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An ERPNS Technology Based on OFDR for Accurate
Arm-Length Difference Measurement of Optical

Fiber Interferometer Under Dynamic Environment
Luwei Shuai , Lei Ye , and Qing Ye

Abstract—Accurate measurement of interferometer arm-length
difference is very important in the application fields such as fiber
optic hydrophones. However, the interferometer is very sensitive to
the environmental vibration and noise, which affects the accuracy
of the interferometer measurement. A novel environmental random
phase noise separation (ERPNS) technology is proposed to effec-
tively reduce optical frequency domain reflectometer (OFDR)’s
sensitivity to environmental vibration for the measurement of the
fiber interferometer. A set of optical paths based on dual-laser
coherent detection technology and the related ERPNS algorithm
was developed to extract the environmental phase noise from the
measurement data. The OFDR’s sensitivity to vibration is de-
creased by ∼60 dB in theory and a measurement accuracy better
than 0.05 mm for the static arm length difference of 74.51902 m
in different dynamic environment is achieved experimentally, with
56 µm of spatial resolution in the maximum detectable distance of
about 75 m.

Index Terms—OFDR, arm-length difference, ERPNS, dynamic
environment.

I. INTRODUCTION

THE fiber optic hydrophones based on Michelson interfer-
ometer have been widely used in the field of underwater

acoustic sensing due to its excellent sensitivity, dynamic range
and large-scale multiplexing ability [1], [2], [3], [4]. For the
interferometric fiber-optic hydrophone, the laser phase noise is a
fundamental noise source, and the level of phase noise associated
with the laser frequency noise is proportional to the optical
path difference in the interferometer and this can be eliminated
by path matching the interferometer [5]. Therefore, when the
hydrophones multiplexed in large-scale, the sensing units based
on balanced interferometers or the unbalanced interferometers
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(whose arm-length difference is about tens to hundreds of me-
ters) with remote optical path matching technology are usually
used to eliminate the adverse impact of the laser phase noise
on the performance of fiber-optic hydrophone arrays [6], [7].
But the perfect path matching is not practical in the actual mass
production, and the path matching for the fiber-optic hydrophone
was usually controlled within about the level of 1∼2 mm [8].

OFDR technology is well-suited for the arm-length difference
measurement of fiber interferometers, due to its measurement
range of about tens to hundreds of meters, with spatial resolution
of tens of microns and no dead zone [9], [10], [11]. However, it
is usually assumed that the fiber interferometer under test is
static, or unchanging, when OFDR is used [12]. Sometimes
the environmental vibration and noise is inevitable during the
time of measurement, and will generate the phase noise into the
measured data from the interferometers. When the intensity of
the phase noise related with the dynamic environment reaches a
certain level, the beat frequency spectrum of the coherence signal
from the interferometer will be broadened. This adverse impact
will cause the resulting measurement greatly degraded, espe-
cially for the optical fiber interferometers with long arm length
or the test arm wound on the elastomer, which is very sensitive to
the environmental vibration and noise. Bos of Luna innovation
company put forward a motion compensation method to remov-
ing adverse effects of motion in OFDR measurement [13], [14].
They used Rayleigh backscatter as the transducer to remove the
adverse effects of motion, but this method is not suitable for the
fiber interferometer with strong internal reflection [15].

In this paper, we present and demonstrate a novel method
of environmental vibration and noise removing in OFDR mea-
surements for the arm-length difference of optical fiber inter-
ferometer. Through a set of optical paths based on dual-laser
coherent detection technology and the related ERPNS algorithm
to extract the environmental phase noise from the measurement
data to effectively reduce OFDR’s sensitivity to vibration for
the arm length difference measurement of the fiber interferom-
eter in dynamic environment. The detail theoretical analysis is
demonstrated and the validity of the ERPNS technology based
on OFDR is verified experimentally.

