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“There are these two young fish swimming along and they happen to
meet an older fish swimming the other way, who nods at them and says
"Morning, boys. How's the water?" And the two young fish swim on for a
bit, and then eventually one of them looks over at the other and goes
"What the hell is water?”

David Foster Wallace






Abstract

In this Ph.D. project, design and performance evaluation of mm-wave radio
over fiber links for diverse applications including video transmission are
conducted. Major objective of this Thesis is to study performance of video and
data signals transmitted in radio over fiber (RoF) setups with a constraint on
complexity.

For wireless personal area networks distribution, we explore the notion of
joint optimization of physical layer parameters of a fiber-wireless link (optical
power levels, wireless transmission distance) and the codec parameters
(quantization, error-resilience tools) based on the peak signal-to-noise ratio as
an objective video quality metric for compressed video transmission.
Furthermore, we experimentally demonstrate uncompressed 1080i high-
definition video distribution in V-band (50-75 GHz) and W-band (75-110 GHz)
fiber-wireless links achieving 3 m of wireless transmission in both cases. For
the W-band, experimental assessment of passive and active approaches for
implementation of base stations is included, and the channel coding use is
assessed.

Use of millimeter-wave signals in metropolitan mobile backhaul is also
considered in this Thesis. We propose a setup enabling efficient wired/wireless
backhaul of picocell networks. Gigabit signal transmission is realized in
combined fiber-wireless-fiber link enabling simultaneous backhaul of dense
metropolitan and suburban areas.

In this Thesis, we propose a technique to combat periodic chromatic
dispersion-induced radio frequency (RF) power fading in a simple intensity
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modulation-direct detection mm-wave RoF link through introduction of a
degree of frequency tunability at the RoF transmitter.

We study advanced RoF infrastructures to better suit video transmission. To
enable efficient dynamic multicast/broadcast of video services, we have
proposed and evaluated an approach of increasing the functionality of the
optical remote node by including the wireless channel replication and
allocation. Another approach for multicast of RF signals - delivering multiple
simultaneously upconverted lightwaves from the central office to designated
BSs is evaluated for diverse lightwave generation and data modulation
techniques.

Mm-wave RoF links employing various lightwave generation techniques are
experimentally demonstrated for diversified fiber infractructure including
standard single mode fiber, multimode fiber and dispersion shifted fiber in
order to estimate the feasibility of mm-wave wireless video services’ delivery
through fiber infrastructure with different nonlinear impairments and
dispersion.
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Abstrakt

Dette Ph.D. projekt omhandler design og performance evaluering af mm-
wave “radio over fiber” links for diverse applikationer, inklusiv video
transmission. Hovedfokus er lagt pa studie af performance af video og data
signaler transmitteret over RoF opseatninger med begrensninger i
kompleksiteten.

For distribution i "wireless personal area networks” undersgger vi gensidig
optimering af parametre i det fysiske lag af en fiber-wireless forbindelse
(optiske effekt niveauer, tradlgs transmissionslengde) og koder/dekoder
parametre (kvantisering, fejl-beskyttelses vaerktgjer) baseret pa "peak signal-
to-noise ratio” som et objektivt mal for kvaliteten af komprimeret video
transmission. Desuden demonstrerer vi eksperimentelt ukomprimeret 1080i
high-definition video distribution i V-band (50-75 GHz) og W-band
(75-110 GHz) fiber-wireless forbindelser, hvor vi i begge tilfeelde opnar tradlgs
transmission over 3 meter. For W-band inkluderes den eksperimentelle
evaluering brug af passive og aktive metoder til implementering af basis
stationer, ligeledes evalueres brugen af kanal-kodning.

Afhandlngen omhandler ogsd brugen af millimeter-wave signaler i
"metropolitan mobile backhaul”. Vi foreslar et set-up som giver effektiv
"wired/wireless backhaul” i picocell netvaerk. Tradlgs gigabit transmission
realiseres i kombinerede fiber-wireless-fiber forbindelser som muligggr
effektiv "backhaul” i teet bymaessig bebyggelse.
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Vi foreslar en ny lgsning for "RF power fading” forarsaget af periodisk
kromatisk dispersion i et simpelt “intensity modulation-direct detection” mm-
wave RoF system ved hjelp af delvis frekvens justering i RoF senderen.

Vi studerede avanceret RoF infra-struktur for bedre tilpasning til video
transmission. For effektiv dynamisk multicast/broadcast af video tjenester har
vi foresldet og evalueret en metode til optimering af den optiske “remote
node”s evne til at hdndtere replikation og allokering af de tradlgse kanaler. En
anden metode til multicast af RF signaler - der leverer flere opkonverterede
"lightwaves” fra "central office” til basis station bliver evalueret for diverse
"lightwave” generering og modulations-teknikker.

Mm-wave RoF forbindelser med diverse "lightwave” genererings teknikker
er realiseret eksperimentelt for “diversified” fiber infrastruktur, inklusiv single
mode fibre, multimode fibre og "dispersion shifted” fiber, men henblik pa at
estimere muligheden for at levere mm-wave tradlgse video tjenester over fiber
infrastruktur med forskellige ikke-linzere fejlkilder og dispersion.
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1. Introduction

1.1 Motivation

The explosive growth of communication technology in recent years has brought
the high-capacity wireless connectivity to end users. The rising Internet traffic
volume is predicted to boost the requirements for wireless channel capacity in
coming years with major applications such as data, file sharing, interactive high
definition (HD) video, voice over internet protocol (VolP) and gaming [1, 2].
Video traffic is predicted to increase at a very high annual growth rate taking up
more than 70 percent of the overall traffic [1].

In the near future, users shall be able to receive the same services on their
mobile/wireless access systems that they are currently receiving over wireline
networks, including interactive real-time HD multimedia. Therefore,
transcoding will no longer be necessary at the wired/wireless transmission
interface and more computationally efficient video coding solutions can be
introduced.

Photonic devices are currently undergoing the process of cost reduction
along with enhancement of functionalities. Techniques that for a long time
belonged to a domain of wireless communication research e. g. support of
advanced modulation formats are now being adopted for optical fiber
communication [3]. Recent progress in photonic integrated circuits (PICs)
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enables integration of devices such as lasers, couplers, modulators, and
detectors on the same chip [4]. PIC-based optical transmitters and receivers for
fiber-wireless networks have already been implemented [5]. These
developments allow us to envision that future optical transmitters will
gradually adopt the functionalities of photonic radio frequency (RF) processing
and uncover the potential of microwave photonics research.

In this Thesis, the broadband access network segment is studied. As access
and metro networks migrate from the copper-based infrastructure for
baseband data delivery to hybrid and all-fiber solutions, the RF transmission
over optical fiber is becoming more feasible as the same pre-installed fiber-
optic infrastructure can be used for both baseband and the RF signal delivery.

The capacity of fiber-wireless networks is limited by the wireless
connection bandwidth bottleneck. The low spectrum availability in microwave
range leads to higher interest in the bandwidth available in a millimeter-wave
(mm-wave) range. V (50-75 GHz), E (60-90 GHz) and W (75-110 GHz) bands
allow unlicensed transmission in 57-66 GHz region and transmission with low
cost swift approval license in 71-76 and 81-86-GHz bands [6].

In this Thesis, access fiber networks are studied for simplified transport of
Gigabit mm-wave RF signals supporting real-time HD video transmission.

1.2 MM-wave fiber-wireless networks

For mm-wave radio transmission, the simplicity and low cost of BSs is
advantageous as utilization of mm-wave bands would require a higher count of
base stations (BS)/access points/remote antenna units to provide a wireless
coverage for a given area compared to transmission on microwave
frequencies. With increased density of BSs, distributed antenna systems (DAS)
architecture becomes advantageous [7]. In the DAS scenario, the central office
(CO) contains most of the functionalities, and the BS should be simplified. Later
in this work, we refer to wireless transmitters and receivers as the BS
irrespective of the level of complexity assigned.

As an example of the DAS architecture, we study radio over fiber (RoF)
technology where upconversion to the wireless carrier is performed at the CO,
and the combination of RF and data signals is then delivered to the BS through
the fiber. At the BS, the RF carrier is recovered simply by means of optical-to-
electrical (O/E) conversion, and then radiated.

In RoF systems, RF amplification and filtering may be used at the BS,
however, expensive mm-wave RF generation and mixing are avoided [8-13].
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Centralized RF generation at the CO brings additional benefits of easier control
and monitoring. Potentially, using the RoF technology, BSs can be built
containing only passive electronic components [14]. Furthermore, RoF systems
can be designed transparent to advanced modulation formats [15], and
electrical/optical multiplexing of radio and data signals is allowed. The simple
RoF architecture is shown in Fig. 1 (bottom).

Up-conversion

Central Base station
office

Optical
network

Baseband-over-fiber

Up-conversion

S

Radio-over-fiber

Optical
network

Central

. Base station
office

Figure 1. Techniques of fiber-wireless networking: baseband over fiber (top), radio
over fiber (bottom).

As an alternative to the RoF technology, fiber-wireless systems can be
designed in such a way that the upconversion to a wireless carrier is to take
place at the BS. This architecture is commonly referred to as “baseband over
fiber.” Baseband over fiber is a mature technique with low cost electrical-to-
optical (E/O) and O/E modules available [14], it is depicted on Fig. 1 (top).
Furthermore, a lower penalty is imposed on transmission performance by
dispersion and nonlinearities in the fiber. However, in the scenarios where the
density of BSs is increased, such as in mm-wave WPANS, the cost of the system
may escalate.

Building blocks of the RoF communication system are depicted in Fig. 2. As
shown in Fig. 2 (top), RoF transmission requires implementation of two
modulation and two detection techniques and includes transmission through
fiber-optic and wireless channels. We depict how the RoF systems correspond
to a standard communication system scheme proposed by Shannon [16] in Fig.
2 (bottom). In the following sections, we present a high-level overview of the

3



processes taking place in each block. Optical and RF transmitters are
designated as ‘2’ and ‘3’, optical and RF receivers are designated as ‘5’ and ‘7’.

1| Tx data
2 L2 3 4
Lightwave Baseband data H RF modulation of the Fiber-optic
generation modulation lightwave channel
8 7 6 5
RX data ——— e ‘ RF downcoversion H Wireless O/E
channel conversion
Information
Source Transmitter 4 6 Receiver Destination
2 5
1 | ] |
3| Signal I Received 7 8
T Signal
Message Message

Noise
Source

Figure 2. Schematic diagram of the main functional blocks of radio over fiber system
(top), schematic diagram of a general communication system according to Shannon [16]
(bottom).

1.3 Lightwave generation and baseband data
modulation

In this section, techniques for lightwave generation and baseband data
modulation are discussed. In the present Thesis, both external and direct
modulation techniques are utilized for RoF links.

The direct modulation of a laser diode can simply be achieved by varying its
driving current. Among laser devices for direct modulation, vertical cavity
surface emitting lasers (VCSELs) have shown a remarkable promise for
improving reliability, bringing cost reduction and enhanced scalability [17].
However, the modulation bandwidth is restricted by the laser diode’s
relaxation frequency [18]. Furthermore, high power output is not achievable
when direct modulation is utilized, and the frequency chirp is present [19].

Resorting to the external modulation is commonly performed as means of
overcoming drawbacks of direct modulation. In this case, a laser diode emits a
continuous lightwave, and a change in light power (modulation) is imposed
further on in the system. There are two widely used devices for external
modulation: a Mach-Zehnder modulator (MZM) and an electro absorption
modulator (EAM).
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EAM’s operation principles are based on the Franz-Keldysh effect as
described in [19]. Using EAM modulators, high modulation bandwidth is
achievable [19] and higher extinction ratio compared to directly modulated
lasers (DML) can be attained, however chirp imposes a limitation (as also in the
case of DMLs). The primary highlight of EAM technique, from our perspective,
lies in possibility of the easy integration of DFBs and EAMs leading to simplified
network setup. The experimentally measured PI (output optical power as a
function of the direct current (DC)) curves for the VCSEL and the DFB-EAM are
presented in Fig. 3.

S ¢ DFB-EAM ] =12 veseL o
S a" S "
T 5 . ] :,110' .
(7] " 5 .t
s 4 | goe :
o []
= 3 .- ] ;—0,6- o
=3 a" o .
= 2 » - " J _‘_‘0,4_ .
3 . 3 .
s 1 . {1 = 02 -
3 " 2 .
S0 1 Soojzx: 1
0 20 40 60 80 100 120 140 01 2 3 456 7 8 9 10 11
Bias DC (mA) Bias DC (mA)
(a) (b)

Figure 3. Experimentally measured PI curves for the C-band DFB-EAM (a) and the C-
band VCSEL (b).

Frequency chirp is present in both VCSELs and integrated DFB-EAM
modules. Chirp in DMLs appears because the injected current does not only
modulate the optical gain and therefore the output power, but also modulates
the refractive index of the gain medium and thus the optical frequency of the
laser diode [19]. Chirp in the DFB-EAM is caused by the electrical crosstalk due
to integration of the laser and modulator sections in the same chip of the DFB-
EAM module [20].

Given the fact that we model the access fiber deployment, chirp will impose
a negligible receiver sensitivity penalty for bitrates considered in this Thesis. As
defined in [21], chirp-induced power penalty at the receiver is measured as a
function of |B,|B?L, where B, ~ —20 ps?/km is a group velocity dispersion
parameter for standard single mode fiber (SSMF), B=3 Gb/s is a maximum
bitrate used in this Thesis, and L=20 km is a fiber link length for access
deployment. In our case, the value of |S,|B?L is such that, according to [21], it
brings a negligible receiver sensitivity penalty across the possible chirp values.



External optical modulation by using the MZM is based on the electro-optic
effect [19, 21]. The MZM technique has a few drawbacks such as higher
insertion loss compared to the EAM technique and high requirements for
amplitude of the peak-to-peak voltage of the driving electrical data signal.
However, MZMs exhibit excellent performance in terms of chirp making them
suitable for long-haul high-speed transmission [19].

Techniques that we described in this section were investigated in this
Thesis for access fiber transmission.

1.4 Photomixing

The photodiode (PD) is performing the function of O/E conversion at the BS. In
RoF systems, the optical power is converted into the RF power through the
process of photomixing. In this section, we proceed to describe the photomixing
process as detailed in [22, 23]. Photocurrent on the output of the PD as a
function of time and in proportion to the optical power on the input of the PD is
governed by:

Ipp(t) = R X P(1), (1)
where P [W] is an incident optical power, R [A/W] is the responsivity of the PD.

In order to describe the O/E conversion for superposition of optical
lightwaves / multiple spectral lines, phase information cannot be neglected. In
the simplest case, the optical signal can be the sum of two optical fields. After
launching 2 optical fields with the same polarization into the PD, the
photocurrent on the PD output is obtained as expressed in:

Ipp(t) = R X |E; cos(w;t + ¢1) + E, cos(w,t + ¢,)|? =

=R X EElZ +%E22 + %EfcosZ(a)lt + @) + %EZZCOSZ(th +@,) +

E,E, cos[(wy — wy)t + @1 — ;] + EyE; cos[(w; + wp)t + ¢y + ‘Pz]] =
12 102
=R X (EEl + gEz + E E; cos[(w; — w)t + ¢, — g02]>, (2)

Eg. (2) is the fundamental equation governing optical heterodyning in the
PD for two spectral components. The first two terms represent the DC
component and the third term is the radio signal fluctuating at the frequency
that is further radiated with antennas. Terms with cyclic frequencies equal
to 2w4, 2w, and w; + w, are omitted assuming that the cutoff frequency of the

PD is much lower than the frequency of these terms.
6



The Eq. (2) can be extended for mixing of multiple spectral components at
the PD. In particular, of interest is the result for mixing of three spectral lines as
it is the case for photomixing of the double sideband (DSB) signal [23].

If the complex form of the optical field is used, assuming the same
polarization of the optical fields, the photocurrent can be written as:

Ipp(t) = R X |Ey cos(wyt + @q) + E; cos(w,t + @) + Es cos(wst + @3)|? =
=R x [E ellest+oi] 4 B eiloat+ez] 4 | eilost+es]] x
X [Ele—j[wltﬂpl] + Eze—f[wzt+<Pz] + E3e‘f[‘*’3”“’3]], 3
If we assume, as in case of intensity modulation, E;= E3= Esgare the sideband

spectral components, and w; — W, = Wy, W, — W, = W, E2=E; is the optical
field of the carrier, ¢, = 0, then Eq. (3) can be transformed into:

2 -
lep () = R X % [Ec +2Eg” + 4ECESBCOS((p32(P1)COS(wLOt + (pl;r%) +

+2Egp2cos2 (w0t + L322, (4)

Two things are important to note from Eq. (4). First, the component
generated at the w;, is dependent upon the phase change between optical
fields. Second, after photomixing of three components, the photocurrent
oscillating at the double of the w;, is also generated. In the following sections,
we will study both mixing of two and three spectral components at the PD.

1.5 Techniques of RF modulation of the lightwave

Techniques of the RoF signal generation (RF modulation of the lightwave) and
fiber delivery that were used in this Thesis are presented in Fig. 4-6.

Figure 4 depicts the technique of photonic RF generation through
heterodyning of two lightwaves uncorrelated in phase and frequency at the PD.
At the CO, laser diodes are used generating the lightwaves which are offset at
the frequency that is later used as a carrier frequency for radiation. A 3-dB
coupler is employed subsequently to multiplex two lightwaves. The RF signal is
generated through photomixing at the PD. This scheme has been extensively
used for generation of microwave and mm-wave RoF signals [24].



Figure 4. Schematic diagram for photonic RF generation by dual-laser remote
heterodyning.

The advantage of the dual-laser remote heterodyning scheme is that it
allows circumventing the use of the local oscillator (LO) generating the RF
carrier at the CO. However, due to the fact that the lasers are uncorrelated,
phase and frequency instability is expected [25].
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Figure 5. Schematic diagram for intensity modulation / direct detection (IM/DD)
RoF scheme. PC: polarization controller.

The most straightforward technique for homodyne photonic RF signal
generation at the BS is the direct modulation of the lightwave with the RF signal
at the CO as exemplified in Fig. 5. In this scheme, the MZM is used as an
amplitude modulator, therefore its bias is set to the linear operation region. In
this case, the spectrum of the modulated signal consists of three components:
the lightwave carrier and two sidebands offset at the frequency equal to the
frequency of LO modulating the lightwave. When this technique is used for
transfer of mm-wave wireless signals through the fiber, high frequency E/O RF
components are required which increases the cost of the system considerably.
Due to the fact that sidebands are correlated, high performance of the
recovered at the BS RF signal in terms of the RF phase noise is expected at the
BS [26].
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Figure 6. Schematic diagram for OCS RoF signal generation.

An attractive technique for photonic RF generation has been proposed in
[27] as a modification of the simple intensity modulation method, showing that
by biasing the MZM at the minimum transmission point, the optical carrier is
suppressed and the value of the photonically generated RF at the BS is twice the
RF originally fed into the MZM. This method is known as an optical carrier
suppression (OCS) technique. The schematic diagram of the OCS RoF setup is
depicted in Fig. 6. When this technique is utilized, higher optical power loss is
imposed at the MZM, and usually an optical amplifier must be used before
launching the RoF signal in the fiber.

Of the three techniques presented in this section, the first presented scheme
might potentially become the most cost-efficient, especially if PICs are used [5],
as low-cost distributed feedback (DFB) lasers could be employed, and the LO at
the CO can be omitted. However, in this simple set-up, transmission of
advanced spectrally-efficient modulation formats is challenging. Performance
of the dual-laser remote heterodyning system may be enhanced by laser
injection locking and optical phased locked loop at a price of increase in
complexity [28, 29]. The IM/DD scheme requires the use of the mm-wave LO at
the CO. The IM/DD scheme might become more practical with the progress in
mm-wave RF generation, however it also entails the use of high-frequency E/O
components. The OCS scheme allows alleviation of requirements for the LO at
the CO compared to the IM/DD scheme, while preserving the sufficiently
narrow linewidth of the generated RF.

Several other techniques are used such as optical single sideband (OSSB)
modulation [30], frequency multiplication of higher order [31], and frequency
comb [32], but they augment the complexity of the system, and therefore do not
match the objective of our research.

1.6 RF downconversion
After the RF signal is downconverted from the optical carrier, radiated in the
air and received, the baseband data are to be recovered. To downconvert the
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data signal from the RF carrier into baseband, coherent and incoherent
techniques apply.

Coherent (synchronous) detection technique employing the electrical LO
and the mixer at the wireless receiver is commonly used allowing the detection
of the amplitude and phase of the signal and therefore enabling advanced
spectrally efficient modulation formats. The LO at the receiver is required to be
synchronized with the transmitter LO in phase and frequency. Alternatively, the
envelope detection technique is used when only the amplitude of the baseband
data signal is recovered, and the use of the LO at the end-user terminal can be
omitted [33].

Different statistics of voltage samples representing transmitted zeros and
ones is expected in case of the envelope and synchronous RF detection. In the
case of synchronous detection, voltage samples of the waveform representing
the transmitted ‘ones’ and ‘zeros’ are expected to be distributed according to
the Gaussian probability density function [34]. In the case of envelope
detection, ‘zeros’ are expected to be Rayleigh-distributed, and ‘ones’ Rician-
distributed [34]. Omitting the derivations detailed in [25, 34], the relationship
between the signal-to-noise ratio (SNR) and the bit error rate (BER) for these
two cases is described as:

1 E
BERsynchronous = Eerfc ( ﬁ) (5)
1 —E,
BERenvelope = Eexp (ﬁ) (6)

where E} is the energy per symbol, No is the noise power spectral density, and
erfcis a complementary error function.
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Figure 7. BER as a function of SNR for synchronous and envelope detection scheme.
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As shown in Fig. 7, the sensitivity of synchronous detection-based receivers
is higher, however, following the fact that we target the simplified system
design, envelope detection technique is used more frequently than
synchronous detection.

In this Thesis, we report on studying the statistics of the baseband
waveform after envelope detection in the mm-wave fiber-wireless setup.

1.7 Optical fiber transmission impairments

In this section, an overview of signal impairments due to fiber transmission
of mm-wave RF signals is presented.

1.7.1 RF signal power fading

Transmission of DSB RoF signals in dispersive fiber media leads to the
appearance of the phase shift between the spectral lines that, after
photomixing, leads to the RF carrier-to-noise (C/N) degradation as a function of
both the fiber distance and the LO frequency. The experimentally measured
optical spectrum of the DSB RoF signal is presented in Fig. 8.
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Figure 8. Optical spectrum of the DSB signal.

Analytical description of the chromatic dispersion (CD) induced RF power
fading effect is given in [35, 36], and can also be noticed from Eq. (4). The
transmission penalty can be calculated if the dispersion parameter, the fiber
link length and the frequency of the LO at the optical transmitter are known.

Power of the recovered RF is varying as described in Eq. (7) [35, 36]:

Poe () ~ 125 (t) ~ cos’[p(er, o )] ~ cos?[zeDL( fo / f,)?], 7
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where c is a light velocity, D=18 ps/(nmxkm) is the dispersion parameter for
SSMF, L is the fiber length, fio is the cyclic frequency of the LO, f;=193.1 THz is
the frequency of the lightwave carrier.

Eqg. (8) yields the value of RF C/N penalty in a logarithmic scale:

XOUT(fLO )ﬁber )

ouT fLo)noﬁber

Penalty ., =10log (8)

where Xour fiver and Xour noiver are the RF signal power values recovered after
photomixing with and without fiber transmission respectively.
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Figure 9. CD-induced RF C/N penalty as a function of (top) the RF carrier frequency
for 48.8-km SSMF fiber length, and (bottom) fiber link length for 60-GHz, 73.5-GHZ, and
83.5-GHz RoF systems.

In Fig. 9 (top), the results of numerical calculation of CD-induced RF power
fading based on Eq. (7) and Eq. (8) for 48.8-km SSMF link as a function of the
LO frequency are presented together with the experimentally measured data
showing a close match. In Fig. 9 (bottom), the RF fading is compared for RF
carriers in V and E bands. As presented in Fig. 9 (bottom), the first 3-dB
penalty is expected at 280 m, 375 m and 560 m for 83.5-GHz, 73.5-GHz and
60-GHz systems respectively.
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A number of techniques were proposed in order to combat the CD-induced
RF power fading, such as employing transmitters with negative chirp [37],
tunable compensation with Fiber Bragg Gratings (FBG) [38], and compensation
through applying optimum electrical phase shift [39] and midway optical phase
conjugation [40]. In this Thesis, we propose a technique to overcome the RF
power fading by introducing a degree of frequency tunability of the LO.

1.7.2 Bit walk-off

When two sidebands are photomixed at the PD after fiber transmission, data
pulses transmitted on lower and upper sidebands of the RoF signal are shifted
in relation to each other in the time domain leading to the intersymbol
interference after the photomixing. This effect is reported as the ‘bit walk-
off' [41-43].

The bit walk-off is present in the OCS RoF transmission case which is also
sometimes referred to as double sideband with suppressed carrier (DSB-SC)
modulation. The experimentally measured spectrum of the OCS RoF signal is
presented in Fig. 10.

T T T
-5t —— Optical carrier
10+ —— DSB-SC signal
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1550.1
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Figure 10. Optical spectra of the OCS/DSB-SC signal and the original lightwave
carrier signal.

Assuming that the duty cycle is equal to 1 for non-return-to-zero (NRZ)
signals, the bit walk-off evolution along the fiber length is governed according
to [41-43]:

_ DLA?

At = e 9)
where Ay is the wavelength distance between the sidebands, D is the
dispersion parameter, L is the fiber length, and A. is the wavelength of the
lightwave.
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The limit on the bit walk-off as 0.7 of the pulse’s time duration is set
according to [42] in order to define the maximum feasible fiber transmission
distance. The limiting distance is then given by:

L AARpATX0.7
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Figure 11. Maximum attainable fiber link length as a function of the carrier
frequency.

In Fig. 11, the maximum feasible fiber transmission distance is depicted as a
function of carrier frequency. It is evident from Fig. 11 that the application of
the OCS technique in the case of mm-wave RF delivery is limited to the access
fiber deployment.

