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Abstract: This paper describes a wide range of saliadio-over-fibre (RoF) system issues. Impulse rgt#)
and multi-band (MB) ultra-wideband (UWB) signal tilsution, over both single-mode fibre (SMF) and
multimode fibre (MMF) implementations are considkr€arrier frequencies ranging from 3.1-10.6 GHzta
60 GHz are featured, and the use of microring laseismitters is discussed. A cost-performance eoatjye
analysis of competing distributed antenna syste®aSDtopologies is presented, and a theoretical Ggmtr to
understanding the factors underlying radio-over-MMderformance for within-building applications is
discussed. Finally, techniques to minimise therimglacts on performance are described and noveggner
efficient schemes introduced. Overall, this papewjoles a snap-shot of research being undertaké&tubgpean

institutes involved in the Building the future Qgati Network in Europe (BONE) project.



1. Introduction

Research into next-generation access (NGA) netweckinology is being driven by Nielsen’s Law with
internet-access bandwidths doubling approximatelrye 21 months [1]. End-user access bandwidthsdcoul
reach 1 Gb/s by 2015, and 10 Gb/s by 2020. Emertliegnes in next-generation access (NGA) research
include: convergence technologies, green telecans, soft photonics, whilst seamless wireline-wssle
convergence is addressed by radio-over-fibre (Reéhnologies. Photonics will transport gigabit dataoss
the access network, but the final link to the esdry(measured in distances of metres, rather thas) lcould
well be wireless, with portable/mobile devices cenging with photonics. RoF technologies can addtess
predicted multi-Gb/s data wave, whilst conformirmgyreduced carbon footprints (i.e. green telecor8s)t
photonics is also an increasingly important aspeétlecoms, describing the use of ever more paweigital
signal processing (DSP) electronics, particularithin receiver equipment, to achieve higher perfanoe (e.g.
high data rates) via the use of intelligent andptida systems. NGA networks will provide a commesaurce,
with passive optical networks (PONs) supplying baiddh to buildings, and offering optical backhawalr f
remote antenna units (RAUS) located at base sta(iB8s). Seamless use of portable devices, indootdpors
and on the move (in transport) will be possiblethwietworks dynamically managing the performancéhef
mobile devices.

The paper is arranged as follows: Section 2 dissutise development of lower carrier frequency (8.10.6
GHz) RoF technologies using standard single mdae f{SMF) to distribute ultra wideband (UWB) signal
Section 3 presents results on more advanced RbRdkgies, including the use of higher carrier frencies
(60 GHz) to distribute impulse radio (IR) UWB sidgiaand the use of microring laser transmittersergn
efficiency gains for RoF systems via software-daedimntennas (cloning and holographic technologiesylso
discussed. Section 4 presents radio-over-multinfiile (ROMMF) theory for within-building applicatis, a
cost-performance comparative analysis of diffedistributed antenna systems (DAS'’s), and the 8istion of

IR and multi-band (MB) UWB over ROMMF systems. 3$@ct5 considers RoF impairment mitigation, and

conclusions are given in section 6.

2.3.1-10.6 GHz RoF technologies
UWB is a radio technology for replacing cables witpicocells, with high definition (HD) video andidio [2]
a typical candidate application. UWB radio offetsw self-interference, low interception probabilignd

tolerance to multi-path fading, and comes in twoirmianplementations: multi-band orthogonal frequency



division multiplexing (MB-OFDM) and impulse radioR). The ECMA standard [3] uses MB-OFDM in 528
MHz individual sub-bands, whilst the IR implemeidatemploys short pulses to fill a desired bandkidiiB-
OFDM generally shows superior performance to thapRroach in terms of multi-path fading and intetbyl
interference (ISI) tolerance. Currently, UWB udes 8.1 to 10.6 GHz band [3-5]; with bandwidth sfigaintly

wider than 50 MHz as in ETSI regulations [6].

2.1 RoF distribution of UWB signals in standard sigle-mode fibre

UWB ROoF distribution over SMF has been proposef7]rfor RoF high-definition audio-video distributioin
optical access networks, e.g. in fibre-to-the-hdfETH) networks. Here, the performance of both MBEIM
and IR UWB implementations bearing 1.25 Gb/s idyemaal and experimentally compared. In Fig. 1, tMgBJ
signal is transmitted along different SMF linkshgang from 25 to 60 km, with -2 dBm average optipaiver
after modulation and before transmission at poR)t The UWB signal modulates a 20 GHz bandwidth
guadrature-biased Mach-Zehnder electro-optical faddu (MZ-EOM) and is transmitted as shown. Inline
amplification (where necessary) is realized usirg3alB gain, 4 dB noise figure erbium-doped fibnepéfier
(EDFA). The receiver also includes a 4.5 dB noigerg, 19 dBm saturation power EDFA to evaluatelihle
budget. After fibre transmission, the signals gpéically bandpass filtered (0.8 nm @ -0.5 dB barntiia) and
detected by a PIN photodiode (0.65 A/W, 50 GHz kadth). Performance is evaluated with the received

optical power ranging from 0 to 10 dBm at the plii@de at point (3).