II. THEORETICAL ANALYSIS AND SIMULATION

Fig. 1(a) shows the diagram of the arm length difference
measurement of optical fiber interferometer based on the
conventional OFDR technology. The measured interferometer
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Fig. 1. Measurement of arm-length difference of fiber interferometer with
(a) the conventional OFDR and (b) the OFDR with ERPNS technology.

is a Michelson interferometer (MI). The linear scanning light
output from the scanning laser passes through a N × N coupler
and enters into the reference arm and the measurement arm
respectively. After reflected by the Faraday reflection mirrors
(FRMs), the light transmitting in the two arms interferes at the
output of the interferometer. If the MI is in static during the
measurement, the arm length difference is a fixed value. Then
the beat frequency of the coherent signal is linearly related to
the time delay difference corresponding to the length difference
between the measurement arm and the reference arm.

Supposing that the wavelength tuning rate of the scanning
laser is linear in time, then the simple electric field expression
E(t) of the output light is:

E (t) = E0e
j2πf(t)t (1)

where E0 is the amplitude of electric field amplitude f(t) =
f0 + 0.5∗γt, f0 is the initial optical frequency, γ is the wave-
length tuning rate. The output interference signal in time domain
can be expressed as:

I (t) ∝ cos
(
2πfbt+ 2πf0τ − πγτ2

)
(2)

where thefb = γτ is the beat frequency of the interference signal
and the τ = 2nL/c is the time delay difference corresponding to
the arm-length difference L of the MI in the static state. Through
a Fourier Transform, the interference signal in Formula (2) can
be converted from time domain into frequency domain, and then
a reflection peak at the beat frequency can be obtained with the
optical path resolution of measurement Δlmin

Δlmin
∼= λ2

2nΔλ
(3)

where Δλ is the scanning range of optical wavelength, λ can
be the mid-value of optical wavelength of the scanning laser.
Transform the Formula (2) to the frequency domain by a Fourier
transform,

F [I (t)] ∝ δ (f − fb) e
2πf0τ−πγτ2

(4)

Due to the linear relationship between the beat frequency
and the time delay difference of the interferometry’s two arms,
the static arm-length difference L = (fbc)/(2nγ) can be easily
obtained. However, if the interferometer is subjected to environ-
mental disturbance, the Formula (2) is rewritten as

I(t) ∝ cos[2πγ(τ +Δτ(t))t+ 2πf0τ + 2πf0Δτ(t)

− πγτ2 − πγΔτ2(t)] (5)

Δτ(t) =
[
−n
c · (1−2v)

Y + 1
2 · n3

c · (p11+2p12)(1−2v)
Y

]
· L · P (t)

= ξ · L · P (t) (6)

where Δτ(t) is the time-dependent delay function due to
changes in both physical length and refractive index of the
arm-length difference, not limited by the type of vibration, v is
the Poisson ratio, p11 and p12 are the strain-optic coefficients, Y
is the Young’s modulus of the fibers, and P(t) is the stress applied
to optical fiber at the time of t. For πγτ2 − πγΔτ2(t) ≈ 0, then
Formula (5) can be simplified as

I(t) ∝ cos [2πγ(τ +Δτ(t))t+ 2πf0τ + 2πf0Δτ(t)] (7)

It can be seen that the environmental random phase noise
2πγΔτ(t)t+ 2πf0τ(t) is introduced into the output interfer-
ence signal. According to the principle of OFDR, Fourier
transform is often used to perform spectral analysis of sig-
nals to obtain τ . If the maximum variation of optical path is
less than the optical path resolution of measurement, that is
|Δτ(t)|max < 2nΔlmin/c, which represents approximate for-
mula τ +Δτ(t) ≈ τ . So the Formula (7) can be further simpli-
fied as

I(t) ∝ cos [2πfbt+ 2πf0τ + 2πf0Δτ(t)] (8)

On the other hand, when |Δτ(t)|max ≥ 2nΔlmin/c, the cor-
responding signal in the frequency domain is widened due to
environmental interference, and the width exceeds the spatial
resolution of the system. The approximate formula is not satis-
fied, making it impossible to obtain accurate results τ . Therefore,
the theory in the following needs to be satisfied τ +Δτ(t) ≈ τ .