1.8 Noise in mm-wave RoF links

Noise sources in RoF links are comprised of relative intensity noise (RIN) at the
laser diode, the thermal (Johnson) noise, and the shot noise at the PD [44].
Additionally, the use of optical amplifiers in the link, such as erbium doped fiber
amplifiers (EDFA), contributes the amplified spontaneous emission (ASE)
noise.

Data End user
terminal

Figure 12. Noise contributions in RoF links.

It is important to note that, in the absence of ASE, the link performance is
either limited by the shot noise, thermal noise or RIN depending on
14



specifications of the laser diode and the optical power into the PD. In Fig. 12,
the critical points when the amplitude noise is imposed on the waveform are
indicated. High values of RIN noise will impose the main limitation on the SNR
of the system in the case of DFBs when the RIN noise spectral density is usually
no better than -155 dB/Hz [44]. For external cavity lasers (ECL), RIN is
typically less than -175 dB/Hz [44] which sets the limitation either by the
thermal noise or the shot noise depending on the value of optical power into
the PD [44].

For low powers incident to the PD, the system noise floor is defined by the
thermal noise. At higher powers into the PD, the shot noise is dominant.
However, in the shot-noise limitation region, SNR of the system is higher than
the SNR in the thermal noise limited region [44].

1.9 Wireless channel

In the following subsections, emerging applications for utilization of the mm-
wave wireless channel capacity are introduced, and limitations on transmission
distance and end-user mobility are discussed.

1.9.1 Overview of the applications and standards

The 60 GHz wireless technology has already been widely adopted by industry
for applications such as wireless Gigabit Ethernet bridges reaching distances up
to 770 m sustaining 1.25 Gbps capacity [45-47] and high-definition multimedia
interface (HDMI) cable replacement [48].

Table 1. Overview of the 60-GHz band wireless standards.

IEEE 802.15.3C [55] | Wireless HD [48] | IEEE 802.11.ad [49]
Current Released 2009 Released May, Absorbed by Wi-Fi
Status 2010 alliance
Data rate 0.3 to 5775 Mbps Up to >7 Gbps | Up to 7 Gbps
Target Cable replacement, Uncompressed Wi-Fi compatible
application video on demand, video operation, multi-Gbps
high-speed Internet | transmission, data Wi-Fi
access. networking.
Channel RS, LDPC RS Not specified
coding
Multiband No No Yes
Distance Upto10m Atleast 10 m Beyond 10 m
Video coding Not considered Used. Not considered.
Modulation | BPSK, QPSK,8-PSK, | OFDM(QPSK, 16- | OFDM(QPSK, 16-QAM,
format 16-QAM, OFDM QAM, 64-QAM) 64-QAM)

There are ongoing research and industrial developments in application of
the 60-GHz technology for wireless personal area networks (WPANs) [49], data
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center interconnects [50-52] and mobile backhaul links [53, 54]. In the Table 1,
the overview of the recent and ongoing standardization activities is given.

The standards consider diverse channel coding i. e. (Reed-Solomon (RS)
codes and low-density parity-check code (LDPC)). In the present Thesis, we
report on the use of RS coding.

The primary difference of our research compared to the work described in
the standards is in the modulation formats employed. In our work, binary
amplitude shift keying (ASK) is used as we consider it a best fit for simplified
RoF networks since given the abundant bandwidth (up to 9 GHz), low spectral
efficiency is allowed.

1.9.2 60 GHz wireless channel modeling

In this section, large scale path loss modeling is performed accounting for the
change in the average RF power as a function of the transmitter-receiver
distance separation. Shadowing signifying average power variations over a few
tens of wavelengths and the fast fading causing rapid changing in the envelope
of the signal over a distance less than 10 wavelengths are omitted [56-58].
However, a good estimate of the coverage area can be facilitated by the large
scale path loss modeling (usually referred to as the “path loss”) only [56-59].

The free space path loss as a function of distance including the shadowing
margin is given by Eq. (11):

PLFS(d) = ﬁFS(d) + X, (11)

where PLrg(d) is the average path loss and X, is the shadowing fading [57-59].
PLrg(d) can be expressed by a following equation:

J— d
PLps(d) = PLgs(do) + 10nlogso (5) + 8, X, for d > dy, (12)

where dyp and n denote the reference distance and the path loss exponent
respectively, and d is the distance between the wireless transmitter and
receiver [57-59]. The term X, accounts for the additional attenuation due to
specific obstruction by objects [58]. The reference distance is usually equal to
1 m unless otherwise specified. The path loss exponent is derived empirically
for the particular environment of RF propagation, and can be used for both line-
of-sight (LOS) and non-line-of-sight (NLOS) scenarios [58]. In the subsequent
modelling, only first two terms from Eq. (12) are taken into account for the sake
of keeping the model as deterministic and as general as possible.
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The free space path loss can be calculated by the following formula (Friis
transmission equation):
4md

PLes(d) = 2010g30 (5%) = Gex — Gy (13)

where 4 is the central wavelength of the RF signal, and G« and G, are gain of
transmitting and receiving antennas respectively. Eq. (13) yields the path loss
values equivalent to the values obtained from Eq. (12) if the path loss exponent
equal to 2 is assumed, and omnidirectional antennas are used. The Friis
transmission equation is only applicable for the distances exceeding the
Fraunhofer distance that is calculated according to Eq. (14):

dp =2 (14)

where D is the largest dimension of the antenna and A is a wavelength of the
radio signal. For a commercially available lens horn antenna of 42 dBi gain with
a diameter of 0.25 m, the Fraunhofer distance is equal to 25 m, thus a higher
gain horn antennas cannot be used indoors both because of their size and
extended Fraunhofer distance.

It is also worth noting that with increase in antenna gain, the wireless link
loses its ‘mobility’ characteristics since lower coverage is provided, and
high-gain horn antennas are therefore usually used in fixed point-to-point
wireless communication setting.

In outdoor scenarios, antennas are usually mounted on a roof, a
communication pole, a wall etc., the LOS visibility between the transmitter and
the receiver is required, and high-gain antennas are used.

The attenuation of mm-wave RF signals in the air is also caused by
absorption on molecules of oxygen and water vapour. Gaseous attenuation
(including both water vapour and oxygen-related absorption) peaks at the
60 GHz frequency reaching the value of approximately 15 dB/km due to the
absorption peak on oxygen molecules, however, across the E-band, combined
attenuation on molecules of oxygen and water vapour is measured to be about
0.4 dB/km [60].

An important performance criterion for outdoors wireless communication is
stability of the link under the weather influence. In this work, we analyse the
influence of rain on transmission performance. An estimate of the rain
attenuation is given by:

yr = kR%, (15)
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where yi[dB/km] is the specific rain attenuation and R [mm/hour] is the rain
rate parameter differentiating the intensity of a rainfall. The coefficients k and
a are frequency dependent, a set of values of k and a is given in
Recommendation P.838-2 [61]. Rain types are separated as a ‘drizzle:
0.25 mm/hour’, a ‘light rain: 2.5 mm/hour’, a ‘heavy rain: 25 mm/hour’, and a
‘tropical rain: 100 mm/hour’ [6]. Figure 13 presents the analytical results based
on the recommendation P.838-2.
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Figure 13. Rainfall attenuation as a function of frequency.

The overall air transmission path loss, including the free space path loss,
rain attenuation, and attenuation due to gaseous absorption, is governed by:

km

PL = PLgg [dB] + (ygas [dB] + yrain [:_z]) X d[km] (16)

In the Table 2, we present a set of values for the path loss exponent derived
for specific environments in [62-65]. The path loss curves based on these
parameters and assuming the use of omnidirectional antennas are depicted in
Fig. 14. As shown in Fig. 14, path loss values for the LOS 60-GHz wireless signal
air propagation are located around and below the path loss values obtained
using the free space path loss formula. Contrariwise, reported in [64-65] NLOS
path loss values tend to exceed the values obtained using the free space path
loss formula.
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Table 2. Parameters for wireless channel modelling.

Center Environment | Scenario | Pathloss Reference Reference
frequency exponent distance
60GHz Laboratory LOS 1.8 1.5m [62]
60 GHz | Hallway LOS 2.17 1m [64]
60 GHz Corridor LOS 1.64 1m [64]
60 GHz Indoor NLOS 2.5 1m [65]
60 GHz | Hall NLOS 3.01 1m [64]

Indoor propagation is oftentimes affected by reflections from the walls, the
furniture, and the moving objects. The effect of multipath propagation is
reported to either improve the channel performance or deteriorate it
depending on the particular environment, and the performance depicted in Fig.
14 (top) may therefore be subject to significant variations.
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Figure 14. The 60-GHz wireless channel path loss in several indoor
environments (top) and the path loss for 60-GHz, 73.5-GHz and 83.5-GHz
systems based on Eq. (13) (bottom).
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As we show in Fig. 14 (bottom), the outdoor 60 GHz systems show the path
loss behaviour distinct to E-band transmission due to increased gaseous
absorption. The frequencies are chosen at the center of unlicensed (57-66 GHz)
and light licensing (71-76 GHz and 81-86 GHz) mm-wave bands. The thorough
comparison between these wireless carriers for outdoor communication is
conducted in our published Paper [5].

Practically, the higher path loss in mm-wave bands can be compensated by
using antennas with higher gain (up to 42 dBi gain antennas are commercially
available). Received power in the wireless link with antenna gain can be
calculated as in Eq. (17):

By = Py —PLps — (ygas + yrain) xd+ Gex + Gy (17)

However, when highly directional antennas are used, antenna blockage and
misalignment may impose a significant drop of received power. When the LOS
path is obstructed, lower gain antennas might be preferred in order that the
wireless power arriving from the reflections can still be collected.

The wireless link budget, assuming that the signal is detected immediately
after the receiving antenna, is defined by the noise floor imposed by the
Johnson’s noise, channel bandwidth, required SNR at the receiver and the
transmitter power. The wireless link power budget margin available for
wireless transmission, excluding the shadowing path loss, implementation loss
etc., may be defined by:

B = P, — 10l0g,,(1000 X kt) — 10log,,(B) — SNR (18)

where k is a Boltzmann'’s constant, ¢ [K] is a room temperature, and B is the
channel bandwidth. To improve the wireless link budget, two more techniques
can be applied. First, using higher gain/additional amplifiers is an option,
however the noise figure of additional amplifiers would reduce the SNR of the
signal, and the equation 18 should be adjusted accordingly. Second, launching
higher power into the PD corresponds to the increase in the RF power before
radiation. Furthermore, increasing the optical power into the PD, the SNR of the
system might be improved as the noise floor will then be defined by the shot
noise [44].
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1.10 Source and channel coding in mm-wave fiber-
wireless setups

In this section, we discuss how the mm-wave wireless channel capacity can be
utilized for real-time HD video transmission. Both compressed and
uncompressed HD video transmission systems are considered.

1.10.1 video

Uncompressed real-time HD

transmission
Commonly, even though video arrives to the household in compressed format,
it is provided in an uncompressed format at the output of consumer devices
such as DVD, Blue-ray players, and Set-top boxes. As a result, uncompressed
video streaming has become an application of choice for utilization of the 60-
GHz wireless channel. Using the 60-GHz wireless technology, essentially, the
HDMI cable replacement is provided e. g. in [48].

Bitrate requirements for real-time uncompressed transmission of 1080p
(1080 lines, progressive scan) HD video sequences with different frame rates
and color subsampling methods are presented in Table 3.

Table 3. Bitrate requirements for real-time uncompressed HD video transmission.

Frame Frame Frame Color Sampling Bitrate,

width height rate depth method Gb/s
1920 1080 50 8 4:4:4 2.488
1920 1080 60 8 4:4:4 2.986
1920 1080 50 8 4:2:0 1.244
1920 1080 60 8 4:2:0 1.493

It is critical that wireless home networks make the uncompressed real-
time uncompressed HD video transmission an integral part of their
functionality which imposes the bandwidth requirements that can only be met
by using the mm-wave technology.

1.10.2 Compressed HD video transmission

The indoor mm-wave transmission channels are highly prone to severe drops
in SNR in the case of the LOS path blockage, and thus in order to maintain the
seamless wireless connectivity, transmission systems must adapt their
transmitting power or bitrate. Considering this, video coding can provide a
significant advantage over uncompressed video by its possibility of much more
flexible adaptation to dynamic channel conditions in terms of bitrate. For
uncompressed video transmission, the bitrate control is limited as a fixed
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number of bitrates is available depending on the resolution, frame rate and
color subsampling method.

In terms of cross-layer optimization, typically, the higher layer optimizes
parameters for the next lower layer. This cross-layer optimization approach
has been deployed in most existing systems, where the application dictates the
medium access control (MAC) protocol parameters and strategies, while the
MAC selects the optimal physical layer modulation scheme [66].

Conversely, in our investigated video set-ups, the best effort is applied so
that the lower layer isolates higher layers from bit errors.

Two primary objectives of optimization of the RoF system for video
transmission can be identified: fiber/air distance extension and power
consumption minimization. When the distance between the wireless
transmitter and receiver is being increased, at a starting point, compression
artifacts dominate the perceived video distortion. As distance increases and
SNR in turn decreases, the video distortion due to channel-induced errors
(packet loss) becomes dominant, and the quantization parameter (QP) should
be adjusted accordingly.

To address the low-delay requirement, Intra-coding mode only and frame
slicing are employed in the video coding experiments. The use of Intra coding
and intra-frame slicing allows avoiding bitrate fluctuations and therefore
buffering delays.

Our goal for optimization is to achieve the best received video quality for a
given link budget without a severe constraint on bandwidth as in conventional
links. There are different tools enabling this optimization. With regards to the
role of the quantizer in the optimization, the smaller the QP, the smaller the
source-related distortion but the larger the channel-related distortion it may
entail (for the same level of channel protection) [66].

With introduction of H.264/advanced video coding (AVC) standard [67],
simple and computationally efficient video compression solutions became
available together with the improved algorithms for combating the channel
impairments at the decoder.

With the ongoing rapid developments in the display technology, codec
implementations based on current and upcoming video coding standards shall
address following challenges:

¢ Provide control over “complexity versus coding efficiency” trade-off.
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e Provide low-complexity low-delay coding of interactive HD video
services.

¢ Enable new resolutions, including 4kx2k and 8kx4k resolutions.

e Provide the efficient encoding for video sequences using 4:4:4
subsampling.

In regards to source-coding enabled impairments compensation, H.264/AVC
defines several mechanisms that allow error concealment at a decoder such as
avoiding temporal error propagation with Intra-only (frame-by-frame) coding,
intra-frame slicing, flexible macroblock ordering (FMO) inside of the slice, and
data-partitioned slicing [67, 68]. Frame slicing leads to decreasing the average
length of H.264/AVC network abstraction layer (NAL) units (video packets);
lower packet size is reported in [68] to reduce the packet error rate (PER) and
in turn improve the PSNR of the impaired video. The encoder is further
simplified by using only universal variable length coding (UVLC) for H.264/AVC
entropy coding.

Uncompressed real-time transmission of 1080p 60 frames per second 4:4:4
video signal requires 3-Gbps channel bandwidth (Table 3). The main lobe of the
uncompressed 1080p video signal using binary amplitude shift keying (ASK)
signaling will occupy 6 GHz of spectrum in RF domain. However, with a
moderate compression ratio of 20, the real-time bitrate of the signal can be
reduced to 150 Mbps. Uncompressed 1080p HD test video sequences were
used for video coding experiments. The sequences were originally shot in 4:2:0
YUV 1080p format. We upsampled them to 4:4:4 YUV format to model the
highest quality and the most bitrate demanding case.

We use the peak signal-to-noise ratio (PSNR) as an objective quality metric
for video, which is defined in Eq. 19 and Eq. 20:

N
MSE= = (-3, (19)
i=1
2
PSNR=101og , ( ﬁ ), (20)

where MSE stands for a mean squared error, N is the number of pixels in the
image, and x; and y; are the i-th pixels in the original and the distorted signals,
respectively. L is the dynamic range of pixel values. For an 8 bits/color signal, L
is equal to 255. PSNR is evaluated for the luminance component of the
transmitted video signal.
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1.10.3 Channel coding

In this section, we discuss the choice of parameters for channel coding and
provide the analytical description of error correction codes’ (ECC)
performance. Packetization is required in both channel and source coding,
video packet size is chosen first, and the closest packet sizes capable to cover
the video packet are chosen for Bose-Chaudhuri-Hocquenghem (BCH) and RS
coding. An analytical solution for ECC performance is governed according to Eq.
(21) [69]:

n

Pog =D, (/N)x(n,k)x p' x (- p)"", 1)

i=t+1

where k is a message length, n is a block length, t is an error-correction
capability of the code, p is a BER before decoding, and pps is a post-decoding
BER.

In this Thesis, the performance of BCH codes is compared to the
performance of RS codes. For analytical estimation of RS codes’ performance,
we have applied approximation for the relation between the symbol-error rate
and the bit error rate given by Eq. (22) and Eq. (23):

ps =1-(1- pg)", (22)

Pe =1—(1— ps)"™, (23)

where psis a symbol error rate, pg is a bit error rate, and m is a symbol length in
bits.
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2. Overview of
state-of-the-art work

In this section, we present an overview of the work on mm-wave fiber-wireless
transmission techniques posing similar objectives as our research. Particular
interest is on the techniques considering advanced functionalities for simplified

RoF networks such as transmission of multiband electrical signals,
diversification of fiber infrastructure, multihop transmission, and the
application-focused link design.

The recent progress in mm-wave electronic components’ design has led to
the appearance of commercially available 60-GHz up- and down-conversion
modules [70, 71]. This development is accompanied by the introduction of
highly linear high power 60 GHz analog photoreceivers [72] and compact E-
band (60-90 GHz) wireless transmitters [73] combining progress in
optoelectronic and mm-wave components design and further strengthening the
potential for commercial deployment of mm-wave RoF links.

Integration of fiber and wireless transmission has been extensively studied
[74, 75] also targeting of the design of duplex links [76]. Most of the physical
layer system design papers focus on optical multiplexing, particularly on
integration of coarse wavelength division multiplexing / dense wavelength
division multiplexing systems with mm-wave wireless services.

Alternatively to optical baseband and RoF multiplexing in the optical
domain, electrical multiplexing of the baseband and RF channels was studied
recently. Guillory et al. consider both hybrid and electrical-only multiplexing of
baseband and wireless channels in [77]. Diverse schemes for electrical
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multiplexing of baseband data before fiber transmission have been
studied [77, 78].

Multi-hop transmission setups including either a few fiber or a few wireless
spans have been demonstrated. In case of fiber-wireless-fiber architecture, the
mobile backhaul transmission can be suggested as a target [79]. Fiber tunnel
transmission (wireless-fiber-wireless) has shown that two 60-GHz terminals
separated by 300 m of multimode fiber (MMF) can communicate seamlessly
[80].

Diversification of the fiber infrastructure by using polymer optical fibers
(POF) was investigated recently. In particular, the architecture combining the
POF transmission media in home network / local area network (LAN) with
access fiber infrastructure wired by SSMF was studied [69].

In order to enable energy-efficient 60-GHz RoF communication, passive
wireless transmitters were examined in [81].

WDM RoF systems delivering the simultaneous generation of multiple RF
signals using a single E/O conversion module at the CO have been studied
in [82-85].

A number of ECC solutions was proposed for mm-wave wireless
systems [80-84]. Low-density parity check codes, RS codes, TURBO codes and
convolutional codes were reported. In paper [86], the channel coding study for
both omnidirectional antennas and antennas with high directivity is presented
where in both cases a LOS condition is given, in paper [87] the study for the
NLOS mm-wave transmission is presented. Paper [88] reports on channel
coding for a model that includes the phase noise and nonlinear effects.

Telecommunication services such as broadband compressed and
uncompressed HD video transmission in the combined 60-GHz fiber-wireless
setups have been recently reported [89-91].

Subdividing the RoF setups by the wireless carrier frequency, larger amount
of ongoing work is performed in mm-wave bands given the promise of large
capacities.

Our work in this Thesis has significantly extended the list of application-
focused fiber-wireless systems for access segment.
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3. Description of the
papers

In this chapter, position of our work among the state-of-the-art research is
outlined on the architectural basis with case studies including wireless home
networks, backhaul networks, and close-proximity wireless connectivity.

3.1. Overview of the papers included in the
Thesis

First, our work on RoF delivery to the wireless home area networks was
addressed in papers [1-3, 8]. Paper [1], presents the case for joint source-
channel optimization in fiber-supported 60-GHz WPAN networks where the
potential for fiber and wireless transmission extension has been shown
through the use of source coding. This concept is later extended to the W-band
wireless transmission in Paper [8] assisted with channel coding. Another work
for this architecture addresses the fiber transmission in detail providing a
solution for combined SSMF/MMF transmission (Paper [2]). We show that the
bandwidth-length product of mm-wave RoF MMF links is suitable for gigabit
data transmission. Our final work for fiber-supported mm-wave WPAN deals
with the real-time uncompressed 1080i (1080 lines, interlaced) HD video
transmission (Paper [3]). Passive and active solutions have been studied for W-
band wireless transmitter implementation in order to ensure the future-proof
energy efficiency.

Employing simplified setups leads to higher pronouncement of
impairments. Our work on DSB RoF transmission in Paper [4] contributes a
novel solution to combat the fading imposed on RF transport in simplified
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fiber-wireless systems. Previous research would in certain cases require the
change in fiber infrastructure, when our proposed method is suitable for
implementation in pre-installed fiber networks.

Paper [5] addresses the issue of backhaul data delivery where a novel
architecture including 2 fiber spans bridged by wireless transmission is studied
in order to provide backhaul simultaneously for dense metropolitan and
suburban areas.

Paper [6] and Paper [9] address the architectures for video
broadcast/multicast. In Paper [6], the solution for simultaneous RoF
upconversion of multiple lihtwaves with a single RF oscillator at the CO is
investigated. By using diverse lightwave generation techniques, service quality
differentiation for the end users might be performed. Paper [9] investigates the
architecture where RN functionalities are enhanced to include the dynamic
capacity allocation and wireless data multicast.

Ultra-short range applications are studied in Paper [7], where advanced
physical layer design of the link yields the use of low-end components for mm-
wave E/O conversion nevertheless achieving excellent transmission
performance.

We note that the main difference of our work from conventional approach is
that we optimize the system performance under a constraint on complexity and
feasibility for a specific application when the common approach aims at
providing the highest bitrate to the end-user.

3.2. Detailed description of the papers

Below is the detailed description of the contribution of each paper based on
their abstract and conclusion.

[Paper 1] This paper addresses the problem of distribution of HD video in
fiber-wireless networks. We explore the notion of joint optimization of physical
layer parameters of the RoF link (power levels, distance) and the codec
parameters (quantization, error-resilience tools) based on the BER/PSNR as
objective video quality metrics. The physical layer architecture with the low
complexity envelope detection solution for RF downconversion is investigated.
We present both experimental studies and simulation of high-quality
compressed HD video transmission over a 60-GHz fiber-wireless link.

It should be noted that the combined noise figure of amplifiers in Eq. (3)
may be calculated more precisely if Friis formula for noise is used.
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[Paper 2] We propose and experimentally demonstrate a simple, cost-
effective gigabit fiber-wireless system operating in the 60-GHz band for WPAN.
Simplicity is achieved by utilizing direct modulation and envelope detection.
Error-free transmission of 2-Gbps data in the 60-GHz band over a hybrid
channel including 10-km SSMF/1-km MMF and 6.5-m air transmission is
successfully achieved proving that the sufficient bandwidth-length product is
available for mm-wave RoF signal transmission in MMF [92].

[Paper 3] We experimentally demonstrate uncompressed HD video
distribution in V- and W-band fiber-wireless links achieving 3 meters of
wireless transmission in both cases. We experimentally emulate access
architecture by deploying single/multimode fibers. For W-band, we report on
experimental assessment of passive and active approaches for implementation
of the BS. The BER performance of the optical and wireless channels is
reported. Based on the measured experimental results, we can conclude that V-
and W-band dual-laser RF generation fiber-wireless systems can be regarded as
viable candidates to provide fiber support in high-frequency WPAN particularly
for uncompressed real-time 1080i (1080 lines, interlaced scanning) HD video
delivery.

We note that in Fig. 7 of the Paper 3 the performance is different from our
expectations. B2B transmission shows lower performance than transmission
through 22.8-km SSMF, which, given the low penalty (~0.3 dB), is best
explained as a random measurement error.

[Paper 4] We experimentally demonstrate a 60-GHz DSB RoF synchronous
detection link capable of transmitting 3-Gbps data at 10-° BER level. We studied
CD induced RF degradation for DCF experimentally and theoretically. The
experimental results indicate more rapid degradation of RF carrier after
photomixing in case of DCF deployment, which agrees well with simulation and
analytical solution. Theoretical results presented in this paper indicate that
increase in the absolute value of the dispersion parameter when we employ
DCF increases periodicity of CD induced RF degradation along the fiber length
and along the frequency values of the electrical oscillator. Based on
experimental results and analytical calculation, we then proposed the algorithm
for frequency tuning of the electrical oscillator that uses an advantage of the
wide 60-GHz bandwidth, and yields faster tuning optimization for DCF
compared to SSMF.

[Paper 5] We propose and experimentally demonstrate a fiber-wireless
transmission system for optimized delivery of 60-GHz RF signals through
picocell mobile backhaul connections. Advantages of 60-GHz links for
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utilization in short range mobile backhaul are identified through feasibility
analysis in comparison with an alternative E-band technology. The system is
simplified and tailored for OOK data signals delivery by employing a single
module for lightwave generation and modulation combined with simplified RF
downconversion technique by envelope detection. The power budget margin
that is required to extend the wireless transmission distance from 4 m to a few
hundred meters has been taken into account in the setup design, and the
techniques to extend the wireless distance are analyzed. BER performance
below the 7% overhead FEC limit is reached for 1.25-Gbps data transmission
through up to 4 m wireless distance and up to 20 km of SSMF interfacing both
60-GHz BSs. 73-dB-Hz2/3 SFDR is reported when the EDFA is included as a part
of an optical transmitter. Phase noise performance indicates high potential of
the system for transmission of advanced modulation formats.