The OFDM-UWB transmitter consists of three OFDM mhels with 128 QPSK-modulated carriers, with an
aggregated 1.25 Gb/s bit-rate. As shown, an arpitnaveform generator (AWG6030) with 1.25 Gsamgles/
produces three OFDM channels with the middle segnused for performance study. The OFDM-UWB
spectrum is shown in Fig. 1(a), with 3.51 GHz @0 dB bandwidth. In the IR-UWB transmitter a 10 GHz
Gaussian pulse ¢J,n=2.8 ps) train is generated by a 1.25 GHz modedddiser gated by a MZ-EOM with
1.25 Gb/s PRBS data. After detection and shapimydnopulses with ,,=283 ps, the signal is up-converted
to f.0=6.6 GHz for fibre transmission. As shown in Fi¢h)l the IR-UWB signal had 3.2 GHz bandwidth at -10
dBm, following the FCC spectral mask [4]. Subsedyerthe detected signal was converted to baselaad
sampled by an HP83486A module (20 GHz bandwidimnthe OFDM-UWB case, the channel under study is

equalized from pilot information, demodulated, dhd error vector magnitude (EVM) measured. Theehior

ratio (BER) is calculated aBER=erfc(v2/EVM) for a QPSK OFDM signal [8]. In the IR-UWB caselset



monopulses are demodulated, low-pass filtered lam@tfactor measured. Assuming Gaussian nois@Efeis
given byBERzerfc(Q/\/?). The measurements have been done in back-to-IB##)( 25 km SMF without
inline amplification, and 50 and 60 km SMF with iivd amplification configurations. Fig. 2 shows the
performance of OFDM-UWB and IR-UWB in terms of BEdR different received powers, measured at poiht (4
in Fig. 1. The experimental results demonstrateféiasibility of distributing 1.25 Gb/s UWB signalahilst
achieving BER<18 operation at 50 km with both IR-UWB and OFDM-UWBglementations. Fig. 2 shows
that the IR-UWB technique exhibits performance ddgtion in comparison with OFDM-UWB. In additiot, i
can be observed that OFDM-UWB degrades quickly fifire length, due to the carrier suppression ¢ffél

whilst the OSNR degradation is due to chromatipelision [10].

3. Next-generation RoF techniques

3.1 60 GHz impulse-radio UWB technologies

The 6 GHz UWB unlicensed low band is not availakteldwide due to coexistence concerns [11]. Out#ige
United States, available bandwidth is 1.5 GHz whinoly supports hundreds of Mbit/s data-rates. Hargethe
60 GHz band offers much greater opportunities.

Fig. 3 shows photonic generation of 57 GHz IR-UWBnwocycles at 1.244 Gb/s with transmission over 100
of SMF [12]. The approach uses optical UWB sigrfaésjuency up-conversion in the MZ-EOM nonlinear
regime. Baseband monocycles are generated as B&-$equence OOK modulated (1011100110100100) data
at 1.244 Gb/s. The generation is based on data lataziu of Gaussian optical pulses and further mgualec
shaping employing a differential photoreceiver dethy. Optical pulses from an actively mode-lockesr are
modulated with the data in a MZ-EOM and time-stnett in 10 km SMF to adjust the pulse width as negii
whilst a commercial photoreceiver (Teleoptix, DUBIPDTLIA Rx) and suitable delay are employed to sha
an appropriate UWB monocycle spectral envelopehbitihg a 3.8 GHz bandwidth, maximising 1.244 Gb/s
spectral efficiency. These baseband monocycleswrsequently converted into the optical domairexigrnal

modulation of a MZ-EOM. Fig. 4(a) shows the optinanocycles at point (1) in Fig. 3.

The optical amplifier sets the 60 GHz band UWB algat point (2) in Fig. 3 to -41.3 dBm/MHz. A low-
frequency 14.25 GHz local oscillator (LO) multiglidoy 2 is applied to the MZ-EOM employed for up-

conversion, resulting in UWB monocycles at 57 Glteraphotodetection. Fig. 4(b) shows the RF spactad



the UWB signal in the 60 GHz band to be radiatepoatt (2). Finally, the 57 GHz generated UWB moyaes
are demodulated directly (again, with no air traission) employing conventional electrical homodyne
detection to verify their appropriate operatiorg.H(c) shows the eye diagram of the demodulatedooycles
at point (3). Good quality (Q-factor about 7) ihewed with no performance degradation after 108f i 8MF

transmission.

3.2 Microring lasers for RoF Applications

Integrated, low-cost, tunable optical transmittars likely to be an important component of NGA nmtis
based on heterogeneous (i.e. hybrid optical/wisgle=xhnologies. We have evaluated semiconductoronig
lasers as a novel optical component for low-castegrated, direct modulated transmitters in curremd
emerging RoF systems. Assessment employs a dynaoliimode laser model [13]. Microring lasers have
previously been used in conventional optical neksof13]-[16], where InGaAsP/InP prototypes [17]
demonstrated direct modulation ability of 7 Gh/sbiack-to-back transmission [16]. 10 Gb/s operatias
recently been predicted when combined with 10 kmFSkansmission, where the internal feedback whech i
provided from the bus waveguide reflectivity [13jomotes transient chirp suppression and enablesi-mul
wavelength (i.e. WDM) operation.

