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Abstract

High spectral purity microwave sources are key components for several important appli-
cations in telecommunications, navigation, and radar. In particular, low phase noise perfor-
mance is critical for emerging applications in high-speed fibre-wireless links in the mm-wave
and THz bands where high spectral efficiency modulation formats (e.g. 16 QAM, 64 QAM,
and 256 QAM) are used to increase the throughput.

The use of photonic techniques for the generation of mm-wave and THz carriers is attrac-
tive from the point of view of providing both superior phase noise performance (as compared
to conventional microwave sources based on electron devices) and also allowing distribution
over low loss and high bandwidth optical fibres. This thesis therefore focuses on new ap-

proaches to photonic generation and transmission of mm-wave and THz signals.

For low loss THz guided transmission, polymer based hollow core nested anti-resonant
node-less fibre (HC-NANF) has been designed for 1 THz with record low loss of 0.05 dB/m,
0.4 THz wide low loss transmission window and near zero group velocity dispersion. In a

modified design, single mode guidance and bending loss are also investigated.

To generate mm-wave and THz signals by photonic-assisted approaches, the two most im-
portant photonic based methods - the optoelectronic oscillator (OEO) and optical frequency
comb generator (OFCG) - are combined both in self-oscillating and separately driven struc-
tures. These combine the low-phase noise advantage of the OEO together with the potential
of the OFCG to generate signals into the THz range. For the self-oscillating optical fre-
quency comb generator (SOFCG), we report on both theoretical and experimental results; a
mm-wave signal at 94.8 GHz is generated and then applied in a radio over fibre link where
23 optical comb lines (with a spacing of 11.84 GHz) are generated. An LTE Advanced signal
of 20 MHz bandwidth modulated with 64 QAM is transmitted with an EVM of 2.23% over
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a 1.3 m wireless distance.

In addition, a tunable OEO (6.58 -18.36 GHz) where the tunability is obtained by a phase
modulator based microwave photonic (MWP) filter is used to drive an OFCG. Signals at
101.5 GHz and 242.6 GHz are generated for OEO drive signals of 16.92 GHz and 17.33
GHz respectively. This set-up is then used to implement a RoF link at 242.6 GHz with a 6
Gbaud 16 QAM data modulation which results in 24 Gbps wireless transmission over a 30

cm distance with a bit error rate (BER) less than the forward error correction (FEC) limit.

Finally, the thesis concludes with a roadmap for future work including a W-band OEO to
generate low phase noise mm-wave signals without up-conversion, a multi-core fibre (MCF)
based mm-wave generation, radio over fibre link and power over fibre link to realise electri-
cal connection free remote antenna units with the help of a zero-biased uni travelling carrier
photodiode (UTC-PD), and an integrated SOFCG to reduce size,weight and power consump-
tion (SWaP).
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ITeplAnyn

H vynAn goacuatikn Kabadtnto Ge UKQOKUVUATIKES TTNYES eival PAGIKO GUGTATIKG
G€ TTOMOTTAES GNULOVTIKES EQAQUOYES, OTTMS GE GUGTAUATO TRAETTIKOW®OVIAOV, TTAONYN-
ong, kat pavtd. ITo cuykekQwéva, yia TG avadudueves e@apUoyEés vypniol EuOLOU
UeTAdoong Ge OTTTIKA KAl agVEUATA SIKTUA, N AELTOVQYi0 AUTOV TOV GUGTAUATOV UE
xouniAd 9épupo @dong eivor amwo@acloTiking cnuaciag. Egtiong, elvar kaboQloTikAg
onuaciog Kol 68 GUGTALATO TTOV AELTOVEYOVV UE YLAOGTOUETEIKA KUUATO KABMS Kol
€ GuGTALATO TToV AglTtovEyovv GTig cuyvotnteg THE, dmrou yoncwosotovvtor Sidpo-
QEG TEXVIKES SLaUOEP®ONg VYNANG EAGUATIKAS agtddoong (T.x. 16 QAM, 64 QAM, ko

256 QAM) ywa tnv avgnon tng duvatdtntog Siekmepaiwong Sedouévmy.

H y0inon @®ToVIK®V TEXVIKOV YLo. TNV TTOQOAYWYNR YLALOGTOUETEIKMOV KUUAT®V KAOMDG
KoL o€V GTIS guyvotntes THz elvar eAKLGTIKIA Yol Thv AelTovEylo GUGTRUAT®Y e
xouniAd 96puBo @dong e GUyKELoN Ue TIC GUUBATIKES UKEOKVUATIKES Ttnyég. Emiong,
n XENOoN QUTOV TV TEYVIKMOV ETTTEETEL TN UETASOON GNUATOV UWEGH OTTTIKWV WOV UE
xaunAo 9épupo kaw vynAd evpog twvng. Egtouévwg, n cuykekouévn Statepn ecTi-
ACETAL GE VEEC TEYVIKES PWTOVIKAG YO TNV TTOQAYWYN KOl UETASOON YLALOGTOUETEIKMV

KUUATOV KOODS ko onudtov oTtig cuxvotnteg THz.

I tnv petddoon cnudtwv 6Tig guyxvotntes THz ye yaunAég ammieleg, oyxedidotnray
OTTTIKES (veS PAGLOUEVES GE TTOAVUEQN UE KEVO TTUENVA YOl AELTOUEYIO GTn GuxvoTNTA
1 THz, Tt1poc@EpovTag xauUnAés ammieleg uetddoong ae éva gacuatiko evpog 0.4 THz,
KoL oYeddv undevikn Srtacmopd ouadikng tayxvtntag. Emiong oxedidotnke PeAtimuévn

OTTTIKNA (Val, YLoL LOVATEOTIN UETASOON GAUATOS UE XOUNAR ATTOAELDL KAUPNG.

lMo Ty TToEAY®YR YIAOGTOUETEIKMOV KUULAT®V KAOMS KAl GNUATOV GTIG GUXVOTNTES

THg, ot 8V0 o onuoavtikég ueBodol PACLGUEVES GTN PMOTOVIKA — O OTITONAEKTQOVIKOG



TadavtoTig (OHT) kat n omtikn yevvitela ktéva guyvotntag (OI'KY) - yoncipuorolo-
vvton pogl. Autd cuvdudcel To TTAsovERkTRUO YaunAoy dopuipouv @dong twv OHT pakci
ue tnv 71eooT Tk Twv OI'KYE yia tnv mtapaynyin onpdtov oe THz edpoc. Oswontkd
KO TEELQOAWUATIKG AITOTEAEGUATA OVOSEIKVYOUV TRV EYKVEATNTA OUTAG TG TTROGEYYLONG,
GUUTTEQLAAUPBAVOUEV®Y TIELQOUATWV UETASOONS GRUATOS GE SIKTUO QASLOETILKOV®VIOG-

UEGW-VOV e xauniAo dvadikd euud cedAuatoc.

TéAog, n datEPri oAokAnpaivetor pue Gx€So dpdong ylo WeAAOVTIKA €pyacia, Guu-
TEQLAAUBAVOUEVOV KALVOURYLOV TEXVIK®V VL0 TN TTOQAYOYN YLUALOGTOUETEIK®OV KUULATOV
xouniAot 9opuPov XwEIS TAVKO-UETATREOTIA, TTOAMIKAOV®OV WOV BACLOUEVEOV GE TTOQO-
YOV YUALOGTOUETEIK®V KUUATWV, SIKTU®V QASLOETIKOWVOVIOG-UEGM-VOV KoL SIKTUOV
1Y VC-UECO-VAV Yo Th SnNULOVEYIOL NAEKTEOVIK®V GUVIEGEMV XwEIS Kivovuevn uwovdda
aVTEVOGS, KABMDGS KO TEYVIK®VY Yo Ty VAoTToincn avtd-OT'KE ue oAokAnpouévo @ewTo-

VIKG KUKAQDUOTOL.
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CHAPTER 1

Introduction

1.1 Introduction

Microwave photonics is an interdisciplinary field which brings together radio frequency en-
gineering and optoelectronics, and studies the interaction between microwave and optical
signals. Its primary applications are generation, distribution, control, processing and anal-
ysis of microwave signals by the means of photonics [1,2]. These functions are listed in
Table 1.1 along with indicative examples, of which radio-over-fibre has been one of the most

important.

Table 1.1: Major microwave photonics functions and their applications.

Microwave photonics function Example

Generation Optoelectronic oscillator [3], arbitrary waveform

generation [4], optical heterodyning

Distribution Radio over fibre link [5]
Control Optical phase locked loop [6]
Processing Microwave photonic filtering, analogue to digital

conversion [7], and optical delay lines [8]

Analysis of microwave signals Instantaneous frequency measurement [9]
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Radio-over-fibre (RoF) enables seamless media conversion between radio and optical sig-
nals in a fibre-wireless link and plays a key role in reducing the offset between wireline and
wireless data rates. Consequently, RoF with high capacity fibre-wireless links operating in
the millimetre wave (mm-wave) band is being considered for mobile backhauling and front-
hauling in the future 5G era and beyond [10, 11]. Other applications (as shown in Fig. 1.1)
include the enhancement of network resilience against disasters [12], the last mile access
network where deployment of the optical network is difficult or not economical, and non-
telecom applications, such as linear cell radar systems in airports and railways as illustrated

in Fig. 1.2 [13]. Both mobile and fixed wireline communications continue to see impres-

Mobile cell

Fig. 1.1. Telecom application scenarios of RoF based fibre wire-less link. Courtesy: A. Kanno, NICT,

Japan.

®

(@) Operation direction center

Remote radar heads

Node base station

WDM-IFoF

mm-wave TS-RAU J wss

‘ Radio over fiber network

Shared radar signal generator
Centralized digital signal processor

High-speed train

Linear-cell configuration for coverage

Fig. 1.2. Non-telecom application scenarios of RoF based fibre wireless link (a) a linear cell based
radio communication system between train and track-side (b) radio over fibre based foreign debris

detection system for surveillance of airport runway. After [14].
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sive growth in demand for parameters such as bit rate, and this trend is forecast to continue
for the foreseeable future [15]. Consequently communication systems such as optical fibre
and wireless have evolved through several generations; in the case of wireless communica-
tions, we are in the era of intensive 5G research and development, with a number of trials
now underway [16]. 5G is significantly different from previous generations with respect to
various parameters as illustrated in Fig. 1.3, and in particular with the need for multi-Gbps
data rates (e.g. for high definition video streaming), for massive machine communications
(as in the Internet of Things) and ultra-low latency (e.g. for autonomous vehicles and remote
surgery). To meet high data rate demands (e.g. 1 Gbps in indoor download links) two ap-
proaches have been considered in 5G; (i) moving towards the mm-wave band and (ii) high

spectral efficiency modulation formats such as 64 QAM and 256 QAM. In the latest release

Enhanced mobile broadband
(€Y

Gigabytes in a second —wl_.

Smart home/building

3D video, UHD screens
;; Work and play in the cloud

Augmented reality
Industry automation
\bice —l Mission critical application
Smart city Self driving car
Future IMT
Massive machine type Ultra-reliable and low latency
communications communications
Enhanced
(b) :
Mobile
Broadband
(eMMB)
User experienced
Peak data rate data rate
(Gbit/s) (Mbit/s)
Avrea traffic y
capacity br[;kec}mm'
(Mbit/s/mt ) 1o cficiency
100x

Network Mobility

energy efficiency (km/h)

Ultra-reliable
Low Latency
Communications
(uRLLC)

Massive
Machine Type
Communications
(mMTC)

Connection density Latency
(devices/km ) (ms)

Fig. 1.3. (a) 5G application scenarios (b) key performance indicators. After [16].
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of 3GPP, two frequency bands have been allocated for 5SG deployment; one is in the sub-6
GHz range (450 MHz - 6 GHz) while the other is above 24 GHz (24.25-56.4 GHz) [17].

Apart from 5G, there is increasing interest in the mm-wave and terahertz (THz) parts of
the spectrum for other applications, including medical diagnostics, testing of pharmaceutical
drugs, spectroscopy, imaging, sensing, biotechnology, security, and radioastronomy [18,19].
Implementing wireless links in the mm-wave band with highly spectrally efficient modula-
tion formats requires good quality carrier signals (i.e. with low phase noise) to meet the error
vector (EVM) magnitude requirements. The effect of phase noise on various application sce-

narios is discussed in chapter 2.

This thesis has three main themes which will be elaborated in the following sections of
this chapter, and then described in detail in the following chapters. These all revolve around
the existing needs (as defined by 5G amongst other applications) and projected requirements
inter alia of future mm-wave and THz systems, for the low-phase noise generation of mm-
wave and THz signals using photonics, and the subsequent distribution over low-loss optical
fibre. Specifically, we consider: (i) development of low-loss THz fibres; (ii) W-band self-
oscillating optical frequency combs derived from the optoelectronic oscillator topology; and
(ii1) optoelectronic-oscillator driven optical frequency combs for frequency-tunable opera-
tion at frequencies in excess of 200 GHz. Before considering these aspects, we briefly review
conventional, all-electronics approaches to sinusoidal signal generation in the next section,

followed by photonics-based methods for oscillators and frequency combs.

1.2 Electronic techniques for mm-wave and THz signal gen-
eration

As shown in Fig. 1.4 the mm-wave band (30 GHz to 300 GHz) and the THz band (0.1 to 10
THz) are located between the microwave and infrared. Therefore, two enabling technologies
exist for mm-wave and THz signal generation, namely electronics and photonics. In this
section, electronic techniques for mm-wave and THz signal generation are briefly discussed

while in the next section the details of photonic techniques are presented.
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Fig. 1.4. The electromagnetic spectrum. After [19].

* Electrical multiplication: The first electronic approach to be considered is the mul-
tiplication method where mm-wave signals can be generated from low-frequency os-
cillators by frequency multiplication. However, the phase noise of the output signal
increases according to the relationship 20 x logo/N, where N is the multiplication fac-
tor. Consequently there is a 6 dB increase of phase noise with every doubling in the
frequency which in turn makes this method unsuitable for generating low phase noise

mm-waves. This implementation is also complicated and can be costly.

* Other electronics approaches for generation of THz signals are Gunn diode oscillators,
impact ionization avalanche transit-time (IMPATT) diode oscillators, backward wave
oscillators, quantum cascade lasers (QCL), and resonant tunneling diodes. IMPATT
diode oscillators can generate high-power tones at frequencies greater than 300 GHz;
however, because of the avalanche breakdown process required for signal generation
the phase noise is very poor [20]. Transferred electron oscillators, such as Gunn diode
oscillators, can generate frequencies in excess of 100 GHz. Although they display bet-
ter phase noise than IMPATT diode oscillators, their noise performance is not as good
as that of photonically-generated signals. Additionally, due to the high loss associated
with electrical distribution lines such as coaxial cable, distribution of mm-wave signals

in the electrical domain is not practical.

In contrast, photonically-assisted approaches not only allow the generation of mm-waves
and THz waves with high purity but also allow distribution to a remote site with low transmis-

sion loss via standard single mode fibre (SMF). This is possible due to the inherent broadband
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and low loss property of optical fibre.

1.3 Generation of mm-wave and THz waves: Photonic as-

sisted approaches

One of the most useful attributes of microwave photonics technology is the availability of
high bandwidth photodetection, which consequently enables the generation of microwave,
mm-wave and THz signals through a variety of topologies and devices [2,21]. This ranges
from the use of discrete devices as in mode-locked lasers [22], gain-switched lasers [23],
external modulation [24,25], and nonlinear optics [26] to generate optical combs, through
to more complex topologies such as optoelectronic oscillators (OEOs) [27] and recirculating
optical loops [12]. In all cases the motivation is the feasibility of producing a signal directly
in the optical domain, allowing it to be distributed and processed photonically. Various

photonic based techniques for mm-wave and THz signal generation are described below.

1.3.1 Optical heterodyning

Optical
Coupler

LD1

RF Output
PD »

01— o

LD2

Fig. 1.5. Beating of two optical waves at a PD for the generation of a microwave signal

The simplest and most flexible method for generating THz signals by photonic means is
optical heterodyning where a beat signal is generated by two free-running optical sources
with fixed frequency separation as shown in Fig. 1.5. The output RF signal frequency
is equal to the frequency separation between the optical sources. Assuming we have two
optical waves given by

E/(t) = Epicos(mpt) + ¢;

and

E> (l‘) = E()QCOS(COQZ) + ¢
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where Eg;, Egy are the amplitude terms and ¢1,¢, are the phase terms of the two optical

waves, then the signal at the output of the photo-detector (PD) is given by:

(1) =RIE(1) = RIE (1) + E2(1)]* = RPy + RP> + 2RV/P Py cos|( @ — w2)t + (91 — 2))]
(1.1)

where R is the responsivity of the photodetector, and P; and P, are the optical powers asso-

ciated with E7 and E;. Considering the limited bandwidth of the photodetector, the current

at the output of the photodetector is given by:

IRF(t) =2RVP P COS[(O)l — (l)z)t + ((])1 — (])2)] (1.2)

Although this technique is capable of generating electrical signals up to the THz band, lim-
itations include its wavelength stability and corresponding frequency and phase fluctuation.
The optical phase fluctuation is converted to phase noise in the electrical domain. The sta-
bility of the generated signal may fail to meet the fluctuation tolerance of the ITU regula-
tion [28-30]. According to the ITU regulation, the required tolerance of the centre frequency
should be less than 4= 150 ppm at a radio frequency of 30-275 GHz. For a multi-gigabit sys-
tem in the 60-GHz band, the tolerance should be less than + 20 ppm.

1.3.2 Dual wavelength DFB source

The phase fluctuation between the two wavelengths due to path length difference may be
eliminated by introducing a dual wavelength source where two DFB lasers are monolithi-
cally integrated onto a quantum dash material and combined with a Y coupler [31]. Figure
1.6(a) shows a monolithically integrated dual wavelength DFB laser source which is used
to generate a 146 GHz carrier frequency by optical heterodyning; the lasers are grown on
InGaAsP and the two laser wavelengths are separated by about 20 um. The wavelength sep-
aration of the reported dual wavelength DFB laser determines the frequency of the generated
signal which can be tuned through the DC bias currents Ipgp; and Iprpy as shown in Fig.
1.6(b). It is also possible to realise the dual wavelength concept with a fibre ring laser as

shown in Fig. 1.6(c) where two wavelengths are generated from the same cavity [2].



Generation of mm-wave and THz waves: Photonic assisted approaches

~o—100mA

m o
- — — T
10 I
. \%\"‘\k‘ Se=
z e ——— N'
: = =
: ——

Frequency Spacing (GHz)

100 120 140 160 180 200
DCbias current on DFB1 (mA)

(a) (b) (c)

Fig. 1.6. (a) Photograph of a dual wavelength source, composed of two DFB lasers (DFB; and DFB))
combined through a Y-coupler. (b) Dependence of the frequency spacing between DFB; and DFB,
wavelengths as the DFB| current is varied at various fixed values of DFB, current. After [31]. (c) A

dual wavelength single-longitudinal-mode fibre ring laser for mm-wave generation. After [2].

1.3.3 Dual-wavelength fibre laser

The spectral purity of mm-wave and THz wave signals generated by a dual-mode laser or
two separate lasers is poor due to the low coherency of the two longitudinal modes. On the
other hand, a dual wavelength fibre laser (DWFL) is a promising concept because the fibre
laser provides optical output with high coherency. In [32], a DWFL was used to generate a 60
GHz signal where a photonic crystal fibre (PCF) was included inside the laser cavity to select
two lasing modes. In the laser ring cavity, the PCF helps to stabilize the dual-wavelength and
functions as a wavelength selective switch due to its wavelength dependent characteristics.

A typical experimental set up of a DWFL is shown in Fig. 1.7.
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1.3.4 External modulation

In the external modulation technique, a microwave signal modulates an optical carrier via
an electro optic modulator such as the Mach-Zehnder modulator (MZM). A Mach-Zehnder
modulator acts as the optical equivalent of an amplitude modulator (i.e. an intensity mod-
ulator), generating stable upper sideband (USB) and lower sideband (LSB) components.
In particular, the dual drive Mach-Zehnder modulator (DDMZM) is widely used in radio-
over-fibre systems to generate millimeter wave and terahertz signals. Figure 1.8 shows the
schematic of a DDMZM and the static light-voltage characteristic of an MZM (which in its
simplest form is a modulator in which a phase shift is only applied to one of the arms of the
Mach-Zehnder interferometer). For an optical carrier frequency of @, that is represented by

an electric field wave with amplitude Ey, the output of the DD-MZM is given by:
1 : . .
E. . = —FE(e/A%(0) 4 oidd(0)y ject 13
out \/5 0( ) ( )

with A¢;(7) and Ag,(¢) being the phase changes in arm “1” and “2” respectively, due to
the Pockels effect originating from the electric fields applied to the electrodes. These phase

changes are given by:

T T .

A(])l (t) = —Vb(, +—W; sm(a)mt) (1.4)
|2 Vr
T T .

A (1) = v, Voes + ‘TEVz sin(@yt) (1.5)

where Vpc, and Vpc, are the applied DC voltages for arm 1 and 2, respectively, while V; and

V, are the corresponding amplitudes of the RF voltage components. We can define m; = V%V,-

P =T,PF,
RF1 — —— DC1 gl T, <I
y y promse ot SR
Al T” (i modulator
DD-MZM
A, 0 : T . v, /V.,
0 1 2 3 4
A 3
RF2 — L DC2 V.=V,

(a) (b)

Fig. 1.8. (a) Schematic of a dual drive Mach-Zehnder modulator (b) DC characteristic curve of the
MZM.
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as the modulation index. Analysis then shows that E,,; is a Bessel function of the first kind
and the output of the MZM is the sum of the carrier frequency and sideband components
determined by the modulation frequency. Previous work shows that by properly choosing
the modulation index m, applied DC voltages and phase of the applied RF signal, double
side band, double side band with suppressed carrier and single side band spectra can be

generated.

The MZM is biased at the minimum transmission point to suppress the even order compo-
nents. If we set the bias to a minimum transmission point, and we neglect the higher order
components above the second order, double- side band suppressed carrier optical modulation
can be achieved. In this case the output contains the first order LSB and USB and by beat-
ing the first order sidebands at a PD, a frequency doubled microwave signal is generated as
shown in Fig.1.9(a). In contrast, when the bias of the MZM is at the maximum transmission
point, the odd order sideband components are suppressed [21,25]. Thus the output com-
prises the optical carrier and two second-order sidebands. By using a notch filter to remove
the optical carrier, and then beating the two sidebands at the PD, a frequency quadrupled

microwave signal is generated as shown in Fig.1.9(b).

bias

f .
'm Dc bias Optical Fiber

Optical Fiber
| 1m

[
B > mzmt Yo @ «. 4fm

=1 st

£, 18t _ond of ond

: = | «—

~ = A 8 » A\
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(a) (b)

Fig. 1.9. (a) Frequency doubling by biasing the MZM at the minimum transmission point. (b) Fre-
quency quadrupling by biasing the MZM at the maximum transmission point. The optical carrier is

removed by an optical notch filter. After [21].

1.3.5 Reciprocating optical modulator

A reciprocating optical modulator (ROM), consists of a pair of optical filters and optical
phase modulator as shown in Fig.1.10(a). A ROM can generate high order-sideband com-

ponents effectively where one of the optical filters is placed at the optical input port and the

11
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other is at the output port [25]. The operating principle of the reciprocating optical modulator
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Fig. 1.10. (a) Schematic of reciprocating optical modulator (b) Operating principle of reciprocating

optical modulator.

can be described using Fig. 1.10(b). As mentioned earlier, a reciprocating optical modulator
consists of two optical filters and an optical modulator mounted between them. A lightwave
is inserted into the modulator through one of the filters (input filter), and comes out from the
other filter (output filter). The input filter transmits an unmodulated input lightwave from
a light source, but reflects lightwaves in a specific optical frequency range. The output fil-
ter also reflects light waves in a specific optical frequency range, but transmits the spectral

components which we aim to generate.

Consider an unmodulated light wave from a laser source, whose frequency is fj, and is fed
to the input filter. Since the input light wave frequency lies outside the reflection band of the
input filter it is modulated by the phase modulator. The output of an optical phase modulator

can be expressed by

Y J(A®)exp™ I fr = fo+nfm (1.6)

n——oo

where f;, is the frequency of the sinusoidal RF signal applied to the electrical ports of the
optical modulator, A¢ denotes the amplitude of the induced phase shift of the light wave at
the modulator and J, is the n-th order Bessel function of the first kind. A block diagram
of sixth-order order harmonic generation is shown in Fig.1.10. Suppose that the two filters
reflect the spectral components f.1, f12, fi3, fi4, and fi5. For simplicity, consider that
the modulator creates only first order side bands denoted by f; and f_;. The output filter
reflects f, 1 and passes the others. The f, | component is again modulated by the modulator

and produces f., and fy sideband components. Similarly f43, f14, f15 and f;¢ components

12



Generation of mm-wave and THz waves: Photonic assisted approaches

are generated based on the above mechanism as shown in Fig. 1.10(b). Since the filter
rejection-band covers the frequencies from f,| to fi5, the fio and f,¢ components are
available at the output of the ROM. Heterodyning in a high speed photodiode results in an

electrical signal corresponding to the frequency difference between f. o and f¢.

1.3.6 Optoelectronic oscillator

Of the photonics-based approaches to microwave and mm-wave signal generation, the opto-
electronic oscillator (OEO) is particularly attractive because it can generate low phase noise
oscillation without any reference RF signal [3]; indeed, a state-of-the-art X-band OEO has
demonstrated phase noise as low as -163 dBc/Hz at an offset frequency of 6 kHz when it os-
cillates at 10 GHz [33] , thus making it extremely competitive with regards to this parameter
when compared with electronics-based microwave oscillators. The generic OEO topology
consists of a hybrid optoelectronic loop where the self-sustained oscillation is obtained (un-
der a small-signal approximation) from the Barkhausen criteria. Since the OEO forms one

of the main themes of the thesis, it will be described in greater detail in Chapter 3.

1.3.7 Optical frequency comb generation with optical heterodyne

The optical frequency comb generator (OFCG) is a very convenient way to generate a num-
ber of phase-correlated optical carriers with accurate frequency spacing. It is a useful tool
for various applications in microwave and millimeter wave photonic technologies including
optical and microwave waveform generation, optical signal processing, and fibre optic com-
munication [26]. Optical frequency combs are especially useful for the latest generation of
optical multicarrier communication systems, where information is encoded onto so-called
super channels [34]. Several approaches have been demonstrated theoretically and exper-
imentally for the generation of optical combs. Conventionally, mode-locked lasers, fibre
nonlinearities and external modulation are the principal methods for OFC generation. As
with the OEQO, the OFCG is one of the main themes of this thesis, hence a more detailed

description is also provided in Chapter 3.