[Paper 6] Simultaneous 60-GHz RoF modulation and fiber transmission of
lightwaves produced by the DFB, the ECL, and the C-band VCSEL laser devices
is demonstrated. 1.25-Gbps data signals are transmitted on each of the
lightwaves attaining a BER performance below 10-? level. Carrier suppression
of 20 dB is achieved simultaneously for all three lightwaves placed in a wide
wavelength range. By investigating the lightwaves with diverse performance in
terms of chirp and optical power, we can control directly at the CO the quality
of service assigned for multiple end-users.

[Paper 7] We present an experimental investigation of the 60-GHz optical
carrier suppressed radio over fiber systems with less than 5 dB carrier
suppression. As a case study, the 60-GHz RoF signal is generated using a
12.5-Gb/s commercially available Mach-Zehnder modulator biased at its
minimum point. We report on error-free transmission over 20 km of standard
single mode fiber and 1 m of wireless distance. Furthermore, the efficiency of
photonic RF generation depending on the value of carrier suppression is
reported. Presence of the optical carrier and low separation between the
carrier and sidebands lead to four wave mixing, however no error floor due to
nonlinearities at 16-dBm optical power was reported.

We argue that transport of RoF signals with low carrier suppression
combined with low-complexity techniques of lightwave generation, baseband
data modulation, and RF downconversion might be a promising enabling
technology for fiber support of close-proximity wireless terminals.

[Paper 8] We report on performance of channel and source coding as
applied for an experimentally-realized hybrid fiber-wireless W-band link. BCH
and RS pre- and post-decoding BER performance is assessed for 20-km fiber
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transmission and a wireless propagation distance of 3 meters. We report on
noise statistics for the envelope detection of mm-wave RF generated through
photomixing of two unlocked lasers.

We argue that light video compression and low-complexity channel coding
for the W-band fiber-wireless link enable multiple channel 1080p wireless HD
video transmission. The experimental results for BCH-protected transmission
match the results of the analytical calculation. Finally, we analyze performance
of light compression techniques for a few 1080p HD video sequences.

[Paper 9] We propose an approach for dynamic channel allocation and
multicast data delivery inside the 60-GHz unlicensed band. Channels, conveying
1.25-Gbps signals, are allocated by tuning the frequency sweep of an ECL either
in the optical remote node (RN) or in the CO. At the RN, we perform the
replication of the original channel suitable for closely spaced multicast
applications such as HD video delivery where RN serves as a photonic RF
generator for both channel allocation and multicast. Experimental
demonstration is presented with BER performance below 10-° for original and
replicated channels after transmission through 22.8 km of SSMF. Higher
receiver sensitivity may be achieved with OCS technique, but larger fiber
transmission penalty is imposed as compared to remote heterodyning of
uncorrelated lasers.
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4. Conclusions

In this Ph.D. project, design and performance evaluation of simplified mm-wave
RoF links suitable for HD video transmission were treated.

For WPAN distribution, we explored the notion of joint optimization of
physical layer parameters of a fiber-wireless link and the codec parameters
based on the PSNR as the objective video quality metric for compressed video
transmission. Furthermore, uncompressed real-time HD video delivery and
channel coding in mm-wave WPANs were examined.

Use of mm-wave signals for metropolitan and suburban mobile backhaul
was studied in this Thesis. We proposed a setup for gigabit wireless
transmission in the fiber-wireless-fiber link arguing that, despite the higher
oxygen absorption, 60 GHz links can be used for the short range mobile
backhaul.

In this Thesis, we proposed a novel solution to combat the periodic
CD-induced RF power fading in a simple IM/DD mm-wave RoF links through
introduction of a degree of frequency tunability at the RoF transmitter.
Performance of the method was evaluated for SSMF and DCF transmission
media. We have shown that, even though DCF fibers will impose the 3 dB
penalty at a shorter distance than SSMF fiber, their performance can be easier
optimized by using the frequency tuning of the LO at the transmitter.

We studied advanced RoF infrastructures in order to enable
compressed/uncompressed real-time HD video transmission. To enable
efficient dynamic multicast/broadcast of video services, we have proposed and
evaluated an approach of increasing functionality of the optical RN. Dynamic
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channel allocation and replication of channels at the RN were experimentally
demonstrated by simply adding a tunable laser at the RN.

In order to decrease the count of expensive mm-wave LO modules at the CO,
delivery of multiple upconverted lightwaves generated by a single E/O module
was evaluated using diverse lightwave generation and data modulation
techniques including VCSEL, ECL and DFB techniques. The three techniques
have shown comparable performance under constraints of available power
budget, chirp and the bit walk-off in OCS setups for access fiber-wireless
network segment.

In this Thesis, mm-wave RoF links with diverse lightwave generation
techniques were experimentally realized for diversified fiber infractructure
including SSMF, MMF and DSF and the estimate of the feasibility of delivering
mm-wave wireless video services through fiber infrastructure under a
constraint of different nonlinear impairments and dispersion is given.
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5. Future work

In this section the directions for future development of simplified mm-wave
RoF links for video distribution are outlined.

We believe that using low-directivity antennas supported by the fiber
infrastructure is a promising approach capable of bringing together the
flexibility of wireless technology and the capacity of fiber links. However, the
thorough optical/wireless link budget planning should be performed including
empirical studies for diverse wireless environments.

Another interesting solution to overcome the LOS obstruction is to handle
blockages by relaying the signal to intermediate nodes available in the LOS
visibility. When the LOS path between two nodes is blocked, the route around
it should be built, using available intermediate LOS links [93]. However, this
approach requires the use of a few access points per room, which may increase
the system cost significantly, particularly considering that every access point
might require fiber support.

Another attractive direction is to combine mm-wave fiber-wireless systems
with conventional Wi-Fi WPAN / wireless local area networks (WLAN) systems.
Under optimal propagation conditions, the user can exploit the resources of the
mm-wave system. As the mm-wave channel conditions deteriorate, the
connection is switched to the Wi-Fi bands. In this way, the Wi-Fi bands serve as
a fallback option for mm-wave cells [94]. As Wi-Fi coverage is broader than
mm-wave coverage, one Wi-Fi access point may support several mm-wave
cells.

35



Bidirectional fiber-wireless transmission is also of interest, in particular, in
combination with advanced modulation formats. Crosstalk in fiber-wireless
channels for a variety of environments remains to be quantified.
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Abstract: The paper addresses the problem of distribution of high-
definition video over fiber-wireless networks. The physical layer
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1. Introduction

The motivations for this work are three-fold. First, the unprecedented frequency range around
60 GHz (from 4 to 9 GHz within 57-66 GHz) has been regulated for unlicensed use in a
number of countries around the world. Second motivation is the introduction of high quality
video services such as high-definition (HD) video conferencing and distributed video gaming.
These services define both the demand for increased data rates in the access networks and
need for optimization of video compression schemes. Third, efficient convergence of wired
and wireless technologies is required to enable the concept of “anytime anywhere” wireless

#155834 - $15.00 USD Received 3 Oct 2011; accepted 28 Nov 2011; published 8 Dec 2011
(C)2011 OSA 12 December 2011/ Vol. 19, No. 26 / OPTICS EXPRESS B895



connectivity. Radio-over-fiber (RoF) is considered a promising example of such integration
for optical networks [1].

Previous research in the area of 60 GHz RoF video transmission suggests the use of
uncompressed video [2,3]. The main drawback of this approach is reduced flexibility in terms
of bitrate: bitrates are fixed depending on resolution, number of bits per pixel, and frame rate
of the video sequence. This therefore results in extremely complex adaptation of the HD video
system to significant signal-to-noise ratio (SNR) drops caused by either severe shadowing in
non-line-of-sight (NLOS) case or extremely high attenuation — problems that are typical for
60 GHz systems.

Source coding (compression) gives us desirable flexibility of bitrate but at the expense of
introducing delay and increase of power consumption. However, there is a trade-off between
the power needed to radiate larger bandwidth for uncompressed video and the power
consumed for the computations of an encoder and a decoder for compressed video
transmission. According to [4], low complexity compression can, in fact, bring about
reduction in power consumption for a 60 GHz wireless video transmission system compared
to the uncompressed case, while at the same time keeping delay under the acceptable limit.

In this work we explore the notion of joint optimization of physical layer parameters of a
RoF link (power levels, distance) and the codec parameters (quantization, error-resilience
tools) based on peak signal-to-noise ratio (PSNR) as an objective video quality metric. We
experimentally demonstrate, first time to our knowledge, the combined optical access and
wireless transmission of compressed HD video in the 60 GHz band employing simple
envelope detection technique.

2. Experimental setup

The experimental setup of the 60 GHz optical-wireless RoF system is shown in Fig. 1. The
binary sequence corresponding to compressed video file was uploaded in an arbitrary
waveform generator (AWG). The non-return-to-zero (NRZ) electrical signal on the output of
the AWG directly modulated a 1550 nm laser. After the baseband data modulation, frequency
up-conversion to the 60 GHz band was performed by driving a Mach-Zehnder modulator
(MZM) biased at the minimum transmission point with a 30 GHz sinusoidal signal. A
polarization controller (PC) was used before the MZM to minimize its polarization-dependant
losses. After the MZM, two sidebands with a frequency spacing of 2f;, were generated
according to the double sideband-suppressed carrier (DSB-SC) intensity modulation scheme
(see Fig. 2). Optical carrier suppression of approximately 13.6 dB is achieved limited by the
MZM extinction ratio. The generated sidebands have the same optical power and the locked
phase. Subsequently, an Erbium doped fiber amplifier (EDFA) is employed to compensate the
losses, and an optical band pass filter (OBPF) is used afterwards to mitigate the amplified
spontaneous emission (ASE) noise produced by the EDFA. Then the signal is launched into a
20 km span of non-zero dispersion shifted fiber (NZDSF). We employ the NZDSF in order to
minimize dispersion induced impairments. A variable optical attenuator (VOA) is employed
to control the optical power impinging the photodiode (PD) in order to evaluate BER
performance of the system as a function of the received optical power.
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Head-end unit Remote antenna unit End-user terminal

video data
Fig. 1. Experimental 60 GHz optical-wireless RoF system with envelope detection, LD-laser
diode, PC-polarization controller, MZM-Mach-Zehnder modulator, LO-local oscillator, EDFA-
Erbium doped fiber amplifier, OBPF-optical band pass filter, PD-photodiode, LNA-low noise

amplifier, PA-power amplifier, BPF-band pass filter, ED- envelope detector, LPF-low pass
filter, DSO-digital sampling oscilloscope.

After photodetection the 60 GHz signal was amplified (gain of amplifiers — 16 dB and
28.7 dB) and filtered (58.1-61.9 GHz) before feeding it to an antenna for up to 6 meters of
wireless transmission. After receiving the signal with an antenna and following filtering
(58.1-61.9 GHz) and amplification (gain of amplifiers — 16 dB and 28.7 dB) envelope
detection was employed for down-conversion. The detected envelope is low-pass filtered and
digitized by a digital sampling oscilloscope (DSO). Both the transmitting and receiving
antennas used throughout the experiment are commercially available horn antennas with 20
dBi gain and 12° beam width. Bitrates that were transmitted over the fiber are low compared
to similar research setups. This explains a good performance to a certain extent, but we
emphasize that reduction of bitrate does not lead to a significant video quality deterioration.

— DSB-SC signal
-204 —— Optical carrier
o
E 301 o
o) o
5 40
3
o
S 504
[
S
g -60+

704 : :
1549,0 1549,5 1550,0 1550,5
Wavelength[nm]

Fig. 2. Optical spectra on the input of the PD.

The encoding was performed using the Joint Model (JM) 17.0 reference software
implementation of the H.264/Advanced Video Codec (AVC) [5]. It is a realistic scenario
since H.264/AVC is one of the latest industrial video coding standards covering a wide range
of applications, including, coding for transmission over wireless links and HDTV coding [6].
An Intra coding mode only and a frame slicing mechanism were employed to achieve the low
delay requirement. Both mechanisms are improving the error-resilience as well [7]. Slicing
was performed with the use of flexible macroblock ordering (FMO).

H.264 is not capable of coping with single-bit errors: its mechanisms of error-resilience on
the encoding side and error concealment on the decoding side are adjusted to cope with packet
loss when the packets affected by the errors are discarded such as usually occurs in networks.
Packet error rate (PER) depends on the bit error rate (BER) and the size of the packet; in
general, the noisier the transmission the shorter the length of the packet is desirable. Initially
in the experiment we used the packet size equal to 2500 bytes, each packet containing a slice
of the frame; afterwards we have been using packets of length of 3000 and 3500 bytes for
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simulation. The uncompressed HD test video sequence ‘blue sky’ was used for encoding and
transmission. The sequence was originally shot in 4:2:0 format 8 bits per color 1920 x 1080
pixels. However, in order to model the most bitrate demanding case upsampling to 4:4:4
format was performed (uncompressed bitrate — 3 Gbps for the frame rate of 60 frames per
second).

We use PSNR as an objective quality metric for video, which is defined as:

1o
MSE :Nz;(x, -y 0

2

L
PSNR =10log ,,(——), 2
gIO(MSE) 2)

where MSE stands for mean squared error, N is the number of pixels in the image or video
signal, and x; and y; are the i-th pixel values in the original and the distorted signals,
respectively. L is the dynamic range of the pixel values. For an 8§ bits/pixel signal, L is equal
to 255. PSNR is evaluated for the luminance component of the transmitted video signal.

3. Composite fiber-wireless channel modeling for 60 GHz band

The difficulty of the modeling arises from the fact that we need to account for both the
impairments induced by the wireless and the fiber-optic channels. We performed the
modeling of the fiber-optic channel with VPI software [8]. The wireless channel model was
implemented in Matlab and combined with VPI channel model afterwards. We combine
below the description of the channel model with the excerpts from experimental
measurements that allow us to simplify the model.

Noise processes in the optical part of the setup (such as amplified spontaneous emission
(ASE) noise, Johnson noise, shot noise at the photodiode), attenuation and dispersion in the
fiber are simulated in VPI software. We set the numerical values for these parameters
according to the specifications of equipment we used in the experimental setup.

We performed the modeling of the wireless channel according to the physical parameters
of the devices that have been used in the scheme and references on theoretical parameters
taken from [9-11].

The path loss (attenuation) at 60 GHz is much more severe than the path loss at the
frequencies that are currently employed for Wireless Personal Area Networks (WPAN).
Theoretical description for this phenomenon is provided by Friis formula [9], according to
which attenuation in the air is proportional to the frequency squared. It is known that the line-
of-sight (LOS) attenuation of the 60 GHz wireless channel can be modeled with a log-normal
model [11]. Parameters for this model have been defined through the extensive measurements
presented in a number of publications. Summary on the parameters for different experimental
environments can be found in [9]. We perform the modeling of the system without taking into
account frequency dependency of the path loss. To the best of our knowledge, frequency
dependent models for 60 GHz system have not yet been reported.

Influence of the noise on the signal can be modeled with the following formula [10,11]:

SNR=F, +G, +G, + GLNA,\+PA,\ +GLNA”+FA,. —-PL- 3)
—(10log,,(KTB) + NFLMA,\JrI’A,\ + NFLNA,Y+I’A,‘ ),
d
PL= PL(d0)+10n10g|',(;), 4)

0

where Py, in our case is the RF power on the output of the PD, Gt and Gy are the gain of

transmitting and receiving antennas respectively, G, ., and Gy, ., ~are gains of

#155834 - $15.00 USD Received 3 Oct 2011; accepted 28 Nov 2011; published 8 Dec 2011
(C)2011 OSA 12 December 2011/ Vol. 19, No. 26 / OPTICS EXPRESS B898



amplification cascades at transmitting and receiving parts of the scheme respectively, PL is
the distance-dependent path loss (attenuation) in the air. The terms in brackets represent noise
contributions. The first term represents the Johnson noise, second and third represents noise
contributions from amplifiers. Parameters dy and d in Eq. (4) represent the reference distance
(we used 1 m according to [9]) and the distance between a transmitter and a receiver
respectively, n denotes path loss exponent.

The formula does not account for shadowing caused by LOS obstruction, but this
resembles the experimental setting where we were working with the LOS scenario only.

Phase noise modeling for the channel was excluded after the experimental examination of
the phase noise of the oscillator presented in Fig. 3. Figure 3 shows the high quality of the
electrical oscillator for 3 cases: measuring the phase noise of LO, setup without fiber
transmission up to a transmitting antenna (optical back-to-back) and after 20 km of NZDSF.
Figure 3 also illustrates the fact that contribution from the system to the phase noise is
insignificant. Moreover, it could be excluded from consideration, because after wireless
transmission we finally recover with ED only the amplitude of the signal, and therefore
discard information about phase or frequency.

-40- —— 30 GHz LO
—— 60GHz Back-to-back
%‘ -60- — 60GHz after NZDSF
B
m
S. -804
[0}
@2
2-100
[0}
(2]
g
£ -120-

1k 10k 100k 1M 10M
Frequency offset [Hz]

Fig. 3. Phase noise of RF subcarriers.

The model does not take into account the nonlinear effects that are reported for Power
Amplifiers in [9]. Nevertheless we regard the model as feasible since the power after the PD
is low, so we work in the linear region. Indeed, the power on the output of the PA at the
transmitting side given the power at the photodiode of —10 dBm is around —6 dBm. Typically
nonlinear effects are observed in the region above 0 dBm [9]. The RF-spectrum measured is
depicted in Fig. 4. We refer to the power before the antenna, as the power before radiation Pj,.
Therefore the equation for wireless channel simulation based on Eq. (3) and Eq. (4) could be
transformed into:

SNR=F, +G; +Gy + Gy, py —PL(dy)—10nlog lo(di) -
0

()
- OIOglo(KTB) + NFLNA,\+I’A,\ + NFLNA”H’AH )-
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Fig. 4. RF spectrum measured before the antenna.

Typical parameters for the path loss at the reference distance and the path-loss exponent
has been found in the references [9,10]. Values for the parameters that are used in modeling
of the wireless channel are listed in the Table 1 below.

Table 1. System Parameters for Modeling

Parameter Numerical value |
Center frequency, GHz 60
Joint noise figure Tx amplifiers (LNA + PA), dB 6+7)=13
Joint noise figure Rx amplifiers (LNA + PA), dB 6+7)=13
Joint gain of Tx amplifiers (PA + LNA), dB (28.7+16) =447
Joint gain of Rx amplifiers (PA + LNA), dB (28.7+16) =44.7
Gain of the Tx antenna, dBi 20
Gain of the Rx antenna, dBi 20
Bit rate, Mbps 312.5/1250
Distance, m 2-6
Reference path loss at 1 meter, dB 57.5
Path loss exponent 1.77
Ambient temperature for Johnson noise modeling, K 298

We perform attenuation of the signal and addition of the Additive White Gaussian Noise
(AWGN) in VPI, the noise power and attenuation to achieve SNR described in Eq. (5) are
calculated in Matlab.

4. Results and discussion

Our goal for optimization is to achieve the best video delivery quality for a given link budget.
With regards to the role of the quantization of transform coefficients of the coded video in the
optimization, roughly speaking, the smaller the quantization parameter size, the smaller the
source distortion (loss due to compression), but the larger the channel distortion it may cause.
In the experiment we explored two cases. First, the chosen test video sequence (‘blue sky’
4:4:4) was encoded with bitrate of 312.5 Mbps. Second, the tested video sequence was
encoded in a high quality setting with the quantization parameter equal to 1, which gave us a
compression ratio of 3.
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Fig. 6. PSNR as a function of the wireless distance.

On the Fig. 5 BER at the power level at the photodiode equal to —10 dBm as a function of
the wireless distance is depicted. From the Fig. 5 we can see that in general the distortion
induced by the wireless channel is severe in our system, but video coded with the use of
higher quantization parameter has greater dynamic range of wireless distance, as shown in
Fig. 6. The distance equal to O corresponds to the distortion introduced by the compression
only. When we increase the wireless distance, in the beginning, the source distortion is
dominant, and the use of lower quantization parameter is reasonable. Anyhow, we lose the
advantage of lower distortion after around 2 m of transmission when video is evaluated based
on the PSNR metric only. This shows the potential of optimization of the power budget of the
system under the constraint of video quality. We obtain similar curves for changing optical
power level at the photodiode at 5 m of wireless distance, as shown in Fig. 7 and Fig. 8. With
the higher video compression we can work at lower optical power levels. At the same time,
we should note that the video quality is high in both cases, and deterioration induced by the
compression itself can be regarded as non-significant (PSNR of the video unimpaired by the
channel is higher than 45 dB in both cases).
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Fig. 8. PSNR as a function of the optical power at the photodiode.

Curves provided by simulation for 5 meters distance and dynamically changing optical
power levels show close resemblance that verifies the correctness of the simplified wireless
channel model employed. We do not provide simulation-based curves for PSNR, because our
simulation is based on the analytical estimation of BERs with the use of VPI software, and we
therefore do not have traces including erroneous bits to analyze video performance.

5. Video coding for 60 GHz radio-over-fiber

We employed video coding parameters in a simplified setting that is suitable for both
conferencing applications and distributed video gaming. The main constraints for such type of
an application are delay and energy consumption. As a part of simplified setting we were
using Universal Variable Length Coding (UVLC) for entropy coding that is considered a
lower complexity solution [7]. All coding experiments were performed in intra mode thus
eliminating the need for long buffering time, and satisfying low delay requirement. The
simulation below was performed with bit traces including erroneous bits.

H.264/AVC encoder employs the number of error-resilience tools: slicing of the frame,
data partitioning, arbitrary slice ordering, and redundant coded slices [7]. Below we present
simulation on two major tools providing error resilience: slices and Flexible Macroblock
Ordering (FMO). On the decoder side, there are two error concealment tools used in JM 17.0
reference software implementation of H.264/AVC codec, one exploiting spatial information
only, suitable for intra frames (the one used in the experiment and simulation), and one
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exploiting temporal information. Details on the error concealment algorithms used can be
found in [5].

First we performed the simulation with a different size of the packet (each containing one
slice of the frame). Employing the smaller slices enables us to receive acceptable video
quality in the regions with higher BER, and therefore extends distance for acceptable quality
of video transmission. Indeed, enabling packets of shorter length reduces the amount of
information lost when the packet is discarded, enabling decoder to reconstruct impaired parts
of the picture better from unimpaired blocks of neighboring pixels. The simulation results are
illustrated on Fig. 9.

—=— 2500 bytes per packet
—e— 3000 bytes per packet
—4— 3500 bytes per packet

PSNR [dB]
w A A
.2 @

w
o
n

25+— T T T T T ,
0 1 2 3 4 5 6

Wireless distance [m]

Fig. 9. PSNR as a function of the wireless distance for different packet sizes of the encoded
video for the bitrate of 312.5 Mbps.

Below we also present the simulation results for enabling FMO in H.264 reference
software [5]. H.264/AVC is the first standard defining this error-resilience tool [7]. In case if
we do not use FMO, the images will be composed of a single slice groups with the
macroblocks in a scan order. If we employ this algorithm, then when we lose a slice of the
video frame, we can make better approximation with the neighboring blocks and therefore,
presumably, can achieve gain in PSNR. Results of the simulation for the packet size of 3000
bytes are depicted in the Fig. 10. FMO shows up to 3 dB improvement of PSNR.

—=—312.5 Mbps without FMO
509 —e— 312.5 Mbps with FMO

25 T T T T T T )
0 1 2 3 4 5 6

Wireless distance [m]

Fig. 10. PSNR performance as a function of the wireless distance for FMO effect estimation.

Coding simulations show the effect of employed source coding error-resilience
mechanisms for a particular simplified setting of H.264/AVC and 60 GHz RoF setup as an
example of physical layer architecture suitable for transmission high quality HD video
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content. Employed tools of H.264/AVC show the greater robustness of video provided by
advanced video coding against impairments induced by 60 GHz fiber-wireless channel.

6. Conclusions

Our experiment and simulation demonstrates the trade-off between the distortion introduced
by the source (lossy compression) and distortion introduced by channel for high quality HD
video transmission over 60 GHz RoF fiber-wireless links. We have achieved significant
extension of wireless distance employing low complexity physical layer solution for detection
of RF modulated signal. Our work demonstrates the solutions for improving robustness and
reach of simplified converged fiber-wireless RoF communication links provided by advanced
video coding.
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In this paper, we propose and experimentally demonstrate a simple, cost-effective hybrid gigabit fiber-
wireless system for in-building wireless access. Simplicity and cost-effectiveness are achieved in all parts
of the system by utilizing direct laser modulation, optical frequency up-conversion, combined single
mode/multimode fiber transmission and envelope detection. Error-free transmission of 2-Gbps data in
60-GHz band over a composite channel including 10-km standard single-mode fiber (SSMF)/1-km mul-
timode fiber (MMF) and 6.5-m air transmission was successfully achieved.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Millimeter wave (MMW) wireless communication is receiving
increased research interests. It is aimed at exploring its potential
of broadband wireless data transmission in future wireless per-
sonal area networks (WPANS), to support bandwidth-hungry ser-
vices such as high-definition television (HDTV), 3D gaming and
high-speed data access. Additionally, the 60-GHz band has been
standardized for future WPAN networks by several working groups
such as Ecma International - an European association for standard-
izing information and communication systems, WirelessHD and
IEEE 802.15.3c [1-3]. In order to commercialize 60-GHz systems
for next-generation high-speed wireless networks, it is highly
desirable to develop a system with less complexity and low power
consumption transceivers as a large number of remote antenna
units (RAUs) and user terminals are to be deployed in such net-
works. Due to the high atmospheric loss of MMW signals, radio-
over-fiber (RoF) technique is generally considered as an attractive
solution to extend the reach of MMW wireless networks. In this
context, supported by low loss and wide bandwidth transmission
of optical fibers, several BSs is connected to one central office
(CO) which has centralized functions such as MMW subcarrier gen-
eration, data up-conversion, amplification. Several MMW RoF sys-
tems have been proposed and demonstrated recently in the
literature [4-10].
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Regarding the optical fiber plant, standard single-mode fibers
(SSMFs) have been widely deployed in optical core/metro/access
networks, and well studied in proposed MMW RoF systems [4-
10]. On the other hand, multi-mode fibers (MMFs) are predomi-
nantly deployed in in-building networks as a backbone for local
area networks (LANs) (approximately from 85% to 90%) due to
various advantages such as low cost, easy installation and main-
tenance [11]. Gigabit baseband links over hundred meters of
MMF have been deployed [12]. When developing a system to
meet the increasing demand for high-bandwidth wireless ser-
vices, it is greatly encouraged to efficiently utilize this existing
infrastructure. Together with SMFs in access networks, the reuse
of MMF for distribution of MMW signals through in-building opti-
cal networks to WPAN networks will save fiber reinstallation cost.
The schematic of such a system is presented in Fig. 1. MMW sig-
nal is optically generated at the CO and then distributed to user
terminals through a composite channel including SMF, MMF
and wireless links. Several experiments on MMF based RoF sys-
tems have been reported ([13-15, and references therein]). How-
ever, to the best of our knowledge, 60-GHz over MMF system has
not been demonstrated yet. The reported highest frequency and
data rate so far are 38.8 GHz and 900 Mbps over 100-m MMF
[14]. Data transmission over a composite channel has been dem-
onstrated at low bitrate and low RF frequency: 120-Mbps data at
31.14 GHz over 20-km SMF plus 300-m MMF and 3-m wireless
link [15]. For future deployment of 60-GHz systems, it is impor-
tant to evaluate the performance of 60-GHz signal over such com-
posite channel.
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Fig. 1. Distribution of MMW RoF signals over combined SMF and MMF link for in-building broadband wireless access.
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Fig. 2. Experimental setup: PPG: pulse pattern generator, DML: directly-modulated laser, PC: polarization controller, MZM: Mach-Zehnder modulator, EDFA: Erbium doped
fiber amplifier, OBPF: optical band-pass filter, VOA: variable optical attenuator, OSA: optical spectrum analyzer, PD: photo-detector, LNA: low-noise amplifier, PA: power

amplifier, BPF: band-pass filter, BERT: bit-error-rate tester.

