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Abstract

As the introduction of the fifth generation of mobile services (5G) is set to
revolutionize the way people, devices and machines connect, the changes to
the underlying networks and technologies are no less drastic. The massive
increase in user and data capacity, as well as the decrease in latency require
a complete re-thinking of radio access networks — one important aspect
of which is the introduction of millimeter wave communications, which is
expected to play a key role. Millimeter wave hybrid photonic wireless links
seamlessly merge the wired optical and wireless radio network segments
and combine the best of both technologies, offering very large capacity and
bridging long distances with optical fiber, while retaining the flexibility and
easy deployment of wireless communications.

The research in this thesis experimentally investigates millimeter wave
(mmw) hybrid photonic wireless links, demonstrating their potential and
pushing their implementation beyond the state of the art. While touching
upon a multitude of aspects, the contributions can mostly be classified in
three larger groups: first, the demonstration of mmw radio-over-fiber (RoF)
links in various configurations of reduced complexity, real-time enabled and
almost ready for deployment. Second, the use of advanced modulation for-
mats to increase the capacity and spectral efficiency of mmw RoF links, to
enhance their robustness against channel impairments and to allow flexible
resource allocation. Therein, a significant increase of spectral efficiency is
achieved for RoF links in W-band using multi-band carrierless amplitude
phase modulation (multiCAP), the first experimental validation of wavelet
coding for robustness against frequency fading is performed, and the combi-
nation of multiCAP with non-orthogonal multiple access for flexible user and
resource allocation is suggested and experimentally demonstrated. Third,
the integration of mmw RoF links with optical networks and the resulting
impact on the design and architecture of the remote station, performing
heterodyne up-conversion, is considered, demonstrating real-time transmis-
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sion with a fully reconfigurable remote station. The thesis further contains
work on optical vector network analysis as an efficient tool for the charac-
terization of optical space division multiplexing fibers and components —
as a prerequisite for their future use in mmw RoF links and radio access
networks.

In summary, the work presented in this thesis has regarded a multitude
of aspects of millimeter wave hybrid photonic wireless links, expanding upon
the state of the art and showing their feasibility for use in fifth generation
mobile and high speed wireless access networks — hopefully bringing them
a small step closer to adoption in deployed networks.



Resumé

Introduktionen af den femte generation af mobiltjenester (5G) er sat til at
revolutionere maden mennesker, enheder og maskiner forbindes, og sendrin-
gerne i de underliggende netveerk og teknologier er ikke mindre drastiske.
Den massive stigning i bruger- og datakapacitet samt fald i latens kraever en
fuldsteendig omstrukturering af radioadgangsnetveaerkerne. Et vigtigt aspekt
af dette er indfgrelsen af millimeterbglgekommunikation, som forventes at
spille en central rolle. Hybride millimeterbglge-fotoniske tradlgse forbindel-
ser fletter de ledede optiske og tradlgse radionetveerkssegmenter sammen
og kombinerer det bedste af begge teknologier, hvilket tilbyder meget stor
kapacitet og overlader lange transportafstande til optiske fibre, samtidig
med at fleksibiliteten og den nemme udbredelse af tradlgs kommunikation
opretholdes.

Forskningen i denne athandling er baseret pa en eksperimentel undersg-
gelse af hybride millimeterbglge-fotoniske tradlgse forbindelser, der demon-
strerer deres potentiale og skubber deres implementering ud over det nyeste
inden for teknikken. Afhandlingen omhandler en lang reekke aspekter, men
bidragene kan for det meste klassificeres i tre hovedgrupper: Den forste grup-
pe viser en demonstration af millimeterbglgeradio over fiberforbindelser i
forskellige konfigurationer med reduceret kompleksitet, real-time implemen-
tering og som neesten er klar til implementering. Den anden gruppe bruger
avanceret modulering for at gge kapaciteten og den spektrale effektivitet af
millimeterbglgeradio via fiberforbindelser for at gge deres robusthed mod
kanalforringelser og tillader fleksibel ressourcefordeling. Der opnas en signi-
fikant forggelse af den spektrale effektivitet for radio over fiberforbindelser i
W-band ved anvendelse af multibands baererfri amplitude-fase modulering,
og den fgrste eksperimentelle validering af wavelet-kodning for robusthed
mod frekvensfading udfgres, og kombinationen af multibands beererfri ampli-
tudefase modulering med ikke-ortogonal multiple adgang til fleksibel bruger
og ressourceallokering foreslas og demonstreres eksperimentel. I den tredje
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gruppe overvejes integrationen af millimeterbglgeradio over fiberforbindel-
ser med optiske netveerk og den resulterende indvirkning pé fjernstationens,
der udfgrer heterodyne opkonvertering, design og arkitektur, og demonstre-
rer realtidsoverfgrsel med en fuldt omkonfigurerbar fjernstation. Afhandlin-
gen indeholder endvidere arbejde med optisk vektornetvaerksanalyse som et
effektivt veerktgj til karakterisering af optiske rumfordelings multipleksede
fibre og -komponenter — som en forudssetning for deres fremtidige brug i
millimeterbglgeradio over fiberforbindelser og radioadgangsnettet.

Som opsummering har arbejdet, der praesenteres i denne afhandling,
betragtet og udvidet pa en lang reekke aspekter af hybride millimeterbgl-
ge-fotoniske tradlgse forbindelser, der udvider den nyeste teknologi og viser
deres gennemfgrlighed til brug i den femte generation af mobilnetveerk og
hgjhastighedstjenester til tradlgs adgang — hvilket forhabentlig bringer dem
et lille skridt teettere pa adoption i implementerede netveerk.
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Chapter 1

Introduction

Telecommunications, i.e., the transport of information over long distances,
has been an enabling technology as well as one of the characteristic pillars
of the ‘information age’ of humanity, where the handling of information and
its omnipresence are the defining elements |1, 2]. Together with the rise and
rapid development of digital information storage and processing or compu-
tation, telecommunications has completely reshaped society and industry in
only a few decades and has impacted and transformed all facets of life [1-3]
to the point where, today, we live in a world where computerized automa-
tion has fully arrived in the ‘industry 3.0’ [2, 4], where data is heralded as
‘the new oil’ [5], i.e., where big data drives innovation and changes in the
industry, and where, with the (industrial) internet of things (10T), the next
industrial revolution — the shift to the ‘industry 4.0°, where machines, sys-
tems, processes etc. connect to form intelligent production and value chains
— is within sight [4, 6, 7].

Similarly, the rise and spread of the internet — to the point where today
the availability of a (high-speed) data connection is taken for granted at any
time, any place and under all circumstances [8, 9] — has entirely transformed
private and social life [10-12]. From the early internet, making information
available instantly, replacing paper mail with email and introducing online
shopping, via the rise of internet telephony and early social networks, to
today’s world of on-demand, high quality video and audio streaming, video
chat and conferencing, instant messaging and the omnipresence of social net-
works and platforms with user-generated content, the internet has entirely
remodeled the way we interact with each other [12, 13].

One key element in enabling the fourth industrial revolution and to al-
low continuation of the growth in mobile data usage is the evolution of
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Figure 1.1: Historical and forecast volume and growth of worldwide internet and mobile
data traffic.'+2

the mobile networks [14-16], where the fourth generation (4G) introduced
high-speed mobile data and allowed for larger user densities [17]. The fifth
generation (5G) and beyond of mobile networks, however, will require more
radical, sweeping changes, not only to allow major growth in capacity, user
density and network efficiency, but also to fulfill a multitude of new re-
quirements arising from applications newly entering the picture in mobile
communications |15, 16, 18|. It is within this framework that the research
presented in this thesis was carried out, hoping that it may contribute a
small part to these next generations of mobile networks — and, as such, to
the development of the technologies underlying and enabling the advance-
ment of society.

1.1 Motivation

The immense growth of worldwide data traffic and the emergence of new
applications are two of the key driving factors informing the requirements
set for the next generation(s) of mobile network standards [15]. Global
data traffic has grown exponentially over the last decade and is forecast to
continue such growth [19]. Mobile traffic in particular has grown at twice
the rate of all other traffic [19, 20| and, with a forecast compound annual
growth rate (CAGR) of 46.3 %, is forecast to more than double every two
years, as seen in Fig. 1.1 and Table 1.1. This rapid growth is enabled by the
continued proliferation of 4G mobile networks, bringing a threefold increase
in the average downstream data rate to 6.8 Mbit/s in 2016 — and with 4G
connections already carrying 69 % of mobile data traffic, even though only
constituting 26 % of all mobile connections [20].
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Compound Annual Growth Rate

Traffic Type Historical Forecast
2006-2011 2011-2016 20162021

Fixed Internet 47.5% 23.1% 23.2%

Managed IP 50.2% 27.3% 13.1%

Mobile 143.3% 64.5% 46.3%

Table 1.1: Historical and forecast caGr of worldwide internet and mobile data traffic.! 2

Similarly, the number of devices connected to the mobile networks is
growing rapidly — by 500 M devices a year — and has reached a total of
8.0 B devices in 2016 and is forecast to grow to as many as 11.6 B connected
devices [20]. The majority of this growth is driven by machine-to-machine
(M2M) connections in the 10T, accounting for only 780 M devices in 2016,
but as many as 3.3 B by 2021 [20]. The growth of the number of M2M con-
nections introduces a new set of challenges to the mobile networks and their
standardization, as these connections may differ significantly from typical
(smart-)phone connections in their requirements for data rate, latency, mo-
bility and power consumption — e.g., with the requirements from low-power
wide-area (LPWA) connections [21], forecast to constitute 7% of all mobile
connections by 2021, being almost diametrically opposite to those of video
conferencing: the latter requiring high-bandwidth and low latency, while
the former typically are low-bandwidth, can tolerate large latencies, but
are constrained by power consumption [20, 21].

To support such growth, the standardization efforts for 5G networks
have set a number of ambitious targets, designed to match the user experi-
ence of fixed networks [22]:

capacity: The ubiquitously available, user-experienced, data rate is set to
increase 10x to 100 Mbit /s, while peak user data rates are to increase
20x to 20 Gbit/s. These are supported by both an increase of average
spectral efficiency (SE) to 3bit/s/Hz and, more significantly a 100x
increase of area traffic capacity to 100 Mbit/s/m?.

'Source of historic traffic data for the years 2007-2015: ‘Cisco Visual Networking
Index: Forecast and Methodology’ yearly editions 2007 to 2015. Source of traffic data
for the year 2016 and traffic forecast data for the years 2017-2021: ‘Cisco Visual Net-
working Index: Forecast and Methodology, 2016-2021" [19]. Forecast 2018-2021, Fixed
Internet: 2018: 103.0 EB/month, 2019: 127.0 EB/month, 2020: 155.1 EB/month, 2021:
187.4 EB/month.

2 Annual growth data derived from historical traffic data 2007 to 2016. Fitted curves:
exponential fit on ‘Fixed Internet’ and ‘Mobile’ traffic, linear fit on ‘Managed IP’ traffic.
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user density: The number of connections per area, i.e., the connection den-
sity, should increase by a factor of 10, to 10°devices/km? — again
supported by the increase in area traffic capacity.

mobility: The maximum supported movement speed of the mobile user is set
to increase from 350 km/h to 500 km/h, supporting even the highest
speed trains.

latency: To support tactile applications in the 10T, as well as high-speed
mobility, the latency requirements are set to become much more strin-
gent, supporting latencies as low as 1ms.

energy efficiency: Network energy efficiency is set to scale at a similar factor
as area traffic capacity, i.e., by 100x.

These targets require substantial changes in all segments of the mobile
network — between the mobile user and the remote radio head (RRH) it
mandates a move to higher radio frequency (RF) carriers to accommodate
the larger required bandwidths, from the RRH to the network it requires
a re-consideration of where data is converted from radio to baseband and
eventually processed, i.e., a re-design of the front- and backhaul interfaces
between RRH and central office (CO) in a centralized radio access network
(C-RAN) [23-25]. Together with the need for much smaller — and hence more
— cells to support the required user densities and capacities per area and
new, more flexible and less uniform, deployment strategies [26-28|, these
result in the need for a flexible functional split between the RRH, an inter-
mediate distributed unit (DU), and the central unit (CU) in the co [24, 25,
29]. As the connections between these will carry different types and volumes
of signals, their implementation may vary — however, the link between CO
and DU will typically be optical fibers, bridging potentially large (tens of
kms) distances and supporting the high-capacity demanded by backhaul,
while the link between DU and RRH may often need to be wireless to allow
flexible and easy deployment of the RRH, independent of access to an optical
fiber 23, 28|.

To support the massive front- and/or backhaul capacities required, or
to directly carry analog radio signals to the DU/RRH, these wireless links
will need to use RF carriers in the lower millimeter wave (mmw) frequency
range between 30 GHz and 100 GHz, where large amounts of spectrum are
available lightly licensed or even unlicensed [30]. Similarly, to support peak
user data rates of tens of Gbit/s, the use of mmw carriers is inevitable,
even directly to the mobile user — as is the case in direct wireless access
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and indoor distribution [30, 31]. Together, these make mmw hybrid pho-
tonic wireless links an essential technology in future mobile networks and
high-speed wireless access — and consequently an important research topic.

1.2 Outline of the thesis

This thesis is structured in four chapters: Chapter 1 introduced and mo-
tivated the use of mmw radio-over-fiber (RoF) in mobile networks of the
fiftth generation and beyond, provides this outline and in its last section
gives a short summary of the contributions by the original work presented
in this thesis. Chapters 2 and 3 provide the necessary background on hy-
brid mmw photonic wireless links and their integration in mobile networks
respectively, while setting the original contributions into perspective to the
state of the art. Finally, chapter 4 concludes the thesis and provides an
outlook on future work.

In chapter 2, first, the generation of mmw signals using photonics is
discussed, giving an idea of the general setup of RoF links, before their
achievable capacity is estimated by characterizing the mmw wireless channel
(sections 2.1 and 2.2). Chapter 2 further compares a series of possible link
implementations, analyzing possible reductions in link complexity and their
connection to link deployment (section 2.3), before discussing modulation
formats for optimization of capacity, robustness and flexibility (section 2.4).

Chapter 3 deals with the integration of mmw RoF links into existing
networks and its place in the radio access network (RAN), briefly discussing
the integration with passive optical networks (PONs) and looking at reconfig-
urable architectures for the RRH (sections 3.1 and 3.2). The final section of
chapter 3, section 3.3, looks further ahead, beyond the immediate impact of
the introduction of mmw carriers, towards the challenges and possibilities
of introducing optical space division multiplexing (SDM) to RoF links.

1.3 Summary of contributions by original work

The contributions of the work in this thesis are spread across a few chal-
lenges connected to mmw RoF links. A first contribution comes from PA-
PER1 and PAPERZ2, characterizing the mmw wireless channel in W-band
and estimating the achievable capacity and wireless reach. PAPER3—
PAPERYT regard deployability of mmw RoF links, implementing setups
with reduced complexity in the optical and RF domains, showing simple
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configurations to achieve multi-gigabit capacity over large distances and
demonstrating real-time transmission.

PAPER8-PAPER14 use advanced modulation formats to extend the
state of the art in mmw RoF links, by showing increases in capacity and
spectral efficiency through the use of duobinary modulation and multi-band
carrierless amplitude phase modulation (multiCAP) — the latter achieving
record spectral efficiencies for W-band mmw links longer than 10 m —, and
by experimentally demonstrating both wavelet coding and the combination
of non-orthogonal multiple access (NOMA) and multiCAP for the first time,
allowing increased link robustness and flexibility.

Network integration of mmw RoF links and reconfigurability of the up-
conversion unit are the focus of PAPER15-PAPER18, contributing RRH
architectures that allow integration with wavelength division multiplexing
(WDM) PONs, flexible selection of wbM channel and RF carrier frequency
and switching between multiple antennas or sectors — in sum adding a layer
of flexibility to the RAN, which by design is ready for the introduction of
software-defined networks (SDN).

Finally, a look ahead is taken to the use of optical SDM for mmw RoF
links and RANs, discussing and using spatially diverse optical network anal-
ysis as a means to fully characterize SDM components, fibers and systems in
PAPER19-PAPER21 — thus providing a prerequisite for their eventual
use for mmw RoF which requires a more complete understanding of their
propagation properties.



Chapter 2

Millimeter wave hybrid
photonic wireless links

Hybrid photonic wireless communication links, comprising both fiber optical
and wireless radio transmission — hence also commonly known as radio-over-
fiber (RoF) links —, are ideally suited to solve many of the challenges faced
by the front- and backhaul for next-generation mobile networks and in high-
-speed wireless access [23, 29]|. They cover a range of scenarios — as shown
in Fig. 2.1 — as high-capacity point to point links for links between buildings
and across obstacles and for mobile front-/backhaul, and for wireless distri-
bution in offices, shopping centers, stadiums or other large indoor areas.

A generic millimeter wave (mmw) RoF link, as shown in Fig. 2.2, con-
sists of the transport of a signal through on optical fiber, optical to electrical
(0/E) conversion and subsequent radiation and detection of the radio fre-
quency (RF) signal. Therein, the O/E conversion, i.e., the transition from
fiber optics to an RF signal at mmw frequencies, is the key step to unlock-

Figure 2.1: Scenarios for the use of mmw RoF links: (a) high-speed connection to build-
ings without fiber access, (b) protection against fiber breaks, (¢) mobile front-/backhaul,
(d) bridging obstacles and (e) indoor high-speed wireless distribution.
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Uplink
) <7 =
Fiber Wireless/RF Rx
Downlink

Figure 2.2: Schematic of a generic RoF link, indicating up- and downlink directions,
involved E/0 and O/E conversions and transmission media. Acronyms: Rx: receiver, Tx:
transmitter, E/0: electrical to optical conversion, 0/E: optical to electrical conversion.

ing the advantages of hybrid photonic wireless links. While it is possible to
transport only the baseband signals in the optical fiber and, after detection,
up-convert it to the desired RF frequency electronically, this suffers from sys-
tem bandwidth limitations and increased complexity at mmw frequencies.
On the other hand, the use of analogue RoF, where the RF signal is generated
directly by beating on the optical detector, not only allows using the large
modulation bandwidths readily available in optics, but also enables central-
izing critical equipment — e.g., network control, RF oscillators etc. — and
simplifying the remote stations. Thus, by combining fiber optics, photonic
up-conversion and wireless transmission, such hybrid photonic wireless links
benefit from the advantages of both worlds — fiber optics bring the ability
to easily bridge large distances and use very large modulation bandwidths,
while wireless links allow for easy, fast and flexible deployment — and addi-
tionally simplify deployment of centralized networks [24, 29, 32].

This chapter discusses a number of aspects of mmw hybrid photonic
wireless links, starting with an introduction of the relevant photonic tech-
niques in section 2.1 to establish a basis for the further sections that discuss
specific aspects and the contributions by the original work in this thesis.
Thereafter, section 2.2 discusses the mmw wireless channel, its characteriza-
tion and estimation of the achievable capacity and reach, before section 2.3
looks at possibilities for complexity reduction of RoF setups and finally
section 2.4 discusses modulation formats to increase capacity and spectral
efficiency, improve link robustness and allow flexible resource allocation.

2.1 Techniques for millimeter wave hybrid
photonic wireless links

The use of photonics for the generation, manipulation and detection of radio
and wireless signals has been widely studied under the label of microwave
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photonics (MwP) [33-35] and with the advances of the last decades in the
design and fabrication of larger bandwidth modulators and photodiodes
has extended this field to cover the whole millimeter wave frequency range.
The large set of technologies for the manipulation of microwave signals in
photonics is of significant interest to RoF communications links, especially
for optically controlled beam forming and steering, they will however not
be further regarded in this section, as their application falls firmly in to
the category of ‘future work’ — they will hence be mentioned in section 4.2.
Conversely, the generation and detection of mmw signals — especially the
former — with the help of photonics are central to the work presented in this
thesis and are thus briefly discussed in the following.

2.1.1 Photonic up-conversion for for millimeter wave
generation

The generation of micro- and millimeter wave signals by optical means has
been widely studied and a large number of schemes developed — they are
however all based on the beating of two optical signals, spaced at the desired
RF frequency and carrying the modulation data, on a photodiode (PD).!
In the following, the mathematical principle will be briefly presented to
illustrate the concept, before a number of generation schemes are discussed
in their advantages and disadvantages.

In the simplest and most general case of optical heterodyning, where
a baseband modulated optical signal beats with an independent and free
running local oscillator (LO) laser, the two signal and LO optical fields Eg(t)
and ELo(t) can be expressed as:?

Es(t) = \/Pss(t) e I wstes®) (2.1)
Eio(t) = VPro e_j(wLOt+¢LO(t))’ (2.2)

where s(t) is the baseband modulation signal (real or complex), Ps and Pro
are the respective optical powers and ws, wro, ¢s(t), and ¢ro(t) are the
optical frequencies and phases. The electrical output Epp of the PD is then

IThe generation of mmw signals by electrical means is of course possible and is com-
bined with optical fiber transmission in so-called digitized RoF, where the optical trans-
mission is a digital baseband transmission only — such links are not regarded in this
thesis.

2For the sake of brevity, polarization has been disregarded in this discussion and all
involved optical signals are assumed to be co-polarized to ensure efficient beating on the
PD.
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proportional to the square of the combined optical fields:

1 2

\[Es( )+ \/iELO< ) (2.3)
=17(0) + s*(t)7 (0) + Err + 7 (ws + wro) + s%(t)7 (2ws) + 7 (2wLo),

EPD 0.8

where 7 (w) indicates terms oscillating at frequency w and Ery is the dif-
ference frequency term, i.e., is 7 (Jws — wrol), and is the desired RF signal,
given as:

Egrp = /PsPLos(t) cos (Jws — wrol) (2.4)

with wrp = |ws — wro| and ¢rr = ¢s(t) — Pro(t), the RF carrier frequency
and total phase respectively. All the terms denoted with 7 (w) in Eq. (2.3)
are terms of no interest for mmw signal generation — and are, in the case of
the 7 (0) terms, which are a voltage offset and a squared baseband copy of
the signal s(t), easily removed using a filter or the passband response of the
radiating antenna, while the sum- and double frequency terms are at twice
the optical frequencies and thus much too high to be passed by the PD.
Heterodyning of two optical tones is thus an easy way to generate mmw
RF signals and is commonly referred to as photonic up-conversion, as it can
preserve any modulation present on the optical signals. The exact properties
of the signal and its susceptibility to impairments, however, heavily depend
on the scheme employed for generation of the two optical tones.

An overview of the most common schemes for RoF signal generation is
given in Figs. 2.3(a)—(f), while Figs. 2.3(A)—(C) further show three hetero-
dyning schemes, characterized by the optical signal present in the transmis-
sion fiber. The scheme with an independent LO laser at the remote station
in Fig. 2.3(C), corresponds closest to the above mathematical discussion
and suffers least from fiber-induced impairments, as only the modulated
signal is present in the transmission fiber. It does however, in the same
way as the two incoherent generation schemes in Figs. 2.3(a)—(b), result in
the RF signal carrying the combined phase noise of both lasers — and thus
likely a phase noise that is outside of ITU regulations for radio carriers [36],
unless the lasers are of narrow linewidth and tightly controlled [37].

The self-heterodyne schemes in Figs. 2.3(c)—(f), where the light from
a single laser is split into two optical tones by modulating it with a si-
nusoid, provide significantly better phase stability [37, 38| at the cost of
a more complex generation setup. In these schemes an external modula-
tor is driven with a sinusoid (Figs. 2.3(c)—(d)) or a modulated RF signal
(Fig. 2.3(e)) to generate the two tones. In these schemes it is essential to
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Figure 2.3: RorF signal generation and corresponding heterodyne up-conversion schemes.
Signal generation: (a)—(b) incoherent schemes with two free running lasers, (c)—(f) coher-
ent schemes based on a single laser and two-tone generation. Heterodyne up-conversion
by beating on the PD: (A) with two modulated optical tones in the transmission fiber,
(B) with one modulated and one cw tone in the transmission fiber, (C) with only the
modulated tone in the fiber and a local free running L0 laser. Insets: qualitative ren-
dition of optical and electrical spectra, illustrating presence and modulation of signal
components. Acronyms: LD: laser diode, MOD: optical modulator, osc: oscillator, Ts:
tone separation (i.e., dual band-pass filter with separate outputs), PD: photodiode, PA:
power amplifier, LO: local oscillator (laser).

employ carrier suppressed modulation to avoid dispersion induced RF power
fading® [38-40], resulting from the two sides experiencing different amounts
of chromatic dispersion and thus their beating signals with the carrier be-
ing out of phase. The use of carrier suppressed modulation further reduces
the required oscillator frequency (and thus modulation bandwidth), as the
RF frequency resulting from direct beating of the two tones is double the
oscillator frequency (39, 40].

The presented schemes in Fig. 2.3 further differ in their ability to pre-

3For this reason, only carrier suppressed modulation is shown in the insets in Fig. 2.3.
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serve the phase information of the modulation signal, i.e., their applicability
for the up-conversion of complex modulation formats, rather than intensity
modulation only. For the schemes where both optical lines are modulated,
i.e., those matching Fig. 2.3(A), the heterodyne mixing may cause the loss
of phase information [41, 42|, making them unsuitable for up-conversion of
complex modulation formats.* The schemes where only one optical tone is
modulated, i.e., those matching Fig. 2.3(B), do not suffer from in-band beat
noise generated by direct beating of multiple sidebands and thus preserve
phase information and allow the transport of complex modulation formats,
such as phase shift keying (PSK), quadrature amplitude modulation (QAM)
etc. The scheme in Fig. 2.3(f) thus remains as the main candidate to achieve
low phase noise, not be affected by RF fading and allow complex modulation
formats.

Finally, a range of other generation schemes has been suggested, includ-
ing dual wavelength lasers [43|, mode-locked lasers [44] and optical frequency
combs [45] — the evaluation of their performance, however, follows the above
principles in that coherence of the involved tones largely determines phase
noise, in that dispersion induced RF power fading must be avoided and in
that the presence of unwanted sidebands impacts the use of complex mod-
ulation formats.

Of the original works presented in this thesis, the majority (PAPER3-
PAPERS5, PAPERS-PAPER10, PAPER12-PAPERI14) uses the self-hetero-
dyne scheme with only one modulated tone as shown in Fig. 2.3(f), while
the works focused on architectural aspects (PAPER15-PAPER18) employ
a LO laser at the up-conversion site as in Fig. 2.3(C). PAPER11 augments
the self-homodyne scheme by introducing optical single-sideband modula-
tion on the single modulated tone to limit the spectral occupation of the
generated RF signal.

2.1.2 Detection and down-conversion of millimeter wave
signals

The detection and down-conversion of mmw RF signals, i.e., the recovery
of the transported baseband signal, are the direct complement to up-con-
version and radiation of the RF signal. Contrary to up-conversion however,
for down-conversion electrical means are the main method of choice — al-
though a number of photonics based schemes were suggested, including di-

4The scheme of Fig. 2.3(¢) may be salvaged by shifting the baseband data to an
intermediate frequency (IF), before combining it with the RF, so as to shift the desired
signal away from the beat noise [41].
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Figure 2.4: mmw signal detection and down-conversion schemes: (a) direct recep-
tion/digitization of the mmw RF signal, (b) envelope detection of the RF signal and
reception/digitization in baseband, (c) down-conversion to IF by mixing with an Lo and
reception/digitization of the IF signal. Acronyms: LNA: low noise amplifier, ED: enve-
lope detector, rRx: receiver, ADC: analog to digital converter, LPF: low pass filter, osc:
oscillator.

rect remodulation, optical envelope detection and optical down-conversion
to IF [46-48| -, either converting to an IF or directly to baseband. Once at
IF or baseband, the signal can easily be modulated onto an optical carrier
for transmission through fiber [49, 50] or directly treated by the receiver.

For electrical down-conversion, three main schemes may be discerned
and are shown in Fig. 2.4. The first, in Fig. 2.4(a), forgoes any actual down-
conversion and directly samples and digitizes the full RF signal — requiring
an analog to digital converter (ADC) with a large enough bandwidth and
sampling rate to fit the mmw RF signal. As in mmWw signals the modulation
bandwidth is small compared to the carrier frequency, this is highly ineffi-
cient and not cost effective. Employing envelope detection as in Fig. 2.4(b),
on the other hand, converts the signal directly to baseband, limiting the
required ADC bandwidth to the minimum — at the cost of losing phase in-
formation and thus being applicable to intensity modulated RF signals only.
Down-conversion to an IF by mixing with a LO, as shown in Fig. 2.4(c),
preserves phase information, while reducing the required ADC bandwidth
and is thus the preferred option if high spectral efficiency (SE) — and thus
complex modulation — is required. While the required ADC bandwidth and
ability to work with complex modulation formats are the key discerning
factors between the three schemes, other considerations may be required —
e.g., the possible increase of noise resulting from envelope detection and the
added phase noise from the LO when down-mixing to IF.

The original works presented in this thesis cover all three down-conver-
sion schemes, with the experiment at the lowest RF frequency in PAPERS
the only one to employ direct digitization, while the other two schemes are
employed in many more cases. Envelope detection is used in PAPER3—
PAPERT7 and PAPER15-PAPERI18, while down-mixing to an IF and subse-
quent digital conversion to baseband are employed in PAPER9-PAPER14.
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2.2 Channel characterization and capacity and
reach estimation

The transition away from the overcrowded conventional wireless bands at
and below 6 GHz towards mmw RF carriers is key to enabling the large
data rates foreseen for font- and backhaul in fifth generation (5G) mobile
networks and high-speed wireless access — it does however come with a
series of new challenges with regards to the wireless channel [29, 30, 51].
The characterization of the channel and the evaluation of the applicability
of existing channel models is thus essential to allow an estimate of the
achievable capacities and transmission distances — and thus to evaluate the
potential of mmw hybrid photonic wireless links [26, 29].

The wireless channel exhibits a significantly higher path loss at mmw
frequencies and has potentially large atmospheric absorption — the use of
highly directive antennas is thus typical in mmw links. Together with a
reduced penetration through obstacles, the latter significantly alters chan-
nel characteristics with regards to multi-path propagation and frequency
selectivity [52]. Indoor and outdoor channel characterization efforts were
performed in the lower regions of the mmw range, around 30 GHz [51,
52| and 60 GHz [31, 52, 53] — the latter especially with regards to the in-
creased atmospheric absorption in this frequency range [26, 30]. PAPER1
contributes an indoor channel measurement across the whole W-band, i.e.,
from 75 GHz to 110 GHz, confirming good applicability the Friis and generic
empirical path loss model (GEPL) models |54, 55| and measuring both fre-
quency and time response of the channel. The measurements show multi-
path components at 30 dB and more below the line of sight (LOS) signal and
thus suggest the wireless channel in W-band to be predominantly LOs for a
distance of 4 m, when employing antennas with 24 dBi gain each.

PAPER2 estimates the achievable channel capacity, based on a modi-
fied version of Shannon’s capacity limit [56, 57| and a survey of a series of
transmission experiments. Extracting a set of common system parameters
from [PAPER4, PAPERG| and [58-62|, it estimates the achievable capacity
depending on distance, bandwidth, antenna gains and transmitted power,
as shown in Fig. 2.5. It thus confirms the large achievable data rates in
mmWw RoOF links and derives a metric to relate actual link implementations
to the achievable capacity, providing a means to evaluate their efficiency in
employing spectral resources.

To analyze the achievable reach with the RF components available today
and using a simple link setup with envelope detection, the series of experi-
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Figure 2.5: Estimated mmw channel capacity over distance and bandwidth for dif-
ferent antenna gains and with a transmitted power of 10dBm. Acronyms: Grx/GRrx:
transmitter and receiver antenna gain.

ments from PAPER4, PAPERS5 and PAPERG is compared to a reach esti-
mate mainly based in free space path loss in PAPERY, finding good agree-
ment. PAPER4 and PAPERS5 show experimental results for a RoF link
with wireless transmission in W-band (i.e., between 75 GHz and 110 GHz)
over 10m to 70 m, while PAPERG6 and PAPERY extend the wireless reach
in an outdoor experiment through the use of a slightly modified setup with
additional amplification at the transmitter. This confirms the wireless link
to be entirely LOS and predominantly limited by the available power — with a
reach of almost 2500 m predicted with a transmitted power of only 20 dBm.

2.3 Link complexity and deployment

Analyzing the complexity of mmw hybrid photonic wireless links, its impact
on different deployment scenarios and evaluating possible preconditions for
their deployment, requires both an understanding of the possibilities offered
by links of different complexity and an analysis of the requirements from the
network in different deployment scenarios [24, 26-28, 63]. As the variety
of the latter is still much too large to allow a comprehensive analysis, a
number of particular issues have been selected and were addressed by the
original works discussed in this section.

First, PAPERS3 regards the inclusion of bend-insensitive fiber (BiF) in
the fiber link, as the latter will be required for on-premise fiber installation
and optical wiring of — and within — the antenna, where fiber bends with
small radii are likely to occur. Measuring the bend-loss of single mode fiber
(SMF) and a set of BiF samples, it confirms a difference of multiple dB in
loss from macro bends, even for a small number of turns, and evaluates
their effect on a mmw RoF link, finding the inclusion of BiF to have no
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detrimental effects on signal quality, while providing significantly larger
tolerance to small-radius bends.

Second, PAPER4 shows a mmw RoF link, in which the RF section
has been reduced to a minimum, by employing a passive RF transmitter
and using envelope detection at the receiver to directly down-convert the
signal to baseband. Evaluating performance with carriers between 75 GHz
and 87 GHz over distance from 10m to 70 m, it demonstrates the simplified
link to achieve good performance over significant distances and to be only
limited by transmitter power and available laboratory space. PAPERS5
combines the results of PAPER1, PAPER3 and PAPER4 and sets them
into perspective with the corresponding scenarios.

Third, PAPERG6 and PAPERYT extend the wireless distance to 225 m,
with only the addition of a medium power amplifier (MPA) at the transmit-
ter, while otherwise maintaining the simplified RF setup. It further simplifies
the optical setup, by replacing the RoF signal generation based on two tone
generation and modulation of one tone — as in Fig. 2.3(f) and (B) — with
a free running LO laser at the O/E conversion stage — as in Fig. 2.3(C).
It shows that such simplification comes at the price of increase frequency
variation of the generated RF signal over time — with variations larger than
mandated by ITU-R regulations, but easily within the acceptable range for
direct envelope detection with negligible penalty. Simplification of the op-
tical setup will thus require additional control electronics or a relaxation of
frequency purity standards — which for a highly directive, purely LOS, mmw
link may be acceptable.

Finally, to demonstrate the path towards deployment for low complexity
links, PAPER15 implements real-time transmission of 2.5 Gbit/s signals
over a link similar to that in [PAPER3-PAPERJ]|, using a commercial clock
and data recovery module.

2.4 Modulation formats for flexible and high
capacity links

The choice of modulation format is a key element in the design of any com-
munications link and defines its achievable SE, i.e., capacity per bandwidth
used, has a large impact on signal processing complexity, on the ability to
adaptively allocate resources and — especially in the case of broadcast trans-
mission such as wireless and mobile — the access to the medium and thus
number of users that can be accommodated [63, 64]. Modulation formats
are thus a central point of study in mmw RoF links, both for the increase in
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capacity and spectral efficiency, and for allowing flexible provisioning and
ensuring efficient usage of resources [26, 30, 63, 64].

Of the original works in this thesis, PAPERS8-PAPER10 and PAPER11
focused on increasing capacity by adopting modulation formats beyond
on-off keying (0OK), while PAPER12 introduces wavelet coding to increase
the robustness of orthogonal frequency division multiplexing (OFDM) against
deep fading and PAPER13 and PAPER14 combine non-orthogonal multi-
ple access (NOMA) with carrierless amplitude phase modulation (CAP) for
flexibility in bandwidth and resource assignment.

2.4.1 Advanced modulation formats for capacity and
spectral efficiency increase

Simple, intensity only, modulation formats, such as OOK, duo- or polybinary
modulation and m-ary pulse amplitude modulation (PAM), allow straightfor-
ward implementation without the need for recovery of a carrier and typically
dominate whenever the availability of spectrum is not a major limiting fac-
tor. Complex modulation formats, such as m-ary PSK or m-ary QAM, allow
transmission of multiple bits per symbol and thus increased SE, at the cost
of requiring carrier frequency and phase recovery, i.e., higher complexity.
Advanced modulation formats, such as OFDM, and CAP, allow multi-car-
rier /-band operation and offer increased robustness against certain channel
impairments and may allow further increases in SE.

As increasing capacity is one of the main drivers for the introduction
of mmw RoF links, demonstrating and increasing the capacity achievable
in such links has been a focus of research in recent years. However, overall
capacity should not be the main figure of merit, as any achieved capacity
must be set in relation to the employed bandwidth and complexity of the
system — the latter especially with regards to the use of multiple paral-
lel links and/or antenna polarization multiplexing. The disparity between
overall achieved capacity and achieved effective® SE is illustrated in Fig. 2.6
which plots capacity and SE for a selection of recent experimental demon-
strations of mmw RoF links.® As can be seen, capacities above 400 Gbit /s

®Calculation of the effective SE takes into account the actual spectral occupation of the
RF signal and the capacity loss from forward error correction (FEC) overhead. Effective SE
figures will thus differ from figures quoted in the respective papers, as the latter typically
quote SE without accounting for the double-sideband nature of RF transmission in most
experimental demonstrations.

51t should be noted that an overview over all experimental demonstrations even in
the short span of a few years is practically impossible and thus the shown selection
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Figure 2.6: Overview of capacity and effective SE over distance of recent mmw RoF
experiments.®® Acronyms: SE: spectral efficiency.

have been achieved over a few meters, while for longer distances the mark
of 100 Gbit/s is yet to be broken. Similarly and more drastically noticeable,
the achieved effective SE was limited to values below 1bit/s/Hz/pol until
very recently” for any transmission above 3 m wireless distance.

2.4.1.1 Duobinary signaling

Duobinary signaling, where correlation between adjacent symbols is intro-
duced on purpose to reduce signal bandwidth [80-82], is used in PAPERS
and PAPERY to double spectral efficiency, while maintaining a low link
complexity. Introducing correlation by adding M — 1 adjacent bits, creates
a signal of M levels with reduced bandwidth, allowing an increase in SE at
the cost of increased requirements on signal to noise ratio (SNR) and the
necessity of signal precoding [80]. In PAPERS, duobinary signaling is used
to demonstrate the transmission of 4 Gbit/s over limited bandwidths in the
Ka-band, while in PAPERY9 a series of duobinary signals with data rates
up to 16 Gbit/s are transmitted over 50 m in W-band.

naturally is incomplete. It does however include the most significant demonstrations,
i.e., those breaking records with respect to distance, capacity or S, and the majority of
demonstrations from the most relevant conferences of recent years; it does not include
experimental demonstrations with carriers below 30 GHz and above 300 GHz, i.e., outside
the mmw range, nor does it include demonstrations purely in electronics, i.e., without
the involvement of fiber optics.

"Specifically until OFC 2017, with the publication of [PAPER10, PAPER11] and [65].

8Includes experimental transmission rates and spectral efficiency from the following
references: [59-62, 65-79], and the following original works: [PAPER3-PAPERIS|.

9An overview of the included data in tabular form is provided in Appendix A.
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2.4.1.2 Multi-band carrierless amplitude phase modulation

CAP is similar to QAM in that it allows transmission of two independent
data streams over the two orthogonal in-phase (1) and quadrature (Q) sig-
nal components [83-86]. Contrary to QAM, modulation is not achieved by
modulating a sine and cosine of the same frequency, but through filtering
with two orthogonal filters. The latter result from multiplying two orthogo-
nal carriers of the same frequency with a pulse shaping function — typically
a root raised cosine (RRC), which, with matched filtering at the receiver,
gives a raised cosine (RC) and thus minimizes inter symbol interference (1SI)
— used to limit spectral occupation [85, 86]. Extending CAP into multi-band
carrierless amplitude phase modulation (multiCAP), by using multiple pairs
of orthogonal filters generated with carriers of different frequencies [84, 85,
87|, allows the use of bit and power loading, as is typical for multi-band
modulations [84, 85, 88, 89| and further allows different baud rates in dif-
ferent bands [90]. In combination, these allow multiCAP to adapt to the
available bandwidth and given channel conditions with high flexibility and
thus allow an increase in capacity, SE and/or link reach [73, 85, 87, 91|
— including a number of recent capacity records in both the wireless and
optical worlds [73, 91, A1, A2].

PAPER10 and PAPER11 employ multiCAP to increase SE — and thus
achievable capacity within a limited bandwidth — for mmw RoF links in
W-band. Using a setup based on two tone generation with one modu-
lated tone, PAPER10 demonstrates the flexibility of multiCAP in adapting
to channel conditions, with both bit and power loading exploited heavily.
Transmission of 46.8 Gbit/s is achieved using nine bands with a baud rate
of 1.3 GBd, constellation sizes between 8-PSK and 32-QAM and power load-
ing with differences up to 2.5dB. While not breaking any outright capac-
ity record, it was the first'? demonstration to achieve such capacities in a
limited bandwidth and without the use of antenna multiplexing and thus
presented a significant increase of SE over previous experiments with similar
transmission distances.

By introducing optically generated single sideband modulation, PA-
PER11 reduces the occupied RF bandwidth by a factor of two and thus
drastically boosts SE. Single-sideband modulation is achieved by modulat-
ing one of the two generated tones in an 1/Q modulator, driven with the
signal and a Hilbert-filtered copy to suppress the upper side band. Using

10Tt was the first demonstration of such sE and capacity — although published at the
same time as PAPERI11, which surpasses both.
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three bands of 5 GBd with 16-QAM constellations and applying power load-
ing to achieve similar performance in all bands, transmission of 60 Gbit/s
is achieved over 50 m wireless distance in W-band. Taking into account the
capacity loss from a FEC with 7% overhead, this results in an effective SE of
3.74 bit/s/Hz/pol — by far the highest shown for any transmission beyond
10m, as is seen in Fig. 2.6.

2.4.2 Modulation formats for robust and flexible links

While increasing capacity is an important use of advanced modulation for-
mats, their characteristics may be tailored to suit specific channels or to
allow easy and granular assignment of resources and capacity [64, 92, 93].
Channel coding in combination with the modulation formats may allow fur-
ther adaptation to specific channel impairments [92-94]|, e.g., in the case
of OFDM, against Doppler effects [95] and deep fading — as shown in PA-
PER12. Similarly NOMA can be tailored to allow flexible adaptation of the
number of users and capacity per user [64, 96-98] — and when combined
with multiCAP, as in PAPER13 and PAPER14 allows even more flexibility,
without sacrificing capacity.

2.4.2.1 Wavelet coded orthogonal frequency division
multiplexing

Wavelet coding has been suggested for zero-redundancy channel coding,
especially in fading channels [95, 99-101], where it achieves significant per-
formance gains, while maintaining a simple receiver structure [95, 100, A3].
A sequence of independent and equiprobable information bits is encoded
on a sequence of correlated and non-equiprobable symbols, by spreading
the information of the bits among many symbols based on a wavelet coeffi-
cient matrix (WCM) [95, 100]. As the resulting number of symbols is larger
than the number of initial symbols — and hence would require a larger
constellation —, symbols are mapped in a many-to-one fashion to simpler
and optimized, non-uniform constellations to avoid performance degrada-
tion from constellation crowding [100, 101]. At the receiver, decoding may
be performed by a simple bank of correlators, thanks to the properties of
the wcM, allowing low complexity decoding [99, 101].

While often analyzed in simulations [95, 100, A3], PAPER12 was the
first experimental demonstration of wavelet coding, showing transmission of
wavelet coded OFDM. Comparing two wavelet coding schemes with different
WCM sizes to uncoded binary phase shift keying (BPSK) and convolutional
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coded quadrature phase shift keying (QPsk) — all of the same spectral effi-
ciency —, bit error rate (BER) performance is analyzed over a W-band LOS
ROF link of 58 m. The obtained results show that neither convolutional cod-
ing, nor wavelet coding with a small WCM manage to offset the resulting
increase in constellation size, i.e., convolutional coding with 100 % overhead
can not offset the move from BPSK to QPSK and wavelet coding with a 2 x 8
WCM cannot offset the move to a non-uniform 9-pSK. Wavelet coding with
a larger, 2 x 128 wCM, on the other hand, does outperform uncoded BPSK,
even though it requires an 11-PSK constellation, even after many-to-one
wavelet symbol mapping. Showing coding gain even in a relatively benign,
purely LOS link without any Doppler effects and with only sparse fading,
suggests wavelet coding may provide large coding gains under more chal-
lenging channel conditions, as suggested by simulations, — but at the same
time points towards the requirement for more research on applicable weMm
sizes and feasible symbol constellations for actual implementations.

