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Abstract

The authors demonstrate how external light injectido a directly modulated laser
diode may be used to enhance the performance dil&channel radio over fiber
system operating at a frequency of 6 GHz. Perfoomamprovements of up to 2dB
were achieved by linearisation of the lasers mdoiularesponse. To verify the
experimental work a simulation of the complete eystvas carried out using Matlab.

Good correlation was observed between experimantakimulated results.

Introduction

Broadband wireless networks of the future will @bly use a radio over fiber
architecture to provide wireless connectivity teithusers. In this architecture, data
signals are generated at a central station (CSjutated onto an optical carrier, sent
over optical fiber to many base stations (BSs), #ah transmitted over the air to
users. This type of system is extremely cost effitibecause is reduces the
complexity of the many BSs which must be deploygdhéiving most of the complex
processing equipment at the CS [1-3]. It is expmkcteese broadband hybrid
radio/fiber systems will divide the available radigectrum into a number of channels
for broadcast, and that the RF bands to be usddw®ihigher than the 2.4 GHz RF
band to be used for 3G systems. Taking these twagpmto account it is clear that a
major problem that may be encountered in these orksvwill be nonlinearity
problems in the various devices used. In particular systems that use direct
modulation of the laser transmitter with the mgliannel RF signal, the dynamic
non-linearity of the laser diode may impose seridinstations on the system
performance due to inter-modulation distortion (IM€&ffects [4,5]. One method of
reducing the non-linearity of laser diodes is tle® wf external injection into the

directly modulated laser from a second laser soukdeder external injection



conditions the relaxation frequency of the lasey tp@ increased significantly [5-12],
and the modulation response at lower frequenciesbeamade significantly more
linear than that without external injection [5,13his helps to greatly reduce IMD
problems. The exact alteration in the modulatispoase of the laser under external
injection conditions is dependent on both the itgdgower and the detuning between
the master and slave laser, and by varying thesepavameters it is feasible to

optimise the lasers modulation response for diffeapplications [14].

In terms of work that has been carried out on cetepsystems, it has been shown
how the performance of a hybrid radio/fiber systeased on a directly modulated
laser, and operating in an RF band beyond the bdtiuwf the free running laser,
can be greatly improved by using external injecti®/10]. In this case the greatly
improved system performance is due simply to tHeaeoed modulation response of
the laser at the RF band employed in the hybridesys However the non-linear
response of the laser with external injection nmtdlycawuse problems for multi-carrier
radio-over-fiber systems. To our knowledge thers haen no work undertaken to
examine how external light injection may be usedntprove the performance of a
practical multi-carrier radio-over-fiber system hgearising the laser’'s modulation

response around the operating RF band.

In this paper we examine how the external ligheatipn into a directly modulated
laser transmitter may be used to improve the pexdoce of a multi-carrier hybrid
radio/fiber system by making the modulation respoon$ the device more linear
around the RF band of operation. It is importamidte that the experimental work is
set-up such that the relative modulation resporfs¢h® laser with and without

external injection is the same, thus the measumgadavement in system performance



is simply due to the improved linearity of the ditg modulated laser transmitter. The
experimental set-up employs a multi-carrier RF aigmwith each channel having a
data rate of 10 Mbit/s) operating around 6GHz, Wwhgca possible operating band for
next generation wireless systems. Our results showimprovement in system
performance of greater than 2 dB by linearizatibthe laser's modulation response
using external light injection. To verify our remuve have also developed a complete
working model of the system using MATLAB, and goadrrelation has been

achieved between the experimental and theoregsalts.

Experimental Set-up

The laser used in this work was an NEL 1550nm D&d&t diode. The device has a
threshold current of 27mA and an intrinsic modaiatbandwidth of around 8Ghz
when biased at 40 mA. As explained in the introductexternal light injection into
the laser diode may be employed to significanttgrahe modulation response of the
device such that modulation bandwidth is increased the response at lower
frequencies becomes more linear. Figure 1 shows ctienge in modulation
bandwidth that can be achieved with an externaciign level of 3 mW from a
tuneable external cavity laser (ECL). In this cémedetuning between the modulated
DFB laser and the ECL was approximately -4GHz, #m&l external injection is
achieved with by using the ECL in conjunction wiéim optical coupler and a

polarization controller.