In the following numerical evaluations, UWB sign&lsve been produced utilizing MB-OFDM in the 3.16L0
GHz range. The impact of the transmitter’s nonliitgand intensity noise is rendered in constedlatiliagrams
and EVM calculations, respectively. Tunable WDM @gi®n has also been investigated and observeddhro
phase-shifted feedback from the bus waveguide.v&qgthase sections (Fig. 5) can be integrated heobus
waveguide for phase tuning without altering thedfemck strength [18]. Calculations show that phétegadions

of Ap=m/2, Ap=0 and A¢=2r/3 shift the laser's peak wavelength between adjaceodes:1;=1550nm,
A,=1552.2nm and;=1554.4nm, respectively. The numerical results @tedia minimum EVM performance of
the order of 5% for all MB-OFDM bands when the miadion ratio, defined as the ratio of the peak OFDM
modulation current to the laser’'s bias current.,(ire = l,odly), iS appropriately optimised. Fig. 6(a) shows
EVM calculations as a function of the modulatiotiaan,, for the MB-OFDM sub-bands 1, 7 and 13 operating
at),=1552.2 nm. For relatively low modulation ratio®(j m < 0.15) it can be seen that the EVM increases due
to the increased effect of the laser’s intensitis@oFor somewhat greater modulation ratios (i,e> ®.30) the
EVM increases due to the greater affect of therlas®nlinearity - a behaviour that becomes moterige as

the frequency bands approach the laser’s resorfaegeency. Fig. 6(b) also depicts EVM calculatiass a



function of the modulation ratio nfor the MB-OFDM sub-band 13 at different waveldrgth;=1550nm,
A=1552.2nm, and;=1554.4nm. It can be seen that tunable operatiesgmts no significant penalty on the

respective EVM performances.

3.3 Software-defined RoF systems for improved eneygefficiency operation

Operating RoF systems in the lower GHz regions (ieto 3.5 GHz) frequently requires energy-inédiit
multi-level coding formats in order to conserve thaidth. In contrast, band-spreading using OFDM.(&ndhe
scalable version of 802.16) can be energy-efficivitilst use of the 60 GHz frequency region cartuiea
power-efficient BPSK modulation. At 60 GHz, thedrspace path loss (FSPL) formula, equation (1)gatis

against long spans at mm-wave frequencies:
PathlosgdB] = 20log, o( f[MHZ]) +20log; ,(d[kn]) + 3244 1)

However, if a mesh-distribution topology (usingrélfed hubs) with <km bound dimension is chosemymat
the difficulties of 60 GHz wireless are reducedmaspheric oxygen contributes a loss of about 16aB/k
whereas the heaviest rain fall (e.g. 200mm/hr) riloutes an attenuation of about 30dB/km. Choosidg@m
distance reduces these penalties to modest ldgalsng 108 dB FSPL. For 20 dB signal-to-noiseard8NR)
and 1 GHz bandwidth, the minimum received power2@® K; 1dB noise figure) required is -63 dBm.
Assuming 0 dBm transmitter power, this leaves 45 tdial antenna gain requirement or 22.5 dB each.
Additional link gain can be won by the use of ami@rarrays (i.e. cloned transmitters and receivert)
additional advantages due to the holographic realneyl of such a system. Software control of the edion
antennas also minimises power dissipation [19].ufgg 7(a)-(d) show a basic subset of the multiple-
input/multiple-output (MIMO) configuration. The tmamitter and receiver elements are cloned as mjuiot
being switched on if the link budget is adequat®. lespectivéNxN transmitter and receiver arrays, the cloning
advantage\ is given by:

A[dB] =80log;o(N) @
Initial proof-of-principle results for 2x2 transri@t and receiver arrays have shown an overall 22edprocity
advantage as compared to the 24 dB theoreticafigard from equation (2), fdd=2. Equation (2) also shows
that for anN=3 system, with 0 dBm transmitter output, standaatth antennas (9 dBi gain) at the transmitter
and receiver, and 4.6 dB atmospheric penaltiea fb80 m link, would allow 6.6 dB margin on the wased

20dB SNR. Even 1 km spans are possible using ldméng advantage, e.g. with=10 we achieve a 3 dB



margin (all other parameters the same). Finall$g0aGHz, the free-space wavelength is 5 mm, soaH#ix10

array will be approximately just 50 mm square.

4. RoF using multi-mode fibre (MMF)

RoF in combination with multimode fibres (RoMMF)rcée deployed within homes and office buildings for
baseband digital data transmission supporting 312 @ireless signals. The large core diameter of MidFes
(typically 50 um or 62.5 um) offers easier inst@da in within-building environments compared to ENRO].
Several studies have reported on UWB transmissownirf-building applications, including wall [21] dn
multipath effects [22]. We note that MMF is alsadely used in within-building fibre installationsrfbaseband

data transmission systems at far more than 10Gbit/s

4.1 Applications for within-building systems

MMF has attracted much attention for high speedtaligata rates such as those required by GbE cgijans
[23] or those combining the broadband capabilitghwiVDM transmission [24]. Bandwidth improvement
techniques include microwave signals transmittegr &MF links [25,26], mode group diversity multigiag
[27], subcarrier multiplexing (SCM) [28] and wavetgh division multiplexing (WDM). In order to maxige
performance in MMF, accurate models to describe digmal propagation through multimode fibres are
required. For the analysis of signal propagatiomugh MMF fibres, a closed-form analytic expressien
presented in [29]. This expression can be defirsetha relation between the power of the signaltenhiby the
optical source, which is modulated in frequency] dre power of the signal received at the optiedédtor and

can be written as:

B

1f gz : ) ) " |
H(Q)=v1+ a’ @2[ g ] @0{@ + arctang }z Qmw + GVV ma—mvz (o2 3)
v=1

wheref,? is the second derivative of the propagation cangtahich is assumed to be equal for all the modes
guided in the fibre)g. is the source RMS coherence time (directly relatetthe source linewidtkVin Hz),v is

the mode groupg, andr, are the modal attenuation and the group delaycagsoto a mode group,
respectively, andC,, and G,, are coefficients which are related to the lighteation and mode coupling
correlation in the multimode fibre, respectivelyguation (3) as reported in [29] can be consideredha
product of three terms. From the left to the righg first term is a low-pass frequency responsielwtiepends

on the first order chromatic dispersion paramgtérand the parameter. The second term is related to the



carrier suppression effect due to the phase dffseteen the upper and lower modulation sidebanidsll¥;

the third term represents a microwave photonicstrarsal filtering effect, in which each sample esponds to

a different mode group carried by the fibre. This last term indicatest ttige periodic frequency response of

transversal filters could permit broadband RF tmaiesions far from baseband, with broadband RoF
transmission in the microwave and millimetre waegions in short (2-5 km) and middle (10 km) reach

distances possible.

Fig.8(a) shows the theoretical simulation of a MMk frequency response for different lengths3050m,L=
6100m and.=9150m), when the GRIN exponent of the fibrex#® for two situations: considering or not the
effects of mode coupling (MC) and differential maatéenuation (DMA) [29]. It can be seen that higheder
resonances far from baseband are slightly displaved the frequency spectrum, with changes in atgon
when MC and DMA are considered or not.

An important aspect not previously considered aigihlighted by our model, is the great dependencthef
broadband RoF transmission in the microwave antinmgitre wave regions far from baseband on the GRIN
profile fibre tolerances. Instead of simulating @%d graded index exponent deviation as in [29], weeh
simulated 1% GRIN exponent deviations. Fig. 8t &ig. 8(c) show the frequency response of the Miklie

for L=2 km andL=3 km, respectively, depending on the GRIN exponentof the fibre. Significant
displacements of the higher order resonances beefréquency spectrum can be achieved with regarttss
parameter. For example, from Fig. 8(b), an incredseé=a+0.02 produces a change of the first order resaanc
up to 2.8 GHz. Both figures show that higher ondesonances far from baseband change the -3dB baiftdwi

according to the. parameter.

4.2 Applications for in-building distributed antenna systems (DAS) systems

In-building coax or fibre-fed distributed antenngstems (DAS) can be used to create hybrid fixeaess
networks with a large number of small picocellseTse of optical fibres [30] and even MMF can bedfieial

for serving multiple signals of different standamishin the system [20,31,32]. DAS systems alsovalDSP
functionalities to be shifted from the base statiorthe central station (CS), to enable the ussimple base
stations containing only optoelectronic devices, iategrated antenna, and, if desired, analogueakign
amplification and filtering. With the CS acting asnultiple service and network management systameuied

to the access network via FTTH for NGA servicesMRUF-DAS technology offers the physical infrastruetu



to create a fusion and convergence of nearly akleés communications within office and home buoigi. A
cost and performance analysis for commercially lalgd8 components comparing different fibre and ¢alax
radio equipment is listed in Table 1. Four DAS astructures (coax, SMF, MMF, and POF) are compua#td
respect to installation effort, CAPEX, system dyi@mmnge (SDR) and attenuation. ROMMF transmissiay
have cost and performance advantages over cogarticular for transmission lengths of more tha®rD
whilst even POF-based solutions can be sufficienshort RoF transmission links (< 50 m). Due te #bility
to transmit different wireless standards transphresver MMF up to (carrier) frequencies of 10GHze
conclude that such systems can particularly addhes®llowing applications:

* Access (GSM900/1800, UMTS/LTE, WiMAX)

« LAN (WLAN, DPRS)

* PAN (Bluetooth).

e Sensor, Telemetry, etc. (ZigBee, RFID, DVB-H/T)

Recently, the use of a passive, low-power and lost-coptoelectronic WDM transceiver, respectively,
containing a modulator (modulation wavelength 790mmasi-transparent at 850nm) that has been super-
integrated with a PD (850nm) for single-fiber fdlliplex bidirectional ROMMF transmission at the B been
demonstrated as shown in Fig. 9(a). This deviceisur knowledge, the first full-duplex verticaligtegrated
MMF transceiver capable of FDD transmission fogfrencies beyond 5 GHz. Fig. 9(b) shows a blockrdiag
of the RoF base station containing the passivedational full-duplex reflective electro-optic tisaeiver as a
key OE/EO -element for low-power consumption (0¥for modulator and PD) base stations in DAS ayste
The transceiver at the BS is connected via one M¥POF. A radio-frequency (RF) circuit containirliefs
builds the connection to the wireless link usin@ tantennas, whilst the BS is fully frequency dieisiduplex
(FDD), with full-duplex transmission using two darr frequencies simultaneously, making it compaeatifadr
novel applications, e.g. LTE. EVM measurements halkewn that multiple-standard transmission (GSM,
DPRS, UMTS, WLAN 802.11b) can be achieved usingrttoelulator for uplink transmission with multimode

glass (more than 200 m) and perfluorinated PORT{0espectively [34].

The use of this novel transceiver in RoF DAS systaran reduce the complexity of RoF systems. Active
components (e.g. lasers, VCSELSs) need only belledtaside the CS, whilst only one fibre need bstalled

for each BS, which additionally reduces complexityl cost of the system. Due to the capability afigparent



transmission of multi-standard wireless signale, gloposed transmission system offers convergeagabdity

between fixed-optical and future wireless commuticasystems.