2.4.2.2 Non-orthogonal multiple access and carrierless
amplitude phase modulation

In communications over a shared access medium, the number of achiev-
able users, the available capacity per user and the overall system capacity
directly depend on the user allocation scheme [64, 96-98, 102|. While tradi-
tional user allocation schemes are based on ensuring orthogonality between
users — e.g., through the use of different time slots, frequencies or codes [64]
—, NOMA allows increasing the number of possible users of a shared medium,
by giving up on orthogonality between users |64, 96-98|. As an increasing
user density is one of the challenges for 5G mobile networks and beyond,
NOMA is considered a candidate for advanced multiple access |64, 103|. Al-
though both power and code domain multiplexing are considered for NOMA,
power domain multiplexing is especially interesting for downlink wireless
access, as it efficiently and adaptively accommodates users with different
received levels of SNR, e.g., from being at different distances or with and
without a LOS to the transmitter [97, 102, 104]. In order to multiplex users,
their constellations are weighted and added, forming the transmitted super-
constellation. At the receiver, successive interference cancellation (SIC) is
employed to recover the signal of interest — i.e., if the signal with the largest
weight is not the signal of interest, it is decoded first and deducted from
the received signal, allowing decoding of the signal with the second largest
weight; this process is iteratively repeated until the desired signal is the one
with the largest remaining weight [97, 104].
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While demonstrations of NOMA exist [104, 105], it has never been com-
bined with multiCAP to obtain the flexibility and adaptability of both.
PAPERI13 and PAPER14 propose such a combination and evaluate its
performance in a W-band RoF link. PAPER13 demonstrates combined
NOMA-CAP transmission with six bands and up to two users per band, al-
lowing flexible allocation of capacity between one to twelve users, while
achieving a total system capacity of 30 Gbit/s and maintaining good SE.
It evaluates BER performance with different power ratios between the users
and estimates allowable distance combinations when multiplexing two users
per band. PAPER14 extends the discussion of user power weight ratio and
allowable distances, setting it into perspective with the application scenar-
ios. The combination of NOMA and CAP thus shows constant and large
system capacity, while able to dynamically adapt to different user densities
and scenarios.



Chapter 3

Network integration of hybrid
photonic wireless links

Hybrid photonic wireless links not only unlock the enormous capacities
discussed in the previous chapter, but also enable significant gains in the
implementation of advanced radio access network architectures. The contin-
uing centralization of processing resources from the radio access networks
in the central office (CO) and resulting simplification of the radio access
unit (RAU) — or remote radio head (RRH) as it is now known — poses new
requirements on the connection between the two 24, 25, 106]. As complex
functions such as radio frequency (RF) signal generation and demodulation
are centralized at the CcO, the link to the RRH no longer transports the data
signal in baseband, but must transport either a digitized RF signal or the
analogue RF signal directly, making transport through optical fiber essential
to provide the required capacities [25, 28, 106]. The RRH, at the same time,
becomes increasingly simple — potentially completely passive —and performs
only the function of optical to electrical (0/E) conversion and amplification
and radiation of the RF signal [106, 107]. The continuing shift in network
paradigm and the additional requirements for the introduction of fifth gen-
eration (5G) mobile services require a re-design of the mobile front- and
backhaul with millimeter wave (mmw) hybrid photonic wireless links at its
heart [32, 108, 109]. As the signal generation, transport and conversion to
RF are closely interlinked for such links, their design must regard not only
architectures for the separate network components, but must consider their
interrelations and their integration into existing deployed fiber systems or
shared deployment with new fiber access networks [32, 106, 107, 110].

In this chapter, section 3.1 briefly reviews the integration of mmw

23
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Figure 3.1: Network architecture for mmw wireless access and fronthaul over a shared
PON. Acronyms: WDM: wavelength division multiplexing, PON: passive optical network,
FTTx: fiber to the x, CU: central unit, bU: distributed unit, RRH: remote radio head.

radio-over-fiber (RoF) links with existing passive optical network (PON)
structures and section 3.2 discusses a few considerations with regards to
RAU/RRH architectures and their reconfigurability. Finally, section 3.3 looks
far ahead to the potential use of optical space division multiplexing (SDM)
for flexible and advanced radio access networks (RANs) and discusses a se-
ries of works on detailed characterization of SDM components and systems
as a prerequisite to their use for mmw RoF links.

3.1 Integration with passive optical networks

As fiber deployment is costly and time consuming [111], it is a possible
bottleneck for the roll out of mmw RoF links — making integration with
already deployed or co-roll out with fiber networks for other services an
interesting option [106, 107, 112]. As PONs are being more widely deployed,
integration of mmw RoF links with current and future versions of PONs was
suggested — as a wavelength multiplexed overlay to next generation passive
optical network (NG-PON) [106, 113, 114], or for integration with future
dense wavelength division multiplexing (DWDM) or ultra dense wavelength
division multiplexing (UDWDM) fiber access networks [110, 115, 116]. An
exemplary centralized radio access network (C-RAN) architecture based on
wavelength division multiplexing (WDM)-PON is shown in Fig. 3.1, enabling
direct fiber to the x (FTTx), as well as mmw wireless access, fronthaul and
mobile services.

In such a network, O/E conversion, i.e., heterodyne up-conversion, is
performed either by the distributed unit (DU) or at the RRH and these
must therefore be designed to be able to operate in a WDM environment.
PAPERI15 and PAPER16 demonstrate such configurations, where the
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DU/RRH receives a DWDM signal from the CcO, selects the required channel
and up-converts it to RF with the help of a local local oscillator (LO). While
the wDM signal in these experiments was based on narrow linewidth external
cavity lasers (ECLs), the same configuration is possible with a WDM signal
generated by cheaper sources — such as, e.g., commercial enhanced small
form-factor pluggable (SFP-+) modules, as was shown in PAPERG6 and
PAPERT7. Real-time transmission of a 2.5 Gbit/s signal is demonstrated
over 50 m in W-band, showing the impact of the presence of adjacent chan-
nels on bit error rate (BER) performance, even though channel selection
is performed by an optical filter with >20dB suppression of the unwanted
channels. Featuring a tunable filter, in connection with a tunable LO, makes
the DU/RRH reconfigurable, as discussed in the next section.

3.2 Reconfigurable remote radio head
architectures

As traffic patterns, network load and user positions change over time, recon-
figurability is key to maintain service and to enable the introduction of soft-
ware-defined networks (SDN) and network function virtualization (NFV) [32,
112, 113]. While centralization of complex equipment at the cO naturally
enables reconfigurability of some aspects, for others reconfigurability must
be within DU/RRH — e.g., to select a different channel from the wbM signal,
change RF frequency or direct the signal to another sector or antenna.

PAPER15 and PAPERI16 allow both wbM channel selection and
variable RF frequency by featuring a tunable optical filter for channel se-
lection and a finely tunable LO for up-conversion to control RF frequency.
PAPERI17, on the other hand, introduces switching between different an-
tenna sectors and antennas by including an optical switch inside the bu and
demonstrates packet switched RoF transmission.

PAPERI18 combines all three degrees of flexibility, i.e., tunable filter-
ing and a tunable LO for channel selection and RF frequency tuning, and
optical switching for control over sector or antenna, into a fully reconfig-
urable DU/RRH. Free wDM channel selection allows efficient resource usage
on the optical side and ensures maximum integrability with any type of
deployed network, while, similarly, tunability of the RF frequency ensures
efficient and flexible radio resource usage. The switching between sectors or
antennas enables, e.g., support of high capacity mobility, where a user — or
group of users, e.g., on a high speed train — moves through a cell served by
a single RRH or through a larger area served by multiple RRHs connected to
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the same DU through mmw fronthaul.

Finally, all of the aforementioned reconfigurable DU/RRH implementa-
tions featured intelligent control by connected and SDN-ready controllers,
hence not only adding an extra layer of flexibility to the C-RAN network,
but making it readily available to be included in SDN concepts.

3.3 Optical space division multiplexing

While the use of the spatial domain is common in radio communications and
is widely commercially deployed as multiple-input multiple-output (MIMO)
systems to increase diversity or extend capacity [23, 26, 117, 118|, its use
in fiber optics is relatively new and not yet commercially adopted. It has
however, progressed at an immense rate and allowed spectacular increases
in transmission capacity per fiber, by moving from one spatial channel in
single mode fiber (SMF) to more than one hundred in few-mode multi-core
fibers (FM-MCFs) [119-122]. As the availability of a large number of channels
is of interest also in RANs, the use of optical SDM has been suggested for
mmw RoF, both through the use of multi-core fibers (MCFs) {113, 123] and
few-mode fibers (FMFs) |60, 124, 125|.

While, in the majority, the spatial channels in these fibers have so far
been treated as separate channels [60, 113, 124], they offer a range of possi-
bilities when regarded as related channels with potentially different charac-
teristics [123, 125]. In order to make such usage feasible however, a deep and
detailed understanding of the effects along the fiber and in any multiplexer
(MUX) and de-multiplexer (DMUX) is required. Optical vector network anal-
ysis — based on swept-wavelength interferometry — allows getting such an
understanding, by allowing fast and precise measurement of the transfer
function of fibers, components or systems [126-128|. As a step towards a
deeper understanding of optical SDM fibers and components — and thus their
potential future use for mmw RoF links —, the following will introduce the
concept of optical vector network analysis and include three three original
works, where the latter is described and employed for the characterization
of a spatial MUX and effects in FM-MCFs, although they are not directly
related to mmw hybrid photonic wireless links.

Optical vector network analysis allows measurement of the complex
transfer function H (w) of an optical device under test (DUT), by placing
the latter in one arm of an interferometric structure and interrogating it
with a wavelength swept laser [126, 127]. The beating of the output of
the interferometer on a photodiode (PD) then generates interference fringes
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Figure 3.2: Typical setup for a spatially diverse OVNA. Acronyms: STL: swept tunable
laser, PC: polarization controller, PBS/PBC: polarization beam splitter/combiner, DUT:
device under test, ADC: analog to digital converter.

that contain all information about the transfer function of the puT [126,
127]. Polarization resolved measurement may be achieved, by extending
the interferometric structure with a polarization multiplexer, where one po-
larization is delayed with respect to the other, as the additional delay will
cause the rise of an additional beat frequency [127]. By extension of the
same concept, a spatially diverse optical vector network analyzer (OVNA)
may be built, by introducing artificial delays at every in- and output and
ensuring all possible combinations of delays are distinct and their spacing
is larger than the duration of the impulse response of the device [128]. A
typical setup for a spatially diverse OVNA is given in Fig. 3.2, showing the
two arms of the interferometer — the arm containing the DUT, polarization
multiplexer and additional delays and the reference arm — and the polariza-
tion diverse receiver. It further shows an auxiliary interferometer structure
used to linearize the sweep of the laser — i.e., to correct for any deviations
in sweep speed and to convert the linear sweep in wavelength performed by
the laser, to a linear sweep in frequency as required for analysis.

To extract the device response from the recorded interferogram, a num-
ber of signal processing steps, is required after the aforementioned sweep
linearization by re-sampling and re-timing the signal. First, the elements
h; i (t) of the impulse response matrix h(t) are extracted from the Fourier
transform of the interferogram by temporal windowing, followed by a sepa-
rate inverse Fourier transform of each element to reconstruct the frequency
response matrix H (w) of the DUT. Finally, from the transfer function, singu-
lar value decomposition (SvD) [129] allows deriving the modal gains/losses —
and thus insertion loss (IL) and mode-dependent loss (MDL) —, while direct
analysis of the impulse response or principle state of polarization analy-
sis [130] allow derivation of differential modal group delay (DMD) [131].
The full signal processing chain is shown in Fig. 3.3.

Implementing and using an OvNA, PAPER19 characterizes a photonic
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Figure 3.3: Signal processing for optical vector network analysis. Acronyms: FFT: fast
Fourier transform, svD: singular value decomposition, IL: insertion loss, MDL: mode-
dependent loss.

lantern spatial MUX for a 36-core 3-mode FM-MCF, measuring its impulse re-
sponse and calculating 1L and MDL. Analysis of the impulse response shows
two groups of cores in opposite halves of the fiber, showing strong and neg-
ligible mode-mixing respectively, which — in combination with analysis of
fiber DMD — is found to result from a fusion splice between the fiber pigtail
of the MUX and a short length of FM-MCF. Further, detailed analysis of the
effect of splices in FM-MCFs and their impact on system IL and MDL is shown
in PAPER20: comparison of multiple splices to a reference measurement
without any splice, shows the splices to have significant impact on system
MDL — in a non-predictable manner, as system MDL is the result of a concate-
nation of many elements with MDL, with different and unknown associated
eigenmodes.! The latter confirms that splices may impact system MDL pos-
itively or negatively as predicted by previous simulations [133, 134], but,
contrary to these simulations, finds no correlation between observed splice
IL and impact on system MDL.

Finally, PAPER21, for the first time, gives a comprehensive discussion
of spatially diverse optical vector network analysis, including a full discus-
sion of the mathematical principle, setup and required signal processing. It
expands on the results of PAPER19 and PAPER20 by including the cleaved
fiber facet, present in all measurements, in the analysis and provides further
discussion on the relevance of the impact of fusion splices in FM-MCF.

Overall, PAPER19, PAPER20 and PAPER21 demonstrate that op-
tical vector network analysis is a powerful tool for characterization of SDM
systems and components, providing precise measurement of the linear pa-
rameters of the DUT. Especially with regards to DMD, a high temporal
resolution on the order of 5ps was achieved, providing detailed knowledge
of modal propagation — and thus establishing one of the pre-requisites for
the design of SDM components, fibers and systems for use in mmw ROF.

IThis is due to the fiber being a weakly coupled system and analyzing only few MDL
elements — in a strongly coupled system with many MDL elements, the distribution of
overall MDL can be described by means of a Gaussian unitary ensemble [132].



Chapter 4

Conclusions and outlook on
future work

4.1 Conclusions

The introduction of millimeter wave (mmw) communications is foreseen
to play a key role in fifth generation (5G) mobile networks to support the
massive growth in capacity, both directly towards the user and even more
for wireless fronthaul. The combination with photonics in mmw hybrid
photonics wireless links allows taking advantage of the best of both worlds,
seamlessly combining transport of large capacity signals over fiber with
their up-conversion to mmw radio frequency (RF) carriers. This thesis ad-
dressed a range of issues in such mmw radio-over-fiber (RoF) links, from
characterizing the wireless channel, over demonstrating low complexity link
implementations that may allow rapid deployment and links employing ad-
vanced modulation formats for enhanced spectral efficiency (SE), robustness
and flexible resource deployment, to regarding integration with fiber optic
networks and corresponding architecture considerations.

The research on channel characterization in PAPER1 complements pre-
vious research on channel characterization and modeling, by providing mea-
sured channel responses in W-band, showing the link is predominantly line
of sight (LOS) and confirming applicability of existing models. An estima-
tion of channel capacity and reach was derived in PAPER2 and PAPERY,
by combining a modified version of Shannon’s capacity limit with an estima-
tion of power budget and receiver sensitivity, providing a tool to evaluate
how efficiently any actual link implementation is in its resource usage.

Regarding complexity reduction and deployability, bend-insensitive fiber

29
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(BiF) was shown to allow fiber installation in tight spaces without any im-
pact on signal quality [PAPER3| and links with reduced complexity in both
the RF and optical domains were implemented and analyzed for their per-
formance, including an outdoor demonstration over 225m and real-time

transmission [PAPER4-PAPER7, PAPER15, PAPER18].

Further contributions were made with regards to advanced modulation
formats, using duobinary signaling to increase SE without necessarily in-
creasing complexity [PAPERS, PAPER9| and achieving large increases in
SE, by using multi-band carrierless amplitude phase modulation (multiCAP)
and optically generated single sideband modulation [PAPER10, PAPERI11].
Wavelet coding was experimentally demonstrated for the first time in PA-
PER12, as a novel coding scheme to increase the robustness of orthogonal
frequency division multiplexing (OFDM) against channel impairments, show-
ing improved performance even under benign channel conditions, suggesting
larger gains under more difficult channel conditions. With the introduction
of NOMA-CAP, i.e., the combination of multiCAP with non-orthogonal multi-
ple access (NOMA), in PAPER13 and PAPER14, a system allowing flexible
allocation of users and capacity was demonstrated, while maintaining max-
imum overall system capacity and good SE.

Looking at the larger picture, beyond a single mmw RoF link, the re-
search in PAPER15 and PAPER16 showed the integration with passive op-
tical networks (PONs) trough the use of wavelength overlays or dense wave-
length division multiplexing (DWDM), demonstrating an architecture that
provides unrestricted WDM channel selection and RF frequency tunability
through a tunable optical filer and local local oscillator (LO). Expanding on
the idea of a reconfigurable remote radio head (RrRH), PAPER17 suggested
optical switching in the RRH for sector or antenna selection and PAPER18
combined all three degrees of flexibility into a fully reconfigurable RRH, with
a controller ready for the introduction of software-defined networks (SDN).

Finally, space division multiplexing in the optical domain was regarded
as a step ahead, characterizing a spatial multiplexer (MUX) and mode-mix-
ing effects in few-mode multi-core fiber (FM-MCF) using spatially diverse
optical vector network analysis [PAPER19, PAPER20| and providing the
first comprehensive discussion of the latter as a means to fully character-
ize space division multiplexing (SDM) fibers, components and systems in
PAPER21 — providing a prerequisite for their use in mmw RoF links.

Overall, this thesis has expanded upon the state of the art of mmw RoF
links in a series of aspects, bringing them closer to deployment, by demon-
strating real-time transmission with low complexity, showing their potential,
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by demonstrating an increase in SE by more than a factor of three and by
increasing robustness and flexibility with the first experimental demonstra-
tions of wavelet coded OFDM and NOMA-CAP, and finally showcasing how
they enable new radio access network (RAN) architectures, through seamless
integration with PONs and dynamic, reconfigurable RRH architectures.

4.2 Outlook on future work

Although research on mmw hybrid photonic wireless links has been very ac-
tive in the last decade and substantial progress has been made in countless
experimental demonstrations towards their deployability and use in 5G net-
works, many issues require further research — from improving the hardware
capabilities in both the optical and RF parts, improving the generation of
mmWw by optical means, over enabling additional RF functionality based on
photonics, further increasing capacity and SE, taking a more holistic view on
architectures and network integration, network control and management, to
considerations of energy consumption, miniaturization and reliability. One
key technology underlying and informing many, if not all, of these issues is
photonic integration and co-integration with RF electronics, naturally bring-
ing with it smaller footprints in size and energy consumption and opening
a door to many innovative concepts on how photonics can support and en-
able additional RF functionality, such as, e.g., beam forming, steering and
control.

On the most immediate front, there are gains to be obtained from im-
proved hardware — with focus less on increased bandwidth, but rather on
noise performance, linearity and modulation efficiency. Such advances may
be one step towards improving SE, which at this time is far from what is
common at lower RF frequencies — although increases in SE are also still to
be found in more efficient and adaptive modulation formats and especially
through the introduction of multiple-input multiple-output (MiMO). The de-
velopment of real-time solutions for down-conversion and carrier and phase
recovery, is a further area where improvements are required and will have
significant impact on performance and deployability of mmw RoF links.

The introduction of MIMO and related RF technologies is maybe the
most interesting and central area where photonics can have direct impact.
Massive MIMO with two-dimensional arrays of antennas is seen as a key
technology to overcome the challenges of mmw RF, allowing beam shaping
and steering as well as improved channel estimates and perceived channel
characteristics [26, 29]. To support the required large number of antennas,
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photonics allows the generation of many parallel signals and with co-in-
tegration of passive photonics, optical to electrical (O/E) conversion and
potentially even the antenna itself, allows massive numbers of antennas on
small footprints [135, 136]. In the world of analogue RoF, integrated pho-
tonics further allows treatment of the optical signals, e.g., through filtering
or with the introduction of differential delays — the latter being the key to
beam steering [137| —, in both ways well understood from microwave pho-
tonics and with novel concepts specifically targeted to solve the challenges
of mmw RF [33-35, 138, 139]. Here, the use of optical SDM in the fiber
between signal generation and O/E conversion provides further flexibility
and opens the path to completely new concepts and ideas [123] — includ-
ing, for instance, optical remote power delivery through multi-core fibers
(MCFs) [140].

On the layer of network layout and design, the introduction of mmw
communications and especially the use of beam shaping and steering, bring
a change to, or even loss of, the notion of a mobile cell, as obstacles become
opaque and thus blocking becomes a major limit to base station selection
and association 26, 29|. Further research is thus required on strategies for
base station deployment, ensuring coverage and sufficient capacity, while
maintaining acceptable cost and complexity [28, 29|. Similarly, strategies
for coordination of traffic and dynamic offloading between cells of different
sizes and technologies, to whichever provides best service or lowest cost —
depending on user and/or network requirements — must be developed |26,
27]. The latter will require the introduction of software-defined radio (SDR),
SDN and network function virtualization (NFV), all of which have further
roles to play, but which must be combined in a holistic approach to obtain
their maximum benefit [141, 142].

Last, but certainly not least and ever more pressing as the usage of
mobile data grows, energy consumption and resource usage must be consid-
ered. Foreseeing many more mobile devices and, more importantly, with
smaller and more densely deployed cells, a multiplication of the number of
base stations and access points, maintaining the energy consumption per
base station, while increasing capacity, will not be sufficient and ways must
be found to drastically reduce energy consumption [63].

Even after many of the above have been addressed, the jury is still
out on whether analog mmw RoF will have its place in mobile networks
of the fifth or even sixth generation or if digitized RoF can be salvaged for
use with mmw carriers through the introduction of ecpri [143] and the
like. There can however, be no doubt that analog mmw RoF has shown
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immense capabilities and by doing so has significantly raised the bar for
any competing technology — nor can there be doubt that analog mmw RoF
will find applications, be they niche or mass deployment.

Finally, in the larger picture, the largest ‘gains’ may be obtained from a
shift in mindset, temporarily putting aside the ways and habits of research
in photonics and optical fiber communications and opening up further to
the unique challenges of radio communications, absorbing and embracing
thought patterns from RF research. As the combination of photonics and
RF technology in mmWw RoF offers unique possibilities, it is a better and
richer understanding of the methods and approaches of both worlds, that
will actually unlock them.
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Abstract—We present and discuss results from an experi-
mental characterization of the W-band indoor wireless channel,
including both large and small scale fading phenomena as well
as corresponding ch ] par ters and their impact on system

performance.

I. INTRODUCTION

The ubiquity of mobile devices such as smartphones and
tablet computers and the emergence of bandwidth intensive
applications—e.g. high-definition video—thereon has created
a demand for high-speed wireless data communications at
speeds of tens of gigabits per second. With frequency bands
below 10 GHz already overcrowded and the available band-
width therein severely limited, higher frequency bands with
broader transmission bandwidths and wireless carriers in the
millimeter-wave (mm-wave) region become attractive [1], [2].
Furthermore ultra-wide band (UWB) wireless links are gaining
increasing focus in relation to the ‘Internet of things’ and as
an option for replacing short-distance data buses [3].

Optical generation of mm-wave signals and data trans-
mission in the V-band (50 GHz to 75 GHz) [4], [5], W-band
(75 GHz to 110 GHz) [6], [7] and even sub-THz [1], [8] have
been demonstrated, but it is commonly noted that for increased
data-rates and higher transmission quality a better understand-
ing of the wireless channel is a necessity. Most investigations
of wireless channel characteristics and corresponding models
have focused on frequencies in and below V-band or concerned
themselves only with estimations of path loss [9], [10].

In this paper we show a characterization of the indoor
wireless channel in the W-band, including large- and small-
scale fading analysis. The paper is organized as follows:
Section II reviews some applicable channel modelling theory,
Section III presents the experimental results and finally Sec-
tion IV concludes the paper.

II.  WIRELESS CHANNEL MODELLING

Characterization of propagation phenomena affecting com-
munication signals in wireless systems is an important issue
since it forms the base for defining the signal processing
required to enhance the system performance. Fading channel
manifestations can be classified in two groups: large-scale
fading and small-scale fading [11]. The former is mainly due
to the distance between the antennas and the environment in
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which the system operates, resulting in signal attenuation. This
attenuation is characterized statistically by calculating its mean
in dependence on distance (path loss) and variations around
this mean (shadowing). A variety of models for path loss
estimation exist [12], two of which will be used for comparison
in this paper. The free-space loss model (FSL, referred to
as Friis model) defines path loss as in (1), where d is the
distance between transmitting and receiving antenna, f the
carrier frequency and c the speed of light in vacuum.

FSLigp) = 10log ((47rdf/c)2) = 20log (4mdf /c) (1)

Another widely model used is the generic empirical path loss
model (GEPL) in (2) where n is the path loss exponent, dg
is a reference distance and L is the loss measured at d, or
estimated using the Friis model.

GEPLyyp = 10nlog (d/do) + Lo 1))

Shadowing is a random variable with log-normal distribution
and manifested as a loss value additive to path loss, making it
easy to calculate from experimental data [12].

The small-scale fading behavior of a channel is described
by a number of characteristics: the frequency response of the
channel and its comparison with the signal spectrum determine
if the fading is frequency-selective or not. The time response of
the channel shows how multipath phenomena affect reception
and communication in general. The main parameters to char-
acterize small-scale fading are coherence bandwidth (B..), root
mean squared delay (7,,,s), Doppler shift (fy) and coherence
period (T¢) [11], [12].

III. EXPERIMENTAL RESULTS
A. Measurement Setup

The setup employed for the channel characterization is
depicted in Fig. 1 and consists of a Vector Signal Generator
(vsG) followed by a frequency sextupler on the transmitting
side for W-band signal generation, while at the receiving
side the signal is down-converted using a harmonic mixer
driven by a 4 GHz to 6 GHz local oscillator (LO) and received
with an electrical spectrum analyzer (ESA). Pyramidal horn
antennas with a gain of 25 dBi are employed for radiation and
capture at the transmitter and receiver respectively. Given the
experimental setup and operating band, it is difficult to obtain
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Fig. 2. Received power over frequency at different distances; inset: close up,
showing the aggregated effect of path loss, shadowing and small-scale fading

the frequency response of the antennas in order to perform a
rigorous decoupling and hence a flat response over the entire
sounded band was assumed.

The spectrum of the W-band is swept with a resolution
of 1 MHz, using a single-tone method as described in [13].
Received power levels are recorded for analysis and channel
characterization at distances between 0.5m and 4m. The
received power over distance and frequency is shown in Fig. 2,
giving a clear indication of the distance dependency of path
loss; the frequency limitations of the employed equipment
cause the reduced performance at the higher end of the
analyzed frequency range.

B. Large-Scale Fading Analysis

A comparison between experimentally obtained W-band
path loss values and those predicted by Friis model is shown
in Fig. 3(a) and (b) for distance and frequency dependence
respectively. For the distance dependency of path loss the
general behavior is in good agreement with theoretical curves,
but a certain offset is observed. The error has a mean of 2.1 dB
and 4.3dB at 75 GHz and 110 GHz respectively, which is a
good approximation considering that Friis model is a very
optimistic model even for a point-to-point wireless link.

From the experimental data the path loss exponent (n) and
shadowing parameter (o) were calculated, using the proce-
dure described in [12]. Best approximations for the observed
path loss at 75 GHz and 110 GHz are obtained from GEPL
with n =~ 2.2 and n = 2.5 respectively, confirming the ex-
pectations for an indoor environment and a directive link [12].
Experimental data shows that under these conditions distance
impacts path loss more than frequency; going from 0.5m to
4m implies an increase in path loss between 13.1dB and
16.2 dB depending on frequency. The shadowing parameter o g
is found to be very small at 0.05dB and 0.12dB for 75 GHz
and 110 GHz respectively, owing to the short distances and
high directivity of the link.

The observed frequency dependency of path loss in
Fig. 3(b) also confirms the theoretical predictions, indicating
an increase in path loss of 3.8dB at 0.5m, 3.3dB at 2m
and 1.9dB at 4m if the frequency is increased from 75 GHz
to 110 GHz. Such frequency dependent variations in path loss
can easily be compensated in a transmission system employing
narrow-band signals, but the simple large-scale analysis is
insufficient to describe the channel effects on wide and ultra-
wide band signals as expected for future W-band transmission
systems.

C. Small-Scale Fading Analysis

Signal bandwidths for W-band systems—especially such
exploiting the advantages of photonic upconversion—will be of
several GHz and hence the required channel can be considered
as UWB. Such channels are characterized by a multipath-
rich profile, but considerably lower power levels for each
multipath component. After obtaining the Sy; parameter from
the measurements, analysis using the IFFT and the Hermitian
method [13] is performed and the frequency response of the
channel calculated. Fig. 4(a) and (c) show the frequency
response (single sideband) for distances of 0.5m and 4m.
The frequency response of the channel is very uniform over
the whole band, except for the area near the operational
limits of the devices and in the region around 80 GHz. The
average magnitude of the channel response at 0.5 m is —68 dB
and is strongly determined by path loss, due to the high
directivity of the link. The regular behavior of the small-scale
fading component smoothly defines an approximate coherence
bandwidth of B, = 2GHz (see Fig. 4(a)) and indicates a
theoretical delay of 7,,,s = 0.5ns [13].

It is however necessary to also regard the time response of
the channel as shown in Fig. 4(b) and (d) where magnitude has
been normalized and which represents a good approximation
to the power delay profile (PDP) of the channel [13]. The
time response has a very good time-resolution (fractions of
a nanosecond), which—translated into space domain—makes
it possible to distinguish reflective surfaces on a scale of
centimeters [13]. If a threshold of —60 dB is assumed to select
the multipath components that are significant, by calculation
Trms = 0.16ns and B, = 6.3 GHz are obtained for d = 0.5 m
and 7,,s = 0.40ns and B, = 2.5GHz for d = 4m. At
greater link distances, distances traveled by different multi-
path components are larger and delays grow (more reflective
surfaces affecting propagation), whereby the coherence band-
width decreases. This behavior significantly impacts system
performance since any signal with a bandwidth larger than the
coherence bandwidth will be affected by frequency selectivity.
Thus for signals with several GHz of bandwidth mitigation
of channel effects is a necessity. A modulated signal with
6 GHz bandwidth might see quasi flat fading at a transmission
distance of 0.5m, but at 4m would encounter severely fre-
quency selective fading, causing an irreducible degradation of
signal-to-noise ratio (SNR) and bit error rate. The threshold of
—60 dB may—considering path loss and receiver sensitivity—
be low for the present link and consequently all significant
multipath components might belong to the first tap in the
PDP (resulting in a coherence bandwidth ~25GHz); with
the introduction of point to multipoint transmission however
coherence bandwidths become significantly smaller than those
calculated.



©
S

=)
a
T

=)
S
T

o @75GHz

Path Loss [dB]
3
<

70
¢ @110GHz
———"Mean
65 " 1
— Friis
60 . . . . . .
50 100 150 200 250 300 350 400

Distance [cm]

Path Loss [dB]

()

85y 0900 )
%o ﬁa 0400009000 0
L e |
PBee” T Teosgennnaseca prmesste i

75 b
o}

[e [=25) 0%,99 q

Qo000 00 6000099000 ooo0®

65 - b

O @50cm O @400cm O @200cm ———-Mean

Friis

60 -
75 80 85 90 95 100 105 110

Frequency [GHz]

Fig. 3. Path loss over (a) distance and (b) frequency compared to predictions based on the Friis transmission equation

-66 T T T T T T

(a)
-68 1
70F il
721 -
74L L L L L

75 80 85 90 95
Frequency [GHz]

Magnitude [dB]

100 105

82+ © ]
-84 A ]

-86 -

Magnitude [dB]

L L L L
75 80 85 90 95
Frequency [GHz]

L L
100 105 110

Normalized

Normalized

o
k=3
)
°
2
=
=)
o
=
o
k=3
)
°
2
=
=)
o
=
0 10 20 30 40 50 60
Time [ns]

Fig. 4. Wireless channel frequency ((a), (c)) and time ((b), (d)) response at 50 cm ((a), (b)) and 400 cm ((c), (d)) transmission distance

IV. CONCLUSIONS

Channel characterization for a mm-wave link in W-band
was performed, including path loss, shadowing and multipath
parameter calculations from experimental data. It is clear
that some mitigation techniques must be applied even for
a highly directive link, taking into account the large signal
bandwidths required for high data rate transmissions. SNR
degradation caused by path loss and shadowing must be
compensated, potentially by applying some type of diversity
to obtain additional uncorrelated estimates of the signal. To
overcome the observed frequency selectivity, pre-processing
(spread spectrum, OFDM) may be performed or equalization
will be needed. In the case of photonic upconversion, the
effects of the optical channel must be regarded in combination
with those of the wireless channel discussed here.
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Abstract In this work we discuss on the channel capacity of mm-wave Radio-over-Fiber
(RoF) experimental transmissions at the W-band (75-110 GHz) over distances up to
300 m and bandwidth up to 20 GHz. In addition to an updated state-of-the-art on RoF
demonstrations at such a promising frequency range, we provide a set of trade-off maps in
terms of crucial resources on the design of W-band RoF links. The proposed framework
offers a unified view for answering how fundamental spectrum resources can be optimally
utilized, and how far we are from overcoming the challenge of offering seamless con-
vergence between optical-fibers and wireless links.

Keywords Radio-over-Fiber - W-band - Channel capacity

1 Introduction

A driving force in the communication technology is the role of bandwidth. It refers to the
physical means by which a signal carries information (Internet Society 2010). This notion
plays a critical role as the information infrastructure is developed. Like any other com-
modity, bandwidth can be plentiful or scarce relative to the need for it. With the growth of
telecommunications and computing, communication bandwidth has become increasingly
scarce.

Migration towards millimeter-wave radio frequencies (RF) (30-300 GHz) and inte-
gration between fiber-optic and wireless communications systems in the ‘last mile’ is
currently considered as the most promising solution for alleviating the bandwidth shortage
of the access interface. Therefore, the lower capacity of wireless systems needs to be
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increased to match the continuously increasing bandwidth of fiber-optic access systems. As
W-band signal generation becomes more practical and affordable by the use of photonic
technologies, and RF oscillators and modulators with superior RF properties become
available, more attention has been given to RoF systems based on such a frequency range.
However, whilst in ongoing expansion, the state-of-the-art in W-band RoF reports still
lacks a unified framework for evaluation of how efficiently the radio links and spectrum
resources are being utilized.

One way to inquire about such an important aspect is to consider Shannon’s capacity
limit theorem to assess on the tradeoff between bandwidth and Signal-to-Noise-Ratio
(SNR) of band-limited systems (Shannon 1948). Based on that hypothesis, recent reports
on capacity analysis of mm-wave wireless links provide guidelines for link design sup-
porting transmission capacity beyond 100 Gbps (Dogadaev and Monroy 2011; Dogadaev
et al. 2012). They provide recommendations on the required values of signal bandwidth,
input power to a transmitter, antenna gain, and link distances in order to achieve 100 Gbps
wireless transmissions taking into account the role of crucially relevant aspects on the
design of RoF systems such as antenna directivity, frequency spectrum, modulation for-
mats etc.

Still, such a variety of design parameters can be allocated in an uncountable number of
ways. And to the best of our knowledge there’s no objective criterion to evaluate how
efficiently such resources are being utilized with regards to how much capacity it is
provided with them. In this work we propose an analysis framework for wireless systems
based on a modification of the Shannon limit. We also perform a proof of concept by
investigating several of the most recent reports on the state-of-the-art of W-band RoF
demonstrations. Our findings confirm the prediction that a combination of advanced
modulation formats and spatial diversity are crucial factors for combating capacity losses.

2 Methodology

The current investigation aims to compare how efficiently the radio spectrum has been
utilized in some of most recent experimental W-band RoF demonstrations. According to
Beas et al. (2013) the overall performance assessment of a RoF system must take into
account the figures of merit of different subsystems, namely:

a. Cost, simplicity, and power consumption of the central station (CS) and the base
stations (BS);
Available RF power after optical distribution and photo-detection;

c. Phase noise due to spectral instability of the mm-wave carriers, in case of coherent
setups that depend on phase information;

d. Transmission integrity, evaluated in terms of bit-error-rate (BER) and error vector
magnitude (EVM) metrics;

e. Capability of the system to increase coverage and capacity to meet usage demand
without a significant cost increase.

It is hence a corollary that no single parameter can account for grading the performance
of RoF systems in a unifying manner. However, a slight modification to Shannon limit is
proposed in Struzak (2002) to account for losses in capacity due to lack of spectrum
isolation leading to diminished SNR of a specific link. Defined as the isolation parameter,
such an index can be used to show how various design factors of a communication link can
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be combined to control its capacity loss, and how much the link should be isolated to keep
such losses within acceptable limits. Regarding specifically the wireless channel, which is
the bottleneck for seamless convergence of hybrid fiber-wireless solutions, as previously
discussed, such an isolation parameter can be employed as a measure of effective use of the
radio links and spectrum resources.

According to the Shannon limit (Shannon 1948), the maximum amount of information
that can be transmitted with an arbitrarily small error rate equals the product of the
transmission time and channel capacity defined as

C = Blog,(1 + q), (1)

where B is the channel bandwidth (in hertz), and ¢ = S/N is the signal-to-noise power ratio
at the receiver input. This equation has universally been accepted as useful reference to
which various practical communication systems can be compared, even if they do not
strictly follow all the conditions assumed by its formulation.

Itis proposed in Struzak (2002) to differentiate between two components of the noise at the
receiver input: the intrinsic noise N and the environmental interference noise /. The intrinsic
or residual noise N is the noise that would be observed if all environmental radiation sources
were removed or switched off, or if the link were absolutely isolated. The environmental noise
component [ is the difference between the total noise and the residual noise. Then, the
isolation index a is defined as the power ratio of the intrinsic noise to the total noise:

N
TIEN @
It is a dimensionless variable, conveniently confined between one and zero. One represents
a hypothetical isolated radio link with I/N — 0, whose operation does not depend on the
environment. Zero represents a link whose operation is completely dominated by the
environmental noise component, leading to N/T — 0. All practical cases fall between
these extremes. As the original Shannon’s formula don’t consider the environmental noise,
Eq. (1) can be modified so instead of ¢ = S/N, the channel capacity could be expressed in
terms of ag = S/(N +1I). Thus:

C* = Blog,(1 + aq). (3)

Just as Shannon’s original formula, Eq. (3) represents the upper limit imposed on the link
capacity. The capacity is largest when the link is fully isolated, i.e. a — 1, approaching the
original Shannon limit. For instance, a radio link with @ — 1 and signal equaling intrinsic
noise (¢ = 1) is theoretically capable of transmitting of one bit of information per second
per hertz. However, for a = 0.1 its capacity drops to log,(1.1) = 0.14.

From (1) and (3) it follows that the capacity loss can be defined as the difference
between the potential capacity of the radio link and its actual capacity:

(1+4)
AC =C — C* = Blog, ——=. 4
22 (1 +aq) ( )
Equation (4) can be used then to define the relative capacity loss as
E _ o 10g2(1 + aQ) (5)
c logy(1+¢)

a dimensionless numerical value confined between 0 and 1 that decreases with the isolation
index of the link. This equation will be used further on for the calculus of the isolation
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parameter for recent experimental demonstrations of RoF systems on the W-Band fre-
quency range.

The SNR in the far field region of a line-of-sight (LOS) wireless link with one trans-
mitter and one receiver can be computed in dB using the link power budget (Proakis and
Manolakis 2007; Rommel et al. 2015) as:

q = Pr+ Gr + Gg — Lgs — IL — (Ny + 10log19B + NF), (6)

where P7 is the total transmitter power of a signal with bandwidth B, Gy and Gy are
antenna gains on the transmitter and receiver sides correspondingly. /L represents imple-
mentations losses, Ny is the Johnson—Nyquist noise and NF represents the system’s noise
figure (may these three latter terms, here assumed as constants, not to be confused with the
intrinsic and environmental noises, N and I, for the calculation of the index a as in Eq. (2)).
Path loss Lgg can be determined by the Log-distance path loss model for the free space
propagation as function of the distance d between transmitter and receiver antennas, and
the propagating frequency f, according to:

PL = ZOIOgmeL IOnlogloi, (7)

C d()
where dj is a reference point situated in far field, c is the speed of light, and # is the path
loss exponent, set as 2 in free space.

Using Eq. (7) in Eq. (6), and Eq. (6) in Eq. (1), one can calculate, using the Shannon
limit as an upper bound, how much capacity can be achieved for a given link as a function
of the terms listed in Table 1.

If one fixes three of those, say items (a), (c) and (f), the result is a tridimensional space
with basis given by parameters (b), (d), and the actual computed capacity. In such a space,
Shannon’s capacity limit can be visualized as a tridimensional surface. The combination of
specific parameters corresponding to experimental setups can be regarded as points, of
which orthogonal projections onto the ‘capacity surfaces’ will arise as the capacity losses,
as defined in Eq. (4). These values can be used to calculate the index a, following Eq. (5),
according to:

AC
C

a:é (1 +q) 7€) —1]. (8)

Once the a parameter for a specific link is known, one can calculate the theoretical increase
in frequency band AB that would be required in order to compensate for the equivalent
capacity loss AC. Although such an increase is not always possible in practice, AB may
serve as criterion in evaluating alternative frequency plans, spectrum management rules,
and frequency assignment algorithms from the viewpoint of efficient use of the available

Table 1 Required parameters

for the calculation of channel Variable Parameter Variable name
capacity .
a Transmitted power P, (dBm)
b Signal bandwidth B (GHz)
c Antenna gains Gy, Gg (dBi)
d Achieved range d (m)
e Propagation frequency fc (Hz)
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spectrum resources. Through Eq. (4), the capacity loss AC can be related to an equivalent
bandwidth loss AB by:

AC

T ®)

We expect that alongside with a common ground for measuring how efficiently the
spectrum of W-band RoF experiments is being utilized, such a framework can also be used
for predicting the outcome of virtually any wireless-based setup in terms of spectrum
efficiency under different conditions of SNR.

3 Results and discussion

Previous studies on the capacity analysis for high-speed mm-wave hybrid fiber-wireless
communications [4; 4] discussed the great potential of mm-wave, particularly for the
W-Band, to provide 100 Gbps wireless links using existing technology. However, the
state-of-the-art in W-band ROF still lacks a unified framework for the evaluation of the
efficiency of spectral use. Based on such a hypothesis that the efficiency of a linkcan be
parametrized in terms of major common attributes, multiple reports on W-band RoF
demonstration have been investigated upon the methodology described in the previous
section.

In the next sub-section we provide a case-study for the proposed method. We utilized a
recent experimental demonstration performed in our facilities of 15 km fiber plus
100-225 m wireless transmission of 2.5 Gbps NRZ signal on a carrier at 86 GHz. We
proceed by generalizing the analysis over the most recent reports on W-Band RoF trans-
missions, followed by a discussion of the observed results.

3.1 Case-study

Figure 1 shows the experimental setup for the W-band RoF transmission based on optical
baseband generation and heterodyne photonic up-conversion with low complexity in the
radio-frequency domain. A 2.5 Gbit/s 2'° — 1 bit long pseudo-random bit sequence
(PRBS15) non-return-to-zero (NRZ) signal from a pulse pattern generator (PPG) is used to
modulate an optical signal which is amplified and transmitted through a combination of

100m - 225m

328.1ft — 738.2ft

Fig. 1 Experimental setup for 100-225 m wireless transmission of 2.5 Gbps NRZ at 86 GHz using pair of
48 dBi parabolic antennas and heterodyne photonic up-conversion. Default parameters shown in Table 1
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10 km ITU-T G.652 standard single-mode fiber (SMF) and 5 km ITU-T G.657.B3 bend
insensitive fiber (BIF). The resulting 86 GHz RF signal is amplified by 8 dB after photo-
detection before being transmitted over distances of 100-225 m using a pair of parabolic
antennas with a gain of 48 dB each. At the receiver side a low noise amplifier (LNA)
provides a 40 dB gain before signal down-conversion by a Schottky diode based envelope
detector (ED) with a nominal 3 dB bandwidth of 3 GHz. The baseband signal is filtered
with a 1.8 GHz Bessel filter to limit noise bandwidth and recorded on a digital storage
oscilloscope (DSO). Error free transmission was achieved at all distances with recorded
sequences of a total length >25 Mbit, suggesting a BER on the order of 10~ or lower.
Following the schematics presented in Tables 1 and 2 contains a summary of the
parameters’ values for this setup.

Such a set of values can be used to calculate the value of a just as described in the
previous section according to Eq. (8). The result is a = 0.0033, which can be considered a
relatively low value among the evaluated setups in this work, as will be discussed with
more details in the next sub-section. It can be explained by the fact that because we had
observed a considerably low BER, we could therefore have used even wider bandwidths,
more complex modulation formats, farther link range, and lower transmitted power or
antenna gains, yet having error free transmission. From this point of view, such a low
a parameter suggests an inefficient use of the available bandwidth regarding the abundant
conditions in terms of SNR.

3.2 Application

Among a wide variety of experiments, we chose to further consider those with distance
ranges above 2 m (with exception of a world record with 1.7 km range (Xu et al. 2015)),
and signal bandwidth below 35 GHz (so it could be framed solely within the W-band
range), resulting in a set of seven setups to be evaluated. Although we could not obtain
information about the exact values on some of the parameters for all the reports, we expect
that approximated assumptions based on standard technology commonly found in the state-
of-the-art should not lead to broad fluctuations of the index a on more than 0.1 order of
magnitude. Table 3 contains a summary of the default parameters for these setups.
Figure 2 displays the computation of channel capacity in terms of channel bandwidths
B from 1 GHz to 20 GHz and transmission distances d from 1 m to 300 m, assuming
operational frequency f- of 86 GHz and transmitted power Pr of 0 dB, according to
Egs. (1), (6) and (7). Using Shannon limit as an upper bound, the two observed surfaces
stand for illustrating the achievable capacity by adopting antenna gains of 25 and 48 dBi.