Then, the phase term 2πf0Δτ(t) is the main factor affect-
ing resulting measurement. It is assumed that the environmen-
tal vibration is a periodic sine signal, and the Δτ(t) can be
expressed as

Δτ (t) = |Δτ(t)|max sin (2πfmt) (9)

where fm is the fiber vibration frequency. The Bessel expansion
of (8) is

I(t) ∝ cos [2π (fbt + f0τ)]

·
{
J0(z) + 2

∞∑
n=1

J2n(z) cos (2n · 2πfmt)

}

− sin [2π (fbt + f0τ)]

·
{
2

∞∑
n=1

J2n−1(z) sin [(2n− 1) · 2πfmt]

}
(10)

where the vibration modulation depth z = 2πf0|Δτ(t)|max

which may be determined by the Formula (6) and the mechanical
parameters of the optical fiber, represents OFDR’s sensitiv-
ity to environmental vibration. The related one-sided spectral
function is

I(1)(f) ∝ ej2πf0τ · {J0(z)δ (f − fb)

+

∞∑
n=1

J2n(z) · [δ (f − fb−2nfm) + δ (f−fb + 2nfm)]
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Fig. 2. Bessel function.

Fig. 3. Beat frequency and its harmonic components with different z.

+

∞∑
n=1

J2n−1(z) · [−δ (f − fb − (2n− 1)fm)

+ δ (f − fb + (2n− 1)fm)]} (11)

From the Formula (11), it can be seen that the vibration will
broaden the beat frequency spectrum by introducing harmonic
components related with fm around the location of the beat
frequency. Fig. 2 shows the first three order Bessel functions.
When z < 1.41, J0(z) is always higher than Jn(z). In this case,
the beat frequency fb can be obtained by finding the highest
reflection peak in frequency domain, with the effect of the
environmental vibration when |Δτ(t)|max < 2nΔlmin/c. But
this simple method is no longer suitable for the situation that the
reflection peak related with the beat frequency fb may not be the
highest one, when z > 1.41, seen in Fig. 3.

To obtain the accurate static arm-length difference L of the
interferometer, an ERPNS technology is proposed. Based on
OFDR technology, a single-frequency laser is used to obtain
the interference signal whose phase term does not include the
beat frequency information. The related ERPNS algorithm is
developed to extract the environmental phase noise from the
measurement data by utilizing the fixed phase difference be-
tween the two arbitrary outputs of a N × N fiber coupler with a
WDM method. This ERPNS technology can be used to reduce
OFDR’s sensitivity to vibration for the arm length difference
measurement of the fiber interferometer. The related scheme is
shown in Fig. 1(b). The light output from the scanning laser and
the single-frequency laser is combined by a 2 × 2 optical fiber
coupler and then enters the MI under test through a circulator.
The two optical interference signals with fixed phase difference

are output from the MI, one directly goes into a WDM, when
another one goes into a WDM through the circulator. And the
optical beams are split by the two WDMs respectively into the
optical interference signals, I1 and I2, whose wavelengths are
corresponding to the scanning laser, and the optical interference
signals, I3 and I4, whose wavelengths are corresponding to
the single-frequency laser. These interference signals can be
expressed as

I1 ∝ cos
[
2πfbt+ 2πf10τ + 2πf10Δτ(t)− α

2

]
(12)

I2 ∝ cos
[
2πfbt+ 2πf10τ + 2πf10Δτ(t) +

α

2

]
(13)

I3 ∝ cos
[
2πf20τ + 2πf20Δτ(t)− α

2

]
(14)

I4 ∝ cos
[
2πf20τ + 2πf20Δτ(t) +

α

2

]
(15)

where α is the fixed phase difference between the two outputs
of the N × N coupler, f10 is the initial optical frequency of the
scanning laser and f20 is the central optical frequency of the
single-frequency laser. Then, the difference value D(t) can be
obtained by the subtraction operation between the product value
of the Formula (12) and the Formula (15), and the product value
of the Formula (13) and the Formula (14) as

D(t) ∝ sinα · sin [2πfbt + 2πΔfτ + 2πΔf ·Δτ(t)] (16)

where the frequency difference Δf = f10 − f20. In the For-
mula (8), the vibration modulation depth z turns to be
2πΔf |Δτ(t)|max, which means the sensitivity of OFDR to
environmental vibration is decreased by 20 log(f0/Δf) in com-
parison with the Formula (8). When Δf = 0,

D(t) ∝ sin(α) sin [2πfbt] (17)

then the static arm-length difference L of the optical fiber in-
terferometer can be obtained ideally in dynamic environment.
Fig. 4(a), (b) and (c) show the location maps of the reflection
peak compared with two algorithms in theoretical simulation.
The figure shows that ERPNS technology can effectively reduce
the environmental vibration in theoretical simulation.