Fig. 1.11 shows the arrangement for generating mm-wave and THz signals with the combi-
nation of an OFCG and the optical heterodyne technique. Two optical tones with the desired

frequency spacing are selected by a wavelength selective switch (WSS) and then beat in a

13
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Fig. 1.11. Conceptual diagram of optical frequency comb with optical heterodyning based mm-wave

generation.

high speed photo-detector (PD) to generated the electrical signal at the required frequency.
Specifically, if the wavelength spacing of the tones is AA, then the corresponding frequency
that is generated at the PD is given by:

AL
LA

where Af is the frequency of generated signal through heterodyning, c is the speed of light

Af (1.7)

in vacuo, and A; and A, are the wavelengths of the selected two tones.

1.4 Scope and novel contributions of the thesis

The remaining chapters outline the work conducted towards the realization of photonically-

enabled mm-wave and THz signal generation, modulation and transmission.

® The second chapter covers the state-of-the-art of THz links and subsystems, with an
extensive literature review in which the various reported systems are compared and
contrasted with respect to transmitter and receiver technology, modulation format, fi-
bre and wireless path lengths, use of single-carrier or multi-carrier transmission and
implementation of SISO (single input single output) or MIMO (multiple input multiple

output).

® Chapter 3 deals with the detailed description of two of the most important microwave
photonic techniques for mm-wave and THz signal generation, namely the optoelec-
tronic oscillator (OEQO) and the optical frequency comb generator (OFCG). The oper-
ating principle of the OEQO, side mode suppression techniques (both in the optical and
electrical domain), sources of phase noise, and tunability are discussed along with a

consideration of OFCG theory and operation.
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The next three chapters, viz. Chapters 4, 5 and 6, describe the novel contributions of the
thesis in the areas of low loss THz fibres, self-oscillating optical frequency comb generators,
and frequency tunable OEO driven OFCGs operating above 200 GHz. These contributions
are outlined below, described in detail in the corresponding chapters, and are then revisited

and re-evaluated in the conclusions in Chapter 7.

® The numerical design (using the finite element package COMSOL) of two new poly-
mer based hollow core anti-resonant (HC-AR) fibres is presented in Chapter 4 for
low loss THz guided transmission. The first design (Design-I) is based on hollow
core nested anti-resonant node-less (HC-NANF) structures while the second design
(Design-II) is based on a classical HC-AR structure. Design-I basically focuses on
the low loss transmission by incorporating additional anti-resonant elements called
nested tubes. In particular, a six-element based HC-NANF design is predicted to pro-
vide low loss THz guidance (with a transmission loss of 0.05 dB/m at 1 THz, a 0.4
THz wide low-loss transmission window and a 0.6 THz flat dispersion window). This
proposed design is the first demonstration of a HC-NANF fibre in the THz band and
it provides the lowest material absorption loss amongst the state-of-the-art fibres op-
erating at 1 THz (as compared in Table 4.2). Therefore, the HC-NANF is a strong
potential candidate for long-haul THz guided transmission and due to its relatively
simple cross-section (as compared to other THz fibres), is expected to be relatively
easy to fabricate. However, examination of the higher-order mode extinction ratio in-
dicates that Design-1 cannot guarantee single mode guidance. Hence the key target of
Design-II is to obtain single mode guidance by selecting suitable geometrical and ma-
terial parameters. A regular HC-AR fibre is able to support single mode guidance by
maintaining the shape factor d/D of the fibre, where d is the inner diameter of the anti-
resonant tubes and D is the core diameter. At d/D = 0.69, the core guided higher order
modes are phase matched with the anti-resonant tube guided modes. Consequently, the
higher order modes exhibit higher transmission loss than the fundamental mode and
the fibre effectively operates under single mode guidance. Although the HC-AR fibre
provides relatively higher transmission loss than the HC-NANF fibre, it maintains a
greater higher-order mode extinction ratio. As with the HC-NANF, the HC-AR fibre

also has a relatively simple cross-section, requiring only seven capillaries.
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® Chapter 5 describes the simulation and experimental work carried out on self-oscillating
optical frequency comb generators (SOFCG) based on a dual-loop OEO topology. This
includes a W-band radio over fibre link based on a SOFCG that was implemented at
NICT in Tokyo. In comparing the OEO with the OFCG, one sees that the former does
not require an external microwave synthesizer and offers low phase noise performance,
but the latter is capable (through wavelength selective filtering) of providing signals at
sub-THz frequencies. Hence the SOFCG combines the advantages of both the OEO
and the OFCG, namely generation of low phase noise mm-wave and sub-THz signals
without requiring an external microwave source. This is achieved via a modification of
the dual loop OEO topology, in which the Mach-Zehnder intensity modulator is substi-
tuted with a dual-drive Mach-Zehnder modulator. Whereas in the OEO, the optical part
of the loop supports a double-sideband optical spectrum which upon photodetection
results in a microwave output, in the SOFCG the optical spectrum is that of a comb.
Photodetection of the comb spacing then results in the RF signal that both drives the
dual-drive Mach-Zehnder modulator and can be used as a direct output. Experimental
validation of the SOFCG concept resulted in the generation of twenty-three optical
comb lines with a frequency spacing of 11.84 GHz (defined by an electrical band pass
filter in the optoelectronic loop). By filtering two comb lines and heterodyning in a
photo-diode, a mm-wave signal at 94.8 GHz was experimentally generated and indeed
signals up to 260 GHz could be generated with a suitably high bandwidth photo-diode.
In addition, the SOFCG reported here outperforms a conventional OFCG (driven by
an external microwave source), providing a single sideband phase noise that is 27 dB
better at an offset of 10 kHz. This highlights the potential of our contribution to its
use in demanding applications such as those in mm-wave phase modulated RoF sys-
tems. The SOFCG was subsequently employed in a W-band radio-over-fibre link in
which a 64 QAM LTE-Advanced signal transmitted over a 1.3 m wireless distance,
with an error vector magnitude (EVM) less the EVM limit. This is the first experi-
mental demonstration of an SOFCG for a RoF link at W-band (specifically 94 GHz),

which is of interest in front hauling in 5G systems.

® In Chapter 6, a novel photonic technique for mm-wave and THz signal generation is

demonstrated with an OFCG that is driven by a frequency tunable OEO. This work
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was motivated by the fact that while the SOFCG described in Chapter 5 offers ex-
cellent phase noise performance and the capability of generating mm-wave signals, it
does not offer frequency tunability. Frequency tunability would be a useful attribute for
multi-carrier systems. This limitation can be obviated by reverting to a conventional
OFCG topology, but then driving this with a tunable OEO instead of a conventional
microwave synthesizer. By using a separate OEQO, one can then employ a phase modu-
lator instead of an intensity modulator, with the advantage that when combined with a
tunable optical band pass filter, this acts both as a modulator and a tunable microwave
photonic filter. Using this novel approach, signals at 101.5 GHz and 242.6 GHz are
generated by selecting two comb lines originating from the comb generator and fur-
ther beating in a high speed photodiode. This tunable THz generation technique is
an attractive alternative to other techniques in that it is implemented with commercial

off-the-shelf telecommunications industry components.

A radio over fibre link at 242.6 GHz is also implemented with a 16-QAM 6 Gbaud/s
modulating signal resulting in a throughput of 24 Gbps. The obtained bit error rate
was below the forward error correction (FEC) limit. The latter part of Chapter 6 then
focuses on the modified version of an OEO where the key novelty is the addition of an
optoelectronic infinite impulse response (IIR) filter inside the OEO loop to further en-
hance the Q factor of the filter section with a view to obtaining spur free RF oscillation.
Cascading of these two microwave photonic filters enhances the OEO loop Q factor
and thus helps to suppress the side modes by an additional 12 dB, subsequently reduc-
ing the close to carrier phase noise by an additional 20 dB in the generated microwave
signal. The experimental work described in Chapter 6 was carried out at University

College London (UCL) during a secondment.

Finally, Chapter 7 summarises the findings and overall conclusions of the thesis, and
suggestions for future work are outlined. Specifically, three new areas of research are
proposed: (i) multicore fibre based mm-wave generation, radio-over- fibre, and power-
over-fibre (i1) W-band optoelectronic oscillators and (iii) an integrated microwave pho-

tonics implementation of a self-oscillating comb generator.
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CHAPTER 2

State-of-the-Art of Fibre Wireless Links

2.1 Introduction

This chapter covers the state-of-the-art of fibre wireless links operating at or above 100 GHz.
In addition to considerations of modulation and signal processing techniques, and transmitter
and receiver architectures, the free space channel is also studied, with an emphasis on the
contributions to path loss arising from precipitation. A brief introduction to phase noise and

its effect on phase modulated systems is also discussed.

2.2 State-of-the-art of THz links and sub systems

To deal with the high data rates required by modern wireless smart devices, the use of ter-
ahertz waves has been considered. However, compared with fibre-optic communication or
radio communications (<40 GHz carrier frequency), THz communications is still in its in-
fancy. A number of studies have been reported on THz signal generation (both electronic
and photonic approaches), detection (coherent and incoherent), processing and transmission
using both SISO and MIMO techniques. In addition, several photonic wireless/ wireless
transmission systems in the THz band have been demonstrated and some of the most notable

of these are summarized in Table 2.1.

The transmission window between 200 and 300 GHz has attracted strong interest due to

low atmospheric transmission losses. It has been shown that multichannel THz links with
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moderately higher spectral efficiency such as QPSK, 8 QAM, and 16 QAM increase the over-
all transmission capacity and reduce the bandwidth requirement for electronic devices. Data
rates of up to 100 Gbps have been achieved in a multi-channel THz system at 237.5 GHz by
using different modulation formats for each channel and a monolithic microwave integrated
circuit (MMIC) receiver [22] at the Karlsruhe Institute of Technology. A mode locked laser
based comb generator was used with a programmable optical filter and a UTC-PD to generate
a multicarrier signal, with the reported SISO system consisting of three channels operated at
Ch1=225 GHz, Ch2=237.5 GHz, and Ch3=250 GHz. The system provides an aggregate 100
Gbps wireless transmission over 20 m distance where Ch2 and Ch3 each carry an 8 Gbaud
8 QAM signal and Chl carries a 13 Gbaud 16 QAM signal. Multi-channel THz links have
also been demonstrated at UCL; in 2014, Shams et al. [23] reported a three channel THz link
at 200 GHz where each channel was modulated with 12.5 Gbd QPSK giving a total speed of
75 Gbps over 40 km fibre and 2 cm wireless transmission. The optical carriers were gener-
ated using a single MZM with an optical carrier suppression (OCS) technique. A 100 Gbps
THz link operating at 200 GHz has also been demonstrated by the same group [34]. In this
case four optical subcarriers were used where each carrier was modulated with a 12.5 Gbaud

QPSK signal; a gain switched laser source was used to generate the optical sub-carriers.

Multiband transmission schemes where channels are operated in different frequency bands
is an interesting approach for improving data rates without increasing the bandwidth require-
ment for drive electronics and electro-optic devices. The generation and transmission of
multiband signals have been demonstrated at 60 GHz and in the 75-110 GHz band. Recently
a five band radio over fibre link at 200 GHz to 280 GHz (200 GHz, 235 GHz, 250 GHz,
265 GHz and 280 GHz) was demonstrated in [35]. The reported link provides 100 Gbps
(20 Gbps in each band) data rates using a 10 Gbaud QPSK modulation format with Nyquist
bandwidth. An optical frequency comb generator based on an MZM was employed to gen-
erate optical phase related tones spaced by 15 GHz. A multiband system at 90 GHz and
300 GHz has been demonstrated by Kanno et al. [11], while a capacity record of 400 Gbps
was demonstrated using multiband transmission at 37.5 GHz and 100 GHz with polarization

division multiplexing and a MIMO system [36].

21



State-of-the-art of THz links and sub systems

wgpoe-=x4d WV | (sdaDp7) INVO8=TuDd JoxIw druourrey SUS[+(IgP [ Tg)eUULIUE UIOY
sIaLLROqNS (Auewon) 11
[ce] OSIS ‘%L wog - c—0IX¢=¥dd (sdqot) NVO8=2ud qs+DNN+euua)ue [eoruoue)+ad-O.LN
Qa1 L, . (€100) §°LET
sdao 001 (sdqDZE) INVO9T=1UD wIoy [ed1uoue) +SM+quod TTA
) W c-01<Jdd‘(pueq MSdO pneqd o1 (1gpog)euULIUE WIOY +
(ZHD08T'S9T°05T dSd 2utgjo+NHS (1n) 1ON
[sel OSIS - uny( | yoeos ur sdqn [Quueyd JOATQDAI QUADPOI)AY
‘6€T°0TT) PULqS +(1gpO7)eutue UIOH (S102) 082-02T
02) sdao 001 yoey [eondo+quio) INZIN
dsa aurgyo (1gpO)eUUUE UIOY
SIoLLROqNS (pengn §°¢1) 1) 10N
[v€] OSIS wog unjQ sdqo ¢/ +INHS+(19P0?) +Ad-DLN+SSM
Qary, SO (¥102) 00T
ruudue WOy +quo) INZIN
Surssaooid aurgjo (1gpo7)eUUIUE WIOH
SIoLLROqNS (pengn ¢°1) In) 1ON
[ez] OSIS wog unjQf sdq0 001 +INHS+(19P0?) +Ad-DLN+SSM
ImoyJ MSdO (S102) 00T
euuue WIOH +£EOO ﬁuﬁ—oﬁaw EED
(1n) 10N
[1¢] OSIS 9[3urg wd 'Y - sdqo | 00 (Amoyos) IWHS dd-d1n+ g4d 1eng
(T102) 971
(@gs)seporp
uedef LIN
l6€] OSIS J[surg uy | - sdqo 01 SV Jareq Aynoydg Suisn ad-d1Ln
(Z102) 0TI
10)09)9p vmo_o>=m_
ZHD 001 (zHO 001)
(pueq yoea ur
ew /(0 3SdO Wad
[ouuRyd OM]) - - (euryd) SNA(€102)
log] | OWIN TXT ZHOSLE | wy (8 sdqo 0¥ (ZHD §°LE) dSd SUIO+INHS aupoiaiey [eandQ
[oUUBYD 1IN0 ZHD §'LE PU® ‘001
e w gl V09T ANd
QUAPOIRIAY QAISUIS (euryD) DNH
[8€] | OWIN TxT J[3urs wg wy O sdqD £9°0¢ INAAO+NAd RI3Y0D
uoneZLIE[O] (€102) 001
c—0TXg¢=y9dd dSd PUIPFO+HNHS (1gpgg)euuLue uioy (euryDd) SNA
[L€] | OWIN TXT J[3urs w | uny 08 MSdO+NAd
sdqo 801 +(1gpgg)euuaue uIoH +(ToH)?ukporaey+dd (Z102) 001
(OWIN TOTLIR-DNIAY/ NIy NIy a4 pue JeurIoy x4 XL UoneIUFV (189X
PEN|
/OSIS)/DaA IoLLIED 9[3UIS SSI[AIIM aIqrg Je1eeq uone[NPOA ASofouyoa], (zHD) Adouanbaig

“JINDII0 pajeI3ajul

QABMOIOTW JIYIOUOIA DI YOIMS 9ANIJ[AS YITUI[ABM (SSA\ TOIR[NPOW JSPUYRZ-YoRIA (INZIN ‘Surssadold [eudrs [eudip :JS ‘Surxiu druouLey-qns

JNHS ‘uonemnpow apmiduwe axmeipend) AV ‘mdino o[3uts indur 9[3uig :OSIS ‘mndino spdnur ndur oidnniy QNN ‘Sutdey 3j1ys aseyd armjerpen()

SO ‘Surxordnnuw uorsialp uonezirerod (A ‘eporpoloyd Jorured Jureaen-mun :Ad-OLN ZHO 001 < UOHEBIIUNUIWOD SSI[AIIM JO ATewwing :1° dqeL

22



Phase noise

2.3 Phase noise

Although both oscillators and frequency combs are specified with respect to several param-
eters (e.g. output power, tuning range, thermal stability), in modern communications and
radar applications, phase noise performance is critical. Phase noise is commonly used to
measure the frequency stability of an oscillator. It is the result of small random fluctuations

of the phase of an electrical signal. An ideal oscillator will deliver a signal
v(t) = Vocos(wpt+ 9), (2.1)

where V) is the peak amplitude, wyg = 27y is the angular frequency and ¢ is the constant
phase. However, a real life oscillator signal fluctuates in amplitude and phase which can be
represented by:

v(t) = Vo[1 + au(r)]cos(wpt + ¢ (1)), 2.2)

where o(?) is the amplitude fluctuation and ¢@(¢) is the phase fluctuation. In early work [40],

phase noise was defined using the following equation:

_Single sideband noise power in 1 Hz bandwidth

L(f) (2.3)

carrier power

However, this definition has been abandoned because it cannot differentiate between ampli-
tude noise (AM) and phase-modulated (PM) noise [41]. The current definition of phase noise

is instead represented by:

1

L(F) = 556(/)

=10 x log10[S¢(f) —3dB] [in dBc/Hz] (2.4)

where S (f) is defined as the one-sided power spectral density of random phase fluctuation
@(¢). The unit of phase noise dBc/Hz in Eq. 2.4 means “dB below the carrier in a 1 Hz
bandwidth”.
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Fig. 2.1. (a) Amplitude noise (b) Phase noise (c) Oscillator without phase noise (d) Oscillator with

phase noise (e) Typical phase noise profile.

2.3.1 Effect of oscillator phase noise on system performance

The RF oscillator phase noise plays a key role in the performance of different microwave
and microwave photonic sub-systems. In this section, the effect of oscillator phase noise on

the performance of several sub-systems is discussed.

A. Radar

The noise of the carrier plays an important role in the performance of radar. In a moving
target indicator (MTI) Doppler radar, the velocity of the target is determined by mixing
the transmitted carrier with the received reflected signal and monitoring the small shifted
frequency beat (Doppler shift) as shown in Fig. 2.2. The Doppler shift ( f;;) can be calculated

from the following relationship
2
fa=fov (2.5)

where fj is the frequency of operation, and v is the velocity of a moving target. The Doppler
frequency shift of a MTI radar operating at 10 GHz (X-band) for various target speeds is
listed in Table 2.2. For slow moving objects, the offset between the transmitted and received
signals is very small. Since the phase noise of the transmitted signal close to the carrier is
high, the target may end up being hidden by the phase noise of the carrier. Therefore, the

probability of detection could be challenging.
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Fig. 2.2. A simplified Doppler shift radar system demonstrating the effects of phase noise on the down

converted Doppler shift. The reflected signal will be extremely low power and can be buried under

unwanted signal, clutter,or phase noise due to either the transmitter power amplifier or the receiver

local oscillator. After [42].

By way of example, Fig. 2.3 shows the effect of phase noise on detection probability.

For a 90% detection probability of a coherent radar operating at 10 GHz, the phase noise

Table 2.2: Doppler frequency shift (Hz) versus target speed (mph) at 10 GHz

Speed (mph) Reflected frequency (Hz)

1 30

10 298
20 596
30 894
50 1490
100 2980
300 8940
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requirement is -130 dBc/Hz for a 10 MHz oscillator to detect a target moving at 4 km/h. The

probability of detection drops to 45% when the phase noise is degraded by 5 dB.

Probability of Detection (%)

Low Noise N , r High’ Noise :
-148 -135 -13@8 -125 -128 ~-115 ~-118
Phase Noise (dBc/Hz)

Fig. 2.3. Coherent radar probability of detection as a function of reference oscillator phase noise.

After [43].

B. Phase modulated systems

In a phase modulated system such as quadrature phase shift keying (QPSK) or m-quadrature
amplitude modulation (m-QAM), the IQ position of the demodulated signal on the constel-
lation diagram depends on the amplitude and phase information. The amplitude noise affects
the distance from the origin while the phase noise has an impact on the angular position of
the constellation point as shown in Fig. 2.4. As a result, the bit error rate (BER) or the
error vector magnitude (EVM) depends on the local oscillator phase noise. The relationship

between the LO phase error and EVM can be evaluated by the following equation [44] and

is illustrated in Fig. 2.5:

1 s
EVM =4/ —— +2—2¢" 2.
Vv \/SNR+ e 2 (2.6)

where @, is the LO rms phase error. The EVM increases with the increment of the phase

CITOLI.
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Fig. 2.4. The effect of phase noise on EVM. After [42].
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Fig. 2.5. EVM variation with LO phase error. After [44].

2.3.2 When is the phase noise important?

In the above mentioned applications, phase noise is important. However, at what offset
frequency from the carrier it is significant varies from one application to another. To illustrate
this point, twelve phase noise profiles in four groups have been considered as listed in Table
2.3 and depicted in Fig. 2.6. Within each group, the phase noise of a specific offset frequency

is changed while keeping the remaining part of the profile the same. The phase error of each
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Table 2.3: Different phase noise profiles to illustrate the effect of phase noise on phase error.

Profile Phase noise (at an offset frequency in Hz) Phase

name 100 1k 10k 100k 1M 10M 100M 1G error

Al -40 -80 -100 -110 -115 -120 -125 -125 4.922
A2 -50 -80 -100 -110 -115 -120 -125 -125  2.366
A3 -60 -80 -100 -110 -115 -120 -125 -125 1.713
Bl -50 ' -80 -100 -110 -115 -120 -125 -125 2.366
B2 -50 -8 -100 -110 -115 -120 -125 -125  2.22
B3 -50 190 -100 -110 -115 -120 -125 -125  2.11
Cl1 -50 -80 -95 -110 -115 -120 -125 -125  2.375
C2 -50 -80 -100 -110 -115 -120 -125 -125 2.366
C3 -50 -80 -105 -110 -115 -120 -125 -125 2.361
D1 -50 -80 -100 -105 -115 -120 -125 -125  2.375
D2 -50 -80 -100 -110 -115 -120 -125 -125  2.366
D3 -50 -80 -100 -115 -115 -120 -125 -125 2.362

profile has been calculated with the method described in [45].

From Table 2.3 it is seen that the close to carrier phase noise (up to 1 kHz offset) has the
most significant effect on phase error and hence the EVM as illustrated in Fig. 2.5. Finally,
Fig. 2.7 shows some typical ranges of offset frequencies where phase noise is important for

different applications [40].
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Fig. 2.6. Phase noise profile listed in Table 2.3 (a) Group A (b) Group B (c) Group C (d) Group D.
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Fig. 2.7. Typical ranges of offset frequencies where phase noise is important for different applications.

The figure is reproduced from [40].

29



Guiding of mm-waves and THz waves in free space

2.4 Guiding of mm-waves and THz waves in free space

THz waves are attractive for wireless communication because they offer huge bandwidth
which is essential for increasing data capacity. However, this comes at a disadvantage: large
signal loss. The attenuation in the atmosphere at frequencies above 100 GHz is much higher
than that in the microwave frequency band and the large attenuation not only limits ser-
vice coverage but also degrades the signal to noise ratio of the system which influences
data capacity as well. The performance of any wireless system is affected by the physical
characteristics of the transmission media (the channel) itself. Three main contributors can be
identified for computing the total path loss: the free-space path loss, the atmospheric gaseous
attenuation and attenuation induced by rain fall. Fog and cloud also contribute to the path
loss. The THz band is very frequency selective and we therefore have to indentify suitable

transmission windows [46].

2.4.1 Free space path loss

Even without any additional attenuation in the wireless transmission path of the wave, the
received power is much lower than the transmitted power. The difference between transmit-
ted power and received power in wireless transmission is termed the free space path loss or
spreading loss. The spreading loss accounts for the attenuation due to the expansion of the
wave as it propagates through the medium. In a wireless link with fixed antenna effective
area, as the transmission distance increases the power is transmitted in a wide area which
increases quadratically with the distance. The free-space path loss can be estimated from the

Friis formula [47]:

Lrsap/km =324+ 201logo(f) +201og,¢(d) — Grrapi — Gryasi 2.7)

where, f is the frequency in MHz, d is distance between transmitter and receiver in km
and G, and Gg, are the gains for the transmitter and receiver antenna in dBi. The Friis
transmission equation is only applicable for distances exceeding the Fraunhofer distance
which can be calculated from:

2D?

dp =" 28)

where D is the largest dimension of the antenna and A is the wavelength of the radio signal.

Equation 2.7 shows that the received power is not only quadratically dependent on the dis-
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Fig. 2.8. Free space path loss as a function of frequency in four different transmission distances with

antenna gain of 40 dBi for the transmitting and receiving antenna.

tance but also on the frequency. The quadratic-dependency of the free space path loss is due

to the reduction of the effective area of the antenna with rising frequency.

2.4.2 Attenuation due to rain

For THz waves the size of the rain droplets falls within the range of a wavelength and this
will lead to Mie scattering of the electromagnetic waves. The specific attenuation due to
rain not only depends on the amount of rainfall but also on the size of rain drops [48]. An
important performance criterion for outdoor wireless communication is reliability of the link

under varying weather conditions. An estimation of the rain attenuation is given by:
Yk = kR® (2.9)

where Yz (dB/km) is the specific rain attenuation and R (mm/hour) is the rain rate parameter
for determining the intensity of the rainfall. The coefficients k and o are frequency depen-
dent; a set of values of k and « is given in the ITU Recommendation P.838-3 [48]. Rain
types are separated as ‘drizzle: 0.25 mm/hour’ ‘light rain: 2.5 mm/hour’, ‘heavy rain: 0.25
mm/hour’ and ’tropical rain: 100 mm/hour’ [48]. An analytical result of the attenuation due
to rain based on the ITU Recommendation P.838-3 is shown Fig. 2.9, where it is seen that

tropical rain has a very serious impact compared to drizzle and light rain.
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Fig. 2.9. Rainfall attenuation as a function of frequency.

2.4.3 Attenuation due to fog

For clouds or fog consisting of small droplets with diameters less than 0.01 cm electro-
magnetic waves in the THz band can be scattered by the small fog droplets which leads to
attenuation. A mathematical model based on Rayleigh scattering has been developed by the
ITU and published as Recommendation ITU-R P.840-6 [49]. Frequency dependence of at-
tenuation for medium fog which is equivalent to water vapour density of 0.05g/m? and thick

fog which is equivalent to water vapour density of 0.5g/ m? is shown in Fig. 2.10.
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Fig. 2.10. Attenuation of electromagnetic waves by medium fog (water vapour density of 0.05g/m?)

and thick fog (water vapour density of 0.5g/m?) at a temperature of 15°C.
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2.4.4 Attenuation due to the atmosphere

While propagating through the atmosphere, an electromagnetic wave is attenuated by molec-
ular absorption. The amount of attenuation depends on the frequency difference between the
electromagnetic wave and the resonance of the molecules. If the frequency of the wave co-
incides with the resonance frequency, the attenuation becomes a relative maximum [47, 50].
However, higher harmonics, sum or difference frequencies can also lead to an increase of
attenuation. Figure 2.11 shows the dependency of atmospheric attenuation on frequency for
an air pressure of 1013 hPa, a temperature of 15°C and a water vapour density of 7.5 g/m?).
Figure 2.11 has been developed on the basis of ITU Recommendation ITU-R P.676-10 [51].
The atmospheric attenuation is strongly affected at specific frequencies such as 60 GHz, 120
GHz, 183 GHz, 335 GHz, 375 GHz, 443 GHz, 557GHz, and 752 GHz [47]. Table 2.4 shows
the possible transmission windows available below 1 THz for fixed wireless links. In Chap-
ter 5 we describe development of radio-over-fibre systems operating in Window I, while in

Chapter 6 we consider a radio-over-fibre system demonstration for Window II1.