Table 2 Default parameters for

the experimental setup shown in Variable Parameter Variable name Value
Fig. 1 a Transmitted power Pr (dBm)
b Signal bandwidth B (GHz) 5
c Antenna gains Gr, Gg (dBi) 48
d Achieved range d (m) 225
e Propagation freq. fc (Hz) 86
- Thermal noise Ny (dBm/Hz) 174
- Implem. losses I; (dB) 6
- Noise figure NF (dB) 6
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Table 3 Summary of the default parameters for the seven analyzed experimental setups

{i} Rommel {ii} {iii} Li {iv} Li {v} {vi} (Pang {vii} Xu
et al. (2015) et al. et al. Diamantopoulos et al. et al.
(2015a) (2015b) et al. (2015) (2013) (2015)
Pr(dB) O 0 2 0* 0 0 2%
Gr,Gg 48 48 48 23 25% 25 25
(dBi)
max. d 70 225 300 3 2.5 15 80
(m)
fc (GHz) 87 86 95.5 92.5 103.5 81.4 87
B (GHz) 5 5 20 10 20 16 10
C (Gbps) 2.5 2.5 20 10 40 16 10
NRZ NRZ QPSK QPSK 16-QAM QPSK QPSK
per Pol., per Pol. OFDM per Pol.
per Carr.
a (n.d.) 0.0023 0.0033 0.0101 0.0170 0.0326 0.0447 0.2987

Values for thermal noise, implementation losses and noise figure, assumed as Ny = 174 dBm/Hz, I; = 6 dB
and NF = 6 dB, respectively, for all of them

# Value not reported; assumed value based on standard technology commonly found in state-of-the-art

Capacity(Ghits/s)

300

200

150
Bandwidth (GHz) a8 Distance (m)

Fig. 2 Channel capacity for operational frequency of 86 GHz, and 0 dBm transmitted power. Distances up
to 300 m are converted into SNR values. Baseband bandwidths up to 20 GHz are considered

Clearly, the higher the gain provided by the antennas, higher the achievable capacity of the
link. The points {i—vii} are plotted according to their attributes, as listed in Table 3,
following the tuple (d, B, C). The case-study setup, for instance, can be observed as the
point represented by the legend {ii}, at the coordinates (225, 5, 2.5), meaning a distance of
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225 m, an utilized bandwidth of 5 GHz, and a delivered capacity of 2.5 Gbps. Such a
“map” allows visualization of how fundamental resources can be optimally utilized and
how far the state-of-the-art is from overcoming the challenge of offering seamless con-
vergence between optical-fibers and wireless links.

Proceeding with the analysis, as described in the Sect. 2, the values of the index a for all
the evaluated setups have been obtained. It is possible from there to assess their rates of
relative capacity loss AC/C and loss in spectral efficiency AC/B (bits/s/Hz) as functions of
SNR for fixed values of a, as shown in Fig. 3a, b, respectively. In both cases, the highest
blue curve represents the experiment {i}, in which the lowest value of @ has been obtained,
whereas the lowest red curve represents the experiment {vii}, in which the highest value of
a has been obtained.

As previously noted in the Sect. 3.1, the relatively low value of a for the setup {i}, as
for the setup {ii}, can be explained by the fact that because a considerably low BER had
been observed, one could therefore have used even wider bandwidths, more complex
modulation formats, farther link range, and lower transmitted power or antenna gains, yet
having error free transmission. From this point of view, such a low a parameter suggests an
inefficient use of the available bandwidth regarding the abundant conditions in terms of
SNR. In the same sense, the higher-order modulation format for the experiment {v} results
it a higher value for a than for the experiments {i—iv}, but the short distance link can
explain why it’s lower than for the experiments {vi, vii}.

Regarding Fig. 3a, without loss of generality, one can notice by observing any partic-
ular curve the general trend of less capacity being lost as higher SNR becomes available.
For limited values of SNR, say up to 30 dB (see vertical black lines), one can conclude that
insofar as the index a decreases less the increasing of SNR can compensate for capacity
loss. Now regarding Fig. 3b, one can clearly observe that lower the index a, higher is the
loss in spectral efficiency with the increasing of SNR.

In general, we conclude that a high index a should be regarded as a fundamental
parameter for granting that any wireless-based link should be considered as efficiently
utilizing its resources. Of course, no single parameter can account for scoring the per-
formance of RoF systems in a unifying manner due to its large complexity. Nevertheless,
this approach may help in rational use of limited resources of the radio frequency spectrum
and in solving problems of spectrum management that suffer from a lack of appropriate

1 - 10
(a) 12=0.0023 (b)
09 R a
08 b a
i a=0.0023
07 7 Pleeens -
=
= o06f 5 6
g 3
S 05t = 5
Q
S =2
Q04 % 4
03 < 5
02 2
T a=0.2087 .
0.1 1 i R »A
o i : L :
10 10° 10' 10° 10°
SNR(dB) SNR(dB)

Fig. 3 a AC/C for g = 1:1000 over different values of a; b AC/B for g = 1:1000 over different values of
a. Black vertical lines corresponding to the threshold of 30 dB SNR
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objective criteria. If such a viewpoint is accepted, frequency plans will require revision to
minimize spectrum misuse.

4 Conclusions

Previous research has addressed the analysis on the capacity of W-band RoF links without
accounting for how efficiently fundamental resources on wireless links are being deployed.
In this work we integrate a modification of the Shannon limit with the power budget for
free space propagation in order to generate a grading system to assess wireless-based
system efficiency. The results are compatible with those from other parameters as level of
modulation formats and spatial diversity, achievable range, power savings by use of
directive links etc., although within a composite single-unit metric. This approach may
help in rational use of limited resources of the radio frequency spectrum and in solving
problems of spectrum management that suffer from a lack of appropriate objective criteria.
To the best of our knowledge there is to date no report on any unified framework for
W-band RoF design analysis. If such a viewpoint is accepted, frequency plans will require
revision to minimize spectrum waste. However, some limitations are worth noting. The
method suggested in this work is based on a coarse binary logic of whether the trans-
mission has or not been transmitted under the proposed limits for BER. We believe that
such an important factor should have more weight on the calculation of the proposed index,
allowing the contribution offered by DSP techniques and coding schemes to be considered.

Acknowledgments Lucas Cavalcante thanks the Science without Borders program. This work was partly
funded by the DFF FTP mmW-SPRAWL and EC IPHOBAC-NG projects.
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Abstract—The impact of fiber bending on mm-wave radio-
over-fiber transmission is investigated and the need for bend
insensitive fiber for front-haul installation confirmed. A 70m W-
band hybrid photonic-wireless link including bend insensitive
fiber is demonstrated with BER<10® at Smm bending radius.

I. INTRODUCTION

The increasing use of bandwidth intensive applications
on mobile consumer devices such as smartphones and tablet
computers has created a demand for high-speed wireless data
communications at gigabit speeds that need to be supported
by future 5G mobile networks. Millimeter-wave (mm-wave)
radio-over-fiber (RoF) links have been identified as a key
candidate for the required mobile front- and backhaul as well
as direct gigabit-class wireless broadband services [1]-[5], as
a viable alternative to baseband, digitized, packet encapsulated
grey optic solutions [5], [6].

ROF links in the different mm-wave bands have been
demonstrated with wireless transmission distances ranging
from a few to multiple hundred meters and with a variety
of optical generation, upconversion and radio-frequency (RF)
detection setups [4], [7], [8]. The transmission fiber itself
has received attention mostly with regard to transmission
impairments due to dispersion and fiber nonlinearities [9] or
the combination of single- and multi-mode fibers [7] and—
more recently—as a means for capacity increase by combining
spatial multiplexing in the fiber with the well known concept
of multiple-input multiple-output (MIMO) RF transmission [3].

The practical consideration of on-premise fiber installation
and optical wiring of—and within—the antenna has however
been neglected, although it is obvious that—analogous to the
case of fiber-to-the-x [10]—fiber bends with small radii are
likely to occur. With the introduction of MIMO transmission
and antenna arrays especially as well as their housing in
compact, weather resistant and easy to mount outdoor units,
radii well below 10 mm will be common and macrobending
induced losses may thus play a significant role.

In this paper we assess the performance of a W-band
ROF link with 15km optical and 70 m wireless transmission.
Significantly we include 5km of bend insensitive fiber (BIF),
we show that for radii below 15mm BIF is a necessity and
demonstrate how the use of different fibers from the set of

Arvind K. Mishra

Centre of Excellence
Sterlite Technologies Limited
E1-E3, MIDC, Waluj, Aurangabad, 431 136, India

specifications defined by ITU-T G.657 may allow different
numbers of bends at different radii. Finally we discuss the
trade-off between the available power budget, required toler-
ance to fiber bending and the cost of including BIF.

II. EXPERIMENTAL SETUP

The experimental setup is depicted in Fig. 1 and employs
photonic upconversion at the transmitter, consisting of an ex-
ternal cavity laser (ECL) at A = 1550 nm for signal generation,
followed by a Mach-Zehnder modulator (MzM) driven with a
sinusoidal at frpr/2 to generate two spectral lines spaced at
frr. The signal is amplified and an arrayed waveguide grating
(AWG) used to separate the two lines while suppressing the
central line, allowing one line to be modulated in a second
MzM. The latter is driven at data rates of 1Gbit/s and
2.5 Gbit/s by a 21 — 1 bit long pseudo-random bit sequence
(PRBS15) non-return-to-zero (NRZ) signal from a pulse patter
generator (PPG). The lines are recombined, amplified and
transmitted through 10km of ITU-T G.652 standard single-
mode fiber (SMF) and one of three spool samples of 5km
Sterlite bending insensitive fiber. In order to test the effects of
macrobending, the different fibers are wound for 1 to 10 turns
around mandrels with radii between 5mm and 15mm while
monitoring the resulting incident power on the photodiode (PD)
with a 1% tap and recording bit-error rate (BER) values after
wireless transmission. It should be noted that the impact of
macrobending and the performance analysis of the BIF are
independent of the choice of signal generation scheme.

The beating of the two signal lines on the PD generates
the radio-frequency (RF) signal at frr = 84 GHz which is
transmitted wirelessly over a distance of 70m with a pair
of parabolic antennas—with a gain of 48dBi each. A low
noise amplifier (LNA) with 40 dB gain restores the signal level
before the receiver which consists of a Schottky diode based
envelope detector (ED) and digital storage oscilloscope (DSO).
With only a single LNA and the use of envelope detection rather
than down-conversion with an electrical mixer the need for a
local oscillator at the receiver is alleviated and the complexity
in the RF domain is kept to a minimum. Finally BER values
are determined through offline processing, consisting of simple
thresholding and error counting over four recorded sequences
with a combined length >10 Mbit.

Fig. 2 gives an overview of the laboratory setup with optical
signal generation, bending test and receive antenna co-located

978-1-4673-9368-3/15/$31.00 ©2015 IEEE
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Fig. 2. Portable laboratory setup with photonic upconversion. Insets: a) Rack-
mounted optical setup, b) Mandrels of different radii, ¢) Transmit antenna with
PD, d) Receive antenna with LNA and ED

for experiment convenience while the transmit antenna and
attached PD are remotely fed through an optical fiber.

III. EXPERIMENTAL RESULTS

In this work the performance of a hybrid optical-wireless
link is analyzed in the presence of fiber bends similar to what
would be found in a fiber installation at a radio-access-unit
or the antennae of a wireless broadband access link. First the
macrobending loss performance of the different fibers under
test is compared to the specification for bend insensitive fiber
(BIF) of ITU-T G.657, with results shown in Fig. 3. The tested
sample A shows marcobending losses significantly—as much
as an order of magnitude at radii of 10mm and 15mm—
below those of SMF and well below those required by ITU-T
G.657.A1. Samples B and C show similar performance at a
bending radius of 5mm with sample C showing a five times
lower loss at 7.5 mm radius; both show loss figures below the
requirements set by G.657.A2/B2 and sample C further meets
the loss requirements of G.657.B3.

As the number of bends in an installation may easily add up
to the equivalent of five to ten turns, these loss figures indicate
that while at a radius of 15mm the bending loss introduced
by SMF may be tolerable, category G.657.A1 fiber will be
required at 10 mm and A2/B2 or B3 fiber for even smaller
radii in order to remain within typical system power budgets.

Fig. 4 a) and Fig. 5 a) show the dependency of system BER
performance on the optical power Ppp incident on the PD at
1 Gbit/s and 2.5 Gbit/s respectively. Setting Ppp = 6 dBm

10 ITU-T G.657 Spec: Measured:
—©--G.657.A1 —*%— SMF
—©$—-G.657.A2/B2 —©— Sterlite A
—8--G.657.B3 —— Sterlite B

—&— Sterlite C

0.1

0.01

Induced Attenuation [dB/turn]

0.001
5 10 125 15

Bend Radius [mm]

Fig. 3. Comparison of macrobending losses of Sterlite BIF fiber samples at
1550 nm with ITU-T G.657 Al, A/B2 and B3 specifications

as reference power and assuming a required maximum BER of
1075 gives an allowable margin of just below 2dB for loss
induced by fiber bending, with a near negligible penalty for
going from 1 Gbit/s to 2.5 Gbit/s.

With the same BER limit and data rates the combinations
of fibers, radii and numbers of turns that have been found
to be allowable while maintaining system performance are
shown in Fig. 4 b) and Fig. 5 b) respectively.! The benefit
obtained by the use of G.657 fibers is immediately visible at
both data rates and it is evident that especially for small radii
category A2/B2 and B3 fiber will be a necessity. The observed
maximum allowable combinations together with the loss/turn
values from Fig. 3 adhere to the allowable loss margin of about
2 dB derived from Fig. 4 a) and Fig. 5 a). While no difference
between sample B and C fibers is observed in either Fig. 4 b)
or Fig. 5 b), an extrapolation of the number of turns up to
the found acceptable loss margin suggests respective allowable
numbers of turns of 11 and 14 at 5mm and 38 and 126 at
7.5mm, clearly showing the benefit of a fiber with bending
loss as low as found for sample C when considering complex
installations.

While the margin of 2 dB for allowable bending loss is spe-
cific to the assessed system and link, the trade-off it highlights
is a general one, requiring assessment of system parameters
such as the available power budget, logistical challenges such
as the required tolerance to bending and ease of installation as
well as economical considerations such as the additional cost
of BIF. Due to the drastic differences in loss however these
considerations are likely to be between the different types of

ISetting a BER limit of 10~3 does not significantly alter the picture with
only a single data point being changed for each of the data rates as indicated
by the V in Fig. 4 b) and A in Fig. 5 b).
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BIF rather than whether or not BIF will be included for the last
stretch of fiber in the on-site and antenna installation.

IV. CONCLUSIONS

We assessed the performance of a W-band hybrid fiber-
wireless link with 70 m wireless and 15 km fiber transmission
distance under the inclusion of 5km of bend insensitive fiber
(BIF), matching the scenarios for mobile fronthaul or wireless
broadband access.

A selection of BIFs were verified to adhere to and actually
outperform the requirements set by ITU-T G.657. With these
the impact of fiber bending at radii between 5 mm and 15 mm
on system performance has been analyzed and the trade-off
between available power budget and required tolerance to
bending has been discussed both with respect to the presented
system as well as in general terms.

The observed loss difference between SMF and BIF sug-
gests the inclusion of BIF as a key enabler for RoF solutions
for next generation mobile fronthaul and wireless broadband
access where fiber bending is unavoidable due to on-site
and antenna installation. The demonstrated benefit of BIF is
available to ROF in any frequency band and may be harnessed
in combination with wavelength division multiplexing.
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domain, employing a passive wireless transmitter and envelope detection at the receiver.
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1. Introduction

The introduction and increasing use of a variety of bandwidth intensive services and applications—including e-health
monitoring, distance learning, high resolution video streaming and holographic video conferencing—on portable con-
sumer devices has lead to an increased demand for high-speed wireless connections. The high bandwidth requirements
of such applications are beyond the capacity of the already congested conventional wireless bands and a migration to
higher frequency bands supporting greater transmission bandwidths—such as the millimeter-wave (mmw) region—is
necessary [1-4].

While currently the V-band and especially carriers at 60 GHz are the dominant focus for Gbit/s indoor wireless [3]
this region is affected by a large peak in atmospheric absorption [1], severely limiting it to short-range transmissions.
The W-band (75 GHz to 110 GHz) however does not share this limitation and may thus be a candidate for both indoor
and building-to-building transmission scenarios [3, 5] as shown in Fig. 1.

Long distance Gbit/s class W-band wireless transmission has been demonstrated with high complexity in both
the optical and radio frequency (RF) parts of the system, while on the contrary recent demonstrations with reduced
complexity and employing envelope detection have not reached beyond 10 m wireless transmission [6, 7].

In this paper we demonstrate W-band wireless transmission with a reduced-complexity setup employing a passive
wireless transmitter and a Schottky diode based envelope detection receiver. We analyze system performance and
requirements for error free transmission and their dependency on both wireless distance and RF carrier frequency. By
investigating RF carriers between 75 GHz and 87 GHz and wireless distances of 20 m to 70 m we cover the lower half
of the W-band for both indoor and building-to-building scenarios as shown in Fig. 1.

2. Experimental Setup

The W-band transmission setup with low complexity in the radio-frequency (RF) domain is depicted in Fig. 3 while
Fig. 2 shows the corresponding laboratory setup. Photonic up-conversion is employed at the transmitter, consisting of
an external cavity laser (ECL) at A = 1550nm for signal generation, followed by a Mach-Zehnder modulator (MZM)
driven with a sinusoidal at fgr/2 to generate two spectral lines spaced at fgr. While the wavelength of the ECL is
constant, the driving frequency for the MZM is varied in order to generate line spacings between 75 GHz and 87 GHz.

The signal is amplified and an arrayed waveguide grating (AWG) separates the two lines while suppressing the
original signal, allowing one line to be modulated in a second MzM. The latter is driven at data rates of 2 Gbit/s and
2.5 Gbit/s by a 2'5 — 1 bit long pseudo-random bit sequence (PRBS15) non-return-to-zero (NRZz) signal from a pulse
pattern generator (PPG). The lines are recombined, amplified and transmitted through 10 km of ITU-T G.652 standard
single-mode fiber (SMF).

At the transmit antenna a variable optical attenuator (VOA) allows variation of the power incident on the photodiode
(PD) between 0 dBm and 8 dBm, thus giving control over the power of the output RF signal at fgr resulting from the
beating of the two signal lines on the PD. A pair of parabolic antennas—with a gain of 48 dBi each—allows wireless
transmission of the RF signal over distances between 20 m and 70 m.

The received W-band signal is amplified with the help of a low noise amplifier (LNA) providing 40 dB gain before
down-conversion takes place in a Schottky diode based envelope detector (ED) with a 3 dB bandwidth of 3 GHz.
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Fig. 1. Network scenarios for the hybrid fiber-wireless link. Fig. 2. (a) Portable laboratory setup with pho-
(a)—(c) outdoor medium distance links: (a) building-to-building tonic upconversion, (b) Rack-mounted opti-
communication, (b) recovery and protection of fiber links, (c) cal setup, (c) Transmit antenna with PD, (d)
spanning obstacles and providing broadband access to rural Receive antenna with LNA and ED

ares; (d) short-range indoor wireless distribution
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Fig. 3. Experimental setup for radio-over-fiber transmission. ECL: external cavity laser, VSG: vector
signal generator, MZM: Mach-Zehnder modulator, AWG: arrayed waveguide grating, PPG: pulse pat-
tern generator, VOA: variable optical attenuator, SMF: single-mode fiber, PD: photodiode, LNA: low
noise amplifier, ED: envelope detector, DSO: digital storage oscilloscope

Employing envelope detection rather than down-conversion with an electrical mixer alleviates the need for a local
oscillator at the receiver and thus—together with employing a passive wireless transmitter and only a single LNA at
the receiver—minimizes complexity of the RF chain at both ends. Finally the received baseband signal is recorded
using a digital storage oscilloscope (DSO) and bit-error rate (BER) values are determined through offline processing,
consisting of simple thresholding and error counting over four recorded sequences with a combined length >10 Mbit.
With both RF carrier frequency and optical power incident on the photodiode tunable, this setup allows analysis of
transmission performance over a parameter space spanning the lower half of the W-band and for transmission distances
covering typical indoor environments as well as a number of building-to-building scenarios as shown in Fig. 1.

3. Experimental Results

In this work we analyze the transmission performance of a W-band hybrid photonic-wireless link transmitting over
10km SMF and wireless distances between 20 m and 70 m, employing RF carrier frequencies between 75 GHz and
87 GHz. Fig. 4 (a) shows BER as a function of power on the PD and its dependency on wireless carrier frequency.
While the general trend confirms the prediction of the Friis free-space loss model that required transmit power increases
with carrier frequency due to increased path loss, it is clear that performance across the regarded frequency band is
dominated by the variation of the involved RF equipment, rather than the frequency dependent loss which amounts to
only 1.3 dB extra loss when comparing RF carriers at 75 GHz and 87 GHz.

Fig. 4 (b) shows BER as a function of both power on the PD and distance (the displayed BER of 10~ at the high
powers indicates successful and error free transmission for the analyzed sequences with a combined length >10 Mbit),
while Fig. 5 gives a comparison of transmitter and receiver eye diagrams and shows the evolution of the latter with
wireless distance at a fixed optical power of 5 dBm. The correlation between transmission distance and required optical
power is immediately visible and at a BER of 10~® minimum optical powers of 0.7 dBm and 4.4 dBm are found for
distances of 40 m and 70 m respectively. The translation of this increase in optical power to resulting transmitted RF
power compares well with the increase necessary to overcome the additional loss of 4.9 dB resulting from the increased
transmission distance. With as much as 3 dB in additional optical power available at the PD, an increase in wireless
distance well beyond the mark of 100 m is expected to be within the power budget of the presented system.
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Fig. 5. Eye diagrams: (a) transmitter 2.5 Gbit/s NRZ signal, (b) receiver after envelope detection
of the 2.5 Gbit/s NRZ signal on an 84 GHz RF carrier and 10km SMF and 50 m to 70 m wireless
transmission for P, = 5dBm

4. Conclusions

‘We have demonstrated W-band wireless transmission with a setup of reduced complexity in the RF domain, avoiding
down-mixing by employing envelope detection at the receiver and minimizing the number of RF amplifiers through
the use of a passive wireless transmitter. Transmission with a BER < 10~¢ was achieved over distances between 20 m
and 70 m and with RF carriers between 75 GHz and 87 GHz, giving a good indication of the performance achievable
in the W-band even with reduced complexity setups and covering typical indoor and building-to-building scenarios.
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Abstract:  The performance and potential of a W-band radio-over-fiber
link is analyzed, including a characterization of the wireless channel. The
presented setup focuses on minimizing complexity in the radio frequency
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carriers at 75-87GHz over wireless distances of 30-70m. Finally the
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21.

1. Introduction

The immense growth in the usage of mobile and wireless data — driven by the use of bandwidth
intensive applications on mobile consumer devices — has lead to an increasing demand for high-
speed multi-gigabit wireless connections. In order to accommodate this need, new strategies
must be employed both in direct wireless access and in wireless point-to-point links leading
up to the access point, such as in mobile front- and backhaul, wireless building-to-building
links or wireless bridges over obstacles [1-4]. A migration away from the already congested
conventional wireless bands and towards higher frequency bands — such as the millimeter-
wave (mmWw) region — is generally considered a necessity to support the required bandwidths
and mmWw radio-over-fiber (RoF) links have been identified as a key candidate, combining the
advantages of optical and wireless communications [4-7].

Hybrid photonic-wireless links in the IEEE V- (50-75 GHz) [3, 8, 9] and W-bands (75—
110GHz) [1,10,11] and beyond [12] have been demonstrated with a variety of setups, achieving
transmission distances ranging from a few to multiple hundred meters. While carriers at 60 GHz
have been in focus for Gbit/s indoor wireless [3, 9] this region is affected by a large peak
in atmospheric absorption [6], severely limiting it to short-range transmissions. The W-band
however does not share this limitation and may thus be a candidate for indoor and building-
to-building transmission scenarios as well as mobile front- and backhaul [1-3] as shown in
Fig. 1.

To ensure the feasibility of mmWw wireless links in all the aforementioned scenarios however,
three issues require additional attention and are addressed in this article:

* characterization of the wireless channel: most efforts for channel characterization and
modelling have regarded frequencies in and below V-band or only estimated path loss
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Fig. 1. Network scenarios for the hybrid fiber-wireless link. (a)-(d) outdoor medium dis-
tance links: (a) building-to-building communication, (b) recovery and protection of fiber
links, (c) mobile front-/backhaul, (d) spanning obstacles and providing broadband access
to rural ares; (e) short-range indoor wireless distribution

[13,14]. A characterization of the W-band wireless channel has been performed [15] and
is presented in section 2.

complexity of the setup: Gbit/s class W-band wireless transmissions reaching long dis-
tances have been performed with high complexity in both the optical and radio frequency
(RF) domains; setups with reduced complexity employing envelope detection for (RF)
downconversion were suggested [10, 16], but only recently [11,17, 18] reached distances
beyond 10 m wireless transmission. A setup with a passive RF transmitter and a Schot-
tky diode based envelope detector to minimize complexity in the RF domain has been
developed [11] and is presented in section 3. Section 4 presents experimental results,
successfully transmitting 2.5 Gbit/s of data over wireless distances of 30 to 70 m with
carriers at 75 to 87 GHz as shown in section 4.1.

fiber installation: the requirements for fiber to be installed directly to the transmitting an-
tenna have not been regarded; previous investigations have focussed on the transmission
fiber and associated impairments [19,20] or on capacity enhancements through fiber spa-
tial multiplexing and multiple-input multiple-output (MIMO) RF transmission [21]. The
necessity for bend insensitive fiber (BIF) for on-site installation is obvious and similar to
the case of fiber-to-the-x [22,23] and the impact of including it in the transmission line
is analyzed and discussed in section 4.2.

Finally section 5 summarizes and concludes the article.

2. W-Band Wireless Channel Characterization

2.1.  Wireless Channel Modelling

The characterization of the phenomena affecting communication signals during propagation in
wireless systems is fundamental to the definition and development of the digital signal process-
ing required for their compensation or mitigation. The manifestations of fading channels are
commonly classified in two groups: large-scale and small-scale fading [24], with the former
mainly due to the distance between the transmitting and receiving antennas, the given environ-
ment and the resulting attenuation, while the latter is described by a number of characteristics
including the time and frequency responses of the channel.

Large-scale fading is characterized statistically by calculating the mean of the observed atten-
uation in dependence on transmission distance — path loss — and its variations around this mean
— shadowing. While a variety of models for path loss estimation is found in the literature [25],
two of the most commonly employed have been selected for comparison. The free-space loss
model (FSL, referred to as Friis model) defines path loss as in (1), where d is the distance be-
tween transmitting and receiving antenna, f the carrier frequency and c the speed of light in
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75-110 GHz

/
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Fig. 2. Schematic of the experimental setup for W-band channel characterization and pho-
tograph of the pair of pyramidal waveguide horns. LO: local oscillator, ESA: electrical spec-
trum analyzer

vacuum.
FSLig = 10log ((4nd f/c)2) = 20log (4nd [ /c) )

The generic empirical path loss model (GEPL) in (2) expresses total path loss as the observed
loss Ly at a reference distance dp and a term dependent on both distance d and the path loss
exponent n, with the latter adapting the model to the studied environment.

GEPLyp = 10nlog (d/dy) + Lo (2)

Shadowing is easily calculated from experimental path loss data as a random variable — the
shadowing parameter (0s) — with log-normal distribution additive to path loss [25].

The small-scale fading behavior of a channel includes its frequency selectivity as well as
possible multipath phenomena and is characterized by the respective associated parameters,
including coherence bandwidth (B.), root mean squared delay (7,,), Doppler shift (f;) and
coherence period (7;) [24-26].

2.2.  Channel Measurement Setup and Raw Results

For the characterization of a short distance indoor W-band wireless link a setup as depicted in
Fig. 2 is used, in which a vector signal generator (VSG) in combination with a frequency sextu-
pler generates the signal to be transmitted, while at the receiver the signal is down-converted to
intermediate frequency (IF) using a harmonic mixer driven by a 4-6 GHz local oscillator (LO).
The resulting received spectra and power levels are recorded on an electrical spectrum analyzer
(ESA). Wireless transmission is based on a pair of pyramidal waveguide horn antennas with a
mid-band gain of 25 dBi each.

In order to ensure reliability and comparability of the measurement results, the involved
VSG and ESA were adjusted to give agreeing and consistent power readings and the frequency
response of the mixer was accounted for according to manufacturer measurements; it should be
noted however that not all uncertainty may be calibrated out of the setup and a certain effect of
the equipments’ response over frequency may affect the measurement results. For the antennas
a flat frequency response is assumed across the entire sounded band.

A single-tone method as described in [26] is used to sweep the complete W-band spectrum
with a 1 MHz resolution, recording received power levels at distances between 0.5 m and 4 m.
The recorded data allows for both large and small scale analysis, but already in their raw form
as shown in Fig. 3 gives a clear indication of the distance dependency of path loss; the re-
duced performance at the upper frequency edge of the analyzed band is caused by frequency
limitations of the employed equipment.

2.3.  Large-Scale Fading Analysis

The experimentally obtained W-band path loss values are compared to the predictions of the
Friis model in Figs. 4(a) and 4(b) for distance and frequency dependency respectively. In both
cases good agreement between prediction and experimental data is found although a loss over
distance slightly higher than predicted by the Friis model is observed in Fig. 4(a), while in
Fig. 4(b) the observed loss is marginally below the prediction of the Friis model especially for
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Fig. 4. Path loss over (a) distance and (b) frequency compared to predictions based on the
Friis transmission equation (1)

the larger distances. With a mean error of 2.1 dB at 75 GHz and 4.3 dB at 110 GHz this confirms
the Friis model to be a good model for the measured point-to-point link.

The path loss exponent (n) and shadowing parameter (0g) were calculated from the experi-
mental data as discussed in [25], finding the GEPL to approximate the experimental data well
for path loss exponents of n ~ 2.2 and n ~ 2.5 at 75 GHz and 110 GHz respectively, confirm-
ing the expectations for a short directive link in an indoor environment [25]. Due to the short
distances and moderate directivity of the link, the observed shadowing is very small at 0.05 dB
and 0.12 dB for 75 GHz and 110 GHz respectively.

Overall it is clear that for short distance links under the present conditions the dependency
of path loss on distance is by far the dominant effect, with an increase in distance from 0.5 m
to 4 m resulting in an additional 13.1dB to 16.2 dB of path loss depending on frequency. This
frequency dependency of path loss seen in Fig. 4(b) implies an increase in path loss of 3.8 dB
at 0.5m, 3.3dB at2m and 1.9 dB at 4 m for an increase of frequency from 75 GHz to 110 GHz.
While small in comparison to the impact of varying distance and easily compensated in narrow
band systems, such frequency dependent variations in path loss may be detrimental to signal
integrity for systems with bandwidths as large as expected for future communication systems in
W-band. Large-scale fading analysis of the channel is thus insufficient to describe the encoun-
tered channel effects in the required detail and small-scale fading analysis becomes a necessity.

2.4.  Small-Scale Fading Analysis

For signals with bandwidths of multiple GHz — as expected in future systems and when using
photonic upconversion — the relevant channels are likely to be characterized by a multipath rich
profile, resulting in significantly lower power levels for each multipath component. Analysis of
the experimentally obtained S»; parameters using the inverse fast Fourier transformation (IFFT)
and the Hermitian method [26] allows calculation of the frequency response of the channel,
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Fig. 5. Wireless channel frequency ((a), (c)) and time ((b), (d)) response at 50 cm ((a), (b))
and 400 cm ((c), (d)) transmission distance

shown in Figs. 5(a) and 5(c) for distances of 0.5 m and 4 m respectively. Except for a dip around
80 GHz - likely due to a dip in efficiency of the frequency generation setup — and a drop
near the upper end of the band caused by the operational limits of the involved devices, the
channel frequency response is very uniform across the whole band, with its magnitude strongly
determined by path loss due to the directivity of the link.

The normalized time response of the channel — shown in Figs. 5(b) and 5(d) for distances of
0.5m and 4 m respectively — represents good approximation of the power delay profile (PDP)
of the channel [26], allowing the calculation of the corresponding root mean square delay T,
and coherence bandwidth B.. Assuming a threshold of —60 dBm for the selection of significant
multipath components, values of 7,,; = 0.16ns and B, = 6.3 GHz are obtained for d = 0.5m
while at d = 4m values of 7,,,;, = 0.40ns and B. = 2.5GHz are found. It is clear that with
increasing transmission distance the delays grow — as the difference in distance traveled by the
multipath components increases — and hence coherence bandwidth reduces. For a modulated
signal of 6 GHz bandwidth this would indicate that while at 0.5m the encountered channel
may be quasi flat, at 4 m severe frequency fading will cause a significant degradation of signal
quality. The assumed threshold of —60 dBm may appear low when considering observed path
loss and typical receiver sensitivities and with a higher threshold all significant components
might belong to the first tap of the PDP; when considering links with lower directivity or the
introduction of point-to-multipoint transmission however, the limitations posed by multipath
propagation will be significant and may result in coherence bandwidths considerably smaller
than those found.

2.5. Discussion

The results obtained from the channel characterization suggest that the well known models for
path loss estimation — i.e. Friis and the GEPL models — retain their validity in predicting large-
scale phenomena and received power levels. Multipath propagation effects have been observed
to potentially pose limits on the usable signal bandwidths, depending on link directivity, the
considered threshold level for the significance of multipath contributions and on whether trans-
mission takes place in a point-to-point or point-to-multipoint scenario. The specific channel
analyzed may be considered line-of-sight and — even though only covering short distances —
the channel characteristics found may give an indication towards conditions for longer distance
transmissions. This is especially the case if an increase in transmission distance is accompanied
by an increase in antenna directivity, such as in the following sections where wireless distances
of 30—70 m are covered by employing a pair of highly directive parabolic antennas.

While on one hand for short distance transmissions or systems with highly directive antennas
the channel may be considered as line-of-sight only, for systems with low directivity on the
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Fig. 6. Experimental setup for radio-over-fiber transmission and bend insensitive fiber anal-
ysis. ECL: external cavity laser, VSG: vector signal generator, MZM: Mach-Zehnder mod-
ulator, EDFA: erbium doped fiber amplifier, AWG: arrayed waveguide grating, PPG: pulse
pattern generator, VOA: variable optical attenuator, SMF: standard single-mode fiber, BIF:
bend insensitive fiber, PD: photodiode, LNA: low noise amplifier, ED: envelope detector,
DSO: digital storage oscilloscope

Fig. 7. (a) Portable laboratory setup with photonic upconversion, (b) rack-mounted optical
setup, (c) transmit antenna with PD, (d) receive antenna with LNA and ED, (e) mandrels of
different radii for bending analysis

other hand it may be necessary to compensate for the signal degradation resulting from path
loss and shadowing — potentially through employing a degree of diversity, gaining additional
uncorrelated estimates of the signal — and to mitigate the observed frequency selectivity, either
through pre-processing or by applying equalization.

3. Low RF Complexity Fiber-Wireless Transmission System Setup

The radio-over-fiber (ROF) transmission system employed for the analysis of transmission per-
formance and the study of mitigating fiber bending impacts through the use of bend insensitive
fiber (BIF) is shown in Figs. 6 and 7. The setup consists of three distinct parts which in a de-
ployment case would be geographically separate: (I) optical signal generation and modulation
linked by optical fiber transmission to (II) optical to radio-frequency (RF) conversion linked by
W-band RF transmission to (III) the receiver.

Signal generation — i.e. the left hand side of Fig. 6 — consists of an external cavity laser
(ECL) at A = 1550nm, followed by a Mach-Zehnder modulator (MzZM) biased at its minimum
transmission point and driven with a sinusoidal at fgr/2 to generate two spectral lines spaced
at fgr. In order to allow performance analysis at different RF carrier frequencies the frequency
of the driving signal is varied, generating line spacings of 75-87 GHz. The signal is amplified
by 22 dB using an erbium doped fiber amplifier (EDFA) with a noise figure (NF) 5.8 dB and an
arrayed waveguide grating (AWG) separates the two spectral lines, allowing to modulate one
with data. A 2'5 —1 bit long pseudo-random bit sequence (PRBS15) non-return-to-zero (NRZ)
signal at speeds between 1 Gbit/s and 2.5 Gbit/s — generated with a pulse pattern generator
(PPG) — directly drives the second MZM, biased in the linear part of its transmission curve for
optimum extinction ratio. Two variable optical attenuators (VOAs) ensure equal power of the
two arms and allow control over the output optical power. The experimental setup for signal
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Fig. 8. Signal spectra: (a) Optical signal at the output of the 3 dB coupler before fiber
transmission and photonic upconversion, for the generation of a signal with an 80 GHz
carrier; (b) Received electrical spectrum after envelope detection of the 2.5 Gbit/s NRZ
signal on an 84 GHz carrier and 70 m wireless transmission with P, = 5dBm

generation is depicted in Fig. 7(b), while Fig. 8(a) shows the spectrum of the generated signal
at the output of the coupler.

A second EDFA with a 4.3 dB NF amplifies the signal by 20 dB before it is transmitted through
10km of ITU-T G.652 standard single-mode fiber (SMF) with one of three spool samples of
Skm Sterlite BIF added to the transmission line for the investigation of performance when
subjected to macrobending. After fiber transmission the optical signal is converted to an RF
signal by beating the two spectral lines on a photodiode (PD) with a nominal 3 dB bandwidth of
100 GHz and a responsivity of 0.5 A/W. The generated RF signal is transmitted without further
amplification through a pair of parabolic antennas — shown in Figs. 7(c) and 7(d) — with a gain
of 48 dBi each.

At the receiver site the signal is amplified by a low noise amplifier (LNA) providing 40 dB
gain before down-conversion takes place in a Schottky diode based envelope detector (ED) with
a 3 dB bandwidth of 3 GHz, yielding a baseband signal as shown in Fig. 8(b) for an exemplary
case. Employing envelope detection rather than down-conversion with an electrical mixer al-
leviates the need for a local oscillator at the receiver and thus — together with the a passive
wireless transmitter and only a single LNA at the receiver — minimizes complexity of the RF
chain at both ends. Finally the received baseband signal is recorded using a digital storage
oscilloscope (DSO) and bit-error rate (BER) values are determined through offline processing,
consisting of simple thresholding and error counting over four recorded sequences with a length
>2.5 Mbit each.

For the analysis of transmission performance the power incident on the PD is varied between
0-8 dBm through the use of the second VOA while wireless distance and carrier frequency are
varied between 30-70 m and 75-87 GHz respectively. During the analysis of the effects of fiber
bending and their mitigation through the use of BIF, carrier frequency and wireless distance are
fixed to 84 GHz and 70 m respectively. Macrobending is induced by winding the different fiber
samples for 1-10 turns around mandrels with radii between 5-15 mm — shown in Fig. 7(e) —
and performance is analyzed by monitoring the resulting incident power on the PD with a 1 %
tap and by recording BER values.

4. Experimental Results

4.1.  W-Band Transmission Performance Analysis

The performance of the reduced RF complexity W-band photonic-wireless link is analyzed
for wireless links of 30-70 m and utilizing carrier frequencies between 75-87 GHz, while the
optical transmission link consists of 10km SMF in all cases. Figure 9 shows BER as a function
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Fig. 10. Eye diagrams: (a) transmitted 2.5 Gbit/s NRZ signal, (b—d) received signal after
envelope detection of the 2.5 Gbit/s NRZ signal on an 84 GHz carrier and 50—-70 m wireless
transmission with P,y = 5dBm

of power incident on the PD and compares performance dependency on wireless distance and
carrier frequency. Figure 9(a) allows analysis of frequency dependency at a fixed distance and
data rate, finding it to be low while following the trend predicted by the Friis model; with the
additional free space loss amounting to only 1.3 dB when comparing RF carriers at 75 GHz and
87 GHz performance variations of the involved RF equipment clearly dominate when regarding
frequency dependency.

Figure 9(b) details evolution of transmission performance over distance with a fixed carrier
frequency of 84 GHz, while Fig. 10 shows corresponding transmitter and receiver eye diagrams
for a fixed optical power of 5 dBm; Fig. 8(b) gives the received electrical spectrum after 70 m
wireless transmission. It should be noted that in all of Fig. 9 a plotted BER of 10~ indicates
successful and error free transmission of four sequences with a length of >2.5 Mbit each. As-
suming a BER of 10~ as reference minimum, optical powers on the PD of 0.7 dBm and 4.4 dBm
are found for distances of 40 m and 70 m respectively, translating into an increase in available
RF power adequate to overcome the additional free space loss of 4.9 dB, while also allowing
for a slightly less optimal alignment of the antennas at the larger distances.

Overall the system is found to be power limited, as is also seen in Fig. 9(c) with the surfaces
— corresponding to optical powers on the PD — neatly nested and allowing different distance-
frequency combinations depending on selected BER limit. With no error observed at 5 dBm and
an additional 3 dB in optical power available it is expected that transmission distances beyond
the mark of 100 m would be within reach of the system.
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ITU-T G.657 Al, A/B2 and B3 specifications

4.2.  Mitigation of Fiber Bending Impacts — Performance with Bend Insensitive Fiber

The first step in analyzing how BIF can help mitigate the impact of fiber bending is a comparison
of macrobending loss of the different fibers under test with the specifications of ITU-T G.657
as shown in Fig. 11. As the number of turns in an installation may easily reach the equivalent
of ten turns, the observed bending loss of SMF suggests minimum bending radii of 15 mm or
above, depending on system power budget. With losses well below those required by ITU-T
G.657.A1 and as much as an order of magnitude lower at radii of 10-15mm than those of
SMF, sample A allows significantly tighter radii. Samples B and C compare favorably to the
requirements of G.657.A2/B2 and G.657.B3 respectively with sample C showing a five times
lower loss at 7.5 mm radius, suggesting macrobending loss at this radius to be near negligible
and radii down to 5 mm to be allowable while maintaining lower loss per turn values than SMF
at 15 mm bending radius.

Further analysis of transmission performance is dependent on the system under test, but may
give a good indication of the benefit obtained through the used of BIF. At a distance of 70m
and with a carrier of 84 GHz, setting P, = 6dBm as reference power and assuming a required
maximum BER of 10¢ suggests a margin for allowable loss through fiber bending of about
2 dB. Figures 12(a) and 12(c) show the dependency of system BER performance on the optical
power P,,; incident on the PD at 1 Gbit/s and 2.5 Gbit/s respectively. Figures 12(b) and 12(d)
visualize the corresponding numbers of turns at different radii that were found to be allowable
with the different fiber samples while maintaining system performance with a BER < 107°,
while setting a BER limit of 103 does not significantly alter the picture with only a single data
point being changed for each of the data rates, as indicated by the V and A in Figs. 12(b) and
12(d) respectively. Both clearly show the benefit with respect to bending tolerance that may
be obtained with BIF and correspond well to the loss margin of 2dB. It is clear that at radii
of 10mm G.657.Al type fiber may sufficiently reduce the encountered macrobending losses,
while for even smaller radii A2/B2 and B3 fibers may be required. While in the present case
no difference was seen between samples B and C, an extrapolation of their encountered loss
per turn values from Fig. 11 up to the loss margin suggests as many as 11 and 14 turns to be
allowable at 5 mm, while at 7.5 mm up to 38 and 126 turns respectively are expected be possible
without degrading system performance.

While the margin of 2dB for allowable bending loss is specific to the assessed system and
link, the indication of requiring BIF for radii of 10 mm and below is a general one as is the
scale of the benefit to be obtained by the different fiber types. This serves to highlight the trade-
off to be found between system parameters such as the available power budget and logistical
challenges such as the required tolerance to bending and ease of installation on one side and
economical considerations such as the additional cost of BIF on the other side.
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5. Conclusions

The wireless channel in W-band was characterized and a radio-over-fiber transmission link
with reduced complexity in the RF domain demonstrated, achieving successful transmission of
a 2.5 Gbit/s signal. The wireless channel is found to be affected by multipath propagation and
resulting impairments, however in the case of short distances or high link directivity it may be
regarded as purely line-of-sight.

The complexity of the RoF link setup was reduced by employing a passive RF transmitter and
a Schottky diode based envelope detector for signal downconversion, minimizing the number
of required RF amplifiers and alleviating the need for RF mixers and a local oscillator at the
receiver. Successful transmission is demonstrated for RF carriers at 75-87 GHz — i.e. the lower
half of the W-band — and over wireless distances of 30-70 m, with distances of 100m and
beyond predicted to be achievable. The system is thus shown to be applicable in both indoor and
outdoor scenarios, including building-to-building connections and mobile front- and backhaul.

Furthermore the performance impact of including bend insensitive fiber for on-site installa-
tion was experimentally analyzed, employing three samples of Sterlite bend insensitive fiber. A
clear benefit in terms of tolerance to macrobending is found, with bend radii as small as 5 mm
and more than ten turns allowable without significant degradation of system BER performance.

