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We study, theoretically and experimentally, intensity noise
induced by double Rayleigh scattering in long optical
fibers. The results of the theoretical model are compared
to experimental results performed with a high-coherence-
length laser with a frequency noise spectrum that is
dominated by 1∕f ν noise. Excellent quantitative agreement
between theoretical and experimental RF spectra were ob-
tained for frequencies as low as 10 Hz and for fiber lengths
between 4 and 45 km. Strong low-frequency intensity noise
that is induced by 1∕f ν frequency noise of the laser may
limit the performance of interferometric fiber optic sensors
that require high-coherence-length lasers. The intensity
noise due to double Rayleigh backscattering can be sup-
pressed by reducing the coherence length of the laser.
Therefore, the intensity noise has a complex and non-
monotonic dependence on the 1∕f ν frequency noise ampli-
tude of the laser. Stimulated Brillouin scattering will add a
significant noise for input powers greater than about 7 mW
for a 30 km length fiber. © 2016 Optical Society of America
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Rayleigh backscattering in optical fibers is caused by scattering
from refractive index changes formed by material density fluc-
tuations that are “frozen” into the fused silica during the manu-
facture of the fiber [1]. A forward propagating pump wave
that is injected into a fiber is backscattered along the fiber and
generates a backward propagating wave. The scattered wave can
be backscattered again and form a wave that propagates in the
same direction as the pump wave. This multiple scattering
process is called double Rayleigh scattering (DRS). The
DRS wave has a very weak intensity; however, it can interfere
with the strong pump wave and cause a significant noise at the
photo-detector (PD) by conversion of the laser frequency noise
into intensity noise [2,3].

In previous works, optical intensity noise that is induced by
DRS has been studied for lasers with only white frequency

noise [2,3] and coherence length that is significantly shorter
than the fiber length. The spectrum of the intensity noise at
the fiber output had a Lorentzian lineshape with a bandwidth that
is on the order of few MHz. The effect of conversion of a flicker
frequency noise into intensity noise through an optical interfer-
ence that is formed by a pair of reflections was studied in [4].

Interferometric fiber sensors require high-coherence-length
lasers [5]. In such systems, frequency noise of the laser may
determine the sensitivity of the system due to unbalanced inter-
ferometer arms. To increase the sensor sensitivity, lasers with
linewidths that are on the order of several kHz are used [5].
However, in such sensors, the intensity noise that is caused
by conversion of the laser frequency noise into intensity noise
due to DRS may limit the system performance [6]. This noise
may be suppressed to some extent by modulating the laser fre-
quency [2,6]. However, the theoretical suppression is limited
[2], while the frequency modulation increases the complexity
of the systems and may also limit the sensitivity of some appli-
cations. Transmitted noise is also important in optical frequency
transfer, which requires highly coherent sources [7]. Recent
measurements on transmitted noise induced by a 10 km fiber
have shown elevated noise levels above laser intensity noise [8].

In this Letter, we study, theoretically and experimentally, in-
tensity noise that is induced by DRS for a laser source with a
general frequency noise. In particular, we study DRS caused by
a laser that is dominated by a 1∕f ν frequency noise. We also
take into account the relative intensity noise (RIN) of the laser
that was ignored in previous works [2,3]. This noise is impor-
tant for short fibers and for lasers with a linewidth that is larger
than about 1 MHz. Excellent quantitative agreement between
theory and experiment was obtained for fibers with a length
between 4 and 45 km. The agreement was obtained for a fre-
quency region of 10 to 105 Hz. Therefore, we show that noise
due to DRS is the dominant noise, even at frequencies as low as
10 Hz. Hence, even at very low frequencies, noise induced by
DRS is stronger than noise caused by thermal and thermo-
mechanical fluctuations of the fiber [9]. The effect of laser fre-
quency noise on a self-homodyne detection of backscattered
Rayleigh wave in optical fibers has been recently studied [10].
A good agreement between experiments and theory for a laser
with a high-coherence-length was obtained at frequencies above
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200 Hz and fibers longer than 6 km. For shorter fibers, a good
agreement was obtained only at frequencies above 500 Hz.
Therefore, the dominant noise source at low frequencies in
those experiments was not caused by Rayleigh backscattering
of a high-coherence laser with a 1∕f ν frequency noise.