4.3 RoMMF distribution of UWB signals

The transmission of both MB-OFDM and IR UWB implaerteions providing similar spectral efficiency
(around 0.38 bit/s/Hz) is also possible via RoOMMIF ihdoor applications [35]. Here we consider a Mih

50 um core and 300 m length. This distance is exringe of indoor applications as it covers mosthef
connections in office networks. Fig. 10 shows te¢up implemented to evaluate the performance ef th
RoMMF distribution of OFDM and IR UWB. The UWB sighat point (1) in Fig. 10 is externally modulated
with a CW optical carrier at 1555.75 nm by a MZ-EQMn=1.46 \,c). In this setup a variable optical
attenuator is employed before the MZ-EOM to adjbstpower launched into the fibre by adjusting pever

at point (2) in Fig. 10 (henceforth referred to R®) emulating the central office. The modulatedchalgs
transmitted over MMF and the optical power injectatb the fibre at point P3 is adjusted with a s&to
attenuator in order to analyze the link budgeteAfibre transmission, the signal is photo-deteetéd a 7 GHz
PIN PD with an integrated transimpedance amplifi¢A). At this point, the PSD of the photo-detectgnal

is adjusted with an electrical amplifier (26 dB mand 5 dB noise figure) followed by a variablectieal
attenuator to accomplish at point (4) the UWB smdchask defined in current regulation with a maxmPSD

of -41.3 dBm/MHz [3-5]. Finally, the signals arendedulated and their performance evaluated. The OFDM
UWB signal comprises 3 channels of 528 MHz eachibg®00 Mb/s with QPSK modulation, generated with
Wisair DV9110 standard transmitters [3]. Each UwWa&nsmitter is located at frequency band #1, #2 #td
respectively from UWB band group #1, performing @+mopping time frequency code (TFC5, TFC6 and
TFC7). This provides an aggregated bit-rate of @®¥s and 0.378 bit/s/Hz spectral efficiency (10 dB
frequency range of 3.168 - 4.752 GHz). The maximBBD of the generated OFDM-UWB signal is -
42 dBm/MHz. The spectrum of the OFDM-UWB generaséghal is shown in Fig. 11(a), which has been
measured at P1 in Fig. 10 by a digital samplindyaea (DSA) (Agilent 80000B).

The IR-UWB signal comprises baseband monocyclesamwerted in frequency to occupy the same frequency
range as the OFDM UWB signal. Baseband monocycleg@enerated as proposed in [12]. In the experiment
RZ fixed-sequence OOK modulated data is generatédzMb/s. Pulse width is adjusted with 10 km Saffel
proper delay to shape an adequate UWB monocycletrgpeenvelope exhibiting approximately the same

bandwidth as the OFDM case, i.e. 1.584 GHz (3x52&M



The generated monocycles, after amplification avd-pass filtering (3.3 GHz bandwidth) to remove seoat
point (6) in Fig. 10, are shown in Fig. 11(b), whé¢he baseband monocycles are frequency up-codvieytan
electrical mixer. A LO at 3.168 GHz with 9 dBm pawafter amplification and 3.3 GHz low-pass filteg) is
employed to perform the up-conversion. The IR UViihal comprises a unique band from 3.168 GHz t62.7
GHz, bearing 622 Mb/s with 0.392 bit/s/Hz speceéiciency, similar to the OFDM case for comparativ
purposes. The maximum PSD of the generated IR UWBakat point (1) is -23 dBm/MHz. In the IR-UWB
case, demodulation is performed using a converitieletrical homodyne architecture and the Q-fadsor
measured in the eye diagram of the demodulated oyotes. The BER performance comparison of both
OFDM and IR over MMF for different optical powervids P2 and P3 is shown in Fig. 11(c). From the
experimental results, IR UWB requires less optipawer launched than its OFDM UWB counterpart.
Successful transmission over 300 m MMF can onlyabkieved at a launch power of 2 dBm for complete
OFDM-UWB, or 3 dBm for IR UWB. In the case discusdere, power fading is stronger at the higher OFDM
UWB subcarrier frequencies, as analysed in [10g friain limitation of this UWB RoF in-building digtution

is that the optical power levels needed to feeditive are quite high, at about 2 and 3 dBm for ®FBnd IR

respectively, since power fading is stronger athiigher OFDM-UWB subcarrier frequencies.

5 Temperature dependencies of ROMMF systems

In addition to the bandwidth limitation by the immodal dispersion in MMF, the frequency respons#bfF
links depends on the launching conditions due titaton-dependent modal group delays and on modepg
coupling [25,29]. Therefore, launching conditiomariable link lengths, installation bends, connediffsets or
the introduction of any other component along tHdAvlink makes the MMF frequency response unpretlieta
under arbitrary operating conditions. Variationstémperature also change some of the optical ptiepeof
MMF [36,37], allowing for example, ROMMF systemslie also integrated within a remote fibre-opticssgn
network [38] and exposed to considerable temperatradients. Here, we experimentally investigate th
temperature dependence of the bandwidth in a siioMMF fibre link as the environmental temperature
changes. The measurements are taken ffe®8°C (environment) td=67°C. The hysteresis cycle of the
measurements has also been evaluated at the emeintal temperature. A multimode silica optical &bink
has been implemented to experimentally validatertfisence of temperature in the proposed modet ritesd
by Eq. (3). A Fabry-Perot optical source at 130qAmilent 81655A) modulated up to 20GHz by a Lightwe

