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Abstract: A Radio-over-Fiber (RoF) distribution system incorgting both SCM and WDM
technologies is presented. This signal is direatlydulated onto three high-speed lasers. Bragg
filters are employed at the receiver base statioorder to both demultiplex the required optical
channel, and ensure that the detected signal gdesside band (in order to overcome dispersion
limitations of the link). System spectral efficignis optimised by wavelength interleaving. The
channel spacing between the WDM channels is varatl the system performance for different
values of channel spacing and spectral efficiensi@svestigated. The results show that wavelength
interleaving is a reliable technique that couldused to increase the spectral efficiency of RoF

systems.
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Introduction

Future RoF systems could be the answer to manynungeeds of the telecommunication
networks, as they could provide the necessary baitiavior the transmission of broadband data
to end-users. These systems are likely to emplay wery efficient multiplexing techniques
namely Sub-Carrier Multiplexing (SCM) [1] and Waeegth Division Multiplexing (WDM) [2].
This would allow many Base Stations (BS) in theaysto be fed using a single fiber. Each BS
would be assigned its own wavelength and signaisteadifferent users serviced by a particular

BS would be transmitted on that wavelength by mefi&CM [3-5].

In order to reduce the cost of system deploymeathigh frequency radio carrier (tens of
gigahertz) would be generated in a Central Staiiefs) and then transmitted to a BS via optical
fiber. This scenario brings about two problems ohevhich is dispersion caused fading that

occurs when high frequency signals travel alongrfifs]. This is caused by the fact that the

intensity modulation of light normally generatesotwnain side bands equi-distant from the

optical carrier by the radio frequency (Double S8#nd -DSB). These components are affected

by chromatic dispersion, which introduces a phdsf Isetween them. If this phase shift equals

180, the two side bands will interfere destructivalytihe photodiode causing the output signal

to fade. Dispersion caed fading could be overcome by converting the DigBas into a Single

Side Band (SSB) format [7]. The other problem éstiaiefficient spectral utilisation when using

the standard channel spacing between WDM sign@acisg higher than twice the highest
modulating frequency). There would be a large partof unused spectrum between each
wavelength and the data signal that this wavelergthies, because the radio carrier is much
higher than the bandwidth occupied by the transchitlata. In order to improve the spectral

efficiency of such a RoF system, a fairly new clemspacing technique called Wavelength



Interleaving (WI) has been proposed [7]. In systensploying WI the channel spacing is
reduced to values that are less than twice theebigmodulating frequency. There are two
possible configurations for WIF{gure 1). Scheme 1 (channel spacing larger than the Radio
Frequency (RF) carrier): — demultiplexing can béieged using a simple optical band-pass

filter. In this scenario the side band of the nbmlring channel, which passes through the filter,

will beat with the optical carrier producing an REmponent at different frequency than the

desired signal. This component could be easily rmmmoby electrical filtration Scheme 2

(channel spacing smaller than the RF carrier freqye— yields better spectral efficiency, but
results in higher cost because it requires eitherfilters in cascade or a specially designedrfilte
with two pass band frequencies [7, 8]. It is wortbting that it is possible to realise the
demultiplexing and SSB conversion simultaneousingishe same optical filter (sdagure 1)

in both of the illustrated schemes.

In this paper we directly modulate three high-spkeesér diodes with five SCM channels. The
SCM channels are centred at 18.9 GHz with the adapacing of 450 MHz. The initial spacing
between the WDM channels is set to 50 GHz, sudhtliegae is no wavelength interleaving. The
demultiplexing and the SSB conversion of the dds#DM signal is performed at the receiver
using an optical band-pass filter [9]. The WDM chalnspacing is then reduced gradually to
achieve WI (as presented in schemiidure 1) and the impact of this reduction on the system
performance is verified. Both experimental and s$ation results were obtained for different
values of channel spacing in order to determineféoéors limiting the channel spacing that

could be used in WI RoF systems.

