologies for the generation of THz. A special focus has been placed on mitigating

the phase noise problem associated with optical sources.

In the first part of the thesis, the envelope detection of THz IM SSB is proposed

as a mean to combat phase noise. This approach enabled to completely eliminate

the carrier recovery part of the receiver DSP routine. Although the VV algorithm is

employed in the experiments reported in this thesis, this is only due to a phase offset

(i.e. constant with time) that results from the power difference between the two

optical tones generated in the IQ modulator. No significant phase noise penalty was

observed in a 250 GHz system transmitting 5 GBd 16-QAM signals, with a fiber
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length of 10 Km between CO, and RAU and for combined optical linewidths of

around 1 MHz. This result confirms the feasibility of using cost-efficient foundry-

fabricated lasers in the RAU, which is essential to keep the cost of this unit low.

The use of DSP for SSBI mitigation is also proposed in this work to increase

the bandwidth efficiency of ED-based THz systems. In fact, the first demonstration

of a photonic wireless link using the KK receiver is reported here. This algorithm

has received renewed attention in DD optical networks due to its superior perfor-

mance compared with other interference cancellation techniques. The spectral ef-

ficiency gain of this algorithm is experimentally verified, achieving an efficiency

improvement of 38% with respect to the transmission without this algorithm.

The performance of the ED-based approach is also compared with that of a

THz system transmitting QAM signals (in this thesis referred to as baseband sig-

nals) and using carrier recovery at the digital receiver for various optical linewidths.

As was expected, a penalty dependence with linewidth was observed in the case of

the baseband signals. Due to the SSBI associated with envelope detection, the SSB

signals exhibited lower performance at low combined optical linewidths. However,

owing to the phase noise insensitivity of this scheme, and the degradation of the

VV at high optical linewidths, these signals exhibited better performance at high

optical linewidths. In particular, the performance surpass was found to happen at

a (combined linewidth)(symbol period) product of 1.1 ·10−4, which translates into

a combined linewidth of 1.1 MHz if we assume a symbol rate of 10 GBd. As said

previously, this indicates that the approach of envelope detection can offer better

prospects if cost-efficient lasers are to be used.

The use of wide GBs can also be used to combat the SSBI. In fact, given the

large unregulated spectrum found at THz frequencies, THz systems using envelope

detection may opt for this solution to reduce the amount of DSP used at the digital

receiver. This, however, can place a stringent requirement on the analog bandwidth

of the transmitter AWG if the the CSSB technique is used and considering the high

symbol rates that are envisaged for THz communications. To avoid the need for very

large analog bandwidths, two techniques that relax this requirement are introduced
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to the field of THz-over-fiber in this thesis: DVSSB and AVSSB. The former one

reduces the required bandwidth by a factor of 2 but, according to the simulations

carried out in this thesis, suffers from a SNR penalty as the CSPR is increased. This

comes from the fact that the total available AWG power has to be shared between

the tone and sideband. This decrease is not observable either in the AVSSB or

CSSB techniques, where the sideband SNR remains constant with CSPR. Between

these two techniques, the best SNR in the simulation is obtained with the AVSSB,

which also enables the highest reduction of bandwidth. This, on the other hand,

comes at the expense of a considerable increase in the analog complexity of the

transmitter. End-to-end implementation of the three techniques in a THz system

are also demonstrated within this thesis. 20 Gbit/s transmissions at 250 GHz and

several GBs were carried out for each technique. In these transmissions, similar

results where obtained between all techniques. This accounts for the fact that that

receiver noise dominated over transmitter noise.

The second part of this thesis focuses on wireless bridges, which have attracted

the interest of the THz community due to the wide range of scenarios where they

could find application. To mitigate the phase noise associated with the high num-

ber of free-running lasers that form this type of links (up to 4 if a coherent optical

receiver is used), the pilot tone-assisted technique is proposed in this thesis. Us-

ing this scheme, a single channel wireless bridge supporting a net data rate of 20

Gbit/s is realized. The proposed wireless bridge is also demonstrated in the con-

text of a WDM network scenario, where the CO transmits several optical channels

and the RAU selects one of them for wireless transmission. After this, two wire-

less channels are transmitted simultaneously in an effort to increase the number of

users supported by the wireless bridge. With this configuration, a net data rate of 35

Gbit/s is achieved under the assumption of SD-FEC. Finally, to further increase the

capacity of the proposed wireless bridge, the twin-SSB technique is proposed. Its

performance is benchmarked with the alternative approach of transmitting a base-

band signal and using advanced carrier recovery at the receiver. While the former

approach yields better results at low PD photocurrents, it also leads to a more rapid
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(i.e., for lower values of optical input power to the PD) system saturation than the

baseband approach.

5.2 Further work

Before commenting on research lines arising specifically from the work carried

out in this thesis, it is necessary to make a comment on research topics that apply

to THz communications systems in general. The first one is the realization of a

THz system with beam steering and active tracking capabilities. While concepts

of each of these functionalities have been proposed and/or experimentally validated

separately [1] [2], the realization of a THz system combining both of them has yet

to be demonstrated. Regarding DSP, after an initial period where the use of optical

coherent DSP for THz communications has been validated, experiments could now

focus on the realization of real-time transmissions, studying the economical and

latency viability of the proposed DSP algorithms for the different use cases. These

two actions, together with efforts to increase link distances via more powerful THz

technology, could then result in the first field trial demonstrations as the last step

before commercial implementation.