Component Analyzer (LCA, Agilent 8703B) was usedatanch optical power into the fibre. The opticainger



at the end of the fibre was collected by a widedwadth InGaAs PIN photodiode and its frequency cese
analyzed by the LCA. MMF specifications were 6225{Im (core/cladding fibre diameters),ig=1.4558
(refractive index in the core center)fiing1.4472 (cladding refractive index)=0.0059 (refractive index
contrast between the core center and the claddiNg)1.470 (material group index}(=-0.0482 (profile
dispersion parameter) ang=0.7 dB/km (fibre attenuation). Several temperatunere tested for B=3050m
MMF fibre link at A=1300nm up to 20GHz with an average factor of AW=ar each temperature test
measurement. Test equipment was isolated fromehérty source, so that only temperature changasmeglto
the MMF fibre spool were measured. Theoreticaldegy responses of the MMF silica fibre link with3050

m andL=10 km, respectively, both provided by Eq. (3) awhluated for different temperatures in which no
variations on the higher order resonance frequenaie observed are reported in [39]. Fig. 12(awshthe
experimental measurement of the frequency resp@ise;28°C andT=67°C, and shows that the frequency
spectrum takes its higher and lower values at déneesfrequencies but with a power offset of up tB tdcase

of Fig. 12(a), where an average is applied, whekégs12(b) shows a maximum deviation of 20dB at#G
without averaging factor. Fig. 12(c) shows the agessis cycle of the MMF link af=28°C (environmental
temperature) when heating (forwards) up to 70°C, éimeh, cooling (backwards). The maximum hysteresis
deviation value is 4dB at 3GHz. Fig. 12(d) shows #iveraged values of the hysteresis cycl&=28°C. By
controlling how the temperature affects the fibnk it is possible to avoid the influence of thiarameter over
the higher order resonances and, consequentiyictedase the bandwidth capability of these RoF Wyaad

transmissions.

6. Conclusions

In this paper, the RoF performance of the two n@kDM-UWB and IR-UWB implementations has been
compared and analyzed. Experimental results demataghe feasibility of distributing 1.25 Gb/s UVéRjnals
whilst achieving BER<18 operation over 50 km SMF with both IR-UWB and OFRMVB implementations.
OFDM-UWB degrades quickly with fibre length, due darrier suppression and OSNR degradation due to
chromatic dispersion, whilst the IR-UWB generatieohnique occupying a higher electrical bandwiditiout
channelization exhibits performance degradatiomsparable with OFDM-UWB. Other generation techniques
have been presented for next-generation UWB teolgied up to 60 GHz. A technique based on frequepey

conversion of optical UWB signals in a MZ-EOM innlimear regime has been presented for generating IR



UWB monocycles at 57 GHz and at 1.244 Gb/s. Thegdion and further transmission over 100 m of SMF
has been demonstrated with good quality pulsesaw@hfactor of around 7.

UWB implementations have also been successfullystritted over 300 m of MMF, whilst the application
of a distributed antenna system (DAS) for providinireless access to a within-building network has
additionally been discussed, with a comparatively\stmade of the relative merits for the various Vime
technologies (coax, SMF, MMF and POF) capable okiging a radio-based signal. Thermal effects am th
transmittivity of ROMMF s have been studied, sovidong a means to mitigate temperature-based paefoce
degradations.

Overall, we have presented results showing howirfildfs data rates may be accessed on a per-udsr bas

via future RoF-based access networks.
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Table 1: Cost-performance comparison of coax, SMF, MMF pedluorinated (PF) GRIN POF radio links

(scenario: DAS with three 200m 2.4GHz links, thB&s and one CS)

Issue Coax SMF (glass) MMF (glass) POF (PF-GRIN)
Installation High (EMV High (due to splicing| Medium (needs Medium-Low (no
effort restrictions -> and fibre bending splicing, but higher | complex splicing
separation from restrictions ) coupling efficiency) | techniques needed,
power lines, rel. thick high coupling
cable diameter ) efficiency)
CAPEX Cable: high quality | SMF 0.8€/m MMF 0.7€/m MMF 1.5€/m
(estimated) | coax LMR-400 Central Hub (3x OE | Central Hub (3x OE | Central Hub (3x OE
4€/m and 3x EO and 3x EO and 3x EO

Hubs: 3x 1000€
Central Hub: 1200€
Amplifier: 3x 200€
Installation: 4500€

components): 4000€
Base Stations (each
1x OE and 1x EO
component): 3x

components): 2000€
Base Stations (each
1x OE and 1x EO
component): 3x

components): 2000€
Base Stations (each
1x OE and 1x EO
component): 3x

Sum: ~11700€ 1500€ 1000€ 1000€
Installation: 6000€ | Installation: 3000€ | Installation: 2000€
Sum: ~15000€ Sum: ~8500€ Sum: ~8000€
System 70-45 dB from O - 60 dB over >10 km >45 dB for 0 - 500m| >30dB up to 100m
Dynamic 200m(passive) [33]
Range (SDR) lengths with high
@5.8 GHz quality coax cable,
below 20dB after
>330m [33]
Attenuation | 1000 dB/km 0.2 dB/km @ 2.5 dB/km @ 850nm| >50 dB/km @
(dB/km) (standard) - 220 1550nm 5.4 dB/km @ 850nm
dB/km (high quality | Frequency 2.4GHz ~30 dB/km @
coax LMR-400 @ dependence 2.4GHz
2.45GHz) negligible




Figure Captions

Fig. 1: Experimental setup for UWB RoF distributiian FTTH. Generated signal spectrum for:
(a) OFDM-UWB, (b) IR-UWB.