Experimental set-up.



The experimental set-up used is showrkigure 2. A 155 Mbit/s Non-Return-to-Zero (NRZ)

data stream from an Anritsu pattern generatoritglly passed through a 117 MHz Rise Time

Filter to minimize the bandwidth of the data sigrdie resulting signal together five RF carriers

centered at 18.9 GHz are then applied to a mixeiciwgenerates five Binary Phase Shift Keyed

(BPSK) data signals. The SCM signal is subsequaplit into three ways and used to directly
modulate three high-speed Distributed Feed-BackB)Dé&ser diodes from NTT Electronics. The
lasers used are multiple-quantum-well devices Witieshold currents around 25 mA and 3 dB
electrical bandwidths in excess of 18 GHz. Speaifavelengths could be chosen due to the
tunablility of the laser mode that could be achiewy temperature controlling the diode. The
operating wavelengths chosen for the three laserd%60.3, 1550.7 and 1551.1 nm. With each
of the three lasers biased around 60 mA, the S@Masiis applied to each of the transmitters.
The optical outputs are then combined using ancalptioupler and transmitted over 3 km of
a Standard Single Mode Fiber (SSMF). The demukipte of the central WDM channel was
performed with the aid of a Bragg Grating in comjion with an optical circulator. The Bragg
filters used are designed specifically for WDM gyss with 50 GHz spacing, and have
reflection bandwidths of around 0.35 nm. The saifter falso converts the signal from a DSB to
an SSB format. In order to select out only oneieamnd one side-band of the central optical
channel, the Bragg filter is positioned such tlmat tentral carrier is at the longest wavelength
that is correctly reflected by the Bragg filter.eTBragg filter having a very sharp cut-off ensures
that only one-side band is reflected. After detacthe central SCM channel was downconverted
by mixing the output of the photodiode with an 18Kz signal from a local oscillator. The BER

of the downconverted signal was measured usingraitsél error analyser.

Experimental results.



The BER measurements were performed for differahies of optical channel spacing and the
results obtained are shown kilgure 3. From the plot it can be seen that there are ®te of
values for the channel spacing at which the BERareslow: above 0.33 nm and between 0.2-
0.26 nm. The first set corresponds to conventioalles of channel spacing (no WI) while the
second matches scheme 1 of Wiglre 1). The increase in Bit Error Rate (BER) for spacing
smaller than 0.2 nm is caused by the imperfectilprof the filter used for demultiplexing (non-
efficient roll-off). It can also be seen that farasing between 0.26 — 0.33 nm the side-bands of
the neighbouring WDM channels overlap, thus resglin poor BER. The optical spectra of the
WDM signal (channel spacing 0.4 nm) and the demlelied central channel (channel spacing

of 0.25 nm) are shown iRigure 4 andFigure 5 respectively.

Simulations of our optical SCM/WDM system test-lveere then performed using VPI software
in order to verify the factors limiting the minimuohannel spacing that can be used in RoF
systems employing WI. Five optical channels eachyay five SCM signals (with centre RF
frequency set to 20 GHz, 400 MHz channel spacingden SCM channels and with 155 Mb/s
data on each RF carrier) were combined togetheisantithrough 10 km of SSMF. The central
optical channel was demultiplexed and the BER lierdentral SCM channel was measured as a
function of different WDM channel spacing (23 —G6iz). The results are presentedrigure 6
from which it can be seen that if WI is employed tthannel spacing can be reduced to a value

between 25 and 38.5 GHz to obtain a BER smaller 1189 with a received opticabwer of —3

dBm. The filter used had 3 dB bandwidth of 20 GHzlevthe 20 dB cut-off was 37 GHz. Such
a filter should allow closer placement of the WDIaanels than presented in this simulation
result. The factor, as regards this simulationt thiéimately limited the minimum channel

spacing was the noise of the laser. As the chaspeting decreases, the SCM signal moves



closer to the optical carrier of the adjacent clehnReducing the channel spacing by 2 GHz

(from 25 to 23 GHz) increases the noise in thedidpand by around 5 dB as can be seen in

Figure7 (optical spectrum of the demultiplexed central rofed for the channel spacingf

25 GHz). A reduction of 3 GHz (from 25 to 22 GHzdwld increase the noise by 10 dB. This
noise degrades the quality of the signal, whicliumm makes the channel spacing of 25 GHz
unfeasible. In order to verify the above statem#émt, BER vs. optical channel spacing was
measured for two lasers with different linewidtii®e two values chosen were 5 and 10 MHz.