The aim of this work is then to show how the lingation of the modulation response
due to the external light injection (around thexaltion frequency of the free running
device), may greatly improve the performance of altincarrier radio-over-fiber

communication system. Figure 2 shows our completpe@mental set-up for



characterising the system performance. We firstlioed a 30Mhz carrier and a
60Mhz carrier in an RF power coupler. This commosignal was then mixed with a
local oscillator at 6Ghz to give 5 carriers spabgd30Mhz and centred at 6Ghz. A
10Mb/s NRZ data stream from an Anritsu pattern gsioe was then low pass filtered
using a filter with a bandwidth of 10 MHz (to mine the bandwidth occupied by
the data signal), and subsequently mixed with tlvarBiers to give the multi-carrier
RF data signal. A channel spacing of 30Mhz betwberRF channels was chosen in
order to ensure that the cross channel interferbat@een them was negligible. The
multi-carrier RF signal was then amplified beforany added to a bias current and
used to modulate either the free running laseth@taser with external light injection
from the ECL. The resulting optical microwave carrwas then passed through 10
km of dispersion shifted fiber (DSF), amplified &am erbium doped fiber amplifier,
and detected using a 25Ghz photodetector from Nmsudg: The use of 10 km of DSF
in our work ensured any frequency chirping, du¢ghtodirect modulation of the laser
diode, has little or no effect on system perfornganthe received multi-carrier RF
signal was electrically amplified and then downagemed by mixing it again with the
6Ghz local oscillator. Note that only the centrabonel was down-converted to a
digital base-band signal. The down-converted sigraad subsequently passed through
a low-pass electrical filter with a bandwidth of MHz to select out the one required
base-band signal and then electrically amplifietbteebeing examined using a high-

speed oscilloscope or an error detector.

There are two characteristics of the laser diodgpaoese that will affect the
performance of a radio over fiber system, the ntagei of the response and the
linearity of the response. Firstly consider the magle of the modulation response of

the laser diode. As the magnitude of the laseramesp increases, then for a given



power in the RF signal driving the laser, the dietgcelectrical signal power will
increase. Thus by using the external injectionrtba@ce the response of the laser at
frequency bands beyond the bandwidth of the fraeaing device, it will clearly result
in a major improvement in the performance of thértdyradio/fiber system [9,10].
The second important characteristic is the linganitthe response at the frequency of
interest. If we are operating in a linear portidrttee modulation response, then IMD
is kept to a minimum. However as the operating RRdbapproaches the relaxation
frequency of the laser, the response becomes gaitknear, which will thus affect
the performance of a multi-carrier radio-over-fitmystem. To overcome this non-
linearity problem it is possible to employ extertight injection to make the laser’s
response more linear around the relaxation frequaricthe free running device
[5,13]. In our work we will show for the first tienhow the linearisation of the
modulation response improves the performance ofuéticarrier radio-over-fiber

system.

Experimental Results

Figure 3(A) shows the electrical spectrum of owhannel RF data signal that is used
to directly modulate the DFB laser diode, and Feg3(B) displays the received
electrical spectrum after passing through the aptiok and being detected with the
25 GHz pin diode. As we can see from this figuhe dynamic non-linearity of the
laser diode around the operating frequency of 6 @Gtlts in the generation of
sidebands around the received signal due to IMRdufition to the sidebands that are
visible in the received spectrum, there are als® IpModucts sitting on the received
data channels that will affect the performanceheke channels. When using a multi-
channel RF data signal as in this work, there ame types of inter-modulation

products generated that cause interference anadegine overall performance of the



SCM system. These are the inter-modulation prodotthe type 2f— f,, and also
those due to beating between three frequengiedyf- f,. To overcome the problems

caused by these inter-modulation products we sulesgly used the external injection
technique as described above. In this case thevegcelectrical spectrum is as shown
in Figure 3(C). It is clear from this result thaetimproved linearity of the device,

around the operating frequency band, greatly resltieelevel of IMD.