— 3_
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Fig. 2.11. Specific attenuation of the Earth’s atmosphere at sea level in the frequency range 1 GHz to
1000 GHz for an air pressure of 1013 hPa, a temperature of 15°C and a water vapour density of 7.5

g/m>. The shaded regions describe the possible windows available.
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Table 2.4: Possible transmission windows in mm-wave and THz band for the application of fixed

wireless links.

Window No. Bandwidth [GHz] Centre frequency [GHz]

I 35 95
Below
I 30 150
300 GHz
III 60 250
v 76 338
A% 58 414
Above
VI 62 484
300 GHz
VII 85 669
VIII 94 855

2.5 Conclusion

Various reported THz fibre wireless links have been compared and contrasted with respect
to transmitter and receiver technology, modulation format, fibre and wireless distance, and
the employment of single or multi-carrier transmission. In this respect, the following com-
bination proves attractive: (i) the use of optical frequency combs for the generation of THz
signals (with either a single or multiple carriers in a single transmission band or with multi-
band transmission), (ii) higher spectral efficiency modulation formats such as 16 QAM, and
(ii1) the MIMO technique. These themes will be examined in detail in chapters 5 and chap-
ter 6, in which we demonstrate how optoelectronic oscillators can be combined with optical
frequency comb generators to provide low phase noise mm-wave and THz signals without
any reference RF signal. In the next chapter, the operating principles of both the OEO and
OFCQG are discussed.
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CHAPTER 3

Optoelectronic Oscillator and Optical Frequency Comb

Generation

3.1 Introduction

In the first chapter, photonic-assisted methods for mm-wave and THz signal generation were
described. In this chapter, two of the most useful techniques, namely the optoelectronic os-
cillator (OEO) and optical frequency comb generator (OFCG) are presented in more detail.
The first part of this chapter covers the OEO including its principle of operation, side mode
suppression techniques, and sources of noise and tunability, while different OFCG imple-
mentations are discussed in the latter part. Finally, the effect of dispersion induced power

fading in microwave photonic links is discussed.

3.2 Optoelectronic oscillator

The OEO has attracted significant research interest in microwave photonics since its first
implementation in 1996 due to its promising features, including highly pure oscillation, dual
output capability (i.e. both microwave and microwave-modulated optical), tunability, and
high-frequency operation [3]. These distinct features make an OEO attractive for many
applications including low phase noise microwave and millimeter wave (mm-wave) gener-
ation [53], modern instrumentation [54], sensing [55], radar systems, and frequency down

conversion [56]. A generic OEO consists of a hybrid optoelectronic loop as shown in Fig.
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Fig. 3.1. Basic structure of single-loop OEO. The black lines represent the optical path while the blue

lines represent the electrical path.

3.1 where self-sustained oscillation is obtained (under a small-signal approximation) from
the Barkhausen criteria as shown in Fig. 3.2. The optical path includes a continuous wave
(CW) light source, a modulator (phase or intensity), a photodetector, and an optical energy
storage element, while the electrical path consists of a high Q bandpass filter and RF ampli-

fier. Usage of high Q optical storage elements such as long lengths of optical fibre and the

small-signal
open loop gain
0dB
frequency
(@
overall
phase shift Available mode
T (in-band)
\ -
navailable modes frequency
(out-of-band) 471
(b) overall
phase shift Available modes
T (in-band)
'-‘O
navailable mode frequency

(out-of-band) __4

Fig. 3.2. Satisfaction of both amplitude and phase conditions for OEOs with (a) short delay length
where only one mode satisfies the oscillation condition (b) long fibre length where multiple modes

satisfy the oscillation condition. After [52].
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recently introduced whispering gallery mode resonator (WGMR) [3,57] results in high spec-
tral purity. In an OEO, the phase noise is independent of the oscillation frequency, whereas
the Q factor of the optoelectronic loop determines the close to the carrier phase noise. The

noise floor is determined by the shot noise of the photodetector [58].

3.2.1 Side mode suppression

The quality factor of an OEO depends on the time delay induced by the storage element
(either a long single-mode optical fibre or resonator) in the optical part of the loop. The
loaded quality factor of the oscillator can be calculated as follows:

fo 2mf7?

Q_Af_ )

3.1)

where & represents the signal-to-noise ratio measured after photodetection, 7 is the total
open-loop time delay of the oscillating loop, and Af is measured at full width at half-
maximum (FWHM). Examining the above formula, one sees that to obtain a high Q-factor,
one may increase the length of the storage element (e.g.optical fibre). On the other hand, an
OEO is inherently a multi-mode device where the mode spacing or free spectral range (FSR)
is determined by the length of the cavity (L) with the relationship:

c
FSR=— 2
SR=-7, (3.2)

where n is the refractive index of the cavity. Using a long cavity results in enhancement of
the Q factor, but makes the FSR too narrow and consequently it is difficult to suppress side
modes. For example, a 1 km long fibre results in an FSR of approximately 200 kHz. In a
classical OEO as shown in Fig. 3.1, an electrical bandpass filter (EBPF) is normally used to
define the oscillation frequency. An EBPF is unable to select a single oscillating mode since
its passband is much wider than the FSR of a long-cavity OEO. Therefore, the oscillation
consists of several side modes as illustrated in Fig. 3.3. However, in several applications, it
is desirable to suppress the side modes and this may be achieved either through photonic or
electronics based approaches. The main theme of all side mode suppression techniques is to

increase the Q factor of the mode selector (filter).
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Fig. 3.3. Illustration of the mode selection and spurious level in a single loop OEO. The RF modes
due to the long loop (top solid curve) are shown with the RF filter’s frequency response (dashed curve)

leading to the OEO oscillating spectrum at the bottom. After [59].

3.2.2 Photonics based approaches for side mode suppression

Two of the key photonics based methods for side mode suppression are the use of multi-loop
topologies and high Q cavity optical filters. In the former, two or more loops of optical fi-
bres of different lengths are employed, while in the latter a Fabry-Perot cavity or whispering
gallery mode resonator (WGMR) is used to realise an optical filter. These techniques are de-
scribed in more detail below, along with more recent methods based on the use of microwave

photonic filters.

A. Multi-loop OEO configuration

The multi-loop configuration is the first and most widely used of the photonic techniques for
side mode suppression, in which a single loop OEO topology is modified with the addition
of one or more additional optical paths. A dual-loop OEO is shown in Fig. 3.4. Due to the
filter-like behaviour of the multi-loop configuration, the amplitudes of the spurious modes
are reduced [52]. In addition to the side mode suppression, the dual-loop configuration
provides an additional advantage; reduction of the oscillation threshold condition by 6 dB
which in turn reduces the gain requirement for oscillation [60]. In the dual loop OEO the

mode spacing (FSR) is determined by the short loop and the phase noise is determined by
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the long loop. However, the resultant Q of the combined loop is lower than that of the long

loop.

-
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ptical p 10:90 %
~—————— Electrical path BPF

Fig. 3.4. Basic structure of dual-loop OEO.
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Long Fiber

——
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Short Fiber

Dual Loop OEO

A ~ - A

Fig. 3.5. Illustration of the mode selection and spurious level in a dual loop OEO. The RF modes
due to the long fibre loop are shown with the filter magnitude transfer function (dashed curve) and
the short fibre loop RF spectra. This leads to the OEO oscillating spectrum shown at the bottom.
After [59].

B. High Q- optical filter

Although a multi-loop configuration is effective in reducing the level of unwanted side

modes, it also reduces the overall Q factor. Generally, a dual-loop configuration provides
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60-80 dB suppression of the first neighbouring side modes which is not enough for certain
applications. To suppress the side modes without sacrificing the Q factor, a Fabry-Perot (FP)
etalon with ultra-high finesse has been used as a mode selector instead of the conventioal
RF filter. Fig. 3.6 shows the schematic structure and operating principle of a conventional
RF filter based OEO and FP-etalon based OEO. Due to the higher Q factor and ultra low
temperature dependency of the Fabry-Perot etalon, it provides less phase noise and higher

stability as compared to the RF filter based OEO [61].
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Fig. 3.6. (a) Block diagram of a standard OEO with RF filter, (b) Filtering of one of the RF modes (Av
is the beat tone of the adjacent optical modes) by using an RF filter, (c) Fabry—Perot etalon based OEO
scheme (d) Filtering of the optical modes with the etalon transmission function, (e) Beat tone of the
optical modes that are separated by w or the free spectral range (FSR) of the etalon, (f) Comparison

of phase noise of the OEO with RF filter and with etalon (normalized power). After [61].

C. Cascaded microwave and microwave photonic filter

One promising approach to achieve both high selectivity and a high Q factor is to cascade
a single passband RF filter with a periodic spectral response microwave photonic (MWP)

filter. A MWP filter is a photonic sub-system that, when inserted between an RF modulator
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and a photodetector, functions as an electrical filter. Cascading a single passband RF filter
and an optoelectronic infinite impulse response (IIR) filter section has been used to suppress
the side modes of an OEO by reducing the passband of the filter. The single passband
section determines the centre frequency of oscillation and the IIR section provides the high
Q filtering for side mode suppression. Such a topology was used in [62] with an electrical
bandpass filter and an optoelectronic IIR section as shown in Fig. 3.7, yielding an OEO

which exhibited a side mode suppression of 93 dB at an oscillation frequency of 29 GHz.

Fig. 3.7. Schematic diagram of an OEO employing an optoelectronic hybrid band-pass filter with
ultra-high Q value at 29 GHz. MZM: Mach-Zehnder modulator. PC: polarization controller. DSF:
dispersion shifted fibre. EA: electrical amplifier. BPF: band-pass filter. PD: photodetector. ESA:

electrical spectrum analyzer. After [62].

D. Cascaded MWP filters

A side mode suppressed OEO may also be realised by using a cascade of two MWP filters,
in which the first has a single passband while the second is based on an IIR transfer function.
This approach permits frequency tunability since the centre frequency of the single-passband
MWEP filter can be tuned relatively easily. In [63] a tunable OEQO incorporating a stimulated
Brillouin scattering (SBS) based tunable single-passband MWP filter and an active recircu-
lating delay lined based IIR filter was reported, and is shown in Fig. 3.8. The reported OEO

provides a side mode suppression of 95 dB and a tuning range of DC to 40 GHz.
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Fig. 3.8. (a) Cascaded MWP filter based OEO where the first stage is based on SBS while the second
stage is based on all-optical IIR implementation. LD: laser diode; PC: polarization controller; PM:
phase modulator; HNLF: highly nonlinear fibre; TLD: tunable laser diode; OC: optical coupler; SOA:
semiconductor optical amplifier; TOBF: tunable optical bandpass filter; OTDL: optical tunable delay
line; ATT: attenuator; PD: photodetector; EA: electrical amplifier; ESA: electrical spectrum analyzer.

(b) Frequency response of the cascaded MWP filters. After [63].
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3.2.3 Electronics based techniques for side mode suppression

A. Quality multiplier:

A quality multiplier (QM) is a positive feedback microwave loop that increases the selectivity
and gain of the the related circuit. If a QM is combined with a broadband electrical filter,
the bandwidth and the insertion loss of the filter decreases. Hence if an electrical filter with
a QM is used in an OEO loop, the loop Q-factor will increase and the spurious modes will
be suppressed [64]. A schematic diagram of a filter quality multiplier (FQM) and the effect
of the QM on filter bandwidth are shown in Fig. 3.9a and Fig. 3.9b respectively. In [64], a
single loop OEO with 15 km fibre length was demonstrated with a FQM at a 3 GHz operating
frequency resulting in 120 dB side mode suppression, and -119 dBc/Hz single side band

phase noise at 10 kHz offset.
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(a) (b)

Fig. 3.9. (a) Schematic diagram of a FQM. Two microwave amplifiers, a variable phase shifter and a
variable attenuator represent the QM and the positive feedback to a bandpass filter. (b) Comparison
of the bandpass filter’s bandwidth with the FQM bandwidth (FQM 1). The bandwidth of the FQM is
nine times narrower (40 kHz instead of 360 kHz). After [64].

B. Dual injection locked OEO

A dual optical loop OEO can add an additional 30 dB side-mode suppression as compared to
a single loop OEO. However, the dual loop configuration sacrifices the high Q produced by
the long fibre; the overall Q is averaged between the high Q and low Q provided by the long
and short fibre length, respectively. An injection locked dual OEO has been reported [65,60]
as shown in Fig. 3.10 to solve the problem of maintaining a high Q while eliminating side

modes. In this configuration, a slave OEO (with short fibre length) is used to filter out the
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multi-mode spurs of the high-Q master OEO. The RF output generated from a master OEO
(single loop with long fibre length) was injected into a slave OEO (single loop with short
fibre length) via an RF coupler. As a result of injection locking, the frequency and phase
of the slave OEO was locked to the master OEO. The fibre length of the slave was selected
in such a way that the first spurious mode falls outside the RF filter bandwidth resulting
in single mode operation of the slave OEO. As a result, spurious free oscillation has been

obtained as shown in Fig. 3.11 [65].
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Fig. 3.10. Block diagram of an injection-locked dual OEO. After [65].
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Fig. 3.11. RF spectrum for the: (a) master OEO alone, (b) slave OEO alone, and (c) injection-locked

OEO. (Spectra (a)—(c) are taken with the same span, resolution, and reference level.) After [65].

44



Optoelectronic oscillator

C. Injection locking with low frequency

The dual injection locked technique described in the previous subsection requires two com-
plete OEO loops oscillating at the same frequency which increases the cost of the whole
system because two sets of optical and electrical components in the same band are required.
Moreover, the stability of the system depends on both oscillating loops. In [67], an injection
locking technique was reported where a low frequency external RF source is used to lock a
high frequency OEO oscillation through higher order side-mode generation in a Fabry-Perot
laser diode. The configuration consists of two subsections; the higher order mode generation
unit and the OEO as shown in Fig. 3.12. A 20 GHz RF signal was generated with 65 dB side
mode suppression as shown in Fig. 3.13; for injection locking, a 20""-order harmonic was

generated from a 1 GHz reference signal.
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C |
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Fig. 3.12. Configuration of an injection-locked OEO where the injection signal is lower than the OEO

oscillation frequency. After [67].
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Fig. 3.13. RF spectra. (a) Free-running OEO. (b) Injection-locked OEO. After [67].

Finally, Table 3.1 shows a comparison of the OEOs discussed in this section for side mode

suppression.
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Table 3.1: Comparison of OEO topologies for side-mode suppression. HNLF: Highly nonlinear

fibre, DSF: Dispersion shifted fibre.

Number SSB
Fibre Side mode
OEO topology Frequency of fibre phase noise
length suppression
loops @ 10 kHz
10 km/
Dual-loop OEO [68] 12 GHz Dual -109 dBc/Hz 60 dB
5.5km
OEO with FP Etalon [69] 10.5 GHz  Single 2 km -105 dBc/Hz 105 dB
OEOQO with cascaded 3 km
29.99 GHz Single -113 dBc/Hz 83 dB
RF and MWP filter [62] DSF
OEO with cascaded 1 km
32.02 GHz Single -106 dBc/Hz 95 dB
MWP filters [63] HNLF
OEO with FQM [64] 3 GHz Single 15km -140 dBc/Hz 120 dB
Dual injection . 6 km/
10 GHz Single -150 dBc/Hz 140 dB
locked OEO [65] 50 m
Injection locked
OEO with low 20 GHz Single 3 km -110 dBc/Hz 65 dB

frequency RF signal [67]
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3.3 Sources of phase noise and mitigation techniques

OEOs have noise sources that originate in both the optical and electrical segments as shown
in Fig. 3.14. The key noise sources that contribute to the overall phase noise include laser fre-
quency and relative intensity noise (RIN), photodiode shot noise, thermal noise and flicker
noise from the RF amplifier, and Rayleigh-scattering-induced amplitude noise in the opti-
cal storage element. Some noise sources (thermal, flicker, shot and laser frequency noise)
contribute directly to the phase noise while others such as RIN and Rayleigh scattering are
converted to phase noise through amplitude-to-phase noise conversion in the nonlinear de-
vices in the OEO loop (e.g. the photodetector and RF amplifier). The dominant noise source
at any frequency differs from system to system since it depends on the exact specifications
of the various components present in the loop. The various types of noise sources and their
mitigation techniques are described below.

Laser frequency Rayleigh scattering
noise induced noise Shot noise

EFOM—T—""—31 + PD

Flber length L
RIN "
Cancellin
_A_LLL&_JF "(LL\“Y“ < \ eementg
t &
opt Op = |

g : \The;mal noise
RFE L 7\% + flicker noise

2

K
ot L 4 Filter
f

Fig. 3.14. Illustration of sources of noise in an OEO. After [70].

f

* Laser frequency noise: The laser frequency fluctuation is converted into microwave
phase noise in an optoelectronic loop through the chromatic dispersion phenomenon
[71], according to:

Sy = 27tf07L§DAI§5v (3.3)

where 0y is the phase fluctuation, fj is the microwave frequency (i.e. OEO oscillation
frequency), A is the optical source wavelength, D, is the dispersion of fibre at A, ¢

is the velocity of the light, L is the fibre length, and 8V is the laser linewidth. The

47



Sources of phase noise and mitigation techniques

corresponding phase noise power spectral density is given by:

So.fopt () = 22Su(f) (3.4)

where S, (f) is the power spectral density (PSD) of the laser frequency noise and
>, L
X :ZEfO)LOD;LZ. (3.5)

Fig. 3.15 shows the phase noise of an OEO considering two different types of fibre;
standard single mode fibre (SMF) and dispersion shifted fibre. The use of dispersion
shifted fibre enables a 10 dB reduction of phase noise compared to the SMF when
all other components remain unchanged. So significant improvement in phase noise
can be obtained by using a more frequency stable laser, using (near) zero dispersion
shifted fibre at the operating wavelength or operating the laser at the zero dispersion

wavelength (near 1300 nm for standard fibre).
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Fig. 3.15. Illustration of the effect of laser frequency noise on OEO phase noise. The laser frequency

noise is converted to the OEO phase noise through the fibre dispersion. After [72].

* Fibre length dependent noise: According to the theoretical model of Yao and Maleki
[3], the close to carrier phase noise of a fibre-based OEO decreases quadratically with
the fibre length [3]. However, in practice, it does not follow exactly the model as il-
lustrated in Fig. 3.16 [73]. For example the phase noise of the 6 km fibre is higher
than the expected value which indicates that there should be one or more sources of
noise induced by the fibre. Rayleigh scattering and stimulated Brillouin scattering are

the two fibre length dependent sources of noise in a microwave photonic link and also
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Fig. 3.16. Contribution of fibre length to phase noise plots of 10 GHz single-loop OEO. After [73].

in an OEO. Rayleigh scattering occurs due to the variation of refractive index along
the fibre length introduced by wavelength-order random density fluctuations during
the manufacturing process. Stimulated Brillouin scattering (SBS) is a nonlinear effect
introduced due to the interaction of light with phonons which creates a counter prop-
agating Stokes wave with a frequency shift of approximately 11 GHz relative to the
optical carrier while the light due to Rayleigh scattering propagates both in the forward
and the backward direction. The gain-bandwidth of SBS and Rayleigh scattering is 10
MHz and 10 kHz respectively. Both phenomena introduce amplitude noise in the op-
tical domain and appear as phase noise in the electrical domain after photo-detection
in a microwave photonic link and OEQO. In order to suppress the noise induced by the
two types of scattering in an OEO loop or a microwave photonic link, the continuous

wave light is either frequency or amplitude modulated as shown in Fig. 3.17.
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Fig. 3.17. Phase noise plots of 10 GHz single-loop OEOs with and without frequency modulation to

suppress the effect of Rayleigh scattering. After [73].

3.4 Tunable OEO

Several applications such as radar, modern instrumentation, phase-locked loops, clock re-
covery circuits, wireless transceivers, and frequency synthesizers [74—76] require a tunable
RF source with low phase noise performance and in many cases a frequency tunable OEO
(TOEO) could be a potential candidate in place of an all-electronic approach. A tunable
band-pass filter section (either in electrical or optical form) is generally inserted in the OEO
loop to achieve the frequency tuning operation. Table 3.2 lists a number of TOEOs, compar-

ing and contrasting them in terms of tuning range, phase noise, and tuning method.

In [53], a tunable OEO based on stimulated Brillouin scattering (SBS) was proposed to
achieve a carrier with a tunable frequency from DC - 60 GHz, while in [77] a tunable OEO
(3 - 28 GHz) was implemented in which two optical phase modulators (PMs) were cascaded
with a phase shifted fibre Bragg grating (PS-FBG). A relatively simple technique was also
reported in [78] to achieve a tunable frequency range from 4.74 GHz - 38.8 GHz based on
using an optical PM and a tunable optical bandpass filter (TOBF), where the tunability was
realized by changing the optical bandwidth of a TOBF. Later, a modified version of [78] was
reported for a tuning range up to 57.7 GHz [79].
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Optical frequency comb generation

3.5 Optical frequency comb generation

An optical frequency comb (OFC) can generate evenly spaced discrete optical multi-tones
that can replace several single mode laser diodes. Not all multi-wavelength sources are con-
sidered to be optical frequency combs; only those that (i) maintain high spectral coherency
across the whole bandwidth and (ii) those for which the spacing can be tuned independently
with accuracy [86] are categorised as OFCs. Several techniques have been identified to gen-
erate OFCs including mode-locked lasers, nonlinear optics, electro-optic modulation, and
optical re-circulating loops. A brief introduction to these individual techniques will be dis-
cussed in subsequent sub-sections. The key figures of merit for OFC generators (OFCGs)
are high coherence, high stability, low noise, high efficiency, low cost, simplicity and good
spectral flatness (i.e. each optical frequency component should ideally have the same inten-

sity) [24].

3.5.1 Mode locked laser

Mode locked lasers (MLL) are widely used in OFC generation [87]. In a MLL, the longi-
tudinal cavity modes are phase matched to generate ultra-short repetitive pulses in the time
domain. A regularly spaced pulse train in the time domain corresponds to an OFC in the fre-
quency domain. Mode locking can be obtained actively or passively; the former technique
uses a modulator inside the laser cavity which is driven by an external RF source while the
latter technique uses a nonlinear saturable absorber. The mode locking concept is illustrated

in Fig. 3.18 and the time domain to frequency domain relationship in a MLL is depicted in

Fig. 3.19
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Fig. 3.18. Operating principle of a mode locking technique. A periodic pulse train (red curve) is

synthesized by adding seven oscillations with slightly different frequencies and varying amplitudes

(blue curves). The points in time where all the oscillations add up in phase are indicated by the black

vertical lines. After [88].
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Fig. 3.19. Relationship between time domain and frequency domain in a MLL. After [87].
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3.5.2 Gain switching

A MLL can generate optical multi-tones over a wide bandwidth, but cavity complexity is one
of the limiting issues [89]. Additionally, it does not offer frequency tunability due to the fixed
cavity length which determines the comb spacing. As with the MLL, short optical pulses
and therefore an OFC can be generated using gain switching of a laser. In a gain switched
laser, short pulses are obtained by modulating the gain of the laser cavity. In [§89-91], gain
switching techniques were used to generate an OFC; Fig.3.20(a) shows the experimental
set up of an externally injected gain switched laser for OFC generation. In this set-up, a
FP-LD (slave laser, I;;,=8 mA) is operated in single mode (through injection locking of an
external cavity master laser). The slave laser is then gain-switched with the aid of a 24 dBm
RF (10 GHz) sinusoidal signal and 40 mA (51;;,) DC bias current (applied via a bias tee).
The spectrum obtained by the gain-switching is broadened by a phase modulator and the

broadened spectrum is shown in Fig. 3.20(b)

RF-AMP1 o
D]

| A

Bias Tee

OSA

Linewidth/RIN
Measurement

\?‘iFP-LD 1 5‘32 1 5'33 1 5‘34
= Wavelength (nm)

(a) (b)

Fig. 3.20. (a) Schematic diagram of a gain-switched FP-LD based OFCG. Optical paths are repre-
sented by continious lines while electrical paths are represented by dashed lines (b) Optical spectrum

of the generated combs with the arrangement of Fig. 3.20(a). After [89].

3.5.3 Four wave mixing

An OFC may also be generated via four wave mixing (FWM) [92]. In the scheme of Fig.
3.21(a), the FWM technique is used to broaden the side modes generated by an EOM which
is modulated by an external RF signal. The output of the EOM is then amplified by an EDFA
to a high optical power in order to generate FWM inside the dispersion shifted fibre (DSF).

The generated spectrum is shown in Fig. 3.21(b).
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Fig. 3.21. (a) Operational block diagram of a FWM based OFCG where FWM is used to expand the
side modes generated by the electro-optic modulator (EOM). (b) optical spectrum generated from the

arrangement of Fig. 3.21. After [92].

3.5.4 Electro-optic modulation

In an external modulation based OFC generator, a RF signal of a certain frequency is fed
to the RF port of an electro-optic modulator (EOM) (either phase or intensity) while the
modulator is connected to a single tone continuous wave (CW) light source. The number of
generated comb lines and spectral flatness depends on the driving signal amplitude and mod-
ulator characteristics (such as Vz, and bandwidth). In [93], a seven-line OFC was generated
by employing a dual-parallel Mach-Zehnder modulator (DPMZM) as shown in Fig. 3.22. In
this scheme, the sub-modulator of one arm of the DPMZM is biased at the minimum trans-
mission point while the other sub-modulator is biased at the maximum transmission point.
As a result, odd harmonics are generated in one arm (minimum transmission point biased)

and even harmonics are generated in the other arm (maximum transmission point biased) as

57



Optical frequency comb generation

shown in Fig. 3.22(a). The experimentally generated spectrum is shown in Fig. 3.22(b).

20 0.6 dBT
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v || o 1549.0 1549.5 1550.0 1550.5 1551.0
3 a1 -1 3 Wavelength (nm)
(a) (b)

Fig. 3.22. (a) Schematic diagram of a parallel Mach—Zehnder modulator based OFC generator. LD:
laser diode. IM: intensity modulator. RF: radio frequency. DC: DC power supply. OSA: optical
spectrum analyzer. MZM-a is biased at its maximum transmission point, MZM-b is biased at its
minimum transmission point, and MZM-c is biased at zero. (b) Optical spectrum with seven comb

lines. After [93].
Generally, a single modulator based OFC is unable to provide a large number of comb

lines. To broaden the comb lines, a well-known alternative approach is to place several

EOMs (intensity and phase) in tandem as shown in Fig. 3.23.
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Fig. 3.23. Layout of common electro-optic modulation based OFCGs that can provide a spectrally flat
envelope by an adequate optimization of the bias condition and phase shift. IM: intensity modulator;
PM: phase modulator; DD-MZM: dual-drive Mach-Zehnder modulator; Amp: RF amplifier; PS:

electrical phase shifter; LCFG: linearly chirped fibre Bragg grating; Att: attenuator. After [86].