We compare the RF noise due to DRS for lasers with different
parameters of white and 1∕f ν frequency noise. We show, theo-
retically, that in the case where the laser coherence length becomes
shorter than the fiber length, the intensity noise is reduced. The
coherence length of the laser can be decreased by increasing the
amplitude of the 1∕f ν frequency noise of the source.

We also show that for optical power of 1.7 mW that was
used in our experiments, noise induced by the stimulated
Brillouin scattering (SBS) [11] is negligible. It is expected that
this noise source will become important for sufficiently high
power. For example, for optical power of 7 mW, the intensity
noise due to SBS for a 30 km length fiber becomes equal to
noise induced by DRS at a frequency of 1 kHz.

We model the laser source by a quasi-monochromatic wave:

E in�t� � E0�1� m�t�� exp�jφ�t� � jω0t �; (1)

where m�t� represents the relative amplitude noise of the laser
with an autocorrelation function rm�τ� � hm�t�m��t − τ�i and
zero mean, φ�t� denotes the laser phase noise, and ω0 is the
carrier frequency. The laser relative intensity noise SRIN�ω�
is equal to the Fourier transform of the autocorrelation function
hjE in�t�j2jE in�t − τ�j2i∕hjE in�t�j2i2, where 〈〉 denotes a time-
average. The effect of the polarization state changes during the
propagation in a random birefringent fiber can be added by
calculating the degree of polarization of the double backscat-
tered field by using the properties of a Mueller matrix
[3,12]. Hence, we use a scalar field in the following derivations,
and we add the polarization effect by multiplying the calculated
spectrum by a constant factor of 5/9.

We model Rayleigh backscattering of an electrical field by a
coefficient κ�z� that describes the scattering per unit of length
that is modeled as a complex white Gaussian zero-mean process
with an ensemble average hκ�z1�κ��z2�i ≈ σ2κδ�z1 − z2� [13].
Back reflections from locations z1 and z2 along the fiber are
integrated, and the double Rayleigh backscattered electrical
field at the fiber output is given by [2,3]

EDRS�t� �
Z

L

0

dz1

Z
z1

0

dz2E in�t − nL∕c − 2n∕c�z1 − z2��

× exp�−αL∕2� exp�−α�z1 − z2��κ�z1�κ�z2�; (2)

where L is the fiber length, n is a fiber refractive index, c is a
speed of light in the vacuum, and α is a power loss coefficient
per fiber length. The total electrical field at the PD is

E�t� � E s�t� � EDRS�t�; (3)

where Es�t� � E in�t − nL∕c� exp�−αL∕2� is the electrical field
of the source at the fiber output.

The optical intensity at the output of the fiber equals
I�t� � �1∕2�ϵ0ncjE�t�j2, where ϵ0 is the vacuum permittivity.
To calculate the normalized autocorrelation function of the op-
tical intensity at the PD input, r�τ� � hI�t�I�t − τ�i∕hI�t�i2,
we use Eqs. (2) and (3) and neglect terms that do not depend
on time and terms that result in zero value due to statistical
properties of the backscattering coefficient κ [3]. We also keep
terms that are on the order of L2σ4κ and neglect noise compo-
nents that are on the order of L4σ8κ . We then obtain

r�τ� � fhjEs�t�j2jEs�t − τ�j2i
� 2RehE�

DRS�t�Es�t�E�
s �t − τ�EDRS�t − τ�i

� hjEs�t�j2jEDRS�t − τ�j2i
� hjEs�t − τ�j2jEDRS�t�j2ig∕�jE0j4 exp�−2αL��: (4)

Equation (4) is similar to that obtained in [2,3]. However, it
includes noise that is added due to the laser RIN that was
ignored in [2,3]. The Fourier transform of the first term in
Eq. (4) is equal to the laser RIN, SRIN�ω�. This direct contri-
bution of the laser intensity noise to the output noise does not
depend on the fiber length, and it is an important noise source
in short fibers. The last two terms in Eq. (4) are also due to the
laser intensity noise. The laser amplitude noise can be double
scattered and interfere with the laser wave, and it can interfere
with the DRS of the laser wave. Following the derivation below
for the second term in Eq. (4), it can be easily shown that the
spectrum caused by these terms is equal to the spectrum of
the laser RIN passing through a linear filter due to DRS.
However, the contribution of these terms to the spectrum is
on the order of L2σ4κSRIN�ω�, while the contribution of the
first term in Eq. (4) is equal to SRIN�ω�. Hence, the last two
terms in Eq. (4) can be neglected.