Fig. 2: Performance comparison of OFDM and IR UW&-FSMF distribution in terms of BER vs. received
optical power for different FTTH SMF links.

Fig. 3: Experimental setup of the 60 GHz UWB RoF.

Fig. 4: (a) Optical baseband monocycles at point(t) RF spectrum of the UWB signal at 57 GHz @hp(2),
(c) Eye diagram of demodulated monocycles at g@nin Fig. 3.

Fig. 5: Planar view of proposed microring lasensmitter with added phase sections enabling multi-
wavelength operation.

Fig. 6: EVM calculations as a function of the matidn ratio for: (a) three MB-OFDM bands, i.e. barid 7
and 13, ak,=1552.2 nm for different modulation ratios; and {ft-OFDM band 13 for three different
wavelengths through phase tuning.

Fig. 7: a) Cloned transmitter array, b) ExperimeRt? transmitter multiplicity advantage featuriadditional
9dB gain, c) Cloned receiver array, d) Experimeft# receiver array featuring a further 13dB ghiinging
overall link multiplicity advantage of 22 dB (ctheoretical gain of 24 dB).

Fig. 8: Frequency response of MMF fibre link whemsidering: (a) MC or DMA effects, witk=2 and for
different fibre lengths, (b) different GRIN expongm, whenL=2 km, (c) different GRIN exponenis, when
L=3.05 km.

Fig. 9: (a) transceiver schematic drawing (reflectinodulator sensitive for, quasi-transparent fag),
(b) BS architecture for single fiore WDM MMF link DAS.

Fig. 10: Experimental setup for ROMMF in-building\B distribution.

Fig. 11: (a) OFDM-UWB generated signal spectrum emrktellations, (b) IR-UWB generated monocycles
time electrical spectrum and time signal, (c) Penfince comparison of OFDM and IR UWB RoMMF
distribution in terms of BER vs. optical power idied into the fibre (P3) and different launch povesels
(P2).

Fig.12: (a) Experimental frequency response oM fibre link at T=28°C and T=67°C f&=3050m and
A=1300nm with Avg=16. (b) Measurement of the frequyeresponse of alb=3050m MMF fibre link at
A=1300nm for a single sweep, (c) Hysteresis of tidPMink at the environmental temperature for a kng
sweep. (d) Averaged hysteresis of the MMF linkhaténvironmental temperature.

Fwd: forwards; Bkw: backwards
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Figure 1: Experimental setup for UWB RoF distribatfor FTTH. Generated signal spectrum for:

(a) OFDM-UWB, (b) IR-UWB.



1
31 8 O m
5 4 o ¢ »
7 * >
o Y A O P SR
© 13 ] S
W 7510 OFDM B28 SSMF I Y
& 17 | © OFDM 10 km SSMF LI
19 - A OFDM 25 km SSMF O >
g ¢ OFDM 50 km SSMF
= 21 9 > OFDM 60 km SSMF o
23 | ® |R B2B SSMF N
25 ® IR 10km SSMF -
27 1 A IR 25km SSMF
59 | ® IR 50km SSMF .
31 | » IR 60km SSMF . . _a
-4 -2 0 2 4 6 8 10
P3 dBm)

Figure 2: Performance comparison of OFDM and IR URM- SMF distribution in terms of BER vs.
received optical power for different FTTH SMF links



OPTICAL UWB GENERATION

== === N
g

| GENERATOR | UWBACCESS NODE
____________ 60 GHz

uwB

’
TRIGGER |

1
I\=1559.8nm _ mz-EOM #3! EPFA

[ iepapah i et

ELECTRO-OPTICAL CONVERSION UP-CONVERSIO] UWB RECEIVER

Fig. 3: Experimental setup of the 60 GHz UWB RoF.



= E- =
§ i s S
L E - S
31 g E
& g &
<! g - §
Q
g 5 =
T vy 90 i 576 564 5 g
Time (s), 500 ps/div 8 56.0 56.8 57.6 58.4 59.2 60.0 ) _
@) (s), 500 p (b) < Frequency (GH2) © < Time (s), 100 ps/div

Fig. 4: (a) Optical baseband monocycles at point(f) RF spectrum of the UWB signal at 57 GHz @ihp(2),
(c) Eye diagram of demodulated monocycles at g@nin Fig. 3.



-  —
S— S
. .
| l I .I

PHASE SECTION PHASE SECTION

Fig. 5: Planar view of proposed microring lasensmaitter with added phase sections enabling multi-
wavelength operation.



50
... BAND1 2,=1552.2.nm, Ap=0 -+ 2,71550.0.0m, Ap=ni2 BAND 13
— - BAND7 - = 2.=1552.2.nm, Aj=0

40| —BAND 13 40| ——s =1550.4nm, ag=2n3

1BAND 131, /,=0.25 |

o (-8

0 T T T T 0 : ; , XX
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
1 1N

(a) ol (b) o >

Fig. 6: EVM calculations as a function of the maidn ratio for: (a) three MB-OFDM bands, i.e. barid 7
and 13, ak,=1552.2 nm for different modulation ratios; and {ft-OFDM band 13 for three different
wavelengths through phase tuning.