3.5.5 Optical re-circulating loop

Due to the limited RF bandwidth of optical modulators and the driving signal amplitude re-
striction, the OFC signal bandwidth is typically less than 1 THz in an external modulation
based OFC generator [94]. An optical frequency comb using single side-band carrier modu-
lation in an amplified optical fibre loop can eliminate the aforementioned modulator driving
issues. The topology is illustrated in Fig. 3.24(a) where one input port of an optical coupler
is used to input the single optical tone while one output port is used to monitor the optical
output of the comb generator. The remaining input and output ports are used to complete the
loop. A single side band (SSB) modulator and an optical amplifier to compensate the optical
losses make up the active parts of the recirculating loop [95]. The output of the comb gener-
ator is illustrated in Fig. 3.24(b). In [94], one simple modification was introduced; a single
side band suppressed carrier (SSB-SC) modulator was used instead of an SSB modulator as

shown in Fig. 3.25.
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Fig. 3.24. Optical comb generator using an optical SSB modulator. After [95].
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Fig. 3.25. (a) Block diagram of a recirculating frequency shifter, and (b) its generated optical fre-

quency comb signal. After [10].

3.6 Dispersion induced power fading

In conventional intensity modulated microwave and mm-wave photonic links, modulation
results in a double sideband (DSB) signal where two side bands are located either side of the
optical carrier. After passing through a dispersive element (e.g. optical fibre), the two side
bands experience different amounts of phase shift relative to the optical carrier. Generally
a photodetector is used to generate the microwave signal by beating the optical tones. In
DSB modulation two beat signals of identical frequency are generated by beating the two
side bands with the carrier and the resultant signal is the sum of two beat notes. As the two
side band signals experience different phase shifts during transmission through the dispersive

element, the photodetected microwave signals produce phase shifts relative to one another.
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If the phase shift is & then complete cancellation occurs. Therefore, the intensity of the
generated microwave signal depends on the relative phase difference between the two tones.
The power variation depends on the fibre dispersion parameter (D), transmission distance

(L) and operating frequency (fgr) as expressed by the following equation [2,96]:

LD

— A frr) (3.6)

Prp o< cosz(

where A is the wavelength of the optical carrier and c is the velocity of light in vacuum. The
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Fig. 3.26. Dispersion-induced power fading for standard single mode fibre at 1550 nm as a function

of fibre length for four different frequencies.

dispersion-induced power fading as a function of fibre length (L) and operating frequency
(frr) is shown in Fig. 3.26 and Fig. 3.27 respectively. The periodic power fading is more

pronounced at relatively higher frequencies and longer link lengths.
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Fig. 3.27. Dispersion-induced power fading for standard single mode fibre at 1550 nm as a function

of frequency for three different fibre lengths.

3.7 Conclusion

Two of the most widely used methods for the photonic synthesis of microwave and mm-wave
signals have been considered in this chapter, namely the optoelectronic oscillator (OEO)
and the optical frequency comb (OFC) generator. The operating principles, design and per-
formance considerations (such as phase noise and frequency tunability) and topologies for
various OEO and OFC generators have been described, compared and contrasted. Finally,
we considered the impact of optical fibre dispersion-induced power fading, since this can

potentially impact on loop oscillation conditions.

We revisit the themes of the OEO and OFCG in chapters 5 and 6 respectively. In Chapter
5 a self-oscillating optical frequency comb generator, which is based on an OEO topology, is
presented for W-band frequency generation and subsequent use in a W-band radio-over-fibre
link. In Chapter 6, a tunable OEO is implemented and used to drive an OFC generator for
242.6 GHz signal generation and demonstration of radio-over-fibre at this frequency. This
last result represents an important step in the exploitation of the THz frequency range for
wireless communications. However, there is also developing interest in guided transmission

of THz signals, and this is the theme of the next chapter.
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CHAPTER 4

Low-loss Hollow-core Anti-resonant Fibre for THz

Waveguiding

4.1 Introduction

In recent years, the terahertz (THz) band (ranging from 0.1-10 THz) has attained great re-
search interest due to its promising and potential applications in the field of security, sensing,
astronomy, and communications [18,97]. Although dry air offers the lowest attenuation and
dispersion to the THz band, free space THz systems introduce additional unavoidable losses
during the coupling, transporting and management of the THz beam [18]. Moreover, waveg-
uides are indispensable in certain cases; when the application point is inaccessible, or it is
required to interact with the sample strongly and to confine or focus to a smaller spot size
with high power delivery [98]. In contrast to the other two key parts (sources and detec-
tors) of THz systems, waveguides are not only useful for distributing THz beams but also as

functional devices [99].

One of the main challenges is to design a low loss waveguide in the THz regime. Two
effective approaches have been considered recently to realise a low-loss waveguide structure
in the THz band with additional properties such as low bending loss and low dispersion.
The first approach uses relatively low loss polymer based waveguides such as poly(methyl-
methacrylate) (PMMA) [100], Teflon [101] , high-density polyethylene (HDPE) [102], and

Topas [103] instead of hollow metallic and glass waveguides. Among the aforementioned
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polymers, Topas provides the lowest absorption and its bulk material loss is 100 times lower
than PMMA [103]. The second and most effective approach is to confine a high fraction
of power in air and simultaneously maintain tight confinement [99, 103] since as mentioned
before dry air provides the lowest attenuation in the THz band. Combining these two ap-
proaches, different wave guiding structures have been considered including subwavelength
fibre [104], porous-core fibres [97, 105, 106], and hollow-core fibres [102, 107].

Hollow-core fibre (HCF) can guide light in low index materials such as vacuum, gas or lig-
uid and exhibits attractive properties such as low transmission loss, low nonlinearity, and
low dispersion [108]. The most exciting aspect of HCF is that its refractive index may be
tuned by changing the low index material’s (air, gas or liquid) composition and pressure.
HCFs can be categorized according to their guiding mechanism. The first type, the photonic
bandgap (PBG) fibre, is more common and guides light in the air-core based on the photonic
bandgap [109]. The second type guides light via inhibited coupling (IC) between the core
modes and cladding modes [110]. Hollow core anti-resonant (HC-AR) fibre is one kind of IC
guiding fibre where a single layer of anti-resonant tube surrounds the hollow air-core. Due
to the relatively simple design and low loss guidance, HC-AR fibres have recently gained
much attention in the fibre community both in the infrared and THz band [111]. One of the
remarkable and unique properties of HC-AR fibre is that 99.99% of light can be guided in

the air-core which can drastically reduce the material absorption loss in the THz band.

In this chapter, two hollow core anti resonant (HC-AR) fibre designs will be presented for
the transmission of THz waves. The first design is mainly focused on low loss transmission
with a nested HC-AR architecture while the second one with a non-nested HC-AR structure
is designed to maintain low loss guidance and single mode operation simultaneously. We
used the state-of-the-art finite element (FE) based COMSOL software to perform the numer-
ical simulations. Detailed transmission characteristics of both designs are discussed in the

subsequent sections.

4.2 State-of-the-art of THz fibre

One of the keys to the continued growth of terahertz (THz) technology is the development of
low loss waveguides, and in particular hollow-core (HC) fibres in which most of the power

is guided in the air which has low absorption in the THz spectral range [18,99] while main-
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taining strong confinement. In the operating frequency region of 1 THz, relatively low loss
waveguides based on polymers such as PMMA [100], Teflon [107], HDPE [112], Zeonex
[113] and Topas [99] have been investigated. Using these materials, various groups have
reported different terahertz waveguiding structures, including subwavelength fibre [104],
porous-core fibres [97, 101, 114], dielectric tube waveguide [115] and HC fibres [107, 112]
to guide THz waves. In porous core (PC) fibres both the core and cladding consist of air-
hole microstructures; these fibres have been investigated for low-loss THz waveguiding with
high birefringence and low waveguide dispersion [114]. Guiding can be based either on total
internal reflection (TIR) or a photonic band gap (PBG) depending on the air density in the air-
hole micro-structured core [116]. Porous core PBG fibres provide lower effective material
loss than PC-TIR fibres [99]. However, limited transmission bandwidth, strong overlap of
the core modes with the surrounding cladding and relatively high group velocity dispersion

(especially at the band-gap edges) are major limitations of PC-PBG fibres [116, 117].

HC fibres can be categorized into two types. The first one is a HC photonic band gap fibre
(HC-PBG) which guides light via the photonic band gap effect. As with PC-PBG fibres,
the HC-PBG fibre suffers from limited transmission bandwidth. The second type is an anti-
resonant HC fibre also known as an inhibited coupling HC fibre in which the light guiding
mechanism is based on the combination of an anti-resonant effect and inhibited coupling

between the core modes with the cladding modes [118, 119].

4.3 Principle of operation: HC-AR fibre

A convential HC-AR fibre consists of a single layer of cladding tubes as illustrated in
Fig. 4.1(a). In HC-AR fibre, the light guiding mechanism is based on the combination
of an anti-resonant effect and inhibited coupling between the core modes and the cladding
modes [118, 119]. This type of fibre offers much broader transmission bandwidth and low
light-dielectric overlap [120]. One of the key properties of the HC-AR fibre is that it ex-
hibits a sequence of narrow-bandwidth high-loss “resonant” regions and wide-bandwidth
low-loss “anti-resonant” regions. In the resonant regions, core modes become phase matched
with the cladding modes causing high transmission losses while in the anti-resonant regions
modes are tightly confined in the air core. The spectral position and bandwidth of “resonant”

and “anti-resonant” regions depend significantly on the anti-resonant unit tube thickness
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(1) [121]. The frequency of the first order resonance is given by [118]:

c
2tvn? —1

where 7 is the refractive index of the thin tube material, and ¢ denotes the speed of light in

fer (4.1)

vacuum.

More recently, HC-AR fibres with nested anti-resonant elements have been introduced [119].
These fibre designs are a modified form of HC-AR fibre as shown in Fig. 4.1(b) where
smaller tubes are nested inside the tubes defining the core, further enhancing the spatial over-
lap between the fundamental core mode and the cladding mode thus resulting in a tighter con-
finement. Moreover, it has been shown that a node-free arrangement in which the cladding

tubes are non-touching reduces the confinement loss [118, 122, 123].

(a) /Outer capillary

e Cladding

tubes

(b) HC-NANF

/_—Nested

tubes

Fig. 4.1. Cross section view of (a) HC-AR fibre (b) HC-NANF

4.4 Nested HC-AR fibre: Design-I

In this section, a hollow-core nested anti-resonant node-free fibre (HC-NANF) is investi-
gated in the THz regime (specifically 0.5 THz — 1.5 THz). Numerical results show that the
proposed HC-NANF offers record low effective material loss, broad low loss transmission
bandwidth centred at 1 THz, near-zero waveguide dispersion and effectively single mode

operation while the fibre design relies upon experimentally feasible and realistic fabrication
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Topas

Fig. 4.2. Geometry of HC-NANF. The fibre has a core diameter Dc = 3 mm, outer capillary diameter,

d, = 2.6 mm, tube separation z = 1 mm and wall thickness, = 0.09 mm.

parameters. Optimizing the design parameters, we predict: an effective material loss of 0.05
dB/m; a confinement loss of 3.4 x 10~* dB/m at 1 THz; a bending loss of 10-2 dB/m at 45
cm bending radius; a low loss transmission band from 0.8 THz to 1.2 THz, for which the
total transmission loss is below 0.095 dB/m; and a 0.6 THz flat dispersion band where the

dispersion parameter f3; is less than 0.115993251 ps/THz/cm.

4.4.1 Design of HC-NANF geometry

The geometry of the HC-NANF is shown in Fig. 4.2. The cladding consists of six circular
anti-resonant (AR) tubes in a node-less configuration; each AR tube contains a single circular
nested tube. It has been shown that a six-element HC-NANF offers better confinement loss
performance than eight or ten elements [118]. In our simulations, we found that a core
diameter (D¢) of 3 mm and an outer capillary diameter (d,) of 2.6 mm gives confinement
loss of the order 10~*dB/m, which is low enough to consider for THz guidance. Other
design parameters (wall thickness ¢ and tube separation z) were chosen to ensure the anti-
resonant first transmission window has a loss minimum around 1 THz. The dimension of the

inner capillary diameter d; is determined from the following relation,
di=d,—z—72t. 4.2)

Topas was selected as the fibre material due to its promising property in the THz band,

including lower bulk material loss than PMMA and Teflon, and a constant refractive index

67



Nested HC-AR fibre: Design-I

of n =1.5258 in the 0.1 THz - 1.5 THz range [103]. The bulk material loss of Topas (Qar)
is linearly proportional to frequency in the range of 0.2-1.6 THz and it can be estimated by
Onar = 0.36(f —0.4) +0.06 where f is in THz and @, is in dB/cm [18]. The numerical
simulations were performed using COMSOL software. To calculate the confinement loss of
the proposed fibre, a circular perfectly matched layer (PML) was imposed in the outermost
part of the structure. In order to obtain accurate results both the mesh size and perfectly-

matched layer parameters were set according to [118].

4.4.2 Optimization of the total loss of the HC-NANF

In THz fibre, the dominant type of loss is material absorption loss (also known as effective
material loss) which is then added to the confinement loss to estimate the total transmission
loss. Effective material loss (ozpz) and confinement loss (¢¢cy) are the two major sources
of losses. The fraction of power (1) confined in different regions such as air or fibre material
is used to quantify the light-material overlap. We calculated oy, 0cr and 1 according

to [18,116];
(80/“0>1/2 fAmm n0Omat ’E‘sz

o = = m 4.3
EML 3 oy SudA OmatT 4.3)
2
ocr, = 8.686 (g) Im(netr) dB/m (4.4)
. [.S.dA
Fraction of Power = ~*———. 4.5)
fall S.dA

In the above equations &, and Ly are the permittivity and the permeability of vacuum, re-
spectively, f is the frequency of the light, c is the speed of light in vacuum and Im(n.y) is
the imaginary part of the effective refractive index of the guided mode. Integration of the
numerator in Eq. 4.3 is performed over the solid material region of Topas because air is
transparent in the THz frequency band while integration of the denominator is done over
all regions (material and air-holes). The Poynting vector in the direction of propagation is
denoted as S; = Re(f? x H )2, where E is the electric field component and H is the magnetic
field component. The parameter otgyyy. is the product of bulk material loss (0, ) and the
fraction of power in the background material (1,,) which is then added to oy, to obtain the
total transmission loss. To optimize the design parameter, we investigated the effect of core
diameter (D¢) and outer capillary external diameter (d,) on losses as shown in Fig. 4.3(a)

and 4.3(b) respectively. As observed from Fig. 4.3 (a) a relatively larger core diameter (D)
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Fig. 4.3. Confinement loss and effective material loss as a function of (a) Core diameter (D¢) (b)

Outer capillary external diameter (d, ).

results in reduced losses. However, a larger core diameter also increases the critical bend
radius and overall fibre diameter. Furthermore, the fibre’s overall diameter also plays an im-
portant role in fibre flexibility. In order to be flexible and compact, the fibre should be as thin
as possible. Taking these factors into consideration, from here on we set D¢ = 3 mm and
d,= 2.6 mm where the confinement loss is 3.4307 x 10~ dB/m, the effective material loss is
0.05 dB/m and the overall fibre diameter is 8.5 mm. The fibre diameter is comparable with

the fibre in [27].

As discussed earlier, the guiding mechanism of HC-NANTF is based on the anti-resonant
effect where the anti-resonant tube thickness ¢ determines the position of the high loss res-
onant windows. The first order resonance frequencies calculated using Eq. 4.1 are listed in

Table 4.1 for different tube thickness. The calculated resonance frequencies shown in Ta-

Table 4.1: First order resonance frequencies for different tube thickness (7).

Tube thickness () in mm Resonance frequency (f,) in THz

0.08 1.62
0.09 1.44
0.10 1.30
0.11 1.18
0.15 0.87
0.20 0.65
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Fig. 4.4. Confinement loss as a function of frequency for different tube thickness ¢ with D¢ = 3 mm,
d, = 2.6 mm and z = 1 mm. The grey shaded regions represent the beginning of the resonant bands

for the corresponding tube thickness.

ble 4.1 are in good agreement with the simulated results of Fig. 4.4 where confinement loss
is plotted against frequency for different 7. The peak in the confinement loss (for # = 0.10
mm) occurs at around 1.3 THz (Fig. 4.4), which agrees with the analytical results obtained

by using (4.1).

First, we investigated the effect of the wall thickness # on the loss of the proposed fibre
while keeping D¢ = 3 mm, d, = 2.6 mm and z = 1 mm. Confinement loss, effective material
loss and total loss of the proposed THz fibre as a function of frequency for different values
of wall thickness are shown in Fig. 4.4. In the anti-resonant band, the effective material loss
dominates the total loss but at the edges of the anti-resonant band confinement loss dominates
the total loss. Figure 4.4 shows that for the higher values of 7 (e.g. 0.15 mm and 0.20 mm) the
resonant band falls around 1 THz resulting in higher transmission losses. The anti-resonant
band falls around 1 THz for the relatively lower values of ¢ (e.g. 0.08 mm and 0.09 mm).
At 1 THz the confinement loss is lowest for # = 0.09 mm while the effective material loss
is lowest for + = 0.08 mm as shown in Fig. 4.5. Although the total loss is lowest for ¢t =
0.08 mm we chose r = 0.09 mm as the preferred value since it provides a wide band low loss

characteristic centred at 1 THz as shown in Fig. 4.6.

70



Nested HC-AR fibre: Design-I

Qeny [dB/m]

-2

10 B | | | |

05 06 0.7 08 09

1

1.1 1.2 13 14 15

Frequency [THz]

Fig. 4.5. Effective material loss as a function of frequency for different tube thickness ¢ with D¢ = 3

mm, d, = 2.6 mm and z = 1 mm.
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Fig. 4.6. Total loss as a function of frequency for different values of tube thickness ¢ with D¢ = 3

mm, d, = 2.6 mm and z = 1 mm. The grey shaded region is our band of interest where total loss is

minimum for £ = 0.09 mm (blue line) with low loss characteristics centred at 1 THz.

4.4.3 Scaling the tube separation

The effect of tube separation z on the loss properties was also investigated. Figure 4.7 shows

the loss properties of the fibre as a function of tube separation z at a frequency of 1 THz. The

confinement loss is high for both high and low values of z, with minimum confinement loss
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Fig. 4.7. Effect of changing tube separation z on loss properties with fixed D¢ = 3 mm, d, = 2.6 mm,
t = 0.09 mm and f =1 THz. The colour of the frame corresponds to the colour of the dot points in

the plot.

at around 1 mm. However, there is no significant effect of z on effective material loss.

4.4.4 Comparison between nested and non-nested structure

Figure 4.8 compares the loss performance between the nested HC-AR fibre (with the inner
capillary of diameter d;) and non-nested HC-AR fibre (without the inner capillary of diameter
d;). The non-nested structure provides ~ 107 times higher confinement loss than the nested
structure and thus results in higher total loss. As shown in the contour plot of Fig.4.8(c) and
4.8(d), the light is confined strongly for the nested structure. We find that the total loss of
the nested HC-AR fibre is 0.05 dB/m whereas the non-nested HC-AR fibre has a loss of 0.1
dB/m at 1 THz for D¢ = 3 mm, d, = 2.6 mm and ¢t = 0.09 mm.

72



Nested HC-AR fibre: Design-I

(C) Nested

(a) — Non-nested HC-AR
—Nested HC-AR

—_

<
w
T

0—4 i 1 | | | | | | | 1
05 06 0.7 08 09 1 1.1 1.2 13 14 1.5
Frequency [THz]

Confinement Loss [dB/m]
= =
[

102§

d)Non-nested

(b) —Non-nested HC-AR
—Nested HC-AR

Total Loss [dB/m]

12_ | | | | | | | | |

05 06 07 08 09 1 1.1 12 13 14 15
Frequency [THz]

Fig. 4.8. (a) Confinement loss as a function of frequency (b) Total loss as a function of frequency.
Contour plot of electric field pattern of (c¢) Nested structure (d) Non-nested structure at 1 THz for

Dc =3 mm, d, = 2.6 mm and r = 0.09 mm.

4.4.5 Effectively single mode guidance

The higher-order- mode extinction ratio (HOMER), defined as the ratio of the higher or-
der mode with lowest loss to the fundamental mode, is used to investigate the single-mode
property of the fibre. The variation of total loss, effective refractive index of the first three
core guided modes (LFy;, LP;1 and LP>;) and HOMER as a function of frequency is shown
in Fig.4.9. It can be seen from Fig.4.9 that at a frequency around 1.34 THz the calculated
HOMER is 23. This indicates that the losses of higher order modes are at least 23 times
higher than the fundamental guided mode which makes the fibre guidance effectively single-

mode at the expense of total loss.
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Fig. 4.9. Single mode performance of the proposed fibre as a function of frequency with D¢ = 3 mm,
d, = 2.6 mm, t = 0.09 mm and z = Imm. (a) Total loss (b) Mode index curve (c) HOMER. The

colour of the frame corresponds to the colour of the lines in plot (a) and (b).

4.4.6 Dispersion

As stated earlier, the refractive index of Topas is constant between 0.1 THz and 1.5 THz.
Therefore, the material dispersion contribution to the chromatic dispersion can be neglected
and we need to calculate only the waveguide dispersion to illustrate the chromatic dispersion

profile of the proposed fibre. The group velocity 3, can be estimated from Eq. 4.6 in [116]:

o 2 dnegs (Ddzl’leff
cdo ¢ do*’

B (4.6)

Figure 4.10 shows that the proposed fibre offers near zero flat dispersion from 0.8 THz to
1.4 THz, where 3, <0.1159 ps/THz/cm. The variation of 3, in the flat band is 0.0983 +
0.01766 ps/THz/cm. It is noted that the low loss transmission band shown in Fig. 4.4(c)

corresponds with the flat dispersion band shown in Fig.4.10.

74



Nested HC-AR fibre: Design-I

08 | | | | | | T T T
0.6 1
0.4
0.2f
(00 SEETEELTLEEEEEE b 1
-0.2F

|

| |
04+ :<— 0.6 THz flat band ——
-0.61 |

|

|

|

B2 [ps/THz/cm]

-0.81
-1.0[ ! ! ! ! !

05 06 07 08 09 1 11 12 13 14 15
Frequency [THZ]

Fig. 4.10. Dispersion parameter as function of frequency with D¢ = 3 mm, d, = 2.6 mm, r = 0.09
mm and z = Imm. The dispersion flattened region coincides with the low loss band shown in Fig.

4.4(c).

4.4.7 Bending loss

To calculate the bending loss, we used the conformal transformation method to estimate the
refractive index profile. We calculated the effective refractive index after bending using the

method in [119] which is based on:

n'(x,y) = n(x,y)exp(x/Ry) 4.7

where R), is the bending radius, x is the transverse distance from the centre of the fibre, n(x, y)
is the refractive index profile of the straight fibre and n'(x,y) is the equivalent refractive
index after bending. Bending loss dependency on frequency and normalized bending radius
with the optimum design parameters are illustrated in Fig.4.11 and Fig.4.12 respectively
considering the bending direction towards the x direction. The coupling effect of this type of
fibre is sensitive to structural parameters [124] and we observe a peak in bending loss after
the first minima as shown in Fig.4.11 and Fig. 4.12. The peak in the bending loss profile
can be predicted analytically from the structural parameters using the following equation for
critical bending radius [124]:

Ry = 1.711)—% (di/Dc)”

)Lz WCOSQ (48)
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Fig. 4.11. Calculated bending loss as a function of bending radius at 1 THz with D¢ = 3 mm, d, =

2.6 mm, t = 0.09 mm and z = 1 mm. A peak in bending loss is observed at R, -~ 21 cm.

where A is the operating wavelength and 6 is the angle between the bending plane (x-axis)
and the capillaries. For our design parameters, we obtain a critical bending radius of 17
cm by using Eq. 4.8. The difference between the analytically and the numerically calculated
critical bending radius is due to the approximations used in deriving Eq. 4.8 [124]. A bending

loss of less than 10~2 dB/m is obtained when the bend radius is more than 45 cm.
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Fig. 4.12. Calculated bending loss as a function of frequency and normalized bending radius with

Dc =3 mm,d, =2.6 mm, t =0.09 mm and z = Imm.
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4.5 Single mode non-nested HC-AR fibre: Design-11

In the previous section, a HC-NANF was demonstrated with low transmission loss. How-
ever, the proposed design does not guarantee effectively single-mode operation, mainly due
to the high confinement factor and low interaction of light with dielectric material, which re-
duces the higher-order modes (HOMs) loss. Therefore, it is still a challenge to launch a pure
fundamental mode (LPy;-mode) without HOM contamination in the THz regime. In [125], a
silica-based HC-AR fibre in the infrared band was experimentally and numerically demon-
strated in which single mode guidance can be obtained by maintaining the shape factor (d/D
= 0.68), where d is the inner diameter of the anti-resonant tubes and D is the core diameter
as defined in Fig. 4.13. At this condition, the core guided higher order modes (HOMs) are
phase matched (being resonant) with the anti-resonant tubes guided modes. As a result, the
HOMs exhibit relatively higher transmission loss compared to the fundamental mode which

in turn ensures effectively single mode operation.

In this section, we examine the feasibility of applying the concept of a silica-based HC-AR
fibre to the polymer-based fibre in the THz regime where the total transmission loss depends
both on the material absorption loss and confinement loss, whereas in silica-based fibre the
total transmission loss in the infrared band depends only on the confinement loss because
the material absorption loss of silica is negligible [126]. We present a simple six-tube HC-
AR fibre which simultaneously shows low transmission loss and effectively single-mode
operation at 1 THz. We found that single-mode operation is obtained when the d/D ratio
becomes 0.69. The highest higher-order-mode-extinction ratio (HOMER) is approximately
17. The total transmission loss at this condition is 0.12 dB/m. We also investigate the bending
loss of the proposed fibre. The proposed fibre can be potentially applied to emerging THz

applications for which low loss single-mode guidance is essential.

4.5.1 Design of HC-AR geometry

Fig. 4.13 shows the geometry of the proposed HC-AR fibre. The fibre cladding consists
of six evenly-spaced circular non-touching anti-resonant tubes. In Fig. 4.13, D denotes
the core diameter (the minimum distance between two diametrically opposite anti-resonant

elements) while d denotes the inner diameter of the anti-resonant elements. The thickness of
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the anti-resonant tubes is represented by z. In this study, we aimed to design a THz fibre at
1 THz. In our previous work in [127], we found that when ¢ = 0.09 mm and D = 3 mm the
transmission profile provides symmetric characteristics centred at 1 THz. In this design, we
considered the same design parameters as in [127] except for the value of d; here we varied
the fibre shape factor (d/D ratio) to find a suitable value of d to obtain single mode guidance.
We consider Topas (a cyclic olefin copolymer) for the fibre material due to its lower bulk
material absorption loss compared to other polymers such as Teflon and PMMA. Other key
attributes of Topas include constant refractive index over a broad frequency range [128] and

inertness to water vapour [97]; at 1 THz, the refractive index of Topas is 1.5258.
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Fig. 4.13. Cross-section of the proposed single circular ring, six anti-resonant elements based HC-AR

fibre with the key design parameters indicated.