These spectra clearly show us that the nonlineanityhe free running laser is

introducing signal distortion that can be signifitg reduced using external injection.
To determine how the improvement in linearity af$ethe performance of the overall
system it was necessary to measure the Bit ErrtesRaf the received signal. It is
important to note that relative response of therl@asound the operating frequency
band, with and without external light injection, swthe same, thus the improvement in
system performance was solely due to the redudtiomon-linearity of the device

having decreased the IMD.

Figure 4 shows the received eye diagrams of thendmwverted signal having passed
through the optical microwave link with and withoakternal injection into the
directly modulated DFB laser. From this figure #&ncbe seen that the relative
response is identical as the amplitude of the vecesignal is the same in both cases.
It can also be seen that the opening of the eyéhtofree running DFB laser (Figure
4A) is degraded when compared to the system empogkternal injection (Figure

4B).

To determine the improvement in system performannder external injection

conditions, an optical attenuator was used to ttaeyreceived power and the bit error



rate was measured as a function of the receivecepdwigure 5 shows the plot of
BER against received powers for the overall systeithh and without external

injection into the laser, and shows that a 2dB ompment was achieved.

Matlab Model
A Matlab model was the designed to simulate théd&nnoel system described above
and to verify the results obtained. It used theeraste equations to describe the

operation of the laser.

There are many different forms of the laser rateaigns and almost every work
undertaken uses a slightly different form. The favmused for our free running laser
was very similar to those used before normalisatiphe Bihan and Yabre in [15]. In
[16] Yabre neglects the gain compression factprby assuming that the optical
power is moderate enough to allow the approximgi#&k<1) and hencgl-£S) =1.
For simplification purposes we used this approxiamain our model as the optical
power levels in our work are moderate, and alsanbdulation frequency employed
is less than the relaxation frequency of the impectocked laser. For the injection
locked case we added the final term in Equatioraf@) the final term in Equation (3)

[12]. These terms describe the level and the pbasee injected light.

The single mode rate equations for injection loclkesiers with photon density(t),
corresponding phas#t) and carrier densitgt) used in the model are as follows:

dN(t) _1(t)  N(t)
dt _qV

go(N() - N, )S(t) )

n



ds S — 4 / Cosl¢A 2

Et) — FgO(N(t) _ Nom)S(t) _TL:) +IpB |\:-it) 2KC Smj S(t) ( t)) (2)
de(t) _ a r _ 1 -Aw- /'_”jS'nﬂ 3
_t - ; [ gO(N(t) Nom) TPJ KC S(t) ( t)) ( )

wheregp is the gain coefficients, is the photon lifetimel is the coupling coefficient
for the injected light,a is the linewidth enhancement factd() is the injection
current, 7, is the carrier lifetimeNon, is the transparency carrier density,s the
electron chargedwis the detuning frequenc$,; is the photon density of the injected
light, V is the volume of the active regiofs the optical confinement factor afgds

the spontaneous emission factor.

The values used in our work are given in table dm& of these parameters were
obtained from device specifications given by thpper of the laser chip used in the
experimental work, while others were taken fromapagters used in reference 12.

The first step in the design of the full system mlodas the characterisation of the
intensity modulation response of the laser diodealbsignal analysis was used. In
small signal analysis, time varying componentscanesidered to have a dc part and

an ac part. The following were substituted intq (2) and (3) above.