Through the reduction in complexity and the inclusion of bend insensitive fiber, the applica-
bility of W-band hybrid photonic-wireless links as a key enabler for future wireless and mobile
networks is highlighted and with the obtained transmission results their performance is experi-
mentally confirmed.
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Abstract: A W-band radio-over-fiber link based on a commercial SFP+ module is demon-
strated, allowing easy integration into existing PON solutions. Without active laser control
good RF frequency stability and 225m wireless distance are achieved.
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1. Introduction

The increasing use of bandwidth intensive applications—such as high definition video streaming and holographic
video conferencing—on consumer devices has created a large demand for high-speed mobile and wireless connections.
Recent advances in mobile access technology enable the latter, resulting in the need for high-speed wireless front- and
optical backhaul solutions as radio access units need to be adequately connected to the core infrastructure. Additionally
these front- and backhaul links must seamlessly tie in with existing distribution networks such as passive optical
networks (PONs) [1]. Mm-wave radio-over-fiber (RoF) solutions stand out as a prime candidate as they combine the
relatively large available bandwidth in the mm-wave bands with easy optical distribution over significant fiber distances
and may coexist with other services on already deployed distribution networks [1, 2].

Mm-wave wireless transmissions for front- and backhaul have been demonstrated in a number of configurations
[3, 4], of which heterodyning of two independent lasers for photonic upconversion is one of the simplest and most
promising for integration of RoF links with existing infrastructure. However in oder to truly enable mm-wave backhaul
scenarios they need to be based on technology already used in deployed systems, such as SFP+ modules [1].

In this work a W-band hybrid photonic wireless link is demonstrated, based on heterodyne upconversion of the
signal of a commercial enhanced small form-factor pluggable (SFP+)—transmitted through 15 km of fiber—with an
independent laser as local oscillator. This is, to the best of our knowledge, the first SFP+-based W-band transmission
and at 2.5 Gbit/s we achieve an outdoor wireless distance of 225 m, limited only by available radio frequency power.

2. Experimental Setup

The SFP+ based W-band transmission setup with low complexity in the radio-frequency (RF) domain is depicted in
Fig. 1 while Fig. 2 shows the corresponding experimental setup. A commercial SFP+ module is fed with a 2.5 Gbit/s
215 _ 1 bit long pseudo-random bit sequence (PRBS 15) non-return-to-zero (NRZ) signal from a pulse pattern generator
(PPG) to generate a modulated optical signal which is amplified and transmitted through a combination of 10km
ITU-T G.652 standard single-mode fiber (SMF) and 5 km ITU-T G.657.B3 bend insensitive fiber (BIF).

An external cavity laser (ECL) acts as a tunable local oscillator (LO) employed for heterodyne photonic upconversion
on a photodiode (PD), with the optical input power F,,; controlled by two variable optical attenuators (VOA). The
resulting RF signal is amplified by 8 dB before being transmitted over distances between 100 m and 225 m using a pair
of parabolic antennas with a gain of 48 dBi each. At the receiver side a low noise amplifier (LNA) provides 40 dB gain
before the signal is downconverted using a Schottky diode based W-band envelope detector (ED) with a nominal 3 dB
bandwidth of 3 GHz. The baseband signal is filtered with a 1.8 GHz Bessel filter to limit noise bandwidth and recorded
on a digital storage oscilloscope (DSO).

Using heterodyne photonic upconversion and employing a commercial SFP+ for signal generation the suggested
setup minimizes complexity and cost in the optical domain, while maintaining low complexity in the RF domain by
using envelope detection.
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Fig. 1. Experimental setup for radio-over-fiber transmission. SFP+: enhanced small form-factor plug-
gable, PPG: pulse pattern generator, VOA: variable optical attenuator, LO: local oscillator, PD: photo-
diode, MPA: medium power amplifier, LNA: low noise amplifier, ED: envelope detector, LPF: Low-
pass filter, DSO: digital storage oscilloscope.
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Fig. 2. Outdoor experimental setup: (a) transmitter station, (b) receiver station, (c) evaluation board
with SFP+, (d) PD and MPA mounted on transmit antenna, (¢) LNA and ED mounted on receive
antenna, (f) geographic overview of experiment location and wireless transmission path.

3. Experimental Results

Since heterodyne photonic upconversion is performed with two independent lasers and without actively tracking the
wavelength of the signal with the LO any wavelength drift of the two lasers may result in a frequency drift of the
generated RF signal. Fig. 3 shows the results of an indoor stability measurement over 12h, finding power stability
of the lasers to be within +0.3 dB of the set power while a small wavelength drift is observed on both lasers after
power on, stabilizing after ca. 2 h to small variations within +0.02 nm. The resulting RF carrier frequency is shown in
Fig. 3 (d) and found to vary by less than +0.5 GHz across the whole 12 h period, despite the uncontrolled drift of laser
wavelength observed after power on. This variation is small in comparison to both the bandwidth available in W-band
and that of the signal, confirming no active control of the RF generation to be needed.

Hybrid photonic wireless transmission is performed over a total of 15km of fiber and wireless distances of 100 m
to 225 m while monitoring received signal quality. Error free transmission was achieved at all distances with recorded
sequences of a total length >25 Mbit, suggesting a BER on the order of 107 or lower. Fig. 4 confirms this by plot-
ting experimentally obtained Q factors over distance alongside resulting BER estimates according to (1), finding an
estimated BER of 2.6 x 108 at 225 m and even lower error rates for shorter distances.

BER ~ 3 /4erfc (Q/ﬁ) )

The observed Q factors suggest a linear relation to distance and thus the system to be limited by received power and
additive white gaussian noise. They further confirm and adhere to expectations derived from previous experiments in
similar conditions [4].

The presented system setup based on a commercial SFP+ module offers seamless integration of W-band radio access
units into existing optical distribution schemes such as PONand WDM point-to-point links based on standard SFP+
pluggables. Despite allowing both lasers to freely drift with no tracking of the signal frequency with the LO the system
achieves good frequency stability, allowing reliable transmission of a signal of 5 GHz bandwidth within an allocation
of only 6 GHz. Allowing for an additional guard band of 1 GHz between channels this suggests an availability of 5
similar channels within the lightly licensed W-band.
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Fig. 4. Observed Q factors and derived BER estimates after 225 m wireless transmission of a
2.5 Gbit/s signal on an 86 GHz carrier.

4. Conclusions

A ROF link based on a commercial SFP+ module and employing heterodyne photonic upconversion has been demon-
strated, including analysis of the frequency stability of the generated RF carrier. The observed stability suggests up to
five channels of 5 GHz bandwidth to be available in the W-band and with the achieved transmission distance of 225 m
only limited by available RF transmission power longer distances should be achievable. This highlights the possibility
and demonstrates the feasibility of seamlessly extending existing PON structures to enable front- and backhaul to radio
access units, based on commercial SFP+ modules.
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Abstract—This letter proposes a W-band hybrid pho-
tonic wireless link based on a commercial small form-factor
pluggable (SFP+) module and experimentally demonstrates its
performance. Using a free running laser as local oscillator and
heterodyne photonic upconversion, good frequency stability is
achieved. Outdoor wireless transmission over 225 m with a bit
error rate below 10™° is demonstrated, and the maximum reach
of the system with typical RF comp ts is calculated, finding
wireless distances above 2 km to be feasible. Being based on a
commercial SFP+, the proposed hybrid photonic wireless link
offers seamless integration with existing distribution networks
and passive optical networks, and thus paves the way for future
mobile front- and backhaul architectures.

Index Terms— Radio-over-fiber, millimeter-wave communica-
tions, W-band wireless, microwave photonics, small form factor
pluggables.

I. INTRODUCTION

HE increasing use of bandwidth intensive applications—

such as high definition video streaming and holographic
video conferencing—on consumer devices has created a large
demand for high-speed mobile and wireless connections.
To enable these, a transition away from the already crowded
and congested conventional wireless bands is necessary and
millimeter wave (mm-wave) frequencies in the IEEE V- and
W-bands (40-75 GHz and 75-110 GHz) are seen as prime
candidates [1]-[4]. While the region around 60GHz has
received major attention with regards to indoor wireless dis-
tribution [2], frequencies at 71-76 GHz and 81-86 GHz—
commonly referred to as E-band after the corresponding
waveguide band—are the prime candidates for medium and
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long distance mm-wave wireless links, due to the lower
atmospheric absorption [2] and the large continuous spectrum
allocations for wireless communications [5], [6].

Supporting the density and data rates envisioned for the
coming generations of mobile networks will require major
changes to front-, mid- and backhaul architectures for radio
access units (RAUs) [5] and thus to the way the latter are
connected to and integrated with the core infrastructure.
Additionally these new front-, mid- and backhaul links must
seamlessly tie in with existing optical distribution networks
such as passive optical networks (PONs) [1], [7]. Radio-over-
fiber (ROF) links in the mm-wave range stand out as prime
candidates since they combine the relatively large available
bandwidths in the mm-wave bands with the easy optical
distribution over significant fiber distances [1], [8].

Mm-wave photonic wireless links have been demonstrated
in a number of configurations [6]-[13], of which heterodyning
of two independent lasers for photonic upconversion is one
of the most promising for integration with existing optical
distribution infrastructure [7]. However in order to make these
truly feasible they do not only need to easily integrate with
already deployed systems, but also need to be based on
technology already used therein, such as enhanced small form-
factor pluggable modules (SFP+) [7].

In [13] a W-band photonic wireless link based on a com-
mercial SFP+ module was demonstrated, enabling seamless
integration with existing optical distribution networks based on
SFP+ modules, such as PONs and wavelength division multi-
plexing (WDM) point-to-point links. The radio frequency (RF)
signal is generated through heterodyne photonic upconver-
sion with an independent laser as local oscillator. This was,
to the best of our knowledge, the first SFP+ based W-band
transmission and at 2.5Gbit/s achieved an outdoor wireless
distance of 225m. In this letter we discuss the link and
setup in more detail and give a calculation of the maxi-
mum achievable distance with increased transmission power,
using readily available mm-wave RF equipment and showing
wireless distances in excess of 2km to be within reach.

The letter is structured as follows: section II describes the
SFP+ based setup and section III discusses the experimental
results, including analysis of the frequency stability of the
generated RF signal (III-A), transmission performance for
wireless distances of 100-225 m (III-B) and evaluation of
the maximum wireless range of the presented setup (III-C).
Section ITI-D gives a short discussion of the results, before
finally section IV summarizes and concludes the letter.

republication/redistribution requires IEEE permission.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Experimental setup for hybrid photonic wireless transmission. SFP+: enhanced small form-factor pluggable, PPG: pulse pattern generator, VOA:

variable optical attenuator, LO: local oscillator, PD: photodiode, MPA: medium
filter, DSO: digital storage oscilloscope.
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Fig. 2. Outdoor experimental setup: (a) transmitter station, (b) receiver station, (c) evaluation board with SFP+, (d) PD and MPA mounted on transmit antenna,
(e) LNA and ED mounted on receive antenna, (f) geographic overview of experiment location and wireless transmission path.

II. SFP+ BASED W-BAND TRANSMISSION SETUP

The SFP+ based W-band transmission setup is depicted
in Fig. 1 and consists of three sections which in a deployment
case would be geographically separate:

(I) Optical Line Termination: generates the optical signal,
based on a commercial enhanced small form-factor plug-
gable (SFP+). Linked by optical fiber transmission to

(II) Radio Access Unit: performs optical to radio-frequency
conversion and allows W-band wireless transmission to

(IIT) Wireless Receiver: receives the W-band signal and down-
converts it to baseband.

The outdoor experimental setup is shown in Fig. 2 and
consists of a transmitter station—where optical line termi-
nation (OLT), fiber transmission and radio access unit (RAU)
are co-located—and a receiver station. The optical signal is
generated using a SFP+ module (Finisar FTLX1672M3BCL),
which includes a limiting driver and is fed a 2.5Gbit/s 2!> — 1
bit long pseudo-random bit sequence (PRBS15) non-return-
to-zero (NRZ) signal from a pulse pattern generator (PPG).
The output of the SFP+ has an extinction ratio of 9dB and
0dBm optical power. The signal is amplified and transmitted
through a combination of 10km ITU-T G.652 standard single-
mode fiber (SMF) and 5km ITU-T G.657.B3 bend insensitive
fiber (BIF), representing a typical optical link and allowing
for the inclusion of BIF for on-site installation and antenna
feeding.

For optical to RF conversion an external cavity laser (ECL)
acts as a tunable local oscillator (LO) for heterodyne photonic
upconversion on a photodiode (PD). The optical input power
Pop incident on the PD is controlled through two variable
optical attenuators (VOAs), allowing separate adjustment of
signal and LO powers. The RF signal is amplified by 8dB using
a medium power RF amplifier (MPA) before being transmitted

over 100-225 m using a pair of parabolic antennas with a gain
of 48dBi each.

At the receiver station a low noise amplifier (LNA) provides
40dB gain before the signal is downconverted using a Schottky
diode based W-band envelope detector (ED) with a nominal
3dB bandwidth of 3GHz. A low pass Bessel filter with a 3dB
cutoff frequency of 1.8GHz limits noise bandwidth before the
signal is recorded on a digital storage oscilloscope (DSO) to
determine received signal quality and for offline error counting
to estimate bit error rates (BER).

The suggested setup minimizes cost and complexity in the
optical domain by using heterodyne photonic upconversion
and by employing a commercial SFP+ for signal generation,
which further allows easy integration with existing deployed
infrastructure. The use of envelope detection allows a simple
RF setup at the receiver, while the RF transmitter requires only
a single MPA.

III. EXPERIMENTAL RESULTS
A. Frequency Stability of the Generated mm-Wave Signal

Frequency stability of the RF signal is a requirement in any
wireless transmission and thus the stability of the signal gen-
erated with the SFP+ based setup has been analyzed. With a
free running laser as LO and no tracking of signal wavelength,
any wavelength drift of the two involved lasers may result in a
frequency drift of the generated RF signal and thus spectra of
the optical signal just before upconversion have been recorded
over 12h at intervals of 30s. Fig. 3 (a) shows the recorded
spectra over time, while Fig. 3 (b) and (c) show laser powers
and frequencies; Fig. 3 (d) finally shows the frequency of the
generated RF carrier over time. Power stability of the lasers is
found to be within +0.3dB of the power levels set, while on
the laser wavelength a small drift is observed after power on,



ROMMEL et al.: OUTDOOR W-BAND HYBRID PHOTONIC WIRELESS LINK BASED ON AN OPTICAL SFP+ MODULE

1547.0
1547.5°

154%.0 < Time [h]
Wavelength [nm)] 1548570 Power [dBm)]
E 35 — Pgpp Pro (b)
q n NI, I
= 3.0 e ¥ L, ki el
g B
z 25 - T ——
&0 2 4 6 8 10 12
= 1547.945 — —
g 1547.945 hspps Ao (c)
= 1547.935
2
e
B M
<
=
~1547.245
2 1 6 B 10 12
g 86.4 — fur (d)
= 85.9
g
£ 854
g 0 2 1 6 8 10 12
& Time [h]
Fig. 3. sFP+ and LO laser power and wavelength and resulting RF carrier

frequency stability over 12h: (a) recorded spectra, (b) laser powers, (c) laser
wavelengths, (d) RF carrier frequency.

stabilizing to variation within £0.02nm after ca. 2h. With both
lasers only featuring basic in-package cooling, similar or better
stability may be achieved with improved temperature control,
even if signal generation and upconversion take place under
different ambient conditions.

The resulting RF carrier is found to vary by less than
+0.5GHz across the whole 12h period, despite the wave-
length drift observed after power on. While clearly above the
+150ppm recommended by the ITU-R [14], such a variation
may be acceptable for a highly directive point to point trans-
mission link with a large bandwidth and is found to not affect
the presented system. To adhere to ITU-R recommendations,
setups based on a single laser are likely to be required [15]
and thus a trade-off between complexity, easy integration with
PON systems and RF frequency stability needs to be found.

B. Outdoor W-Band Wireless Transmission Results
W-band wireless transmission is performed outdoors on the
university campus over distances of 100-225 m. The optical
power incident on the photodiode Pop is set to S5dBm and the
received signal quality is monitored in distance steps of 25m.
Transmission was found to be error free at all distances with
recorded sequences of a total length >25 Mbit, suggesting a
BER on the order of 107 or lower. Calculation of the Q factor
of the received signals and estimating BER as:
0=18K )

o1+ 00

BER ~ 3/4erfc (Q/ﬁ) 2)
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Fig. 4. Observed Q factors and derived BER estimates after 225m wireless
transmission of a 2.5Gbit/s signal on an 86GHz carrier.

(where 9, w1 are the mean values of the signal levels
and o, o their standard deviation) finds an estimated BER
of 2.6 x 1078 at 225m and even lower error rates for shorter
distances, confirming the performance estimate derived from
observing no errors. This confirms the viability of using a
SFP+ in RoF links despite its larger linewidth and lower extinc-
tion ratio and suggests higher order amplitude modulation
formats to be possible if an SFP+ with linear drivers is used.

Fig. 4 plots the obtained Q factors over distance alongside
resulting BER estimates, suggesting a linear relation with dis-
tance and thus the system to be limited by available transmitter
power and additive white Gaussian noise. They further confirm
and adhere to expectations derived from previous experiments
in similar conditions [8] and that due to its high directivity the
link may be considered practically line-of-sight, even at 225m
wireless distance.

C. Maximum Achievable Wireless Distance

Further comparison of transmission performance with that
found in [8] where a similar setup—in particular the same
receiver—was employed, allows estimation of the maximum
achievable distance for a system limited by the available
RF transmitter power. From the photocurrents observed at
the optical to RF conversion stage the RF signal level Ppp
generated by the PD at a reference optical power of Poy =
5dBm is easily estimated and found to be —9dBm. Together
with the antenna gains and the loss observed in the wireless
channel this allows an estimation of the receiver sensitivity.

Assuming line of sight transmission, the loss in the wireless
channel L can be estimated as the sum of free space propaga-
tion loss Lgs following the Friis’ model and the atmospheric
absorption La [2], [4]:

Lrs = 10log ((47rdf/c)2) = 20log (4ndffc) (3
L = Lps + Lad = 20log (4ndf/c) + Lad ()

where c is the speed of light in vacuum, f the carrier frequency
and d the transmission distance; an atmospheric absorption
La of 0.2dB/km for transmission at 86GHz [2] is used
for receiver sensitivity and maximum distance estimations.
The received power Prx at the output of the receiver antenna
is then easily estimated from the generated RF power Ppp,
the amplifier gains at the transmitter G amp, the antenna gains
Gty and GRry and the attenuation during transmission L:

Prx = Ppp + Gamp + G1x — L + GRx 5

With Eq. (5) the values from this letter and those of [8]
independently yield a receiver sensitivity of —23dBm.
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TABLE I
MAXIMUM ACHIEVABLE WIRELESS DISTANCE

Amplifiers Ppp GAmp Pry dMax
[dBm] [dB] [dBm] [m]

none -9 0 -9 85

MPA1 -9 8 -1 220

LNA -9 19 10 770

LNA+MPA2 -9 29 20 2340

With the receiver sensitivity known, the maximum wireless
reach of the system can be estimated, depending on the
received optical power and the RF amplifier configuration at
the wireless transmitter. Fig. 5 shows received power over
distance for a number of amplifier configurations and Table I
compares the corresponding radiated powers and maximum
achievable distances. The calculated distances of 85-2340 m
fit the experimentally demonstrated distances of this letter and
[8] and suggest distances in excess of 2km to be reachable
with only two amplifiers required at the transmitter and while
maintaining the same low complexity Schottky diode based
wireless receiver. It should be noted however that for links of
such distances, multipath propagation and associated fading
may come in to effect [4], making the link no longer line-of-
sight as considered in [8] and this letter.

D. Discussion

Using the signal from a standard commercial SFP+, the pre-
sented system is designed to use equipment already deployed
in distribution networks such as PONs. With a free running
laser as local oscillator it enables hybrid RAUs for mobile
front-, mid- and backhaul, while demonstrating seamless inte-
gration beyond that of [7]. The system combines a commercial
SFP+, a free running LO for up- and envelope detection
for downconversion to offer a radio-over-fiber link with high
capacity, large wavelength drift tolerance and seamless inte-
gration with existing optical distribution networks.

Analysis of transmission performance shows bit error rates
below 107 at a wireless distance of 225m and evaluation of
the maximum wireless reach of the proposed system shows
wireless links of up to 2340m to be possible. The system
achieves sufficient frequency stability to allow reliable trans-
mission of a 2.5Gbit/s signal, despite allowing both lasers
to drift freely. Allowing a guard band of 1.5GHz between
channels, this suggests an availability of 5 channels in the
lightly licensed W-band. With 15km of fiber transmission
included in the experiment this demonstrates that the reach
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necessary for future front-, mid- or backhaul links can be
achieved with readily available technology.

IV. CONCLUSIONS

In this letter a hybrid photonic wireless link based on a
commercial SFP+ module and employing heterodyne photonic
upconversion has been demonstrated. Experimental analysis
includes frequency stability measurement of the generated RF
signal and wireless transmission over distances up to 225m at
data rates of 2.5Gbit/s with BER < 107°. Wireless distance
is found to be limited only by the available transmitter RF
power and calculation of the maximum achievable distance
with typical RF amplifiers at the transmitter yields a wireless
reach of well above 2km, confirming the potential of long
distance mm-wave links.

The presented system setup based on a commercial SFP+
module offers seamless integration of hybrid W-band radio
access units into existing optical distribution schemes, such
as PON and WDM point-to-point links based on standard
commercial SFP+ modules.
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Abstract: ~ We demonstrate transmission of a 4Gbit/s duobinary signal over a Ka-band
hybrid photonic-wireless link consisting of 12.5km SMF and 2m wireless distance, using RF

carrier frequencies aligned with the Ka-band spectrum allocations for mobile communications.
OCIS codes: (060.5625) Radio frequency photonics; (060.4510) Optical communications.

1. Introduction

The ever increasing demand for high-speed mobile data services and resulting need for larger bandwidth channels
have brought millimeter wave (mmWw) carrier frequencies into the focus for future wireless communications [1-3]. In
the IEEE Ka-band, i.e. the frequency range between 26.5 GHz and 40 GHz and thus the lower edge of the mmWw range,
two bands around 28 GHz and 36 GHz have been allocated for possible use in mobile communication networks with
an additional allocation in the adjacent K-band at 24 GHz. These bands have attracted considerable interest [1,2] and
channel characterizations have found them suitable for both indoor and outdoor communications [1].

Although these bands allow for larger channel bandwidths the efficient use thereof remains an important issue and
a trade-off between spectral efficiency and the complexity of transmitting and receiving equipment must be found.
Duobinary signaling has been shown to allow doubling the spectral efficiency compared to on-off keying [4-6] while
maintaining receiver simplicity.

In this paper we demonstrate transmission of a 4 Gbit/s duobinary signal over a Ka-band hybrid photonic-wireless
link, including fiber transmission over 12.5 km and wireless distances up to 2 m.

2. Duobinary Signaling

Polybinary or partial response signaling has been proposed to reduce the spectral occupation of a signal by introducing
correlation between adjacent transmission symbols [4—6]. In the case where a polybinary sequence is generated digi-
tally rather than through strong filtering of an NRZ signal [7] this correlation is introduced by transmitting an M-level
sequence {c;} where each symbol is the algebraic sum of the current and M — 2 preceding bits of the sequence {by }:

M-2
=Y bii 1)
i=0

If the elements of the latter are obtained from an input bit sequence {a;} and M — 2 of its own previous elements
according to the precoding relationship

bi=ar®b_1 Obr2®...®br_p+2 (2)

(where @ represents the exclusive-or binary logic), then at the receiver an estimate {4y} of the sequence {a} can be
recovered element-wise by a simple symbol-by-symbol detector performing the modulo 2 operation on the value of
the elements of the received sequence {¢&;}

ay = ¢xmod?2 3)
preventing error propagation which would affect uncoded polybinary signaling [5].

For duobinary signaling—the simplest case of polybinary signaling with M = 3—this allows a reduction of spectral
occupation by a factor of two as shown in Fig. 1, comparing the bandwidth of 4 Gbit/s NRZ and duobinary signals
generated with an arbitrary waveform generator. The observed 3 dB bandwidths of 1.5 GHz and 0.75 GHz and 10dB
bandwidths of 2.8 GHz and 1.4 GHz respectively further show the 10dB bandwidth of the duobinary signal to be
below the 3 dB bandwidth of the NRZ signal of the same data rate.
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Fig. 2. Experimental setup for Ka-band hybrid photonic-wireless transmission. ECL: external cavity
laser, VSG: vector signal generator, MZM: Mach-Zehnder modulator, AWG: arrayed waveguide grat-
ing, WG: arbitrary waveform generator, VOA: variable optical attenuator, SMF: single-mode fiber,
PD: photodiode, BBA: RF broadband amplifier, DSO: digital storage oscilloscope

3. Experimental Setup

The Ka-band transmission setup is depicted in Fig. 2. Photonic up-conversion is employed at the transmitter, consist-
ing of an external cavity laser (ECL) at A = 1550nm, followed by a Mach-Zehnder modulator (MzM) driven with a
sinusoidal at fgr/2 to generate two spectral lines spaced at fgr. While the wavelength of the ECL is constant, the
driving frequency for the MZM is varied in order to generate line spacings between 24 GHz and 36 GHz.

The signal is amplified and an arrayed waveguide grating (AWG) separates the two lines while suppressing the
residual carrier, allowing one line to be modulated with a 4 Gbit/s duobinary signal in a second MZM driven by the
amplified output of an arbitrary waveform generator (WG). The duobinary signal is generated offline by precoding a
215 1 bit long pseudo-random bit sequence (PRBS15) according to (2) and duobinary signal generation as in (1); it is
upsampled to 12 GSa/s and uploaded to the output memory of the WG. The two signal lines are recombined, amplified
and transmitted through 12.5 km of ITU-T G.652 standard single-mode fiber (SMF).

At the transmit antenna a variable optical attenuator (VOA) allows variation of the optical power F,, incident on
the photodiode (PD) between 0 dBm and 8 dBm, thus affording control over the power of the output RF signal at fgr
resulting from the beating of the two signal lines on the PD. The RF signal is amplified with a broadband RF amplifier
(BBA) with a nominal gain and 3 dB bandwidth of 29 dB and 38 GHz respectively. A pair of Ka-band pyramidal horn
antennas—with a gain of 20 dBi each—allows wireless transmission of the RF signal.

The received signal is directly recorded using a digital storage oscilloscope (DSO) and digitally bandfiltered, down-
converted and low-pass filtered in offline signal processing. Finally bit-error rate (BER) values are determined through
symbol-by-symbol detection as per (3) and error counting over multiple recorded sequences with a combined length
>1 Mbit.

4. Experimental Results

We demonstrate transmission of a 4 Gbit/s duobinary signal over a hybrid photonic-wireless link using RF carrier
frequencies in the Ka-band. Transmission performance is analyzed as a function of optical power P,,; incident on the
PD and for carrier frequencies representative of the frequency bands allocated to mobile transmissions in the Ka-band.

Fig. 3 shows obtained BER values for transmission over 12.5 km of SMF and wireless distances of 1 m and 2 m, using
RF carriers at 24 GHz, 28 GHz and 36 GHz. In all cases transmission performance increases with increasing power on
the PD—and thus increasing RF power—up to an optimum of about F,,; = 5dBm, beyond which performance begins
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after transmission over 12.5 km SMF and wireless distances of 1 m and 2 m

to degrade due to the PD becoming saturated.

While the performance with Ka-band carriers at 28 GHz and 36 GHz is very similar—with slight improvements
from higher antenna gain and directivity for the higher frequency carrier—the performance of the K-band carrier at
24 GHz is severely degraded by being at the very edge of the antenna transmission region. Consequently while at 1 m
wireless distance and optimum incident power the performance of all carriers remains below the 3.8 -10~3 BER limit of
a7 % overhead (OH) commercial forward error correction (FEC), at 2 m this is only case for the Ka-band carriers. The
limitation of transmission distance is due to low received RF powers and the consequent impact of quantization noise;
an extension of transmission distance is expected to be possible through introducing additional RF amplification.

5. Conclusions

In this work we demonstrated transmission of a 4 Gbit/s duobinary signal over a Ka-band hybrid photonic-wireless
link employing a set of RF carriers in the frequency bands allocated for possible use in mobile communications.
Transmission with BER below the limit of a commercial FEC with 7 % overhead is achieved over 12.5 km SMF and 2 m
wireless distance.
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Abstract—In this paper the transmission of a 15Gbit/s duobi-
nary signal over a W-band hybrid photonic wireless link is
demonstrated experimentally. The radio-over-fiber link consists
of 10km SMF and a wireless distance of 50m, utilizing RF carriers
at 83-87GHz. Transmission of a 15Gbit/s duobinary signal is
achieved with a BER of 2.9x107, i.e. below the limit for a 7%
overhead FEC.

Index Terms—Radio-over-fiber, millimeter-wave communica-
tions, W-band wireless, duobinary transmission.

I. INTRODUCTION

Mobile and wireless connections have evolved to become
the most common data connection, providing access to the
internet anywhere and at any time for billions of users around
the globe [1]. With their abundance and the increased wire-
less use of bandwidth intensive applications—such as video
conferencing, online gaming and cloud storage—however,
come challenges to the availability of link capacity and radio
spectrum. The use of wireless frequencies in the millimeter-
wave (mm-wave) range has been suggested for mobile access,
mobile front-, mid- and backhaul as well as for direct point-to-
point wireless access [2]-[4]. While for indoor, short-distance
wireless distribution the region around 60 GHz is the major
focus [2], the IEEE W-band—i.e. frequencies in the range 75—
110 GHz—is seen as the prime candidate for medium and long
distance mm-wave wireless links, but to its lower atmospheric
absorption [2] and the large continuous spectrum allocations
for wireless communications under light licensing conditions
[51-71.

The use of polybinary—or partial response—signaling,
where a correlation between adjacent symbols is introduced to
reduce a signal’s spectral width, was suggested and discussed
in the 1960s [8]-[10] and has more recently attracted signif-
icant interest as a possible candidate to increase the capacity
available from severely band-limited channels [11]-[18].

In this paper duobinary signaling is employed for high
data rate transmission over a mm-wave radio-over-fiber (RoOF)
link consisting of 10km ITU-T G.652 [19] standard single
mode fiber (SMF) and a wireless distance of 50 m. Photonic
upconversion allows direct generation of radio frequency (RF)
signals in the IEEE W-band, carrying the duobinary signal,
while a balanced mixer is employed at the receiver for signal
downconversion. Transmission of a 15 Gbit/s duobinary signal
is achieved with a bit error rate (BER) below the limit of

978-1-5090-1535-1/16/$31.00 ©2016 IEEE

a commercial 7 % overhead forward error correction (FEC),
demonstrating the viability of duobinary signaling to increase
the capacity achievable in mm-wave RoF links without signif-
icantly increasing complexity. Demonstrating transmission at
data rates of 11.6 Gbit/s, 12.5 Gbit/s and 15 Gbit/s the system
lends itself ideally as a wireless bridge, allowing the transport
of ITU-T G.709 OTU2, OTU2e and OTU2f signals [20] while
allowing for a sufficient overhead.

The remainder of this paper is structured as follows: sec-
tion II discusses duobinary signal generation and the signals
employed in the experiment, section III discusses the trans-
mission setup, while section IV presents and discusses the
achieved results. Section V finally summarizes and concludes
the paper.

II. DUOBINARY SIGNALING

In polybinary signaling, a correlation between adjacent
symbols is introduced to reduce a signal’s spectral width,
while maintaining the symbol and data rate. The correlation
between the adjacent symbols may be introduced digitally by
transmitting a sequence {cy } with M signal levels, where each
symbol is the algebraic sum of the current and M —2 previous
bits of the bit sequence {by}

M—2

=3 bis (1)
i=0

or through strong filtering of the signal—in digital signal
processing or with the help of analog filters. The bit sequence
{b)} is obtained from the input bit sequence {ay} through a
pre-coding, applied in order to prevent error propagation and
to facilitate easy symbol by symbol detection at the receiver
[9]:

by =0ar b1 Pbr2D... Dbr_p42 ()

(where @ represents the exclusive-or binary logic). A simple
symbol-by-symbol detector performing the modulo 2 opera-
tion on the value of the elements of the received sequence
{¢x} then allows the receiver to gain an estimate {ay} of the
original bit sequence {ay}:

ap = ¢ mod 2 3)

Obviously a combination of the digital pre-coding and mul-
tilevel signal generation with a digital or analog filter may
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Fig. 2. Schematic of the experimental setup; ECL: external cavity laser, MZM: Mach-Zehnder modulator, VSG: vector signal generator, RF: radio frequency,
EDFA: erbium doped fiber amplifier, AWGG: arrayed waveguide grating, AWG: arbitrary waveform generator, BAL: balun, VOA: variable optical attenuator, SMF:
standard single mode fiber, PD: photodiode, MPA: medium power amplifier, LNA: low noise amplifier, LO: local oscillator, DSO: digital storage oscilloscope.
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Fig. 1. Normalized spectrum of the generated filtered duobinary signal at
a speed of 15Gbit/s, compared to the normalized specra of an unfiltered
duobinary signal and an NRZ signal of the same data rate.

combine the advantage of preventing error propagation with
that of achieving a stronger suppression of the signal compo-
nents outside the desired range.

In the presented work a number of duobinary signals—i.e.
the simplest case of polybinary signaling with M = 3—is
generated according to Egs. (2) and (1) and digitally filtered
to half the signal baud rate. The thus generated signals have
half the 3 dB bandwidth of non-return to zero (NRZ) of the
same bit- and baudrate, but further feature a much increased
suppression at higher frequencies, as observed in Fig. 1.

In the presented case of a 15 Gbit/s signal, 3 dB bandwidths
of 10GHz and 5GHz are observed for the NRZ and duobi-
nary signals respectively, while the filtered duobinary signal
additionally features a 10dB bandwidth of only 7 GHz.

III. EXPERIMENTAL SETUP

The experimental setup used to demonstrate high-capacity
duobinary transmission over a hybrid photonic-wireless link is
schematically shown in Fig. 2 and consists of three sections
that are linked by fiber and wireless transmission respectively.
An optical signal with two spectral lines spaced at the desired
frequency of the radio carrier frr and carrying the duobinary
signal is generated at the transmitter station—the equivalent
to an optical line terminal (OLT) in a passive optical network
(PON). The signal is transmitted through 10km of ITU-T
G.652 standard single mode fiber (SMF) to the optical to radio
frequency (RF) conversion station, converting the signal to a
mm-wave RF signal and constituting the equivalent of a radio
access unit (RAU). The RF signal is transmitted wirelessly over

a distance of 50 m to the wireless receiver which downconverts
the signal and analyzes transmission quality in terms of bit
error rate (BER). The setup of the different stations is described
in detail in the following sections.

A. Optical Signal Generation

The optical signal is generated by an external cavity laser
(ECcL) at A = 1550 nm, followed by a Mach-Zehnder mod-
ulator (MzM) biased at its minimum transmission point and
driven from a vector signal generator (VSG) with a sinusoid
at a frequency of frr/2, generating the second harmonic
and thus resulting in two spectral lines spaced at frp. After
amplification in an erbium doped fiber amplifier (EDFA) the
spectral lines are separated with the help of an arrayed
waveguide grating (AWGG), allowing one to be modulated in
a second MZM driven with the duobinary data signal.

The latter was digitally produced—as discussed section II—
from a pseudorandom bit sequence (PRBS) with a length of
2151 bits and generated with an arbitrary waveform generator
(AWG), converted to an unbalanced signal with a balun (BAL)
and amplified to achieve a voltage swing sufficient to drive
the MzZM. On the second arm a variable optical attenuator
(voA) allows adjustment of the optical power to achieve a
balance between the two sides before they are coupled and
amplified by another EDFA for transmission. A second VOA
allows control of the launched power and thus the power at
the optical-to-RF conversion stage after transmission through
10km of ITU-T G.652 SMF.

For laboratory convenience the optical signal generation
station is housed in a half-size rack, shown in Fig. 3(a).

B. Optical to Radio Frequency Conversion

The optical to RF conversion station is designed for min-
imum complexity and consists of a high-speed photodiode
(PD) with a 3dB bandwidth of 90 GHz and a responsivity of
0.5 A/W on which the RF signal is generated through beating
of the two optical lines, followed by a medium power amplifier
(MPA), boosting the RF signal by 10dB; both PD and MPA
are shown in Fig. 3(e). Wireless transmission over a distance of
50m with a pair of parabolic antennas—providing an antenna
gain of 48dBi each—links the wireless transmitter to the
receiver station. The wireless path, transmitter and receiver
antennas are shown in Figs. 3(b)—(d) respectively.
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Fig. 3. Laboratory setup for duobinary transmittion in W-band; (a) optical
signal generation, (b) optical to RF conversion station and transmission path,
(c)—(d) transmitter and receiver parabolic antennas, (e) PD and MPA at optical
to RF conversion, (f) LNA mixer and frequency doubler at the wireless
receiver.

C. Wireless Receiver and Signal Processing

The received RF signal is amplified by 20dB using a
low noise amplifier (LNA) before it is downconverted to an
intermediate frequency (IF) at fir = frr — fLo in a balanced
mixer. The local oscillator (LO) for the mixer is obtained
from a passive frequency doubler, driven with a sinusoid at
fro/2 from a second VSG; the combination of LNA, mixer
and frequency doubler is shown in Fig. 3(f). A blocking
capacitor blocks any direct-current, before the resulting IF
signal undergoes a final amplification and is recorded on a
digital storage oscilloscope (DSO) for offline processing.

The signal processing consists of a Costas loop [21] for
carrier frequency recovery to allow conversion of the IF signal
to baseband, after it was band-filtered for noise bandwith
reduction. The baseband signal is further low-pass filtered and
downsampled, before being equalized in a decision feedback
equalizer (DFE) with 32 feed forward and feedback taps.
Duobinary decoding is performed with a modulo two operation
as discussed in Eq. (3) and finally the BER is determined
through error counting over four recorded sequences with a
length of more than 0.1 MSymbol each.

IV. PERFORMANCE MEASUREMENTS AND DISCUSSION

To evaluate the performance of duobinary transmission over
a W-band hybrid photonic wireless link with the presented
setup, a number of signals are generated with data rates be-
tween 11.6 GHbit/s and 20 GHbit/s. The RF carrier frequency
frr and LO frequency fro are adjusted to allow an IF large
enough to support the data signal; an overview of the signal
speed and frequency configurations tests is given in Table L.

Fig. 4 shows the spectrum of the 15 Gbit/s duobinary spec-
trum on its 9 GHz IF carrier, showing a heavily distorted upper
sideband and a significant mixing component at the harmonic

TABLE I
EMPLOYED DATA RATES, CORRESPONDING RF, LO AND IF FREQUENCIES
AND RESULTING BER AFTER TRANSMISSION

Data Rate frF fro fir min. BER
[Gbit/s)  [GHz] [GHz] [GHz]
11.6 83 75 8 23 x 10
125 83 75 8 3.9 x 10
15.0 84 75 9 29 x 1073
16.0 85 75 10 72 %1073
20.0 87 75 12 1.3 x 107!
10 fir = 9GHz

8 10 12 14 16 18 20
Frequency |[GHz|

Fig. 4. Spectrum of the 15 Gbit/s duobinary signal at an IF of 9 GHz.

of the IF. The latter is removed by bandpass filtering around
the signal before donconversion, while the equalizer may
reduce the impairments from the non-flat frequency response
of the employed RF components—especially the balanced
mixer.

Despite the heavy distortions transmission of duobinary
signals of 11.6Gbit/s, 12.5Gbit/s and 15 Gbit/s with BERs
below the limit for a commercial 7 % overhead forward error
correction of 3.8 x 1073 is achieved as shown in Fig. 5. For
a 16 Gbit/s duobinary signal the observed BER of 7.2 x 1073
would require a FEC with a larger overhead, e.g. a 25%
overhead FEC; the minimum BER observed for all employed
configurations is further shown in Table I. The rapid decline
in transmission performance for a comparably small increase
in data rate is due to a strong dip in the mixer frequency
response, which with the increased IF and signal bandwidth
falls in the required signal band; further causing any signal
of even wider bandwidths to be completely irrecoverable—as
seen for the 20 Gbit/s signal in Fig. 5.

Fig. 5 further shows only small improvements to be gained
from an increase in optical power on the PD—and thus an
increased RF transmitter power,—suggesting the link to be
limited by frequency distortions, rather than the available
power. As these frequency distortions stem from the mixer and
amplifiers at the receiver, an increase in transmission distance
well beyond the mark of 100m is expected to be within the
capabilities of the presented setup as a further 3 dB in optical
power were available [22].

With transmission rates of 11.6Gbit/s and 12.5 Gbit/s the
system would be able to directly transport streams at the data
rates for ITU-T G.709 OTU2, OTU2e and OTU2f signals [20]
while allowing a sufficient overhead for encapsulation and a
7 % overhead FEC. The system would thus directly enable a
wireless bridge for any optical system carrying signals such
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confidence intervals calculated from spread of experimental measurements.

as SONET/SDH OC-192, STM-64 [23], 10G Ethernet [24] or
10G Fibre Channel [25].

V. CONCLUSIONS

This paper demonstrates the use of duobinary signaling to
extend the capacity available from a bandwidth limited hybrid
phtonic wireless link the W-band. Transmission with a BER
below the limit for a commercial forward error correction with
7 % overhead is experimentally demonstrated for duobinary
signals with speeds of up to 15Gbit/s on a radio-over-fiber
link consisting of 10km standard single mode fiber and a
wireless distance of 50 m. The transmission link is found to
be limited by frequency distortions from the receiving RF
equipment and an increase in wireless distance to 100 m and
beyond is expected to be within reach of the system.

Demonstrating transmission at data rates of 11.6 Gbit/s,
12.5 Gbit/s and 15 Gbit/s the system lends itself ideally as a
wireless bridge, allowing the transport of ITU-T G.709 OTU2,
OTU2e and OTU2f signals while allowing for a sufficient
overhead.
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1. Introduction

Ever increasing capacity demands driven by the drastic growth of mobile and wireless traffic have prompted a move
to higher carrier frequencies in the millimeter-wave (mm-wave) range [1]. Radio-over-fiber (ROF) transmission is a
key candidate for next generation mm-wave mobile front- and backhaul as well as wireless access, as it effectively
combines fiber optic and wireless transmission to provide large capacity and high flexibility combined with low latency
while further allowing significant fiber distances between central office and antenna site [1-3].

Despite the large spectrum allocations to mm-wave wireless networks however, a move to modulation formats with
a higher spectral efficiency than that of simple on-off keying is required [3,4]. A promising candidate technique
combining low complexity with good system performance has been identified in carrierless amplitude phase (CAP)
modulation, showing promising performance in both radio frequency (RF) and optical wireless transmissions [3-5]
and breaking records in other severely bandwidth limited systems [6].

In this paper the transmission of a 46.8 Gbit/s multi-band CAP (multi-CAP) signal over a ROF link consisting of 10km
standard single mode fiber (SMF) and 50 m W-band wireless transmission at 87.5 GHz is experimentally demonstrated.
With a multi-CAP signal with nine bands of different constellations and an overall width of 12 GHz, bit error rates (BER)
below the limit for a commercial forward error correction (FEC) with 7 % overhead (OH) of 3.8x1073 are achieved.

2. Experimental Setup

The experimental setup used to demonstrate high-capacity multi-CAP transmission over a hybrid photonic-wireless
link is shown in Fig. 1. The optical signal is generated by an external cavity laser (ECL) at A = 1550 nm, followed by a
Mach-Zehnder modulator (MzM) driven from a vector signal generator (VSG) with a sinusoid at frr/2 = 43.75GHz,
generating the second harmonic and thus resulting in two spectral lines spaced at frp = 87.5 GHz. After amplification
in an erbium doped fiber amplifier (EDFA) the spectral lines are separated with the help of an arrayed waveguide
grating (AWGG), allowing one to be modulated in a second MZM driven with the multi-CAP signal.

Optical to RF Wireless Receiver

Conversion
@ VSG
7 fro/2

Optical Signal Generation

W-Band
(<~

@
d = 50m D>
LNA

Fig. 1. Schematic of the experimental setup and photograph of the laboratory setup; (a) optical signal
generation, (b) transmission path, (c)-(d) transmitter and receiver antennas, (e) PD and MPA, (f) LNA,
mixer and frequency doubler.
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Fig. 2. Schematic of the multi-CAP signal generation, transmission and demodulation.

The latter was generated with an arbitrary waveform generator (AWG) followed by a balun (BAL) and amplified to
achieve a voltage swing sufficient to drive the MZM. A variable optical attenuator (VOA) allows adjustment of second
arm to achieve equal power, before they are coupled and amplified by another EDFA for transmission. A second VOA
allows control of power launched into the 10 km of ITU-T G.652 SMF and thus the power on the high-speed photodiode
(PD) used for optical-to-RF conversion by beating of the two optical lines.

The RF signal is boosted by 10 dB with a medium power amplifier (MPA) and wirelessly transmitted over a distance
of 50 m with a pair of parabolic antennas providing an antenna gain of 48 dBi each. The received RF signal is amplified
by 20dB with a low noise amplifier (LNA) before being downconverted to an intermediate frequency (IF) at fip =
JrRE— fLo = 12.5GHz in a balanced mixer. The local oscillator (LO) for the latter is obtained from a passive frequency
doubler, driven with a sinusoid at fo/2 = 37.5GHz from a second VSG. The resulting IF signal undergoes a final
amplification and is recorded on a digital storage oscilloscope (DSO) for offline processing.