4.5.2 Results and discussion

A. Transmission loss

The refractive index of the core and cladding guided modes can be approximated by the

Marcatili and Schmeltzer equation [129]:
Upm\2 [ A 2
My — \/1 _ ( n’") <d_i> 4.9)
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Fig. 4.14. Modal index of LPy;, LP;;, and LP,; modes as a function of d/D ratio

where u,,;, is the m-th zero of the Bessel function J,,, A is the wavelength, and d; is the
inner diameter of the capillary {d; = D for the core and d; = d for the cladding capillaries}.
Fig. 4.14 shows the modal indices of the first three core guided modes (LPy;, LP;;, and
LP,;) and two anti-resonant capillary guided modes, referred in the following as cladding
modes (CMy;, and CM) calculated by using finite element modelling as a function of the
d/D ratio. From Fig. 4.14, it is seen that when d/D is 0.63, the LP{; mode refractive index
becomes equal to that of the CMg; mode and when d/D is 0.73 the LP,; mode’s refractive
index becomes equal to that of the CMj; mode. In this condition, the core guided modes
(being resonant) become phase matched with the cladding modes. The simple expressions
for d/D at which the LP; mode couples with CMy; and the LP,; mode couples with CM

can be derived from Eq. 4.9 as follows:

d

Uuo1
‘ — "0~ 0.63 (4.10)
D LRy, mode coupled with CMy, Ui

and
d

Ui
‘ _ M o7s. 4.11)
D ILP,) mode coupled with CM un

The numerically computed results are in excellent agreement with the analytical results.
At these particular d/D values, due to resonant effects both the confinement loss and the
total transmission loss of the HOMs become higher than the fundamental mode as shown in

Fig. 4.15 and Fig. 4.16 respectively. Both the confinement loss and the total transmission
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loss increase with the increment of the d/D ratio. Phase matching phenomena can also be

envisaged from the electric field patterns shown in Fig. 4.17. At d/D=0.63, the LP;; mode

couples with the CMg; mode resulting in higher confinement and total transmission loss.

However, the LPy; mode is strongly confined at higher d/D values. Alternatively, the LP;

mode is phase matched with the CM;; mode at d/D=0.75, causing higher confinement and

transmission loss.

Fig. 4.15.
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Fig. 4.16. Total loss of LPy;, LP;;, and LP>; modes as a function of d/D ratio.
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Fig. 4.17. Electric field patterns of the three core guided modes (LPy;, LP;;, and LP;;) and two
cladding guided modes (CMg; and CM;) at different values of d/D. The fundamental LPy; mode is
confined tightly inside the core. The LP|; mode is resonant with the CMy; mode at d/D=0.63 while
LP;, is in resonance with the CM|; mode at d/D=0.75. The maximum higher order mode suppression

occurs at d/D=0.69.

B. Single-mode operation

The term higher order mode extinction ratio (HOMER) as defined in section 4.4.5 is gener-
ally used to quantify the HOM suppression. Fig. 4.18 shows the HOMER as a function of the
ratio d/D. The maximum value of HOMER is approximately 17 when d/D is equal to 0.69.
At d/D values lower than 0.69, the transmission loss of the LP;; mode is lower than that of
the LP{; mode, while at d/D values higher than 0.69 the transmission loss of LP; is lower
than that of the LP;; mode as shown in Fig. 4.16. The obtained HOMER of the THz fibre
considered here is less than the corresponding fibre considered in the infrared region [130].
The material absorption loss (of the silica based fibre) in the infra-red band does not have a

significant influence on total transmission loss and it is not generally considered during total
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loss calculation. In contrast, in the THz band (for polymer based fibre) both the confinement
loss and the material absorption loss contribute significantly to the total transmission loss,
where the material absorption loss is proportional to the light-dielectric overlap. As stated

earlier, HC-AR fibre offers low dielectric overlap for the fundamental mode and the HOM

as well.
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Fig. 4.18. HOMER as a function of d/D ratio of HC-AR.

C. Bending loss

We also investigated the bending loss of the proposed HC-AR fibre. We used the standard
conformal transformation method to modify the refractive index of the equivalent straight
fibre. The bending loss as a function of bend-radius is shown in Fig. 4.19. We found peaks
in the bending loss profile for a bending radius around 29 ¢cm and 63 cm for d/D = 0.69.
The reason for such peaks in bending loss is due to the strong coupling between the core
mode and the cladding mode. The first peak is due to coupling with cladding capillaries
located at an angle of 60° relative to the bending direction (Fig. 4.20(b)) while the second
peak is for the capillary located at 8 = 0° (Fig. 4.20(e)). At these specific bending radii
(i.e. critical bending radii), the refractive index of the core guided mode matches with the
capillary modes and increases the leakage loss. The critical bending radius can be explicitly
calculated from Eq. 4.8. Substituting the values of our design parameters into Eq. 4.8, we
obtain a critical bend radius of 78 cm for 8 = 0° and 34 cm for 6 = 60°. The offset between

the FE based computed result and the analytical result is due to approximations considered
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in deriving Eq. 4.8 as explained in [124]

the bending radius is above 75 cm.

. The bending radius loss is less than 1 dB/m when
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Fig. 4.19. Bending loss as a function of bending radius of the HC-AR fibre.
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Fig. 4.20. Numerically calculated electric field distribution with loss of the proposed fibre with D=3

mm, d/D=0.69, and t=0.09 mm at an operating frequency of 1 THz.

4.6 Conclusion

Two anti-resonant fibre structures for low loss THz guidance with other additional properties

such as dispersion, single-mode guidance and bending loss have been considered. We inves-
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Table 4.2: Recently reported THz fibres operating around 1 THz (PC-TIR: Porous core total internal
reflection, PC-PBG: Porous core photonic band gap, HC-PBG: Hollow core photonic band gap, HC-

IC: Hollow core inhibited coupling, EML: Effective material loss).

Structure Operating Guiding Fibre EML
THz fibres

Core-cladding frequency mechanism material Inem-1 IndB/m

Ref [97] Octagonal -Octagonal 1 THz PC-TIR Topas 0.076  33.0068
Ref [101]  Hexagonal- Hexagonal 1 THz PC-TIR Teflon 0.12 52.116

Ref [106] Circular-Octagonal 1 THz PC-TIR Topas 0.056 24.3208
Ref [105] Hexagonal- Kagome 1 THz PC-IC Topas 0.035 15.2005
Ref [99]  Hexagonal-Honeycomb  1.05 THz PC-PBG Topas 0.046 20
Ref [116]  Hexagonal- Hexagonal 1 THz PC-PBG Topas 0.099 43.2
Ref [107] HC -Triangular lattice 1 THz HC-IC Teflon 0.01 4.343
Ref [112] HC-Triangular lattice 0.95 THz HC-PBG HDPE 0.0015 0.66
Ref [100] HC -Kagome 1 THz HC-IC PMMA 0.4 173.72
Proposed

HC -Nested tube lattice 1 THz HC-IC Topas  0.00011 0.05
Design-I
Proposed

HC - tube lattice 1 THz HC-IC Topas  0.00013 0.06

Design-II

tigated the effect of nested anti-resonant elements on losses and the modal properties of a
hollow-core for THz applications for the first time. By engineering the design parameters in
such a way as to maintain the experimental feasibility of the design, we obtain low effective
material loss of 0.05 dB/m at f =1 THz, a 0.4 THz wide low transmission loss window and

0.6 THz wide dispersion flattened band.

Additionally, the proposed HC-NANF requires stacking of only 12 capillaries compared for
example to HC-PBG fibres (the fibre in [112] requires 60 hexagonally-shaped air holes in
the cladding alone) or porous core fibres ( [97] requires 49 air holes in the core alone). Table
4.2 summarizes and directly compares recently reported THz fibres operating around 1 THz
(including the proposed HC-NANTF structure in this work) in terms of structural parameters,
guiding mechanisms and effective material loss. Based on previous reports it is evident that
the proposed HC-NANF is the best potential candidate for ultra-low loss, broadband THz

wave guiding with high power delivery.
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CHAPTER 5

Self-oscillating Optical Frequency Comb Generator based

on Optoelectronic Oscillator

5.1 Introduction

Among the photonic assisted methods discribed in section 1.3 for mm-wave and THz signal
generation, the optoelectronic oscillator (OEO) and the optical frequency comb generator
(OFCQG) are amongst the most widely used. The former (OEO) provides very high spectral
purity signals as both microwave and modulated optical outputs [3], while the latter (OFCG)
is a convenient way to generate phase correlated and accurately spaced optical tones with
many applications, including millimeter-wave and THz signal generation, generation of op-
tical multi-carriers, optical signal processing and optical coherence tomography [26, 131].
Typically, an external modulation-based OFCG relies on an external microwave oscillator
to provide the seed tone, but in recent work this has been replaced with OEOs, resulting in

self-oscillating optical frequency comb generators (SOFCG) [27,131].

The conceptual block diagrams of the OEO, OFCG and SOFCG shown in Fig.5.1 are com-
pared and contrasted as follows. A SOFCG is essentially an OFCG with optoelectronic feed-
back: the optical comb is photodetected, producing a microwave output whose fundamental
frequency corresponds to the comb spacing, and this fundamental tone is then used to drive
the OFCG, thus completing the loop. Hence the resulting SOFCG shares many of the at-

tributes of the OEO (loop oscillation and generation of a microwave output), but whereas the
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Fig. 5.1. Conceptual block diagram of (a) an external modulation based optical frequency comb; (b)
optoelectronic oscillator; and (c) a self-oscillating optical frequency comb. The optical and electrical
paths are represented by black lines and blue lines respectively. CW: continuous wave, EOM: electro-

optic modulator, EA: electrical amplifier, EBPF: electrical band pass filter.

optical portion of the OEO supports only a single wavelength modulated by the microwave
oscillation, the SOFCG supports an optical comb. The SOFCG therefore has the advantage
of dispensing with an external microwave source, whilst retaining the low-phase noise at-
tributes of the OEO and the comb generation aspect of the OFCG. Although a conventional
OEO could be used to drive a comb generator separately (by connecting the electrical output
of the OEO of Fig. 5.1(b) to the RF port of the comb generator of Fig. 5.1(a)), this would
result in the need for an additional modulator and associated bias circuitry as compared to

Fig.5.1(c), which will add to the system cost and footprint.

In this chapter, the simulation and experimental work on a self-oscillating frequency comb

is discussed. Initially, a proof of concept SOFCG model is analyzed using a commercially
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available simulation package (VPItransmissionMaker™) [132]. Then the system is experi-
mentally implemented with commercially available off-the-shelf (COTS) components. The
SOFCG is based on a dual-loop topology employing a dual-drive Mach-Zehnder modula-
tor and balanced photodetection [133]. We also applied the SOFCG to implement a RoF
link operating at W-band (94.8 GHz), in which two wavelengths are extracted by a pro-
grammable wavelength selective switch (WSS), with modulation being subsequently applied
to one wavelength prior to heterodyne photo-detection as shown in the conceptual diagram of
Fig. 5.2 [134]. We finally indicate an alternative SOFCG topology in which the WSS is inte-

gral to the loop, thus avoiding having to photodetect all the tones of the optical comb [135].
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Fig. 5.2. Block diagram of a SOFCG based radio over fibre link. LD - Laser diode, WSS - Wavelength

selective switch, IM - Intensity modulation, PD - Photodetector

5.2 Self-oscillating frequency comb generation

Self-oscillating optical frequency comb generation is a promising concept which combines
two emerging techniques in microwave photonics, namely optical frequency comb genera-
tion and optoelectronic oscillators as described in the earlier section. Several schemes have
been reported to generate self-oscillating optical frequency combs. In [136], Sakamoto et
al. proposed a self-oscillating optical frequency comb based on an OEO loop employing a
lithium niobate phase modulator and fibre Bragg grating (FBG) filter. The reported SOFCG
in [136] provides a bandwidth of 120 GHz with a frequency spacing of 9.95 GHz. Tun-
able optical frequency comb generation based on an optoelectronic oscillator was reported

in [131]. A wideband (larger than 40 nm) comb with a frequency spacing of 25 GHz and

87



Simulation work on SOFCG

y |00l [ s0s

p : 50:50 [ | \}*
| E
;P Ly

A=1550.12 nm

Optical path
P P BPF

Electrical path

Fig. 5.3. Basic operation principle of the proposed self-oscillating optical frequency comb generator.

single side band phase noise (SSB) of -122 dBc/Hz at 10 kHz offset by incorporating a
commercially available integrated OFCG (OptoComb Inc.) in the OEO loop was reported
in [131]. In [27], an ultra-flat OFCG based on an OEO loop employing an intensity mod-
ulator and a phase modulator in cascade was demonstrated experimentally. The reported
SOFCG exhibited 11 flat top lines whose spectral flatness was within 0.82 dB and 0.93 dB
when the comb spacing was 10 GHz and 12 GHz respectively.

5.3 Simulation work on SOFCG

In this section, simulation results of an OEO-based optical frequency comb generator (with-
out using an external microwave frequency synthesizer) are presented. A frequency comb
generator section (based on an optical feedback loop) is inserted in an OEO loop to realize
the SOFCG as shown in Fig. 5.3. The OEO is used to generate a reference microwave source
which determines the frequency spacing of the generated comb lines. Thus, a wideband opti-
cal frequency comb and low phase noise microwave signal can be generated simultaneously
during the OEO’s oscillation. To validate the concept, a SOFCG model is analyzed using the
commercially available VPItransmissionMaker™ simulation package. The model predicts
seven comb lines covering a band width of 30 GHz with a power variation of 20 dB and

comb spacing of 5 GHz.
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Fig. 5.4. Schematic of SOFCG using the VPItransmissionMakerTM software.

5.3.1 Simulation set-up

The proposed concept has been simulated with VPItransmissionMaker™ software. The
schematic layout of the model with realistic parameter values is depicted in Fig. 5.4 for the
self-oscillating optical comb as described above. The DFB laser (of Fig. 5.3) is modelled by
a single-mode rate-equation based semiconductor laser (SM-RE), with optical output power
of 17 mW at a wavelength of 1550 nm. The output optical signal is fed to a 3 dB four-
port directional coupler which is modelled by a cross coupler with coupling coefficient 0.5.
Another input of the cross coupler is provided from the output of a fork module which is
placed after a quadrature-biased dual drive MZM with V; =5V, optical insertion loss 5 dB,
and extinction ratio 35 dB. A delay signal unit is used to realize the single mode fibre (SMF)
section of Fig. 5.3; the delay time is fixed to T = 314.4 ns which is equivalent to a fibre length
of 65 m. An attenuator is used to characterize the loss of the optical fibre and device to fibre
coupling loss. A PIN photodiode (PD) model is used as an optical to electrical converter with
responsivity 0.8 A/W, and thermal noise, dark current and shot noise parameters are enabled
during simulation to represent the noise characteristics of the PD. A band-pass filter (BPF) is
represented by a fourth order Butterworth filter with a centre frequency of 5 GHz and 3-dB

bandwidth of 12 MHz. The centre frequency of the BPF determines the gain bandwidth of the

89



Simulation work on SOFCG

OEO loop and hence determines the oscillation frequency and comb spacing. The low noise
amplifier (LNA) and power amplifier (PA) section of Fig. 5.3 are realized with an electrical
amplifier module, and two electrical amplifier stages are used during the simulation, each

with 20 dB gain.

The simulation model is executed with a periodic boundary condition with a default time
window equal to 32786/bit rate, where the bit rate default = 5 Gb/s. In VPItransmissionMaker™,
periodic boundary conditions allow parallel simulation of the RF and optical elements [137].
The time window determines the frequency resolution of the signal analyser and the fre-

quency resolution is inversely proportional to the time window.

5.3.2 Simulation results and discussion
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Fig. 5.5. Electrical spectrum of the generated oscillation at 5 GHz.

In this section, we present the simulation results of our proposed system which was obtained
using the VPItransmissionMaker™ commercial software. We set the parameters of the dif-
ferent electrical and optical components as described in the simulation setup section. Initially
we set the electrical amplifier gain to a relatively low value and we observed that there was
no oscillation due to insufficient gain in the OEO loop. Then, we set the electrical amplifier
gain to a relatively high value and we observed that there were many modes in the oscillation

spectrum due to the broad gain bandwidth available. Finally, we set the amplifier gain to
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a value for which only one mode oscillates. We set the centre frequency of the electrical
band-pass filter to 5 GHz with a 3 dB bandwidth of 12 MHz. Figure 5.5 shows the electrical
spectrum of the generated oscillation signal at 5 GHz with a span of 1 GHz. The normalized
power of the 5 GHz oscillation signal is 7 dBm. The optical spectrum of the generated op-
tical frequency comb is shown in Fig. 5.6. The comb spacing is 5 GHz, which is equal to
the oscillation frequency of the single loop OEO section. The SOFCG provides seven comb

lines covering a bandwidth of 30 GHz and the flatness of the comb lines is within 20 dB.

Carrier power to noise power density ratio (CNR) is an important parameter which should
be as large as possible for reliable transmission of information. The CNR is defined as the
ratio of the carrier power Pc and the noise power density Ny at the position of the carrier:

Pc
'NR|dBHz| = 10 x 1 — 5.1
CNR [dBHz] x logio (NoAf> (5.1

Here, the noise power density Ny is normalized to a bandwidth of Af = 1 Hz. As seen in
Fig. 5.6 the CNR of the spectrum is larger than 75 dBHz at a reference bandwidth of 1 Hz,

thus proving the potential usefulness of the proposed comb for communications.
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Fig. 5.6. Spectrum of the optical comb.
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5.4 Experimental work on SOFCG

A self-oscillating optical frequency comb generator (SOFCG) based on a dual loop opto-
electronic oscillator with balanced detection scheme in the optoelectronic feedback section
has been experimentally demonstrated. The SOFCG provides 23 comb lines with the fre-
quency spacing equal to 11.84 GHz, the oscillation frequency of the OEO section. Using
the SOFCG, a 94.8 GHz mm-wave signal is generated by selecting two tones and heterodyn-
ing in a high speed photo diode. The phase noise performance of the generated mm-wave
signal is compared with an external synthesizer based mm-wave generation technique and
we find the former is superior over the latter. A radio-over-fibre link was implemented with
the self-oscillating frequency comb. An LTE Advanced OFDM FDD 64-QAM signal of 20
MHz bandwidth was transmitted over 1.3 m wireless distance with an EVM of 2.23%. The

following sections describe this work in details.

5.4.1 SOFCG based mm-wave and THz signal generation

The self-oscillating optical frequency comb (SOFCG) topology that we use in this work is
shown in Fig. 5.7(a). It is based on an OFCG that employs a dual-drive Mach-Zehnder
modulator (MZM) as shown in Fig. 5.7(b); applying large-signal RF inputs of different
amplitudes, a flat comb can be obtained as described in [138]. The optoelectronic feedback
loop in Fig. 5.7(a) comprises a dual-loop balanced detection scheme in which a balanced
photodetector is fed via a short (L;) and long (L;) fibre respectively, an electrical band
pass filter (EBPF) for selection of the desired frequency and an electrical amplifier (EA)
which along with an erbium-doped fibre amplifier (EDFA) is required to meet the loop gain
condition. By using balanced photo-detection, the impact of RIN from the optical source is
reduced, and it has also been shown that this approach reduces the phase noise of microwave
photonic links through common mode noise suppression [139,140]. Moreover, the dual-loop
configuration is a well-known technique in OEQOs, designed to overcome the limitation of a
small microwave free spectral range (FSR) that single-loop OEOs suffer from, by applying
side-mode suppression [141]. Hence the combination of balanced photodetection and a dual-

loop topology helps to minimize the SOFCG phase noise.
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Fig. 5.7. Experimental set-up of: (a) SOFCG; (b) OFCG. The optical and electrical paths are rep-
resented by black and blue lines respectively. FL: fibre laser, DD-MZM: dual-drive Mach-Zehnder
modulator, EDFA: erbium doped fibre amplifier, BPD: balanced photodetector, EBPF: electrical band
pass filter, EA: Electrical amplifier, WSS: wavelength selective switch, ESA: electrical spectrum an-

alyzer, OSA: optical spectrum analyzer, PC: polarization controller

5.4.2 Signal analysis based on DDMZM and balanced detection

For the signal analysis we considered the simplified open-loop version of the SOFCG from
Fig. 5.7(a) as illustrated in Fig. 5.8. REF signals of different amplitudes (but identical
frequency ) are injected into the two arms of the DDMZM with push-push architec-
ture [142]. The phase shifts induced by the applied RF signals are S;(¢f) = Ajcos(w,,¢) and

S2(t) = Axcos(@yt) respectively, and the output of the modulator can be expressed as [138]:
Eou = iy /01674105 0nt . 102 542605 0t (5.2)
2

where 0; = 1V}, /Vz and 6, = 7wV, /Vy, are the phase shifts induced by the DC bias of
arms 1 and 2 respectively; A; = @V} /Vz and A, = nV,/V m, are the modulation indices in
which V| and V, are the amplitudes of the RF drive signals and V| and Vy; are the half-wave

voltages of arms 1 and 2 respectively.
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Fig. 5.8. Simplified open-loop version of Fig. 5.7 (a) for signal analysis. The optical and electrical

paths are represented by black and blue lines respectively.

The electric fields at the two output ports (E; and E») of the directional coupler can be
expressed by the following equations, considering a 90-degree phase difference between the

two ports [143]:

1

El — Ein ejel ejA]COS (sz‘_|_ejezejA2005 Oyt (53)
2V2
and
e'2
EZ %Eout
1 . . . .
A __Ein[efjele]AlcOS Wyt _’_efjezejAzCOS a)mt]. (54)

2V2

Assuming the two paths are perfectly balanced (through the use of variable optical attenua-

tors and phase shifters), the corresponding photodetected currents are:

Il = EREIET
1 : .
= —9{|Ein|2[2 + ¢/(01=62) pj(A1—Az) cos Ot
2v2
4+ o /(61=62) o—j(A1—Az) cos Ont 5.5)
and
L = RELE;

1 . .
9{ E: 2 2+e_](91_62)€J(A1_A2)C0S (0]
2va et

+ej(61—92)€—j(A1—A2)cos wmt]. (5.6)
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where R is the responsivity for each photodiode of the BPD (where it is assumed they are

identical). Hence the resulting BPD photocurrent is given by:

Ipp=5L—D
0l (61=62) _ ,—j(61-6)) ]
2j
[ej(AlAz)COS Ont _ o= j(A1—Az)cos Ot |

2j

= PV2R|Ein |

= —V2R|Ejy |*[sin(8; — 6:)sin((A] — Az )cos @] (5.7)
Upon filtering by the bandpass filter, the first-order term in Eq. 5.7 is selected:
2 .
Ipp = —2V2R|Eip|*sin(2A6)J; (2AA)cos @yt (5.8)

where AA = (A} —A3)/2 and AB = (0; — 6,)/2 . From Eq. 5.8, we find that Ipp is maximized
when AO = 7/4 which is also the condition of maximum conversion efficiency for ultra-flat

comb generation [138].

A. Experimental set-up

The SOFCG depicted in Fig. 5.7(a) was evaluated experimentally. A fibre laser (FL) of 15
Hz linewidth and 13 dBm output power at 1550.22 nm was used as a continuous-wave (CW)
optical source for the DDMZM. The DDMZM functions both as the E/O converter for the
optoelectronic loop and as a frequency comb generator as described in the previous section.
The output of the DDMZM was then amplified by an erbium-doped fibre amplifier (EDFA)
and split into two paths by a 50:50 coupler, with one being used to form the loop. The other
was diverted (via a 95:5 coupler which was used to monitor the optical spectrum at point
@) with a Yenista Optics OSA-20 optical spectrum analyzer) to the optical output of the
SOFCG. Short and long fibre lengths of L; = 2 m and L,= 2 km respectively were used to
feed a balanced photodiode (Finisar BPDV2150R, with a 3—dB bandwidth of 43 GHz and
responsivity of 0.45 A/W). A microwave band pass filter (EBPF) (Tamagawa SBF-203 BPF
with a 3-dB bandwidth of 300 MHz) was used to select the desired RF signal, which was
subsequently amplified by a low noise amplifier (SHF 806E with 26 dB gain) prior to a RF
power splitter, one output of which was connected to the RF port of the DDMZM to close the
SOFCG loop and the other to an electrical signal analyzer (Agilent N9030A PXA) at point
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@ for monitoring the spectrum and measuring the phase noise performance. In addition, by
selecting any two comb lines at the optical output of the SOFCG it is possible to generate
(through heterodyning in a photodiode with sufficiently high bandwidth) mm-wave signals of
integral multiples of the comb frequency spacing. By placing a programmable wavelength
selective switch (Finisar WaveShaper 16000S) immediately after the optical output of the
SOFCG, we selected two lines in order to generate the corresponding mm-wave signal at the
output of a high speed photodiode (Finisar XPDV4120R) as indicated by point (C) in Fig.
5.7 (a).

5.4.3 SOFCG results for RF signal generation
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Fig. 5.9. Optical spectrum of the generated optical frequency comb with a frequency spacing of 11.84

GHz at the centre wavelength of 1550.22 nm (measured with an OSA at point @ in Fig. 5.7(a))

The optical spectrum of the generated comb lines from the SOFCG (as taken from point
@ in Fig. 5.7(a) is shown in Fig. 5.9; the comb spacing is 11.84 GHz, with 23 comb
lines being generated considering approximately 12 dB deviation from the peak. In this
preliminary proof-of-concept work, comb flatness was not prioritized, given that the end
application was mm-wave RoF (as will be described in subsection 5.4.5). The electrical
spectrum of the corresponding 11.84 GHz signal (measured at point (B) in Fig. 5.7(a)) is
shown in Fig. 5.10. This frequency is determined by the dual-loop fibre topology of the
SOFCG and the passband of the EBPF. A side mode suppression ratio of 60 dB was obtained

with the balanced detection based dual-loop configuration, as shown in Fig. 5.10(c). In
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addition, the single side band (SSB) phase noise of the generated RF oscillation at point @
was measured using the phase noise measurement functionality of the signal analyzer, and
this is compared with a commercial microwave synthesizer set to an oscillation frequency
of 11.84 GHz (HP 83620A) in Fig. 5.11. The phase noise of the SOFCG is lower than
the HP synthesizer beyond the 1 kHz offset. The SSB phase noise of the 11.84 GHz signal
at a 10 kHz offset is 22 dB lower for the SOFCG (-110 dBc/Hz) than for the HP 83620A
(-88 dBc/Hz). Table 5.1 compares and contrasts some recently reported SOFCG in terms of
optical bandwidth, number of comb lines, comb spacing and phase noise. As indicated in
Table 5.1 our proposed system provides wider optical bandwidth with typical phase noise
than the other recently reported articles. Additionally, [27] used two modulators (cascading

of a DD-MZM with a PM) while our system requires only one modulator (DD-MZM)
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Fig. 5.10. Electrical spectrum of the 11.84 GHz signal. (a) Span 2 GHz (b) Span 20 MHz, RBW 10
kHz (c) Span 1 MHz, RBW 3 kHz. A side mode suppression ratio of 60 dB has been obtained.
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Fig. 5.11. SSB phase noise of the 11.84 GHz oscillation measured at point @ for the SOFCG (blue
line) and of an HP 83620A synthesizer (black line).