The second term in Eq. (4) results from the beating between
the double Rayleigh backscattered wave and the source wave
[2,3]:

hE�
DRS�t�Es�t�E�

s �t − τ�EDRS�t − τ�i

� exp�−2αL�σ4κ
Z

L

0

dw
Z

w

0

du exp�−2αu�

×
�
E in�t�E�

in�t − τ�E�
in

�
t −

2nu
c

�
E in

�
t −

2nu
c

− τ

��
: (5)

The laser phase noise φ�t� is related to the angular-frequency
noise Δω�t� via φ�t� � R

t
0 dt

0Δω�t 0�. We assume that Δω�t�
is a zero mean Gaussian random process [14] with a one-sided
power spectral density SΔω�ω� that includes white and 1∕f ν

frequency noise of the laser or any other general noise. Using
the frequency noise spectrum SΔω�ω�, we calculate [10,15]�

E in�t�E�
in�t − τ�E�

in

�
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2nu
c

�
E in

�
t −

2nu
c

− τ

��

≈ jE0j4RSΔω�ω��u; τ��1� O�rm��; (6)

where

RSΔω�ω��z;τ��exp

�
−
4

π

Z
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0

sin2
�
ωτ

2

�
sin2

�
ωτz
2

�
SΔω�ω�
ω2 dω

�
;

and τz � 2nz∕c is the round-trip propagation delay over a fiber
section of a length z. By substituting Eq. (6) and Eq. (5) into
Eq. (4), the normalized autocorrelation function equals

r�τ� � 2rm�τ� � 2TPσ
4
κ

Z
L

0

dw

×
Z

w

0

du exp�−2αu�RSΔψ �ω��u; τ� � O�r2m�: (7)

In Eq. (7), we added a factor TP � 5∕9 that is due to a random
polarization of the low-birefringence fiber [3,12].

In our experiments, we measured the normalized power
spectral density of the detected optical signal at the fiber output
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and compared the results to a numerical calculation of Eq. (7).
A continuous wave laser passes through a variable optical at-
tenuator (VOA) that controls the power that is injected into
a long optical fiber with a length L. Optical isolators (OI) are
placed at the fiber entrance and at the fiber end to reduce back
reflections from connectors. The optical wave is detected by a
PD and measured with an RF spectrum analyzer (SA). The
laser source was a RIO “Orion” laser [16] with a specified line-
width smaller than 1 kHz, as defined by the laser white fre-
quency noise. Several fiber sections (“Corning” SMF-28) with
lengths 4, 20, 20.5 km, and 25 km were fusion spliced to ob-
tain fiber lengths of 4, 8, 28.5, and 45.5 km. The attenuation
of the SMF-28 fibers that was measured by using optical time-
domain reflectometer (OTDR) was about 0.2 dB∕km. The op-
tical power at the entrance of the fiber was less than 1.7 mW.
We have measured the laser frequency noise by using a Mach–
Zehnder interferometer as described in [17]. The spectrum
of the measured noise, SΔω�ω�, was empirically fitted by
SΔω�ω� � 2�2π�2 × S0 � 2�2π�ν�2 × k∕ων ��rad∕ s�2∕Hz�,
where S0 � 225 Hz2∕Hz, ν � 1.15, and k � 107.17 Hzν�2∕
Hz. The spectrum is composed of a white noise and 1∕f 1.15

noise. The RIN of the laser was directly measured by using a
PD, and it was empirically fitted by SRIN�ω� � 10−16�
2π × 10−12∕ω �1∕Hz�. The empirical fits of the frequency
and amplitude noise of the laser were used in the theoretical
calculation. The Rayleigh backscatter coefficient σ4κ that we used
in the theoretical calculations was equal to 3.7 × 10−15 m−2.
Such a coefficient gives a power reflection of −82 dB at a wave-
length of 1550 nm for 1 ns pulse width [10].

