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AbSracz - The power spectral density of the optical 
intensity in RF modulated optical links is investigated 
theoretically and experimentally in interferometrie 
systems. The influence of the Henry factor (I of directly 
modulated DFfJ laser diodes is shown on the conversion of 
phase noise into intensity noise, for the first time. 

1. INTRODUCTlON 

The semiconductor laser is one of the most important 
light sources m fiber-optical and integrated optical 
systems [I]. This is due to its high efficiency, simplicity of 
modulation and compact size. DFB (Distributed Feedback) 
lasers are fast becoming the transmitters of choice in most 
optical communication systems today. In optical 
communication systems many types of Impairments (e.g. 
noises) are added to the s~@al [Z, 31. These impairments 
resulr in a fluctuatmn to the signal. Thus, the stat&Cal 
properties of the signal are changed and therefore, they 
can degrade the system performance. 

Laser phase noise results from fluctuations in the 
dlffercnce between the phases of two identical waves 
separated m time. The phase noise IS very important in 
designing optical fiber communication systems. The 
dynamic range of many optical signal processing and 
sensing devices incorporating two-beam mterferometers, 
such as Mach-Zehnder, can be limited by random phase 
fluctuations of the optical source emission field [4,5]. 

The analysis of the fluctuatmns of the optical power is 
essential to understand the degradation ofthe phase noise 
of an optical link. Quahty of the transported information is. 
c~cial as for instance, the close-to-carrier phase noise of a 
local oscillator. The phase noise of the local oscillator must 
be preserved to match the requirements during signal 
processmg and analysis, for example in radar applications. 

Several authors have considered the effects ofphase-to- 
intensity noise conversion on noisy light without 
modulatmn [3]-[7]. We, and other authors have considered 
optical processing of tmcrowave subcarriers, with 
conversion of frequency modulation (FM) into Intensity 
modulatmn (IM) on modulated pure carriers by 
interferometers like Mach-Zehnder (MZ) modulators [S, 91. 
But the conversion of FM-noise (due to chirp of diodes) 

tnto intensity noise in these interferometric’systems has 
never been considered before. 

The problem addressed here of phase-to-intensity noise 
conversion process m microwave optical link is general. It 
occurs whenever self-delayed interference exist, either due 
to insertion of an optical cavity or an interferomehic 
structure hke an Unbalanced Mach-Zender Interferometer. 

In previous works, we have considered this system for 
microwave-photon& signal processing. We demonstrated 
that an unbalanced passive MZ can generate frequency 
conversion of analogue microwave subcarriers, with or 
without digital modulation [9, lo], where a directly 
modulated laser diode with a large chirp is used for FM to 
IM conversion at the output of the MZ. The higher the 
chirp is, the higher the FM index p is, and the larger the 
mixing conversion gain is. In this paper we consider the 
conversion of FM-noise and the influence of p. 

Section II pre&nts phase to intensity noise conversion 
with the MZ interferometer wthout modulation of the laser 
diode. Sectmn 111 deals wth FM to intensity noise 
conversion with direct modulation of a laser diode, and the 
effect of laser chirp coefficient a. Different frequency 
modulation indexes ( fl ) values are investigated and their 

effects on the noise power spectra is demonstrated. Both 
white n&e and l/f noise are considered. The objective is 
to characterize noise in analogue RF modulated optical 
hnks, under direct modulatmn. Investigatmns are made on 
both expertmental and theoretical points of view. 

It is shown that the low frequency noise is reduced by 
proper choice of the FM index b. Section IV presents 
experimental results with excellent agreement with theory. 

In this case, the input opt~al field into the interferometer 
is : 

E(t) = E, exp(i(w,t + @‘,, +Nt))) 
where & is the field amplitude, o&is the center angular 

optical frequency, 4.1~ the constant phase of laser and K(t) 
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is the instantaneous phase and represents the laser phase 
noise. 

The schematic diagram of a fiber-opt% system using a 
Unbalanced Mach-Zehnder (LJMZ) is shown in Fig. 1, 
wth a delay% between the two arms, with .h=nAL/c, where 
n is the effective index of fiber, c is the light velocity and 
AL 1s the length difference. 

h 

Fig. I. Fiber-optic Mach-Zehnder. DFB: Distributed 
Feedback Laser, PD: Photodetector. 

All modeling data obtained down here are related to an 
experimental DFB laser emitting at 1550 nm, that has been 
used in combination with the UMZ for signal processing 
purposes [9]. 

The light mtensity I,(t), detected by the optical receiver 
placed at the output of the interferometer of delay h 
between the two arms, IS expressed as: 

r,.,(r)=$~(I)+E(I-Td)12 

where FT is the Fourier transform. 
Simulation results iit very well experimental measurements. 
Constants C, and C, have been extracted from fitting our 
experimental data as well be shown in Fig. 4 (see section 
IV). We have then obtained: 

C&.37x lO*Hz. Cz=109H2, 
which leads to 2;=1.59~s. 

=+E(r)12 +$IE(t-r, 1’ +;Rr(E(r).E*(t-r,)] 

The interference term I N,On,(t) is: 

~~.a&) = f R4W.E’ 0 -Q )I (1) 
Equatton (I) can be written as: 

h..&u+Rj $exp~(o~+A~~))] } 

With considenng the direct modulation of a laser, the 
optical field at the input of interferometer has both 
amplitude and frequency modulation. It is expressed as: 

where 1, = E,* is the average optical intensity, and the 

phase noise variable A@t) is defined as: 

Af#((f)=@f)-flf-~~) 
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The noise power spectral density (NPSD) can be 
calculated from the normahzed Fourer transform of the 
autocorrelatlon function R(t) of the interference term 
I&t). The autocorrelation function R(t) ts: 

where E, is the field amplitude (it is not modulated), m is 
the intensity-modulation index, p is the frequency- 
modulation index (due to the laser diode chirp), & is the 
modulation frequency (microwave range), 4” is the 
constant phase of laser and K(t) is the instantaneous phase 
and represents the laser phase noise. 