Table 5.1: Comparison of recently reported SOFCG.

Ref.  Optical bandwidth Comb lines

Comb spacing Phase noise

[144] 120GHz (10dB) 13 9.95 GHz -93 dBc/Hz @ 100 kHz
160 GHz (10dB) 17 10 GHz -122 dBc/Hz @ 10 kHz
7 156 GHz (10dB) 14 12 GHz -115 dBc/Hz @ 10 kHz
A 144 GHz (10dB) 13 12 GHz Not available
] 120 GHz (10dB) 13 10 GHz -101 dBc/Hz @ 10 kHz
[62] 86 GHz (10 dB) 9 10.89 GHz -93 dBc/Hz @ 10 kHz
Our
260 GHz (12dB) 23 11.84 GHz -110 dBc/Hz @ 10 kHz
Work
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5.4.4 Low phase noise mm-wave generation using SOFCG and com-
parison with OFCG- and RF synthesizer based approaches

Using the wavelength selective switch for the SOFCG, we selected two lines spaced eight
intervals apart (Fig. 5.12(a)) in order to generate a 94.8 GHz signal (Fig. 5.12(b)) at the
output of the high speed photodiode (point (C) in Fig. 5.7(a)) and then measured the SSB
phase noise. We then proceeded to compare the phase noise performance of the SOFCG
with that of the corresponding OFCG shown in Fig. 5.7, in order to verify the superiority
of the former method. In this case the OFCG was driven by an HP 83620A synthesizer at
11.84 GHz, with the WSS again set to filter out two comb lines spaced eight intervals apart
so as to generate a 94.8 GHz signal. In addition to direct generation of the 94.8 GHz signal
through use of the WSS and heterodyning, it is also possible in principle to use electronic
frequency multiplication of the SOFCG’s RF oscillation frequency. With this approach,
a frequency multiplier would be placed at point (B) in Fig. 5.7(a), with a multiplication
factor set to eight. However, when a reference microwave signal is multiplied by N, the
phase noise is degraded by 20 x logjo/N, which for a factor of eight results in an additional
18 dB penalty. We therefore used this and the measured results from subsection 5.4.3 in
order to estimate the phase noise performance of the SOFCG and HP 83620A synthesizer
when electronic multiplication is used instead of comb line selection and heterodyning. The
comparison between the SOFCG, the OFCG, and the RF synthesizer for the SSB phase noise

performance at 94.8 GHz is shown in Fig.5.13 and also summarized in Table 5.2 for both the
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Fig. 5.12. (a) Optical spectrum of two tone signal with spacing of 94.8 GHz (b) The electrical spec-

trum of the generated 94.8 GHz oscillation
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Fig. 5.13. Measured SSB phase noise of: 94.8 GHz signal generated using SOFCG (red line); 94.8
GHz signal generated using conventional OFCG (green line). Estimated SSB phase noise of the
94.8 GHz signal using SOFCG and multiplication (black line) and of the 94.8 GHz signal using a

synthesizer and multiplication (blue line).

WSS-heterodyning approach and the electronic multiplication method. From Fig.5.13 and
Table 5.2 it is seen that the SOFCG-based mm-wave generation using heterodyning of the
comb lines performs better than the other approaches. The SSB phase noise of this method
is 27 dB better than the conventional OFCG based approach at an offset frequency of 10
kHz. The improvement is intrinsically due to the SOFCG topology, which in a similar way
to OEO topologies can provide optoelectronic oscillation of high spectral purity inside the

loop.
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Table 5.2: SSB phase noise (dBc/Hz) performance at 94.8 GHz for the SOFCG and OFCG using
WSS and heterodyning (measured) and using electronic multiplication (x8) of the 11.84 GHz signal

from the OFCG and RF synthesizer (estimated).

Offset frequency

SSB Phase Noise (dBc/Hz)
100Hz 1kHz 10kHz 100kHz

SOFCG + WSS and heterodyning -32.01 -65.92 -96.99 -101.06

SOFCG with frequency 3355 -66.04 -92.09 -101.46

multiplication (estimated)

OFCG + WSS and heterodyning  -45.87 -66.68 -69.66 -92.68

HP 83620A with frequency
-58.92  -66.01 -70.50 -92.01

multiplication (estimated)

5.4.5 SOFCG- based radio-over-fibre link

A. Experimental set-up

We developed a 94.8 GHz RoF link based on the SOFCG arrangement of Fig. 5.7. The
proof-of-concept experimental set-up is illustrated in Fig. 5.14. The two-tone optical signal
required for heterodyning in order to generate the mm-wave carrier was obtained from the
SOFCG (Fig.5.14(a)) using the techniques described in subsection 5.4.4. A Finisar Wave-
Shaper 16000S was used to select two comb lines (separated by 94.8 GHz) and route them
into two different output ports. One of these outputs was routed through a MZM for data
modulation as shown in Fig. 5.14(b); we used an Agilent PSG vector signal generator
(E8267D) to generate a LTE-A standard downlink signal centered at 1 GHz with a band-
width of 20 MHz and modulation format 64 QAM. The modulated comb line was combined
with the other comb line. The combined optical signal was then amplified by an EDFA;
filtered by a 1 nm tunable optical band pass filter to remove the out-of-band amplified spon-
taneous emission (ASE); and adjusted by a variable optical attenuator (VOA) to control the
input optical power before heterodyning in a high speed photodiode (Finisar XPDV4120R)
as shown in Fig. 5.14(c). The output of the photodetector was amplified by a power ampli-

fier (PA). The amplified signal was connected to a horn antenna with a gain of 23 dBi (at 95
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Fig. 5.14. Experimental setup of the SOFCG based radio over fibre link. (a) Optical two tone gener-
ation section (b) Optical modulation and combining of carrier and local oscillator (c) Optical hetero-
dyning in high speed photodetector (d) Wireless section (e) Envelope detection section. The SOFCG

block consists of the arrangement in Fig. 5.7.

GHz) and propagated over a 1.3 m wireless link. A second identical horn antenna placed in
the same polarization was used to receive the radiated signal. The received W band signal
was then amplified by a low noise amplifier (LNA), down converted by an envelope detector
and analyzed by a vector signal analyzer (Agilent N9030A PXA). A Schottky barrier diode

(SBD) was used as the envelope detector.

B. Experimental results and discussion

(i) Effect of modulating signal power: The effect of modulating signal power (P;,) on the
error vector magnitude (EVM) under varying modulating signal power is depicted in Fig.
5.16(a) for a LTE-A 64 QAM signal transmitted over a 1.3 m wireless distance. The modu-
lating signal power was varied from -4 dBm to 5 dBm and we found that the EVM is reduced
for higher modulating signal powers. This is due to the fact that increasing modulating power

enhances the SNR of the signal, resulting in a low EVM as shown in Fig. 5.16 (b)-(d).
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(ii) Effect of photocurrent:A variable optical attenuator in front of the photodiode was
then used to adjust the incident optical power and hence the generated Ip. The measured
EVM as a function of photocurrent (/p) is illustrated in Fig. 5.17 for a LTE-A 64 QAM
signal transmitted over a 1.3 m wireless distance. The lowest obtained EVM is 2.23% at I,
=2 mA. For values of Ip above 2 mA, the EVM increases due to the saturation effect in the
amplifier stage at the receiver. The measured EVM is degraded by 45% for a 50% reduction
of I,. The insets show the corresponding constellation diagrams. The measured EVM is

within the limit of 8% for 64 QAM [10, 146] for a photocurrent above /p=0.6 mA.
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Fig. 5.17. EVM vs photocurrent of the transmission system. The insets are the constellation diagram

of a 64 QAM OFDM signal over a 1.3 m wireless transmission distance.

5.5 SOFCG with integral wavelength selection

A simple modification to the SOFCG tropology described in subsection 5.4.1 is illustrated
in Fig. 5.18, whereby the WSS is now incorporated within the optoelectronic loop instead
of being located after the SOFCG optical output. In this way, rather than all the comb lines
being applied to the BPD, the WSS selects two tones corresponding to the RF oscillation

frequency of the SOFCG which are then routed to the BPD via the 50:50 coupler and the
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Fig. 5.18. The modified configuration of Fig. 5.7 as an SOFCG where the WSS is included inside the
OEO loop.
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fibres Ly and L, and a further two tones which are routed to the other output of the WSS in
order to generate the desired mm-wave output. Typical phase noise performance is shown in
Fig. 5.19, which is comparable to the performance of the SOFCG results shown in Fig. 5.11
and Fig. 5.13.

-20 —SOFCG (11.87 GHz)
< -30 ——SOFCG + WSS and heterodyning (~ 95 GHz)
g 401 —— SOFCG with frequency multiplication (estimated)(~ 95 GHz)
@ -50 i
o
— -60 I g
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i \
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Fig. 5.19. SSB phase noise of the 11.87 GHz oscillation obtained by modified SOFCG (blue line) and
of the 95 GHz oscillation obtained from optical heterodyning (red line), along with estimated SSB

phase noise (black line) assuming x 8 frequency multiplication of the 11.87 GHz output.

5.6 Conclusion

We have demonstrated a self-oscillating frequency comb generator that combines the advan-
tages of a conventional optical frequency comb with those of an optoelectronic oscillator,
namely generation of a stable optical comb allowing mm-wave signals to be synthesized,
along with the low phase noise characteristics that are typical of OEOs. The SOFCG pro-
vides 23 comb lines with 11.84 GHz spacing that can potentially generate mm-waves up to
260 GHz. The phase noise performance of an SOFCG with a loop oscillation frequency of
11.84 GHz was compared and contrasted with that of a conventional microwave synthesizer,
and the phase noise performance when used to generate a 94.8 GHz signal either through op-
tical heterodyning or electronic multiplication was also evaluated. The SSB phase noise of
the 11.84 GHz oscillation is -110 dBc/Hz at a 10 kHz offset, while for the 94.8 GHz output
itis -97 dBc/Hz at a 10 kHz offset.
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The SOFCG was then used to implement a W-band radio-over-fibre link, in which an LTE
Advanced standard 64 QAM signal was sent over a wireless path of 1.3 m with an EVM
as low as 2.35%. Finally, we have indicated how the SOFCG topology may be potentially
modified via the inclusion of the wavelength selective switch within the optoelectronic loop

of the SOFCG, without adversely affecting phase noise performance..
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CHAPTER 6

Tunable OEO and THz Transmission

6.1 Introduction

Since the THz region is positioned between the microwave and infrared, there exist two
enabling technologies for mm-wave and THz signal generation, namely electronics and pho-
tonics [20,147]. Apart from diode-based approaches, the multiplication method is also used,
whereby the mm-wave signal can be generated from a low-frequency oscillator by frequency
multiplication. However, the phase noise of the output signal increases according to the re-
lationship 20xlog;o(N), where N is the multiplication factor, meaning a 6 dB increase of
phase noise with every doubling of frequency which in turn makes this method unsuitable
for generating low phase noise mm-waves. In contrast, photonic-assisted approaches to gen-
erate mm-waves and THz waves not only allow the generation of high-quality carriers but
also enable distribution to a remote site via optical fibre. Of the photonics-based approaches
to microwave and mm-wave signal generation, as stated previously the optoelectronic os-
cillator (OEQ) is particularly attractive because it can generate low phase noise oscillation
without any reference RF signal [3]. The OEO oscillation frequency is limited by the RF
and electro-optic components used inside the loop, such as the electro-optic modulator and
narrow bandpass filter. The highest reported OEO oscillation frequency is 60 GHz with the
use of a microwave photonic filter (MWPF) [53]. However, there is interest in wireless links
operating in the W-band (75 — 110 GHz) and in the 200 — 300 GHz band, where the atmo-

spheric attenuation is lower than that at 60 GHz [148] as shown in Fig. 6.1. Such frequency
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ranges are very challenging for OEO implementations due to the lack of suitable modulators.
Although polymer-based modulators work beyond 100 GHz, problems with their long-term
stability remain. In contrast, an optical frequency comb generator (OFCG) can produce
highly phase correlated optical tones over a wide range with a fixed frequency spacing [149]
and by filtering two lines of the appropriate frequency spacing, with subsequent heterodyn-
ing in a photodiode, it is possible to generate pure mm-wave and THz signals above 100
GHz [22]. It is also possible to implement heterodyning in a simpler fashion using two free-
running lasers with the appropriate wavelength spacing, but this approach suffers from phase
fluctuations whereas in the optical comb the tones are highly phase correlated. Convention-
ally, in OFCGs based on external modulators, an external microwave synthesizer is used to
provide the seed tone and to determine the frequency spacing. However, it is possible to
dispense with the need for an external RF source by driving the OFCG with an OEO instead.
The use of an OEO to drive an optical frequency comb (OFC) generator (either directly or
via a self-oscillating approach) for subsequent low-phase noise generation of mm-wave and
THz signals is a promising concept.

In chapter 5, we experimentally generated a mm-wave signal from a self-oscillating optical
frequency comb with a comb spacing of 11.84 GHz that was determined by an electrical
bandpass filter [133,134]. A 95 GHz mm-wave was generated using this method, and a RoF

link was implemented to transmit wireless signals modulated with a standard LTE advanced
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Fig. 6.1. Specific attenuation of the Earth’s atmosphere at sea level in the frequency range 1 GHz to
1000 GHz for an air pressure of 1013 hPa, a temperature of 15° C and a water vapour density of 7.5

g/m?3.
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signal. However, this proposed system still lacks the frequency tunability of the OEO and
hence the mm-wave and THz signal frequency can only be tuned by changing the selected

lines spacing.

In this chapter, we propose and experimentally demonstrate the photonic generation of
mm-wave and THz signals using a tunable OEO driven OFCG and a RoF link at THz band.
We use a MWPF-based approach to achieve the OEO frequency tunability (6.58 -18.36
GHz), where a PM-TOBF combination functions as a MWPF [79]. The SSB phase noise
is below -103 dBc/Hz throughout the entire tuning range. To analyse the short-term and
long-term stability of the OEO, we also measured the Allan deviation, and the frequency and
power drifting of the generated RF carrier. The measured Allan deviation is 6.1 x 1073 at 1
s observation time for 17.33 GHz oscillation frequency. The peak frequency drift is 7 kHz,
and power fluctuation is below 0.7 dB over a 30 minute observation duration. The system
provides the opportunity to generate a tunable low phase noise THz signal without requiring
any reference RF input. The electrical signal from the OEO is used as a driving electrical sig-
nal to generate 22 optical comb lines, covering a range of 360 GHz within a 20 dB envelope.
By selecting two optical comb lines, and beating them in a uni-traveling carrier photodiode
(UTC-PD), we generate THz signals at 101.5 GHz and 242.6 GHz when the OEO oscillation
frequencies are 16.92 GHz and 17.33 GHz, respectively. The measured phase noises (after
down conversion) of the 101.5 GHz and 242.6 GHz signals are -90 dBc/Hz and -78 dBc/Hz,
respectively at 10 kHz offset frequency. A RoF link is subsequently implemented with the
OEO-driven OFCG at 242.6 GHz and the results are compared with an electrical local os-
cillator (LO) driven OFCG. The obtained bit error rate (BER) is below the hard decision
forward error correction limit for a wireless distance of 30 cm and a data rate of 24 Gbps

modulated with 16 QAM.

We then modify OEO topology by cascading an additional optoelectronic infinite impulse
response (IIR) filter section with a view to generating a spur-free RF signal. The OEO
with the IIR filter is also applied to a an OFCG to generate THz signals through optical

heterodyning.

110
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6.2 Tunable mm-wave and THz signals generation

6.2.1 MWP filter based tunable OEO

A. Operating principle of PM based MWP

(a) RF;,
i | Tunable optical o
Monochrf)matlc PM le op Q:* | RF,,
laser diode filter
PD
(b) Optical filter
bandwidth B
A
Aoy
Stopband ) Stopband
Mo-0Op .
l 0 0, Orton >

Fig. 6.2. (a) Arrangement of PM based MWP filter (b) operating principle of the MWP filter

The output of a PM can be represented by the following equation in connection to the
arrangement of Fig. 6.2:
Eou () = Ege™' [/A5mnt]) (6.1)
Eou(t) = Jo(A)Ege™ + Y J,(A)Ege/( @O 1 Y (1)), (A)Ege/ =) (6.2)
n=1 n=1

If we consider only the first order terms and small signal modulation condition, then:
Eout(t) = Jo(A)Ege™" +J1 (A) Ege/ (@ On)t _ J (A)Ege/(@0—n)! (6.3)

where E is the optical field of the source, J, is the n-th order Bessel function of the first
kind, A is the phase modulation index, @y is the angular frequency of the optical carrier, and
@y, 1s the angular frequency of the RF signal. Therefore, a PM generates optical side-bands
with opposite phase around the optical carrier when it is modulated with an external RF

source. By placing an optical bandpass filter (with a centre frequency equal to the optical
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carrier frequency) after the PM, the anti-phase sidebands are transmitted symmetrically as
shown in Fig. 6.3(a). Consequently, after photodetection only a DC current is generated.
However, if the centre frequency of the optical carrier (@) is shifted slightly from the centre
frequency of the optical filter (@,), this results in asymmetrical sideband suppression as
shown in Fig.6.3(b). The beating between the remaining unbalanced sideband and the optical
carrier will be detected by the photodiode, generating a single sideband RF response, where
the centre frequency and bandwidth are determined by the spectral response of the TOBF.
The centre frequency in the electrical domain is equal to half the bandwidth of the TOBF
(B/2) while the bandwidth is equal to twice the offset between the laser oscillation frequency

and TOBF centre frequency (A®w = w. — @), as shown in Fig. 6.3(b).

By increasing the bandwidth of the TOBF, the centre frequency of the RF filter increases
(f3 > f>» > f1) (Fig.6.3(c)), while the bandwidth of the RF filter changes with the changes of
offset frequency (Fig. 6.3(d)).
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Fig. 6.3. (a) Symmetrically transmitted sidebands (b) Asymmetrically transmitted sidebands (c) Cen-
tre frequency tuning by changing the optical bandwidth (B) of the TOBF, and (d) Bandwidth tuning

by changing the laser wavelength.
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B. Operating principle of optical frequency comb generator

The OFC generator is based on an asymmetrically dual-driven Mach-Zehnder modulator
(DD-MZM); the principle of operation is shown in Fig. 6.4. Higher order side modes are
generated when a DD-MZM is modulated with a large amplitude RF signal where the spacing
between the side modes is determined by the oscillation frequency of the RF signal. The
spectral flatness of the generated comb lines depends on a specific phase and amplitude

condition as described below [138, 150]. The optical phase shifts introduced by the RF

A1 sin ot - A
-A6 @
RF-a‘ Blas‘ "‘ H
s —<C>— 1
A v A
Ao RF-bf Biast ™, Ao
A,
A2 Sin (Dt “’ KR . .
A

Fig. 6.4. Operating principle of the DD-MZM based optical frequency comb generator. After [138]

signals in the two arms of the DD-MZM are Asin®,,t and A;sin®,,t respectively. Therefore,

the output electric field of the DD-MZM can be expressed by:

o)

Eou (1) :%E,.n@ Y [i(Ar) expU@ 0 4 i (Ay) expliOn+02)] (6.4)
k:—oo

where J; denotes the k-th order Bessel function. 6; and 6, are the phase shifts induced by the
DC biasing. The analysis in [138] shows that a maximally flat OFC can be obtained when

the driving signals satisfy the following condition:
T
AA+AO = 5 (6.5)

where AA=A| —Ay/2 and AO = 6, — 6, /2.

6.2.2 Experimental set-up of MWPF based THz signal generation

The experimental arrangement of the proposed concept is shown in Fig. 6.5. It consists of

three subsections: (i) the optoelectronic oscillator (OEO) section, (ii) the optical frequency
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comb generator (OFCG), and (iii) two-tone selection and THz generation section, in which
two tones are filtered out, prior to heterodyne detection and transmission over a wireless

path.
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Fig. 6.5. Experimental arrangement of the OEO driven OFCG

A. Tunable OEO

A distributed feedback (DFB) laser with a centre wavelength of 1553.73 nm and a linewidth
of 10 kHz acts as an optical source (via a 50:50 optical coupler) for both the OEO and OFCG
subsections. The phase modulator (PM) within the OEO loop is used (i) as an electrical-to-
optical (E/O) converter, and (ii) as a MWPF, when combined with a tunable optical bandpass
filter (TOBF) [79, 151]. In the experimental setup, the TOBF that was used is a Yenista
Optics XTM-50 (with a minimum and maximum bandwidth of 6.25 GHz, and 120 GHz, re-
spectively). The OEO is based on a dual-loop balanced detection configuration in which fibre
lengths of L; = 200 m and L, = 2 km, respectively, feed a balanced photodiode (DSC730,
with a 3-dB bandwidth of 25 GHz, and a responsivity of 0.60 A/W). E/O and O/E conver-
sion losses in the loop are compensated with two microwave amplifiers in cascade, with the
output of this amplifier chain being used to drive both the PM in the OEO loop, and also the

DD-MZM (Photonic Systems Inc.) in the optical frequency comb generator.
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B. OFC generator

The OFC generator is based on the principle discussed in section 6.2(B) and the experimental
set up illustrated in the blue dotted box of Fig. 6.5. The microwave output of the OEO passes
through a splitter. One of the output arms of this splitter is then connected to an attenuator
(Att.) and the other to a phase shifter (PS). Through suitable adjustment of both of these
components, the drive signals for the following DD-MZM have the required amplitudes and
phases so as to satisfy the flat spectrum condition in [138]. The resulting optical comb is
subsequently amplified optically prior to being connected to the final section in which two

tone selection and THz frequency generation take place.

C. Two tone selection and THz generation

A programmable wavelength selective switch (WSS) is employed to select two optical tones
from the OFCG output that have a wavelength spacing corresponding to the desired THz
frequency, which results from heterodyning in a UTC-PD. The WSS was a Finisar Wave-
Shaper (4000S) based on liquid crystal on silicon (LCoS) technology. The optical output
of the WSS was then amplified and filtered to remove the amplified spontaneous emission
(ASE) noise before photodetection in an unpackaged UTC-PD with an integrated coplanar
waveguide (CPW). The output of the photodiode was connected to a 20 dBi horn antenna
(WR-5.1) using a coplanar mm-wave probe, with the transmitted THz signal then being re-
ceived by an identical horn antenna. In order to measure the phase noise of the received THz
signal, it was down-converted to a microwave intermediate frequency (IF) within the range
of RF components by using a sub-harmonic mixer (SHM). A Rohde &Schwarz synthesizer
(SMAT100A) was used as a local oscillator (LO), with its output frequency being multiplied
(x6) and mixed with the THz signal in the SHM. The IF signal was then amplified and

connected to an electrical spectrum analyser to measure the phase noise performance.

6.2.3 Experimental Results

A. Electrical spectrum generated by OEO section

The PM-TOBF combination functions as a tunable MWP filter as described in Section 6.2;
by tuning the bandwidth of the TOBEF filter, we were able to generate continuous tunable

microwave signals from 6.58 GHz to 18.36 GHz. Typical spectra of the generated RF carriers
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(as measured at point @ in Fig. 6.5) are shown in Fig. 6.6. The tuning range is limited
by the bandwidth of the electrical amplifier used in the OEO loop since the bandwidth of
the balanced photo-detector and the phase modulator is greater than that of the electrical
amplifier. An optical spectrum analyzer with a resolution bandwidth (RBW) of 0.01 nm was

used to measure the optical spectrum at the output of the TOBF, which is shown in Fig.6.7
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Fig. 6.6. Electrical spectra of the generated microwave signal for different frequencies measured at

point @ in Fig. 6.5.

The electrical spectrum of the generated RF signal at 17.33 GHz is shown in Fig. 6.8 for a
span of 5 MHz. Side modes at an offset frequency of 1 MHz from the carrier (corresponding
to the short fibre length, ;=200 m) with more than 65 dB suppression were observed. Side
modes at 100 kHz offset corresponding to the long fibre (L,=2 km) were suppressed due to
the dual loop effect [19].
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Fig. 6.7. Optical spectra at the output of the TOBF for the oscillating frequency (a) 8.89 GHz, and
(b) 14.31 GHz, respectively at point @ of Fig. 6.5.
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Fig. 6.8. Electrical spectrum of the generated RF signal from OEO at 17.33 GHz signal with span of
5 MHz and RBW of 3 kHz (measured at point @ of Fig. 6.5)

B. Phase noise and stability

We measured the single side band phase (SSB) noise of the OEO and compared it with an
external Rohde & Schwarz signal generator (R&S®SMF100A). At offset frequencies higher
than 3 kHz the SSB phase noise of the OEQ is better than the signal generator. The measured
single side band (SSB) phase noise of the OEO and external generator is -106 dBc/Hz and
-102 dBc/Hz respectively at 17.33 GHz oscillation and 10 kHz offset frequency as shown
in Fig. 6.9. From the phase noise curve, we also observe side modes at multiples of the
1 MHz offset. The SSB phase noise at 10 kHz offset frequency of the generated electrical
signals is shown in Fig. 6.10(a). We then measured the Allan deviation (J;) to determine
the short time stability of the OEO. Figure 6.10(b) shows the measured Allan deviation, as
calculated using the Allan deviation measurement option of the Rohde & Schwarz spectrum
analyzer (R&S®FSU26) with the frequency counter method. The measured Allan deviation
for an observation time of 1 second is 6.1 x 1078 for the oscillation frequency of 17.33 GHz.
We also measured the oscillation frequency and electrical output power of the OEO at one
second intervals for half an hour using an Agilent spectrum analyzer. Fig. 6.11(a) shows the
frequency drift and Fig. 6.11(b) shows the peak power of the signal as a function of time.
The peak frequency drift is 7 kHz and the power deviation is less than 0.7 dB during the

measurement duration.
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Fig. 6.9. SSB phase noise of the OEO and RF signal generator at 17.33 GHz.
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Fig. 6.10. Electrical spectrum of the generated RF signal from OEO at 17.33 GHz signal with span
of 5 MHz and RBW of 3 kHz (measured at point @ of Fig. 6.5).
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Fig. 6.11. (a) Frequency drift over time, (b) oscillating signal power over time

C. Generated mm-wave and THz wave

It is possible to generate THz signals over a broad frequency range by varying either the
OEO oscillation frequency or filtering out two tones from the comb that are separated by an
integer multiple of the comb line spacing. The optical comb spectra for three different OEO
oscillation frequencies (10.5 GHz, 16.92 GHz, and 17.33 GHz) are shown in Fig. 6.12 (a), (b)
& (c), respectively. A spectrum of 22 optical tones with a spacing of 17.33 GHz is observed
(Fig. 6.12(c)), covering a bandwidth of 360 GHz within a 20 dB envelope. The number
of comb lines that can be generated is limited primarily by the amplitude of the driving
signals applied to the RF ports of the DD-MZM of Fig. 6.5. In turn, the amplitude of the
RF signals is limited by the gain and saturated output power of the electrical amplifier used
in the OFCG section. The optical bandwidth of the optical amplifiers and modulators used
is sufficiently wide to support hundreds of comb lines in principle, hence these components
are not a limiting factor in this respect. In addition, the remaining components (such as the
photodiodes and electrical amplifiers) need only have a bandwidth wide enough to support

the comb spacing, which is only a few GHz in our work.