(a) 20 1 .

30 136d8

Optical power [dBm]

- - - -Optical carrier only

—_
(=2

~
EN
o

—— DSB-SC

15500
Wavelength [nm]

T
1549.5

T——30 GHz LO
——--60 GHz B2B
——60 GHz 10-km SMF

w 00 - = =60 GhHz 10-km SMF and 1-km MMF
T
<
1
o
S 8o}
[
2
o
j=s
8 00t
<
a.

-120

T T T
1k 10k 100k ™ 10M

Frequency offset [Hz]

(€) T

* B2B

Power [dBm ]

10km SMF+100m MMF
—+—10km SMF+1k m MMF

-80 T T

56 58

60 62 64

RF frequency [GHz ]

Fig. 3. (a) Optical spectra at point A in Fig. 2, (b) phase noise of RF subcarriers and (c) RF spectra of detected 60-GHz signals with 2-Gbps data at point B in Fig. 2 and —3.0-dBm

received optical power.

In this paper, we report transmission of gigabit data at 60-GHz
band with simplified transceivers in end-to-end composite RoF
network scenario: access and in-building networks using different
types of optical fibers. The link consists of 10-km SMF, 1-km MMF

and 6.5-m wireless. Direct modulation and double-sideband sup-
pressed carrier (DSB-SC) scheme are adopted in the CO to generate
60-GHz subcarrier while simple envelope detection is employed at
user terminals. We show that error-free transmission of 2-Gbps
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Fig. 4. Measured performance of the system: (a) BER and (b) eye-diagrams
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data was successfully achieved over the link with less than 4-dB
power penalty due to accumulated fiber dispersion.

2. Experimental setup

Fig. 2 illustrates the experimental setup of the in-building wire-
less access utilizing combined SMF/MMF and simplified wireless
transceivers. At the CO, 2-Gbps Pseudo Random Binary Sequence
(PRBS) baseband data from a pulse pattern generator (PPG) with
a word length of 23'-1 directly modulated a 1.55-um laser. To gen-
erate a 60-GHz subcarrier, the well-known DSB-SC scheme was
utilized. The output from the laser was launched into a Mach-
Zehnder modulator (MZM) which was biased at the minimum
transmission point and driven by a 30-GHz sinusoid signal from
a local oscillator (LO). The output of the MZM was amplified and
filtered out amplified spontaneous emission (ASE) noise by an opti-
cal band-pass filter (OBPF) with 0.8-nm 3-dB bandwidth. The opti-
cal signal was then distributed to a RAU over an optical fiber link
composed of 10-km standard SMF and additional 100-m or 1-km
MMEF. The diameters of core and cladding of the MMF are 50 and
125 pm, respectively. The simple, conventional center-launching
technique was used to couple the light from the SMF to the MMF
[16]. At the RAU, the optical signal was detected by a broadband
75-GHz photo-detector (PD). The detected 60-GHz signal was
amplified and radiated to the air by a horn antenna and received
by another one. The wireless link was 6.5 m, which was limited
by the available lab space. The received wireless signal was then
again amplified and filtered. To simplify the end-user wireless ter-

minal, electrical envelope detection was employed to down-con-
vert 60-GHz band signal to the baseband. The output signal of
the envelope detector was fed to a bit-error-rate tester (BERT) to
evaluate the system performance. Both the antennas have 20-dBi
gains in 50-75 GHz frequency range and 12 °C beam width. All
the amplifiers have 10 GHz bandwidth (55-65 GHz). The power
amplifiers (PA) have 28.7-dB gain and 14-dBm P1dB and the low
noise amplifiers (LNA) have 16-dB gain. Bandwidth of the BPFs is
5.7 GHz (56.3-62 GHz).

Apart from the utilization of both SMF and MMF plants, this sys-
tem architecture has some additional important features. Firstly,
the use of direct modulation for data and optical frequency up-con-
version to MMW band does not require high speed laser. Secondly,
the DSB-SC scheme enables the use of low RF frequency LO and
avoiding chromatic dispersion induced RF power fading [4-8]. In
a wavelength-division multiplexing (WDM) system scenario to
support multiple end-users, the MZM can be shared by many
WDM channels. Thirdly, envelope detection is a simple demodula-
tion method, which is transparent to RF frequency and does not re-
quire any phase-locked LO and mixer for down-conversion.
Therefore, in connection with high transmission performance, this
scheme is expected to be a very cost-effective solution for broad-
band 60-GHz in-building wireless networks with the use of simple
transceiver, as well as long access reach. Finally, the same RF con-
figuration can be used for uplink to realize a fully cost-effective
bidirectional system. The 60-GHz wireless signal from an end-user
terminal received by the antenna at the RAU can be down-con-
verted to the baseband using the same envelope detection tech-
nique. Then the baseband signal can be transmitted to the BS
through the combined MMF/SMF by directly modulating a light
source such as a DFB laser or VCSEL.

3. Experimental results and discussion

Fig. 3a shows the optical spectra at the output of the MZM with
and without the 30-GHz LO signal. When the LO signal was ap-
plied, two first-order sidebands were dominant and the original
optical carrier at 1549.75nm was suppressed approximately
13.6 dB. The influence of optical carrier suppression ratio on the
power of the RF signal has been analyzed in [7].

In general, it is important to generate a high quality RF subcar-
rier to achieve high performance data transmission. The phase
noise from the LO does not change the amplitude of a RF signal.
However, fiber dispersion such as chromatic dispersion of the
SMF, modal dispersion of the MMF causes the phase-to-intensity
conversion that, in turn, makes the amplitude of the RF signal vary
after fiber transmission. Fig. 3b shows the measured phase noise of
the 30-GHz subcarrier from the LO as well as the generated 60-GHz
subcarriers at back-to-back (B2B) and after fiber transmission. We
can see that the quality of the 60-GHz subcarrier was maintained
after fiber transmission due to the correlation of two sidebands
[17]. For example, at 100-kHz offset, the phase noise of the 60-
GHz subcarrier was only about 5 dB higher than that of the 30-
GHz LO. Therefore, we can use a 30-GHz subcarrier from a LO
which has similar phase-noise characteristic as the requirement
for the 60-GHz subcarrier.

The electrical spectra of the signals at point B in Fig. 2 in cases of
B2B and fiber transmission at —3-dBm optical power are shown in
Fig. 3c. The RF spectrum was maintained after 10-km SMF and 100-
m MMF. However, there was a slight distortion in the case of 10-
km SMF and 1-km MMF due to large modal dispersion of the MMF.

Fig. 4 shows the measured BER curves and eye-diagrams of 2-
Gbps data in different transmission cases: B2B, SMF only, MMF
only and combined SMF/MMF. The optical power to the PD was
controlled by a variable optical attenuator (VOA). We can observe
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that chromatic dispersion of 10-km SMF introduced less than 1-dB
power penalty. Additional 100-m MMF caused about 0.5-dB power
penalty. Suffered from large modal dispersion, the BER perfor-
mance after 1-km MMF transmission had about 2-dB power pen-
alty. In the case of combined 10-km SMF and 1-km MMF
transmission which has both large chromatic dispersion and modal
dispersion, the BER curve shows a slightly different slope and the
power penalty at a BER of 10~° were approximately 4.3 dB. Addi-
tionally, we observed in the experiment that the BER performance
rapidly became worse when the received optical power was higher
than about —3.0 dBm. That is because the power of the 60-GHz sig-
nal was saturated with the RF configuration when high optical
power was launched into the PD.

4. Conclusions

We have experimentally demonstrated a gigabit MMW system
over a combined-SMF/MMF optical link with simple 60-GHz trans-
ceiver based on direct modulation and envelope detection. Error-
free transmission was achieved for 2-Gbps data at 60-GHz after
10-km SMF, 1-km MMF and 6.5-m wireless. The experiment proves
the feasibility of using SMF in optical access networks in combina-
tion with the existing MMF in buildings for distribution of 60-GHz
signal direct from a CO to remote in-building antennas enabling a
cost-effective solution for next generation gigabit in-building wire-
less access networks.
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Abstract This article experimentally demonstrates uncompressed high-definition
video distribution in V-band (50-75 GHz) and W-band (75-110 GHz) fiber-wireless
links achieving 3 m of wireless transmission in both cases. Access architecture
is experimentally emulated by deploying single/multi-mode fibers. For the W-band,
experimental assessment of passive and active approaches for implementation of
remote antenna units is reported. The bit error rate performance of the optical and
wireless channels is reported. A successful transmission of real-time uncompressed
high-definition video in the V- and W-band fiber-wireless systems is demonstrated with
prospects to pave the way for application-focused fiber-wireless connectivity.

Keywords hybrid optical-wireless architecture, radio-over-fiber, uncompressed high-
definition video transmission, W-band wireless

Introduction

The growing usage of wireless technology in consumer devices causes interference
and congestion in densely populated wireless hotspots employing unlicensed wireless
frequency bands currently adopted by industry, such as Wi-Fi. Recent standardization
efforts have led to allocation of unprecedented amounts of unlicensed bandwidth around
60 GHz in V-band (50-75 GHz) [1, 2]. The need to accommodate ever-growing bandwidth
requirements leads to an interest in other unlicensed millimeter-wave frequency bands, in
particular, those located in E- (60-90 GHz) and W-bands (75-110 GHz). Although the
W-band is still in its infancy in terms of radio frequency (RF) component miniaturization,
research in integration of W-band wireless systems into fiber architecture is essential to
ensure the swift transition of optical networks toward efficient delivery of higher carrier
RF signals.

Distributed antenna system (DAS) architectures for remote antenna unit (RAU)
locations are considered necessary for efficient fiber support of wireless distribution due
to decreased wireless coverage in case of millimeter-wave links (including W-band) [3].

Received 14 December 2012; accepted 17 December 2012.

Address correspondence to Mr. Alexander Lebedev, DTU Fotonik, Department of Photon-
ics Engineering, Technical University of Denmark, Kongens Lyngby, 2800, Denmark. E-mail:
alele @fotonik.dtu.dk

93



Downloaded by [DTU Library] at 04:03 02 September 2013

94 A. Lebedev et al.

Radio-over-fiber (RoF) is widely considered to be a suitable concept for fiber-wireless
integration in case of millimeter-wave wireless personal area networks (WPAN5) assisted
with DAS architecture [4-6]. The RoF approach leads to simplified RAUs, where costly
high-frequency RF components are avoided at the RAU, thus leading to simpler and
potentially lower cost RAU. Another important advantage of RoF systems is that they
may be built transparent to data protocols and modulation formats [7].

Among the potential application scenarios for V- and W-band RoF networks is
the delivery of real-time high-definition (HD) video for services such as gaming, e-
health monitoring, video conferencing, and surveillance. Several designs for V-band
fiber-wireless networks tailored for HD video delivery have been proposed [8, 9]. This
study proposes the use of RoF architecture for real-time transfer of uncompressed HD
video. Solutions proposed in this article may serve to support the ongoing industrial
development to adopt millimeter wave for wireless HD multimedia interface (HDMI)
video transmission [2]. The schematics are presented for a fiber-wireless HDMI video
transmission system; and its equivalent physical layer performance is then analyzed under
the constraints of wireless distance and optical power.

There are ongoing efforts to improve feasibility and efficiency of RoF systems. A
major goal is to enable the wireless service to multiple RAUs produced by a single
component at the central office (CO). Simultaneous up-conversion of several optical
wavelengths has been reported [10]. A different approach to solve up-conversion consists
of the up-conversion of several RF carriers onto a single lightwave carrier [11]. The
research presented in this article reports on the up-conversion of a single channel;
however, if video broadcasting is considered, the present work may fit in the following
scenario (see Figure 1).

The latest work on passive remote wireless node architecture for the W-band has been
presented for RoF systems tailored for Ethernet services [12]; however, uncompressed
video services were not considered and fiber transmission was omitted.
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Figure 1. Network scenario for millimeter-wave wireless uncompressed HD video distribution
over fiber-wireless networks (O/E: optical-to-electrical conversion; color figure available online).
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This study considers both single-mode fiber (SMF) and multi-mode fiber (MMF) ac-
cess scenarios. There are several potential applications for combined SMF and MMF
fiber-wireless access links, among them, in-campus or in-company distribution employing
MMFs in the local area network (LAN) interfaced with SMF media coming from the
metro/access part of the network. Assessment of the performance when employing MMFs
is utterly important to ensure that the diverse pre-existing infrastructure is optimally
utilized.

The major novelty of the article is a direct comparison of V- and W-band fiber-
wireless systems in terms of bit error rate (BER) performance for the bit-rate enabling
real-time uncompressed HD video delivery. V- and W-band access fiber-wireless systems
are studies with the analogous power budget in the presence of limitations on reach,
dispersion, and non-linearities for fiber access network scenarios.

This article is organized as follows. Section 2 presents the V- and W-band labo-
ratory setups and outlines the order of measurements. Section 3 presents the collected
experimental data and discusses achieved experimental results. Finally, a summary and
conclusions are provided in Section 4.

Experimental Setup Description

The W-band setup is first given in detail, and an analogous V-band setup is then pre-
sented. The overall goal was to replicate W-band measurements with V-band measure-
ments for comparison of the two systems. The experimental setup of the W-band RoF
video transmission system is presented in Figure 2, where the main building blocks are a
dual-laser RoF transmitter block located at the CO, SMF/MMF distribution, RAU, and the
end-user terminal. Two identical external cavity lasers (ECLs) were used for generating
lightwave carriers offset by 84 GHz with optical power equal to +15 dBm. High optical
power of the optical signals is important to increase the available power budget, which,
in the broadcast scenario, increases the possible splitting ratio to enable the maximum
number of wireless broadcast units. Baseband data were imposed onto one of the optical
carriers by using an optical Mach—Zehnder modulator (MZM) driven by either a pulse
pattern generator (PPG) producing a pseudorandom binary sequence (PRBS) with a word
length of 2! — 1 or by an HDMI-to-coax converter. External modulation has been chosen
over direct modulation in order to avoid possible frequency chirp.

Subsequently, an erbium-doped fiber amplifier (EDFA) was employed to increase
the power budget followed by an optical bandpass filter (OBPF) to reduce out-of-band
amplified spontaneous emission (ASE) noise from the EDFA. The EDFA was employed
to study the link performance under the constraint of added ASE noise and also to increase
the available power budget required to overcome the loss on the coupler, connectors, and
fiber and still provide large dynamic range of the optical power values before optical-to-
electrical conversion. A 3-dB coupler was used to combine two lightwave carriers before
single fiber transmission. The fiber link was composed of 22.8 km of SMF and (or) a
100-m span of MMF. A variable optical attenuator (VOA) was employed to control the
optical power impinging the photodiode (PD) in order to estimate the BER performance
of the system. Figure 3 depicts the optical spectra after the 3-dB coupler. In the RAU,
up-conversion to 84 GHz took place by photo-mixing the two optical carriers at the PD.

This study does not modulate the lightwave with RF directly; however, the RoF
transmitter is implemented through coupling of lightwaves produced by two free run-
ning lasers. The method employed has been proven to be robust against dispersion-
induced RF power fading [13]. Moreover, efficient fiber-wireless transmission on an
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Figure 3. Optical spectra of W-band dual-laser RoF signal incident to the PD (color figure available
online).

84-GHz RF carrier is currently most feasible with a dual-laser scheme, since methods
that involve modulation of a lightwave with an RF signal, such as double sideband
(DSB) or double sideband with suppressed carrier (DSB-SC), would require very high-
frequency modulators with bandwidth exceeding 42 GHz and 84 GHz for DSB-SC and
DSB schemes, respectively.

Both passive and active RAU approaches were studied experimentally. For the case
of an active RAU, a 25-dB gain W-band amplifier was used before feeding the 84-GHz
RF signal to an antenna for up to 3 m of wireless transmission. For the case of a passive
RAU, the signal was radiated directly from the output of the PD. The transmitting and
receiving antennas used in the experiment are commercially available horn antennas
with 25-dBi gain. After receiving the signal with an antenna and W-band double-stage
amplification (40-dB gain), envelope detection (ED) was employed for down-conversion.
ED for RoF setups can be used efficiently for detection of on—off keying (OOK) signals
[12, 14]. ED is particularly suitable in case of end-to-end video data communication when
ultra-high speed data rates (in excess of several gigabits) are not required. Afterward,
a baseband 20-dB-gain low noise amplifier (LNA) and a power amplifier (PA) 18-dB-
gain PA were used to increase the peak-to-peak voltage level, as required for BER tester
(BERT) operation (more than 250 mV).

The experimental measurements were divided into three phases. In Figure 2, changing
parts of the setup are indicated with a dashed line. First, the MMF and SMF fiber
architectures were characterized for an active RAU case (with the 25-dB-gain LNA at
the RAU) employing a PPG configured to produce pulses of the same bit-rate and peak-
to-peak voltage levels as those from the HDMI-to-coax video converter. Thereafter, PRBS
transmission was performed using the MMF or SMF fiber link for a passive RAU case
(without the +25/440 LNA at the RAU). Finally, the transmission of an uncompressed
1080i video (bit-rate of 1.5 Gbps) was performed.

The video transmitter is designated as “(1)” in Figure 2. A commercially available
video camera was used to produce a 1080i uncompressed video signal at its output.
The characteristics of the video signal are as follows: framerate of 60 fields per second
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(interlaced), 1,920 * 1,080 resolution, 4:4:4 color format, bit depth of 8 bits per color. The
camera was connected directly to the commercially available HDMI-to-coax converter
that produces non-return-to-zero (NRZ) electrical pulses on its output when given an
HDMI video signal on its input. At the receiving end of the system, a coax-to-HDMI
converter was placed, then a 1080i capable screen.

The V-band laboratory setup was assembled in order to replicate the W-band setup
and perform the comparison study. The difference is that the EDFA was not added before
the transmission through the fiber. An EDFA was added in the case of the W-band setup
to achieve higher levels of optical power incident to the PD to increase the RF power
level of generated 84-GHz carrier for the passive transmitter schematics.

Due to limitations in the equipment, slightly different high-frequency amplification
components were used in the case of V-band measurements. A 24-dB-gain PA was used
at the transmitter side, and a cascade of a 16-dB-gain LNA with a 28.7-dB-gain PA was
used at the receiver side. For the V-band setup, the measurements for an active transmitter
were performed only in order to benchmark V-band and W-band system performances.

Results and Discussion

W-Band Passive and Active RAUs Investigation

This section presents the measurement results for BER values, optical power levels, and
wireless distances for the bit-rate of video (1.5 Gbps). Figure 4 presents two sets of
results that characterize the performance of the optical channel and the wireless channel
in case of active wireless transmitter. The behavior of the optical channel is shown with
two series of data points at 2 and 3 m of wireless transmission for the optical back-
to-back (B2B), 22.8-km SMF only and for the 22.8-km SMF combined with 100 m of
MME. The curves show the expected behavior at a distance of 2 m; the optical B2B
shows the best performance, and the SMF transmission only and combined SMF-MMF
transmission show at most 1 dB of penalty compared to the B2B case. This reflects the
fact that short spans of MMF have high length-bandwidth product and do not deteriorate
the performance of the system operating at the same optical power level at the PD.
Nevertheless, the use of MMF introduces coupling losses on SMF-MMF and MMF-SMF
connections and therefore contributes to deterioration of the power budget.
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Figure 4. BER as a function of (left) optical power and (right) wireless distance for an active
transmitter for optical B2B transmission (color figure available online).
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Figure 5. BER as a function of (left) optical power and (right) wireless distance for a passive
transmitter with a 20-dB-gain amplifier at the receiver (color figure available online).

The results for 3 m of air transmission represent different behavior because of the
higher power before the radiation for 3 m of distance. Figure 4 also shows the distance-
dependent behavior of the wireless channel for the active wireless transmitter at the
optical power level of —5 dBm.

To study the passive RAU behavior, the LNA was removed at the RAU, and the
optical power at the input of the PD was increased to achieve lower BER values. Two
cases are explored: (1) setting the amplification value at the receiver to 425 dBm and
(2) setting the amplification value at the receiver to +40 dBm.

Applying 25-dB-gain amplification proves to be insufficient to communicate the data
for long wireless distance, as depicted in Figure 5. At the same time, it is shown that
the results for different fibers indicate no penalty associated with fiber transmission. It
is important to note that the noise figure of the 25-dB-gain amplifier is less. This can be
used as an advantage for very short wireless data links communication, similar to [15].

Passive RAU wireless transmission assisted with a +40-dB-gain amplifier at the
receiving end of the system exhibits the performance as depicted in Figure 6. Note that
error-free performance was not achieved at the distance of 1 m, which is limited by
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Figure 6. BER as a function of (left) optical power and (right) wireless distance for a passive
transmitter (color figure available online).
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the specified maximum optical power into the PD. The results show the expected linear
performance at the wireless distance of 0.4 m and 1 m. It is important to note that at
higher optical power levels, MMF and SMF transmissions show similar results. This
means an absence of non-linearities impacting the BER, because otherwise, in the case
of MMEF, the larger core size would result in a higher threshold for non-linearities and
thus better performance. At the same time, wireless distances in case of the passive RAU
are significantly shorter.

Despite inferior performance in the case of a passive RAU, close proximity WPAN
applications are feasible, giving the advantage of a simplified, energy-efficient remote
wireless terminal. Figure 6 also shows the wireless channel behavior for the passive
transmitter at the optical power level of —5 dBm.

The use of ED allows great simplification of the detection and the performance of
electrical down-conversion from RF to baseband using only passive equipment. Similar
work has already been done in V- and W-bands [12, 14]. The main limitation is the
limitation on bandwidth. The fact that error-free BER can be achieved at 1.5 Gbps
benchmarks the performance of the W-band envelope detectors for 10801 uncompressed
HD video transmission.

V-Band Setup Performance: Comparison of V- and W-Band
Dual-Laser RF Generation Schemes for Real-Time Uncompressed
1080i Video Delivery

This section compares the performance of W-band and V-band links in terms of BER
performance as a function of decreasing optical power.

Figure 7 depicts BER performance of the V-band setup. W-band and V-band fiber-
wireless transmission systems based on a dual-laser RF generation scheme show similar
performance with penalty in case of the W-band wireless transmission (see Figure 6);
however, the slope of BER curves is steeper in case of the V-band. These differences
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Figure 7. BER as a function of optical power for 3 m of wireless transmission (color figure
available online).
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are explained by a higher free space path loss that is expected for W-band links, slight
differences in the power budget, and components performance, and it is consistent with
previous reports in the area. These experimental results open the prospects to enable
multi-band millimeter-wave wireless connectivity supported with a fiber infrastructure.

This work has used V- and W-band waveguide experimental equipment. The fre-
quency range of the W-band and E-band waveguide equipment overlaps in the range of
75-90 GHz. Thus, the 84-GHz frequency used for W-band transmission is compatible
with E-band wireless systems that are currently being introduced in the industry.

Demonstration of Real-Time 1080i Uncompressed Video Transmission
and Video Performance Analysis

Commercially available HDMI-to-coax/coax-to-HDMI converters were used for video
transmission. The situations of low percentage of packet loss, when video error-con-
cealment tools can be employed to conceal the packet loss artifacts efficiently, were not
encountered. Instead, either perfect performance was observed or the video transmission
was stopped. Therefore, evaluation of the video transmission performance with the
commonly used peak signal-to-noise ratio (PSNR) metric is not presented.

BER level is a crucial characteristic defining the quality of transmitted video. The
video signal exhibited high sensitivity to bit errors, and it is therefore of utmost im-
portance to keep the signal-to-noise ratio (SNR) as high as possible. Given the channel
behavior in Figures 47, the use of channel coding is suggested as applied for the 60-GHz
frequency in [2]. Employing channel coding, error-free rates for more than 2 m in both
passive and active transmitter cases can be achieved with a reasonable number of overhead
bits (pre-coded BERs of 10> and 1073 for active and passive cases, respectively). The
maximum distance of 3 m for a passive transmitter case will result in an excessive number
of overhead bits. For a passive and an active case, video exhibited higher performance in
the case of a passive RAU for the equivalent distances since an amplifier that introduces
a noise figure of 4.5 dB was not employed.