3. Multi-CAP Signal Generation and Processing

A multi-band CAP (multi-CAP) signal with nine bands was designed and generated for high-speed transmission in W-
band. As observed transmission quality varies between bands, bit loading is performed—with constellations ranging
from 8-PSK to 32-QAM—and for each band a pseudo random bit sequence (PRBS) of 2!!-1 bits is mapped in to the
respective symbol constellation. Symbol sequences are upsampled and each band is formed with a pair of orthogonal
CAP filters, followed by power loading to optimize transmission performance. The overall offline transmitter is shown
in Fig. 2 alongside the corresponding offline receiver, while Table 1 gives the multi-CAP parameters.

At the receiver the signal that was recovered from the DSO is band-filtered for noise bandwidth reduction and resam-
pled, before the IF carrier is recovered with the help of a Costas loop, allowing conversion to baseband. Orthogonal
CAP matched filters retrieve the symbol sequences of each band and a decision feedback equalizer (DFE) mitigates
impairments from the transmission channel and device imperfections. The signal is demodulated, the error vector
magniture (EVM) estimated and BER for each band separately by error counting across a number of stored traces from
the DSO with at least 0.18 Mbit analyzed per band.

4. Transmission Results and Discussion

To evaluate the performance of multi-CAP W-band transmission the generated signal is transmitted over the RoF link,
downconverted to IF and recorded for offline processing. The resulting IF spectrum is shown in Fig. 3, showing a
relatively flat lower sideband with the upper sideband seriously degraded due to bandwidth limitations of the mixer
used for downconversion. Despite the heavy distortions of the upper sideband, all bands were successfully recovered
clearly highlighting the advantage obtained from multi-CAP allowing different constallations in its bands.
Transmission BER was determined after 50 m wireless transmission for optical powers on the PD between —2 dBm
and 3 dBm and is shown in Fig. 4, achieving transmission with a BER below the limit of 3.8x 103 for a commercial 7 %
OH FEC. The observed behaviour suggests the system to be power limited at the lower powers, while no improvement

Table 1. Multi-CAP signal parameters for transmission of 46.8 Gbit/s in nine bands.

Band 1 2 3 4 5 6 7 8 9
Symbol rate [GBd] 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
Constellation 32-QAM  32-QAM 16-QAM 16-QAM 8-PSK 16-QAM 16-QAM 16-QAM 8-PSK
Bit rate [Gbit/s] 6.5 6.5 52 52 3.9 52 52 52 39

Power loading [dB] 1.0 0.0 0.0 0.5 2.5 0.0 0.0 0.5 1.5
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Fig. 4. BER over optical power on the PD after 50 m W-band transmission of 46.8 Gbit/s multi-CAP.

in performance was observed at higher optical powers, due to saturation of the amplifier at the receiver. With as much
as 3.5 dB additional power available from the system, this suggest the wireless reach of the system to be significantly
larger and distances of 100 m and more to be achievable [7].

5. Conclusions

Successful transmission of a 46.8 Gbit/s multi-CAP signal over a 10 km fiber and 50 m W-band RoF link was demon-
strated with a BER below the limit of 3.8x1073 for a commercial 7 % OH FEC. The demonstrated capacity is sufficient
to accommodate four 10G ethernet streams plus an additional FEC overhead, clearly highlighting how multi-CAP with
its inherent flexibility can help increase link capacity. It further underlines the potential of mm-wave ROF transmission
for high capacity links with antenna remoting by fiber optics.
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1. Introduction

High-speed wide-band wireless communication systems have become a requirement in order to support the higher data
rates required in wireless access and mobile front- and backhaul. This is driven by the rapid increase of data demands
from cloud computing, multimedia applications on portable devices, and the internet of things (1oT). To cope with
these demands, millimeter-wave (mm-wave) frequencies (30-300 GHz) offer the bandwidth available for appealing
new broadband solutions [1]. Additionally, through mm-wave technology, wireless transmission can match speeds and
bandwidths of fiber optic links, enabling integration with current optical networks [2—4].

In order to efficiently exploit the bandwidth available of mm-wave photonics-enabled links, advanced modulation
schemes and digital signal processing (DSP) are required. Recently, carrierless amplitude phase modulation (CAP) and
its multi-band approach (multi-CAP), have shown high spectral efficiency and flexibility to adjust to impairments from
fiber optic and wireless links [4—6]. Further, by means of DSP, single side-band (SSB) modulation can be enabled, con-
siderably increasing spectral efficiency. SSB W-band wireless links have been demonstrated up to 2 m [7, 8], relaxing
hardware requirements compared to double side-band (DSB) transmissions of comparable spectral efficiency [9, 10].

In this paper we propose and experimentally demonstrate a 60 Gbit/s W-band wireless transmission employing
multi-CAP modulation and the Hilbert transform to achieve SSB operation and effectively doubling spectral efficiency.
Transmission was performed over 10 km standard single mode fiber (SMF) and 50 m wireless distance. With a multi-
CAP signal of three bands and an overall width of 15.7 GHz, a spectral efficiency of 3.8 Bit/Hz and bit error rates (BER)
below the limit for a commercial forward error correction (FEC) with 7 % overhead (OH) of 3.8x107 are achieved.

2. Experimental Setup

Figure 1 shows the experimental setup used for optical SSB signal generation, wireless transmission, and signal recov-
ery. The output of a free running external cavity laser (ECL) at 1550 nm is used as input to a Mach-Zehnder modulator
(MzM). By driving the modulator with a pure sinusoidal tone at 44 GHz, generated by a vector signal generator (VSG),
the second harmonic of this tone is obtained at the output of the MzM. Thus, the generation of two optical signals
with a separation of 88 GHz is achieved. An erbium doped fiber amplifier (EDFA) is used to amplify the signal, and an
arrayed waveguide grating (AWGG) separates the two optical lines to enable the modulation of one thereof.

The data signal is generated by an arbitrary waveform generator (AWG) at a sampling rate of 60 GSa/s. Optical SSB
modulation is achieved by means of a single optical I/Q modulator. By applying the Hilbert transform to the original
multi-CAP signal, the in-phase (I) and quadrature (Q) components to drive the modulator are generated, removing the
upper side-band (USB) as shown in the inset of Fig. 1. The I and Q components are amplified with driver amplifiers to
obtain suitable voltage magnitudes to drive the I/Q modulator. A variable optical attenuator (VOA) is used to set equal
power in both the unmodulated and modulated optical signals and an optical coupler combines the two. A second EDFA
and a second VOA are employed to set the launch power into the 10 km SMF. After fiber transmission, a high speed
photodiode (PD) converts the optical signal to the electrical domain, where the signal is boosted by a 10 dB medium
power amplifier (MPA) before wireless transmission over 50 m.



M3E.4.pdf OFC 2017 © OSA 2017

SR Up- CAP Hilbert Costas Matched Down- N
> PRBS > Mapping > Sampling >Filte 8 Trans. > > Loop > Filters > Sampling > DFE > Duuud>

EDFA VOA SMF
10 km

Fig. 1. Schematic of the experimental setup and offline DSP at the transmitter and receiver; pho-
tographs of optical signal generation and radio transmission setups; inset: SSB optical spectrum.

MPA

50 . - . . an
Table 1. Multi-CAP signal parameters for trans- 7 3 Band 1 3 Band 2 3 Band 3 3 Jir = 16GHz
mission of 60 Gbit/s in three bands. Rk
m - |
Band 1 2 3 =
Symbol rate Z 90
[GBd] 5 5 5 [
Constellation 16-QAM  16-QAM 16-QAM 110
Bit rate 20 20 20 0 5 10 15 20
[Gbit/s] . Frequency |GHz|
Powe[rdg)]a ding 0 1 3 Fig. 2. Signal spectrum after downconversion to fir and re-

ceived constellations after equalization for Py = 3dBm.

A pair of parabolic antennas, with 48 dBi gain each, is used for wireless transmission. At the receiver, the transmitted
signal is amplified by a 20 dB low noise amplifier (LNA). Heterodyne downconversion is performed by a balanced
mixer to an intermediate frequency (IF) of 16 GHz. The mixer is driven by a 72 GHz local oscillator (LO) generated
by a passive frequency doubler with a pure sinusoid of 36 GHz from a second VSG. The IF signal was recorded on a
digital storage oscilloscope (DSO) at a sampling rate of 80 GSa/s for offline DSP.

3. Single-Sideband Multi-CAP Signal Generation and Processing

In order to mitigate channel unevenness and maximize data rate, a multi-CAP signal with three bands, each with a
baudrate of 5 Gbaud, is generated offline. For each band, pseudo-random bit sequences (PRBSs) of length 2'!-1 are
mapped into 16-QAM symbol sequences, which are up-sampled and filtered by the corresponding orthogonal CAP fil-
ters. By means of power loading a BER below FEC threshold is ensured for each band. The Hilbert transform is applied
to the generated multi-CAP signal for SSB operation, doubling transmission spectral efficiency. The offline transmitter
is shown in Fig. 1 alongside the corresponding offline receiver, while Table 1 gives the multi-CAP parameters.

The IF signal that was recovered from the DSO is resampled, before carrier recovery and donconversion with a
Costas loop. Orthogonal CAP matched filters retrieve the symbol sequences of each band and a decision feedback
equalizer (DFE) with 11 feed forward and 21 feed back tap mitigates impairments from the transmission channel and
device imperfections. After demodulation, error vector magnitude (EVM) and BER are estimated separately for each
band by error counting with at least 0.23 Mbit analyzed per band.

4. Transmission Results and Discussion

Performance evaluation of the optically generated 60 Gbit/s SSB multi-CAP ROF transmission is performed after 50 m
W-band wireless and downconversion to IF. The received spectrum is shown in Fig. 2, clearly confirming successful
SSB transmission and showing the IF carrier at 16 GHz; insets show recovered constellations after equalization.

Observed BER after transmission is shown in Fig. 3 for optical powers on the PD of —0.5-6.5dBm, showing a
minimum around 3 dBm; Table 2 gives corresponding BER and EVM. Despite the use of power loading, significant
differences in BER are observed between the bands, with the second band showing worst performance. Nevertheless,
all bands achieve a BER below the limit of 3.8x103 for a standard commercial FEC with only 7 % overhead.

The BER performance of the system clearly suggests a power limited regime at the lower powers, while at higher
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Table 2. BER and EVM for the 60Gbit's 0" F—g
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BER

Band 1 2 3 10% k

BER 8.9x10* 3.5x103 1.9x1073 0
EVM  13.6% 149% 149%
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Fig. 3. BER over optical power on the PD after 50 m W-band transmission
of 60 Gbit/s SSB multi-CAP.

powers BER performance is degraded due to saturation of the receiving LNA. The availability of an additional 3.5 dB
optical power beyond the optimum observed, together with receiver amplifier saturation, suggests a significant exten-
sion of transmission distance to as much as 100 m to be possible [2]; this could however not be tested due to laboratory
space restrictions.

From the IF spectrum in Fig. 2 the spectral efficiency of the system is easily calculated. With a symbol rate of 5 GBd
in each multi-CAP band and guard bands of only 2 %, the signal occupies only 15.3 GHz of spectrum and thus—with
an additional gap of 400 MHz to the carrier—the overall system requires only 15.7 GHz of RF bandwidth. This results
in a spectral efficiency of 3.8 bit/Hz for a single polarization, single carrier and single input single output system.
To the best of the authors’ knowledge this is the first time SSB transmission at W-band has been demonstrated over
distances beyond 2 m, outperforming previous demonstrations in both data rate and wireless distance [7, 8].

5. Conclusions

Transmission of a 60 Gbit/s SSB multi-CAP signal over 10km SMF and a wireless distance of 50m is successfully
demonstrated with a BER below the limit for a FEC with 7 % overhead. Optical SSB generation by means of the Hilbert
transform and a single I/Q modulator is exploited to achieve a spectral efficiency of 3.8 Bit/Hz in both the optical
and wireless transmission. To the best of the authors’ knowledge, this the first demonstration of SSB transmission in
W-band over significant wireless distances.
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Abstract—Future generation mobile communications running
on mm-wave frequencies will require great robustness against fre-
quency selective channels. In this paper, we evaluate the transmis-
sion performance of 4.9 Gb/s wavelet-coded orthogonal frequency
division multiplexing (OFDM) signals on a 10 km fiber plus 58 m
wireless radio-over-fiber link using a mm-wave radio frequency
carrier. The results show that a 2 X 128 wavelet-coded OFDM
system achieves a bit-error rate of le-4 with nearly 2.5 dB less
signal-to-noise ratio than a convolutional coded OFDM system
with equivalent spectral efficiency for 8 GHz-wide signals with
512 subcarriers on a carrier frequency of 86 GHz. Our findings
confirm the Tzannes’ theory that wavelet coding enables high di-
versity gains with a low complexity receiver and, most notably,
without compromising the system’s spectral efficiency.

Index Terms—Frequency selectivity, mm-Wave, OFDM, radio-
over-fiber, W-band, wavelet-coding.

1. INTRODUCTION

S THE fifth generation (5G) of mobile communications
A technology is developed and implemented, worldwide so-
lutions propose the use of much greater spectrum allocations in
both licensed and unlicensed spectrum, including the mm-wave
frequency band [1]-[5]. Radio-over-fiber links allow straight
forward integration of the mobile front- and backhaul with de-
ployed optical distribution networks, while readily offering the
use of large modulation bandwidths [1], [2], [5]. Such a require-
ment imposes a critical demand for broadband wireless links,
implying in high-bit-rate transmissions that are loudly subjected
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to channel-induced inter-symbol interference (ISI) incurred by
frequency selectivity [6].

Adding frequency diversity in an Orthogonal Frequency Di-
vision Multiplexing (OFDM) design is an effective way of
mitigating the effect of frequency-selective fading, which is
generally achieved by sub-carrier redundancy, or channel cod-
ing [7]. Therefore, most of the practical OFDM systems are
associated with forward error correction (FEC) codes [8] such
as Reed-Solomon (RS) code [9], [10], convolutional code [11],
[12], trellis-coded modulation (TCM) [13], turbo code [14], and
low-density parity-check (LDPC) code [15].

The Wavelet-Coding scheme has been proposed in [16] as a
new diversity strategy that: i) does not add redundancy to the
original bit stream, which makes it a very competitive solution
in comparison to other coding schemes such as convolutional or
LDPC codes [7]; that ii) has a considerable simplified receptor,
beating trellis or turbo based decoders in terms of computa-
tional costs [7]; and that iii) shows enormous performance
gains on fading channels, as demonstrated over the past years
[17], [18].

Recently, in [19], the Wavelet-Coding was used to enable
high time-diversity gains in Doppler-rich channels with no cost
to system spectral efficiency and yet with very simple decod-
ing. Those findings were extended in [20], where it has been
found that the Wavelet-Code can substantially compensate for
the combined effects of deep frequency fading and error bursts
that disrupt orthogonality among OFDM sub-carriers.

In this work, we experimentally demonstrate the transmission
of 4.9 Gbps Wavelet-Coded (WC) OFDM signals as proposed
in [20] on a 10 km fiber plus 58 m wireless Radio-over-Fiber
link using a mm-wave carrier frequency of 86 GHz. We evaluate
the performance of 2 x 128 and 2 x 8 WC-OFDM schemes in
terms of bit-error rate (BER) for several OFDM resolutions.
The results are contrasted with an uncoded scheme and a state-
of-the-art coded scheme, all of them with equivalent spectral
efficiency of 1 bit/s/Hz.

Our findings show that the proposed system substantially
compensates for the effects of frequency distortion caused by
electronic and optical components with non-flat frequency re-
sponse. The results confirm the theory of Tzannes [16] that WC
enables high diversity gains with a low complexity receiver, and,
most notably, without compromising the system’s spectral effi-
ciency. The results also validate the solution proposed in [17]
on modulation schemes that support the integration of WC with

0733-8724 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Network scenarios for the hybrid fiber-wireless link.

power-limited systems. To the best of the authors’ knowledge,
the transmission of WC signals has never been experimentally
demonstrated.

The proposed system fits as a key enabler for the use of
mm-wave frequencies in future generation mobile communica-
tions for outdoor medium distance links such as (a) building-
to-building communication, (b) recovery and protection of fiber
links, (c) mobile front-/backhaul, (d) spanning obstacles for
providing broadband access to rural ares, and (e) short-range in-
door wireless distribution. The network scenario for the hybrid
fiber-wireless link proposed in this work is represented in Fig. 1.

This paper is organized as follows: Section II explains the
wavelet coding/decoding algorithm; Section III describes the
proposed system in detail, including transmission and reception
schemes, and the experimental setup. Section I'V explains the ap-
plied methodology and discusses the results. Finally, Section V
draws the conclusions.

II. WAVELET-CODING SCHEME

Wavelet-Coding enables diversity gains without necessarily
diminishing the system’s efficiency [16] through the use of
Wavelet-Coefficient Matrices (WCMs). WCMs have arbitrar-
ily long rows, which are orthogonal to each other, even when
moved and/or added. This work focuses on the use of integer
flat WCMs. The matrix A = (aj,) with dimensions m X mg,
whose coefficients a;, take value in the integer set {41, —1} is
said to be a wavelet matrix with rank m and genus g if it sat-
isfies the modified wavelet scaling conditions [16], [21]. Those
conditions ensure that:

i) the sum of the elements in the first row of A is equal
to the matrix rank m; that

ii) the sum of the elements from all remaining rows of A is

equal to zero; and that

iii) the WCM’s rows are mutually orthogonal, even when

shifted by m-multiple positions, and orthogonal to copies
of themselves shifted by m-multiple positions.

The diversity gains from WC can be continuously enhanced
by employing WCM with larger dimensions [17].

A. Coding Algorithm

In this approach, the wavelet encoder multiplies successive
source bits by distinct rows of a WCM, called wavelet code-
words, to encode the information bits. Let a discrete source gen-
erate statistically independent and identically distributed (i.i.d.)
bits {x,, } € {+1,—1}. The wavelet symbol produced at time
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(2)

Fig. 2. PSK constellations after mapping of wavelet symbols. (a) 9-PSK
constellation for 2 x 8 wavelet coding; (b) 11-PSK constellation for 2 x 129
wavelet coding.

n = pm + q is expressed by

m—1g—1

- Z Z(I’{nl‘#gl‘([)*wﬂr,«#j- (1)

j=0 1=0

Ypm+q

The produced wavelet symbols take values in the set
{—mg,—mg+2,...,0,...,mg — 2,mg} with probability
mg
k

Within this process, the information represented by an informa-
tion bit is spread along the transmitted sequence, causing a small
part of the signal to contain information about an entire block of
data. This way, it is expected that the coded signal can withstand
nullifying of closely-spaced symbols. This process can be used
for improving robustness against the combined effects of vary-
ing fading and noise bursts [18], [19]. The longer the matrices
employed, the larger the bit-blocks that will be coded by each
row, and therefore more frequent deep fading of the channel may
occur without disrupting the transmission. It can be verified that
m information bits are encoded in m wavelet symbols sent dur-
ing m signaling intervals, thus allowing a spectral efficiency of
1 bit/s/Hz.

In this work, wavelet matrices with parameters m; = 2,
g1 =4, and my = 2, g, = 64 are employed, therefore with
dimensions D; = 2 x 8 and Dy = 2 x 128, meaning that the
wavelet decoder at the receiver must decide between 9 levels for
the case D; and 129 levels for the case D,.

In [17], a solution has been proposed for integrating wavelet-
coding with power-limited systems, resulting in probabilisti-
cally shaped, non-uniform constellation diagrams that take into
account the facts that:

i) forani.i.d. source, successive wavelet symbols have sim-
ilar levels;

ii) the generated wavelet levels are not equiprobable, ac-
cording to (2), and consequently the performance gains of
these systems are significantly influenced by their mod-
ulation scheme;

iii) decision errors between two close wavelet levels do not
necessarily result in any bit errors, whereas decision er-
rors between wavelet levels far from each other may
considerably degrade correct bit estimation.

Pr(y, = 2k — mg) = ( ) 05™9.0<k<mg. (2
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Based on that solution, the transmitted data symbols for the
case D; will belong to a 9-PSK (i.e. phase shift keying) signal
space according to Fig. 2(a). In order to avoid performance
degradation due to constellation crowding on the case Ds, a
many-to-one mapping P(-) of the wavelet symbols generated
by (1) is performed onto an 11-PSK signal space, according to
Fig. 2(b). The effect of such a quantization mapping on the BER
floor is reported in [17].

B. Decoding Algorithm

Atthe receptor, the transmitted information bit sequence {z, }
at the moment i = m(g + p) — 1 can be estimated from the
wavelet symbol sequence y,, by using a bank of m correlators
of length mg matched with the m rows of the WCM as

mg—1
=3 gy ikt i), )
k=0
where e; _j is an integer random variable that denotes the demod-
ulation noise [18]. Due to the orthogonally of the MCWSs’ rows,
the original transmitted bits can be estimated as ;1 _(;,9-1) =

sgn(z{ ). The decoding process’ computational simplicity is one
of the main features of wavelet coding [16], [21].

III. SYSTEM DESCRIPTION

Fig. 3 shows the block diagram of the proposed transmission
system together with the actual laboratory setup in terms of three
main parts: A) Digital transmitter (top-left); B) experimental
setup (top-right); and C') digital receiver (bottom), as described
in the following subsections.

A. Digital Transmitter

A pseudo-random sequence of bits x with length [ is gener-
ated and coded according to Section II-A. The wavelet symbols
resulting from (1) are randomly interleaved and delivered to
an inverse fast Fourier transform (IFFT) after serial-to-parallel
conversion in order to form OFDM symbols, expressed in time
domain as [22]:

sln] = F'(S[K]), k=0,1,...,N—1, )

) output
1bit

'

! stream
'

Equalizer
Demodul.

Block diagram of the proposed system, including digital transmitter (A—top-left), experimental setup (B—top-right), and digital receiver (C-bottom).

where F(-)~! denotes the inverse Fourier transform operation
with size N, and S[k] is the frequency-domain symbol for the
k-th sub-carrier.

OFDM symbols with N =512, N =1024, and N =
2048 sub-carriers are considered in this work. For each
OFDM symbol, the transmitted symbols are denoted as S =
[S[0], S[1],...,S[N —1]]”, where the first N, ,;; tones and
the last IV,,;; tones are designated as null sub-carriers to be
used as guard bands. The number of required sub-carriers is a
composite of the [ + m % g — 2 coded output symbols plus null
sub-carriers. The IFFT sizes are chosen to be fixed, always equal
to such a number of required sub-carriers.

Every OFDM symbol has pilot tones P at periodically-
located sub-carriers, which are used for a frequency-domain
interpolation to estimate the channel response along the fre-
quency axis at the receptor. Let Sy be the period of the pi-
lot tones in frequency domain to be allocated along the Ny
used sub-carriers, then the pilot tones P are allocated in S ac-
cording to S = [P[Nnull + Sf]7 P[Nnull + ZSfL . ,P[N —
1 — Nyuu]]. A period of Sy = 6 data tones per pilot tone is
considered in this work.

Each OFDM symbol is extended with a cyclic prefix (CP) be-
fore parallel-to-serial conversion. CP lengths of 0%, 6.25%, and
12.5% of the OFDM sizes are considered in this work. When
an OFDM frame (a set of serial OFDM symbols) is mounted,
a preamble of 2.5 times the length of the OFDM symbol is ap-
pended to its beginning for time-domain synchronization and
fine frequency synchronization at the receiver. After eight times
oversampling and pulse shaping by a raised cosine (RC) filter,
the resultant digital signal is pre-modulated by an intermediate
frequency (IF) of 6.5 GHz and clipped to 40% of its maximum
for peak-to-average power reduction (PAPR), before being de-
livered for digital-to-analog conversion (DAC).

B. Experimental Setup

The setup consists of three stations, as shown in Fig. 3(b) and
further expanded into Fig. 4, which in a deployment case would
be geographically separated: Station I) optical signal generation
and modulation followed by optical fiber transmission; Station
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Fig. 4.

Schematic of the proposed experimental setup for radio-over-fiber transmission, including optical (black) and electronic components (green). ECL:

external cavity laser, VSG: vector signal generator, MZM: Mach-Zehnder modulator, EDFA: erbium doped fiber amplifier, AWG: arrayed waveguide grating, D/A:
digital-to-analog conversion (performed by an arbitrary waveform generator - AWG), VOA: variable optical attenuator, SMF: standard single-mode fiber, PD:
photodiode, MPA: medium power amplifier, LNA: low noise amplifier, A/D: analog-to-digital conversion (performed by a digital storage oscilloscope - DSO).
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Fig. 5. Signal spectra of the optical signal at the output of the 3 dB coupler,
before fiber transmission and photonic upconversion, for the generation of a
signal with an 86 GHz carrier.

1I) optical to radio-frequency (RF) conversion followed by W-
band RF transmission; and Station I1I) the receiver station.

1) Stationl): Signal generation consists of an external cavity
laser (ECL) at A = 1550 nm, followed by a Mach-Zehnder
modulator (MZM) biased at its minimum transmission point and
driven with a sinusoidal at fzr /2 = 43 GHz to generate two
spectral lines spaced at fr = 86 GHz. The signal is amplified
by 22 dB using an erbium doped fiber amplifier (EDFA) with
a noise figure (NF) < 6 dB and an arrayed waveguide grating
(AWG) separates the two spectral lines, allowing to modulate
one with data.

A 64 GSa/s arbitrary waveform generator (AWG) serves as a
DAC for the signal produced by the digital transmitter layer, as
described in Section III-A. After a driving amplifier, the signal
at a speed of 8 Gbps drives the second MZM with ca. 90%
modulation depth. The digital clipping before DAC ensures the
majority of the signal will be in the linear range of the MZM
transmission curve for optimum extinction ratio.

Two variable optical attenuators (VOAs) ensure equal power
of the two arms and allow control over the output optical power.
Fig. 5 shows the spectrum of the generated signal at the output
of the coupler. A second EDFA with a 4.3 dB NF amplifies the
signal by 20 dB before it is transmitted through 10 km of ITU-T
G.652 standard single-mode fiber (SMF).

2) Station II): After fiber transmission the optical signal is
converted to an RF signal by beating the two spectral lines on
a photodiode (PD) with a nominal 3 dB bandwidth of 100 GHz
and a responsivity of 0.5 A/W. The power incident on the PD
is varied between —5.5 dBm and 2.5 dBm through the use of
the second VOA for analysis of transmission performance. The
generated RF signal is amplified by 10 dB and thus mm-wave
signals with powers from —20 dBm to —4 dBm are transmitted

Fig. 6. Experimental Setup. Top-left: Station I and Station IlI. Top-right:
Station I1. Bottom-left: fiber span. Bottom-right: transmitting antenna. Bottom-
center: receiving antenna.

over a wireless distance of 58 m through a pair of parabolic
antennas with a gain of 48 dBi each.

3) Station III): At the receiver station the signal is amplified
by a low noise amplifier (LNA) providing 25 dB gain before
down-conversion to an intermediary frequency with a double
balanced electrical mixer. The local oscillator for the mixer is
obtained by feeding a passive frequency doubler with a sinu-
soidal at f1p /o = 37.5 GHz. Downmixing yields the 8 GHz-
wide signal centered at a frequency of frr_r0 = 11 GHz. The
received signal is amplified by 16 dB and recorded for bit-error
rate (BER) measurements using a digital storage oscilloscope
(DSO) that serves as an analog-to-digital converter for further
offline digital processing.

A photograph of the laboratory setup is depicted in Fig. 6.

C. Digital Receiver

At the receptor, coarse frequency synchronization and co-
herent downconversion by frr — fro = 11 GHz is achieved
by a Costas loop. Fig. 7(a) shows the spectrum of the received
signal before downconversion. A band pass filter isolates the
8 GHz-wide signal now centred at the intermediate frequency
frr = 6.5GHz, as shown in Fig. 7(b). The resultant digital
signal is then demodulated with a 6.5 GHz carrier frequency,
as shown in Fig. 7(c), and finally low-pass filtered before be-
ing downsampled by a factor of eight, as shown in Fig. 7(d).
Fig. 7(d) also shows the baseband original signal spectrum
before transmission.
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Fig. 7. Signal spectra of the signal and the digital filters: (a) after analog-to-
digital conversion, and before RF-LO carrier recovery, (b) 7'y signal before IF
modulation (in blue), and R x signal before IF post-demodulation (in red), (c)
Ry signal before downsampling, (d) baseband T'x and Ry signals.
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Fig. 8.  Estimated baseband channel response, obtained as described in (5),
for a 2048-sized OFDM symbol.

In baseband domain, the appended preamble is used for time
synchronization and fine frequency offset correction [23]. Af-
ter proper CP removal, the process of Fast Fourier Transform
(FFT) with size N on the received signal produces the frequency
domain symbols as S = F(R). The received pilot tones P are
extracted from S at their positions in the sub-carrier domain.
Then, the least-square (LS) algorithm estimates the channel ef-
fects H[k]} ¢ as:

Plm]
Plm]’

m:(].,l,...,[];hf;—‘ -1, )

where Ny is the number of used sub-carriers and Sy stands for
the period of pilot tones in the sub-carrier domain, as explained
in Section III-A. Subsequently, s "¢ is interpolated by zero-
padding and low pass filtering to generate H, g, which can
be written for each subcarrier as Hyg[k], k = 0,1,..., N — 1.
The channel estimate F s (as illustrated in Fig. 8) is utilized
to generate an estimation of the transmitted data symbols as
S = S/H,.

Although the LS channel estimation does not consider the
loss of orthogonality between sub-carriers, it has been widely
used for channel estimation due to its simplicity. However, its
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TABLE 1
MODULATION SCHEMES FOR COMPARISON

FFT Size

512 1024 2048

Ny [ 420 840 1680

AB (MHz) | 1562 781 3.90

Neymp | 22 10 4

Tpre (n5) | 160 320 640

o| 0% 64 128 256

21 625% | Teymp (ns) 68 136 272

Ol 125% 72 144 288
9| 0% 1568  1.600  1.664
2 1625% | Tiotar (1) 1.656  1.680  1.728
Ol 125% 1744 1760  1.792
9| 0% 4910 4375 3365
2| 625% R (Gbps) 4649 4166  3.240
O 125% 4415 3977 3.125
9| 0% 0.6138  0.5469  0.4206
2 | 625% | SE (bit/s/Hz) | 05811 0.5208  0.4050
Ol 125% 0.5519 04971  0.3906

mean-square error (MSE) is inversely proportional to the signal-
to-noise ratio (SNR), which implies that it may be subject to
noise enhancement, especially when the channel is in a deep
null [8]. The wavelet symbols are then extracted from their
positions, deinterleaved and finally decoded according to (3) for
BER evaluation.

IV. RESULTS AND DISCUSSION
A. Experimental Results

Recent simulation based studies [20] for the performance of
WC-OFDM systems on slow-varying frequency selective chan-
nels indicated that coding gains of nearly 4 dB to 6 dB are
achieved in relation to convolution-coded OFDM systems for
a BER of le-3. In this work, the performance of WC-OFDM
communication systems is experimentally evaluated on a com-
posite radio-over-fiber link with 10 km optical transmission
through standard SMF plus 58 m wireless transmission in the
W-Band. Results were obtained for transmitted signals with a
fixed rate of 1 pilot tone for every 6 data tones, within a band-
width of 8 GHz on a radio frequency of 86 GHz, where each
transmission is recorded 25 times, resulting in a total of 924.000
analyzed bits. Three OFDM resolutions, three CP lengths and
two pilot levels were considered. Table I summarizes how these
values affect the the number of used sub-bands per OFDM sym-
bol (Ny), the sub-band spacing (AB), the number of OFDM
symbols per OFDM frame (Ngy,), the preamble transmis-
sion time (7,,.), the transmission time of each OFDM symbol
(Tsymo), the total frame transmission time (Tyo¢q1), the net bi-
trate (R), and the spectral efficiency (SE) on the use of the
channel.

Fig. 9 shows the results obtained in terms of BER vs. optical
power for 2 x 128 WC-OFDM signals with different FFT sizes
and CP lengths. As can be seen, better BER is observed insofar
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Fig. 9. BER vs. Optical Power on PD for WC-OFDM signals with differ-
ent FFT sizes and CP lengths. Dark-blue curves represent the performance
of 512-sized OFDM. Purple curves represent the performance of 1024-sized
OFDM. Dark-red curves represent the performance of 2048-sized OFDM. Tri-
angle marks (A) represent the situation in which 0 bits is used as CP, circle
marks (O) represent the situation in which 6.25% bits of the FFT size are used
as CP, Square marks (L) represent the situation in which 12.5% bits of the FFT
size are used as CP. The bottom-left constellation represents space of 11-PSK
signals for 2 x 128 WC-symbols before and after equalization.

as the OFDM resolution (FFT size) decreases. This effect is
explained by the fact that the larger the OFDM resolution is,
the longer the OFDM symbols duration (7s,,,5) gets — as shown
in Table I — implying a larger phase walk off between the RF
signal after the PD and the LO at the receiver, thus strongly
affecting the transmission coherence due to degradation of sub-
band orthogonality. Moreover, it can be seen that, regardless of
the OFDM resolution, an increase of the CP length does not
yield any performance improvement. This is striking evidence
that the propagated signal was not subjected to any significant
multipath propagation, as was expected since greatly directive
antennas were used for a single-input-single-output (SISO) line-
of-sight (LoS) wireless transmission, and because no multipath
phenomena are expected from transmission within SMF.

Fig. 10 shows the results obtained in terms of BER vs. op-
tical power incident on the PD for four transmission schemes
with equivalent spectral efficiency of 1 bit/s/Hz, two ratios of
pilot-tone level over data-tone level, and a fixed OFDM res-
olution of 512 sub-bands per symbol. The first thing to no-
tice is that a greater pilot/data level ratio resulted in better
performance, regardless of the coding scheme—with the ex-
ception of the 2x 8 WC case. This effect is a consequence
of improved equalization although at the price of decreased
SNR, showing a trade-off where finding an optimum config-
uration yields large performance gains. It should be stressed
however, that due to power limitations imposed by some of the
utilized electronic components—such as A/D and D/A convert-
ers, mixers etc.—it was expected that a further increase in the
pilot/data level ratio would not lead to any greater performance
improvement.

For a fixed BER of le-4, Fig. 10 shows the 2 x 128 WC
scheme with a pilot/data level ratio of 1.5 to outperform the
uncoded BPSK scheme by 1 dB. Furthermore, the 2 x 128 WC
outperforms the convolutional QPSK scheme by nearly 2.5 dB.
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Fig. 10. BER vs. Optical Power on PD for different transmission schemes
of equivalent spectral efficiency of 1 bit/s/Hz. Dark-blue curves represent the
performance of WC-OFDM transmission with 2 x 128 Coding Wavelet Matrix
and 11-PSK modulation. Light-blue curves represent the performance of WC-
OFDM transmission with 2 x 8 Coding Wavelet Matrix and 9-PSK modulation.
Red curves represent the performance of Convolution Code with rate 1/2 and
QPSK modulation. Black curves represent the performance of uncoded BPSK
scheme. Pointed lines with unfilled circles (- o -) represent the situation in which
pilot tones have the same level as data tones, whereas dashed lines with filled
circles (-e-) represent the situation in which pilot tones have 1.5 times more
power than data tones.

B. Discussion

From prior studies on WC [17], it is expected that, in purely
additive white Gaussian noise (AWGN) channels, both the 2 x
8 and the 2x 128 WC schemes have the same performance as
the uncoded BPSK scheme. It is moreover expected, still as-
suming a purely AWGN channel, that the convolutional coded
scheme should outperform the uncoded scheme, even consider-
ing a twice higher-dimension signal constellation — which does
not occur. These evidences point to the conclusion that the ob-
served propagation channel is indeed subject to some frequency
selectivity, as observed in Fig. 8, even in such a purely LoS
SISO link with the 1st Fresnel zone within a radius of 22 cm.! A
detailed investigation on the frequency response of the wireless
W-Band channel and previous findings [4], [S] corroborate this
conclusion.

Moreover, as chromatic dispersion (CD) will not significantly
affect an 8 GHz signal within an optical link of 10 km of SMF,
nor is the channel affected by multipath (as concluded from
Fig. 9), there is a substantial indication that such a frequency se-
lectivity is caused by the composite non-flat frequency response
of electronic and optical components within the setup. While
component bandwidths at all stages were larger than that of the
signal — the MZM and driver amplifier have a BW of 40 GHz,
the RF amplifiers are full band W-Band and the IF amplifier has
a BW of ca. 25 GHz — their frequency response within the their
bandwidth may vary and especially for the RF amplifiers will
not be flat. Combined with non-flat frequency response of the
antennae and most significantly that of the mixer employed for
down-conversion these may cause the distortions observed in
Figs. 7 and 8.

Ir = 17.32 x 1/0.058[Km]/(4 x 86[GHz]) = 0.22 m
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The observed results suggest that the diversity gains provided
by WC do compensate for fading effects in digital transmission,
corroborating results from previous studies [18]-[20]. The re-
duced performance of the 2 x 8 WC scheme indicates that, due
to the trade-off between diversity gain and SNR reduction result-
ing from the more complex signal constellation, the use of this
particular coding-modulation dimension is not recommended
for the proposed scenario. However, the performance improve-
ments observed from the use of a larger-dimension WCM are
very consistent with results obtained in prior studies [17] inas-
much as greater diversity gains can compensate for more fre-
quent deep fading caused by the channel. The potential gains
enabled by WC thus make it a strong candidate for additional
coding in future mobile communications.

V. CONCLUSION

Several methods have been presented to compensate un-
solved frequency selectivity in OFDM systems, including the
application of channel coding over the sub-carrier domain.
These solutions usually require either an expensive com-
putational complexity or some decrease in system spectral
efficiency. Confirming the findings of [19] and [20], that WC
can substantially compensate for the combined effects of deep
frequency fading and error bursts disrupting orthogonality
among OFDM sub-carriers, we experimentally demonstrate
transmission of 4.9 Gbps 2 x 8 and 2 x 128 WC-OFDM signals
over a radio-over-fiber link of 10 km fiber plus 58 m wireless
distance (with distances of 100 m and beyond predicted to be
achievable analog to [5]), using a radio carrier frequency of
86 GHz. We find that, for a fixed BER of le-4, the 2x 128
WC scheme outperforms an uncoded BPSK by 1 dB while
outperforming a convolutional coded QPSK by nearly 2.5 dB.

Considering a SISO LoS setup, the results indicate that the
proposed system is able to compensate for the combined effects
of noise bursts and frequency distortions caused by electronic
components. It is important to stress that these results confirm
the theory of Tzannes [16] that the WC enables high diversity
gains with a low complexity receiver, without compromising the
system’s spectral efficiency. Moreover, the results also validate
the solution proposed in [18] on modulation schemes that sup-
port the integration of WC with power-limited systems. To the
best of the authors’ knowledge, this is the first time that the trans-
mission of WC signals has been experimentally demonstrated.

The current study indicates that the proposed system fits as
a key enabler for the use of mm-wave frequencies in future
generation mobile communications, due to its robustness to the
harsh effects of frequency selective channels caused either by
unsolved multipath or, as in the case of this work, by the highly
non-flat frequency response of the employed RF and optical
components. It is worth noting though that the Wavelet-Coding
algorithm presented in this work is still tied up to 1 bit/s/Hz
modulation schemes. Future work should therefore consider
strategies to allow higher order modulation formats. Moreover,
further investigation must be done on the effects of frequency
offset, time offset, and phase distortions on the performance of
the proposed system. Signal fading between the antennas should
also be considered.
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Abstract A combined NOMA and multiCAP scheme is proposed for capacity enhancement of 5G mobile
networks and experimentally tested over a W-band millimeter-wave radio-over-fiber system. The evalu-
ated NOMA-CAP system provides an aggregated transmission rate of 30Gbps.

Introduction

Traffic demand over wireless networks is growing
exponentially due to new multimedia streaming
services, the Internet of Things (loT) and
machine-to-machine  communicationst.  This
growing traffic on 5G networks requires the use
of non-congested wireless bands such as milli-
meter-wave (mm-wave), and so it will require a
re-design of front- and backhaul architectures for
radio access networks (RANs). The use of cen-
tralized radio access networks (C-RANS) is sug-
gested as a key enabler:? and its combination
with radio-over-fiber (RoF) on passive optical
networks (PON) is a promising candidate to
flexibly support 5G mobile networks2.

In RANSs, the design of the access to the me-
dium is a key technology in order to improve sys-
tem capacity and to dynamically allocate the
available resources. Non-orthogonal multiple ac-
cess (NOMA) is a promising candidate for ad-
dressing these requirements and to enhance
both capacity and flexibility of the networks3.

The NOMA technique multiplexes the data of
several users in the power domain by adding the
contributing signals and allows combination with
time- or frequency multiplexing. Successive inter-
ference cancellation (SIC) is employed in the ter-
minal units in order to recover the contributing
signals and thus demultiplex the NOMA users3.

High data rate demands require a migration
from inefficient modulation formats, such as im-
pulse radio or on-off keying, to advanced modu-
lation schemes as multi-band carrierless ampli-
tude phase (multiCAP) modulation®.

In this paper, NOMA and multiCAP tech-
niques are combined in order to allow flexible re-
source provisioning that addresses the dynamic
nature of user density and capacity demands.
Fig. 1 shows a possible application scenario
where two users are located at different distances

to the base station (BS) and share the medium by
NOMA multiplexing.

The NOMA-CAP is experimentally validated
on a W-band RoF link. NOMA-CAP using six
1.25GHz multiCAP bands and two quadrature
phase shift keying (QPSK) NOMA levels has
been tested achieving aggregated transmission
rate of 30Gbps.

Experimental Setup

Figs. 2 and Fig. 3 shows the transmitter and
receiver digital signal processing (DSP)
respectively, while Fig. 4 shows the experimental
setup used to validate the proposed NOMA-CAP
transmission over a hybrid photonic-wireless link.

The transmitter DSP for NOMA-CAP, shown
in Fig. 2, distributes the data of each user or
NOMA level among all the multiCAP bands and
maps them to QPSK symbols. The NOMA levels
are power weighted and added for each
multiCAP band. The band signals are up-sam-
pled and filtered with a pair of band specific
multiCAP orthogonal filters. Finally, the multiCAP
bands are aggregated. In the test case, two
NOMA levels and six 1.25GHz multiCAP bands
are used.

The optical signal generation, depicted in
Fig. 4a), is based on the modulation of a narrow
linewidth external cavity laser (ECL) at
A=1550nm by a Mach-Zehnder modulator (MZM)
biased at its minimum transmission point with a
sinusoidal signal at frr/2 from a vector signal gen-
erator (VSG). This configuration generates two

\'%U

Fig. 1: NOMA-CAP multiplexing scenario.
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Fig. 2: Transmitter DSP block diagram.

spectral lines spaced at frr=84GHz, which later
serve for the photonic generation of the RF sig-
nal. After amplification in an erbium doped fiber
amplifier (EDFA), the lines are separated in an
arrayed waveguide grating (AWGG). Finally, one
of the spectral lines is modulated with the
NOMA-CAP signal using a second MZM. The
power of both lines are adjusted to be equal
employing a variable optical amplifier (VOA)
before they are added and amplified by a second
EDFA. The launch power is adjusted with a sec-
ond VOA before transmission through 10km of
ITU-T G.652 standard single mode fiber (SMF).

Optical to RF conversion, shown in Fig. 4b), is
performed by a RAU designed for minimum
complexity. The high-speed photodiode (PD) re-
ceives the optical signal and the generated RF
signal is the beating of the two optical lines. The
PD bandwidth is 90GHz and its responsivity is
0.5A/W. RF power is amplified by a 10dB medium
power amplifier (MPA) up to a saturation output
power of 12dBm. A parabolic antenna with a gain
of 48dBi is used to transmit the signal.

The wireless receiver, depicted in Fig. 4c),
consists of an identical antenna after which the
RF signal is amplified by a 20dB low noise ampli-
fier (LNA) before down-conversion to an interme-
diate frequency (IF) at fir = frr - fLo is performed
in a balanced mixer. The local oscillator (LO) for
the mixer is obtained from a passive frequency
doubler, driven with a sinusoid at f.o/2 from a
second VSG. The resulting IF signal is DC
blocked and amplified before it is recorded on an
oscilloscope (DSO) for offline processing.

The receiver DSP block diagram, which is the
same for all users, is shown in Fig. 3a) and
consists of a Costas loop for carrier frequency
and -phase recovery for IF to baseband conver-
sion, after the signal was band-filtered for noise
bandwidth reduction. The baseband signal is low-
pass filtered and each multiCAP band is ex-
tracted, employing the pair of orthogonal filters for

a) Optical Signal Generation
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G652 Fopt
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CAP Filter
Received band 1-Q
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Fig. 3: Receiver DSP block diagram: (a) multiCAP band
recovery (common to all receivers), (b) user 1 receiver with
SIC processing, (c) user 2 receiver without SIC processing.

the band of interest. The close users have to im-
plement SIC as is shown in Fig. 3b), consisting of
a decision feedback equalizer (DFE) with 30 for-
ward and 20 backward taps, calculation of the
symbol centroid of the far user and subtraction
from the equalized signal. After SIC, the DFE is
applied again to the new signal and finally the sig-
nal is de-mapped. In the case of far users, shown
in Fig. 3c), SIC is not required and the DFE and
de-mapping are performed directly.

Results

The wireless transmission analysis for both user
types with an available data rate of 15Gbps for
each user, in terms of wireless distance and
NOMA power ratio between users is shown in
Fig. 5 (far user) and Fig. 6 (close user).