Under small sinusoidal signal modulation, p and m are 
correlated by [I I]: 

At quadrature operation of the interferometer, R(t) can he 
written as [S]: 

where Sdf) is the spectrum of the instantaneous 
frequency fluctuation (FM-nmse spectrum). The FM-noise 

where fp is a characteristic angular frequency depending 
on the laser diode and on its btas point. When f. is high 
enough, but lower than f% a is approximated to: 

eZf3lm (4) 
Our experimental DFB laser diode has a resonant 

frequency fK around 7 GHz at a bias pomt of 3&n.&, a 
threshold current I,=9.3mA, a slope efficiency 
q=O.95mW/mA and E 5. In the case of a fixed tntensity 
modulation index, m=0.4, then f,=1.4 GHz for our 

consists of a white noise component (C,) and a l/f noise 
component (C,ifl and we have: 

C2 s,w=c, +- f 
where G and C, are constants, C;=l/(&), z, is the 

coherence time, r=l/(tiu), Au is the laser linewidth and 
can bd expressed as: Au=A~,(li& Avusr is the linewidth 
predicted by the well-known Schawlow-Townes and a is 
the linewidth enhancement factor introduced by Henry, 
also called chirp factor. Cz= li(2ml,r)2, rlif is the coherence 
time of l/f noise. The NPSD can be wntten as: 

(3) 



experimental laser, above which b is constant and equals 1. more simplicity, we have shown the noise power around 
The effects of large frequency modulation with large p f=o. 
have been explored by investigating different modulation Figure 2 shows that the variattons in the noise power 
frequencies f, < &, smce p decreases with f, (Eq. (3)). spectral density with frequency depend strongly on p. The 

The interference term I N,oU, can be written IS: ,close-to carrier phase noise is reduced by proper choice of 
p (which depends on both fm and a). 

=~PWV)) (5) 

At quadrature operation of the interferometer, the 
autocorrelation function R(t) can he written as: 

12 
R(t)=%[l+4mcos(y,~~ /2)cos(y,f/2) 

xcos(cq”(t-~~ /2))+4mZ COS3(~Zd 12) 

xcos(y,(r--7d /2))]“’ 

=V-8 S,(f) 
ii 

$$%in’(qf)d/l (6) 

The noise power spectral density can be calculated as: 

S,M,o,r(/> rd,) = FT[W)I (7) 

The noise power spectral densities under various p and 
f, (f,<f, , a=5 and m=0.4 in Eq. (3)) are shown in Rg. 2 for 
the previous values of C,, C, and %=6.61& (to be compared 
with Fig. 5). 

Fig. 2. NPSD normalized, in incoherent regime (G=lOQ 
(a) p=2, f,=SOO MHz, (h) p=28, f,=SO MHz, 

(c)P=14O,f,=IOMHz 

The modulation will move the low-frequency noise 
spectrum to harmonics of the modulation frequency f,. For 

It is shown that, we have Interest m increasing the 
frequency modulation Index p, for both purpose of better 
frequency mixing of analogue microwave subcarriers [9] 
and noise reduction in interferometric systems with direct 
modulation. 

Iv EXPRIMENTAL RESULTS 

The experimental setup is shown in Fig. 3. 

! ._-_ - .__-..... 8 

Ftg. 3. Schematic experimental setup. TC: Temperature 
Controller, PCS: Precismn Current Source, SG: Signal 
generator, DFB: Distributed Feedback laser, I: Isolator, 
D: Dwisor, AOM: Acousro-Optic Modulator, PD: 

Photodetector, SA: Spectrum Analyzer. 

The measured spectra are shown in Fig. 4a and 4b for the 
case of the coherent regnne: ~&=O.30 (AL=;96m). 
Stmulation data with C;d.37x104Hz and C;=lO’& are 
plotted with measurement curves. As can be shown, a very 
good agreement is obtamed. 
The measurements of Fig. 5 show the influence of the 
modulation index p on none power, for the mcoherent 
regime (Q/&=6.61 and AL=ZlOZm). It is shown that the 
higher p is, the lower the NPSD is. This confirm the 
simulation results of Fig. 2. 

v. coNCLUSlON 

In this paper, we have presented theoretical calculations 
and experimental results of conversion of FM-noise to 
intensity noise in an RF-optical link which use UMZ 
interferometer and a directly modulated DFB laser diode. 
The calculations are valid for any regime of interference, 
coherent and incoherent. The influence of frequency 
modulation on mtensity noise conversion is demonstrated, 
and it is shown that the linewidth enhancement factor has 
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a strong influence on the noise power measured at the 
output of the unbalanced MZ interferometer. 

A proper choice of the frequency modulation and of 
subsequent FM modulation index can reduce the noise 
conversion m self delayed interferometers. Experimenta!, 
contimwtions are shown in this paper. 

These simulations of noise power spectral denslties can 
be employed to estunate the laser phase noise performance 
and dynannc range of optical two-beam interferometer 
systems, as it can be used m optical radar signal 
processmg where signal integrity is mandatory. 

Fig. ‘lb 

Fig. 4a and 4b. NPSD normahzed, in the coherence regime 
and wfhout modulation. Measurements arid calculations 

are compared. 

I I 
Fig. 5. NPSD measured in the incoherent regune 

@d&=6.61) (a) f,=SOO MHz, p=Z, (b) f,=lSO MHz, p=9.38, 
(c) f,=lOO MHz, p=14, and (a) f,,=SO MHz, !3=28. 
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