Figure 8 depicts the laboratory setup where the video camera generating the video
signal is pointed to the transmitting side of the system. After the signal has been
transmitted and received successfully, it is displayed on a 1080i screen. The receiving
end of the system is depicted behind the screen on the photograph.

Conclusions

The performance analysis is presented for transmission of real-time uncompressed 10801
HD video in the V- and W-band hybrid fiber-wireless architectures employing simplified
receiver for down-conversion of the RF signal. Furthermore, the channel for the equiv-
alent video bit-rate of 1.5 Gbps is characterized. Based on the experimental results, it
can be concluded that V- and W-band dual-laser RF generation fiber-wireless systems can
be regarded as viable candidates to provide fiber support in a high-frequency WPAN, e.g.,
for uncompressed real-time HD video delivery. Diverse fiber infrastructure is considered,
and it is concluded that MMFs and SMFs can serve as a suitable media to connect the
CO and the RAU in V- and W-band RoF transmission systems satisfying the requirements
for reach, dispersion, and non-linearities in access fiber-wireless systems. Future work
includes estimation and comparison of wireless channel loss for V- and W-band systems
and quantification of the optical signal-to-noise ratio (OSNR) degradation effect of an
EDFA on the link.
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Figure 8. Photograph of the setup depicting wireless transmitter and wireless receiver (color figure
available online).
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Abstract: We experimentally investigate the performance of 60 GHz
double sideband (DSB) radio over fiber (RoF) links that employ dispersion
compensating fiber (DCF). Error free transmission of 3 Gbps signals over 1
m of wireless distance is reported. In order to overcome experimentally
observed chromatic dispersion (CD) induced power fading of radio
frequency (RF) signal, we propose a method for improvement of RF carrier-
to-noise (C/N) ratio through introduction of a degree of RF frequency
tunability. Overall results improve important aspects of directly modulated
RoF systems and demonstrate the feasibility of high carrier frequency and
wide bandwidth RF signals delivery in RoF links including DCF fiber.
Error free performance that we obtain for 3 Gbps amplitude shift-keying
(ASK) signals enables uncompressed high-definition 1080p video delivery.
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1. Introduction

The introduction of diverse bandwidth-demanding services requires an upgrade of current
networks in order to provide higher bitrates for the end-user. Traffic generated by
ireless/mobile services is predicted to grow at a fast pace with dominant applications such as
data, file sharing, video, voice over internet protocol (VOIP) and gaming [1, 2]. Video traffic
is predicted to increase at a highest annual growth rate compared to other services (taking up
more than 70 percent of the overall traffic) [1].

In this work, we study the performance of heterogeneous links, which include fiber and
wireless spans. In a recent report on heterogeneous networks [3], the use of distributed
antenna systems (DAS) architecture is suggested in order to provide wired infrastructure for
wireless traffic generated by the end-user, where antennas are located very densely with one
antenna covering several rooms or even a single room. Among the physical layer fiber optic
wired-wireless communication solutions for DAS network architecture, radio over fiber (RoF)
stands out by addressing two important requirements: the need to simplify a remote antenna
unit (RAU), potentially providing a solution only with passive components, and the need to
centralize the signal processing at the common point for the optical and the electrical signal.
An overview of RoF technology principles, advantages and recent advances can be found in
[4-7].
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Fig. 1. Network scenario for 60 GHz RoF system. RAU: remote antenna unit, CO: central

office, O/E: optical to electrical conversion, RN: remote node, DCF: dispersion compensating
fiber, SSMF: standard single mode fiber.

Recent developments in component miniaturization have led to the appearance of
commercially available solutions of 60 GHz up- and down-conversion integrated modules [8—
10]. In order to provide seamless infrastructure for the electrical RF signal transfer between
the central office (CO) and the RAU, we suggest that future fiber networks will need to
transport the 60 GHz signals through the fiber span by means of direct intensity modulation of
the lightwave that imposes double sideband (DSB) modulation on the carrier. Work on RoF
DSB transmission has been widely reported, including methods to overcome the drawbacks of
DSB modulation [11-13] and more recently reporting on ultra high bitrate wireless
transmission (21 Gbps) through 500 meters of fiber [14]. Alternatives for DSB modulation,
namely optical single sideband (OSSB) modulation and double sideband modulation with
suppressed carrier (DSB-SC), have been studied and used extensively for RoF setups due to
their increased tolerance against impairments. However, there are drawbacks for these
approaches, such as a high optical power loss when we bias at the minimum point on a
transfer characteristic of the Mach-Zehnder modulators (MZM), as in case of DSB-SC
modulation, or high degree of complexity and accuracy in the optical filtering as in case of
OSSB modulation. A thorough overview of photonic RF signal generation techniques can be
found in [15].

In Fig. 1, we consider a network scenario for the 60 GHz fiber-wireless link that is capable
of serving diverse applications. Our target application is real-time high definition (HD)
uncompressed video transmission for business teleconferencing. Motivations for
uncompressed video transmission include reduced latency and energy consumption. In this
paper, we characterize the fiber-wireless system for a bitrate of 3 Gbps. The 3 Gbps bitrate
would be sufficient to deliver 1080p uncompressed HD video. Systems of this bitrate that may
also be alternatively used for ultra fast data download as indicated in the Fig. 1. Both of these
applications may not be served by coaxial links combined with Wi-Fi if we consider the
3Gbps bitrate.

In the fiber architecture considered in this paper, photonic 60 GHz upconversion takes
place at the remote node (RN). The metropolitan optical infrastructure is used to deliver the
baseband signal from the CO to the RN. We consider that upconversion is made at the RN
serving as an interface between metro and access parts of the network. In this scenario, a coil
of dispersion compensating fiber (DCF) could be installed at the end-user site to compensate
the effects of chromatic dispersion on a digitally modulated lightwave. The fiber-distributed
60 GHz wireless signals could subsequently serve in both indoor and outdoor wireless
scenarios.
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DCEF is typically used for dispersion management in long reach optical fiber links. In this
paper, we investigate the transmission of DSB modulated lightwave through DCF.
Transmission of DSB signals in dispersive fiber media leads to appearance of phase change
between the carrier and the sidebands that, after photomixing, results in RF carrier-to-noise
(C/N) ratio degradation as a function of fiber distance and electrical oscillator frequency. A
number of methods have been proposed for compensating RF C/N degradation that employ
diverse fiber optics tools and electrical precompensation [13, 16—18]. In this paper, we show
through experiment and simulation that the use of DCF for a lightwave modulated by an RF
signal will be severely constrained by chromatic dispersion (CD) induced RF power fading.
We then propose the algorithm to combat the RF power fading.

The novel contribution of this paper is twofold. First, this paper presents a 3 Gbps
synchronous detection 60 GHz DSB RoF link operating below 10 BER level. The link’s
bitrate enables transmission of 1080p HD uncompressed video with an “off-the-shelf”
hardware. Second, we study the transmission of DSB signals in DCF. Based on experimental
results and modeling, we propose a method for improvement of the RF C/N ratio after the
photomixing. Our proposed solution produces the reduction in CD induced degradation of RF
C/N ratio and at the same time does not require a change in fiber infrastructure.

This paper is organized as follows: in Section 2 we present the laboratory setup and
experimental performance assessment of the DSB 60 GHz DCF RoF link. In Section 3, we
first present an analytical description for CD induced RF power fading in case of SMF and
DCF based 60 GHz RoF links. Based on the observation of frequency-dependent behavior of
CD induced RF C/N penalty for the DCF and SMF links, we propose a new algorithm for
compensation of RF power fading. Finally, we provide a summary and conclusions in Section

2. Experimental setup for 60 GHz RoF employing DCF Fibers

The experimental setup of the 60 GHz DSB RoF system is presented in Fig. 2. A baseband
data signal generated by a pulse pattern generator (PPG) producing a pseudorandom binary
sequence (PRBS) with a word length of 2'°-1 was mixed with a 58.24 GHz electrical signal
from a factor-4 multiplied 14.56 GHz sinusoidal electrical signal. A lightwave carrier with a
power of 6 dBm was generated by a laser diode (LD) of 1550 nm wavelength with less than
100 kHz line width. It was then modulated with the RF-upconverted signal through driving a
Mach-Zehnder modulator (MZM) (35 GHz of —3dB electrical bandwidth) biased at its
quadrature point. An Erbium doped fiber amplifier (EDFA) was employed, followed by a 2
nm bandwidth optical bandpass filter (OBPF) to reject out-of-band amplified spontaneous
emission (ASE) noise introduced by the EDFA. The fiber link was composed of either 50 or
100 meters of DCF. The dispersion parameter of the DCF fiber employed is —108
ps/(nm*km). After photodetection, we used a 16 dB gain 55-65 GHz bandwidth low noise
amplifier (LNA) and a 28.7 dB gain 55-65 GHz bandwidth power amplifier (PA) to increase
the signal power before radiation.

68 dB path —————— optical
) loss electrical
Central office RAU End user
58,24 GHz
e ———————— -~ mm———— ~ e ————————
/, N ki % -
+6 dBm PC -2dBm EDFA *12 oppr" Fiber span vOA I PD LNA BPF pPAT\ N4
an dBm a»

+17dB  +18dB
gain  gain

Fig. 2. Experimental setup of the 60 GHz DSB RoF system. LD: laser diode, PC: polarization
controller, MZM: Mach-Zender modulator, EDFA: Erbium doped fiber amplifier, OBPF:
optical bandpass filter, DCF: dispersion compensating fiber, VOA: variable optical attenuator,
PD: photodiode, LNA: low noise amplifier, PA: power amplifier, BPF: bandpass filter, VEA:
variable electrical attenuator, PPG: pulse pattern generator, BERT: bit error rate tester.
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We employed commercially available high-directivity (25 dBi gain) horn antennas in
order to improve the wireless link budget. 55-65 GHz bandpass filters (BPF) on the receiving
and the transmitting side were used in order to reject out-of-band noise added by the
photodiode (PD) and amplifiers. On the receiving side, we employed a variable electrical
attenuator (VEA) to avoid the saturation of the amplifier. After reception of the signal,
filtering and amplification, we downconverted the signal by means of mixing with the
electrical oscillator synchronized in phase and frequency with the RF component of the
detected signal. We employed a single electrical oscillator for the up- and down-conversion,
however for a real-life implementation, when separate oscillators are implemented, phase
locked loop (PLL) is required to be installed.

We employed a mixing technique to downconvert the data signal with the help of
electrical oscillator in order to achieve 3 Gbps of bitrate for a wireless distance of 1 m.
Alternative envelope detection techniques suffer from limitations on the bandwidth [19, 20].
We then used a baseband LNA (17 dB gain) and a PA (18 dB gain) to increase the peak-to-
peak voltage level for the bit error rate tester (BERT) operation.

°  B2B simulation
(a) —— Before the PA at TX (b) 2 ————————————— © 50 m DCF simulation
-10 —— After the PD Y v 100 m DCF simulation
2 ®e . v B2B experiment
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3 4 w4 v,
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Fig. 3. (a) Experimentally measured electrical spectra of the signal before E/O and after O/E
conversion, (b) BER curves as a function of the optical power.

Figure 3(a) shows the experimentally measured electrical spectrum of the signal before the
PA at the CO side and after the PD at the optical receiver side. We observe a 30dB reduction
of the signal power after transmission through the analog optical link; this reduction is
overcome by using a cascade of the LNA and the PA before radiation.

The performance of the system in terms of BER is depicted in Fig. 3(b). We observe that
the system performance is degraded significantly depending on the length of the fiber span;
there is a 4 dB penalty between 50 m and 100 m spans. We attribute this effect to the
distance-dependent CD induced RF C/N penalty. This severe penalty is caused due to the fact
that we transmit through the fiber with high absolute value of the dispersion parameter. In Fig.
3(b), we present the results of both simulation and experiment of 60 GHz fiber-wireless
system perfomance under a constraint of dispersion. Simulation was performed using the VPI
software. The difference in the slope between the simulation and the experimental
performance is attributed to the ambiguity in noise levels between the simulation and the
laboratory setup. Simulation that we performed was focused on the estimate of CD induced
RF C/N ratio degradation and certain aspects of the system performance have been simplified.
The overall system noise sources include high frequency electrical amplifiers noise, shot noise
of the PD, thermal noise, and ASE noise. Dispersion also contributes synchronization loss
between sidebands and imposes deterioration on an eye-diagram as a function of fiber
distance [21].

Analytical description of the CD induced RF C/N penalty and a novel algorithm to combat
it are presented in the next section.
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3. Method of improvement of RF C/N ratio through frequency tuning of the RF carrier

In this section, we propose an algorithm for compensation of RF power fading in DSB link
based on observation of the increasing frequency periodicity of the RF carrier fading for
increasing fiber link length. We present the improvement in C/N performance achievable with
the software implementation of the frequency tuning algorithm.

Number of sophisticated solutions to combat the CD induced RF power fading have
already been proposed and implemented in the field - such as employing transmitters with
negative chirp [13], tunable compensation with Fiber Bragg Gratings (FBG) [16], through
applying optimum electrical phase shift [17] and midway optical phase conjugation [18]. The
novelty of our approach consists in the fact that we do not consider generation of a certain
frequency, but we consider a transmission within a certain band for a given frequency shift of
the local oscillator that is allowable, then we define the optimum frequency for transmission
for a given fiber length and what effect it brings for the improvement of the impaired C/N
ratio.

CD induced power fading effect is described analytically in references [22-24]; we only
present the final formula as in [23]. Equation (1) reflects that C/N ratio of the RF signal
recovered after the RoF link depends on dispersion parameter, fiber link length and frequency
of the electrical oscillator.

P, (1) = I}, (1) = cos’[¢,(@, )] = cos’ | #eDL(fy 1 1)’ | )

where c is a light velocity, D is a dispersion parameter, in our calculations, we set it to 18
ps/(nm*km) for SSMF and —108 ps/(nm*km) for DCF, L is a fiber length, fzr is a cyclic
frequency of an electrical oscillator, which in our case is equal to 58.24 GHz, f, is a frequency
of a lightwave, we set it to 193.1 THz.

Equation (2) represents the value of RF C/N penalty in a logarithmic scale:

Xour (1)) fiber

2
Xovr (S opiver @

Penalty,, =10log

Xour fiver a0 Xour nofiver 1S the signal power with and without fiber transmission.

(a) (b)

7 & F— //_>V7@
5 -0 o, 20 \ / \ /
|

=20 R | |
© [+
=4 C
@ -30 . @ -60
o e ——1 km SSMF
Z 40 ~—DSB SSMF, 58 24 GHz RF | Z 80 5 km SSMF
S ——DSB DCF, 58.24 GHz RF S 10 km SSMF

~o 05 1 25 3 “s0 55 70 75

15 2 60 65
Fiber length [km] Frequency [GHz]

Fig. 4. Dispersion-induced power fading as a function of (a) fiber length for SSMF and DCF,
(b) RF carrier frequency for SSMF.

In Fig. 4(a) we present the results of numerical calculation of CD induced RF power
fading based on Eq. (1) and Eq. (2) for DCF and SSMF for a fixed frequency of the local
oscillator. We see from Fig. 4(a) that the CD induced fading in case of DCF has higher
periodicity along the fiber length. We chose the same RF carrier (58.24 GHz) for analytical
estimation as was used throughout the experimental part of the work; it shows coherence with
the experimental data where more severe constant power fading was observed in case of DCF.
The first dip in C/N ratio for DCF occurs at 170 m length compared to 1020 meters for the
first dip length for SSMF. The first —3 dB penalty occurs at 510 m and 85 m for SSMF and
DCEF respectively.
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The Fig. 4(b) reflects the fact that there is a set of frequencies for a given fiber length that
produces minimum CD induced RF C/N degradation. For example, as depicted in Fig. 4(b) 10
km SSMF span has 5 optimal frequencies in V-band range.
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Fig. 5. Dispersion induced power fading as a function of frequency and fiber length for SSMF
(a) and DCF (b).

In Fig. 5, we depict the surface plots for the combined effects of distance-dependent and
frequency-dependent RF power fading in case of SSMF and DCF. It is visible that periodicity
of fading for DCF is higher in both frequency domain and along the fiber length. We then
present the algorithm to overcome CD induced RF power fading for a given bandwidth of
local oscillator tuning.

Tunability in frequency domain is important notion to consider given that RF oscillators
that are produced currently by the industry are frequency tunable, and thus the frequency of
an oscillator can be adjusted in order to improve RF C/N ratio for a given length of deployed
fiber. It is also important to note that the periodicity of the fading is increasing with the
increase in fiber length, thus, for longer distances of fiber, we need less tuning bandwidth to
obtain the same improvement in C/N ratio. At the same time, we also need to note from Fig. 4
and Fig. 5 that, with increase in the fiber length, the —3 dB bandwidth of minimum fading
values for the signal decreases. Our numerical simulations indicate that a —3dB bandwidth of
6GHz occurs for V-band signals with this type of DCF in distances above 800m.

We make the following assumptions for the model: we do not have the prior knowledge of
the fiber distance for the deployed link, and we have a low datarate link to transmit the control
signals from the optical receiver to the optical transmitter. Low data rate link may be a part of
a larger packet-based network, where the 60 GHz fiber-wireless connection serves as a
backbone.

It is important that we have sufficient amount of bandwidth in the wireless part of the link
to allow the frequency tunability without breaking the unlicensed frequency allocation
borders. The range of frequencies allocated for unlicensed use around 60 GHz varies from
country to country, for instance, in Europe the frequency is allocated within 57-66 GHz
bandwidth [9]. According to [9], a channel bandwidth can occupy up to 2160 MHz. The
bandwidth of a main lobe of our signal is approximately 6 GHz. However, the proposed
algorithm will work also with lower bandwidth signals. In order to enable 3 Gbps error free
transmission in 2160 MHz band defined by [9], QAM-16 modulation is necessary for a single
carrier transmission.

The concept of the algorithm is as follows:

1) At the CO (or the RN depending on the scenario,) electrical oscillator frequency is set
in a 60 GHz unlicensed band (our choice-58.24 GHz).
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2) The RF is swept with an arbitrary step (we chose 0.01 GHz) at the transmiter and
values of RF power after the photodiode are stored.

3) RF power values are sent to the transmitter through the low datarate channel, where
the frequency that resulted in maximum RF power at the output of the photodiode is

selected.
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Fig. 6. An example of the algorithm performance for 1, 5 and 10 km of SSMF transmission.

Figure 6 is a close-up of a Fig. 4(b) where tuning is depicted for SSMF. Originally,
frequency is set to 58.24 GHz. For 1 km and 5 km of fiber distance, the necessary frequency
shift to improve the C/N ratio is the largest possible tuning shift (—1.4 GHz), however, for 10
km distance, the necessary shift is 0.52 GHz. The algorithm for DCF has the same principle of
operation as depicted in Fig. 6.

Figure 7 and Fig. 8 depict the results of frequency-tuning based optimization under the
constraints of tuning bandwidth (2.8 GHz as in commercially available module that was used
for the experiment) and RF-spectrum allocation.
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Fig. 7. (a) Improvement of C/N ratio with a frequency tuning method for SSMF, (b) the
required frequency shift to produce the improvement of the C/N ratio for SSMF case.

It’s important to note that the frequency tuning algorithm produces superior performance
at longer lengths of fiber since as we may see from the Fig. 4(b) the frequency-dependent
fading dips occur more often at longer spans of fiber. Our proposed method for CD induced
RF power fading compensation brings performance at no more than 3 dB RF power penalty at
the distance of around 11 km for SSMF and at the distance of 1.8 km for DCF fiber. We also
see that, at lower fiber distances, maximum absolute carrier frequency shift is the preferred
choice, but, as the distance increases, the algorithm selects the lower frequency shifts more
often. It is due to the fact that the frequency periodicity of fading is increasing with distance
that there is a smaller frequency shift required that can lead to a maximum possible
improvement of RF C/N ratio inside of the tuning bandwidth.
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Fig. 8. (a) Improvement of C/N ratio with a frequency tuning method for DCF, (b) the required
frequency shift to produce the improvement of the C/N ratio for DCF.

We show that although DCF fiber has more frequent occurrence of CD induced RF power
fading, when we employ the algorithm for frequency tuning, we may achieve better
performance for DCF fiber compared to the case of SSMF.

Future work includes a laboratory implementation that requires installation of
automatically controlled V-band power meter storing the power values. Once the frequency is
swept at the transmitter, the RF power values are stored at a power meter on the receiving
side, they can then be communicated to the transmitter using an available uplink channel
where the decision on appropriate frequency shift is made and a new frequency is set through
the automatic control of the RF-generating board.

4. Conclusions

We experimentally demonstrated a 60 GHz DSB RoF synchronous detection link capable of
transmitting 1080p uncompressed video. We studied CD induced RF degradation for DCF
through experiment, simulation and analytical assessment. The experimental results have
indicated severe degradation of RF carrier after photomixing in case of DCF deployment,
which agrees well with simulation and analytical solution. Analytical results presented in this
paper indicate that increase in absolute value of dispersion parameter, e.g. when we employ
DCEF, increases the periodicity of CD induced RF degradation. Based on experimental results
and modeling, we then proposed an algorithm for frequency tuning of the electrical oscillator
that uses an advantage of the wide 60 GHz bandwidth.
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Abstract: We propose and experimentally demonstrate a fiber-wireless transmission
system for optimized delivery of 60-GHz radio frequency (RF) signals through picocell
mobile backhaul connections. We identify advantages of 60-GHz links for utilization in
short-range mobile backhaul through feasibility analysis and comparison with an alternative
E-band (60—90 GHz) technology. The 60-GHz fiber-wireless-fiber setup is then introduced:
two spans of up to 20 km of optical fiber are deployed and bridged by up to 4 m of wireless
distance. The 60-GHz radio-over-fiber technology is utilized in the first span of fiber
transmission. The system is simplified and tailored for delivery of on-off keying data signals
by employing a single module for lightwave generation and modulation combined with a
simplified RF downconversion technique by envelope detection. Data signals of 1.25 Gb/s
are transmitted, and a bit-error-rate performance below the 7% overhead forward-error-
correction limit is achieved for a range of potential fiber deployment scenarios. A spurious
free dynamic range of 73 dB-Hz?/? is attained for a frequency-doubling photonic RF upcon-
version technique. The power budget margin that is required to extend the wireless
transmission distance from 4 m to a few hundred meters has been taken into account in the
setup design, and the techniques to extend the wireless distance are analyzed.

Index Terms: Microwave photonics, radio over fiber, optical communications.

1. Introduction

Mobile traffic is predicted to grow at a fast pace with video and data communication playing a larger
role than voice communication and boosting the capacity requirements [1], [2]. There is a strong
demand for larger capacity short range backhaul links supporting picocell connections in dense urban
areas [3]. In metropolitan small cell wireless backhaul for picocell wireless networks, the maximum
capacity provision is essential, and the cell site spacing is limited to less than 1 km distance [3].

The 60 GHz wireless technology has been already widely adopted by industry for applications
such as wireless Gigabit Ethernet bridges reaching distances up to 1 km [4]-[6] and high-definition
multimedia interface (HDMI) cable replacement [7]. There is an ongoing research and industrial
development in application of the 60 GHz technology for the wireless personal area networking
(WPAN) [8], data center interconnects [9]-{11] and mobile backhaul links [12], [13].
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Telecommunication services such as broadband compressed and uncompressed high-definition
(HD) video transmission in the 60 GHz electrical only [14]-{16] and combined 60 GHz fiber-wireless
setups [17]-[22] have been recently reported. Advantages of the 60 GHz links for bandwidth-
demanding applications include unlicensed operation in up to 9 GHz of spectrum depending on the
national wireless spectrum regulations, availability of narrow-beam compact antennas, and a high
level of frequency reuse [23].

Recent industrial reports indicate the rapid progress in the 60 GHz electrical signal generation and
component miniaturization [7], [8], [24]. As a result of these developments, there appears also a
growing need to transport the RF signals across the optical fiber infrastructure. Photonic RF
generation techniques are complementary to electronic techniques and are deployed for low-loss,
low electromagnetic interference interconnection of wireless base stations (BS) to the central office
(CO) over preexisting fiber infrastructure [25]. The recent development of highly linear high power
photoreceivers [26] combining advancements in optoelectronics and mm-wave electronics further
strengthens the potential for commercial deployment of 60 GHz fiber-wireless links.

For mm-wave radio transmission, the simplicity and low cost of BS is advantageous as utilization
of the mm-wave bands would require a large number of BSs within a small geographical area. In
order to simplify the BSs in a network with a fiber connection between the CO and the BS, a radio
over fiber (RoF) technology was proposed. In RoF, the BSs are simplified to perform the functions of
optical-to-electrical (O/E) conversion, RF amplification and filtering, while expensive mm-wave radio
frequency (RF) generation and mixing are avoided at the BSs [27]-[32]. Generation of RoF signals
can be performed with diverse optical components [33]-{36] and can be designed transparent to
advanced modulation formats [37].

In this paper, we study the application of the 60 GHz wireless technology for providing Gigabit
picocell wireless backhaul links fully integrated in a metro/access fiber network. State-of-the-art
research on the fiber-wireless mobile backhaul links includes studies on microwave and E-band
(60-90 GHz) technologies [38], [39]. In this work, we argue that the deployment of the 60 GHz links
for fiber-supported picocell wireless backhaul is beneficial in terms of the link budget, the installation
time and the capacity availability for the unlicensed use.

We propose a simplified system in which integrated distributed feedback laser and electro-
absorption modulator (DFB-EAM) modules are used for the lightwave generation and data modu-
lation in both RoF and baseband fiber links. It is important to consider the low-cost broad linewidth
optical signal generation with a DFB laser in order to tailor the system for simplified on-off keying
(OOK) modulation/envelope detection systems suitable for wireless Gigabit backhaul transmission.
A broader linewidth of the laser is also reported to increase the threshold for the stimulated Brillouin
scattering (SBS) effect [40].

Bit error rate (BER) performance below the 7% overhead forward error correction (FEC) limit for
1.25 Gbps data signal is reported for transmission through a standard single mode fiber (SSMF) link
of 20 km, 4 m of wireless distance, and a second span of 20 km SSMF. Given that the wireless
distance performance is only tested for up to 4 m because of laboratory space limitations, we
propose and analyze methods for further wireless distance extension. In this paper, we significantly
extend our work presented in [41] through the report on spurious free dynamic range (SFDR), the
feasibility study, updated and extended state-of-the-art in the field and the revised conclusions.