The received optical power on the PD is var-
ied between -3dB and +2.5dB from a reference
level of 0dBm using the second VOA, while wire-
less distance remains constant (50m). This opti-
cal power is directly related to the transmitted RF
power, so its variation can be used to emulate the
wireless distance without moving the antennas?.
The total power of the NOMA-CAP signal is kept
constant and the power ratio between users
(rpower) is defined as

I'power = 101log (X_i) (1)
where wi is the weight of the close user, while w2
is the weight of the far user.

The distance analysis has been performed
employing the respective BER limits of 3.8x103
and 1.32x102 for forward error corrections (FEC)
with 7% and 25% overhead (OH)5.

For user 2, i.e. the user located far, the NOMA

b) Optical to
RF Conversion

c) Wireless Receiver

Fig. 4: Schematic of the experimental setup.
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Fig. 5: BER map in terms of distance and power ratio between
users for the user located far to the antenna.

multiplexing with the signal of user 1 will be re-
garded as an increment of the received noise and
thus a reduction of the power ratio between users
will increase the user BER and reduce the
achievable distance for user 2 as seen Fig. 5.

In the same scenario, user 1, i.e. the user
close by, will apply SIC cancellation before de-
modulation in order to remove the signal of user
2. Any errors in the calculation of the centroid of
user 2 will propagate to the decoding of user 1 in
the SIC process and thus they will cause a high
BER for the user 1, as can be seen in Fig. 6 The
use of a low power ratio between users, i.e. when
the powers of user 1 and user 2 are comparable,
will have a similar effect as placing user 1 at a
long distance, resulting in errors in the calculation
of the user 2 centroid and consequent error prop-
agation to user 1 decoding. On the other hand,
the BER of user 1 will increase with high power
ratios as the signal will be too weak after SIC,
even if the SIC process perfectly calculates the
user 2 centroids. Thus, user 1 will only be suc-
cessfully demodulated for intermediate power re-
lations and for close distances, as seen in Fig. 6.

Tab. 1 summarizes the maximum reachable
distances for both users under different power ra-
tios. User 2 would thus prefer a scenario with high
power ratio (rpower>8dB), and user 1 will prefer
scenarios  with medium  power ratios
(rpowe=6-7dB). The increment of the operational
range of one user will decrease the range of the
Tab. 1: Summary of maximum achievable distances for both
users and different power ratios. x denotes no transmission

distance possible below BER limit. @ denotes a distance
greater than those experimentally tested.

User 1 (close) User 2 (far)
Power 7% 25% 7% 25%
ratio FEC FEC FEC FEC
5dB X 61m 36m 70m
6dB 43m 67m 65m 96m
7dB 33m 59m 77m [%]
8dB X 52m %] %]
9dB X 40m (%] (%]

User 1 (close) BER

Power Relation between users (dB)

10°
30 40 50 60 70 80 90

Distance (m)

Fig. 6: BER map in terms of distance and power ratio between
users for the user located close to the antenna.

other user. If the effective data rate can be re-
duced, a 25% OH FEC can be implemented and
both users can be placed farther.

Conclusions

A combination of multiCAP and NOMA is pro-
posed for application in future 5G mobile RANSs,
allowing optimization of capacity. An experi-
mental demonstration was given for a NOMA-
CAP RoF system in W-band.

The experimental demonstration achieved an
aggregate system capacity of 30Gbps using a
NOMA-CAP signal consisting of six 1.25GHz
multiCAP and two NOMA levels. BER measure-
ments are shown for different power ratios be-
tween the contributing NOMA signals and for dif-
ferent optical powers, relating to wireless dis-
tances between 30m and 100m.
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Abstract—In this paper, a combined non-orthogonal multiple
access (NOMA) and multiband carrierless amplitude phase mod-
ulation (multiCAP) scheme is proposed for capacity enhancement
of and flexible resource provisioning in 5G bile networks.
The proposed scheme is experimentally evaluated over a W-band
millimeter wave radio-over fiber system. The evaluated NOMA-
CAP system consists of six 1.25 GHz multiCAP bands and two
NOMA levels with quadrature phase shift keying and can provide
an aggregated transmission rate of 30 Gbit/s. The proposed
system can dynamically adapt to different user densities and
data rate requirements. Bit error rate performance is evaluated
in two scenarios: a low user density scenario where the system
capacity is evenly split between two users and a high user density
scenario where NOMA and multiCAP are combined to serve up
to twelve users with an assigned data rate of 2.5 Gbit/s each. The
proposed system demonstrates how NOMA-CAP allows flexible
resource provisioning and can adapt data rates depending on
user density and requirements.

Index Terms—Non-orthogonal multiple access, multi-band car-
rierless amplitude phase modulation, radio-over-fiber, millimeter-
wave communications, W-band wireless.

I. INTRODUCTION

RAFFIC demand over wireless networks is growing
Texponentially due to new multimedia streaming ser-
vices, the Internet of Things (IoT) and machine-to-machine
communications [1]-[4]. These high bandwidth multi-gigabit
wireless connections require 5G access networks that not only
use the current and congested wireless bands but also the
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millimeter wave (mm-wave) bands such as IEEE V- (40—
75 GHz) and W-bands (75-110 GHz) [3]-[8]. The V-band has
been proposed for indoor communications and next generation
Wi-Fi due to the atmospheric oxygen absorption peak [7], [9]
while the W-band presents a lower atmospheric absorption
[7] and is thus favored for both indoor and outdoor wireless
communications.

The introduction of mm-wave frequencies to 5 generation
mobile communications requires a re-design of front- and
backhaul radio access network (RAN) architectures, to enable
them support high data rates, heterogeneous user density
scenarios and flexible resource provisioning [2]. The use of
centralized radio access networks (C-RANs) is suggested as a
key enabler [3], [4], [8], which, combined with radio-over-
fiber (ROF) on passive optical networks (PONs), is a promising
candidate to flexibly support 5G mobile networks [8], [10].

In RANs, the design of the access to the medium is essential
to improve the system capacity and to dynamically allocate the
available resources. Non-orthogonal multiple access (NOMA)
is a promising candidate for addressing these requirements
and to enhance both capacity and flexibility of the network
[11]-[16]. NOMA uses power multiplexing as a multiple access
approach, allowing a direct sharing of time and frequency
resources between users. NOMA can also improve the spectral
efficiency of the RAN, allowing massive connectivity, low
transmission latency and low cost [11], [14], [15].

In addition, high data rate demands require a migration
from inefficient modulation formats, such as impulse ra-
dio or on-off keying, to advanced and flexible modulation
schemes such as multi-band orthogonal frequency division
multiplexing (MB-OFDM) [17] or multi-band carrierless ampli-
tude phase (multiCAP) modulation [18]. Although MB-OFDM
has shown flexible adaptation to a dynamically changing
wireless medium, multiCAP allows less complex transceivers
[19] and has shown promising results [20]-[23], achieving
large capacities even under difficult channel conditions.

In this paper, both NOMA and multiCAP techniques are
combined in order to allow flexible resource provisioning, able
to address the dynamic nature of user density and capacity
demands. This proposed NOMA-CAP combination can be a
feasible technique for the standardization of the future 5G
networks.

Fig. 1(a) shows a scenario of only two users at different
distances to the base station (BS). A high capacity link will be



Fig. 1.

NOMA-CAP multiplexing scenarios with different user densities.

assigned to each by means of sharing all multiCAP bands using
NOMA multiplexing. When new users try to access the RAN,
the resources can be flexibly allocated, assigning different
multiCAP bands to different users, as shown in Fig. 1(b).
In this high density scenario, NOMA power multiplexing and
multiCAP are employed in combination, reducing the assigned
capacity to each user, but increasing the user density of the
RAN and optimizing overall system throughput. In addition,
the overall system throughput can be raised even more by
employing power loading and narrower band guards [22] or
employing single side-band transmissions [21].

The proposed NOMA-CAP technique [20] is experimentally
validated on a W-band RoF downlink using six 1.25 GHz wide
multiCAP bands and two NOMA levels with quadrature phase
shift keying (QPSK) achieving an aggregated transmission
rate of 30Gbit/s. The two scenarios shown in Fig. 1 have
been evaluated, where either two users use all the multiCAP
bands and evenly share the capacity of the RAN or twelve
users are multiplexed employing NOMA and multiCAP. The
transition between scenarios—or any intermediate scenario—
is dynamic depending on user demands and showcases the
flexible resource provisioning that NOMA-CAP can provide to
the RAN. This proof of concept shows two possible operation
cases of NOMA-CAP, showing the trade-off between the num-
ber of users and the per-user capacity. These scenarios have
been tested on a W-band RoF link as a demonstration of the
high throughput employing the future 5G frequency ranges,
although the NOMA-CAP technique is carrier independent and
it could be operated in the traditional frequency ranges used
for mobile communications.

The remainder of this paper is structured as follows: sec-
tion II discusses NOMA and CAP as well as their combination
to NOMA-CAP, while section III describes the experimental
setup used for validation of NOMA-CAP in W-band; section IV
shows experimentally obtained transmission results and their
relation to 5G networks; finally, section V summarizes and
concludes the paper.
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Fig. 2. NOMA constellation multiplexing for two users with QPSK signals.

II. MULTI-BAND CARRIERLESS AMPLITUDE PHASE
MODULATION WITH NON-ORTHOGONAL MULTIPLE
ACCESS

This section provides a short discussion of the concepts
of non-orthogonal multiple access (NOMA) and carrierless
amplitude phase modulation (CAP) before discussing their
combination into NOMA-CAP as proposed in this paper.

A. Non-Orthogonal Multiple Access

The NOMA power multiplexing technique multiplexes the
data of several users in the power domain by combining the
contributing signals and it is fully compatible with time- or
frequency multiplexing. Successive interference cancellation
(SIC) is employed in the terminal units in order to recover the
contributing signals and thus demultiplex the different NOMA
users data [13]. In wireless communications this technique
may exploit the near-far effect, causing asymmetrical channel
gains between the users [11].

NOMA power multiplexing is applied at the symbol level and
a NOMA constellation for two users—as shown in Fig. 2—is
obtained by assigning different weights to the user symbols
before directly adding them:

Tnoma = W11 + W2 (D)

where xyouma is the multiplexed signal for two NOMA users,
w; and x; are the weight and symbol of the close user, while
wy and o are the weight and symbol of the far user. The
weights are calculated in order to obtain the desired power
ratio rpower between users in the multiplexed signal.

TPower = 20 10% <%> 2)

w1

The user located closer to the base station (BS), i.e., receiv-
ing a higher multiplexed signal quality, will be assigned a weak
weight in the multiplexed symbol and will implement SIC to
remove the higher power signal for the far user, as depicted
in Fig. 3. During SIC the user first decodes the undesired,
stronger signal intended for the far user and subtracts it from
the received signal, after which the desired weaker signal may
be decoded. The user located far from the BS, i.e., with a lower
received signal quality, will be assigned a stronger weight and
thus the high power signal within the multiplexed symbol and
will only decode their own signal [12], [15].

In the case of more than two users, SIC is implemented
iteratively, decoding the largest power within the received
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Fig. 3. NOMA receivers for two users with SIC employed by user 1 to remove
the signal of user 2 before decoding its own signal.

multiplexed signal and subtracting it from the received signal
until the signal of interest is the strongest in the remaining
signal so it is possible to finally decode the data.

B. Multi-Band Carrierless Amplitude Phase Modulation

CAP is a scheme that, like quadrature amplitude modulation
(QAM), transmits two streams of data separately by means of
two orthogonal signals, namely the in-phase (I) and quadrature
(Q) components. Additionally, a special feature of CAP mod-
ulation is the use of a pulse shaping function to significantly
improve the spectral efficiency of the system. Unlike QAM, the
generation of the CAP signal is not achieved by modulating
two orthogonal carriers with the same frequency (i.e., sine and
cosine). Instead two orthogonal filters are used to generate the
two components of the signal. These filters are the result of
the time-domain multiplication of the pulse shaping function
and two orthogonal carriers. In this paper, the root raised
cosine (RRC) pulse shaping function is employed to generate
the filters, allowing the receiver to use a pair of matched
filters with the same shape to retrieve the signal. Therefore,
by combining the transmitter and the receiver, the complete
response of the filters has the characteristics of a raised cosine
(RC) function, which minimizes intersymbol interference (ISI).

CAP modulation, as many other modulation schemes, re-
quires a flat frequency response of the transmission link to
ensure good performance. In order to mitigate this impairment,
the multi-band CAP (multiCAP) has been proposed for wireless
and optical links, achieving high spectral efficiency over large
bandwidths [23], [24]. By splitting the spectrum into sub-
bands, multiCAP modulation enables the use of bit- and
power-loading techniques for each band independently [18],
according to its signal to noise ratio (SNR). Thus, with an
adequate number of sub-bands, non-flat frequency responses
(e.g. uneven antenna gain or non-flat frequency response of
devices) can be alleviated to maximize spectral efficiency.

C. Non-Orthogonal Multiple Access with Multi-Band Carri-
erless Amplitude Phase Modulation

In this article, NOMA power multiplexing is combined with
multiCAP modulation to enhance the capacity and flexibility of
the RAN. System capacity is increased by reaping the benefits
of multiCAP, optimizing the signal to channel conditions,
while both multiCAP and NOMA lend themselves ideally to
flexible and adaptive user provisioning.

At the transmitter NOMA power multiplexing is applied at
the constellation level for each multiCAP band independently
and before generation of the multiCAP signal. NOMA-CAP

DATA
DEMOD | User 1.1
User 1.1 DATA
DEMOD | User 1.2
User 1.2

DATA
__[pEmoD | U- 1M
User 1.M

Fig. 4. NOMA-CAP with multiCAP band separation and SIC receiver.

Received
Signal

Power &
user2 user 1
user N+1.1

CAP
Bands

Fig. 5. Power multiplexing using NOMA and multiCAP: (a) NOMA multi-
plexing of two users employing all multiCAP bands, (b) multiple users are
multiplexed employing NOMA and multiCAP.

reception will require the extraction of each multiCAP band—
employing its matched filters—and then the SIC process to
extract the signal of interest. If several NOMA users have been
multiplexed, the SIC process will be applied iteratively after
multiCAP demultiplexing until the user signal of interest is
demodulated, as is shown in Fig. 4.

The combination of NOMA and multiCAP allows a dynamic
assignment of the resources to fulfill the user demands. For
example, in a low density user distribution scenario, such as
shown in Fig. 5(a), the users can use all multiCAP bands
simultaneously while their data is multiplexed by NOMA. In
this scenario, the users equally share the maximum available
capacity of the RAN. If the number of users increases, NOMA
multiplexing can be applied independently to each multiCAP
band (with potentially different numbers of users per band)
and bands can be assigned to different groups of users, as
shown in Fig. 5(b). This enables a flexible distribution of the
RAN capacity over many users and avoids blocking new users
to a large degree.

In the next section, a NOMA-CAP system employing two
levels of NOMA with QPSK signals and six 1.25 GHz multiCAP
bands is proposed and demonstrated. The proposed NOMA-
CAP system may provide an aggregated transmission rate of
30 Gbit/s and has been evaluated in two different scenarios. In
the fist scenario—a low user density scenario—the capacity of
the RAN is distributed between two users employing NOMA-
CAP, as in Fig. 5(a), to obtain 15Gbit/s per user. In the
second scenario, twelve users are multiplexed using NOMA-
CAP, similar to Fig. 5(b), where the different multiCAP bands
carry different users, and the RAN capacity is divided evenly
among all users to obtain 2.5 Gbit/s per user.

III. SETUP

The experimental setup used to evaluate the proposed
NOMA-CAP transmission over a hybrid photonic-wireless
downlink follows the concepts of a C-RAN with analog RoF
fronthaul [3], [4] and mm-wave radio access units (RAUS) of
reduced complexity [8]. The setup—schematically shown in
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Fig. 6. Schematic of the experimental setup; ECL: external cavity laser, MZM: Mach-Zehnder modulator, VSG: vector signal generator, RF: radio frequency,
EDFA: erbium doped fiber amplifier, AWGG: arrayed waveguide grating, AWG: arbitrary waveform generator, BAL: balun, VOA: variable optical attenuator, SMF:
standard single mode fiber, PD: photodiode, MPA: medium power amplifier, LNA: low noise amplifier, LO: local oscillator, DSO: digital storage oscilloscope.

Fig. 6 and previously tested on [21], [22], [25]—consists of
three stations, linked by optical fiber and wireless transmission
respectively: Optical Signal Generation, Optical to RF Conver-
sion and Wireless Receiver. The A. Optical Signal Generation
is the equivalent of the central office (CO) and generates an
optical signal with two spectral lines spaced at the frequency
of the radio carrier frr = 84 GHz. The signal carries the
NOMA-CAP signal and links via an analog ROF system over
10km of standard single mode fiber (SMF) to B. Optical to
Radio Frequency Conversion in the RAU, from where the
signal is wirelessly delivered to C. the Wireless Receiver. The
latter recovers the RF signal, translates it to baseband and
performs the DSP required to decode the NOMA-CAP signal.
The different stations are described in detail in the following
sections.

A. Optical Signal Generation

The optical output of a narrow linewidth external cavity
laser (ECL) at A = 1550 nm is modulated by a Mach-Zehnder
modulator (MZM) biased at its minimum transmission point
with a sinusoidal signal at frp/2 obtained from a vector
signal generator (VSG). This configuration generates the basic
optical signal for photonic generation of the RF signal with
two spectral lines spaced at frp. After amplification in an
erbium doped fiber amplifier (EDFA), the lines are separated
in an arrayed waveguide grating (AWGG) demultiplexer before
modulating of one of them with the NOMA-CAP signal.

The block diagram for the digital signal processing (DSP) to
generate the NOMA-CAP signal is shown in Fig. 7. First, the
user data—pseudo random bit sequences (PRBSs) of length
211 — ]—are distributed among all the assigned multiCAP
bands (varying between one and all available bands) and are
QPSK mapped for each NOMA level. The two NOMA levels are
power weighted and added for each multiCAP band before the
band signals are upsampled and filtered using a pair of band
specific multiCAP orthogonal filters. In all scenarios a total
of six multiCAP bands of 1.25GHz width are used. Finally,
these signals are aggregated into the full transmitted NOMA-
CAP signal.

The latter is generated with an arbitrary waveform generator
(AWG), converted to single-ended with a balun (BAL) and
amplified to achieve a voltage swing able to modulate one
of the spectral lines in a second MzM. The power of the
other spectral line is adjusted with a variable optical attenuator
(VoA) to ensure equal power of both spectral lines. A second
EDFA amplifies the signal for transmission, while a second

Fig. 8. Laboratory setup for NOMA-CAP transmission in W-band; (a) optical
signal generation, (b) optical to RF conversion station and transmission path,
(c)—(d) transmitter and receiver parabolic antennas, (¢) PD and MPA at optical
to RF conversion, (f) LNA, mixer and frequency doubler at the wireless
receiver.

VOA controls the launched power and thus the power at
the optical to RF conversion stage after transmission through
10km of ITU-T G.652 SMF.

For laboratory convenience the optical signal generation is
housed in a half-size rack, shown in Fig. 8(a).

B. Optical to Radio Frequency Conversion

Optical to RF conversion is performed by a RAU designed
for minimum complexity, consisting only of a high-speed
photodiode (PD), a single medium power amplifier (MPA) and
the transmitter antenna. The RF signal is generated through
the beating of the two optical lines on a PD that features
a 3dB bandwidth of 90 GHz and a responsivity of 0.5 A/W.
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Fig. 9. Receiver DSP block diagram: (a) multiCAP band recovery (common
to all receivers), (b) user type 1 receiver with SIC processing, (c) user type 2
receiver without SIC processing.

The variable incoming optical power allows for generation of
different RF powers which are amplified by 10dB by the MPA
up to a saturation output power of 12dBm; PD and MPA, are
shown in Fig. 8(e). A parabolic antenna with a gain of 48 dBi
is used to transmit the signal to the wireless receiver as shown
in Figs. 8(b) and (c) respectively.

C. Wireless Receiver and Signal Processing

At the receiver an identical antenna—shown in Fig. 8(d)—
recovers the RF signal which is amplified by 20 dB using a low
noise amplifier (LNA) before its downconversion in a balanced
mixer to an intermediate frequency (IF) at frr = frr—fro =
10 GHz. The local oscillator (LO) for the mixer is obtained
from a passive frequency doubler, driven with a sinusoid at
fro/2 from a second VSG; the combination of LNA, mixer
and frequency doubler is shown in Fig. 8(f). The resulting IF
signal is DC blocked and amplified before it is recorded on a
digital storage oscilloscope (DSO) for offline processing.

The receiver signal processing block diagram is shown in
Fig. 9 and consists of a band-pass filter for noise bandwidth
reduction and a Costas loop [26] for carrier frequency and
phase recovery for IF to baseband conversion. The baseband
signal is low-pass filtered and each multiCAP band is extracted,
employing the pair of orthogonal filters for the band of interest,
as described in section II-B; this part is common to all the
receivers and is shown in Fig. 9(a). The close users further
implement SIC as is shown in Fig. 9(b), in order to remove the
far users’ data. The first step of the SIC consists of a decision
feedback equalizer (DFE) with 30 forward and 20 backward
taps, after which the symbol centroid of the interfering user’s
signal is calculated employing the k-means algorithm [18].
Finally, the symbol centroid of the far user is subtracted from
the equalized signal. After SIC, the DFE is applied again to the
new signal and finally the signal is demapped. In the case of
farther users, SIC is not required and the DFE and demapping
are performed directly, as shown in Fig. 9(c).

IV. EXPERIMENTAL RESULTS

This section discusses the results of applying NOMA-CAP in
a W-band RoF link, proving the functionality and applicability

—— without modulation
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Fig. 10. Optical spectra of the two spectral lines generated with the first MZM
before and after modulation.
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Fig. 11. Electrical spectra of the received IF signal (top) and the received
baseband signal after Costas loop (bottom).

of NOMA-CAP for 5G networks. First, optical and electrical
spectra at different stages of the experimental system are
shown and discussed. Then the system transmission per-
formance is evaluated through bit error rate measurements
in two scenarios with different numbers of users and for
varying NOMA-CAP parameters. Finally, the results and their
applicability are discussed.

A. Signal Generation and Reception

Fig. 10 depicts the optical spectrum after the first MzZM,
clearly showing the two spectral lines separated by fir =
84 GHz. The optical spectrum after modulating one of these
two spectral lines previous to their transmission along the fiber
is also shown. In Fig. 11, the electrical spectrum of the re-
ceived signal after the analog downconversion to IF and digital
downconversion to baseband is shown. The electrical spectra
allow recognition of the multiCAP bands, but show severe and
non-uniform impairments from the wireless channel, receiver
electrical response and the downconversion process itself. This
effect can be partly corrected by a passband filter before the
Costas loop, removing the upper side band of the signal that
is the most distorted.

B. System Transmission Performance

For the analysis of transmission performance, the received
optical power on the PD is varied between —3dBm and
2.5dBm using the second VOA while the wireless distance
remains constant (50 m). This optical power is directly related
with the transmitted RF power, so its variation can be used
to emulate the wireless distance without moving the antennas
[27]. The power ratio between users is defined as in Eq. (2)
and the total power of the digitally generated NOMA-CAP
signal is kept constant. The analysis of distance has been
performed employing the respective BER limits of 3.8 x 1073
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Fig. 12. BER maps in terms of distance and power ratio for (a) the close by user and (b) the user located far from the transmitting antenna.

TABLE 1
SUMMARY OF MAXIMUM ACHIEVABLE DISTANCES FOR BOTH USERS
AND DIFFERENT POWER RATIOS.

User 1 (close) User 2 (far)

Power- Distance™ Distance Distance’ Distance’
ratio (7% FEC)  (25% FEC) (7% FEC)  (25% FEC)
5dB X 61lm 36m 70m
6dB 43m 67m 65m 96m
7dB 33m 59m 77m o
8dB X 52m o o
9dB X 40m o o

*x denotes cases where no transmission below BER limit for the respective
FEC could be achieved.

o denotes cases where distance greater than those experimentally tested
is expected to be achievable.

and 1.32 x 1072 for standard forward error corrections (FEC)
with 7% and 25 % overhead (OH) [28].

System transmission BER performance in the first scenario
with only two users present—similar to the low density user
distribution scenario in Fig.1(a)—is shown in Fig. 12, where
BER is plotted in terms of wireless distance and power ratio
Tpower DEtween the close and the far user. Both users employ
all six bands available and share the full system capacity—i.e.,
15 Gbit/s each. For user 2—i.e., the user located far from the
transmitting antenna—the NOMA multiplexing with the signal
of user 1 will be regarded as an increment of the received
noise and thus a reduction of the power ratio between users
will increase the user BER and reduce the achievable distance
for user 2 as is seen in Fig. 12(b). The user 2 would thus prefer
a scenario with high power ratio since with power ratios above
8dB a BER below the limit for a 7% OH FEC is achieved for
all analyzed distances.

In the same scenario, user 1—i.e., the user close to the
transmitting antenna—will apply SIC cancellation before de-
modulation in order to remove the signal of user 2. Any errors
in the calculation of the centroid of user 2 will affect the
decoding of user 1 in the SIC process and thus they will cause
a higher BER. An increase in the transmission distance for
user 1 will result in an increase in the number of errors in the
centroid calculation, causing an increase in BER of user 1, as

[7% / 25% FEC]

[7% / 25% FEC]
User 1 |

User 2

/8 / no NOMA

Power ratio [dB]

User 2 [25% FEC]

None

30 40 50 6I0 7I0 8‘0 90
Distance [m]

Fig. 13. Achievable distances and required FEC overhead for the two users
at different power ratios

can be seen in Fig. 12(a). The use of a low power ratio between
users—i.e., the power of user 1 and user 2 are comparable—
will have a similar effect as placing user 1 at a long distance,
resulting in errors in the calculation of the user 2 centroid and
consequently transmitting the error to user 1 decoding. On the
other hand, the BER of user 1 will also increase with high
power ratios as the signal will be too weak after SIC, even
if the SIC process perfectly calculates the user 2 centroids. In
consequence, user 1 will only be successfully demodulated for
intermediate power relations and for close distances, as seen
in Fig. 12(a).

Table I summarizes the maximum reachable distances for
both users under different power ratios. When the power ratio
is 6dB and a 7% OH FEC is assumed, user 1 can be placed as
far as 43 m and the user 2 at up to 65m. If the user 2 needs
to be placed further, the power ratio can be changed to 7dB
and the user 2 could be placed as far as 77 m, but the distance
of user 1 will have to be reduced and cannot be greater than
33 m. Therefore, the increment of the operational range of one
user will decrease the range of the other user. If the effective
data rate can be reduced, a 25% OH FEC can be implemented
and both users can be placed farther. In this case, user 1 can be
placed at 67 m and user 2 at 96 m with a power ratio of 6dB
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TABLE 11
SUMMARY OF MAXIMUM ACHIEVABLE DISTANCES FOR EACH MULTICAP
BAND AND BOTH USER TYPES WITH POWER RATIOS OF 6 DB AND 7 DB.

Power- User FEC Multicap Band*

ratio Type  OH "y 43 w4 45 #6
[dB] [%] [m] [m] [m] [m] [m] [m]
close 7 53 47 30 63 36 34

6 25 75 79 55 86 61 61
far 7 70 78 56 82 59 59

25 o o 84 o 89 91

close 7 44 49 X 53 30 X

7 25 67 70 47 75 54 54

£ 7 84 87 66 99 73 73

ar 25 o o 93 o o o

*x denotes cases where no transmission below BER limit for the respective
FEC could be achieved.

To denotes cases where distance greater than those experimentally tested
is expected to be achievable.

while for 7dB the far user achieves distances beyond those
measured. The power ratio between the user signals will thus
allow adapting the system to the required range as is seen in
Fig. 13 which illustrates the achievable distances (and required
FEC overhead) for the two users for different power ratios.

The BER of each multiCAP band and the average BER are
shown in Fig. 14 in terms of distance of near and far users
with power ratios of 6 dB and 7 dB. Fig. 14 is used to study a
second scenario with twelve users, six users of type 1 and six
users of type 2, with a capacity of 2.5 Gbit/s per user. These
users are multiplexed employing NOMA and all the multiCAP
bands, similar to the scenario described in Fig. 1(b).

The BER of each multiCAP band in terms of user distance
and power ratio shows a similar behavior to that previously de-
scribed for a NOMA-CAP system where all bands are employed
by the same users. The maximum distances for both types of
users and for each multiCAP band are summarized in Table II
for both FEC types and for power ratios of 6dB and 7dB.
The BER of each band is different due to the differing channel

Distance [m]

BER over wireless distance for different multiCAP bands, each carrying a close and a far user multiplexed with NOMA.

and system impairments and thus in this scenario some of the
bands (1, 2 and 4) allow longer distances while other bands
(3, 5 and 6) are limited to shorter distances.

If the user capacity is kept stable—i.e., only the 7% OH
FEC is used—band 3 and 6 will not allow the use of a power
ratio of 7dB since users of type 1 in these bands cannot
obtain a BER below the respective FEC limit. The remaining
bands may be used with both power ratios, depending on the
necessities and position of the different users. Therefore, an
optimal accommodation of the users in different multiCAP
bands is possible by adjusting the NOMA power ratio in each
band independently.

Finally, Fig. 15 shows the constellation diagrams for all
multiCAP bands and for both types of NOMA users, given a
power relation of 6 dB and a distance of 30 m. The constella-
tion multiplexing can be observed with the symbols of user 1
visibly superimposed on the symbols of user 2. For user 1 the
symbols of user 2 have been removed with the SIC process
and only the desired symbols are observed.

V. CONCLUSIONS

A combination of multiCAP modulation and NOMA multi-
plexing was suggested for application in future 5" generation
mobile RANs, allowing the optimization of the available ca-
pacity as well as flexible user provisioning. An experimental
demonstration was given for a NOMA-CAP ROF system in
the W-band, analyzing BER in two different scenarios with
different user density.

The experimental demonstration achieved an aggregate sys-
tem capacity of 30Gbit/s using a NOMA-CAP signal con-
sisting of six bands with a width of 1.25GHz each. BER
measurements are shown for different power ratios between
the contributing NOMA signals and for different optical power,
relating to wireless distances between 30 m and 100 m. Power
ratios close to 6 dB are found to be optimum and in a two user
scenario allow distances of 43 m and 65 m respectively, with
BER values below the limit for a standard FEC with 7% OH.
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Fig. 15. Received constellations for both types of NOMA users and the six multiCAP bands for a power ratio of 6dB and a distance of 30 m.

The introduction of NOMA-CAP over W-band RoF allows
the RAN to dynamically adapt itself to varying user data
rate demands and user densities. This flexible multi-user
provisioning will also permit to change the data rate provided
to the current users to grant access to new users in the RAN. In
a low user density scenario, a high data rate can be provided
to the users. If new users need to be served by the RAN, the
delivered data rate can be reduced, independently assigning the
multiCAP bands to these new users and avoiding blocking to
a maximum degree. The experimental demonstration of these
situations proves the operation with two users with 15 Gbit/s
data rate each or twelve users with 2.5 Gbit/s each, showing the
trade-off between the number of users and per-user capacity.
The number of users could be raised with an increment of the
number of multiCAP bands and NOMA levels, but causing a
reduction of the per-user capacity.
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Abstract—In this article, we propose and test a reconfigurable
Remote Access Unit (RAU) to interface optical and W-band
wireless communication links (75-110 GHz), utilizing optical
heterodyne signal upconversion. The RAU is composed of a
tunable local oscillator, narrow optical filter and a control unit.
The RAU can be software-reconfigured to select a specific dense
wavelength division multiplexed (DWDM) channel. Real-time
tests with 100 GHz spaced DWDM signals have been performed.
Real-time 2.5 Gbit/s error free radio transmission in the 75 GHz
to 95 GHz range of the W-band was achieved after 15 km of
standard single mode fiber and 50 m of wireless link.

Keywords—Radio-over-fiber, millimeter-wave communications,
W-band wireless, microwave photonics, real-time systems

I. INTRODUCTION

Growing demand for high speed wireless data transmission
increases year to year, mostly due to the emerging end users
need for wireless services like audio and videostreaming,
videoconferencing, cloud storage and online gaming [1]. The
new mobile standard called 5G is going to meet those
requirements partially by use of higher radio frequencies from
the mm-wave range [2], [3]. Operation in this frequency range
(from 30 GHz up to 300 GHz) allows the use of wider
transmission channels. This clearly opens a possibility for
higher bit rates. Furthermore, regulations in mm-waves allow
lightly licensed link establishment. Nevertheless, signal
generation in the mm-wave frequency range with traditional
oscillators is complex.

To overcome this problem the use of optical heterodyne
signal upconversion was proposed [4] and in recent years this
technique of signal generation has attracted the interest of many
researchers [5]-[8] and even joint projects were established in
this field. Those projects are aimed to provide feasible solutions
integrating present and future optical networks with wireless
communication by utilizing photonic techniques. One of the
projects focused on this problem is Integrated Photonic
Broadband Radio Access Units for Next Generation Optical
Access Networks (IPHOBAC-NG). The aim of the project is to
provide seamlessly integrable photonic solutions for wireless
communication and adapt them into currently existing
wavelength division multiplexed passive optical networks
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(WDM-PON) and even ultra dense wavelength division
multiplexed PONs (UDWDM-PON). Under those solutions,
the project assumes to provide a complementary broadband
access with speeds between 1-10 Gbit/s and a mobile backhaul
with the speed of 3 Gbit/s. To fulfill those requirements the
IPHOBAC-NG project plans to develop a new photonic RAU
that will support reconfiguration of the optical channel
allocation, will not have an impact on the digital signal
processing in the optical network unit (ONU) and optical
network terminal (ONT), and will be energy efficient, fully
integrated and compact. The projected IPHOBAC-NG
heterogeneous network architecture is presented in Fig. 1.

In this article, we propose and test a reconfigurable
deployable RAU interfacing optical DWDM transmission with
wireless transmission for the IPHOBAC-NG network
architecture. The proposed RAU utilizes the principles of
optical heterodyne signal upconversion for wireless data
transmission in millimeter-wave range. The comprehensive
study devoted to the heterodyne technique used in the RAU was
presented e.g. in [9]. In general, the proposed RAU is composed
of a reconfigurable optical filter for DWDM channel selection,
a reconfigurable optical reference signal source, photodiode
and control unit. In section II an extensive description of the
proposed RAU is given, section III describes the measurement
setup and procedure. In section IV we show results for
2.5 Gbit/s real-time wireless data transmission over 15 km of
fiber and a wireless distance of 50 m.

II. REMOTE ACCESS UNIT DESIGN

The reconfigurable RAU proposed in this article and
presented in Fig. 1 is in line with IPHOBAC-NG’s assumptions
on the RAU: the input signal is a 100 GHz spaced DWDM
signal in the C-band, operating at 2.5 Gbit/s. The WDM pipe
signal goes into a tunable, voltage controlled optical fiber
Fabry-Perot filter, where the desired channel designated for a
wireless data transmission is selected. The used filter has 2.5 dB
insertion loss, a 3 dB bandwidth of 15 GHz and a 20 dB
bandwidth of 125 GHz. This value of suppression outside the
filter transmission allows device operation in 100 GHz spaced
DWDM systems. The control voltage required to cover the
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Fig. 1. The IPHOBAC-NG architecture and a block diagram of the proposed RAU. The scope of the RAU is to interface any DWDM optical signal to the

wireless W-Band

whole C-band for the selected filter is 16 V. The filter is
controlled through a digital-to-analog converter (DAC). The
DAC provides adjustable output voltage range from minimum
—18 V to maximum 18 V with 16 bit resolution, ensuring
finesse to select any DWDM channel.

The selected channel from the DWDM signal is fed into a
3 dB coupler where it is combined with the reference signal
from a local oscillator (LO, a tunable laser covering the C-band
with 100 kHz linewidth and fine frequency tuning). The LO
signal is connected to the coupler through a manual polarization
controller to adjust the state of polarization and maximize
beating on the photodiode. In the next revision of the RAU an
electrically driven polarization controller can be implemented
and, through a feedback loop from the second output of the
optical coupler, the polarization controller can be adjusted to
find the optimal LO signal polarization. The LO and the DAC
are controlled by a processing unit. The device used as a
processing unit is low-cost Raspberry Pi 2 with 40 general
purpose input/output pins, 4 USB ports, an Ethernet socket and
UNIX based operating system can control various devices.
Moreover, this single-board controller can be loaded with
software-defined networking (SDN) extensions, effectively
softwareizing the RAU.

The coupled data and reference signal, spaced according to
the desired radio frequency, is connected to a photodiode
(Finisar XPDV4120R) with 90 GHz 3 dB bandwidth and
responsivity of 0.5 A/W. As a result of the heterodyning
process at the photodiode, a radio signal in the frequency range
of the W-Band is generated. The total RAU optical insertion
losses are 5.5 dB: 2.5 dB from the optical filter and 3 dB from
the coupler.

III. SYSTEM DESCRIPTION

In this section, the experimental set-up and the measurement
procedure to test the proposed RAU are described.
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A. Experimental Set-Up

Fig. 2 depicts a block diagram of the experimental setup.
Eight 100 GHz spaced lasers were multiplexed in two 4x1
couplers with distinction for even and odd channels. Next, the
two streams (4 signals each) were fed into two Mach Zehnder
modulators (MZMs). The MZMs were preceded by two
polarization controllers (PC). Both MZM were biased at the
center of their linear region and driven with two 2.5 Gbit/s non-
return-to-zero (NRZ) pseudo random bit sequences (PRBSs)
with a length of 2''~1 bits from a pulse pattern generator. The
sequence modulating the odd channels was negated and shifted
with a delay line to decorrelate the signals.

The signals from the MZMs were combined in a 3 dB
coupler and transmitted through a combination of 10 km
standard single mode fiber (SSMF) and 5km of bend
insensitive fiber (BIF, ITU-T G.657.B3). This combination
secures compatibility with deployment scenarios where BIF is
used to overcome strong bending losses, while having little
impact on the performance of the W-band signal [10].

After the fiber, the DWDM signal was amplified with an
erbium doped fiber amplifier (EDFA) to provide sufficient
power for radio signal generation and transmission. The reason
why the EDFA was placed just before the RAU, not right after
the coupler in the transmitter part, is because of not sufficient
output power per channel of the available EDFA. By applying
different EDFA with the output power like 22 dBm and moving
it to the central office (OLT) the maximum distance possible to
achieve in the considered system configuration exceeds 20 km
(assuming received data signal power before the photodiode
equals to 1 dBm, 13 dBm per channel after the EDFA in the
OLT, 5.5 dBm insertion losses of the RAU and 0.3 dB/km fiber
attenuation for the SSMF). The other possible solution
excluding need for the EDFA is to use semiconductor optical
amplifiers right after the optical filter in the RAU.
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After the EDFA, the amplified signal is fed to the RAU. For
each of the measured channels, polarization of the LO signal
was adjusted to provide the maximum beating on the
photodiode. Part of the signal from the RAU’s coupler went to
an optical spectrum analyzer (OSA) to monitor the signal in the
optical domain. The output RF signal from the RAU was
transmitted over a distance of 50 m using a pair of parabolic W-
band antennas with 48 dBi gain each. After 50 m of wireless
transmission, the output of the receiver antenna was
downconverted with a W-band envelope detector (ED) based
on Schottky diode with a 3 dB bandwidth of 3 GHz. Next, two
bias tees (BT) were cascaded: the first, inverted to remove
unwanted DC components from the ED and the second to
provide a 3.3V DC required by the used clock and data
recovery module (CDR). The output of the CDR was connected
to the bit error rate tester (BERT) where bit error rate
measurements were conducted.

B. Measurement Procedure

All experiments were performed for W-band frequencies
starting from 75 GHz up to 95 GHz with 2 GHz steps. The
95 GHz frequency upper bound was caused by the operational
bandwidth of the photodiode and the additional beating caused
by adjacent channels. The impact of those two phenomena is
discussed in section IV. Decision about using W-band was
made mainly due to lower attenuation in comparison with
60 GHz V-band, which is also strongly considered for 5G
networks.

The signal transmission tests with the proposed RAU were
conducted for the 1%, 5" and 8" DWDM channels from the
transmission system described in the previous section. The
measurements were set through the control unit of the RAU, to
which channel number and frequency target in the W-band were
indicated. The control unit, through a look-up table, would set
up the filter and the LO. The measurement procedure therefore
follows the next sequence: first, the DWDM signal was filtered
in the RAU; next the reference signal from the LO was added
at the frequency of 75 GHz. According to the previously
performed analysis and experiments [11], [12] the optimal
power ratio between a local oscillator and a data signal
providing maximized RF signal is equal to 1. It means the best
operation is achieved when two lasers work with equal power
levels. In the presented system the power of the lasers was
1 dBm each. The power the photodiode was fed with thus
equals to 4 dBm. Fig. 3 presents the optical spectrum before the
transmission for the 5" DWDM channel and the LO set at
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83 GHz apart from the data channel. It can be clearly observed
that adjacent DWDM channels are suppressed by over 20 dB

After verification of proper system operation, bit error tests
were performed. The time of BER measurements was equal to
20 s. With the speed of 2.5 Gbit/s the total number of sent bits
was 50Gbit. This number of transmitted bits guarantees BER
measurement accuracy up to 107'0. After the BER
measurement, the LO spacing was set to a higher frequency,
with a step of 2 GHz, through the control unit and the procedure
was repeated. Measurements were conducted for every
mentioned W-band frequency and afterwards the DWDM
channel was changed and the whole procedure was repeated. It
has to be said that the optical spectrum analyzer used to monitor
signal before transmission had 2 GHz accuracy. This might
impose small inaccuracy in the reference signal tuning as the
LO signal was monitored over mentioned optical spectrum
analyzer.

IV. RESULTS AND DISCUSSION

Fig. 4 presents results of the measurements described in the
previous section. Independently from the selected DWDM
channel, similar BER characteristics were obtained. In the
frequency range from 75 GHz to 87 GHz transmission below
7 % forward error correction (FEC) level (BER = 3.8x107%) is
possible for all tested channels. For the frequencies located
closely to 80 GHz even transmission considered as error free
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Fig. 4. BER measurement results obtained for real-time data transmission at frequencies ranging from 75 to 95 GHz: 1%, 5 and 8" DWDM channel

can be performed (BER below the level of 107°). It is worth to
mention that this frequency range was designated by US
Federal Communication Commission (FCC) for high-density
fixed wireless services with 5 GHz wide spectrum and the RAU
proposed in this article can be easily utilized for this
application.

For the frequencies above 87 GHz impact of two factors
causing an increase in the BER are visible and should be
discussed. First is the limited bandwidth of the photodiode and
its frequency response. After 90 GHz we observe a steady
decrease (2 dB per 10 GHz) in the frequency response of the
photodiode. This directly decreases the power of the transmitted
radio signal. The second limiting factor that may play an even
bigger role is a beating from adjacent channels. As a higher
radio frequency is generated the LO is moved closer to the
adjacent channels (see Fig. 3). It can produce additional spectral
components within the antenna transmission region on the
transmitted signal frequency or close to it. To reduce their
impact the electrical filter selecting desired channel may be
used. In the worst case when the data signal is spaced 100 GHz
from the LO we have mixing products from: a) the LO with the
selected data channel, b) the LO and another data channel, c)
products from any two data channels spaced 100 GHz apart.
What is more, when the LO signal is moved closer to the
adjacent channel impact of this channel on the LO signal may
also have an impact on the LO stability. The mentioned beating
products may also explain the increase in the BER visible on
the frequency of 81 GHz for the 5" channel.

V. CONCLUSIONS

In this article, we proposed and verified operation of a RAU
utilizing optical heterodyne signal upconversion for generation
and transmission of radio signals in the millimeter-wave range.
The proposed RAU is widely reconfigurable in terms of
DWDM channel selection and location of the LO signal and
thus radio carrier frequency, implying numerous configuration
options in both DWDM channel selection and W-band RF
frequency allocation. Furthermore, the device meets the
requirements of the IPHOBAC-NG project, effective and
smoothly interfacing the optical and the wireless media, and
showed excellent operation for FCC frequency allocation for
fixed wireless services.

The performed tests demonstrated that error free (bit error
rate below the level of 10™) transmission with a bitrate of

2.5 Gbit/s can be achieved after 15 km of fiber and 50 m of
wireless links. Our previous work showed that the wireless
transmission distances can be extended [13] by increasing the
RF power, and therefore, the wireless length demonstrated in
this experiment is not limited by any fundamental impairment.
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Abstract—1In this letter a reconfigurable remote access
unit (RAU) is proposed and demonstrated, interfacing dense
wavelength division multiplexed (DWDM) optical and W-band
wireless links. The RAU is composed of a tunable local oscillator,
a narrow optical filter, and a control unit, making it recon-
figurable via software. The RAU allows selection of a DWDM
channel and tuning of the radio carrier frequency. Real-time
transmission results at 2.5 Gbit/s and performance measurements
with offline data processing at 4 and 5 Gbit/s are presented. Error
free real-time transmission was achieved after 15 km of standard
single mode fiber and 50 m of wireless transmission with carriers
between 75 and 95 GHz.

Index Terms—Radio-over-fiber, millimeter-wave communica-
tions, W-band wireless, real-time systems.