Figure 1 shows a comparison between the one-sided normal-
ized power spectral density of the detected signal at the fiber
output (solid blue curves) and the spectrum that is calculated
by numerically solving Eq. (7) (dashed red curves). Figure 1
shows that excellent quantitative agreement between theory
and experiments was obtained for the whole frequency region
of 10–105 Hz and for fiber lengths between 4 and 45 km. The
maximum differences between the theoretical and experimental

results shown in Fig. 1 are less than about 1.5 dB. The largest
difference of 1.5 dB is obtained for the 28.5 km length fiber. Part
of this small difference is caused by splice losses. The 28.5 km
fiber contained two splices, each with a measured power attenu-
ation of 0.2 dB. The 45.5 km length fiber contained a single
splice, and the difference was about 1 dB. Other causes for
the small difference between theory and experiments are changes
of the random birefringence between different fibers.

Therefore, noise induced by DRS is the dominant noise for
frequencies as low as 10 Hz. Noise that is due to thermal and
thermo-mechanical fluctuations of the fiber [9] did not signifi-
cantly affect the results, even at low frequencies. We note that
the laser RIN does not affect the results that are shown in
Fig. 1. Our theoretical results, given in Eq. (4), indicate that
the contribution of the laser RIN to the output RIN does not
depend on the fiber length. Hence, the laser RIN is an important
noise source only for short fibers with a length below about
500 m. For a fiber with a length of 500 m, the laser RIN is
expected to affect the measured spectrum at frequencies that are
higher than about 20 kHz. For example, at a frequency of
70 kHz, the laser RIN will add about 7 dB to the output RIN.

Figure 1 indicates that the output noise spectrum contains
at low frequencies a significant noise component with 1∕f γ

frequency dependence. The power γ depends on the fiber
length L, and it decreases with increasing L. For example, γ �
0.88 for a fiber with L � 4 km and γ � 0.4 for a fiber with
L � 45.5 km. Above a certain frequency that is higher than
about 10 kHz, the dependence of the noise changes to 1∕f 2.3.
This corner frequency depends on the ratio between the coher-
ence length of the laser and the fiber length. Reflections at
frequencies below the corner frequency are coherently added
along the whole fiber. The 1∕f ν frequency noise component of
the laser that was used in the experiments, has an important con-
tribution to the laser coherence length. For such a laser, the
coherence length can be estimated by calculating the full width
at half-maximum (FWHM) linewidth of the laser that we denote
as Δνc . In [18], Δνc was approximated through the integration
of the frequency noise spectrum of the laser in the frequency
region that starts from the inverse of the observation time.
When the coherence length of the laser is shorter than the fiber
length, the corner frequency approximately equals to 2Δνc , and
it does not significantly change with the fiber length, as was
obtained in [3] for a laser with only a white frequency noise.
Hence, the corner frequency for fibers with length of 28.5 and
45.5 km approximately equals 10 kHz. However, when the
coherence length is longer than the fiber length, the corner fre-
quency approximately equals to f c � c∕�2nL�. For a 4 and
8 km fibers, f c equals to 26 and 13 kHz, respectively. These
values are in accordance with the results in Fig. 1.