This paper is organized as follows: In Section 2, network architecture of the proposed 60 GHz
mobile backhaul system is presented. In Section 3, the feasibility of deployment of 60 GHz links for
picocell mobile backhaul connections is analyzed in comparison to the E-band technology. In
Section 4, the experimental setup for validation of the proposed architecture is presented. Mea-
surements of the dynamic range of the RoF system in terms of nonlinearities are presented in
Section 5. The experimental data are analyzed and the results are discussed in Section 6. Finally,
we conclude the paper in Section 7.

2. Network Architecture and Potential Application Scenarios

In densely populated metropolitan areas, deployment of new mobile backhaul connections on a
wire becomes prohibitive due to increased installation time and decreased economical feasibility
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Fig. 1. Network scenario for the 60 GHz urban picocell mobile backhaul link fully supported with a
diverse fiber infrastructure. CO: central office, BS: base station, FTTH: fiber to the home. BS; and BS,
operate on the 60 GHz frequency, BS3 is suggested to operate in the lower frequency licensed
bandwidth.

[42]. Contrary to wired solutions, point-to-point mm-wave links can be installed quickly with wireless
access points mounted on roofs, walls, or telecommunication poles. As shown in Fig. 1, BS1—BS;
link represents the urban mobile backhaul connection. Fiber interface to the BS; and the BS,
provides connection to the CO and the suburban BSg, respectively. BS1, BS,, and BS,4 are sup-
porting multiple urban picocells, and BS;3 is supporting the suburban picocells. By adding a fiber
connection from BS, to BS3, a hybrid solution for metropolitan/suburban backhaul of picocell net-
works is provided.

We employ optical fiber for the RF signal delivery from the CO to the BS4. The data are then
transmitted wirelessly to the BS, on the 60 GHz RF carrier. Outside of the central urban area,
backhauling is then performed using preexisting optical fiber infrastructure (BS,—BS3 connection).
The signal arrives to the BS3 in a baseband format where it can be subsequently upconverted for
BS-access point communication.

It is also important to point out that the fiber infrastructure is expected to be shared between
baseband digital systems providing broadband fiber-to-the-home (FTTH) services simultaneously
with backhaul traffic delivery. This architecture can also be extended to fit the RF generation and
delivery in wavelength division multiplexing (WDM) systems [43], [44], enabling simultaneous
delivery of the 60 GHz RF carrier in CO-BS;—BS, and CO-BS;—BS, directions.

3. Feasibility Modeling of Wireless Mobile Backhaul Links Transmission
in the 60 GHz Band

In this section, we perform a large-scale mm-wave channel modeling in which V (50-75 GHz) and
E (60-90 GHz) band line-of-sight (LOS) outdoors RF transmission systems are compared. We
argue that the use of the 60 GHz technology is advantageous for the point-to-point picocell mobile
backhaul deployment on distances up to a few hundred meters.

Attenuation of the RF signals during air transmission for the LOS outdoors case consists of two
major components: the free space path loss and the loss due to atmospheric absorption on molecules
of oxygen and water vapor. We place the center frequencies in V- and E-band at the centers of
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Fig. 2. The combined free space path loss and atmospheric absorption as a function of wireless
transmission distance for E- and V-band outdoors links (left) and indoor V-band links (right).

spectrum windows available for unlicensed and ‘light licensing’ deployment (60 GHz, 73.5 GHz, and
83.5 GHz).

The free space path loss is calculated using the Friis transmission equation. By including the
attenuation of the signal related to atmospheric absorption, we arrive to the Eq. (1) for calculation of
the path loss for air transmission:

47R
a=20 Iogw(ﬂT) + Lgas — Gix — Gi, 1)

where R (m) is a transmission distance, A (m) is a wavelength of the signal, Lgss (dB) is the
atmospheric absorption related attenuation, G and G, are gain of transmitting and receiving
antennas respectively (we set these to 25 dBi each). Gaseous attenuation including both water
vapor and oxygen-related absorption peaks at the 60 GHz frequency reaching the value of
approximately 15 dB/km due to the absorption peak on oxygen molecules, however across E-band
combined attenuation on molecules of oxygen and water vapor is measured to be about 0.4 dB/km
[45]. In order to compare the performance of V- and E-band systems for wireless distances suitable
for dense metropolitan backhaul of picocell networks, we plot the results of numerical calculation for
the combined signal attenuation in Fig. 2 (left).

From Fig. 2 (left), it can be seen that the 60 GHz transmission link shows a lower path loss in a
range of about 200 m compared to the E-band solution centered at 83.5 GHz and at about
130 meters for 73.5 GHz centered E-band link, the attenuation penalty does not exceed 3 dB in the
links up to 300 m. Thus, the 60 GHz links can achieve performance superior/close to the E-band links
in the range up to a few hundred meters in terms of added contributions from the free space path loss
and atmospheric absorption on the molecules of oxygen and water vapor.

In Fig. 2 (right) the 60 GHz path loss for indoor wireless distances is presented. We have first
experimentally measured the RF attenuation in a near-field area where the standard Friis
transmission equation does not apply. The Fraunhofer distance defining the border between near-
and far-field propagation is calculated according to:

2p?

where D is the largest dimension of an antenna, in our case it is equal to 0.039 m, and X is a
wavelength of the radio signal. The results show a close match around the Fraunhofer distance
between experimentally measured values of attenuation in the near field and values calculated
according to Eq. (1) in the far field.

Using the Eq. (1), we obtain that, in order to extend the wireless distance from 4 m to 300 m,
42 dB improvement in the electrical link budget is required. It is therefore critical that we design
the laboratory setup capable to accommodate this requirement.

dr
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Fig. 3. Rainfall attenuation as a function of frequency (left) and combined path loss and rainfall
attenuation for 60 GHz RF propagation versus required SNR level (right) as a function of wireless
distance.

Another important performance criterion for wireless communication is stability of the link under
the weather influence. In this paper, we analyze the influence of rain on transmission performance.
An estimate of the rain attenuation is given by:

TR = kR*, 3

where g (dB/km) is the specific rain-related attenuation, and R (mm/hour) is the rain rate parameter
differentiating the intensity of a rainfall. The coefficients k and « are frequency dependent and may
be either determined by curve-fitting equations or through a set of specified values given in
Recommendation P.838-2 [46]. Rain types are separated as a ‘drizzle: 0.25 mm/hour’, a ‘light rain:
2.5 mm/hour’, a ‘heavy rain: 25 mm/hour’, and a ‘tropical rain: 100 mm/hour’ [3]. Fig. 3 (left)
presents the simulation results based on the recommendation.

60 GHz links have slightly lower rainfall attenuation values compared to E-band links as depicted
in Fig. 3 (left). In Fig. 3 (right) we display the effect that the ‘heavy’ and the ‘tropical’ rain will have on
the operation of the 60 GHz link in terms of shortening the transmission distance for a given signal-to-
noise ratio (SNR) required at the receiver. We define the limit on the path loss by the closeness of the
60 GHz RF signal power to the noise floor defined by the Johnson noise. The path loss margin 3
available for a given requirement on the SNR (we set SNR of 18 dB which for envelope-detected
signals yields BER less than 10~12), given bandwidth of the signal (B = 2.5 GHz), given RF power
before the antenna (Pyx = 10 dBm) is then equal to:

[3 = Ptx — 10/0910(1000 X kt) — 10/0910(3) — SN:‘?7 (4)

where k is a Boltzmann’s constant, and t (K) is a room temperature. We have calculated /3 to be
equal to 72 dB for our bitrate. The values of path loss are then calculated as a sum of (1) and (3) for
antenna gain of 25 dBi. As we see in Fig. 3 (right), the influence of weather conditions shortens the
reliable wireless link length, however, in order to combat this, FEC techniques are typically used
[4], [6]. It is also clear from Fig. 3 (right) that the reliable link length can be extended by increasing
the power at the transmitter or increasing the antenna gain.

Given the modeling results, it is clear that the 60 GHz links are a good solution for the picocell
backhaul transmission systems on a distance up to a few hundred meters in terms of combined
effects of the free space path loss, the atmospheric absorption and the possible rain attenuation.
There are few additional aspects that have to be considered before making a choice between V- or
E-band links for deployment in picocell mobile backhaul. First, V-band links provide unlicensed
operation, when E-band transmission requires light licensing which may incur additional delays in
the link installation time. Second, the current market costs of the equipment based on the V-band
technology are lower than that of the E-band links [4]. Last, with a quick reduction of power level
when the signal is following other than the LOS path, superior multipath interference immunity and
high frequency reuse are enabled for 60 GHz systems.
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Fig. 4. Laboratory setup for a fiber-wireless-fiber 60 GHz link. DFB-EAM: distributed feedback laser
integrated with an electro-absorption modulator, PPG: pulse pattern generator, MZM: Mach-Zehnder
modulator, LO: local oscillator, EDFA: Erbium doped fiber amplifier, HF PD: high frequency photodiode,
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attenuator, PA: power amplifier, ED: envelope detector, BERT: bit error rate tester, CO: central office,
BS: base station, SSMF: standard single mode fiber, NZDSF: non-zero dispersion shifted fiber, MMF:
multimode fiber.

We believe that the feasibility study presented in this section supports the relevance of studying
the 60 GHz links for picocell mobile backhaul. In the next sections, a simplified 60 GHz fiber-
wireless-fiber setup is built, and its performance is characterized experimentally.

4. Experimental Setup Description

The schematics of the experimental setup of the 60 GHz fiber-wireless picocell mobile backhaul link
including two spans of fiber and a single 60 GHz wireless link in between is presented in Fig. 4. Four
subsystems are emulated: a CO transmitter and three BSs (BS1—BS3). RoF generation and data
modulation are located at the CO; BS; performs the O/E conversion and amplifies the 60 GHz RF
signal before the radiation, BS, performs the RF downconversion and remodulation onto the
lightwave. BS3 recovers the original baseband data by O/E conversion.

A DFB-EAM module was used to produce a lightwave at a wavelength A = 1550 nm with 4 dBm
of optical power. A 1.25 Gbps nonreturn to zero (NRZ) pseudorandom binary sequence (PRBS)
with a word length of 25 — 1 generated by a pulse pattern generator (PPG) was directly modulated
onto the lightwave at the DFB-EAM;. The use of the DFB-EAM for lightwave generation and data
modulation relaxes requirements for a peak-to-peak voltage of the electrical signal driving the
modulator and simplifies the overall system installation. Chirp effects common to EAM technology
were controlled through application of an optimal voltage.

RF modulation of the lightwave was performed using a single-drive Mach-Zehnder modulator
(MZM). A polarization controller (PC) was placed before the MZM in order to minimize the
polarization-dependent loss. The MZM was biased at a minimum transmission point and driven by a
high-power sinusoidal local oscillator (LO) RF (+18 dBm,f,o =29.5 GHz), resulting in a
suppression of the original optical carrier and increase of optical power in upper and lower
sidebands separated by twice the original RF frequency 2f; 5. This technique for generation of RoF
signals is known as an optical carrier suppression (OCS) technique [47]. By using the OCS method,
the requirements for high frequency RF components at the CO are alleviated, and high quality phase
noise performance is obtained due to the fact that upper and lower sidebands are produced by the
same laser. The optical spectrum of the generated double-sideband with a suppressed carrier
(DSB-SC) signal is presented in Fig. 5 (left). A suppression of the optical carrier relative to the RF-
produced sidebands of approximately 20 dB was achieved constrained by both the polarization
alignment and the extinction ratio of the modulator.

The signal was subsequently coupled into an Erbium doped fiber amplifier (EDFA) in order to
improve the power budget before the launch into the fiber. Subsequently, fiber transmission was
performed through SSMF and non-zero dispersion shifted fiber (NZDSF). We detected the electrical
RF signal through photomixing at a 75 GHz bandwidth p-i-n photodiode (PD+). The variable optical
attenuator (VOA1) was placed before the PD4 in order to control the power entering the PD+. After
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Fig. 5. Optical spectra of the transmitted signal (left) and RF spectrum of the signal before radiation
(right).

photomixing, the 60 GHz RF signal was amplified with a 40 dB gain double-stage low noise
amplifier (LNA), passed through a bandpass filter and radiated with a horn antenna (+25 dBi gain).
The spectrum of the modulated RF signal is depicted in Fig. 5 (right). The path loss for 4 m wireless
distance including the combined gain of antennas (50 dBi) is equal to approximately 31 dB which
was calculated using the Eq. (1) presented in Section 3. The equivalent omnidirectional path loss
(antenna gain is excluded) is equal to 81 dB.

After reception with an equivalent antenna, the signal was amplified with a 40 dB gain LNA. We
have then employed a variable electrical attenuator (VEA) and a power amplifier (PA) in order to
emulate the effect of the possible wireless distance extension on the system performance. The VEA
has been set to attenuate the signal by 18 dB throughout the measurements. The signal was then
filtered and the data signal were downconverted from RF into baseband at a zero-biased Schottky
diode serving as an envelope detector (ED). We refer the readers to [48] for a thorough study on
basic principles of Schottky diodes’ operation. Main advantage of the envelope detection technique
is that it allows performing the RF signal downconversion without using an RF LO and a phase
locked loop circuitry required for the synchronous mixing detection technique. Following the ED, the
signal was amplified to bring the peak-to-peak voltage level of the signal to a value required for
effective driving of the DFB-EAM,.

After the subsequent remodulation on the lightwave, the signal was passed through diverse types
of optical fiber. We have included multimode fiber (MMF) in a second span of fiber transmission in
order to address the fiber distribution in network connections where the metro/access delivery is
integrated with MMF-wired local area network (LAN) distribution. The baseband electrical data were
finally recovered with a 10 GHz bandwidth p-i-n PD. After amplification, it was fed to a BER tester
(BERT) for further signal quality evaluation.

5. Characterization of the SFDR

An SFDR measurement is needed in order to quantify performance of the RoF system in terms of
nonlinearities of link components, i.e. appearance of spurious harmonics of the RF signal that are
located in the bandwidth of data modulation and contribute to BER deterioration. The SFDR of the
system is the range between the smallest signal that can be transmitted and received by the
system and the largest signal that can be introduced into the system without creating distortions
above the noise floor after detection in the bandwidth of interest [49]. SFDR gives better system
performance estimate than maximum achievable SNR which is constrained by noise floor and
saturation only. Given that in order to extend the wireless link distance for outdoor scenarios we
need to improve the power budget, we have measured the SFDR including EDFA and increased
optical power into the PD.

In Fig. 6, we present the setup for measuring the SFDR of the modulation and upconversion block
in the system. We built the SFDR setup based on a part of the general setup—a link between the
CO and the BS;. The signal is then analyzed directly on the output of the PD.
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Fig. 7. SFDR measurement for a chosen RF generation technique.

Two RF tones modulating the DFB-EAM were located at 2 GHz (fi) and 2.1 GHz (%) RF
frequency; the f,p was set to 29.7 GHz. According to [49], third order intermodulation (IMD3)
components are expected to be located at 59.4 GHz+2 x fy — f, =57.5 GHz and 59.4 GHz +
2 x f — f; = 57.2 GHz. Fig. 7 (left) shows the RF spectra including the original RF tones and IMD3
tones. The optical power at the PD was set to 5 dBm throughout the SFDR measurement. It should
be noted that the SFDR was measured for a transmitter including EDFA, which increases the noise
level at the PD, but gives characterization of the system suitable for extended optical and wireless
transmission.

Increasing RF power modulating the lightwave improves the SNR, however, the IMD3 distortion
is increasing at a faster rate than the signal. As seen in Fig. 7 (right), we achieved the SFDR value
of 73 dB-Hz?/® that is comparable to results obtained by other authors who use similar frequencies
of two RF tones [50]. The obtained value of SFDR provides sufficient margin in terms of nonlinearity
and sets the limit on system’s scalability for a range of RF powers to be transmitted through the
optical fiber.

We have reported on SFDR of the system for increased shot noise (by setting the optical power
into the PD to +5 dBm) and included EDFA. EDFA deployment is reported to decrease the SFDR
value of the system [49], but it is a necessity in order to improve the power budget for fiber-wireless
reach extension. By setting maximum constraints to SFDR, we present the limit on the system
performance.

6. Results and Discussion

In this section, we describe the setup performance under a constraint of decreasing optical power
on the output of the second span of optical fiber transmission; at the same time, optical power
impinging the PD; is kept constant at —7 dBm. The curve depicting the generated 60 GHz RF
power as a function of carrier suppression is measured to support the link budget discussion. The
phase noise performance of the photonically generated RF carrier is also analyzed including
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Fig. 8. BER as a function of optical power measured at the PD, for B2B/5.5 km NZDSF (left) and
22.8 km SSMF (right) of fiber distance in the first span.

measurements for different types of optical fiber in the first fiber transmission span. BER has been
used as a main criterion of system performance constrained by the values of optical power
impinging the PD,, the length of fiber and the wireless transmission distance.

First, we present the results with relaxed requirements for the first span of fiber transmission in
terms of dispersion in Fig. 8 (left). We transmit the signal back-to-back (B2B) or employ 5.5 km
NZDSF in the first fiber span of the setup and fiber of different lengths and types in the second span.
Fig. 8 (left) shows that deployment of SSMF and NZDSF in the second span of transmission
introduces no penalty compared to B2B case; however, in all three cases of fiber deployment (B2B,
SSMF, NZDSF) in the second span, we observed an error floor on BER performance at
approximately 108 level for 1 m of wireless distance. We suggest that the error floor is not related
to chromatic dispersion (CD) given that the distortion of 60 GHz RoF 1.25 Gbps data signal due to
CD can be considered negligible in 5.5 km NZDSF and absent in B2B transmission case. We
suggest that the error floor is therefore related to degradation of the SNR in the system and to the
modulation efficiency of the DFB-EAM, which depends on the peak-to-peak voltage level of the
baseband electrical signal recovered with ED. Optical B2B curve for 4 m wireless distance in Fig. 8
(left) indicates that, by extending the wireless distance, we are improving the DFB-EAM»
modulation performance, and the error floor is avoided for extended wireless distances for the same
SNR before remodulation on the lightwave. We therefore conclude that presence of the error floor is
not related to performance of the wireless channel, i.e. only extension of the wireless distance, and
can be mitigated by installing an automatic level control circuit before remodulation on the
DFB-EAM, to preserve high modulation efficiency and avoid overmodulation.

We then proceeded to emulate deployment of larger distances of fiber in the first span of
transmission. Fig. 8 (right) indicates that, when we deploy about 20 km of fiber in both spans, an
error floor is present at about a 10~° level. Presence of an error floor is now related to CD impairing
the signal in the first span of transmission. When two sidebands are photomixed at the PD, the
signal suffers from intersymbol interference caused by a delay between the pulses transmitted on
upper and lower sidebands which is reported as a ‘bit walk-off’ in [51]. However, the periodic
dispersion-induced RF power fading is eliminated when the optical carrier is suppressed [51]. For
both 1 m and 4 m wireless transmission cases employing fibers with different values of dispersion
(NZDSF, SSMF), we demonstrate BER performance well below the 2 x 10~3 limit corresponding to
a 7% FEC overhead. BER degradation due to the time shifting of the pulses in the upper and lower
sidebands in the first fiber span can be overcome by using a single sideband modulation or diverse
CD compensation techniques, however this would increase the setup complexity. Overall,
considering the original goal of building a simplified setup, the fact that the penalty is also related
to multiple noise sources, and the fact that the FEC is typically implemented in the 60 GHz links [4],
[6], we believe that our setup will be a suitable solution for simplified fiber-supported 60 GHz
picocell mobile backhaul links.
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Fig. 9. 60 GHz RF power on the PD output as a function of carrier suppression of the DSB-SC signal.

We have investigated SSMF deployment interfaced with MMF (Fig. 8, right), an appropriate
scenario for this combination will be the interface between the access network deployed using
SSMF and LAN using MMF. Lightwave was centrally launched from SSMF into MMF which enables
mode filtering by exciting only a limited number of lower order modes in the MMF [52]. Intermodal
dispersion is thus mitigated because in this case coupling between high and low order modes is
reduced significantly. On the receiving side, MMF has been interfaced to the PD by a short
patchcord of SSMF (used 75 GHz bandwidth PD only had the SSMF interface) by using which we
recover the lowest-order mode (LPg¢) which implies higher power loss on coupling from MMF to
SSMF.

RoF systems in general suffer from the high loss on O/E and E/O conversion due to the resistive
impedance matching being an issue at both the transmitter and the receiver. In Fig. 9, we depict
power of the 60 GHz RF signal as a function of the sideband-to-carrier suppression ratio which was
varied by applying a changing bias voltage. As depicted in Fig. 9, in our system, high power 30 GHz
RF signal (+18 dBm) applied at the E/O conversion point is subsequently recovered after
photomixing as a —30 dBm 60 GHz RF signal for optimized value of 20 dB carrier suppression and
a fixed PD1 input optical power of 0 dBm. 1 dB reduction in optical power entering the PD will result
in 2 dB reduction in the 60 GHz RF power. Thus, at —7 dBm optical power entering the PD, RF at
the PD output will be equal to —44 dBm.

In order to extend the wireless link length from 4 m to 300 m of wireless distance, we have to
address the necessary provision of 42 dB power margin compared to the link budget of 4 m wireless
distance as calculated in Section 3. There are few generally applied techniques to improve the
electrical link budget and increase the wireless transmission distance. First, a common technique is
to use antennas of higher gain. For V-band, antennas of 42 dBi gain are commercially available
which may simultaneously add 34 dB to a power budget of the link. Second, the link distance can be
extended through amplification. VEA-PA combination that we employ at the BS, may be adjusted to
bring the additional 18 dB power without introduction of noise by setting the VEA attenuation to 0.
The noise figure of the PA is already a part of the link impairments. Depending on link design, PA
might be also offset to the transmitting side. These two methods combined bring a gain of 52 dB to
the link that surpasses the required margin of 42 dB. However, it must be taken into account for the
link design that, when employing a higher gain antenna, the Fraunhofer distance will increase. For a
commercially available lens horn antenna of 42 dBi gain with a diameter of 0.25 m, the Fraunhofer
distance is equal to 25 m.

In this work, we study transmission of the OOK signals. However, transparency for higher order
modulation formats is an important design criterion for RoF links. High performance of the RF
oscillator in terms of phase noise is required to enable such transparency. DSB-SC RoF setups are
known to have an excellent performance in terms of phase noise because the sidebands are
produced by the same laser source and thus are correlated with each other. We depict the phase
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Fig. 10. Phase noise of photonically generated 60 GHz RF signals.

noise performance of the 60 GHz signal before radiation in Fig. 10. We observe a negligible
difference in the RF phase noise for generation of the signals that employ different types of fiber
benchmarked against B2B optical transmission with the phase noise approximately equal to
—85 dBc/Hz at a 100 kHz offset. We conclude that fiber transmission in our setup does not
deteriorate the RF phase noise performance. The setup performance is therefore constrained with
the phase noise degradation due to multiplication only [53]. In order to enable the higher spectral and
power efficiency modulation formats, synchronous downconversion of the RF-modulated signal has
to be performed such as in [20] and [54].

7. Conclusion

We experimentally demonstrate the 60 GHz fiber-wireless-fiber communication system enabling the
Gigabit picocell mobile backhaul links. Suitability of the proposed approach to diverse fiber
deployment scenarios has been assessed. BER performance below the 7% overhead FEC limit is
reached for 1.25 Gbps data signals transmission through up to 4 m wireless distance and up to
20 km of SSMF interfacing transmitting and receiving 60 GHz BSs. We simplify the system through
the use of the integrated DFB-EAM module in both fiber spans of transmission. The system is further
simplified through the use of the ED RF detection technique achieving passive downconversion and
eliminating the need for the design of synchronization hardware. 73 dB-Hz?/® SFDR is reported when
the EDFA is included as a part of an optical transmitter. Phase noise performance indicates high
potential of the system for transmission of advanced modulation formats. Future work is directed
towards combating the error floor in the system which will include the fiber-wireless-fiber
transmission when RF is generated through photomixing of lightwaves produced by two free
running lasers. We suggest that the work can be extended by direct comparison of experimental
performance of V- and E-band systems and the SFDR measurement for the link including fiber
transmission.
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Abstract—Simultaneous 60 GHz radio over fiber upconversion
and fiber transmission of lightwaves produced by an external
cavity laser (ECL), a distributed feedback (DFB) laser, and a C-
band vertical cavity surface emitting laser (VCSEL) is
demonstrated. 1.25 Gbps data signals are transmitted on each of
the lightwaves attaining a bit error rate performance below 10
level. Carrier suppression of 20 dB is achieved simultaneously for
all three lightwaves placed in a wide wavelength range. The 10
*receiver sensitivity level for detection of three lightwaves falls in
a <3 dB region. Reported close performance of the investigated
techniques enables diversification of options for lightwave
generation in mm-wave fiber-wireless networks.

Index Terms—Millimeter wave communication, optical fiber
communication.

I. INTRODUCTION

LOBAL INTERNET traffic is predicted to grow

threefold by 2017 [1] driven by high-definition (HD)
real-time video streaming, ultrafast data download and
teleconferencing [1]. Bandwidth scarcity in the microwave
region has led to standardization of new unlicensed bands in
the millimeter wave (mm-wave), particularly around the 60
GHz frequency [2]. In mm-wave bands, distributed antenna
systems (DAS) architecture is a preferred approach for
placement of base stations (BS) and their interconnection to
the central office (CO) [3] as the count of BSs is increasing.
Radio over fiber (RoF) technology is a physical layer
implementation of DAS for hybrid fiber-wireless systems.