By selecting any two optical comb lines, it is possible in principle to generate THz signals
up to 360 GHz through heterodyne detection with a UTC-PD. In this work, we generated
an RF signal at 102 GHz, and 242.6 GHz when the OEO oscillation frequency was set to
16.9 GHz, and 17.33 GHz, respectively. Fig. 6.12(d) shows the optical spectra of the two
selected optical tones for the latter case. The electrical spectra of the down-converted signals

are shown in Fig. 6.13(a) and 6.13(b) for 102 GHz and 242.6 GHz signal, respectively.
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Fig. 6.12. Optical spectra of the generated optical frequency combs with a frequency spacing of (a)
10.5 GHz (b) 16.92 GHz (c) 17.33 GHz at the centre wavelength of 1553.73 nm (measured with an
OSA at point © in Fig. 6.5 (d) Optical spectrum of the selected comb lines (measured with an OSA
at point @ in Fig. 6.5).
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Fig. 6.13. Electrical spectra of the down-converted THz signals (a) 101.5 GHz, and (b) 242.6 GHz.
Measured SSB phase noise of the down-converted THz signals (¢) 101.5 GHz, and (d) 242.6 GHz
(measured at point @ in Fig.6.5).

We found side modes spaced approximately 1 MHz apart (corresponding to the short length
L;=200m) around the carrier and side modes of 100 kHz spacing (corresponding to the long
length L,=2 km) with relatively low amplitude around the ~ 1 MHz spaced side modes. The
SSB phase noise of the down-converted signals was measured and is shown in Fig. 6.13(c)
and 6.13(d). The SSB phase noise of the 101.5 GHz and 242.6 GHz signals is -90 dBc/Hz
and -78 dBc/Hz respectively at 10 kHz offset frequency; the SSB phase noise is degraded by
15 dB for the 101.5 GHz, and 25 dB for the 242.6 GHz signal from their seed oscillation.
This degradation also includes the phase noise addition during the down-conversion process
due to the optical and electrical amplifiers. The SSB phase noise degradations are in good

agreement with the carrier phase noise generated by the multiplication 20x logoNV.
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6.3 RoF link based on tunable OEO driven OFCG

6.3.1 Experimental set-up
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Fig. 6.14. Experimental set-up of the tunable OEO driven OFCG based radio over fibre link

We developed a RoF link at 242.6 GHz using the OEO driven OFCG. Fig. 6.14 shows the
experimental arrangement for the RoF link, which uses the OEO and OFCG subsections that
were described in section 6.2. To implement the RoF link, the output of the OFCG section
was passed through a WSS after optical amplification via an EDFA. The OEO oscillation
frequency was set to 17.33 GHz (with the corresponding optical comb as shown in Fig. 6.12
(c)). Two optical tones with a frequency spacing of 242.6 GHz were selected and guided
into two different output ports of the WSS; one optical tone was used as a local oscillator
(LO) while the other was used for data modulation. This second tone was amplified by
an EDFA and passed through a 1 nm optical band pass filter to eliminate the out of band
amplified stimulated emission (ASE) noise. The output of the filter was then fed to an I-
Q modulator after being polarization controlled. An arbitrary waveform generator (AWG)
from Tektronix (AWG7000) with a sampling rate of 50 GSa/s was used to generate 2'' — 1
pseudo random bit pattern (PRBS) I and Q signals. Prior to being connected to the I-Q
modulator, the I and Q signals were electrically amplified and phase shifted. During the
experiment, we used 10 Gbaud QPSK and 6 Gbaud 16 QAM modulation formats with a

square root raised cosine (SRRC) filter of 0.1. The LO tone was passed through a polarization
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Fig. 6.15. Optical spectrum of the selected two tone for RoF link. The left-hand tone is modulated

with 10 Gbaud QPSK. The inset shows the zoom view of data modulation.

controller (PC) to align the polarization state and a short path matching fibre of 39.5 m
length was used to compensate for the optical path difference introduced between the two
branches (modulator and LO branch) due to the inclusion of an EDFA and optical filter in
the modulator branch. An optical attenuator was used in the LO branch to match the optical
power between the modulated and LO tone. Then the modulated tone and the LO tone
were combined in an optical coupler (OC), one output of which was connected to an optical
spectrum analyzer (OSA) while the other was passed through a SMF of 40 km length. The
optical spectrum after combining the two tones is shown in Fig. 6.15. Prior to detection
by an unpackaged UTC-PD, the optical signal was amplified by an EDFA to compensate
the fibre transmission loss, filtered by a 5 nm OBPF to remove out-of-band ASE, controlled
by a VOA to evaluate the system performance, and polarization aligned by a PC to reduce
polarization dependent loss. The beating product of the LO and modulated tone in a UTC-
PD was transmitted over a 30 cm wireless distance with a 20 dBi horn antenna. Another
antenna of the same gain and polarization received the transmitted THz signal, which was
subsequently down-converted to an IF frequency with the electrical LO-SHM combination
as described in section 6.2. The electrical LO signal frequency was selected in such a way as
to place the IF signal around 9 GHz, within the bandwidth of the analogue to digital converter
(ADC) of the real time oscilloscope (RTO). The IF signal was then amplified and connected
to a RTO with 36 GHz bandwidth and sampling rate of 80 GSa/s for further processing;
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Fig. 6.16. Electrical spectrum using FFT of the received IF signal for 6 Gbaud 16 QAM.

the IF spectrum of the down-converted THz signal obtained by fast Fourier transform (FFT)
in the RTO is shown in Fig. 6.16. Due to the non-flat response of the IF amplifier, the IF
signal has a slight asymmetry. The digitized signal was then processed with an offline DSP
processor in MATLAB to demodulate the QPSK/ QAM signal. The DSP processing includes
down conversion, down sampling (2 samples/symbol), channel equalization (blind equalizer
algorithm), carrier recovery and phase noise estimation. Finally, the bit error rate (BER)
performance was evaluated by varying the input optical power (through a variable optical

attenuator, VOA) to the UTC-PD.

6.3.2 Results and discussion

As mentioned earlier, the RoF link was evaluated with two different modulation formats: 10
Gbaud QPSK and 6 Gbaud 16 QAM and two different OFCG driving scenarios: OEO and
external RF synthesizer. The BER was measured first when the OFCG was driven by the
OEOQ, then when the OFCG was driven by an external RF synthesizer. Fig. 6.17 shows the
measured BER versus received optical power for the four experimental conditions. There is
a small power penalty between the OEO driven and external synthesizer driven curve which
is due to the effect of phase noise stability. The external RF synthesizer has a superior close
to carrier phase noise performance compared to the OEO as shown in Fig. 6.9, and the
obtained BER is below the hard decision forward error correction limit of 3.8 x 102 for
7% overhead. The obtained data rates are 20 Gbps and 24 Gbps for 10 Gbaud QPSK and 6
Gbaud 16 QAM respectively.
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Fig. 6.17. BER as a function of photocurrent

6.4 Side-mode suppressed tunable OEO

Low phase noise, side mode suppressed, and wideband-frequency tunable OEOs as a mi-
crowave source are indispensable for several applications, for example in radar to detect
slow moving targets. In [83], a side mode suppressed tunable OEO (from 8.5 to 9.5 GHz)
is implemented using an EBPF of large bandwidth through the injection locking technique
(via an external electrical synthesizer). The injection locking technique realizes both the
side mode suppression and tuning function. Although the technique provides spur-free os-
cillation, the tuning range is limited by the passband of the electrical bandpass filter. In
second generation OEOs, the electrical bandpass filter is replaced by a tunable microwave
photonic (MWP) filter which effectively eliminates the tunability limitation of the electrical
filter. Other key advantages of MWP filters include wideband capability, reconfigurability,
and immunity to electromagnetic interference. Two types of MWP filter can be identified
according to the number of passbands, namely those with a single passband and those with
periodically repeating passbands (implemented either with FIR or IIR transfer functions).
Although FIR and IIR filters provide a high Q factor, a single FIR or IIR filter stage is inap-
propriate for OEO implementations due to its periodic response.

One promising approach to achieve both a high selectivity and Q factor is to cascade a single

125



Side-mode suppressed tunable OEO

passband filter with a periodic spectral response filter (FIR or IIR). Generally, the FIR filter
requires a large number of taps to achieve high Q and frequency selectivity, and the system
becomes bulky. On the other hand, the IIR filter requires fewer components. An IIR filter can
be realized with an all optical approach or optoelectronic approach with the latter providing
several benefits over the former, including the elimination of phase-induced intensity noise
(PIIN), and avoidance of issues associated with optical coherence. Also, the optoelectronic
IIR transfer function can be easily reconfigured from passband to stopband by changing the

bias point of the electro-optic modulator.

By cascading a single passband filter and an optoelectronic IIR section, one can suppress
the side modes by reducing the passband of the filter. The single passband section determines
the centre frequency of oscillation and the IIR section provides the high Q filtering for side
mode suppression. Such a topology was used in [62] with an electrical bandpass filter and
an optoelectronic IIR section. The OEO provides side mode suppression of 93 dB at an
oscillation frequency of 29 GHz. Although the system managed to suppress the side modes,
it lacks frequency tunability. In [63], a tunable OEO is reported incorporating a stimulated
Brillouin scattering (SBS) based tunable MWP filter and an active recirculating delay lined
based IIR filter. The reported OEO provides a side mode suppression of 95 dB and a tuning
range of DC to 40 GHz.
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Fig. 6.18. Experimental set-up of the proposed tunable OEQO. The black dotted section represents the

single passband section and the red dotted section represents the IIR section.

In this section, we experimentally demonstrate a highly side mode suppressed tunable
dual-loop OEO by cascading a single passband MWP filter and an optoelectronic IIR section
as shown in Fig. 6.18. A phase modulator (PM) and an optical bandpass filter (OBPF)
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combination provides the single passband as described in subsection 6.2.1. We obtained the
tuning function by changing the bandwidth of the OBPF. We examined the effect of the IIR
section by performing experiments with and without it in place. Inclusion of the IIR section
suppresses the nearest neighbouring side modes by 125 dB, whereas not including it leads
to a suppression of 113 dB. Furthermore, with the inclusion of the IIR section, the close to
carrier phase noise is reduced by 20 dB and the Allan deviation is reduced by a factor of ten
to 6 x 10~2. The OEO was then used to drive an optical frequency comb generator (OFCG),
and through two-tone selection via a wavelength selective switch (WSS) and subsequent
optical heterodyning in a uni-traveling carrier photodiode (UTC-PD), we generated a THz
signal at 242.6 GHz. In down-converting the THz signal, we found that the side modes are

less pronounced when the IIR section is included in the OEO.

6.4.1 IIR filter

A. Operating principle

A first-order optoelectronic IIR filter is depicted in the red dotted-line box of Fig. 6.19. In
essence, the IIR section is an optoelectronic feedback loop with open loop gain less than
unity [152-154]. It comprises a Mach-Zehnder modulator (MZM), an erbium doped fiber
amplifier (EDFA) with an OBPF, a long fibre of several kilometers, a high-speed photo-
detector (PD), and an electrical amplifier. The quality factor (Q) and the rejection ratio of the
IIR filter increase with higher open loop efficiency which depends on: the gain of the optical
and electrical amplifier; optoelectronic conversion efficiency of the MZM and PD; and the
input optical power to the IIR section. The IIR loop is operated in the incoherent regime
where the total loop delay (7) is greater than the laser diode coherence time, providing a
periodic passband and stopband with a free spectral range (FSR) of 1/7, where T is the loop
time delay provided by the IIR section. The bias point of the MZM can control the position
of the passband and stopband; for example, the stopband response may be swapped with
the passband by switching the bias point from positive quadrature to negative quadrature

[152,155].
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Fig. 6.19. Experimental arrangement for measurement of the frequency response of an optoelectronic

IIR filter. VNA: Vector Network Analyser.

B. Analytical model

In the steady-state condition, MZM-1 is modulated by a microwave signal V;, = V, cos(@,t)
of amplitude V, and modulation frequency @,. Under small-signal conditions the output

optical power Pyzy—1 of MZM-1 can be approximated as:

Pin(1)

Pinlt) {1 —cos [g +mcos (wet)] } = [1 +mcos (wet)} (6.6)

2

Pyzm—1(t) =

where P,,(t) is the laser’s optical power and m = 1V, /Vy is the modulation index. The optical

power of Pyzy—1 is detected at PD1, generating a current,
i(t) = RGoG1RPy KL,mcos (@et) (6.7)

where R is the responsivity of PD1 and G,; the microwave amplifier gain while « is the
coupling coefficient and L, is the attenuation from the VOA and G, is the optical gain of the
EDFA. Hence the loop efficiency 1 = RGyG,RP;,, kL, of the O/E IIR filter is characterised
by the optical loop losses, optical and electrical gain (this includes the EDFA gain which
is coupled into the loop) and R is the conversion efficiency of MZM-2. The photocurrent

modulates MZM-2 and after an infinite number of cycles inside the loop (with n < 1 to
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prevent instability) the current reduces to:

Ist-cycle

i(t) = m[cos (et) +7cos (@(t—T1)) +n*cos (@t — 2T1))] +...

/

2nd-cycle

exp(j®et) m_ exp(—jo.t)
—nexp(—jw.T1) 21—nexp(jw.Ti)

=Y m [n cos a)e(t—NTl))]
N—=0
% (6.8)

The delay 71 = nL;/c is the round-trip time of the fibre and is inversely proportional to the

FSR. Therefore, the optical output power of MZM-2 becomes:

p) = yCoPal) [ m__exp i) )] 6.9)

2 2 1—nexp(—jw,T

The negative frequency components in Eq. 6.9 are not included while the DC components

and harmonics of @, are filtered by the PD bandwidth.

C. Experimental results

The measured results with the arrangement of Fig. 6.19 are shown in Fig. 6.20(a) and Fig.
6.20(b), respectively, for 8.3 km and 10 km fibre as the delay element. The top figure shows
the normalised magnitude response of a passband at the centre with a 19 dB extinction ratio

while the bottom figure shows a stopband at the centre with 25 dB extinction ratio.
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Fig. 6.20. Frequency response of an optoelectronic IIR filter (a) 8.3 km fibre (b) 10 km fibre as a

delay element

6.4.2 Experimental set-up of the side-mode suppressed tunable OEO

Fig. 6.18 shows the overall experimental arrangement. Light from a distributed feedback
laser (DFB) passes through a single passband filter (black dotted portion of Fig. 6.18)
composed of a phase modulator (iXblue MPZ-LLN-40) and a tunable optical bandpass fil-
ter (XTM-50) as described in section 6.2. Apart from being an integral part of the tun-
able MWPE, the PM also functions as an electrical-to-optical (E/O) converter for the OEO
loop [151]. The output of the single passband filter is then connected to the optoelectronic
IIR section (red dotted portion of Fig. 6.18), in which an EDFA is used to compensate for
the O/E and E/O conversion losses of the IIR loop, and can thus control the loop gain. A 1
nm OBPF was placed immediately after the EDFA to reject the out-of-band amplified spon-

taneous emission (ASE) noise. The output of the OBPF is split into two paths by a 3 dB
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optical coupler, with one output being passed through an 8.3 km single mode fiber (SMF),
photodetected in a high-speed photodiode, electrically amplified and finally connected to the
RF port of MZM to complete the IIR loop. The other output of the coupler passes through
a dual loop OEO section with short (L) and long (L) loop lengths of 200 m and 2 km,
respectively. The optical output of the two fiber spools is fed to a balanced photodetector
(DSC730, with a 3-dB bandwidth of 25 GHz, and responsivity of 0.60 A/W), with the pho-
todetected signal being amplified in order to compensate the O/E and E/O conversion losses
of the main OEO loop. Finally, a 10:90 electrical coupler is used for spectrum analysis (the
10% output is connected to an electrical spectrum analyzer (ESA)) while the remaining 90%

is connected to the RF port of the PM to complete the OEO loop.

6.4.3 Experimental results and discussion

The generated RF signal from the proposed setup is shown in Fig. 6.21. The RF signal can
be tuned from 6.5 GHz to 17.8 GHz by tuning the optical bandwidth of the TOBF of Fig.
6.18; the tuning range is limited by the bandwidth of the RF and electro-optic components
of the OEO loop. The characteristics of the generated RF signals are described below, for
two scenarios, namely the OEO with and without the IIR section. For the latter case, we
completely removed the IIR section. However, in both cases we maintained a nearly identical

oscillating signal power.
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Fig. 6.21. Electrical spectra of the generated microwave signals for the whole tuning range.
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A. Side mode suppression and close to carrier phase noise improvement

Fig. 6.22 shows the electrical spectrum of the generated RF signal at the oscillation fre-
quency of 17.33 GHz. The IIR section in the OEO suppresses the side modes by an addi-
tional 12 dB as compared to the OEO without the IIR section. This improvement is due to
the enhancement of the Q factor of the OEO loop that results from cascading the tunable
single passband section with the IIR section. The suppression effect is also discernable in
the phase noise plot as shown in Fig. 6.23, where inclusion of the IIR section leads to a
20 dB reduction of the SSB phase noise close to carrier (at an offset frequency of 200 Hz).
Again, the postulated reason behind the phase noise improvement is due to the Q factor im-

provement which is supported by the second term of the Leeson formula for oscillator phase

L(f) = 10log KI;KT) (1+(2fr{%)2> (1 +]%>} (6.10)

Here f,, is the offset frequency, fj is the oscillation frequency, f, is the 1/f corner frequency,

noise [156]:

F is the active device noise figure, and Qy is the loaded quality factor of the loop. The Q
factor of the optoelectronic loop fundamentally determines the close-to-carrier phase noise.
The noise floor is determined by the shot noise power of the photo-detector [58]. The noise

floor is essentially the same for both arrangements since the parameters that determine the

o4 | Span5SMHz — OEO without 1R section
RBW 500 Hz - - -OEO with IR section
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%!;3 -40
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Fig. 6.22. Electrical spectrum of the generated RF signal using the tunable OEO at 17.33 GHz.
The blue line represents OEO oscillation without the IIR section while the red dotted line represents
oscillation with the IIR section in place. There is a 12 dB improvement in SMSR using the IIR

section.
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noise floor are identical for the OEO with and without the IIR section.
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Fig. 6.23. Phase noise of the generated RF signal using the tunable OEO at 17.33 GHz. There is a
12 dB improvement in SMSR using the IIR section and 20 dB improvement of phase noise at 200 Hz

offset frequency.

B. Improved Allan deviation

The measured Allan deviation (using the Allan deviation measurement functionality of the
Rohde & Schwarz spectrum analyzer (FSU)) at 1 s observation time is 6 X 10~? for the OEO
with the IIR section and 6 x 10~ for the OEO without the TIR section, as shown in Fig. 6.24.
The improvement of short-term stability is due to the relatively high Q factor introduced by

cascading the two microwave photonic filters.
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Fig. 6.24. Allan deviation of the generated RF signal at 17.33 GHz.

C. Side mode suppressed THz signal generation

Finally, we generated a THz signal by using the OEO as an RF source for an optical fre-
quency comb generator (OFCG) via two-tone selection and optical heterodyning techniques
as shown in Fig. 6.25. The optical frequency comb as shown in Fig. 6.26 was generated by
driving the two RF ports of a dual drive Mach Zehnder modulator (DD-MZM) with RF sig-
nals of different amplitudes and phases. The comb generation technique described in section
6.2 is used here. We selected two comb lines (using a wavelength selective switch (WSS))
and generated a THz signal of 242.6 GHz though beating in a unitravelling carrier photo-
diode (UTC-PD). Before heterodyning in a UTC-PD, the selected two tones from the WSS
were amplified with an EDFA, filtered by a 5 nm optical bandpass filter and then controlled
by a variable optical attenuator (VOA). The UTC-PD is an unpackaged device which was
connected to a horn antenna (20 dBi) using a coplanar mm-wave probe. Another identical

horn antenna was used to receive the transmitted THz signal over a 30 cm wireless path. The

L S B Two tone selection, THz generation and Measurement setup
1553.73 nm
S?);'—> 50:50 OFCG

UTC-PD
5 nm

o - At S >

Fig. 6.25. Experimental set-up for THz generation
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received THz signal was then down-converted by mixing it in a sub-harmonic mixer (SHM)
with the signal generated from an external local oscillator (LO). Prior to connecting it to the
SHM, the LO signal was passed through an electrical multiplier with a multiplication fac-
tor of six. The SHM mixes the second harmonics of the electrical multiplier’s output with
the received THz signal. The mixer output was adjusted at an intermediate frequency (IF)
within the operating range of the microwave components and instruments by varying the LO
frequency. Fig. 6.27 depicts the electrical spectrum of the down-converted signal, and it is
seen that the side modes in the THz signal are suppressed when the IIR section is included

in the driving OEO.
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Fig. 6.26. Experimental set-up for THz generation
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Fig. 6.27. Electrical spectrum of the down-converted 242.6 GHz signal, (a) with the IIR section (b)

without the IIR section.
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6.5 Conclusion

A low phase noise THz generation technique in which a tunable OEO is used to drive an
OFC generator was demonstrated. With the OEO oscillation frequency set to 17.33 GHz, a
THz signal at 242.6 GHz with a phase noise level of -78 dBc/Hz at 10 kHz offset was gen-
erated. This was then used to implement a RoF link which was evaluated for transmission
of 10 Gbaud QPSK and 6 Gbaud 16 QAM over 40 km of SMF and a wireless distance of 30
cm.

We then modified the OEO structure by cascading an optoelectronic IIR filter section with
the phase modulator based single passband section to improve the Q factor with a view to
reducing the close to carrier phase noise, and suppressing the side modes. The experimental
results show that the OEO with the IIR section improves the side mode suppression by 12
dB, the close to carrier phase noise by 20 dB and the Allan deviation by a factor of ten.
Inclusion of the IIR section also enhances side mode suppression when the OEO is used to
drive an OFCG for THz signal generation.

Through tuning the OEO oscillation frequency, the demonstrated system can generate a tun-
able THz signal. Hence it can be potentially applied in multi-carrier or multi-band radio over
fibre links with a reconfigurable THz carrier frequency. The signal stability of the generated
THz signal depends on the OEO stability. The following points could be considered for

further improvement.

* Although the SSB phase noise of our OEQO is comparable to other reported designs, the
SSB phase noise of the system could be improved by using a long fibre. In addition,
the long-term stability of the set-up could be improved by thermal stabilization, since
the refractive index of the fibre depends on temperature, variation of which results
in frequency drift of the OEO oscillation. This oscillation frequency drift could be
controlled by using a temperature stabilized box or by phase locking with an external

reference.

* Recently, hollow core photonic band gap (HC-PBG) fibers have been considered in
OEO implementations to enhance long term stability, and improve the temperature
stability by a factor of more than 15, as compared to standard single mode fibre [157—

160].
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CHAPTER 7/

Conclusions and Future Work

7.1 Introduction

With the background and motivation of this work having been covered in chapters 1, 2 and 3,
the preceding three chapters have discussed in detail the original contributions of this thesis
in the broad theme of photonically-enabled technology for the generation and guidance of
signals covering the mm-wave and THz regions of the electromagnetic spectrum, with the
primary context being the FiWiN5G project, of which this project was a constituent part.
FiWINS5G was primarily concerned with the application of photonics to the development of
devices, subsystems and systems for 5G applications. Given that a major thrust of 5G is the
exploitation of the mm-wave region (in order to confer a sufficiently high bandwidth) and
that there is also considerable work looking beyond 5G, for which the THz region will be
explored, the work focused on both the W-band and also 240 GHz for radio-over-fibre. In

brief, the key contributions of the thesis are:
¢ the design of hollow core anti-resonant (HC-AR) fibres for THz wave guidance;

¢ the demonstration of a low-phase noise self-oscillating optical frequency comb gener-

ator (SOFCG) operating in the W-band;

¢ and the implementation of an optoelectronic oscillator (OEO) driven optical frequency

comb generator (OFCG) for low phase noise mm-wave and THz signal generation.

The last two contributions provided the key elements for the realization of high data rate
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radio-over fibre systems at W band and 242.6 GHz, which transmitted over wireless distances
of 1.3 m and 30 cm respectively. Although these transmission distances are modest, it should
be borne in mind that many projected applications for mm-wave and THz communications
are destined for indoor applications and even for data centre interconnects. This chapter will
provide an overview of the above work and evaluate its importance to the future deployment

of mm-wave and THz communications.

7.2 Summary of key contributions of the thesis

Although the primary focus of FiWiN5G was communications, both the mm-wave and THz
band have other significant applications in areas such as radar, sensing, astronomy and ma-
terial characterisation. Hence much of the work presented earlier has potential applications
in these areas; for example, the W-band system could be readily modified to operate as a
W-band radar for applications such as foreign-object detection. Irrespective of the particular
application, the key theme of the research was the guidance and generation of mm-wave and
THz signals. For the latter, many systems operate in free space due to the low attenuation of
dry air, but fibres that are capable of supporting THz transmission are of increasing impor-
tance for situations in which it is required to focus THz signals to smaller spot sizes. Hence
chapter 4 considered the design of low-loss THz fibres based on hollow-core anti-resonant

concepts.

In terms of signal generation, two key parameters are phase noise and frequency. For
the former, optoelectronic oscillators are undisputed as providing far superior performance
compared to electronics-based approaches, hence much of the research effort was directed
to this area. However, the vast majority of optoelectronic oscillators have been reported in
the X-band, and it would be desirable to extend their operation to at least the mm-wave
spectrum whilst continuing to take advantage of the low phase noise afforded by high-Q
optical elements. In this respect, optical frequency comb generators when combined with
optical heterodyning offer the prospect of generating not only mm-wave, but also THz, sig-
nals. However, Mach-Zehnder modulator based combs generally require an external RF
synthesizer, which somewhat negates the advantage of going to a photonics-based approach.
Hence we developed a novel self-oscillating comb, whose topology derives from the OEO

principle and also demonstrates good phase noise performance. A further advantage that
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pertains to the comb approach is the potential to develop a radio-over-fibre system in which
the wavelength selective switch can be configured to support multiple carrier frequencies
simultaneously (e.g. 30 GHz, 60 GHz and 90 GHz) for multiband applications. Neverthe-
less, the SOFCG reported in Chapter 5 lacks frequency tunability, which is potentially also
an important factor in future reconfigurable systems. Hence Chapter 6 described an OEO-
driven OFCG in which frequency tunability with high side mode suppression was achieved
with cascaded microwave photonic filter sections, with this then being applied to a 242 GHz

radio-over-fibre demonstration.