We have calculated the dependence of the power spectrum
at the output of a 10 km fiber as a function of the white and
1∕f ν frequency noise parameters S0 and k by solving Eq. (7).
We compared the results obtained for the “Orion” laser to the
noise induced by an EM4 laser. The frequency noise of the
EM4 laser was modeled by using an empirical fit of the fre-
quency noise spectrum measured in [19] for a 5 mW optical
power: SΔω�ω� � 2�2π�2 × S0 � 2�2π�ν�2 × k∕ων ��rad∕s�2∕
Hz�, where S0 � 105 Hz2∕Hz, k � 1010 Hzν�2∕Hz, and
ν � 1. We have also used an empirical fit to the measured
EM4 laser RIN [19] and obtained SRIN�ω� � 10−14�
2π × 10−11∕ω �1∕Hz�. The RIN of the EM4 laser was used
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Fig. 1. Comparison between measured normalized RF spectrum of
the detected signal at the fiber output (solid blue curves) and the theo-
retical power spectral density calculated by solving Eq. (7) (dashed red
curves) for fiber lengths of 4, 8, 28.5, and 45.5 km. Also shown in the
figure are the RIN of the laser and the noise spectrum of the detector.
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in calculation of the output spectrum for all the results shown
in Fig. 2. This RIN is higher than that of the “Orion” laser that
was used in the experiments. Nevertheless, the RIN of the EM4
does not have a significant effect on the noise induced by the
10 km fiber.

Figure 2 shows the intensity noise spectrum at the output of
a 10 km fiber that was calculated using Eq. (7). The frequency
noise parameters of the dashed curve (a) correspond to the
“Orion” laser such that S0 � 225 Hz2∕Hz, k � 107.17

Hzν�2∕Hz, and ν � 1.15. For dashed curves (b)–(c), we in-
creased the 1∕f ν frequency noise coefficient k that was used
for curve (a) by factors of 102 and 103, respectively. The param-
eter of the white frequency noise that was used to calculate
curves (d)–(f ) corresponds to the EM4 laser such that
S0 � 105 Hz2∕Hz. The magnitudes of the 1∕f 1 frequency
noise coefficients k in curves (d)–(f ) are the same as for curves
(a)–(c), respectively. The parameters for curve (f ) correspond to
the EM4 laser.

The maximum propagation time of the DRS wave in a
10 km fiber is about 0.1 ms. For such an observation time, the
coherence length of the “Orion” laser that corresponds to a curve
(a) is determined only by the laser white frequency noise so that
the coherence length is equal to about 230 km. For curve (b),
the coherence length for the observation time of 0.1 ms is re-
duced due to flicker frequency noise to about 4.5 km. For curves
(c)–(f ), the coherence length is shorter than 1 km.

When the frequency noise of the laser increases, the coher-
ence length decreases. If the coherence length becomes much
shorter than the fiber length, the intensity of the noise that is
due to DRS can be decreased, since waves that are reflected
along the fiber are not coherently accumulated. For the results
shown in curves (b)–(c), the white frequency noise is small, and
the laser coherence length is mainly determined by the 1∕f ν

frequency noise of the laser. Hence, increasing the 1∕f ν fre-
quency noise causes a large decrease of the spectrum at low
frequencies below about 10 kHz. A significant increase of the
white frequency noise for the EM4 laser from 102 Hz2∕Hz to
105 Hz2∕Hz in curves (d)–(f ) causes a large reduction of the
intensity noise with respect to curve (a). For curves (d)–(f ), the
coherence length is mainly determined by the white frequency
noise. Hence, increasing the 1∕f ν frequency noise slightly in-
creases the low-frequency noise. We have checked that similar
qualitative behavior of the normalized noise spectrum, as
shown in Fig. 2, is obtained also for a 30 km length fiber.

For sufficiently high input optical power, SBS will induce a
significant intensity noise with approximately Lorentzian func-
tion with linewidth and power that depend on the incident
optical power [11]. Using the computational model in [11],
we have calculated the optical power at the entrance of the fiber
that would induce SBS that is equal to the noise induced by
DRS at a frequency of 1 kHz. These calculated incident powers
for 4, 8.5, and 28.5 km fibers are equal to 20, 12, and 7 mW,
respectively with corresponding FWHM of 90, 52, and
30 kHz. For a 45.5 km fiber and incident power of 1.7 mW
in our experiments, SBS will cause noise with FWHM line-
width of 5 kHz and power density of −180 dBc∕Hz that is
much below the noise of the detector.

In conclusion, we showed, theoretically and experimentally,
that noise induced by DRS of a high-coherence-length laser in
long fibers is the dominant noise at low frequencies starting at
10 Hz. Increasing the laser 1∕f ν frequency noise may decrease
the induced noise due to the reduction of the coherence length
of the laser.
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