In this work, we study the 60 GHz RoF upconversion and
delivery of diverse multiple lightwaves by using a single local
oscillator (LO) at the CO in order to decrease the quantity of
costly mm-wave RF electronic components at the CO.
Furthermore, it is beneficial to test low-cost lightwave
generation techniques and diversify the set of lightwave
generation options in relation to the targeted applications.
Numerous schemes have been previously proposed for
simultaneous RF upconversion of multiple optical lightwaves
in wavelength division multiplexed (WDM) systems [4-6].
Electro-absorption modulators (EAM) [4] and Mach-Zehnder
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modulators (MZM) [6] have been used for this purpose in 24
GHz [4], 40 GHz [5] and 60 GHz [6] RoF systems. In this
Letter, we investigate simultaneous 60 GHz RoF generation
and fiber transmission of three lightwaves produced by an
external cavity laser (ECL), a distributed feedback laser
integrated with an electro-absorption modulator (DFB-EAM)
and a vertical cavity surface emitting laser (VCSEL).

We have previously reported on the hybrid fiber-wireless
systems for indoor wireless signal distribution including air
propagation of the RF signal [7]. 60 GHz RoF outdoors setups
have also recently been demonstrated reaching 78 m wireless
distance [8, 9]. The novelty of the present paper is in studying
the simultaneous upconversion of lightwaves with diverse
performance that might potentially serve in both indoor and
outdoor cases.

The proposed network scenario is presented in Fig. 1.
WDM lightwaves are modulated by the RF signal and
launched into a single fiber by means of wavelength filtering
at the CO. The low-cost lightwave generation techniques
(DFB, VCSEL) can be assigned for the RF signal delivery to
the in-building wireless personal area networks when the air
propagation distance does mnot exceed several meters.
Conversely, higher performance techniques (ECL) may be
used for scenarios with a higher constraint on power budget
such as outdoors connections.

This Letter is organized as follows: in Section 2, the
experimental setup is described and analyzed, in Section 3, the
results are presented and discussed, and a summary of the
paper is given in Section 4.

Figure 1. Network scenario for simultaneous photonic RF upconversion of
multiple lightwaves for indoor and outdoor use.
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Figure 2.Experimental setup of the 60 GHz RoF system with simultaneous RF upconversion of multiple lightwaves.

II. EXPERIMENTAL SETUP DESCRIPTION

The experimental setup is presented in Fig. 2. Three lasers
were used for lightwave generation: the C-band VCSEL
(A =1540 nm, Popt;=0 dBm), the ECL (A, ~1545 nm,
Popt;=4 dBm), and the DFB-EAM module (A; =1550 nm,
Popt;=4 dBm).

A non-return-to-zero pseudorandom binary sequence with a
word length of 2-1 was produced by a pulse pattern
generator (PPG) at a 1.25 Gbps bitrate. It was then directly
modulated onto the lightwave at the VCSEL. The inverse data
output of the PPG was fed into the electrical signal splitter
where two identical 1.25 Gbps data streams were produced
and subsequently delayed by 160 ps. A 10 GHz-bandwidth
EAM and a 10 GHz-bandwidth MZM, were used for data
modulation in case of the DFB and the ECL respectively. The
DFB-EAM used in this work is an integrated module and we
further refer to it for both lightwave generation and data
modulation.

The use of the DFB-EAM or the VCSEL for lightwave
generation and data modulation relaxes requirements for the
peak-to-peak voltage of the driving electrical data signal and
simplifies the overall system installation, but at the same time
constraints the achievable extinction ratio and introduces
chirp.

In case of VCSEL, the system performance will be
additionaly constrained due to existing trade-off between the
extinction ratio and overshoot defining the optimized eye-
diagram. In case of external modulation with the use of MZM
or EAM, larger extinction ratio can potentially be obtained
with MZM, however EAM requires lower driving voltage.
The setup has been optimized experimentally by monitoring of
the eye-diagram and BER of the system.

Three data-modulated lightwaves were then combined by a
100 GHz-grid arrayed waveguide grating (AWG). Polarization
controllers (PCs) were placed before the AWG to adjust the
polarization state of incoming lightwaves to achieve maximum
carrier suppression in the MZM,. RF modulation of the
lightwaves was performed by a single-drive MZM, biased at a
null transmission point and driven by the 30.24 GHz

sinusoidal electrical local oscillator (LO) RF of 18 dBm
power, resulting in a suppression of the original optical carrier
and increase of optical power in the upper and the lower
sidebands separated by twice the original RF frequency 2fio.
The simultaneous RF modulation of several lightwaves will
be constrained by slight wavelength-dependence of bias
necessary for maximum carrier suppression. We therefore
separated the lightwaves by 5 nm to test the system
performance in a wide wavelength range.

When two sidebands are photomixed at the PD after fiber
transmission, data pulses transmitted on lower and upper
sidebands of the RoF signal are shifted in relation to each
other in time domain leading to intersymbol interference, the
bit walk-off evolution is governed according to Eq. 1:

DLAG?
At = P (1)

where D=18 ps/(nmxkm) is the dispersion parameter in
standard single mode fiber (SSMF), L is the fiber length, A, is
the wavelength of the optical carrierand AA  is the
wavelength difference between sidebands. By assuming a
walk-off equal to 70 % of the pulse width as a maximum
tolerable value [10-12], the maximum fiber length is
calculated equal to 69 km. We use a shorter fiber span
(22.8 km SSMEF) for fiber access deployment scenario. If the
chromatic dispersion penalty is required to be completely
avoided, alternative techniques need to be employed [13]. We
use carrier suppression technique owing to its simplicity.

The optical spectra of the generated double-sideband with a
suppressed carrier (DSB-SC) signals are presented in Fig. 3
(a, b, c¢) for the VCSEL, the ECL and the DFB-EAM
lightwaves respectively and in Fig. 3 (d) for all lightwaves
combined. Carrier suppression of approximately 20 dB was
achieved for all lightwaves. The DFB-EAM spectrum
(Fig. 3 (¢)) indicates the presence of the positive frequency
chirp.

60 GHz DSB-SC RoF signals were then transmitted through
a 22.8 km SSMF span. Subsequently, the signal was amplified
by an erbium-doped fiber amplifier (EDFA) performing a pre-
amplifier function in order to compensate for attenuation by
fiber transmission and multiplexing.
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A 2 nm tunable optical bandpass filter was then used to
select a single RF-modulated lightwave for subsequent O/E
conversion and BER evaluation. A variable optical attenuator
(VOA) was employed next to control the power impinging the
photodiode (PD). A 20 dB coupler and an optical spectrum
analyzer were subsequently used to monitor the optical power
and spectra

60 GHz-separated optical sidebands were photomixed at the
75 GHz bandwidth p-i-n PD. The double-stage 40 dB gain low
noise amplifier (LNA) was used afterwards in order to boost
the 60 GHz RF power before radiation.

The air propagation path loss was emulated by employing a
variable electrical attenuator (VEA). The air attenuation of the
signal can be approximated using the Friis free space
transmission equation [2]:

PLes = 2010gs0 (5°) = Gx = Gy ()

where 4 = 0.005m is a wavelength of the signal, d is the
distance between the transmitting and receiving antennas,
G,=G,=25 dBi are the gains of transmitting and receiving
antennas respectively. VEA was set to attenuate by 18 dB,
which is equivalent to attenuation by 1 meter of wireless
transmission when the combined antenna gain (25+25 dBi) is
taken into account; the equivalent omnidirectional path loss is
equal to 68 dB.

Afterwards, a 24 dB gain power amplifier (PA) was used.
The baseband data signal was detected incoherently by using a
Schottky diode working as an envelope detector (ED). Main
advantage of the envelope detection technique is that it allows
circumventing the use of local oscillator RF and a phase
locked loop circuitry required for the synchronous mixing

downconversion technique. Additionally, the use of envelope
detection has been reported to exhibit higher tolerance to
impairments arising from laser linewidth [17]. Finally. the
recovered digital baseband signal was then amplified and
passed on for further quality evaluation with a bit error rate
tester (BERT).

III. RESULTS AND DISCUSSION

Figure 4 (left) shows the RF spectrum after O/E conversion
and amplification. The RF has been placed at 60.48 GHz to
comply with a grid proposed by Wireless HD standard [14].
The electrical signal power is also set inside of the limits
established in the United States (27 dBm) and
Europe (10 dBm) [2].

The BER performance of the transmission link as a function
of decreasing optical power into the PD is presented in Fig. 4
(right). The ECL-MZM, branch represents an example of
high-performance schematics as higher power budget is
potentially available which can then be used either for
extension of fiber transmission distance or transferred into RF
power by means of photomixing O/E conversion. As depicted
in Fig. 4 (right), about 1.5 dB penalty is observed after fiber
transmission compared with B2B at the sensitivity level
(BER=10*). For fiber transmission of the DFB-EAM
produced lightwave, about 2 dB power penalty is observed at
the 10 sensitivity level compared to B2B, however as the
performance becomes noise-limited in the area of lower
optical powers, the two curves cross. The slope of B2B BER
curves is identical for the ECL-MZM, and the DFB-EAM in
our setup.
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The B2B performance of the ECL-MZM, and the DFB-
EAM is different by less than 0.5 dB owing to different
driving voltages required for the EAM and the MZM,. DFB-
EAM scheme suffers larger penalty, which, we believe, is
related to the presence of the positive chirp as visible in
Fig. 3 (¢).

In the case of VCSEL, the BER curves' slope is identical for
B2B and after fiber transmission, but 22.8 km SSMF
transmission shows performance superior to B2B with about
0.5 dB margin related to an interaction between negative chirp
and dispersion. Negative chirp has been already reported
previously to improve the link performance [15-16]. In
particular, negative chirp in VCSELs has been shown to bring
beneficial effects for fiber transmission distances reaching
40 km [15]. Given that only 0.5 dB difference is observed, and
the fact that we limit our discussion in this paper to the access
fiber deployment segment, we have restricted the scope of
investigation of VCSEL performance to measuring the BER
curves.

B2B VCSEL transmission shows less than 2.5 dB penalty
compared to both ECL-MZM, and DFB-EAM schemes due to
lower extinction ratio used with the directly modulated
VCSEL.

The VCSEL and the DFB-EAM lightwave generation
techniques show performance comparable to the ECL bringing
the promise of using low-cost lightwave generation / baseband
data modulation techniques for access 60 GHz RoF systems.
Additionally, the results could be used to separate the delivery
techniques assigned for indoor/outdoor transmission according
to our originally proposed network scenario, VCSEL and
DFB-EAM techniques may be assigned for short-distance
indoor wireless links with lower power-budget constraints,
and the ECL laser may be assigned for outdoor wireless
transmission as it was successfully investigated in [8-9].

1IV. SUMMARY

We have demonstrated the scalability of the simultaneous
60 GHz RoF upconversion technique using a single MZM for
the ECL, the DFB, and the VCSEL laser devices. The
sensitivity level for detection of three lightwaves falls in
a<3 dB region. We suggest that the difference in optical
power budget available for ECLs, DFBs and VCSELs is
utilized for separating the service quality depending on
application scenario. Using the simple carrier suppression
technique is optimal for access networks, further investigation

regarding the chirp influence needs to be conducted for the use
of the scheme in metro and core infrastructure. We note that
the present system is optimal for transmission of OOK signals,
however advanced modulation formats are better suited for
single sideband RoF systems and synchronous RF
downconversion.
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Abstract: We present an experimental investigation of the 60 GHz optical
carrier suppressed radio over fiber systems with less than 5 dB carrier
suppression. As a case study, the 60 GHz RoF signal is generated using a
12.5 Gb/s commercially available Mach-Zehnder modulator biased at its
minimum point. We report on error free transmission over 20 km of
standard single mode fiber and 1 m of wireless distance. Furthermore, the
efficiency of photonic RF generation depending on the value of carrier
suppression is reported. We argue that transport of RoF signals with low
carrier suppression assisted with simplified techniques of lightwave
generation, baseband data modulation, and RF downconversion might be a
promising enabling technology for fiber support of close-proximity wireless
terminals.
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1. Introduction

Low bandwidth availability within the microwave spectrum of radio communication
frequencies may hinder the development of novel services and applications. Hence, it has
been proposed to employ the 60 GHz band where up to 9 GHz of unlicensed spectrum [1] has
been allocated. Research and development to utilize the 60 GHz band have been conducted
by organizations such as the Wireless Gigabit Alliance (WiGig, IEEE 802.11 ad), which
proposed a specification to deliver data rates up to 7 Gb/s and enable tri-band networking
(2.4-, 5- and 60GHz). ABI Research forecasts that by 2016, annual shipments of devices
equipped with both Wi-Fi and WiGig technology will approach 1.8 billion [2].

Radio over fiber (RoF) technologies are providing methods to generate, transport and
detect wireless signals at high bitrates in diverse fiber-optic systems [3]. RoF technologies
aim at simplification of base station (BS) and access point (AP) units which is crucial in case
of the 60 GHz millimeter wave (mm-wave) transmission where coverage is limited by high
attenuation due to the free space path loss and absorption on molecules of oxygen and water
vapour, and therefore higher density of BSs/APs is required [4].

Recent research on the RoF technology includes studies of the diversified fiber
infrastructure for multiband wireless services [5], bidirectional 60 GHz RoF [6] and systems
combining RoF and fiber-to-the-home delivery [7]. The development of highly linear high
power 60 GHz analog photoreceivers [8] and compact E-band (60-90 GHz) wireless
transmitters [9] combining progress in optoelectronic and mm-wave components further
strengthens the potential for commercial deployment of mm-wave RoF links. However, a
major impediment for widespread adoption of RoF technology is the utilization of costly high
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bandwidth optical components to perform the electro-optical (E/O) conversion, especially
when dealing with mm-wave signals [10].

In order to alleviate the requirements for high frequency RF generation, optical carrier
suppressed (OCS) RoF transmission is used [11] yielding the desired RF after photomixing
by doubling the original RF frequency applied at the E/O conversion point. OCS RoF
technique generates RF signals with an excellent phase noise performance, which is crucial
for support of advanced spectrally efficient modulation formats [12].

Previous experimental demonstrations for generation of 60 GHz electrical signals using
the frequency doubling technique rely on optical components with bandwidths in excess of 20
GHz [13]. Such large bandwidth is necessary to yield high carrier-to-sideband suppression
ratio. Complementarily, filters and optical interleavers are often used to maximize a
suppression ratio [14]. However, additional filters and interleavers have very high
performance requirements and naturally increase the cost and complexity of the system.

We have previously reported on transmission of Gigabit data in 60 GHz RoF systems with
high carrier suppression using a distributed feedback laser integrated with an
electroabsorption modulator (DFB-EAM) and a vertical cavity surface emitting laser
(VCSEL) for lightwave generation and data modulation [15, 16].

In this paper, we present novel results demonstrating generation and delivery of 60 GHz
OCS RoF signals with low carrier suppression for Gigabit wireless systems. Bit error rate
(BER) performance below 10~ level after fiber transmission and 1 m of wireless transmission
is reported. We argue that low carrier suppression RoF systems are suitable to enable wireless
applications with ultrashort reach.

This paper is organized as follows: in Section 2, potential applications are examined. In
Section 3, we present the laboratory setup built to study the performance of low carrier
suppressed 60 GHz RoF signals. Discussion of the performance of the low carrier suppression
OCS 60 GHz RoF link is conducted in Section 4. Finally, we provide a summary and
conclusions in Section 5.

2. 60 GHz links supported by fiber for close proximity wireless communications

60 GHz high-capacity links have been widely adopted by industry to provide private
corporate connections reaching 1 km wireless distance [17-19], recently their use has been
also proposed for mobile backhaul applications [20].

Ly
Close proximity L Upload

terminal Connection time is less
than a few seconds

Download

Less than 1 m
-+

Fig. 1. Network scenario for 60 GHz RoF signals’ delivery to close proximity communication
terminals. CO: central office.

However, there are a few emerging scenarios for 60 GHz wireless systems that alleviate
requirements for wireless transmission distance. First scenario is connectivity in data centers
[21-23] where 60 GHz wireless links promise to reduce cabling complexity and related costs
of maintenance. Second, we believe that high-capacity 60 GHz links should be considered for
close-proximity applications because they naturally fit the close-proximity scenario where
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large capacity is required but over a short wireless distance e. g. when digital kiosks are
installed in public locations to enable ultrafast upload/download of high-definition video,
interactive maps etc. [24]. Furthermore, close-proximity applications may benefit from
integration with optical fiber networks if they utilize cost-effective transceivers for fiber-
wireless distribution.

We depict the proposed hybrid fiber-wireless architecture to enable close proximity
applications in Fig. 1. In this paper, a low complexity RoF system for fiber support of close
proximity wireless applications is proposed and experimentally demonstrated.

3. Experimental setup description

In order to confirm the suitability of the 60 GHz RoF transmitter with low carrier suppression,
we built an experimental setup and performed quantitative measurements after fiber and
wireless transmission. This section describes the experimental setup.

The experimental setup is shown in Fig. 2. We used a single module combining lightwave
generation and data modulation composed of a distributed feedback laser integrated with a
12.5 Gb/s electro absorption modulator producing + 4 dBm of optical output power. The
baseband data signal imposed on the lightwave were generated by a pulse pattern generator
(PPG) producing a pseudorandom binary sequence (PRBS) with a word length of 2'-1. The
lightwave was then modulated by a 29.54 GHz RF signal of 18 dBm RF power using a 12.5
Gb/s Mach-Zehnder modulator (MZM, Covega Mach-10) biased at its minimum point. By
biasing the MZM at the minimum point, the carrier is suppressed and the double sideband
with suppressed carrier RoF signal is generated. The polarization controller (PC) was
installed before the MZM to ensure the polarization alignment necessary for maximum
achievable carrier suppression.

High RF power and subsequently modulation indices not following small signal
modulation criteria have been shown to be beneficial when the bias is set at V, where a
modulation index equal to 0.97 has been shown as optimal [25]. We also note that higher
order harmonics appearing when higher modulation index is used are later mitigated by the
frequency response of the O/E conversion device and the use of mm-wave bandpass filters
and amplifiers.

electrical
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Fig. 2. Experimental setup demonstrating 60 GHz RoF generation, fiber and wireless
transmission and baseband data recovery with low carrier suppression. PPG: pulse pattern
generator, DFB-EAM: distributed feedback laser integrated with electro absorption modulator,
PC: polarization controller, MZM: Mach-Zehnder modulator, EDFA: Erbium doped fiber
amplifier, VOA: variable optical attenuator, PD: photodiode, LNA: low noise amplifier, BPF:
bandpass filter, PA: power amplifier, BERT: bit error rate tester, E/O: electrical-to-optical
conversion, O/E-optical-to-electrical conversion.
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Fig. 3. RF spectrum of the signal (a) and S21 performance of 12.5 Gb/s and 40 Gb/s MZMs
(b).

The optical signal was then boosted to + 11 dBm power with an erbium doped fiber
amplifier (EDFA). To test the diverse fiber infrastructure, we employed links of dispersion
shifted fiber (DSF), nonzero DSF (NZDSF), and standard single-mode fiber (SSMF). After
the fiber transmission, the signal was detected with a 75 GHz bandwidth photodiode (PD),
and subsequently amplified and filtered ( + 40 dB gain and 56.3-62 GHz passband). The
signal was then fed into an antenna for radiation. High directivity horn antennas of 25 dBi
gain were used at the wireless transmitter and receiver side. On the receiver end, the signal
was amplified (24 dB) and filtered (56.3-62 GHz passband). Downconversion was
subsequently performed by a Schottky diode working as an envelope detector (ED).
Recovered baseband data were passed on for further detection of bit errors at the bit error rate
tester (BERT).

In Fig. 3(a), we depict the RF spectrum of the signal at the output of the 60 GHz low noise
amplifier (LNA) on the transmitting side when the 0.4 V peak-to-peak data signal is applied
to the DFB-EAM. In Fig. 3(b), we depict the S21 performance of the system employing 12.5
Gb/s MZM (Covega Mach-10) in comparison to a 40 Gb/s MZM that was used in [15, 16].
The S21 performance was measured excluding EDFA from the link, where port 2 was the
output of the PD, and port 1 — the MZM RF input. Given the lower E/O conversion
performance of the 12.5 Gb/s modulator, higher power RF has been applied to the MZM.

4. Results and discussion

In this section, performance of the setup in terms of BER and RF O/E conversion efficiency is
presented and the sources of impairments are reported and analyzed. First, we characterized
the conversion efficiency of optical power to 60 GHz RF power depending on the suppression
of the optical carrier. Power of the generated 60 GHz RF signal as a function of carrier
suppression is depicted in Fig. 4. The carrier suppression was changed by varying a bias
voltage of the MZM, and measured as observed in optical spectrum analyzer. As it can be
seen from Fig. 4 the slope of the curve flattens at about 0 dBm suppression value. These
results are consistent with the results that we previously reported in the case of 40 Gb/s MZM
when the carrier suppression was varied from 0 to 20 dB [26]. Reported degradation in RF
power after E/O, fiber transmission, and O/E conversion is overcome by using a double-stage
LNA. For example, 0 dBm optical signal at the PD is converted to =32 dBm 60 GHz RF
signal for 4 dB carrier suppression value, and boosted to + 8 dBm RF power for radiation.
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From optical spectra depicted in Fig. 5, we can observe the presence of positive frequency
chirp and four-wave mixing (FWM). In Fig. 5(a), optical spectra before fiber transmission are
presented. Splitting of the carrier at low bitrates indicates the presence of frequency chirp that
is caused by the electrical crosstalk due to the integration of laser and modulator sections in
the same chip of the DFB-EAM module [27]. However, given the low bitrate and the fact that
we model access fiber deployment, chirp does not impose a power penalty. As defined in
[28], chirp-induced power penalty at the receiver is measured as a function of| ‘ 5, ‘ B’L, where

B, =-20 ps¥/km is a group velocity dispersion parameter for SSMF, B = 1.25 Gb/s is a
B,|B’L is equal to

0.625 x 107, which according to [28] brings a negligible receiver sensitivity penalty across
possible chirp values.

bitrate of the system, and L = 20 km is a fiber link length. For our system,
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Fig. 5. Optical spectra of the RF- and data-modulated lightwave before fiber propagation (a)
and after fiber propagation at 16 dBm optical power into the fiber (b).

It can be observed from Fig. 5(b) that FWM-produced lightwaves start to be noticeable in
case of fibers with a low dispersion parameter at 1550 nm. FWM is independent of channel
bitrate, but depends critically on the spacing between lightwaves [28]. Power of the signal at
new frequencies can be calculated analytically as a function of the effective cross-sectional
area of the fiber, the nonlinear refractive index and the fiber length [28]. In our experiment, to
confirm that FWM does not influence the performance of the system, we tested that increase
in optical power at the EDFA output from 11 to 16 dBm increases power of FWM-generated
lightwaves, but does not reduce the BER of the transmitted data signal. It should be noted that
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FWM brings a receiver sensitivity penalty for wavelength division multiplexed systems in the
case of equally spaced channels through introduction of the inter-channel crosstalk, however
it is not an obstacle for a single-channel system under study.

We then evaluated the performance of the system in terms of BER. In Fig. 6(a), we depict
the performance of the setup without wireless transmission, when only fiber transmission is
considered. BER is measured for different distances and types of fibers in order to account for
the effects of dispersion and nonlinearities. Fiber transmission results show a negligible
power penalty when compared to the back-to-back transmission, clustering BER performance
equal to 107 around —9.5 dBm region.

Finally, we added wireless transmission to the system. We measured the performance for
two wireless distances, 50cm and 1m, and with or without 20 km fiber transmission. Figure
6(b) depicts the BER performance of the signal including air transmission. BER below 107
level is achieved in all cases, being the case of 20 km and 1 m transmission the cases
sustaining the highest power penalty, less than 2.5 dB compared to the best case. Higher value
of optical power into the PD is necessary to yield the performance below 107 level due to the
fact that wireless channel loss is compensated by increasing optical power impinging the
photodiode.
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Fig. 6. BER performance back-to-back and after fiber transmission for 2 cases: (a) wireless
transmission distance is omitted and (b) up to 1 m wireless transmission is performed. NZDSF:
non-zero dispersion shifted fiber, DSF: dispersion shifted fiber, SSMF: standard single mode
fiber.

Utilizing E/O components with —3 dB bandwidth lower than a value of the RF frequency
used for mm-wave OCS RoF technique leads to certain trade-offs in performance. For given
RF signal power at the E/O point and given —3 dB bandwidth of the E/O module, carrier-to-
sideband suppression ratio is decreasing with an increase in applied frequency, and, in turn,
the amount of the RF power detected after photomixing at the PD is reduced. In this paper,
the case study for modulation of 12.5 Gb/s MZM with a 30 GHz RF signal is presented
showing that, even when the carrier suppression is decreased to less than 5 dB, excellent
transmission performance may still be obtained allowing us to simplify the fiber transport of
mm-wave frequencies by utilization of low bandwidth E/O conversion devices. We generalize
the presented case by studying the relation between the carrier suppression and the
photonically generated RF power for low values of carrier suppression (less than 5 dB).

The choice of lightwave generation, baseband data modulation, and RF downconversion
techniques is done in order to further simplify the system. By utilizing the DFB-EAM, we
simplify the installation of the system and allow lower driving voltages for baseband
lightwave modulation. Performance is constrained by the chirp of the DFB-EAM however the
sensitivity penalty is not imposed in our system. The envelope detection technique provides
RF downconversion avoiding the use of LO at the wireless receiver.
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5. Conclusion

This paper presents an experimental demonstration of 60GHz signals transmission in OCS
RoF links with less than 5 dB carrier suppression. The BER of the transmitted data below
107 level for transmission of 1.25 Gb/s data signal through 20 km of SSMF complemented
with 1 m of the 60 GHz wireless link is reported. Presence of the optical carrier and low
separation between the carrier and sidebands leads to FWM, however no error floor due to
nonlinearities at 16 dBm optical power into the fiber was observed. Furthermore, the system
was simplified by utilizing the integrated module for data modulation and lightwave
generation and passive RF downconversion with an ED. Results indicate that the simplified
OCS RoF systems with low carrier suppression are an effective solution for close-proximity
wireless applications.