TX T Array ;;
1 LA pd
T 2 ., Single Patch
N S Pou -
I/ -70
(a) (b)
RX 1 <‘I P;n T Array
> -
N <II Py .
(<) (d)

Fig. 7: a)Cloned transmitter array, b) Experimental 2x2 traitter multiplicity advantage featuring additior
9dB gain, c¢) Cloned receiver array, d) ExperimeRtf receiver array featuring a further 13dB ghnmging
overall link multiplicity advantage of 22 dB (c.f. theoretical gain ofdB).



—— —— —
44444 | L=3050m n] — ‘\4\3\2\1\n=0\‘4\3‘\2‘\ 1
ol
20| LAY i
KL INTTA Y Y
o VA
e I aIavaal
[ | RV
R U -7 - | 7]
[ | | | )
i o W A A
i ° | | i
1 1Py, LE9ES0m| a0 — |
ao . X DVA [ A [y B ! WMV
. VDMA  XiMC| | | u\/\bﬁh | a2 |, _ LY Y [ | A
, XDMA  v'MC — alfa=2.01
100 S P | [ I | AN
. VDMA XiMc[ T T T 1 h g a2z ool
L XDMA - VMC | oo SRR B BN IR
. V/DMA_ XiMC| | I L i P | L I I | | 1 |
* 0 2 4 6 8 10 12 14 16 18 20 o 2 4 6 8 10 12 14 16 18 20
Frequency (GHz) Frequency (GHz) a=2+0.01n Frequency (GHz)

@) (b) ()

Fig. 8: Frequency response of MMF fibre link whemsidering: (a) MC or DMA effects, witli=2 and for different fibre
lengths, (b) different GRIN exponents,whenL=2 km, (c) different GRIN exponenis, whenL=3.05 km.



MMF/POF

a)
reflective
Modulator

Photodiode

b) Base Station

« Broadband Operation: 900 MHz - 3.
« Full duplex = FDD compatible
* Low Power

MMF/POF
RF —
circuit <

5 GHz

i

ILL<
hS

Fig. 9: (a) transceiver schematic drawing (refkeetinodulator sensitive far, quasi-transparent fog),
(b) BS architecture for single fiore WDM MMF link DAS.



OFDM-UWB Transmitter

Wisair UWB DV9110
CH1

MZ-EOM @

vz

OFDM-UWB Receiver

Z# } ” 4 DSABOOOB @BER
X EVM

PIN AmD At PSD -4, 3dBmIMHz

[D

PSD -41.3 dBm/MHz
@ o 5)
Dl el

PIN I\Amp Att LPFTRIGGER

MB-OFDM TFCg 2 A=1585.75nm <
MB-OFDMTFC7|_CH3 _ \ .\ OFDM-UWB 3CH "y
1
) IR-UWB
i BASEBAND MONOCYCLE GENERATOR » 4
l LPF (©) LPF RF % 0sC
TRIGGER Amp

IR-UWB Transmitter

IR-UWB Receiver

Fig. 10: Experimental setup for ROMMF in-building\B distribution



40 10

2
— ~ 0O 3 - ©
$-50 < -10 o - S N Y
=
£-60 £ -20| 5] 0o . * L
S $ -30| 64 a °
T70 = 7 1m *
a g -40, ~ g Ao mA A
$-80 Q. -501 o ] o
90 -60 o ST e
O 0 1 2 3 4 5 6 10 4 o
32 36 40 44 48 Frequency (GH: g 11 =
Frequency (GHz) % g 12 4
o rrco rror % = 13 { DOFDM B2BP2=137dBm o
1@ T8 4 JTFC 4 TFCT_ 14 4 © OFDM MMF P2=13.7dBm
5 W E e ? 15 ] WIR B2BP2=12dBm =
o 0 0 i S 16 { &R MMF P2=12 dBm
N W N W < | AR B2B P2=13.7dBm
o R N 2 171 &R MVF P2=13.7 dBm 0Q0
.3 \ i 18 T T T T T T T T T T T T
g \/ -7 6-5-4-3-2-1012 3 45
< Time (s), 200 ps/div P3d Bm)
(a) (b) (€)

Fig. 11: (a) OFDM-UWB generated signal spectrum emastellations, (b) IR-UWB generated monocycleseti
electrical spectrum and time signal, (c) Perforneacmmparison of OFDM and IR UWB RoMMF distributiom
terms of BER vs. optical power injected into tHardi (P3) and different launch power levels (P2).



x 10'°

-1
|
1
18

14

Frequency (GHz)
|
1
10
Frequency (GHz)

(b)

28°C (fwd)

0o T
14

Frequency (GHz)
05 o8 T

04

02

o

@)

=67°C f&w=3050m and

28°Cand T

16. (b) Measurement of the frequeresponse of an=3050m MMF fibre link ak=1300nm

for a single sweep, (c) Hysteresis of the MMF latkhe environmental temperature for a single swgbp

Fwd: forwards; Bkw: backwards

Frequency (Hz)

Averaged hysteresis of the MMF link at the enviremtal temperature.

Fig.12: (a) Experimental frequency response oM fibre link at T

1300nm with Avg

A

(©)