The optical spectra of the unmodulated laser hadifigrent linewidths are shown Figure 8.

From the spectra one can see that when the linlewidthe laser is changed from 5 to 10 MHz
the noise level increases by around 3 dB at tliuéecy offset corresponding to the RF carrier.
This has a strong impact on the system performahttee SCM/WDM system employing WI, as

the Signal to Noise Ratio (SNR) would decrease withhigher noise. It could be assumed that

the increase in the noise level is mainly due tthér phase noise, as that this type of noise is

associated with the broadening of the laser lindwitlhe obtained BER as a function of optical

channel spacing for the same system configurat®mescribed before but with the above-

mentioned laser linewidths are showrFigure 9.

As predicted a system based on the 5 MHz linewlakbr yields a better performance than that
with the 10 MHz linewidth. Frorkigure 9 it can also be seen that the BER remains moreser le
constant for the value of channel spacing betwekeargl 37 GHz. As the channel spacing is
reduced to values below 30 GHz the BER curve ns@sh more quickly as does the phase noise
of the neighbouring channel (received signal apgriay optical carrier seEigure 8). In both
cases the system performance degrades gradualigrtneless the difference between the two

curves is preserved. This proves that the increaB&ER is primarily caused by the noise of the




laser and not by the insufficient roll-off of thiétdr used for demultiplexing, as the latter would

cause the neighbouring carrier to leak throughisn turn would bring about an immediate

deterioration of the BER for both systems (whickhewn to occur when the channel spacing is

reduced to 22.5 GHz).

Conclusions

The successful development of future hybrid RoResys employing both SCM and WDM
technologies is highly dependent on the use of Ieimpd efficient technologies that involve
generating optical microwave signals at the cerdtation and demultiplexing signals at the
remote base stations. In this paper we have denadedta hybrid WDM/SCM based radio-over-
fiber distribution system employing the technigd&\d, which improves the spectral efficiency
of the system. We have shown that by using an a@pband-pass filter, the optical channel
spacing between the WDM channels (each carryin@GB@ RF signals) can be reduced to 25
GHz. This means a 40% reduction in required spetirucomparison to the scenario when no
WI is employed (minimal channel spacing of 42 GBlzdquired). To characterize the technique
of WI, we have also performed a series of experisém identify factors, which set a limit on
the minimum optical spacing that could be used. fHsellts presented show that the roll-off of
the filter used for demultiplexing as well as theape noise of the transmitter act as the major

limiting factors restraining the spectral efficigribat could be achieved using WI.
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Figure Captions

Figure 1: Different schemes of WDM channel allocation in 8ystems

Figure 2: Experimental set-up

Figure 3: BER vs. channel spacing

Figure 4: Optical spectrum of the WDM signal (channel spgd.4 nm)

Figure5: Optical spectrum of the demultiplexed centralregr{channel spacing 0.25 nm)
Figure 6: BER vs. optical channel spacing for the cent@MXhannel

Figure 7: Optical spectrum of the demultiplexed centralroied (channel spacing 25 GHz)

Figure 8: Optical spectrum of the unmodulated laser withlthewidth of 5 MHz (grey) and 10

MHz (black) (resolution bandwidth of 10 MHz)

Figure 9: BER vs. optical channel spacing for two valuetasér linewidth: squares — 5 MHz,

diamonds — 10 MHz linewidth