Acknowledgment

J. J. Vegas Olmos acknowledges the Marie Curie program for partly funding this research
through the WISCON project.

#195618 - $15.00 USD  Received 12 Aug 2013; revised 21 Sep 2013; accepted 23 Sep 2013; published 7 Oct 2013
(C)2013 OSA 21 October 2013 | Vol. 21, No. 21 | DOI:10.1364/0E.21.024574 | OPTICS EXPRESS 24581



[Paper 8]

Alexander Lebedev, ]. J. Vegas Olmos, Xiaodan Pang, Sgren Forchhammer, Idelfonso Tafur
Monroy, “Low-complexity source and channel coding for mm-wave hybrid fiber-wireless links,” Opt.
Commun., submitted.

123



124



Low complexity source and channel coding
for mm-wave hybrid fiber-wireless links

Alexander Lebedev, " J. J. Vegas Olmos, Xiaodan Pang, Idelfonso Tafur Monroy, Knud J. Larsen and
Sgren Forchhammer

DTU Fotonik, Department of Photonics Engineering, Technical University of Denmark, Kongens Lyngby, Denmark

*exrell3@gmail.com

Abstract— We report on the performance of channel and source coding applied for an experimentally
realized hybrid fiber-wireless W-band link. BCH and RS pre- and post-coding bit error rate (BER)
performance is presented for a wireless propagation distance of 3 meters and 20 km fiber transmission. We
report on peak signal-to-noise ratio (PSNR) performance of several encoded video sequences constrained by
the channel bitrate and the packet size. We argue that light video compression and low complexity channel
coding for the W-band fiber-wireless link enable low-delay multiple channel 1080p wireless HD video
transmission.

Keywords: fiber optics, H.264/AVC, millimeter wave transmission, optical communication, Radio over
Fiber, W-band wireless.

1. INTRODUCTION

The continuously growing demand for high-bitrate wireless services is now generated through the
introduction of diverse real-time high definition (HD) video services including demanding services as delivery of
3DTV, multiview video and HD teleconferencing. This leads to an increasing interest in ultra high frequency
unlicensed wireless spectrum in V (50-75 GHz) and W (75-110 GHz) bands [1]. W-band contains two subbands
(81-86 GHz and 92-95 GHz) allocated for mm-wave wireless communication that will potentially enable
delivery of multigigabit data [1].

Propagation distance for W-band wireless links is severely limited by the free space path loss of the signal
according to the Friis transmission equation [2]. We believe that development of W-band systems is likely to
follow the V-band development, which already has led to commercial production of multiGbps in-home
miniature real-time uncompressed HD video transceivers [3].

W-band systems require deployment of more remote antenna units (RAU) to cover the given area compared
to lower frequency microwave links for the same gain of an antenna. With increased density of RAUS,
distributed antenna systems (DAS) architecture becomes advantageous [4]. In the DAS scenario, a central base
station (CBS) has most of the functionalities, and a RAU should be simplified. We study radio over fiber (RoF)
architecture where the optical fiber provides a connection between the CBS and the RAU providing benefit of
increased bandwidth and lower loss compared to e.g. a coaxial cable [5]. In the RoF scenario, CBS performs data
modulation, RF generation, electrical-to-optical conversion, and the RAU is simplified to perform only RF
optical-to-electrical conversion, amplification, filtering and beam formation [6-8]. In this work, we consider both
standard single mode fiber (SSMF) and multimode fiber (MMF) media for data delivery between the CBS and
the RAU in order to ensure that the diverse preexisting fiber network infrastructure is optimally utilized.

Channel and source coding are essential tools to mitigate the channel impairments under constraints of the
available power budget, wireless propagation distance, allocated wireless bandwidth and complexity of the
system. In this work, we study Bose-Chaudhuri-Hocquenghem (BCH) and Reed-Solomon (RS) error correction
coding (ECC) and H.264/ Advanced Video Codec (AVC) source coding.

This paper extends the list of ECC solutions proposed for mm-wave wireless systems in [9-11] and standard
specifications [2, 12, 13]. The references [2, 9-13] report on low-density parity check (LDPC) codes, RS codes,
TURBO codes and convolutional codes (CC). The channel coding study for both omnidirectional antennas and
antennas with high directivity is presented in [9] where in both cases a line-of-sight (LOS) condition is given, in
paper [10] the study for non-line-of-sight (NLOS) mm-wave transmission is presented. Gao e. a. [10] reports on
channel coding for a model that includes phase noise and nonlinear effects

Novelty of this work is twofold. First, we assess the performance of the channel coding for the
experimentally reported mm-wave wireless transmission assisted with a fiber distribution infrastructure. Second,



we present the performance analysis for HD video compression for the W-band provided the joint source-
channel optimization framework.

This report complements our previous work on uncompressed real-time HD video transmission in W-band
[14] and compressed HD video transmission in V-band [15], now providing the estimate on the channel coding
performance.

This paper is organized as follows: the experimental setup is presented in Section 2, major parameters of
source and channel coding are reported in Section 3 together with a simple analytical method for ECC
performance assessment. Results for uncoded physical layer transmission, post-decoding BCH- and RS-
protected transmission and peak signal-to-noise ratio (PSNR) metric for 150 Mbps full bandwidth utilization
coded video are discussed in Section 4. In Section 5, we conclude the paper and suggest the future work.

2. EXPERIMENTAL SETUP DESCRIPTION

In this section, we present the experimental setup of a hybrid fiber-wireless W-band link for delivery of 150
Mb/s data signal. As depicted in Fig. 1, main building blocks of the system are a signal generation part,
combined SSMF and MMF fiber distribution, RAU, and an end-user terminal.

228km 100 m
wa A ) SSMF  MMF

WPAN End-user

ECL2 )
terminal

Fig.1 Experimental W-band RoF system with envelope detection, RAU: remote antenna unit, LD: laser diode, AWG: arbitrary
waveform generator, PC: polarization controller, MZM: Mach-Zehnder modulator, LNA: low noise amplifier, EDFA: Erbium doped fiber
amplifier, OBPF: optical band pass filter, VOA: variable optical attenuator, BPF: band pass filter, ED: envelope detector, LPF: low pass
filter, DSO: digital sampling oscilloscope, CO: central office, RAU: remote antenna unit, WPAN: wireless personal area network.

In the signal generation part, two identical 100-kHz linewidth external cavity lasers (ECL) were used for
generating two lightwaves in a 1550 nm wavelength region with a frequency offset of 84 GHz with optical
power of each lightwave equal to 15 dBm. Baseband data were imposed onto one of the optical carriers by using
an optical Mach-Zehnder modulator (MZM) biased at its quadrature point and driven by an arbitrary waveform
generator (AWG). Subsequently, an Erbium doped fiber amplifier (EDFA) was employed followed by an optical
bandpass filter (OBPF) used to mitigate out of band amplified spontaneous emission (ASE) noise from EDFA.
A 3 dB coupler was used to combine the two lightwaves before the single fiber transmission.

The fiber link was composed of a 22.8 km span of SSMF and a 100 m span of MMF. Following fiber
transmission, a variable optical attenuator was employed to control the optical power entering the 75 GHz
bandwidth photodiode (PD) in order to evaluate the BER performance of the system.

At the RAU, upconversion to 84 GHz RF took place through photomixing of the two lightwaves in the
photodiode. Subsequently, a 25 dB gain W-band amplifier was used before feeding the 84 GHz RF signal to an
antenna for wireless transmission.

In this work, we report the transmission performance including a 3 m W-band wireless link. The transmitting
and receiving antennas used in the experiment are commercially available 25 dBi gain horn antennas. After
receiving the signal with the antenna and following double-stage W-band amplification (40 dB gain), envelope
detection (ED) with the Schottky barrier diode was used for down-conversion of the data signal from the RF
carrier to baseband. Finally, a digital sampling oscilloscope (DSO) was employed to store the waveform
containing the transmitted data.

3. BCH, RS AND H.264/AVC CODEC SETTINGS.

In this section we discuss the choice of parameters for channel and source coding. Packetization is required
in both channel and source coding, the video packet size for video transmission was chosen to be equal to 20000
bits, and closest packet sizes capable of covering the video packet were chosen for BCH and RS coding.

BCH and RS were used to test the channel coding for the mm-wave fiber-wireless link. The BCH primitive
block length was set to 32767 bits. We employ the BCH encoder with the number of overhead bits equal to 150,
450 and 750 bits per block (0.5, 1.4 and 2.3 percents of overhead).



Analytical solution for BCH performance is governed according to Eq. (1) [16]:

n
P = 2 (i/Mx(n,k)x p'x@-p)", (@)
i=t+1
where k is the message length, n is the block length, t is the error-correction capability of the code, p is the
uncoded BER, and ppq is the post-decoding BER.

We compare the performance of BCH codes to the performance of RS codes. In order to cover the video
packet with the channel coding packet optimally, we have chosen 11-bits symbols (m=11, n=2047). By setting
the error-correction capability t=10 symbols, the code is described as RS (2047, 2027). For analytical estimation
of RS codes performance, we have applied approximation for the relation between the symbol-error rate and the
bit error rate given by Eqg. 2 and Eq. 3:

Ps =1-(1-pg)", @
P =1-(1-ps)"'", @)

where psis a symbol error rate and ps is a bit error rate.

The video encoding was performed using the Joint Model (JM) reference software implementation of the
H.264/AVC standard [17]. H.264/AVC is one of the latest and most widely used video coding standards suitable
for a wide variety of applications [18, 19].

H.264/AVC defines several mechanisms that allow error concealment at a decoder such as avoiding temporal
error propagation with Intra-only (frame-by-frame) coding, intra-frame slicing, flexible macroblock ordering
(FMO) inside of the slice, and data-partitioned slicing [18,19]. In this work, we employ an Intra coding mode
only and a frame slicing mechanism to increase the error-robustness by limiting spatio-temporal error
propagation.  Frame slicing leads to decreasing the average length of H.264/AVC network abstraction layer
units (video packets); it is reported in [18] to reduce the packet error rate (PER) and in turn improve the PSNR of
the impaired video. The encoder is further simplified by using only Universal Variable Length Coding (UVLC)
for H.264/AVC entropy coding.

Uncompressed real-time transmission of 1080p 60 frames per second 4:4:4 video signal requires a 3 Gbps
channel bitrate [20]. Without compression, it would only be possible to fit a 1080p channel in the allocated
bandwidth (81-86 GHz, 92-95 GHz) with multilevel modulation formats in either of the W-bands since the main
lobe of uncompressed 1080p video signal will occupy 6 GHz of spectrum in RF domain. However, with a
moderate compression ratio of 20, the real-time full-bandwidth of the signal can be reduced to 150 Mbps and
thus multichannel transmission can be enabled. Uncompressed 1080p HD test video sequences were used for
video coding. The sequences were originally shot in 4:2:0 YUV 1080p format. We upsampled them to 4:4:4
YUV format to model the highest quality and most bitrate demanding case.

We use PSNR as an objective quality metric for video, which is defined in Eq. 4 and Eq. 5:

N
MSE=iZ(xi -y @
N =
L2
= J— 5
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where MSE stands for a mean squared error, N is the number of pixels in the image, and x; and y; are the i-th
pixels in the original and the distorted signals, respectively. L is the dynamic range of pixel values. For an 8
bits/color signal, L is equal to 255. PSNR is evaluated for the luminance (Y) component of the compressed video
signal.

4. EXPERIMENTAL AND ANALYTICAL RESULTS AND DISCUSSION

In this section, we analyze the performance of the transmission system in terms of BER with and without
BCH and RS coding. The BER performance for combined SSMF and MMF fiber transmission and 3 meters of
wireless propagation as a function of the optical power impinging the PD is evaluated. Analysis of statistical
distribution of voltage samples of ‘ones’ and ‘zeros’ after the RF downconversion by means of envelope
detection is conducted.

Video degradation in commonly used H.264/AVC decoder implementations is related to the loss of packets.
The PER depends on the BER, the packet length, and distribution of the bit errors (presence/absence of bursts
due to possible multipath fading in the wireless channel or intersymbol interference due to dispersion). BER in
turn depends on the signal-to-noise ratio (SNR) of the downconverted baseband signal with relationship being
defined by the type of RF detection (coherent/incoherent) [21].



In order to examine the pattern of errors in the mm-wave channel, we have measured the histogram of
voltage samples of the received waveform. The original hypothesis for the error distribution in the recovered
baseband signal is the case of randomly distributed bit errors with absence of bursts, voltage samples of the
waveform representing transmitted ‘ones’ and ‘zeros’ are expected to be approximated by Rician and Rayleigh
probability density functions (PDF), respectively [21]. By examining the histogram of voltage samples in Fig. 2
(left), we can clearly see the absence of dispersion-related intersymbol interference which is explained by the
low bitrate of the link and the fact that RoF transmission is performed in single sideband (SSB) modulation
format which is reported to be robust against dispersion-related impairments that are otherwise common to RoF
links [22].

As it is shown in Fig. 2 (left), the standard deviation of voltage samples representing the transmitted ‘zero’ is
lower than the standard deviation of ‘ones’ which is characteristic of envelope detection. Envelope detection
only allows positive voltages at its output, however the waveform at ‘zero’ is stretching into the region of
negative voltages due to the remaining mm-wave RF carrier.
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Figure 2. Histogram of the baseband signal after envelope detection (left), BER as a function of the threshold voltage level (right).

In Fig. 2 (right), we depict the search for the optimal threshold over the voltage values of the received
waveform. For the detected baseband signal depicted in Fig. 2 (left), the mean value of ‘ones’ is equal to 14.1
mV and the optimal BER value is achieved in the region between 5 and 6 mV according to Fig. 2 (right). This
result deviates from the commonly used threshold location at a half of the mean voltage of ‘ones’ for envelope
detection [23]. Use of the ED receivers for on-off keying heterodyne systems has been thoroughly analyzed in
[24], where the phase noise influence due to laser linewidth was reported. Similarly to [24], we also report that
the use of photonic heterodyne systems for the RF generation leads to reducing the optimal threshold value. We
show in Fig. 3 that distribution of ‘ones’ can be well matched by a Rician PDF. However, distribution of zeros
cannot be equally well matched by a Rayleigh PDF. We suggest that the explanation for this is that there are still
residuals of the RF signal present in the electrical waveform after downconversion stretching it into negative
voltage polarity which cannot be modeled by Rayleigh distribution.
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Figure 3. Distribution of ‘ones’ matched by a Rician probability distribution.

As it can be seen in Fig. 4, analytical solution based on Eq. 1 approximates well the results achieved by
BCH coding applied to channel error traces. Since the amount of bits stored with the DSO was ~2*107, we can



only measure post-decoding BCH BER of up to 10°-10 with the necessary precision. Figure 6 shows the
comparison between BCH and RS codes for error correction capability of 10 symbols.
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The acceptable PER and BER for video transmission are usually defined through objective and subjective
video quality estimation. For selected RS and BCH codes (Figs. 5 and 6), the BER of the system improves
rapidly so most of the uncoded BER values that we present are converted to error-free performance where
undistorted quality is guaranteed. As a rough estimate, we plot the probability of 2 percent video packet loss
where the packet loss artifacts can still be compensated by H.264 decoder error concealment tools.
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In Fig. 6, we also plot the results for BCH and RS sustaining 10 symbols error correction capability including
shortened BCH codes. These results show that shortened BCH codes in the setting used for this paper can bring
performance almost identical to that of RS codes at a slightly lower redundancy rate. However, we note that
discussion on applicability of a particular code is also constrained by the difficulty of hardware implementation
which is our planned future work.

The targeted compressed video bitrate yields a required compression ratio of 20, which is considered as a
computationally simple task for H.264/AVC. We test the simplified setting described in Section 3 for coding test
video sequences including static video and videos with complex motion. PSNR of compressed 1080p 60 frames
per second 4:4:4 video clips is presented in the Table 1 for video packet size equal to approximately 20000 bits
and varying test video sequences. Encoding is performed in a very close range of QPs.

Table 1. PSNR of 60 fps 1080p 4:4:4 video compressed to <150 Mbps bitrate.

Test sequence title PSNR, ~20000 bits packet | Bitrate, kbit/s QP
length

Blue sky 42.02 146002.00 25

Sunflower 43.94 127020.34 24

Riverbed 40.19 148171.46 25

Pedestrian area 42.23 93070.27 24

From Table 1, we conclude that, given generous bandwidth provided by hybrid fiber-wireless links, there is
no significant difference in terms of PSNR between encoded videos with varying content, however the bitrate
shows relatively large variations for a very narrow range of QPs. Compression by about a factor of 20 leaves a
large margin to preserve high video quality enabling low-complexity coding solutions.

As the video packets containing slices are large (20000 bits), dropping the video frame when the slice is lost
might be an efficient solution to avoid the visible video quality degradation. In our case, no more than 10 slices
per frame are generated for video sequences under study, thus the loss of the slice will result in visible
deterioration of video quality if the slice is located e. g. in the middle of the frame, and therefore frame dropping
might reduce the perceived video quality distortion causing only moderate reduction in the frame rate if 1-2
percents of packet loss are not exceeded. However, depending on the video content and position of the slice in
the frame, the lost slice might be approximated by neighboring slices.

Finally, we note that in traditional hybrid wired-wireless systems, transcoding is usually employed, but for
the mm-wave fiber-wireless transmission it might be avoided in the absence of significant difference between
capacity of wireless and wireline channel.

5. CONCLUSIONS

In this work, we have shown that, in combination with the source coding use, the fiber-wireless link budget
can be aided through implementation of the channel coding. The experimental results for BCH-protected
transmission match the results of the analytical calculation. We report on noise statistics of the envelope
detection of mm-wave RF generated through photomixing of two unlocked lasers. We have shown that due to
residuals of RF carrier passed by the ED, ‘zero’ level cannot be approximated by Rayleigh PDF and, secondly,
optimum threshold level is decreased compared to generally used value. Finally, we analyze light compression
techniques for 1080p HD video transmission. The experimental results presented and analysis enable multiple
channel HD video transmission in W-band through support of source and channel coding. Future work is related
to studying the statistics of envelope detection of RF produced by homodyne technique. Furthermore, it is
desirable that the packet size is reduced, and therefore error concealment using neighboring slices might be
employed efficiently.
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Abstract — We propose an approach for dynamic channel
allocation and multicast data delivery inside the 60 GHz
unlicensed band. Channels, conveying 1.25 Gbps signals, can be
allocated on demand by tuning the frequency sweep of an
external cavity laser (ECL) either in the optical remote node
(RN) or in the central office (CO). At the RN, we perform the
replication of the original channel suitable for closely spaced
multicast applications such as high definition (HD) video delivery
where RN serves as a photonic radio frequency (RF) generator
for both channel allocation and multicast. Experimental
demonstration is presented with bit error rate (BER)
perfor mance below 10°° for original and replicated channels after
transmission through 22.8 km of standard single mode fiber
(SSMF).

Index Terms — microwave photonics, Radio-over-Fiber
(RoF), hybrid fiber wirelesstransmission, wireless distribution.

I. INTRODUCTION

Radio-over-Fiber (RoF) networks are a promising
communication paradigm for delivering broadband services to
mobile users in the 60 GHz unlicensed wireless band; optical
fiber systems can effectively provide the transport
infrastructure to generate and distribute broadband wireless
signals while also supporting baseband broadband systems.
Several RoF systems providing wireless gigabit connectivity
have been demonstrated for 60 GHz radio frequency (RF)
delivery achieving 40 Gbps bitrate [1] and wireless
transmission in the order of 80 m in line-of-sight outdoors [2].
However, these demonstrations focus on static scenarios,
omitting roaming and mobility factors. It is recognized that
hand-off mechanisms [3] and network architectures [4] for
high mobility users are required features of the future 60 GHz
networks. So far, at the physical layer, demonstrations of
dynamic bandwidth allocation of 60 GHz have been proposed,
relying on optical switches[5]-[7].

In this paper, we present a tunable photonic radio frequency
(RF) generator for dynamic allocation of 1.25 Gbps channels
inside of the 60 GHz unlicensed band (57-66 GHz in Europe,
57-64 GHz in USA) [8]. Architecture and network scenarios
are presented, and then an experimental validation is
conducted. The novelty of this paper lies in the dynamicity of
the system since allocation of the channels to the end-user can
be done without impacting overall setup. Bit error rate (BER)
measurements confirm that channel allocation can be done
without introducing impairments to transmitted data as well.
This enables a new degree of freedom in network design, and
mobility features can be considered and addressed within the
physical layer.

1. ARCHITECTURE AND NETWORK SCENARIO

In a RoF system, a central office (CO) contains the elements
in charge of photonically generating the 60GHz signals. Then,
the signals are transported over fiber to the remote node (RN),
which distributes them to the different access points (AP).
Allocation of channels can hence be done both at the CO or
the RN.

In our concept, we first use modulation of the lightwave
with RF signal at the CO to produce the original signal for the
AP, which then can be replicated and tuned by means of
remote heterodyning with a tunable laser at the RN. Fig. 1
shows the architecture of our concept, and depicts some of the
network scenarios that it can serve. Our proposed system can
be installed in the scenario where both wireless services and
fiber-to-the-home (FTTH) connectivity are provided.

Figure 1. Network scenario for 60 GHz RoF system providing the RF
tunability. CO: centra office, FTTH: fiber-to-the-home, RN: remote
node, AP: access point.

Tunable photonic RF generation and multicast of wireless
channels is interesting for several applications in the access
segment. For instance, high definition (HD) real time video
distribution, which is a main driver for internet connectivity,
can be efficiently delivered to several end-users. Furthermore,
in wireless networks, one node may need to dynamically
assign channels in order to enable multipoint-to-multipoint
communication [9]. Proposed tenability complements the
regular wireless dynamic channel allocation protocols, which
are usually implemented at the control plane of the network.
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In general, tunability of the RF frequency is important in order
to utilize the bandwidth efficiently in dense wireless
deployment scenarios, where the channels have to be allocated
to unused wireless spectrum slots.

I11. EXPERIMENTAL SETUP

The experimental setup employed to demonstrate our concept
is depicted in Fig. 2. The main building blocks are the
photonic RF transmitter, located at the CO, the tunable
photonic RF generator located at the RN and the AP. At the
CO, we employed a tunable external cavity laser (ECL;) to
produce a 15.5 dBm optical power lightwave with a less than
100 kHz linewidth. The polarization state of the lightwave was
adjusted with a polarization controller (PC). In order to
perform the modulation in a photonic RF transmitter block, we
employed two cascaded Mach-Zehnder modulators (MZM).
MZM; has ~10-GHz of -3 dB bandwidth and MZM, is a high
performance modulator with ~25 GHz of -3dB bandwidth.
MZM; was biased at a quadrature point of its transfer function
for modulation of the baseband data; we use the driving
amplifier to increase the peak-to-peak voltage to drive the
MZM; efficiently. Meanwhile MZM, was biased at the
minimum point and modulated with ~30 GHz RF sinusoidal
signal of +18 dBm power. In this way, we suppress the carrier
and can double the RF frequency of modulation which in turn
helps us to ease the reguirements for high frequency RF
components. Furthermore, the doubling technique produces
the sidebands that are correlated and thus, following O/E
conversion, RF signa with high quality phase noise
performance can be obtained. The data employed was a 2*-1
long pseudorandom bit sequence (PRBS). The signa was
subsequently sent through 22.8 km of standard single mode
fiber (SSMF).

After optical fiber transmission, the signa was first
amplified with an Erbium doped fiber amplifier (EDFA) up to
+8 dBm at the RN. The signal was then combined with the
local lightwave source, produced by a tunable ECL2. The
combined mix was then passed through a variable optical
attenuator (VOA) to control the optical power incident on the
photodiode (PD). Because of the limitations in the electrical
devices employed during the experiments, we explored

channel alocation for two cases only: 1) the original signal
sent from the CO is allocated to the AP, 2) a replica of the
original signal produced at the RN is allocated to the AP.
Figure 3 shows the optical spectra of the two cases.
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Figure 3. Optical spectra of the generated signals. Two cases were
assessed, namely alocation of the original signal from the CO in the
passband (top) and allocation of a replica produced at the RN in the
passhband (bottom). USB: upper sideband, LSB: lower sideband.

To convert the RF-modulated lightwave into electrical
domain, we employed a high performance P-1-N photodiode
with ~75 GHz of -3 dB bandwidth. A high frequency
bandpass filter (58.1-61.9 GHz) was then used to filter out the
signal of interest, which was subsequently amplified with a
double-stage 40 dB gain low noise amplifier (LNA). Then we
passed the signal through a 20dB coupler, which served for
monitoring purposes. The signal was then fed to a zero-biased
Schottky diode performing a function of an envelope detector
(ED) for downconversion from RF into baseband. The signal
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is then amplified and passed on to the bit error rate tester
(BERT).

1V. RESULTS AND DISCUSSION

The two channel allocation scenario described in the previous
sections was assessed in terms of BER performance. We also
present electrical spectrato reflect on the alocation of origina
and replicated channel throughout the BER measurements.
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Figure 4. Electrical spectra of the signals: (top) when signal from the
CO is alocated for transmission, (bottom) when RN-produced
replicais alocated for transmission.

Figure 4 shows the electrical spectra of the multicast
signals, both for the allocation of the origina signal from the
CO and the allocation of the replicafrom the RN.
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Figure 5. BER as afunction of measured optical power.

In Fig. 5, we present the measured BER curves for the two
cases. The measurements indicate BER operation below 10°
level for boththe original and thereplicated channel,
including B2B and after optical fiber transmission. The power
penalty for generating a replica of the original signa is less
than 1dB; transmission over 22.8km induces approximately
1dB of power penalty in both cases. Penalty between B2B and

22.8 km SSMF is dightly larger for the original signal since
we employ double-sideband modulation for origina channel
sent from the CO; at the same time, replicated signa is
produced through heterodyning of the data-bearing lightwave
with a continuous lightwave using the single sideband
modulation format.

V. CONCLUSION

In this paper, we proposed an approach to photonically
alocate and multicast 1.25 Gbps channels in the 60GHz
unlicensed band. Through an experimental demonstration, we
show generation and transmission through 22.8 km of SMF,
and optical-to-electrical conversion of closely spaced
1.25Gbps allocated channels yielding BER performance
below 10° level. Future work includes assessing the laser
linewidth requirements when using advanced modulation
formats to convey the data, and comparative study for
alternative RF-downconversion methods such as synchronous
detection.
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