1) = lo+ d

=S+ 8

N() = No + &N

dt)= @+ op (4)

wherelg, S, No, @ are the dc parts, ardll, &5 AN, dpare the ac parts of the current,

photon density, carrier density and phase, resgdgti Ignoring the steady state



solution and higher order terms yields a set otdimezed equations for the ac

components o§(t), N(t) and ¢t);

jota, 3 |(N) (d/av
ay jota, Ays &= 0
Az Az, jwtag )\ op 0 (5)
where
_ 1 X
au__n"'goso A, T_p_rSO a,=0
— x —
ay =-10,S, Ay, 25, a,; = 2S)Y
_a. oY o X
ay = E Jdo 32 280 33 280
and

X =2K_.[S, S,Cos(@)

c inj ~0

Sln' .
Y= Kc,/?O‘Sn(qoo)

The modulation response was taker%asrs

lo is a known constant which represents the biaseotriThe dc values of photon
density, current density and phase can be obtdiyekbtting the left hand side of
equations (1),(2),(3) above equal zero. Using #lationship, Cos’A+ Sn*A=1,
and adding manipulated versions of 2 and 3, yi#ld<ollowing:

S 1 rg oy | A% [ o o oy L) ona]
SO _4|:[rgo(NO Nom) T J+ S)T } +{2[rgO(NO Nom) I ] AC{)} (6)

p n P
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Letting the left hand side of Equation (1) equabzand rearranging gives:



NO - Nom) (7)

Substituting forS in Equation (6) yields a quartic equation N that Matlab can
easily solve, giving the DC value for carrier dépnsFrom thisS, can then be obtained
using Equation (7) angy can be obtained from equation (2) or (3). Oncedhare
obtained, then every value in the equation is knamad hence the modulation

response can be plotted.

There has been much work reported on the stakality locking range of lasers
subject to external injection [17,18,19]. We foutitht a detuning parameter of
—11Ghz gave us stability in our system over thgeaof injection ratios that we used.
Figure 6 displays the locking range over which ltgbt injection significantly alters

and improves the modulation response of the laseled

Figure 7 shows the modulation response of the lasder free running conditions
and under three different levels of external lighection. The injection ratio is

defined as the ratio of injected photon densittheophoton density of the slave laser.
The injection ratios in Figure 7 were 0.017,0.028 8.045. Careful examination of
the response at 6Ghz shows that the free runnsey l@sponse is rather nonlinear.
Injection ratio 0.017 gives a higher magnitude @ponse but it's linearity is not
much improved than from the free running case. ®.82the closest match to the
experimental results used above because althowglindarity has improved with

injection, the relative response level is the sam¢he free running laser. Again, this

will allow us to obtain a measure of how much perfance improvement is due to



the linearity of the response alone. As we continigeincrease the injection ratio the

response became more linear but also had a lospomse.

As was mentioned previously, most of the work iis threa to date has been on the
laser alone [5-8,11,12]. There has been no workrteg which simulates the full

communication system in which external injectiomused to linearise the modulation

response of the directly modulated laser. Once ltdser response had been
determined, the rest of the system was built arourithe entire system comprised of
a data source, rise time filter, local oscillatmixer, power combiner, laser, detector,
receiver filter, demodulator, bit error rate testad oscilloscope. Simulation allows a
much more ideal filter to be employed and henceaused channel spacing of 20Mhz
rather than the 30Mhz of the experimental systenly @ermal noise at the receiver

was taken into consideration.

Figure 8 shows the simulated eye diagrams of theived 10 Mbit/s data signals
from the hybrid radio/fiber system with and with@xternal injection into the directly
modulated laser transmitter. The external injectratio is set to 0.025 in the
simulation to ensure that the relative responsthéssame for both cases and the
difference in performance is this solely attributiedthe different linearity of the
response around the operating frequency. We caarlyglesee the degraded

performance due to IMD for the free running lasansmitter (Figure 8A).

In order to quantitatively determine the improvemiensystem performance we have
used the simulation model to determine the BERreseived power curves for the
overall system. Figure 9 shows quite clearly tifeetBnt effects that the linearity and

the magnitude of the laser's modulation responagelon the system performance.



By turning on injection, performance was improved d@dmost 3.5dB for injection
ratio of 0.025. This 3.5dB improvement is solelyeda the improved linearity as the
relative response around the operating frequenthyeisame for both the free running
laser, and the device with external injection. Hegre as more light (injection ratio of
0.045) is injected into the laser the response mesdlatter, but the relative response
decreases, thus reducing the improvement in sypgformance to only 2.5 dB. For
injection levels less than 0.025 (i.e. 0.017) thedolation response becomes more
linear and the magnitude of the response is alse#@sed. Both of these changes in
the modulation response add together to give amabvenprovement in system

response of greater than 4 dB.