7.2.1 Low loss THz fibres

In Chapter 4, two polymer based hollow core anti-resonant fibre structures have been numer-
ically investigated with the state-of-the-art finite element package COMSOL at an operating
frequency 1 THz. The first design is a modified version of a HC-AR fibre where additional
nested tubes are inserted inside the resonant elements. These anti-resonant elements are
non-touching, resulting in a hollow core nested anti-resonant node-less fibre (HC-NANF).
A six-element based HC-NANF design is predicted to provide low loss THz guidance (with
a transmission loss of 0.05 dB/m at 1 THz, a 0.4 THz wide low-loss transmission window
and a 0.6 THz flat dispersion window). This proposed design is the first demonstration of a
HC-NANTF fibre in the THz band and it provides the lowest material absorption loss amongst
the state-of-the-art fibres operating at 1 THz (as compared in Table 4.2). Therefore, the HC-
NANF is a strong potential candidate for long-haul THz guided transmission. Although the
HC-NANTF offers low transmission loss, it cannot guarantee single mode guidance due to
strong confinement of both the fundamental mode and higher order modes (HOMs). Hence
a second design was proposed, in which a regular HC-AR fibre is considered to obtain single
mode guidance by maintaining the shape factor d/D of the fibre, where d is the inner diameter
of the anti-resonant tubes and D is the core diameter. At d/D = 0.69, the core guided higher
order modes are phase matched with the anti-resonant tube guided modes. As a result, the
HOMs exhibits higher transmission loss than the fundamental mode and the fibre effectively
operates under single mode guidance. The HC-AR fibre provides relatively higher transmis-
sion loss than the HC-NANF fibre, but it maintains a high HOM extinction ratio. A key point

to note is that both the designs proposed in this thesis are amenable to fabrication; only 13
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capillaries are required for the HC-NANF while seven capillaries are required for the HC-
AR fibre including the outer jacket. This contrasts well with other reported fibres, such as
hollow core photonic bandgap fibres and porous core fibres, which have significantly more

complex cross sections with the order of 50 air holes.

7.2.2 Self-oscillating optical frequency comb

In chapter 5, the experimental results of an external modulation based self-oscillating optical
frequency comb (SOFCG) were described. Twenty-three optical comb lines were generated
using a single dual-drive Mach-Zehnder modulator with a frequency spacing of 11.84 GHz
defined by an electrical band pass filter in the optoelectronic loop. Selecting two comb
lines and heterodyning in a photo-diode, a mm-wave signal at 94.8 GHz was experimentally
generated and indeed signals up to 260 GHz can potentially be generated if a suitably high

bandwidth photo-diode is used.

The key advantage of the SOFCG topology is that it dispenses with the external RF os-
cillator that is normally used in Mach-Zehnder modulator implementations of OFCGs. This
is achieved by using an optoelectronic oscillator loop topology, and in essence the SOFCG
can be regarded as an OEQ, in which use is made of dual-loop topologies to provide a high
optical Q while maintaining side mode suppression. As with the OEO, the SOFCG provides
a dual output, i.e. a direct microwave signal and an optical signal. In the OEOQ, this direct
microwave output signal results through photodetection of a microwave modulated signal
(typically a double sideband spectrum in the case of intensity modulator based devices),
whereas in the SOFCG the modulator output is an optical comb, and photodetection of the
comb spacing results in the RF signal that both drives the dual-drive Mach-Zehnder mod-
ulator and can be used as a direct output. Moreover, the SOFCG is found to outperform a
conventional OFCG that is driven by an RF synthesizer, with a single sideband phase noise
that is 27 dB better at an offset of 10 kHz, which augurs well for application to highly de-
manding applications such as Doppler radar or phase-modulated radio-over-fibre systems.
A comprehensive parametric study showed that this approach will also outperform an OEO

which employs electronic multiplication to reach the W-band.

Subsequently, a W-band radio-over-fibre (RoF) link was implemented with a 64 QAM

LTE-Advanced signal transmitted over a 1.3 m wireless distance, with an error vector mag-
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nitude (EVM) less the EVM limit. This implementation is the first experimental demon-
stration of an SOFCG for a RoF link at W-band (specifically 94 GHz), which has strong
potential application to front hauling in 5G systems and beyond-5G systems. In addition to
front hauling, the SOFCG topology may be applied to multiband and multi-carrier RoF links

as described earlier.

7.2.3 THz radio-over-fibre system based on OEO-driven optical comb

Since the SOFCG of Chapter 5 consists of an electrical band pass filter of fixed centre fre-
quency, the system suffers from a lack of frequency tunability. This limitation may be over-
come through using a conventional OEO topology to directly drive the dual drive Mach-
Zehnder modulator of an OFCG, as described in Chapter 6. By decoupling the OEO from
the OFCG, one essentially uses separate modulators in these two subsystems, thus allow-
ing the OEO to be implemented with a phase modulator instead of an intensity modulator.
This provides a significant advantage, in that when a phase modulator is combined with a
tunable optical bandpass filter, it can act both as a phase modulator and also as a tunable
microwave photonic filter. The phase modulator (PM) based MWP filter was tuned to gener-
ate microwave oscillations from 6.58 to 18.36 GHz, with this microwave output then being
applied to the OFCG stage. Signals at 101.5 GHz and 242.6 GHz were generated through
two tone selection and optical heterodyning in a uni-travelling carrier photodiode (UTC-PD).
This tunable THz generation technique is an attractive alternative to other techniques in that
it is implemented with commercial off-the-shelf telecommunications industry components.
Further, a RoF link at 242.6 GHz with 6 Gbaud 16 QAM modulation was implemented that
results in a throughput of 24 Gbps. The obtained bit error rate was below the forward error
correction (FEC) limit. The demonstrated RoF link can be deployed as a fixed-wireless link
in situations where high capacity is required on a temporary basis, such as a major sporting
event, or as a wireless bridge in the event of a pre-existing fibre link being damaged through
a natural disaster. One of the issues with the first iteration of the OEO-driven OFCG was the
inability of the PM based single passband MWP filter to select a single (spur free) oscillating
mode, resulting in side modes of the microwave drive signal from the being translated into
the synthesised THz signal that was down converted from the wireless path. To suppress the

spurious modes and reduce the close to carrier phase noise, we cascaded an optoelectronic
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infinite impulse response (IIR) filter with the existing PM based single band pass filter in the
OEO loop. Cascading of these two microwave photonic filters enhances the OEO loop Q
factor and thus helps to suppress the side modes by additional 12 dB, subsequently reducing

the close to carrier phase noise by an additional 20 dB in the generated microwave signal.

7.3 Future work

The core experimental results of this thesis mainly focused on the implementation of the
OEO topology along with the OFCG to generate optical frequency combs and then the subse-
quent application of these to low phase noise mm-wave and THz signal generation and radio
over fibre links. Although an OEO-driven OFCG is able to generate low phase noise mm-
wave signals, the phase noise is degraded in the multiplication process during up-conversion.
To avoid the multiplication penalty, direct generation of W-band signals via an OEO topology
is considered highly desirable. In addition, the discrete arrangement of the components to
realise the above microwave photonic systems (i.e. the SOFCG and the OEO-driven OFCG
and associated RoF systems) is appropriate for proof-of-concept systems. However, practi-
cal deployments of 5G systems are likely to require nanocells, picocells and even femtocells,
which implies a need for mass production of large numbers of remote antenna units (RAU).
Although the work presented here is mostly focused on equipment that would be located at
a central office (for which cost is less of an issue), it is still the case that reduction of SWaP
(size, weight and power requirements) is critical to the future success of 5G. Hence there
is significant interest in integrated microwave photonics. Moreover, electrical connection
to the RAU is crucial. Multi-core fibre (MCF) in conjunction with power-over-fibre (PoF)
and zero-biased uni-travelling carrier photodiode technology can solve this. The details of
this proposed concept are discussed in the next section, along with suggestions for integrated
photonic implementations of the work in Chapters 5 and 6, and the development of mm-wave

OEOs.

7.3.1 Multicore fibre Based mm-wave Generation, Radio over-fibre and
Power-over-fibre

A number of technologies have been considered in order to meet the demand for high wire-

less and wireline data rates with low latency. These include mm-wave radio-over-fibre (RoF),
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distributed antenna systems (DAS) in micro- or nanocell architectures, and spatial division
multiplexing (SDM) using multicore fibre (MCF) [161]. In both RoF and DAS micro- and
nanocell access networks, a key need is to have remote antenna units (RAU) of small foot-
print, low complexity, low cost and low power consumption. For the latter requirement,
zero-biased uni-travelling carrier photodiodes (UTC-PD) and the delivery of power-over-
fibre (PoF) help to eliminate the use of electrical supply lines and also lead to simpler RAU

architectures.

PoF is an emerging technology where electrical power is transmitted over fibre to from
a remote location with the aid of photonic power converters (PPC) and high power laser
diodes [162]. More recently, PoF technology was demonstrated in a MCF-based RoF link
to bias the microwave components of a RAU in a microcell architecture. In [163] an optical
link feeding 60W along with bidirectional radio over fibre was demonstrated. Generation
of spectrally pure microwave and mm-wave carrier signals is also a key aspect of high-
speed data links since higher phase noise introduces jitter and results in a high error vector
magnitude (EVM). Optoelectronic oscillators (OEO) can provide low phase noise microwave
and mm-wave oscillation [3]. Recently MCF has been proposed for implementing a multi-
loop OEO topology in [164] and experimentally demonstrated in [165] with a phase noise
of -85 dBc/Hz at a 10-kHz offset from a 4.494 GHz carrier. We want to extend the above
concepts by proposing the use of a single MCF to implement three key functions, namely:
(i) an OEO for low phase noise mm-wave generation (ii) an RoF link for providing high

capacity low latency access network and (iii) PoF for biasing the RAU.

The proposed architecture for the simultaneous generation of a microwave carrier, its sub-
sequent implementation in a RoF link and the use of PoF for this link is shown in Fig. 7.1.

More details on the use of MCF are discussed in Appendix A.

Here a 9-core MCEF is used to illustrate the concept for a single microcell; six of these
cores are used to implement a dual-loop OEO, two are allocated to PoF and the final core is
employed for the RoF link. The number of cores depends on the number of cells according
to the relation 6+3M, where M is the number of microcells. Referring to Fig. 7.1, the
optical signal from a fibre laser (FL) is fed to a dual drive Mach-Zehnder modulator (DD-
MZM), which functions both as an optical frequency comb generator (OFCG) for optical

multi-tone generation and an E/O converter for the OEO loop. After being amplified by
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FL: Fiber laser, DDMZM: Dual-drive Mach-Zehnder modulator, EDFA: Erbium
doped fiber amplifier, WSS: Wavelength selective switch, BPD: Balanced
photodiode, BPF: Band pass filter, EA: Electrical amplifier, ESA: Electrical
spectral analyzer, OSA: Optical spectrum analyzer, UTC-PD: Uni-travelling
carrier photodiode, RRU: Remote radio unit, PPC: Photonic power converter,
LNA: Low noise amplifier.
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Fig. 7.1. Schematic structure of multicore fibre based microwave and millimeter wave generation,
radio over fibre link and power over fibre link. The optical and electrical paths are indicated by black

and blue lines respectively. The orange lines indicate the power over fibre link.

an erbium doped fibre amplifier (EDFA), the optical comb passes through a programmable
wavelength selective switch (WSS) where four comb lines are selected and then diverted
to four different output ports. Of these, two tones (port-1 and port-2 of the WSS) are used
for the dual-loop OEO loop, in which the short loop (L;) comprises two cores (core-4 and
core-5) while the long loop (L) is formed from four cores (cores 3, 6, 7, and 8). In order
to implement the short loop (L) the output from core-5 is connected to core-4 in the lower
fan-in/fan-out module. For the long loop, the output from core-8 is connected to core-7, the
output from core-7 is connected to core-6 and finally the output from core-6 is connected to
core-3. The outputs from core-3 and core-4 are then connected to the two input ports of a
balanced photodetector (BPD). The photodetected signal is then amplified and filtered by an
electrical amplifier and bandpass filter respectively. Prior to connecting to the DD-MZM for
completing the optoelectronic loop, the electrical signal is divided into two by an 180-degree

hybrid. Two electrical phase shifters are placed after the 180-degree hybrid to obtain the
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flat comb condition described in [166]. Through appropriate biasing and phase condition the
optoelectronic loop can be configured to act as a self-oscillating comb generator as described

in chapter 5 [133].

The other two tones selected by the WSS (at port 3 and port 4) are used for mm-wave
generation (via heterodyning at the RAU) and data modulation as shown in Fig. 7.1. A
MZM is used for data modulation, and an optical coupler (OC) is then used to combine the
modulated tone with the other CW tone. Then the combined signal is propagated through
core-9 of the MCF and heterodyne detected in a zero-biased UTC-PD. The photodetected
mm-wave signal is then amplified before wireless propagation via the antenna. The amplifier
in the remote radio unit is biased through the photonic power converted signal which is
transmitted to the RAU using core-1 and core-2 of the MCF as illustrated in Fig. 7.1. A
second identical antenna of the same polarization is used to receive the transmitted signal
mm-wave signal. Subsequently, the received signal is amplified by a low noise amplifier,

down-converted by a mixer and analysed with a digital signal processor (DSP).

7.3.2 W band Optoelectronic oscillator

W band (75-110 GHz) has several exciting applications including radar, fixed wireless con-
nectivity and for supporting advanced mobile communication such as 5G and beyond-5G
[13]. For example, the frequency range of 75-110 GHz has recently been used for detecting
small objects from a distance for detection of debris on airport runways [13]. A low phase
noise mm-wave signal is indispensable for such applications, and photonic generation of
mm-waves has several advantages over electronic approaches. As described in chapter 1 a
simple way of generating mm-waves and THz waves is to heterodyne two free running lasers
that have a wavelength difference corresponding to the desired frequency spacing, but in this
approach the stability of the generated signal may fail to meet the fluctuation tolerance of
the ITU regulation [30]. In contrast, optical frequency comb generators (OFCG) overcome
this problem due to their highly phase correlated optical tones with a fixed frequency spac-
ing [23]. By appropriate selection of comb lines, it is possible to generate mm-wave and
THz signals as illustrated in Chapter 5 and 6, and this approach can eliminate frequency
and phase fluctuations. However, the phase noise increases with 20xlogN, where N is the

multiplication factor [167], and it desirable to avoid this multiplication penalty.
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On the other hand, optoelectronic oscillators (OEO) are able to generate ultra-low phase
noise microwave and mm-wave signals. The highest reported OEO oscillation frequency is
up to 60 GHz [53,69] and commercially available OEOs operate up to 34-36 GHz [168],
hence results at W-band have not been reported yet. In a classical OEO, generally, an electri-
cal bandpass filter is used to define the oscillation frequency. However, an electrical bandpass
filter is unable to select a single oscillation mode as its bandpass is much broader than the free
spectral range (FSR) of the long-cavity OEO. For example, a 2 km fibre as a cavity provides
FSR of 100 kHz, and a bandpass filter at W band with such a narrow passband is unrealizable.
Moreover, wide range tunability of several GHz is also hard to implement. In second gener-
ation OEOQOs, the electrical bandpass filter has been replaced by tunable microwave photonic
filters (MWPF), which eliminates the high-frequency operation and tunability limitation of

the electrical counterpart [53].

We postulate that W-band signals can be generated directly from an OEO in order to exploit
the inherit low phase noise capability offered by an OEQO, without any subsequent frequency
multiplication in either the optical or electrical domain, and without the need for a reference
RF signal as required in an OFCG. Such a system will able to therefore mitigate the problems
associated with conventional approaches such a phase noise and signal instability in the
free-running laser approach and phase noise degradation in the multiplication technique. To
implement the concept, the OEO architecture described in section 6.4 can be considered
(by replacing the components such as the photodiode, modulator and electrical amplifiers
with those operating at W band) where a single passband MWP filter is cascaded with an

optoelectronic IIR filter.

7.3.3 Integrated self-oscillating optical frequency comb generator

Integrated microwave photonics (IMWP) is an emerging area of current research of mi-
crowave photonics aiming to reduce the size, weight, and power consumption (SWaP) and
cost of the communication system, amongst others. IMWP has already applied to realise
MWP functions such as MWP filters [169], photonic generation of mm-wave [170] and
photonic beamforming [171]. Recently, two integrated OEOs were reported, with one im-
plemented on a silicon Photonic platform [172] and the other on an InP platform [173]. A

schematic diagram of the integrated OEO on the InP platform is shown in Fig. 7.2. An
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integrated OFCG has also been developed at UCL as shown in Fig. 7.3. We believe that it is
possible to extend the above work to develop an integrated self-oscillating optical frequency
comb generator by combining the OEO and OFCG to generate low phase noise mm-waves

and THz signals.
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Fig. 7.2. Schamtic diagram of the reported integrated OEQ. (b) Photograph of the integrated OEO
(c) Optical part of the integrated OEO in InP platform. DML: directly modulated laser, ODL: optical
delay line, PD: photo detector, EA: electrical amplifier, AT T:attenuator. After [173].
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Fig. 7.3. (a) Schematic of the re-circulating loop OFCG (b) Fabricated OFCG PIC photograph. Di-
mensions 2 x 6 mm. Courtesy: Prof. Cyril Renaud, Department of Electronic and Electrical Engi-

neering, University College London.
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APPENDIX A

Pre-emphasis Techniques for Multi-core Fibre Links

A.1 Introduction

As single-core single-mode fibre (SC-SMF) approaches its fundamental limit of 100 Tbps
due to limitations from amplifier bandwidth, nonlinear noise and fibre fuse phenomena [161],
multicore fibres (MCFs) offer scaling of transmission capacity through space division multi-
plexing (SDM) as indicated in Fig. A.1. Apart from data communications, MCF technology
is also being considered for microwave photonics applications such as multi-cavity opto-
electronic oscillators [164] and signal processing [174], since it offers identical mechanical
and environmental conditions for all parallel cores. Figure A.2 shows some application of
MCEF in the microwave photonics field. As described in chapter 7, we aim to apply MCF to

photonic generation of mm-waves for a radio-over-fibre demonstration in future work.

In this appendix, we report preliminary work on MCEF links carried out during a second-
ment at DTU (Denmark). Specifically, a 2 km long 7-core MCF is characterized and a FPGA-
based real-time multicore fibre based transmissions link is experimentally demonstrated. By
means of adaptive pre-emphasis, deterministic distortions due to the limited bandwidth of
the link are compensated. Experimental results show that a 2.5 Gbps non-return-to-zero on-
off-keying (NRZ-OOK) modulated signal in each core can be transmitted with a BER level

below the FEC limit, enabling post-FEC error-free transmission.
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A.2 Multi-core fibre in SDM

Several experimental results have been reported regarding the implementation of SDM in
systems with MCFs, including 109 Tbps in a 7-core fibre [178],112 Tbps in a 7-core fi-
bre [179], 305 Tbps in a 19-core fibre [180], and 1.02 Pbps in a 12-core fibre [181]. Fur-
thermore, MCFs have also been implemented in fibre-wireless links such as a full duplex,
802.11ac-complient, 3 x 3 Multiple-Input Multiple-Output (MIMO) system using 7-core fi-
bre [182], and Centralized Radio Access Networks (C-RANs) [175]. However, crosstalk
between neighbouring cores is a fundamental limitation of MCFs in SDM applications.
Crosstalk fundamentally arises due to power coupling between the adjacent cores during
signal propagation and can be determined from the structural parameters of MCFs. Imper-
fect splices and multicore erbium doped fibre amplifiers also affect crosstalk. There are
basically two known approaches for crosstalk reduction: (i) the first is to reduce the coupling
coefficient between the cores in a homogeneous MCEF, as in trench-assisted or hole-assisted
MCEFs [161]; (ii) the second approach is to introduce an intrinsic index difference between
the adjacent cores, resulting in heterogeneous core MCFs. In addition to modified MCFs,
offline digital signal processing (DSP) techniques and MIMO equalization [179], have been
used to reduce the impact of crosstalk in strongly coupled 3-core MCFs. However, DSP
introduces additional latency in the system which is undesirable in applications such as 5G

networks [183].

A.3 Characterization of the Multi-Core Fibre

We characterized the crosstalk level and insertion loss of a 2 km seven core MCF shown in
Fig. A.3. To measure the pairwise crosstalk and insertion loss of the MCF fibre, we launched
optical power from a laser diode to each one of the cores in turn and measured the output
of each core with a high sensitivity optical power meter, thus obtaining a 7 X 7 coupling
matrix as shown in Table A.1. Figure A.4(a) shows the measured pair-wise power coupling
between all seven cores. The total crosstalk per core is shown in Fig. A.4(b). The central
core (core 0) exhibits the highest crosstalk as expected and other outer cores (1,2,4,6) have
roughly equal crosstalk where core 3 and core 5 are much lower and higher than the other

outer cores, respectively.
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Fig. A.3. Connectorized 2 km MCEF fibre spool with seven standard input and output SMF fibre
patch-cords (FC/APC)

Table A.1: Multicore fibre coupling matrix

Output

XT 48] Co C1 C2 C3 C4 C5 C6
Co -38.35 | -41.4 | -46.05 | -36.8 -39 -40
Cl | -49.33 -39.99 | -43.71 | -48.39 | -39.39 | -45.67
C2 | -34.97 | -54.86 -44.16 | -63.99 | -54.47 | -52.46

é‘ C3 | -39.71 | -56.17 | -42.95 -44.48 | -47.19 | -60.47
C4 | -37.14 | -51.43 | -50.02 | -45.5 -62 | -42.49
C5 | -44.01 | -37.49 | -52.31 | -46.68 | -54.6 -39.01
C6 | -40.31 | -58.23 | -58.02 | -47.06 | -41.46 | -34.66

Total XT | -32.03 | -34.66 | -36.18 | -37.56 | -34.76 | -32.17 | -35.01

IL [dB] | 2.08 559 | 459 3.75 3.05 472 | 432
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Fig. A.4. (a) Measured pairwise crosstalk between cores (b) Measured total crosstalk per core.

A.4 Pre-emphasis

Pre-emphasis is a signal processing method which increases the amplitude of high frequency
bands and decreases the amplitudes of lower bands to improve the quality of the signal in
data transmission. Its function is to compensate the distortion conferred by the transmission
medium to the transmitted signal. Correct use of the pre-emphasis mechanism results in
less signal distortion at the receiver and consequently reduces the number of bit errors. The

function of pre-emphasis is briefly illustrated in Fig. A.5

Before Transmission path After Transmission path

—>

with Pre-emphasis

Fig. A.5. Pre-emphasis principle. After [184].
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Fig. A.6. Experimental setup for BER and eye diagrams measurements.
LD: laser diode, PS: power splitter, PC: polarization controller, MZM: Mach-Zehnder modulator, FPGA: field-
programmable gate array, PRBS: pseudo-random binary sequence, EDFA: erbium-doped fibre amplifier, C:
core, MCF: multicore optical fibre, VOA: variable optical attenuator, PM: optical power meter, PD: photodiode,

EA: electrical amplifier, DSO: digital storage oscilloscope.

A.5 Experimental Setup

Figure A.6 shows the experimental setup for BER measurements and signal quality char-
acterization, which includes a 2 km long seven-core MCF with four transmission channels
(cores 0,1,3,5) and three interfering channels (cores 2,4,6). The output of the laser source
is divided by a 50:50 power splitter to the input of two quadrature biased Mach-Zehnder
modulators (MZMs): MZM-1 (bias point 1.2 V) and MZM-2 (bias point 4.6 V). Polarization
controllers (PC1, PC2) are placed before the MZMSs to reduce polarization dependent loss.
An Altera Stratix V FPGA module that contains seven transceiver channels is used to gen-
erate data streams and estimate the BER. MZM-1 and MZM-2 are modulated by 2.5 Gbps
OOK signals generated from the FPGA module transmitters with PRBS 7 and PRBS 15 bit
patterns, respectively. The modulated output from the MZMs is split by a 1 x 4 power splitter
after being amplified by erbium-doped fibre amplifiers (EDFAs). The 1 x 4 splitter’s outputs
are connected to the inputs of the MCF’s cores via a fan-in module. One of the MCF’s
outputs is connected to photodetector through a variable optical attenuator (VOA) for BER
measurements. The signal into adjacent outer cores is decorrelated by transmitting PRBS 7

in cores 0,1,3,5 and PRBS 15 in 2,4 and 6. The detected electrical signal is then amplified
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by a 26 dB broadband RF amplifier and divided into two paths; one is connected to a digital
storage oscilloscope (DSO) to display the eye diagram and the second is connected to the
receiver part of the FPGA for BER estimation. During the experiments, the optical power of

each core was kept nearly equal.

A.6 Results and Discussion

The obtained BER of core-0 in response to received optical power at photodiode (PD) is
shown in Fig.A.7 in two different scenarios, with and without signal pre-emphasis for mit-
igation of signal distortions. Applying the FPGA pre-emphasis option we can reduce the
effect of distortions in each core and the BER is far below the level of the forward error
correction (FEC) limit as shown in Fig.A.7 and A.8. The measured optical output power of
core 0 after 2 km MCF transmission varied from -12.55 to -4.35 dBm, where the 2.5 Gbps
NRZ-OOK signal’s BER without equalization was from 1.4 x 1072 to 8.7 x 10~7, but with
equalization it varied from 2.6 x 10™* to 5.1 x 1077, as shown in Fig.A.7. Eye diagrams of
the received signal without any signal equalization and with FPGA equalization are shown

in Fig. A.9.

N —— With pre-emphasis

2 1 —— Without pre-emphasis |]
\° g ; ; ---- FEC limit 2x10°

Ioglo(BER)

I

42 A _-1‘0 9 8 7 6 5
Received optical power (dBm)

Fig. A.7. Comparison of measured BER versus received optical power of a 2.5 Gbps NRZ-OOK
signal with and without FPGA equalization enabled for central core O and outer cores 1, 3 and 5. Eye

pattern of the received 2.5 Gbps signal.
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Fig. A.8. Comparison of measured BER versus received optical power of a 2.5 Gbps NRZ-OOK

signal with and without FPGA equalization enabled (a) for central MCF core (core 0).

Results show that by using FPGA pre-emphasis functions we minimized crosstalk and
decreased the BER value of received signals for each of seven MCF cores. Hence FPGA-
based real-time multicore fibre technology is a viable future solution for high speed and high

capacity communications.

Without pre-emphasis With pre-emphasis

Fig. A.9. Eye pattern of the received 2.5 Gbps signal (a) without equalization and (b) with FPGA

equalization for central MCF core 0.
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