I. INTRODUCTION

ROWING demand for high speed wireless data transmis-

sion increases year to year mostly due to the emerging
end user demand for wireless services like 4K/Ultra High
Definition TV or mobile gaming [1]. The new 5G mobile
standard will meet those requirements partially by the use of
higher radio frequencies from the millimeter wave (mm-wave)
range [2], [3]. Operation at these frequencies— from 30 GHz
to 300 GHz — allows the use of wider transmission channels
and clearly opens a possibility for significantly higher bit
rates. Furthermore, regulations for the use of mm-waves allow
lightly licensed or unlicensed link establishment. Nevertheless,
signal generation in the mm-wave frequency range with tradi-
tional oscillators is complex.

To overcome this problem, the use of optical heterodyne
signal upconversion was proposed [4] and in recent years has
attracted interest of many researchers [5]-[8] and even joint
projects were established in this field. Those projects aim
to provide feasible solutions, integrating present and future
optical networks with wireless communications by utiliz-
ing photonic techniques. The Integrated Photonic Broad-
band Radio Access Units for Next Generation Optical
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Access Networks (IPHOBAC-NG) project is one thereof and
aims to provide seamlessly integrable photonic solutions for
wireless communications and to adapt them into currently
existing wavelength division multiplexed passive optical net-
works (WDM-PONs) and even ultra dense wavelength division
multiplexed PONs. The project targets to provide a comple-
mentary broadband access with speeds between 1-10 Gbit/s
and a mobile backhaul with the speed of 3 Gbit/s. To fulfill
these requirements the IPHOBAC-NG project assumes the
development of a new photonic RAU which will support recon-
figuration of the optical channel allocation, which will not
have an impact on the digital signal processing in the optical
network unit (ONU) and optical network terminal (ONT), and
will be energy efficient, fully integrated and compact. The
proposed IPHOBAC-NG heterogeneous network architecture
is presented in Fig. 1.

In this letter a reconfigurable Remote Access Unit (RAU)
is proposed and demonstrated, interfacing DWDM optical and
W-band wireless links to enable the IPHOBAC-NG network
architecture. The proposed RAU utilizes optical heterodyne
signal upconversion [9] for mm-wave wireless signal gener-
ation. The proposed RAU is composed of a reconfigurable
optical filter for DWDM channel selection, a reconfigurable
optical reference signal source, a photodiode and a control
unit; section II provides a full description. Section III describes
measurement setup and procedure. In section IV bit error rate
measurements after transmission over 15 km of fiber and a
wireless distance of 50 m are shown for 2.5 Gbit/s real-time
transmission and 4 and 5 Gbit/s transmission with offline data
processing.

II. REMOTE ACCESS UNIT DESIGN

The reconfigurable RAU proposed in this letter and presented
in Fig. 1 assumes a 100 GHz spaced, C-band DWDM input
signal which is fed into a tunable, voltage-controlled, optical
fiber Fabry-Perot filter, selecting the desired channel. The filter
employed has 2.5 dB insertion losses, a 3 dB bandwidth
of 15 GHz and a 20 dB bandwidth of 125 GHz, allowing
operation in 100 GHz spaced DWDM systems. The filter is
controlled through a digital analog converter (DAC), providing
an adjustable output voltage range between -18 V and +18 V
with 16 bit resolution, ensuring finesse to select any DWDM
channel and easily reaching the required 16 V range for filter
tuning across the whole C-band.

The selected channel from the DWDM signal is fed into a
3 dB coupler where it is combined with the reference signal
from a local oscillator (LO, a tunable laser with 100 kHz

1041-1135 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Experimental setup for hybrid photonic 2.5 Gbit/s real time wireless transmission.

linewidth and fine frequency tuning). The polarization of the
LO it is controlled with a manual polarization controller, to
align signal and LO polarization and thus maximize beating
efficiency on the photodiode. The addition of automatic LO
polarization control — similar to eg. [10] — would alleviate
the need for manual intervention and allow a fully remote
controlled RAU. The LO wavelength and DAC output are
controlled by the processing unit, in the present case a low-cost
Raspberry Pi 2 which can control a number of devices. More-
over, this single-board controller can be loaded with software-
defined networking (SDN) extensions, effectively softwarizing
the RAU.

The coupled data and reference signal, spaced according to
the desired radio frequency, are sent to a photodiode (Finisar
XPDV4120R) with 90 GHz 3 dB bandwidth and a responsivity
of 0.5 A/W. As a result of the heterodyning process at the
photodiode, a radio signal with a carrier frequency in the
W-band range is generated. The total RAU optical insertion
losses are 5.5 dB: 2.5 dB from the optical filter and 3 dB
from the coupler.

III. TRANSMISSION PERFORMANCE MEASUREMENTS
A. Experimental Setup

Fig. 2 depicts a block diagram of the experimental setup.
Eight 100 GHz spaced lasers were multiplexed in two 4x1

couplers with distinction for even and odd channels. Next,
the two streams of four wavelengths each were fed into two

-50

-60
1546

1650 1652 1554

Wavelength [nm]

1548

Fig. 3. Optical signal spectrum inside the RAU (after the coupler).

Mach-Zehnder modulators (MzZM), preceded by two polariza-
tion controllers (PC). Both MZMs were biased at the center
of their linear region and driven with two 2.5 Gbit/s (4 and
5 Gbit/s for offline data processing) non-return-to-zero (NRZ)
pseudo random bit sequences (PRBS) with a length of 2! —
1 bits from a pulse pattern generator. The sequence modulat-
ing the odd channels was negated and shifted with a delay
line to impose signal decorrelation. The signals from MzZMs
were combined in a 3 dB coupler and transmitted through a
combination of 10 km standard single mode fiber (SSMF) and
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5 km of bend insensitive fiber (ITU-T G.657.B3) (BIF). This
combination secures compatibility with deployment scenarios
where BIF fiber is required to avoid large bending losses, while
having little impact on the performance of the hybrid optical
wireless system [11].

After the fiber, the DWDM signal was amplified with an
erbium doped fiber amplifier (EDFA) to provide sufficient
power for radio frequency (RF) signal generation and transmis-
sion. The EDFA was placed at the RAU rather than before fiber
transmission, due to a limited output power of the available
EDFA and thus insufficient power per channel if placed before
fiber transmission. The use of an EDFA with an exemplary
output power of 22 dBm would allow EDFA placement in
the central office (OLT) and yields a maximum fiber distance
in the considered system configuration exceeding 20 km
(assuming 13 dBm per channel after the EDFA, 0.3 dB/km
fiber attenuation, 5.5 dBm insertion losses of the RAU and a
required power of 1 dBm on the photodiode). The use of any
EDFA might be avoided through the use of a semiconductor
optical amplifier after the optical filter in the RAU.

After the EDFA the amplified signal is fed to the RAU.
For each of the measured channels, polarization of the LO
signal was adjusted to provide the maximum beating on the
photodiode. The unused output of the coupler was used for
signal monitoring with an optical spectrum analyzer (OSA).
The output RF signal was transmitted over a distance of 50 m
using a pair of parabolic W-band antennas with 48 dBi gain
each.

After 50 m of wireless transmission, the output of the
receiver antenna was amplified and downconverted with a
W-band Schottky diode envelope detector (ED) with a 3 dB
bandwidth of 3 GHz. For the 2.5 Gbit/s real-time measure-
ment two bias tees (BT) were cascaded, the first removing
unwanted DC components from the envelope detector and the
second providing the required 3.3 V DC for the clock and
data recovery module (CDR). The output of the CDR was
connected to a bit error rate tester (BERT) allowing direct bit
error rate (BER) measurements. The receiver configuration for
4 Gbit/s and 5 Gbit/s transmission is analog to that described
in [8].

B. Measurement Procedure

The 2.5 Gbit/s real time and 4 Gbit/s with offline process-
ing experiments were conducted for RF carrier frequencies
between 75 GHz and 95 GHz with 2 GHz steps. Those mea-
surements were performed for 1%, 5" and 8" pwDM channel.
The 95 GHz frequency upper bound was due to the operational
bandwidth limit of the photodiode. The 5 Gbit/s experiment
was performed for all DWDM channels at a frequency of
83 GHz. The decision to use W-band frequencies was made
mainly due to lower attenuation in comparison to the 60 GHz
V-band which is also considered for 5G networks.

The measurement conditions were set through the control
unit of the RAU, to which channel number and mm-wave
frequency target were indicated. The control unit, through
a look-up table, automatically set up the filter and LO. The
LO was manually co-polarized with the signal and its power
set level to the data channel to provide maximum generated
RF signal power [7], [12]; the actual power was 1 dBm
each. Fig. 3 presents the optical spectrum for the 5" DwDM
channel inside the RAU after the filter and with the LO set
83 GHz apart from the data channel. It can be clearly observed
that adjacent DWDM channels are suppressed by over 20 dB.
For the real-time 2.5 Gbit/s transmission 5 x 10'0 bits were
evaluated per measurement point. For the 4 Gbit/s and 5 Gbit/s
measurements the number of analyzed bits was >20 Mbit.

IV. RESULTS AND DISCUSSION

Fig. 4 presents results for the 2.5 Gbit/s real-time
measurement. Independent of the selected DWDM channel,
similar BER characteristics were obtained. In the frequency
range from 75 GHz to 87 GHz transmission with a BER
below the limit of 3.8 x 1073 for a commercial forward
error correction (FEC) with an overhead of 7% is possible
for all tested channels. For carrier frequencies located close to
80 GHz transmission considered as error free (BER < 107%)
can be achieved. It is worth to mention that this frequency
range was designated for high-density fixed wireless services
by the US Federal Communication Commission (FCC) and
the RAU proposed in this letter can be easily utilized for this
application.
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For carriers above 87 GHz an increase in the BER is
visible, caused partially by the limited bandwidth of the
photodiode and thus a lower conversion efficiency and second
by interference from adjacent channels. Although adjacent
channels are suppressed by more than 20 dB, their remainders
may beat with the selected channel, causing an RF compo-
nent at 100 GHz, i.e. within W-band and thus within the
transmission bandwidth of the antennas and the bandwidth of
the receiver. Further impact may be taken from a loss of LO
power due to beating with the closest adjacent channel. These
are especially significant for the higher carrier frequencies
and further explain the small advantage in BER observed
for the outer channels where only one adjacent channel
exists.

Fig. 5 shows the results obtained for the 4 and 5 Gbit/s trans-
mission with offline data processing. At 4 Gbit/s transmission
below FEC limit was achieved for frequencies up to 85 GHz.
Above this frequency strong impact of the effects described
above occur, especially for 5" channel where the difference
in BER at 87 GHz between this channel and the 1% is two
orders of magnitude and compared to 8" exceeds three orders
of magnitude. Consequently the 5" channel shows the worst
performance among all channels. This relationship was further
confirmed by the measurement at 5 Gbit/s and 83 GHz where
the 5™ channel also showed worst performance, close to the
FEC limit. These results demonstrate that the middle channels
are most affected by unwanted mixing products and loss of
LO power even though the adjacent channels are attenuated
more than 20 dB. Never the less transmission of a 5 Gbit/s
signal was successful for all channels on a 83 GHz carrier.

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 29, NO. 6, MARCH 15, 2017

It should be noted that the achieved maximum wireless
distance of 50 m is limited only by the available RF power
and significantly longer distance should be achievable as
demonstrated in [8].

V. CONCLUSIONS

In this letter, a RAU utilizing optical heterodyne signal
upconversion for generation and transmission of radio signals
in millimeter-waves range was proposed and experimentally
validated. The proposed RAU is widely reconfigurable allowing
direct selection of the desired DWDM channel and gapless
tuning of the local oscillator signal, allowing free selection
of the radio carrier frequency in the W-band. Furthermore, the
proposed RAU meets the requirements of the IPHOBAC-NG
project, effectively and smoothly interfacing the optical and
the wireless media. By allowing easy integration with existing
PONs and by allowing extension of the control unit to support
SDN it thus enables heterogeneous network architectures as
envisioned in IPHOBAC-NG.

The performed measurements demonstrate error free
(BER < 107) real-time transmission with a bitrate of 2.5 Gbit/s
after 15 km of fiber and 50 m of wireless links. Transmis-
sion at data rates up to 5 Gbit/s is achieved with offline
processing and a BER below the FEC limit. An increase in
wireless distance analog to [8] by increasing the RF power
is possible, and therefore the wireless distance demonstrated
in these experiments is not limited by any fundamental
impairment.
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In this paper a new type of radio access unit is proposed and demonstrated. This unit is composed only of the
reduced amount of components (compared to conventional unit designs) to optically generate wireless signals
on the W-band (75-110 GHz) in combination with a switching system. The proposed system not only achieves
BER values below the FEC limit, but gives an extra level of flexibility to the network by easing the redirection of
the signal to different antennas.

1. Introduction

Today's mobile networks are designed as distributed access net-
works (D-RANs), composed of a number of base stations, connected via
backhaul links to different service and support nodes in the core
network which are in charge of the different operations and processing
functions. In this approach, the growth in the number of users and
applications brings a necessity to increase the capacity of the core,
resulting in the implementation of more nodes, introducing more
complexity in the network and translating to bigger costs for both
deployment and maintenance.

As an alternative, the concept of a centralized access network (C-
RAN) has been recently proposed and discussed [1,2]. In this archi-
tecture, the most important hardware of the network is moved to a
central office that will be connected to various radio access units
(RAUS) to transmit the signal in the wireless channel. With this change,
the central office will take care of the complex processing of the
network, allowing the implementation of simpler RAUs that only need
the hardware necessary for signal conversion to the wireless channel
[1]. With this approach, the expansion of the network would only
require an upgrade in the central office and the densification of various
RAUSs that take care of the wireless access of smaller areas of the
network, reducing the total costs for both deployment and operation.

This scenario can be further expanded with the inclusion of radio-
over-fiber (RoF) technologies on the front- and backhaul networks [3].
The central office will then be able to generate the wireless signal
directly in the optical domain, and distribute it to the various RAUs
[4,5]. Here, the signal is converted to the electrical domain and
transmitted wirelessly at millimeter-wave (mm-wave) frequencies [6—

* Corresponding author.

11]. Thus a new type of access network can be achieved in order to
fulfill the requirements of future networks [12,13].

Current works on the design of dynamically reconfigurable access
networks have been reported using technologies like dense wavelength
division multiplexing (DWDM), optical cross-connections and multi-
core fiber to exploit the available resources, while giving flexibility to
the network [4,12—-14]. Furthermore, architectures based on reconfi-
gurable optical switches have been shown [15,16] and their imple-
mentation in centralized scenarios has been proposed [17], enabling
the implementation of fully flexible software defined networks for
future front- and backhaul.

In this paper, a reconfigurable RAU (R-RAU), composed of an
arrayed waveguide grating (AWG) an optical switch and a local
oscillator, is proposed and demonstrated in a scenario that combines
DWDM and mm-wave RoF. This R-RAU enables flexibility of the
infrastructure, active delivery and smooth integration with software
defined optic network approaches.

The remainder of the paper is structured as follows: Section 2
describes the proposed architecture, Section 3 describes the experi-
mental setup and Section 4 discusses the experimental results before
Section 5 summarizes and concludes the paper.

2. Proposed mobile front- and backhaul architecture

The proposed architecture is shown in Fig. 1. As previously stated,
it is based on the idea of the C-RAN, where a large number of
distributed R-RAUs, connected to the same central office (CO), is
assumed. With this kind of implementation, all the processing of higher
layers is performed by the CO and the signals are distributed to the R-
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RAU using DWDM.

The multiplexed signals arrive at the R-RAU through an AWG
which separates them into M different channels. Each of these outputs
will be combined with a tunable local oscillator—spaced from the signal
at the desired mm-wave signal frequency—and will then serve as inputs
to an MxN controllable switch. The function of this switch is to
distribute the signals among its N outputs in order to be up-converted.
The up-conversion takes place on a broadband photodiode, using the
heterodyne photonic up-conversion technique as described in [17,18].
The output of this process will be a modulated signal in the mm-wave
bands, which will be delivered to an antenna in order to be transmitted
wirelessly. These approaches enable the RAU to have different anten-
nas distributed over a large area (indoor or outdoor), or have several
small nodes of communication for scenarios related to the internet of
things (IoT).

This architecture allows the RAU to be simplified, since its design
only needs the elements to select one of the channels of a DWDM signal
and the necessary hardware to transmit the RF signal. This implemen-
tation also agrees with previous works on architectures for the access
networks [5,4,18], taking part of the RF front end to the central office,
and leaving in the RAU only the O/E interface, RF amplification and
antenna. With the optical switch, the R-RAU has more flexibility to
redirect the signal according to the necessities of the network.
Moreover, since it can be remotely controlled, this allows its imple-
mentation as part of a SDN in the front- and backhaul networks.

3. Experimental setup

The experimental setup is presented in Fig. 2 and its implementa-
tion is shown in Fig. 3. The central office is emulated using a DWDM
generator with eight light sources spaced according to the ITU-T
G.694.1 50 GHz grid. All the light sources are modulated using a
Mach-Zehnder modulator (MZM) with a 2.5 Gbps NRZ signal from a
pulse pattern generator (PPG). The DWDM signal is transmitted
through 10 km of standard single mode fiber to the R-RAU. With the
AWG, one of the wavelengths is selected. The signal is then boosted
using an erbium doped fiber amplifier (EDFA) and divided into two:
one branch for transmission and one for switching reference.

The first part is combined with the LO and a variable optical
attenuator (VOA1) is used to ensure equal powers of signal and LO to
achieve optimum optical to RF conversion [19]. Then the two signals
enter the switching system composed of an optical MEMS switch

Electrical =
T WRZ T
5Gby

Fig. 3. Experimental setup: (a) optical setup for signal generation and R-RAU, (b)
transmitting antenna, (c) receiver station with a packet shown on the DSO.

controlled with a microcontroller (uC). The two signals go through
5km of bend insensitive fiber (BiF) to a second variable optical
attenuator (VOA2), controlling power incident on the photodiode and
thus transmitted radio-frequency power, allowing for bit-error-rate
(BER) measurements in dependency on power.

Upconversion is performed by direct heterodyning on a large
bandwidth photodiode (Finisar XPDV4120R) with a 3 dB bandwidth
of 90 GHz. The result is a double sideband modulated NRZ signal with
a central carrier at 85 GHz, achieving transmission in the W-band. The
signal is fed to a parabolic antenna with an antenna gain of 48 dBi and
transmitted over a wireless distance of 50 m. At the receiver, a similar
48 dBi parabolic antenna recovers the signal. A 40 dB gain low noise
amplifier (LNA) is used before the signal is downconverted using a
Schottky diode based W-band envelope detector (ED) with a nominal
3 dB bandwidth of 3 GHz. A low pass Bessel filter with a 3 dB cutoff
frequency of 1.8 GHz limits noise bandwidth before the signal is
recorded on a digital storage oscilloscope (DSO) for offline post-
processing.

On the switching branch of the system, the reference signal passes
through a variable optical attenuator (VOA3) that controls the power
delivered to a low speed PD and the resulting signal is further band
limited with a low pass filter. This signal is used as reference on the uC
to change the output state of the switch.

For the experiment, a packet composed of a number of 27 — 1

Fig. 2. Experimental setup for switching demonstration of W-band signals. PPG: pulse pattern generator; MZM: Mach—Zehnder modulator; LO: local oscillator; EDFA: erbium doped
fiber amplifier; VOA: variable optical attenuator; BiF: bend insensitive fiber; AWG: arrayed waveguide grating; PD: photodiode; LPF: low pass filter; uC: microcontroller; ED: envelope

detector; LNA: low noise amplifier; DSO: digital storage oscilloscope.
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Fig. 5. Observed Q factors and estimated BER for the three cases: without optical switch
and when including the switch in both passive and active.

pseudorandom bit sequences (PRBS7) and a header of ones—in order
to give the switching command to the pC—is transmitted. On the
switching system two modes of operation were programed:

(a) Passive mode: In this mode the switch will change status only after
the pC receives a manually triggered command and will stay in the
same position until the next command is given.

(b) Active mode: In this mode the part of the signal taken as switching
reference is used to trigger the command to the switch automati-
cally, looping between a set of outputs previously defined.Fig. 4

exemplifies the two modes of operation for different time slots. In the
experiment, individual packets are received and analyzed for bit error
rate and to determine the Q factor of the received signal. Packet error
rates are estimated assuming a typical commercial 7% overhead
forward error correction.

4. Experimental results

The results show case performance for three cases: the system
without the switch, the system in passive switching mode and the
system with active switching. The PPG is set to generate the packets
previously described and at the receiver 500 packets are individually
received and analyzed via offline processing. The transmission pre-
sented error free for various values of optical power, so the Q factor was
used to give a better description of the system performance. The
calculation of Q factor and estimation of BER is as follows:

_ M~k
o + o (1)
BER = 3/4erfc(Q/2) 2

with i, ¢1; corresponding to the mean values of the signal levels and oy,
o, their standard deviation.
The Q factor and estimated BER versus optical power incident on
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Fig. 6. Packet error rates after applying forward error correction with 7% overhead for
the three cases: without optical switch and when including the switch in both passive and
active.

the PD are plotted in Fig. 5. It can be observed that the estimated
sensitivities of the system are 0 dBm, 0.4 dBm and 0.6 dBm, for the
case without switch, the passive mode and the active mode respectively.
The scenarios with and without the switch have similar results, the
main difference being in the power levels in each curve, which is due to
the fact of extra attenuation in the signal path, i.e. the inclusion of the
insertion loss of the switch. It can further be noticed that in active
switching mode the system has an insignificant difference in the results
when compared to passive switching mode. In the three cases, the value
of the Q reaches a maximum point, mainly due to the fact that as the
optical power on the PD increases, the PD starts to saturate.

In order to evaluate performance in terms of packet error rate,
packets were analyzed for their BER. Packets with a BER above the
limit of 3.8 x 1073, for a typical forward error correction (FEC) with 7%
overhead (OH), are considered erroneous packets. The measured
packet error rates after applying the FEC are shown in Fig. 6 for the
three analyzed cases. As the optical power in the PD starts to drop, the
systems start to approach to the sensitivity values. Once the power is
below 2 dBm the system starts to present erroneous packets until the
point where the sensitivity is reached and all packets are considered
erroneous.

These results compare well with BER measurements from [9,19]
where similar implementations were evaluated in both BER and Q
performance, achieving similar results. The transmission reach of the
proposed system can further be expanded with RF setups similar to
that presented in [9]. Moreover, the stability of these kinds of systems
is measured, showing the potential of the W-band RAU.

5. Conclusions

A reconfigurable radio access unit for W-band transmission, based
on an AWG and a programmable optical switching system, has been
proposed and experimentally demonstrated. The inclusion of the
switch causes no signal impairments beyond the addition of extra
insertion losses, and thus the switching does not have a significant
impact on system performance, moreover it enables more flexibility
and reconfigurability in the network.

Because of its simplistic approach, the proposed R-RAU appears to
be a good candidate for the implementation of the next generation of
centralized networks, where the dense deployment of these units at a
low cost is desired, while fulfilling the requirements of the 5th
generation of mobile front- and backhaul networks.
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Abstract: A reconfigurable radio access unit able to switch wavelength, RF carrier
frequency and optical path is experimentally demonstrated. The system is able to do the
switching processes correctly, while achieving BER values below FEC limit.

OCIS codes: (250.6715) Switching (Optoelectronics), (060.5625) Radio frequency photonics.

1. Introduction

The architecture of 5G wireless radio access network (RAN) has evolved from a distributed approach (D-RAN) to a
network with its resources centralized (C-RAN). This architecture, takes the complex processes from the radio access
unit (RAU) and gives them to the central office (CO) as a set of shared virtualized resources. The RAU will only
act as an interface between the fronthaul network and the wireless transmission, simplifying its design and reducing
the costs of installation (CAPEX) and operation (OPEX). The CO will handle all the processes directly, reducing
the total latency of the network, enabling it to support different standards and smooth their evolution [1]. In order
to fully implement the C-RAN, Radio-over-Fiber (RoF) has been proposed as a high capacity backbone technology
to transport millimeter wave signals between CO and the various RAUs of the network [2, 3], reusing the already
implemented fiber networks. To expand the application of RoF, previous works have shown the viability of added
flexibility through the use of multicore fibers and optical switches and labels [2,4-6].

In this paper we present a full reconfigurable RAU (FRRAU), based on four different subsystems: wavelength selec-
tor, RF frequency selector, sector selector and a controller. This FRRAU aims to give an extra layer of reconfigurability
and flexibility to the next generation of access networks.

2. Proposed Architecture

The CO generates and modulates the optical channels of a dense wavelength division multiplexed (DWDM) signal.
These channels are delivered to all the RAUs in the network. Each RAU is composed by three systems controlled by a
microcontroller (1C). First, in a wavelength selection system, the 1 C receives the remote order to change the voltage
of a digital-to-analog converter (DAC). The DAC gives the voltage to a Fabry-Perot tunable band pass filter, selecting
one of the channels of the DWDM signal. Second, as a frequency selection system, a tunable laser controlled by the
uC is used as LO, to allow the network to change the wireless carrier frequency. Finally, a sector selection system
uses an optical switch, based on microelectromechanical systems (MEMS), to redirect the received optical signal to
different PDs and perform the optical up-conversion, generating the wireless signal for different antennas. The switch
can be set to stay statically in one output or to dynamically change between its different outputs. The uC is connected
to a network via an ethernet connection allowing the proposed FRRAU to be implemented as part of a software defined
network (SDN).

3. Experimental setup

Figure 1 shows the setup used in the experiment. In the CO, four lasers are combined to create the DWDM signal.
The lasers are modulated using a Mach-Zehnder Modulator (MZM) with a 2.5 Gbit/s 215 — 1 bit long pseudo-random
bit sequence (PRBS15) non-return-to-zero (NRZ) signal. The optical signals are launched into 10km of standard
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Fig. 1: Implemented setup of the experiment. DWDM: Dense wavelength multiplexion; PPG: Pulse pattern genera-
tor; NRZ: Non-return-to-zero; PC: Polarization controller; MZM: Mach-Zehnder modulator; SMF: Single mode fiber;
RAU: Radio access network; TBPF: Tunable band pass filter; LO: Local Oscillator; i C: Microcontroller; VOA: Vari-
able optical attenuator; EDFA: Erbium-doped fiber amplifier; BiF: Bend-insensitive fiber; PD: Photodiode; ED: Enve-
lope detector; BT: Bias tee; CLK: Clock; BERT: Bit-error-rate tester.

single-mode fiber (SSMF) to reach the RAU. Here the tunable band-pass filter is used to select one of the channels.
The filter is electrically configured with the uC. The selected optical signal is then combined with an external cavity
laser (ECL), which serves as a local oscillator (LO) with the optical input power adjusted with a variable optical
attenuator (VOA). The two signals are boosted with an erbium-doped fiber amplifier (EDFA). The signals are taken
by an optical switching system and distributed to one of its outputs. A second VOA is placed for bit-error-rate (BER)
measurements. Afterwards, the signal travels through 5 km of bend insensitive fiber (BiF). Here a high bandwidth PD
is used to perform the up-conversion process by direct heterodyning [3]. The result is a double side band modulated
signal with a central carrier of 81 GHz, producing the transmission on the W-band. The signal is fed to a horn antenna
with a gain of 48 dBi and wirelessly transmitted over 40 m of distance. At the receiver, a second 48 dBi horn antenna
recovers the signal and delivers it to a 40 dB gain LNA, before a Schottky diode based W-band envelope detector (ED)
down-converts the data signal. Then, a clock recovery stage is used to provide both data and timing information to a
bit-error-rate tester (BERT), allowing the real-time measurements of the BER.

4. Experimental results

Figure 2 presents the real-time measurement of the BER and Fig. 3 show the corresponding optical spectrums for each
channel. The BER traces are compared to the BER limit for a FEC with 7% of overhead, presenting values below
FEC limit with a sensitivity between —3.2 dBm and —5.6 dBm. The optical spectra show some components of the non
selected channels, that will act interference in the communication, that will explain the different slopes in the different
channels. Channels 1 and 4 presents similar tendency, being the both on the extremes, and the ones to have a better
performance. Channel 2 and 3 present some similarities in their performance, but is channel 2 the one that appears
more affected by the inter-channel interference.

Switch Output A 0 Switch Output B 0 Switch Output C 0 Switch Output D

2 - - 2 -2 BN e 2 r
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Fig. 2: Real time measurements of the BER vs the optical power on the PD of the transmitter.

Figure 4(a) shows the performance of the sector selection system during the dynamic switching operation, both the
BER curve and the switching time signal. As observed, the dynamic operation has a minor effect on the general perfor-
mance of the system, having an insignificant impact on sensitivity compared to the static system. The performance of
the frequency selection system is presented in Fig. 4(b) alongside the optical spectrum of the data signal with the LOs
to wirelessly transmit at 81 GHz and 87 GHz. As expected, the higher frequencies present greater attenuation during
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ground the full DWDM signal is shown as reference. and 87 GHz in channel 4.

the transmission, having an extra penalty of around 2.8 dB. Since the slope of the traces are different for 87 GHz, the
transmission in not only affected by extra attenuation, but there will be differences because of the wireless channel,
the inter-channel interferences and the bandwidth limit of the PD. Although only channels 2 and 4 were tested in for
the two last tests respectively, these results can be extended to the other channels.

5. Conclusion

A full reconfigurable radio access network able to transmit signals in the W-band (75 GHz to 110 GHz) over a distance
of 40 m has been experimentally demonstrated. The FRRAU is composed by a wavelength, a RF frequency and a
sector selection systems and a controller. The wavelength selection system is used to choose a channel of a DWDM
signal with a tunable filter. Although some interferences from the adjacent channels are still present after the filter, the
system still presents a sensitivity of —3.2 dBm in the worst case. The frequency selection system allows the allocation
of resources in different RF frequencies, having as main penalty the extra losses of higher frequencies. The sector
selection system allows to select between different outputs of a switch, either statically or dynamically, with minor
effects in the performance of the system. The implemented FRRAU is a perfect candidate for the 5G of mobile
networks, able to work under the concept of the C-RAN and adding an extra layer of control and reconfigurability
to the system, by allowing its implementation in a software defined access network.
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Abstract: A fiber-coupled 108-port photonic lantern spatial-MUX is characterized with a
spatially-diverse optical vector network analyzer. Insertion loss, mode-dependent losses, and
time response are measured, showing significant mode mixing at a fiber splice.
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1. Introduction

Space division multiplexing (SDM) using fibers with multiple cores and/or supporting multiple modes has enabled
increasing the capacity of optical communication networks beyond that of conventional single mode fibers [1,2]. Few-
mode fibers (FMFs) supporting multiple spatial modes allow transmission of a number of channels on an orthogonal
combination of modes of the FMF, at the cost of requiring multiple-input multiple-output (MIMO) equalization to
remove the mode mixing and scrambling occurring in the fiber and during mode (de-)multiplexing [2—4]. Multi-core
fibers (MCFs) reduce the footprint and increase capacity at the cost of introducing inter-core crosstalk [1].

Spatial multiplexers (SMUX) are an essential component in SDM systems and their properties directly impact system
performance. For the MIMO equalizer to recover the original signals despite significant mode-mixing and resulting sig-
nal scrambling across modes in FMFs, mode-dependent loss (MDL) must be small [3]. Furthermore, mode scrambling
at the transmitter improves tolerance to MDL and system capacity is maximized if all modes supported by the fiber are
used to transmit information [3]. Thus, an SMUX should have low insertion loss (IL) to preserve optical power and low
MDL to maintain MIMO processing capability, and should excite all the available orthogonal modes.

In this paper, a 36-core few-mode spatial multiplexer SMUX similar to [5], consisting of 36 photonic lanterns sup-
porting three modes each, is characterized by measuring the full impulse response of all 36 photonic lanterns pertaining
to the 36 different cores using a spatially-diverse optical vector network analyzer (SDM-OVNA). The measurement is
performed in a reflective manner, with the SMUX coupled to 2.9 m of a 36-core 3-mode MCF, including one splice and
cleaved at the fiber end. IL and MDL for each photonic lantern are calculated and their impulse response is analyzed.
The MCF cores were designed with high differential mode delay (DMD) [2] and as a result allows identification of the
different mode groups within the time domain response, showing significant coupling between mode groups at the
3-mode MCF splice.

2. Spatially-Diverse Optical Vector Network Analyzer

Swept-wavelength interferometry allows measurement of the complex transfer function H(®) of an optical device
under test (DUT) [6]. To measure the full complex matrix of a multiport SODM component, the scheme is extended to an
SDM-OVNA by introducing different delays to separate the transfer matrix components of different spatial paths [4,7].
The SDM-OVNA setup, shown in Fig. 1, measures the full 6x6 transfer matrix of one of the photonic lanterns in the
36-core few-mode SMUX and consisted of a continuously swept laser, followed by an interferometer where one arm
serves as a reference while the other arm includes the DUT. To simultaneously measure the impulse response of the
DUT in both polarizations and on all three spatial modes of the photonic lantern, first the swept signal is split and one
arm delayed before combining them with orthogonal polarizations; second, the resulting signal was split and different
delays induced before applying the signal to the input ports of the DUT. As the measurement was performed in a
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Fig. 1. Spatially-diverse optical vector network analyzer setup for characterization of the 36-core
three-mode photonic lantern; TLS: continuously swept tunable laser, EDFA: erbium doped fiber am-
plifier, PC: polarization controller, PBS/C: polarization beam splitter/combiner, ADC: analog to dig-
ital conversion.

reflective manner, optical circulators were used to separate the reflected light and another set of delays was applied
before combining the reflections into a single fiber. The resulting signal, together with the output of the reference arm,
was detected by a polarization diversity receiver and the interference fringes stored on a digital sampling oscilloscope.
An additional reference interferometer allowed compensation of sweep frequency non-linearity [4,6].

The inclusion of the delay 7p between the two input polarizations and the delays 7 to 7¢ before and after the DUT
ensures the components /;;(¢) of the time-domain transfer matrix appear well separated in the inverse Fourier transform
h(t) of the received interferogram and can be extracted by simple temporal windowing. The Fourier transform of each
hij(t) yields H;j(®) and thus allows reconstruction of H(®). Finally, IL and MDL can be calculated from the singular
values of H(®).

3. Characterization of 36-Core Few-Mode Photonic Lantern

The measurement of the 36 photonic lanterns of the SMUX yields a 6x6 time domain impulse response for each core as
shown in Fig. 2(a). Each 2x2 sub-matrix corresponds to the four possible polarization paths between an input-output
pair and summation over the latter gives a 3x3 matrix as shown in Figs. 2(c) and (d). In the latter, significantly different
behavior is observed, with either five or three temporal peaks visible in each A;;(¢). Similar behavior was found for
cores located in opposite halves of the fiber as indicated on the camera image of the cleaved fiber facet in Fig. 2(b),
with cores in the upper-right half predominantly showing all five peaks present, while cores in the lower-left show only
three peaks; cores between the highlighted regions, including the central core, show five peaks for some input-output
combinations while for others only three peaks are present. In both cases, the presence of multiple peaks suggests the
photonic lantern excites both mode groups, although with different efficiency, resulting in varying peak amplitudes.

The fiber attached to the SMUX supports two mode groups with two modes in the LPy; group and four modes in
the LP;; group [2] and by design has high DMD on the order of 7 ps/m. Assuming negligible DMD within each mode
group and taking the mode-mixing occurring at discrete points (i.e. the photonic lantern, the splice and the fiber facet)
to be dominant over mode-mixing along the fiber—as is evident by the presence of well separated peaks—the possible
mode-mixing paths are as shown in Fig. 2(e); the lower half of the tree is symmetric to the upper, with the resulting
YAt reduced by At;. With a DMD of 7 ps/m and fiber lengths of approximately 1.3 m and 1.6 m before and after the
splice, this yields a total of nine different expected relative delays as shown below the curves in Fig. 2(f), forming five
distinct delay groups with uniform spacing.

The outer peaks in the impulse response correspond to the case where a mode excited by the photonic lantern
undergoes no mode mixing and thus their delays allow direct estimation of the DMD of the fiber, with DMDs between
6.5 ps/m and 7.5 ps/m found for the different cores, corresponding well with previous measurements [2]. The locations
of the three inner peaks match the calculated delay groups, as is shown for two cores in Fig. 2(f). The different delays
within each group are not resolved, due to insufficient measurement resolution resulting from laser phase noise. The
presence of more than two peaks suggests significant mode-mixing to always be present at the splice, although with
mixing characteristics differing between cores, resulting in different numbers of peaks; mode-mixing at the fiber facet
cannot be further analyzed as the delays within each delay group are collapsed.

Finally, IL and MDL are calculated from the reconstructed transfer matrix, with IL normalized using a reference trace
to exclude losses in the measurement system and the loss arising from the reflection at the cleaved facet. Fig. 3(a) shows
IL averaged over the wavelength range of the sweep, finding a mean IL of 8.8 dB. The calculated wavelength-averaged
MDL values range between 12.6 dB and 17.4 dB, with a mean of 14.9 dB as shown in Fig. 3(b).
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4. Conclusions

A fiber-coupled 36-core photonic lantern few-mode SMUX was characterized using an SDM-OVNA by measuring the
complete impulse response of all 36 photonic lanterns, analyzing them in time domain and calculating IL and MDL.
Further, analysis of mode-mixing within 2.9 m few-mode multi-core fiber coupled to the SMUX was performed, finding
significant and core-dependent mode mixing at a splice present in the fiber.
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Abstract

The behavior of splices in a 3-mode 36-core fiber is analyzed using optical vector network

analysis. Time-domain response analysis confirms splices may cause significant mode-mixing, while
frequency-domain analysis shows splices may affect system level mode-dependent loss both positively

and negatively.

Introduction

The introduction of space division multiplexing
(sbm) using fibers with multiple cores and/or sup-
porting multiple modes has allowed the capac-
ity of optical communication systems to over-
come the limit of conventional single mode fibers
of around 100 Tbit/s and reach capacities in
the Pbit/s range . Few-mode multi-core fibers
(FM-MCF), combining the use of multiple cores
and modes, have driven the number of spa-
tial channels above 100-, at the cost of requir-
ing multiple-input multiple-output (MIMO) equal-
ization to reverse the mode-mixing taking place
at (de-)multiplexers, at fiber splice points“~ and
along the fiber.

The performance of the MIMO equalization—
and hence the achievable system capacity—
is, among other impairments, limited by mode-
dependent loss (MDL) in the system~. Fiber
splices between FMFs (and in particular for FM-
MCFs) not only introduce insertion loss (IL), but
also mode mixing and potentially MpL>°. While
splices may severely degrade system perfor-
mance due to their IL and additional MDL”, their
mode mixing behavior may potentially reduce
overall system mDL”, to the point where artifi-
cial introduction of splices was considered for
reach increase in FMF transmission systems®.
As a practical system will feature a splice every
1—2km, careful characterization of such splices
is required to successfully model SDM systems
based on FMFs and FM-MCFs.

In this paper, we experimentally investigate the
impact of splices in a 36-core 3-mode FM-MCF
using a spatially-diverse optical vector network
analyzer (SDM-OVNA). The measurement is per-
formed in a reflective manner, using a 3D waveg-
uide spatial multiplexer with 36 photonic lanterns
coupling to the 36 McCF fiber cores of a short Fm-

MCF pigtail which is further spliced to pieces of
FM-MCF. The splices are found to significantly al-
ter the complex transfer function of the system,
introducing additional IL ranging from 0.01dB to
1.99 dB for the different cores, changing the wave-
length averaged sytem MDL by —1.2dB to 2.8dB
and significantly altering its wavelength depen-
dent profile. The presented results help to im-
prove the modeling of SDM transmission systems
based on FM-MCF, by including the effects of FMF
splices.

Splice Characterization Using a Spatially-
Diverse Optical Vector Network Analyzer
The analysis of splices between FM-MCFs was
performed with an SDM-OVNA based on swept-
wavelength interferometry’, allowing measure-
ment of the full complex transfer function H(w)
of a multiport SDM system. The SDM-OVNA setup,
shown in Fig. 1, uses a continuously swept tun-
able laser source (TLS), followed by an interfer-
ometer including the device under test (DUT) in
one of its arms, to iteratively measure the full 6x6
transfer matrix for each of the 36 cores. The TLS
signal was split and recombined in a polarization
beam combiner to ensure polarization diversity
and split onto the different ports of the buT. The
reflections from the cleaved end of the FM-MCF
were separated by optical circulators, combined
and together with the reference arm of the inter-
ferometer fed to a polarization diverse receiver;
the resulting interference fringes were stored on
a digital sampling oscilloscope. An additional ref-
erence interferometer allowed for compensation
of sweep frequency non-linearities ™

The fiber delays at the polarization multiplexer
(rp) and before and after the ports of the buT
(71 to 76) separate the M? different components
hi;(t) of the time-domain transfer matrix in the
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Fig. 1: SDM-OVNA setup and different measurement scenarios: a) photonic lantern and 1.3 m 3-mode MCF, b) photonic lantern
and 1.3+1.6 m fiber with splice, c) photonic lantern and 1.3+8.8 m fiber with splice. TLS: continuously swept tunable laser, PC:
polarization controller, PBS/C: polarization beam splitter/combiner, ADC: analog to digital converter.

inverse Fourier transform of the recorded inter-
ferograms, allowing easy extraction by tempo-
ral windowing. The separate Fourier transforms
of the h;;(t) are the components H;;(w) of the
M x M complex transfer function H(w). Sin-
gular value decomposition of H(w) gives the
M singular values \;(w) of the complex trans-
fer function, from which IL and MDL are derived
as: IL(w) = M X(w)/M and MDL(w) =
maxg<i<y (AZ(w))/ming<i<ar (A (w)).

Two splices were introduced between the PL
pigtail and two pieces of FM-MCF of 1.6m and
8.8m length respectively, to analyze the com-
plex transfer function of the resulting reflective
systems and to compare them to the transfer
function of the pigtailed photonic lantern (PL).
This comparison allows deriving characteristics
of the splice, using the difference in wavelength-
averaged IL and MDL as well as the ratio of the
variance of MDL over wavelength as indicators of
splice quality and impact.

Measured FM-MCF Splice Characteristics
Measurement of the system transfer character-
istics gives a 6x6 time-domain response matrix
for each core, from which by means of Fourier
transformation and singular value decomposition
the IL and MDL over wavelength can be derived
as previously discussed. Two exemplary time-
domain response matrices and corresponding IL
and MDL are shown in Fig. 2. Detailed analysis of
the time-domain responses allows drawing con-
clusions about mode coupling at different points
along the system, including at the splice. Com-
parison of IL and MDL for the system in presence
and absence of a splice allows determining splice
quality and splice behavior.

Cores 6 and 33 of splice two were chosen for
display in Fig. 2 a) and b) as they show signifi-
cantly different behavior both in their time-domain
response and their IL and MDL profiles. The time
domain response of core 6 in Fig. 2 a) shows
three clearly separated single peaks, where the
approximately 145ps separation between the
outer peaks correspond to the accumulated differ-
ential mode delay (DMD) of passing through the

1.3+8.8 m of FM-MCF—which is known to have
a bMD of around 7 ps/m“—in forward and back-
ward direction. The presence of the central peak
thus indicates strong mode-mixing to occur at the
cleaved fiber end.

Core 33 on the opposite shows three groups
of three closely spaced peaks, indicating that ad-
ditional mode-coupling must take place. This is
found to be mode coupling at the splice, causing
peaks located close to the main peaks as the dif-
ference in accumulated DMD is equivalent to the
DMD of a single pass through the 1.6 m FM-MCF
between splice and PL, i.e. about 9.1 ps—which is
in good correspondence with the observed peak
spacing. While the shown cores represent the ex-
tremes, i.e. either practically zero mode-mixing
or very strong mode mixing, the remaining cores
show varying levels of mode mixing with no over-
all tendency to either extreme.

The behavior of cores 6 and 33 is further differ-
ent in IL and MDL, as further shown in Fig. 2, with
core 6 showing a nearly flat IL across wavelength
and only small variations in MDL, while core 33
shows significant variations of MDL; the observed
ringing, especially obvious on the IL of core 33,
is due to the temporal windowing process. It
should be noted that the presented IL and MDL
values have been divided by two to account for
the double-pass nature of the reflective measure-
ment and thus represent the actual IL and MDL of
the system.

Comparison of the IL and MDL between the sys-
tem with and without the splice allows deriving the
IL of the splice and its impact on MDL. To this
end the differences in wavelength averaged IL are
shown across a schematic plot of the fiber cross
section on the left hand side of Fig. 3 for two differ-
ent splices, where splice 1 is between the 1.3 m
FM-MCF pigtail of the PL and a 1.6 m long piece
of FM-MCF, while for the second splice the first
splice is removed and a piece of 8.8 m of FM-MCF
spliced to the pigtail.

Comparison of ATL of the splices shows splice
2 to be of significantly better quality, with <0.5dB
IL, except for four isolated cores with IL up to
1.8dB, potentially due to cleave imperfections,
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core displacements or micro-bubbles enclosed in
the splice. Splice 1 on the other hand shows over-
all much higher IL with only the bottom right sec-
tion of the fiber staying below 0.5dB IL.

The middle and right parts of Fig. 3 show the
difference in mean system MDL and the ratio be-
tween variances of MDL caused by the two splices
respectively. While these confirm that both sys-
tem MDL and its variance over wavelength can be
reduced by a splice, for the majority of cores MDL
increases, with an average increase of 0.8dB
across all cores in splice 1 and 0.2dB in splice
2. The average impact on MDL variance however
is found to be small, with average ratios of 1.0 for
splice 1 and 0.9 for splice 2. It should be noted
that a decrease in system MDL is connected to
mode mixing in the splice and does not indicate
gain in the splice.