Our simulation may also be used to determine tfeetsf of having a larger number of
RF data channels in the SCM system. When the channger is increased to 9, the
improvement in system performance for the exteynallected laser (injection ratio
of 0.025), compared with the free running devictisd to be in the order of 5.3 dB.
This increase in improvement in system performancéger external injection, for a
larger channel number, is as expected. The reasoes from the fact that for an
increased number of channels the number of IMD yetedgenerated increases, and

so does the interference on the various RF datanels

Conclusions and Discussion

In this paper we have shown the improvement inesysperformance that can be
achieved in a multi-carrier radio-over-fiber comnuation system, by using external
injection into the laser transmitter. The improvemi@ system performance is solely
due to the enhanced linearity of the device arotinedoperating RF band, as the

relative response of the laser is kept equal ferftee running and externally injected



case. In the experiment we have used a 5-chansemsywith each channel carrying
10Mb/s of data and examined the effect that thdimearities had on the performance
of these channels. Improvement in system performasfcgreater than 2dB was
achieved. The complete system was then simulated bdatlab, with the laser rate
equations used to mimic the nonlinear responséefldser. Good correlation was

observed between experimental and simulated results

Hybrid fiber radio (HFR) architectures will most gably be used for the
transmission of RF data signals to the users utwadé broadband wireless networks.
The simplest method of generating an optical RFeais to use direct modulation of
a laser diode. However the dynamic non-linearitylafer transmitter may cause
signal distortion due to IMD and degrade the ovesgstem performance of multi-
carrier radio-over-fiber systems. Although in ouvoriwv we have concentrated on an
SCM system with 5 data channels, practical SCMesystmay have a much larger
number of RF carriers. In this case the numbeM® products will greatly increase
and the affect on system performance due to tlex taen-linearity will become even
more severe. Under these circumstances (large nurmabeRF channels) the
improvement in system performance as a result dbaed non-linearity (due to
external light injection) will be far more pronowtt Clearly laser transmitters based
on external light injection may thus be very sugadources for such SCM systems as
they have improved linearity. For practical systeapplications it will be more
suitable to integrate the slave and master laserarsingle chip that exhibits the type

of linearity required for next generation multi-gar RF systems [20].



Figure 1 - Modulation Response of the single mederl measured under free running
conditions and with external injection of 3mW frdhe external cavity laser. In both
cases the dc bias current was 40 mA.

Figure 2 - The experimental setup for HFR systemgua directly modulated laser
with external light injection.

Figure 3 - Electrical Spectra showing (A) the sigmhich modulated the laser, (B)
the received signal without injection locking arttbwing the IMD effects of laser
nonlinearity and (C) the received signal with injex, showing the reduction in IMD
due to increased linearity.

Figure 4 - Received eye diagrams of the two 10Miats signals from the optically
fed microwave system using (A) free running lasedd and (B) laser diode with the
external injection level of 3mW. Received opticalwer (before photodiode) was
—18.7dBm in both cases.

Figure 5 - BER versus received optical power far tental RF data channel using
directly modulated laser witi®) and without &) external injection.

Figure 6 — Detuning versus injection ratio showihg locking range over which the
external injection significantly improves the |lasenodulation response.

Figure 7 - Modulation Response of the simulatedrlamder free running conditions
and with injection ratios of 0.017, 0.025, 0.045h.4dll cases the bias current was
70mA.

Figure 8 - Simulated eye diagrams of the two 10Mlafa signals from the optically
fed microwave system using (A) free running lasedd and (B) laser diode with the
external injection ratio of 0.025. Received optipawer (before photodiode) was

—18.23dB in both cases.



Figure 9 - BER versus received optical power fag thmulated central RF data
channel using directly modulated laser with inj@ctratio 0.017 A), injection ratio
0.025 @), injection ratio 0.045¢) and without any external injectiof|.

Table 1 - Parameters used in the Matlab simulation.
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