Regarding the specific work carried out in this thesis, while the use of a digi-

tal DSP, served to prove the phase robustness of SSB signals and demonstrate the

performance improvement obtained with the KK receiver, its use on real system is

unlikely. The reason for this is the fact that a THz LO is required when the envelope

detection is performed digitally, which undermines one of the main reasons to use

an ED. For SSB transmission with heterodyne down-conversion, one can simply use

the tone-assisted technique to avoid the SSBI (as it is done in the second part of this

thesis). Hence, future demonstrations should focus on the use of a THz ED. This

will bring another set of challenges which can potentially lead to new research lines.

The first one has already been published and relates to the not necessarily quadratic

transfer function of a THz ED. The implication of this in the implementation of the

KK receiver in a THz system is investigated in [3], where the authors claim to get

better results when approximating the ED transfer function to an exponential func-
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tion instead of a quadratic one. The use of a THz KK could also reveal a different

(linewidth)× (symbol rate) product intersection in the comparison between the het-

erodyne and the ED system. This intersection could then be used to determine the

most appropriate type of detector for the application under consideration.

Merging the two experimental chapters of this thesis, the realization of a wire-

less bridge using envelope detection at the Rx RAU could be a step towards the

simplification of such unit. In this sense, given all the available techniques for THz-

to-optical conversion, a detailed comparison between them would be interesting.

Considering the stringent requirements of cost and size that these units must fulfill,

figures of merits for such comparison would take into account things such as power

consumption or potential to be integrated in a single chip, besides, of course, power

sensitivity. Increasing data rates in wireless bridges is also a top priority since,

as shown in Table 2.1, this type of links will require data rates up to 100 Gbit/s.

Equally important will be the Demonstration of THz wireless bridges with full du-

plex capabilities. This, while has not been yet reported, will be key to assessing

the full potential of this application. In fact, the transition from half- to full-duplex

is a pending task for THz communications in general. In this regard, design con-

siderations such as the use of independent antenna units for each link direction (as

proposed in [4]) or single antenna units with circulators (as proposed in [5]) will

need to be carefully studied and assessed for each of the envisaged applications.
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Acronyms

ADC analog-to-digital converter.

ASE amplified spontaneous emission.

AVSSB analog virtual single sideband.

AWG arrayed waveguide grating.

AWG arbitrary waveform generator.

AWGN additive white Gaussian noise.

BBoF baseband-over-fibre.

BER bit error rate.

BPF band pass filter.

BPSK binary phase shift keying.

BS base station.

BW passband signal bandwidth.

CD chromatic dispersion.

CMOS complementary metal-oxide-semiconductor.

CO central office.

C-RAN clod-radio access network.
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CSPR carrier-to-sideband power ratio.

CSSB conventional virtual single sideband.

CW continuous wave.

DAC digital-to-analog converter.

DC direct current.

DD decision directed.

DD direct detection.

DFB distributed feedback.

DSB double sideband.

DSB+C double sideband-with carrier.

DSP digital signal processing.

DVSSB digital virtual single sideband.

ECL external cavity laser.

ED envelope detector.

EDFA erbium doped fiber amplifier.

ENOB effective number of bits.

ER extinction ratio.

FEC forward error correction.

FFT fast Fourier transform.

FM frequency modulated.

FOE frequency offset estimation.
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FSPL free-space path loss.

GB guard band.

HBT heterojunction bipolar transistor.

HD hard decision.

HEMT high electron-mobility transistor.

HT Hilbert transform.

IF intermediate frequency.

IM intensity modulated.

IQ in-phase quadrature.

ISD information spectral density.

ISI intersymbol interference.

KK Kramers-Kronig.

LAN local access networks.

LMS least mean squares.

LO local oscillator.

LOS line-of-sight.

LPF low pass filter.

MMIC monolithic microwave integrated circuit.

MZM Mach-Zehnder modulator.

N0 noise spectral density.
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NF noise figure.

NIR near-infrared.

OBPF optical band pass filter.

OFCG optical frequency comb generator.

OFDM orthogonal frequency division multiplexing.

ONU optical network unit.

OOK on-off keying.

OPLL optical phase locked loop.

OSNR optical signal-to-noise ratio.

OSSR optical sideband suppression ratio.

OWC optical wireless communication.

PD photodiode.

PE phase estimation.

PM polarization multiplexing.

PON passive optical network.

PS phase shifter.

PSK phase shift keying.

PSPR pilot tone-to-signal power ratio.

QAM quadrature amplitude modulation.

QPSK quadrature phase shift keying.

RAU remote antenna unit.
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RDE radius directed equalizer.

RF radio frequency.

RoF radio-over-fibre.

RRC Root raised cosine.

RTD resonant tunneling diode.

SBD Schottky barrier diode.

SD soft decision.

SHM sub-harmonic mixer.

SMF single mode fiber.

SNDR signal-to-noise-and-distortion ratio.

SNR signal-to-noise ratio.

SNRb signal-to-noise ratio per bit.

SSB single sideband.

SSBI signal-signal beat interference.

UTC uni-travelling carrier.

VV Viterbi-Viterbi.

WDM wavelength division multiplexing.

WLAN wireless local access networks.

WPAN wireless personal access networks.

WSS wavelength selective switch.
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