Overall, these results confirm that splices in
FMFs have significant impact on MDL behavior,
especially in the case of FM-MCFs, where larger
core offsets are unavoidable and thus differences

in behavior across cores may be significant.

Conclusions

In this paper the behavior of splices between FM-
MCFs has been investigated using optical vec-
tor analysis, analyzing splice impact both based
on the system time-domain response and the
changes in IL and MDL caused by the inclusion
of a splice. The results show significant mode-
mixing may occur at a splice and splices can sig-
nificantly alter MDL behavior both positively and
negatively. These results allow improved model-
ing of FM-MCF based SDM systems, by including
the impact of fiber splices, and thus more accu-
rately estimating system capacity.
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Abstract: This paper discusses spatially diverse optical vector network analysis for space
division multiplexing (SDM) component and system characterization, which is becoming essen-
tial as SDM is widely considered to increase the capacity of optical communication systems.
Characterization of a 108-channel photonic lantern spatial multiplexer, coupled to a 36-core
3-mode fiber, is experimentally demonstrated, extracting the full impulse response and complex
transfer function matrices as well as insertion loss (IL) and mode-dependent loss (MDL) data.
Moreover, the mode-mixing behavior of fiber splices in the few-mode multi-core fiber and their
impact on system IL and MDL are analyzed, finding splices to cause significant mode-mixing
and to be non-negligible in system capacity analysis.
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1. Introduction

As fiber optic communication links rapidly approach the limit of conventional single mode fibers
(smF) of around 100 Tbit/s, space division multiplexing (spm) has recently been introduced to
increase the available transmission capacity [1-6]. Few-mode fibers (EmFs) supporting multiple
spatial modes allow transmission of a number of channels on an orthogonal set of modes of
the FMF, at the cost of requiring multiple-input multiple-output (MiMo) equalization to invert the
mode-mixing that takes place at (de-)multiplexers, at fiber splice points and during propagation
through the fiber [6—8]. Multi-core fibers (Mcrs) reduce the footprint and increase capacity at the
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cost of introducing inter-core crosstalk [5] and combined with mode-multiplexing form few-mode
multi-core fibers (FM-McF) which make spatial channel counts above 100 feasible [6,9, 10].

An spMm system using single- or multi-core FMFs consists of a bank of transmitters, connected
to a spatial multiplexer (smux), followed by an spwm fiber transmission span, a de-multiplexer and
finally a bank of coherent receivers. The transmission span may be a simple fiber link, but may
also include more complex subsystems such as switches, and amplifiers [11]. Additionally, a
fusion splice every few km will be unavoidable in practical spm systems. To model such systems
and estimate their performance in terms of capacity, miMo complexity and energy consumption,
accurate knowledge of the characteristics such as insertion loss (i), mode-dependent loss (MpL)
and differential modal group delay (pmp), of the involved components is essential [7, 8].

For the miMo equalizer to recover the original signals despite significant mode-mixing in
FM-MCFS, mode-dependent loss (MpL) must be small, while mode scrambling at the transmitter
improves tolerance to system MpL [7] without requiring additional coding which may also
improve tolerance to MpL [12, 13]. System capacity is maximized if all modes supported by
the fiber are used to transmit information [7, 14]. Thus, an smux should excite all the available
orthogonal modes and should have low insertion loss (L) to preserve optical power and low
MDL to maintain MiMo processing performance by avoiding eigenmode signal-to-noise ratio
(sNR) degradation. The fiber pmp determines the spread between signal components and thus
sets a lower limit to MmiMo equalizer complexity. It may further degrade system performance
due to equalization enhanced phase noise [15]. Fusion splices within FMFs—and in particular
FM-McFs—not only introduce 1L, but may also introduce significant amounts of mode-mixing
and mpL [16-18]. While splices may severely degrade system performance due to their 1. and
additional mpL, their mode mixing behavior may potentially reduce overall system mpL, to the
point where artificial introduction of splices has been considered for reach increase in FMF
transmission systems [16, 19].

Optical vector network analysis, based on swept wavelength interferometry—where light
from a wavelength swept source is sent through an interferometric structure containing the
device under test (puT) and as a result at the receiver creates interference fringes according
to the device response—allows direct measurement of the impulse response and the complex
transfer function of an optical device or system [20,21]. More recently, spatially diverse optical
vector network analyzer (spM-OvNA) setups have been introduced, allowing measurement of
the temporal and spectral response of Fmrs [11,22], as well as characterization of spm system
components [14,23,24]. The mode-mixing at fiber splices and their impact on system 1L and
MpL was investigated by the authors in [17,25], based on analysis of the impulse response and
comparison of measurements with different splices. A complete description of the spmM-ovNA
setup and especially the required digital signal processing (psp) is however not found in the
literature.

In this article, the authors provide a comprehensive discussion of the operating principle of
spatially diverse optical vector network analysis and the psp required to extract the impulse
response and complex transfer function matrices as well as the linear parameters (such as 1L,
mpL and pmp) of the device or system under test. The authors present extended characterization
results for the characterization of a 3D waveguide photonic lantern smux for a 36-core 3-mode
fiber, as well as for the behavior of fusion splices in FM-McFs [17,24, 25]. Full characterization of
the photonic lantern smux is performed using a reflective spM-ovNa setup, measuring its impulse
response and complex transfer function matrices as well as 1L and mpL for all cores. Using the
SMUX as a basis, the mode-mixing behavior and impact on system 1L and mpL is analyzed for
different fusion splices and cleaves. Through the extended analysis, separating the impact of
fiber splice and cleave, the accuracy of characterization is significantly improved and both are
found to have significant impact on 1L and mpL. These results confirm spatially diverse optical
vector network analysis to be a potent tool for accurate characterization of spm systems and
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Fig. 1. General spm-ovna setup, including reference clock interferometer. stL: wavelength
swept tunable laser, pc: polarization controller, ps/c: polarization beam splitter/combiner,
puT: device under test, Apc: analog to digital converter.

components and by characterizing the impact of splices in FM-McF allow improved modeling and
capacity estimation of spm systems with a large channel count.

The remainder of this article is organized as follows: section 2 discusses spatially diverse
optical vector network analysis, providing a comprehensive discussion of the spmM-0vNa setup,
the principle of operation and the required psp for complete characterization of the device
under test. Section 3 discusses the measurements performed and the results obtained, first
characterizing the photonic lantern smux, then showing how fiber pmp and mode-mixing behavior
at discrete mode-mixing points in the fiber can be derived from the measured impulse response
and finally analyzing the impact of fiber splices and the cleaved fiber facet used in reflective ovNa
measurements on system 1L and MpL. Section 4 summarizes and concludes the article.

2. Spatially-diverse optical vector network analysis — principle of operation and
digital signal processing

Swept wavelength interferometry allows measurement of the polarization resolved complex
transfer function H (w) and impulse response k(t) of an optical device under test [20,26]. To
measure the full transfer function matrix of a multiport, space division multiplexing (spm)
system or component, the scheme may be extended to form a spatially diverse optical vector
network analyzer (spm-ovNa) [22,25,27]. This section presents the setup and principle of
operation of an spm-ovNa for the analysis of an spm system or component with N X N ports
in section 2.1 and discusses the digital signal processing (psp) for measurement of the impulse
response, complex transfer function and linear parameters (such as insertion loss (i), mode-
dependent loss (mpL), differential modal group delay (pmp) and mode coupling) of the system
or component in section 2.2. Finally, section 2.3 presents a reflective spM-ovNa setup allowing
isolated characterization of single spm devices or components.

2.1. Spatially-diverse optical vector network analysis setup

The basic setup for a spatially diverse ovna for transmissive characterization of a device with
N x N ports is shown in Fig. 1. It consists of a wavelength swept tunable laser (stL), followed
by an interferometric structure with one arm containing the device under test (put) and the other
arm serving as reference. While the setup in Fig. 1 is designed to measure the transmission
characteristics of the pur, the use of circulators at the input to the put allows measuring its re-
flective characteristics or, using the reflection from a cleaved fiber facet, to measure transmission
characteristics in a reflective manner as discussed in section 2.3.

For polarization resolved measurement, a polarization multiplexing unit generates a signal of
two orthogonal polarizations with a relative delay 7,. The signal is split into N copies, to which
differential delays 7, | to Tjp, & are applied before input to the puT. Another set of differential
delays Tou,1 tO Tou,v are applied to the output of the put before combining the N outputs,
beating them with the signal from the reference arm on a polarization diverse receiver and
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recording the resulting interference signals. An additional interferometer with delay 7¢ generates
a reference signal used to correct for deviations in sweep speed and convert the linear sweep in
wavelength performed by the sTL into a linear sweep in frequency as required for extraction of
the pur response.

Assuming the optical field E;, generated by the sTL is

Eg, = Ae_jw(t)t Psrs M

where p,, is a unit vector representing input polarization orientation, A is the complex field
amplitude and w(t) = 2rc/ (/10 + vsweept) is the angular optical frequency resulting from a linear
sweep of laser wavelength, starting at 1p and with speed Vsweep; ¢ being the speed of light in
vacuum. The signal after the polarization multiplexer may then be expressed as

K i .
Ep = \/;Ae ot I:RP:SPSTL + ejw(f)TP RPJ’pSTL] > (2)

where Rp s and Rp j, are 2 X 2 polarization rotation matrices, that align E, to the polarization
axes of the polarization beam combiner (pec) and the factor Vk/2 results from the two splitters.
Without loss of generality and to simplify notation in the following, we assume the polarization
axes of the pBc to be the standard basis, simplifying Eq. (2) to

I Lo 1 jw(t) 0| _ /« e /w1 [k
Ep—\/;Ae .lw(tt[(0)+e.lw(tTP(l = EA et | = EAEZP' 3)

The N copies of the polarization multiplexed signal at the input to the put may then be
expressed in a combined notation as the product of a 2N X 1 vector Exnp with elements
(EZTP, e, E;P)T, a2N x 2N block diagonal matrix R;, consisting of a set of complex, unitary,
independent 2 X 2 polarization rotation matrices Rj, | to Riy, n (as highlighted in Eq. (4)) and a

2N x 2N diagonal matrix Dy, with the delays di, ; = e/« ()7in.i:

din1 0 0 e—Jw ()t
Rin.1 0 0 din e—Jjw@ @) (t=Tp)
K
Ei, = /—A . :
m 2N . l.
0 R, v din.n 0 e—Jw(n1
0 0 dinn e—Jw(®)(1=Tp)

K
=4/ ﬁARinDinEZNP- )

E;, thus effectively contains 2N scaled and shifted copies of the original swept optical signal
and the N pairs with differential delay 7p are applied to the N inputs of the put. Expressing the
(2N)? complex transfer functions Hi ;(w) (with k, [ € [1,2N]) relating the polarizations of each
of the N input ports to the polarizations of each of the N output ports of the put ina 2N X 2N
matrix H(w), allows writing the output signal of the upper arm of the main interferometer as

K
-, " DouRouH (@) Rin Din Eae, ®)
\/EN 2x1

where Do, and R,y are the delays and polarization rotations after the different outputs of the
pur, defined in the same way as Dj, and Rj, in Eq. (4). Further, )}, is a summation over pairs
of rows of the 2N X 1 vector resulting from the matrix multiplication in Eq. (5), such that

N N [1:121(—1 911 e~ IOOU=Towk=Tin) L o | 5 /@O —Touk ~Tin 1 =Tp)
Y, . [1:12k o1 e~ OO Tk =T { f,, ) e—jw(r)(r—rom.k—rm,,—rP)J ’

Ep

Ep
©)
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where the unitary polarization rotations R;, and R, have been combined with H(w) into
H(w) = Ry H(w)Rj, with the (2N)2 complex elements I:Ikyl(w), where k,[ € [1,2N].
The signal in the reference arm undergoes delay 7 and at the input of the polarization diverse

receiver is

1- )
Eg = \/T“Ae*fw“)(’*m Rr P 0

where Ry represents a random polarization rotation along the fiber.
Splitting Ep from Eq. (6) into orthogonal polarizations represented by unit vectors s and p
using a polarization beam splitter (PBs) as

Eps=(Ep-s)s and Ep,=(Ep-p)p (8)

and combining each with a polarization-aligned half of the reference signal Er gives the incident
fields on the two balanced photodetectors:

1 1 1 1= .
Eg = %ED,S +5ErRys =5 [\/EED s+ TKA e—f‘“(”(’—fﬂ)] s )

1 1 1 f1- ;
Epin= %ED,,, + 3 ErRR p = 5 [ﬁED AR KAe’-"“(’)(”TR)} p. (10

where Ry s and Ry, align the polarization of the reference to the polarizations s and p.

Assuming square law detectors with a photocurrent proportional to the incident field according
to i(w) = R|E|?, where R is the responsivity of the photodetector, the difference currents
produced by the balanced photodetectors are easily seen to be sums of the transfer function
elements ﬂk’] with different delays

N
o 2 Nk VI -« 4 A () (TR=Touk ~Tin.1)
is =RI|A| N v kZ;] Re[ (SIHZk—l,ZI—I + 52H2k,2171)6 !

+ (SIHZk—I,Zl + SZﬁZk,ZI) e*j‘U(f)(TR*Tmll,k*Tm,I*TP):I (11)

1-

K N N . ]
ip =RIAP % Re [ (Plek—l,zl—l + Pszk,zi—l) e O NDTRTouwk ~Tin. 1)

1

>~
I

S
,'MZ

+ (PlﬁZk—l,Zl + PZI:IZk,Zl) e~ JOWOER=Touk —Tin./—TP)] . (12)

where s; and p; denote the components of s and p and stem from the inner product in Eq. (8).As
the stL wavelength is swept, the different delays result in different wavelength offsets and thus
the elements of the sums in Eqgs. (11) and (12) appear at different frequencies in the spectra of
is and i, allowing their extraction as discussed in the following section and thus allowing full
characterization of the linear properties of the pur.

2.2. Extraction of the device transfer function and linear parameters

The extraction of the complex time- and frequency domain transfer function matrices h(¢) and
H (w) from the recorded interferograms of Egs. (11) and (12) requires a number of Dsp steps
as shown in Fig. 2 and discussed in sections 2.2.1 and 2.2.2. Further analysis of the transfer
function matrix H(w) allows the extraction of a number of important linear parameters of the
puT, including insertion loss (iL), mode-dependent loss (MpL), differential modal group delay
(pmp) and mode coupling [8,21] and is discussed in section 2.2.3.
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Fig. 2. Diagram of the signal processing flow for optical vector network analysis.
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Fig. 3. Correction for sweep speed deviations and conversion from linear sweep in wave-
length to linear sweep in frequency: (a) instantaneous frequency of the reference clock signal
(mavG: moving average), (b) normalized spectra of the reference clock signal before and
after re-sampling and re-timing.

2.2.1. Linearization of the sweep

Prior to the extraction of the desired transfer function matrix elements from the interferograms
of Egs. (11) and (12), it is essential to correct for any deviations in the sweep speed during the
linear wavelength sweep of the sTL and to convert the latter into a linear sweep in frequency. The
inclusion of the reference clock interferometer in the ovNa setup in Fig. 1 gives an additional

signal
Lok —jn)(t-7c)
Ec =\ A[em/er 4 gmiwnTe) (13)

ic = RIA]’ Re [e /@], (14)

where polarization alignment between the interferometer arms is assumed and polarization has
thus been dropped in Eq. (13). This signal may be employed either as a clock signal for the
analog to digital converter (apc) [26], or as a reference signal to achieve linearization of the
sweep in Dsp, as discussed in this work.

A linear sweep in frequency would result in ic containing only a single frequency, as the
difference in fiber length between the two interferometer arms, and thus also the delay 7c, is
constant and known. In the experimentally acquired signal ic, on the other hand, the sweep is
linear in wavelength and the sweep speed is non-constant due to device limitations of the sTL.
Figure 3(a) shows the measured instantaneous frequency for a sweep across the optical C-band
(1530 nm to 1570 nm) with a sweep speed of 100 nm/s and a path difference between the arms
of the reference clock interferometer of 20 m. The obtained clock signal varies strongly in short
time intervals, but with a moving average filter over 50 us, falls within 10 % of the calculated
frequency resulting from an ideal linear sweep in wavelength.

Both the variation due to device imperfections and the frequency slope resulting from linear
sweeping in wavelength may be corrected by upsampling the clock signal, selecting sampling
points at given positions within each cycle—e.g., at all zero crossings—and subsequent re-timing
of the selected samples to a constant sampling speed. Additionally filtering the clock signal
around the desired frequency peak before re-sampling and re-timing improves the resulting
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Fig. 4. Tllustration of the windowing process, extracting the 36 elements ilk,l(t) of the
impulse response of a 3-mode put from the prts of the interferograms is and ij.

signal. Figure 3(b) shows the normalized spectra of the reference clock signal before and after
re-timing along with the applied filter. While in the spectrum of the raw signal the peak is spread
into a wider peak due to the deviations from sweep speed, re-timing achieves a very narrow peak
and thus good linearization of the sweep. Selecting samples of the interferograms of Eqs. (11)
and (12) at the sampling points found from the reference clock signal and applying the same
re-timing linearizes the underlying sweep and thus allows distortion-free extraction of the transfer
function matrix elements.

2.2.2. Extraction of the device time and frequency response function matrices

Extraction of the complex time- and frequency domain transfer function matrices from the
recorded interferograms is relatively straightforward, since, after linearization of the sweep, each
delay results in a single, known frequency. Extracting the components of the sums at the different
delays and combining them into 2 X 2 sub-matrices for each {k, [} as

stHog 1201 + 2B 01 stHoro0 + 2Bk | _ | 5152 || Hak-100-1 Hor
PrHok—120-1 + p2Hak 211 prHak-121 + p2Hak 21 P D2 Hok 211 Ho 1

Hyp 1211 Hok—1, ] _ [Hgk—l,ZI—l Hoj—1 1

I B S S Hop 1 Hoppi-1 Hog ] as

shows that the pBs and subsequent polarization-diverse detection may be regarded as another
polarization rotation on top of those in Eqs. (4) and (5); as s and p are orthogonal unitary vectors,
their elements s1, 52, p1 and p> together form a unitary basis and thus the matrix Ry, is a urlitary
matrix. To simplify discussion, this polarization rotation has further been combined with H(w)
by defining a matrix Ry, ,, similar in structure to Ry, and Ry in Egs. (4) and (5), i.e., being
block-diagonal with N copies of Ry ,, and defining Hw) = Rns,p RouwH (w) Ry, with elements
Hi 1(w). These Flk, 1 (w) differ from the elements Hy ;(w) of the transfer function matrix of the
put only by a series of polarization rotations, which have no impact on the linear parameters
extracted from the transfer function matrix as discussed in section 2.2.3.

While the desired elements Ay ; (w) appear in the interferograms of Egs. (11) and (12), they
can not be easily extracted in a direct manner. After performing a discrete Fourier transform (pFr)
however, the elements ﬁk, 1 (1) of the time domain transfer function, i.e., the impulse responses,
may be directly extracted by simple windowing—provided the delays iy 7, Tour,x and 7p were
carefully selected to ensure sufficient separation to prevent any overlap of the impulse responses.
Fig. 4 shows the windowing to extract the 36 elements /i ; (f) of the impulse response matrix
from the pFts of the two re-timed interferograms i, and i,, of a 3-mode pur.

Finally, the I:Ik,l(w) are easily obtained by taking separate inverse prts of the flkJ(t) and
thus the full time and frequency domain transfer function matrices h(t) and H(w) may be

[E—
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reconstructed and further analyzed to derive the put linear parameters.

2.2.3. Calculation of the linear device parameters

Of the linear parameters associated with any sbm component or system, i and MpL are likely
the most important for spM communication systems employing coherent detection and MiMo
equalization [8]. The former determines power budgets thus limits available reach and the latter
directly limits system capacity [7,8]. Given the transfer function matrix H (w), both 1. and MpL
may be determined via singular value analysis [8]. The singular value decomposition (svp) [28]
decomposes H (w) into two unitary matrices U(w) and V (w) and a diagonal matrix I as

H() = U)E)V* (), (16)

where * denotes the conjugate transpose and the diagonal elements A (w) to A,n (w) of X(w)
are the 2N singular values of H (w). The columns of the unitary input and output matrices V (w)
and U (w) are the input and output eigenvectors of the system and describe the 2/N-dimensional
polarization rotation (also referred to as mode-mapping, -mixing or -scrambling in the literature)
between the launched input modes and the eigenmodes of H (w), and the latter and the received
output modes respectively. Note that the singular values A, (w) are the gains or losses associated
with each eigenmode and their squares are equal to the eigenvalues of the phase-conjugate
round-trip propagation matrix Hw)H *(w) [8,11].

As the singular values A; (w) are the gains/losses associated with the optical field, they directly
relate to the insertion loss (iL) and mode-dependent loss (MpL) of the puT. Defining the latter two
in terms of optical power, 1L is the mean of the squares of the singular values A;(w), while MpL
is the ratio between the maximum and minimum A?(w):

—_ max 12(w)
IL = 2 (w) MDL = ————. (17)
min A5 (w)
Taking the svp at each angular frequency w yields the A;(w) across the wavelength range of the
sTL sweep and thus allows wavelength resolved calculation of 1. and mpL.

It should be noted that, for any unitary matrix, i.e., a lossless polarization rotation, the singular
values are equal to 1 and thus the singular values of H(w) are the same as those of H(w),
despite the series of polarization rotations the latter undergoes to become the former. The linear
parameters derived via the svp of H(w) are thus equal to those of the pur.

Differential modal group delay (pMp) may impact system performance, given the presence
of phase noise [15], and influences signal processing complexity as the maximum spread in
group delays determines the minimum length of the mimMo equalizer [8]. pmMp may be derived
from H (w) by means of principle state of polarization analysis [11,21,29] where the principle
delays are approximated by the eigenvalues of H(w + Aw)H - (w) or by directly analyzing the
impulse responses & ; (1) [22,25,30]. In the latter case, distinct peaks for different mode groups
lNzkvl () will be observed and pmMp may be derived from the ratio of their respective spacing and
the fiber length. Such analysis further allows the location and characterization of discrete events
affecting mode-distribution along a fiber, by analyzing peaks at intermediate time instances [25].
Analysis of the impulse response is demonstrated in detail in section 3.2.

Finally, mode coupling may also be seen from analysis of the /i ; (r), where distributed mode
coupling along the fiber will appear as plateaus between the peaks of the respective modes and
mode coupling at discrete points generate additional peaks in the temporal response [22, 25, 30].

2.3. Optical vector network analyzer setup for reflective measurements

To characterize a single space division multiplexing (spm) component, e.g., an SMUX, a transmis-
sive measurement as shown in Fig. 1 may not be possible and a reflective measurement setup is
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Fig. 5. spm-ovna setup for reflective measurement of the impulse response and transfer
function of a 36-core 3-mode photonic lantern sMux.

Table 1. Fiber configurations for the characterization of the photonic lantern and measure-
ment of few-mode splice and cleaved fiber facet behavior.

Name Pigtail Splice Fiber Cleave Angle

PL-CLO 0.3m - - CLO 0.7°
PL-SPI-CLI 13m SP1 88m CLI 0.4°
PL-SP2-CLI  03m SP2  88m CLI 0.4°
PL-SP2-CL2 03 m SP2  87m CL2 0.9°

required. For such a measurement, the reflection from a cleaved fiber facet may be exploited,
passing through the put a second time and being separated onto the output ports by circulators
as shown in Fig. 5 for a 36-core 3-mode photonic lantern smux. For such a measurement, the
measured response is the concatenation of the pur, the fiber pigtail, the cleaved fiber facet (which
for a good cleave is a weak mirror with a reflectivity of ca. 4 %), and again the fiber pigtail and
put. While including the coupling to the fiber pigtail as part of the device response is usually
desired, the effect of the reflection at the cleaved facet may be calibrated out of the measurement
to allow measuring only the desired impulse response and complex transfer function of the
fiber-coupled pur.

3. Few-mode fiber, splice and component characterization

In this section we analyze a 3-mode multicore photonic lantern smux similar to that in [31], for
with 36 cores. Based on the setup in Fig. 5, we show measurements results of system 1. and MpL
as well as fiber pmp and discuss the behavior of fusion splices in the 36-core FMF and that of the
cleaved fiber facet itself. To this end a series of measurements was performed with different fiber
configurations as shown in Table 1.

First, PL-CLO corresponds to measurement of the response of each of the photonic lanterns
and serves as a base for comparison with the measurements with different splices and cleaves;
the respective results are presented in section 3.1. PL-SP1-CL1 additionally includes a fusion
splice in the 36-core FMF and with different fiber lengths before and after the splice lends itself to
analysis of the time-domain response; in section 3.2 the fiber pmp is calculated from the measured
impulse responses and different degrees of mode-mixing are shown to be present at the splice for
different cores. In PL-SP2-CLI the splice is replaced by another fusion splice, while maintaining
the exact same configuration otherwise, including the cleave at which reflection takes place. This
allows comparison of the system response with either splice to the base measurement and direct
comparison of the system responses with the two splices; the respective results are discussed in
section 3.3. Finally, PL-SP2-CL2 introduces a different cleave to analyze the impact of cleave
quality on the system response; this is discussed in section 3.4.
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Fig. 6. Characteristics of the 36-core few-mode photonic lantern spatial multiplexer: (a)
impulse response of core 10, (b) photograph of cleaved fiber facet with core numbering, (c)
and (d) 1. and mpL of all cores, (e) and (f) 1. and MpL plotted across the fiber facet.

3.1.  Analysis of a 36-core 3-mode photonic lantern

To characterize the 36-core photonic lantern smux, the full response for each of the 36 cores
is measured separately, each yielding an impulse response matrix as shown in Fig. 6(a) for the
exemplary case of core 10. While sufficient for the calculation of the complex transfer function
and thus derivation of insertion and mode-dependent loss (i and mpL), the impulse response
hardly allows any differentiation of separate peaks due to the short fiber length of the pigtail,
although it is significantly spread due to pmp.

Calculation of the complex transfer function and analysis of 1L and MpL, as discussed in
section 2.2, shows significant differences between cores for both 1. and MpL as shown in Figs. 6(c)
and 6(d), with the former ranging from 2.9 dB to 7.1 dB and the latter between 7.5 dB and 15.0 dB.
It should be noted that the reported values are wavelength-averaged across the range of the optical
C-band (1530 nm to 1570 nm) and that, in this and all of the following measurements of 1L and
MpL, the presented values have been corrected to account for the double-pass nature of the
reflective measurement.

Analysis of the distribution of 1L and mMpL values of the fiber facet as shown in Figs. 6(e) and
6(f), shows the cores on the outer ring to have significantly higher 1L and MpL as may be expected
from increasing alignment error with increasing distance from the fiber center. Furthermore
alignment between the photonic lantern chip and the output fiber pigtail seems to be optimum
for cores slightly above and to the right of the center, rather than for the central cores, causing a
generally increased misalignment.

3.2. Few-mode fiber differential modal group delay

Analysis of the impulse response matrix allows direct calculation of the pmp in the fiber, and
in the presence of discrete mode-mixing points along the fiber, e.g., from fusion splices or the
cleaved facet, further allows analysis of mode-mixing behavior at these points. Analyzing the
impulse responses of measurement PL-SPI-CLI, which includes the smux, a 36-core FMF pigtail
of 1.3 m length, a fusion splice and another 8.8 m of fiber, a number of well separated peaks
can be seen in the impulse response matrices shown in Figs. 7(a)-7(c). In order to calculate the
fiber pmp, the original of these peaks needs to be identified and once peaks corresponding to the
mode-groups of interest have been selected, the pmp simply is the observed temporal spacing
divided by the propagation distance in the fiber.

In the presence of discrete mode-mixing events, such as the fusion splice and cleave, additional
peaks may arise due to different combinations of accumulated pmp before and after each mixing
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Fig. 7. Time domain analysis of the impulse responses from measurement PL-SPI-CLI.
(a)—(c) Impulse response matrices of selected cores, showing different mode mixing be-
havior at the fusion splice and the cleave, (d) tree diagram of possible accumulated pmp
assuming mode-mixing at discrete points and corresponding pmp values for all possible
mode-mixing combinations, (e) comparison of the calculated values of accumulated pmp
with experimentally obtained impulse responses.

event [25,30]. The impulse response matrices shown in Figs. 7(a)-7(c), corresponding to cores 11,
29 and 33 respectively, were selected as they represent three extreme cases in terms of mode-
mixing at the splice and cleave. To interpret their differences, the possible accumulated delays
with different mode mixing at the splice and cleave has to be considered.

Assuming a three-mode fiber supporting two mode groups with equal propagation constants
within each mode group and different propagation constants between mode groups, Fig. 7(d)
shows a tree diagram of all possible mode-mixing paths and associated accumulated relative
delays. With the chosen fiber lengths, the delay At is significantly larger than At and thus three
peaks around delays of 0, Aj and 2A7; are expected. The outer peaks correspond to the two mode
groups propagating without mixing, while the central peak corresponds to mixing at the cleave.
The impulse response of core 11 in Fig. 7(a) shows such behavior with a strong central peak and
thus significant mode mixing at the cleave. On the other hand, the impulse response of core 29 in
Fig. 7(b) shows only two peaks, with the central peak missing, indicating that no mode mixing
occurs at the cleave for this core. With no mode-mixing present, this core lends itself to simple
calculation of the fiber pmb: the spacing of ca. 145 ps for the two cores and a total fiber distance
of 2 x (1.3 m + 8.8 m) suggests a bMp of ca. 7 ps/m. Comparison of the impulse responses in
Figs. 7(a) and 7(c), shows that in the latter case the three peaks are split into three sub-peaks
each at a much closer spacing. Comparison of these spacings with the calculated spacings for a
pmp of 7 ps/m in Fig. 7(d), confirms these spacings to result from mixing at the splice.

Comparing all the impulse responses as in Fig. 7(e), confirms a pmp of ca. 7 ps/m for the ana-
lyzed cores, which corresponds well with the pmp design of the fiber and previous measurements
in [6,24,25], all of which suggest pmp values between 6.3 ps/m and 7.8 ps/m, depending on the
core in question.

Besides providing a simple means to measure the fiber pMp parameters, time-domain analysis
and comparison between the different impulse responses thus shows significantly different
degrees of mode-mixing at the splice and cleave. While core 29 shows negligible mode-mixing
at both the splice and cleave, core 11 shows significant mixing at the cleave, while showing none
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Fig. 8. Comparison of system 1L and mpL with different splices and different cleaves: (a)—
(¢) AIL and AMDL for PL-SP1-CLI, PL-SP2-CLI and PL-SP2-CL2 against PL-CLO
respectively, (d) direct comparison of two splices, i.e., AIL and AMDL for PL-SP2-CLI
against PL-SP1-CLI1, (e) direct comparison of two cleaves, i.e., AIL and AMDL for PL-
SP2-CLI against PL-SP2-CL2.

at the splice and finally core 33 shows strong mode-mixing at both. The remaining cores show
less extreme behavior with varying degrees of mode-mixing at both points.

3.3. Few-mode fiber splice analysis

While some conclusions about the mode-mixing behavior at fusion splices in the 36-core 3-
mode fiber may be drawn from analysis of the impulse response matrix as discussed in the
previous section, analysis of their impact on system performance requires characterization of
their influence on insertion and mode-dependent losses (1L and mpL). Two splices between the
pigtail of the smux and an additional piece of 36-core FMF have been performed, resulting in
measurements PL-SP1-CLI and PL-SP2-CL]1. To directly show their impact on system 1L and
MDL, they are both compared to the measurement of the pigtailed smux alone (PL-CLO).

Figures 8(a) and 8(b) show the difference in wavelength-averaged 1 and mpL for all cores for
measurements with splice 1 and splice 2 compared to the measurement with only the smux. Both
splices introduce significant 1L, with a mean 1L of 0.32 dB for splice 1 and 0.17 dB for splice 2.
AL is below 0.5 dB for all cores, but cores 11 and 12 for both splices and additionally cores 2,
3,4 and 13 for splice 1. By analyzing the mean difference in system mMpL, we observe that the
inclusion of a fiber splice may in fact reduce overall system MDL, i.e., have a negative AM DL, if
the mode-mixing at the splice happens to de-align previously aligned mpL elements (e.g., the MpL
caused by the smux) or itself introduces MpL which is not aligned with the principle MpL axes,
similar to what was previously reported in [16, 17, 19]. Changes in MpL are within +2 dB for all
cores, with the exception of cores 2 and 4 for splice 1. On average, across all cores, the splices
increase MpL by a mean of 0.13 dB for splice 1 and 0.05 dB for splice 2, showing splice 2 to be
of higher quality both in regards of 1. and mMpL.

Finally, Fig. 8(d) shows a direct comparison between the splices, confirming splice 2 to have
persistently lower 1L for almost all cores. Their impact on MpL however is largely similar, with
the notable exceptions of cores 2, 3 and 4, which were the cores with high 1 for splice 1, but
good 1L for splice 2.

3.4. Reflectivity at cleaved fiber facet analysis

The impact of the cleaved fiber facet itself on the 1L and MpL of the system has been analyzed in
a similar manner to the analysis of the impact of the fusion splices. Again two measurements
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(PL-SP2-CLI and PL-SP2-CL2) were performed with identical fiber configuration except the
element under study, i.e., the fiber cleave. The two compared fiber cleaves both produced high
quality fiber facets, free of cracks or scratches across the whole range occupied by the 36-cores,
however with slightly differing cleave angles of 0.4° for cleave 1 and 0.9° for cleave 2.

Figures 8(b) and 8(c) show the difference in 1 and mpL for the two measurements with different
cleaves when compared to the measurement of the smux alone. Cleave 2 shows a higher 1L across
all cores, with an average difference of 0.2 dB, as clearly seen in the direct comparison between
the measurements with the two cleaves in Fig. 8(e). The impact on mMpL observed between the
two measurements with different cleaves is small, with the average difference between the two
measurements negligibly small.

3.5. Discussion

By providing a complete set of reflective measurements, characterizing the photonic lantern
sMux on its own and measuring the impact of different splices and cleaves, while maintaining all
other system and fiber configuration parameters, the presented method allows direct analysis of
the impact of fiber splices in spm systems. While comparative analysis of the 1L of measurements
with and without a splice provides a direct measurement of the splice 1, any obtained value of
MpL is always relative to the surrounding system and does not measure the mMpL associated only
with the splice. This may appear to be a shortcoming of the reflective spmM-ovNA measurement,
but in fact provides the more relevant information, as any isolated MmpL measurement of a splice
holds little information about the impact on system mpL—and thus system capacity. This is due
to a) the fact that the MpL of a concatenation of elements with MpL strongly depends on the
relative alignment between the eigenmodes of the elements, potentially resulting in significantly
lower mpL for the chain than for the separate elements, and b) the fact that in any system splices
will appear between elements with MpL and thus their polarization rotation (or mode-mixing)
may impact system mpL significantly more than the MpL associated with the splice. Both these
facts are visible in the measurements of section 3.3 by the difference in impact on mMpL and the
presence of cores with reduced mpL when including a splice. Analysis of the impact of fiber
splices thus has to be of a qualitative or statistical nature and by providing measurements of
two splices over 36 cores, the presented measurements show splices to introduce significant
mode-mixing and cause changes in system MpL that are not necessarily correlated with splice IL.

The measurements of the impact of the cleave show changes in system MpL and IL at a non-
negligible scale and thus serve to highlight the potential for a measurement uncertainty in any
reflective ovNa measurement, unless analysis is performed by comparing measurements with the
same cleaved fiber facet. While the impact on 1L was found to be strongly correlated with the
cleave angle, the average difference in MpL between measurements with different cleave angles
was negligible.

4. Conclusions

In this work, a comprehensive discussion of spatially diverse optical vector network analysis was
given, including the setup, principle of operation and necessary psp required to fully characterize
a space division multiplexing (spm) system or component. Experimental characterization of a
108-channel photonic lantern spatial multiplexer (smux) coupled to a 36-core 3-mode fiber is
demonstrated and employed as basis for measurement of the impact of splices in the fiber.
From the measured impulse response and complex transfer function matrices of the smux, we
calculated 1, MpL and pmp, and found the smux to have an average 1L of 4.7 dB and an average
mpL of 11.0 dB, while the fiber has a pmp of 7 ps/nm. Using the smux as a base, the mode-mixing
behavior of two different splices in the few-mode multi-core fiber (FM-McF) was analyzed, finding
large differences in the degree of mode-mixing for the different cores in each splice and for
different splices. Analysis of the impact of the splices on system 1L and mpL shows splices to
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introduce significant 1. with the better of the two splices showing an average increase in 1L of
0.17 dB. As splices introduce significant-mode mixing, system MpL may be reduced or increased
when including a splice, finding a change of mpL by +2 dB. A similar analysis was performed for
the cleaved fiber facet present in any reflective ovNa measurement, finding only a small difference
in 1 and mpL for difterent cleaves.

The presented measurements confirm spatially diverse optical network analysis to be a power-
ful tool for accurate characterization of spm systems and components. By providing characteriza-
tion of the behavior of splices in FM-MCF, it contributes to an improved modeling and capacity
estimation of spm systems with a large spatial channel count.
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Appendix A

Distance, capacity and
spectral efficiency data of
recent millimeter-wave
radio-over-fiber experiments

Table A.1 provides detail of the distance, capacity and SE data of the recent
mmWw RoF experiments included in Fig. 2.6.

. Data Com-
Ref. Date Gr(i_ Dist. Rate BP;I;: d BW! 1\1:/);1)11)( SE* plex-
[m] Y] Y] M ity
R 1.2 100.0 W 25.0 Y 1.87 H
[68] 12/11  DTU 2.0 50.0 W% 25.0 N 1.87 M
[67] 1212  ZTE 1.0 1080 W 540 Y 093 H
[62] 10/°13 DTU 15.0 16.0 %% 16.0 N 0.93 M
[69] 11’13 ZTE 15 240 Ka 92 N 244 L
[74] 03/14 UDE 62 25 W 50 N 050 L
[79] 09/'14 ZTE 20 4320 W 540 Y 187 xH
[61] 0315 ZTE 3000 80.0 W 400 Y 093 xH
[60] 03,15 25 200 W 100 Y 093 H
, 170.0 40.0 W% 20.0 Y 0.93 H
[77] 03/°15 ZTE 1700.0 20.0 A% 10.0 Y 0.93 H
20.0 40.0 %% 20.0 Y 0.93 H
[59] 04/°15 7ZTE 40.0 32.0 %% 16.0 Y 0.93 H
80.0 20.0 \W 10.0 Y 0.93 H
s 70.0 1.0 \%% 2.0 N 0.47 L
PAPER3 10/15  DTU 70.0 2.5 W 5.0 N 0.47 L
[70] 10/15 UDE 400 10 W 20 N 047 L

— Table A.1 continued —
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— Table A.1 continued —

i . Data + 1 Com-

Ref. Date (j;(i Dist. Rate BIZE d BW 1\1:/’1(1)11x SE plex-
[m] (Y] Y] M ity

PAPER4 11’15 DTU 70.0 2.5 A% 5.0 N 0.47 L
PAPERS 11’15 DTU 2.0 4.0 Ka 4.0 N 0.93 L
PAPER6 03/’16 DTU 225.0 2.5 A% 5.0 N 0.47 L
, 1.2 5.0 Vv 3.0 N 1.56 M

[78] 03/ 16 1.2 9.0 Vv 4.5 N 1.87 M

s 1.0 8.8 A4 2.0 N 4.11 L

[75] 03/°16  UDE 1.0 20.9 Vv 7.0 N 2.80 L
[76] 03/°16 30 03 W 01 N 212 H

s 70.0 1.0 %% 2.0 N 0.47 L

PAPERS 05/°16 DTU 70.0 2.5 W 5.0 N 0.47 L
[66] 1016 UDE 2300 10 W 20 N 047 L
PAPER7 11’16 DTU 225.0 2.5 %% 5.0 N 0.47 L
PAPERI15 11/°16 DTU 50.0 2.5 W% 5.0 N 0.50 L
s 50.0 15.0 A% 15.0 N 0.93 M

PAPER9 1116  DTU 50.0 16.0 W% 16.0 N 0.80 M
PAPER17 11/’16 DTU 50.0 2.5 W 5.0 N 0.47 L
PAPER16 01/°17 DTU 50.0 2.5 %% 5.0 N 0.50 L
s 0.7 60.0 W% 20.0 N 2.80 M

(7] 03/°17 UDE 3.0 60.0 A% 20.0 N 2.40 M
PAPERI10 03/’17 DTU 50.0 46.8 %% 23.4 N 1.87 M
PAPERI11 03/°’17 DTU 50.5 60.0 %% 15.0 N 3.74 H
[72] 03/'17 ZTE 02 160 W 40 N 374 M
(65] 0317 ZTE 25000 540 W 180 Y 140 H

s ZTE/ 0.2 352.0 D 44.0 Y 3.74 H

[73] 03/°17 DTU 0.6 352.0 D 44.0 Y 3.33 H
PAPERI8 03/°’17 DTU 40.0 2.5 W% 5.0 N 0.50 L
PAPERI12 07/°17 DTU 58.0 4.9 A% 4.9 N 0.47 M
PAPER13 10/°17 DTU 50.0 15.0 A% 15.0 N 9.93 M
PAPERI14 10/°’17 DTU 50.0 15.0 A% 15.0 N 9.93 M

Table A.1: Distance, capacity and spectral efficiency data of recent mmw RoF exper-
iments. Acronyms: BW: bandwidth, sE: spectral efficiency, RF: radio frequency, FEC:
forward error correction, ED: envelope detection, Rx: receiver, LOS: line of sight.

*Three groups are discerned: ‘DTU’ is the Technical University of Denmark, works
marked by ‘ZTE’ are collaborative efforts by Fudan University, ZTE and Georgia Institute
of Technology, ‘UDE’ is the University of Duisburg-Essen.

tActual occupied RF bandwidth, accounting for double sideband RF transmission
where applicable.

tEffective spectral efficiency, calculated from actual RF bandwidth occupation and
accounting for FEC overheads.

$Complexity mostly regards complexity in the RF domain; generally experiments
employing ED at the Rx are classified ‘low’ (L), such employing down-mixing at least
‘medium’ (M), while ‘high’ (H) is applied to links with polarization multiplexing and
‘extra high’ (xH) where multiple independent parallel Los links are used.

1Units: Data rate in [Gbit/s|, Bw in [GHz|, SE in [bit/s/Hz/pol].
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List of Acronyms

4G fourth generation (mobile
network)

5G fifth generation (mobile
network)

ADC analog to digital converter
BER bit error rate

BiF bend-insensitive fiber
BPSK binary phase shift keying
BW bandwidth

CAGR compound annual
growth rate

CAP carrierless amplitude
phase modulation

co central office

C-RAN centralized radio access
network

CU central unit (in a C-RAN)

CW continuous wave (i.e., a
pure, un-modulated tone)

DMD differential modal group
delay

185

DMUX de-multiplexer

DU distributed unit (in a
C-RAN)

DUT device under test

DWDM dense wavelength
division multiplexing

E/O electrical to optical
conversion

ECL external cavity laser

ED envelope detector

FEC forward error correction
FFT fast Fourier transform
FMF few-mode fiber

FM-MCF few-mode multi-core
fiber

FTTx fiber to the x

GEPL generic empirical path
loss model

I in-phase signal component
IF intermediate frequency

IL insertion loss
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List of Acronyms

IoT internet of things

ISI inter symbol interference
LD laser diode

LNA low noise amplifier

LO local oscillator

LOS line of sight

LPF low pass filter

LPWA low-power wide-area
(connection)

M2M machine-to-machine
(connection)

MCF multi-core fiber
MDL mode-dependent loss

MIMO multiple-input
multiple-output

mmw millimeter wave
(frequency range)

MOD modulator
MPA medium power amplifier

multiCcAP multi-band
carrierless amplitude
phase modulation

MUX multiplexer
MWP microwave photonics

NFV network function
virtualization

NG-PON next generation
passive optical network

NOMA non-orthogonal multiple
access

O/E optical to electrical
conversion

OFDM orthogonal frequency
division multiplexing

00K on-off keying
0oscC oscillator

OVNA optical vector network
analyzer

PA power amplifier

PAM pulse amplitude
modulation

PBC polarization beam
combiner

PBS polarization beam splitter
PC polarization controller

PD photodiode

PON passive optical network
PSK phase shift keying

Q quadrature signal component

QAM quadrature amplitude
modulation

QPSK quadrature phase shift
keying (also: quaternary
phase shift keying)

RAN radio access network

RAU radio access unit



List of Acronyms

187

RC raised cosine

RF radio frequency
RoF radio-over-fiber
RRC root raised cosine
RRH remote radio head
RX receiver

SDM space division
multiplexing

SDN software-defined networks
SDR software-defined radio

SE spectral efficiency (typically
in [bit/s/Hz|)

SFP-+ enhanced small
form-factor pluggable

SIC successive interference
cancellation

SMF (standard) single mode
fiber

SNR. signal to noise ratio
STL swept tunable laser

SVD singular value
decomposition

TS tone separation
TX transmitter

UDWDM ultra dense
wavelength division
multiplexing

wcCM wavelet coefficient matrix

wDM wavelength division
multiplexing
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