III. EXPERIMENT

In order to verify the validity of the ERPNS technology based
on OFDR in dynamic state, an experimental system is setup,
as shown in Fig. 5. In Section II, the Formula (17) shows that
the proposed method can completely eliminate environmental
interference when Δf = 0. Therefore, the closer the center
wavelength of a single frequency laser is to the initial wave-
length of a scanning frequency laser, the better the method can
remove the interference of environmental noise on the results.
Moreover, the central wavelength of the WDM should be the
same as possible with the initial wavelength of the scanning
laser, and the bandwidth of the WDM needs to be narrow
enough under the condition of meeting the scanning range. In
our experiment, an external cavity tunable laser (Luna phoenix
1200) with a linewidth of about 1.5 MHz, wavelength scanning
range of 1549.5∼1564.5 nm (∼56 μm spatial resolution, the
initial wavelength 1549.5 nm is identified by the synchronization
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Fig. 4 Location map of the reflection peak with the vibration modulation in
theoretical simulation with (a) z = 20, (b) z = 100, and (c) z = 400.

signal output by the laser itself) and tunable rate of 40 nm/s
is used as the scanning laser source. A planar external cav-
ity low-noise laser (RIO ORIONTM laser module) with very
stable central wavelength of about 1548.5 nm is used as the
single-frequency laser source. In this experiment, a reference
interferometer with arm length difference of about 150 m is
added to produce an optical interference signal to resample
D(t) for eliminating the adverse influence of actual nonlinear
scanning [16]. The related the maximum detectable distance of
the system is about 75 m. The central wavelength of the WDM is
about 1548.5 nm, with bandwidth of about 1 nm (the sensitivity
of OFDR to environmental vibration decreases by ∼60 dB in
theory). All the optical interference signals from the DUT and
the reference interferometer are detected by five photodetectors
(PD, Newport, 1811). Due to the highest frequency of reference

Fig. 5. Experiment setup.

Fig. 6. When fm = 100 Hz, the location map of the reflection peak with the
vibration modulation depth z of about (a) z = 20, (b) z = 100, and (c) z = 400,
respectively.

interferometer’s output signal being about 12 MHz, the sampling
rate of the data acquisition card (DAQ) is 60 MS/s, meeting
the requirements. In data processing, according to ERPNS tech-
nology, the data related to Formulas (12)–(15) is calculated as
the data related to Formula (17), and then resampled using the
reference interferometer signal. At this point, the sensitivity of
environmental interference has decreased by ∼60 dB, and after
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TABLE I
STATIC ARM-LENGTH DIFFERENCE L AT DIFFERENT VIBRATION MODULATION

DEPTH Z, WHEN Fm = 100 HZ

resampling, it will not affect the measurement results. The DUT
is a Michelson interferometer mainly made of two FRMs, a
3 × 3 coupler and a piezoelectric transducer (PZT), with about
2/3π difference phase difference between the two outputs of the
MI and arm length difference of 74.51902 m measured by the
conventional OFDR in the state with the ambient noise is about
47.2 dBA (the related c · |Δτ(t)|max is about 6.6 × 10−13 m,
which is far less than the optical path resolution of the system),
and the ambient temperature of 25±0.5 °C. A PZT acts as a
vibration source which introduces the variation Δτ(t) into the
arm-length difference of the MI, and the vibration amplitude and
frequency can be controlled by a function generator (WF1974).

Although not limited by the type of vibration, to make quan-
titative analysis of the effect of the ERPNS technology, here,
a sinusoidal wave with fixed frequency of 100 Hz is added on
the PZT as vibration signals. By changing the voltage of the
signals, the vibration modulation z will be set by about 20, 100,
400 respectively.

In experiment, by adjusting the maximum variation of the
physical length of the fiber around the PZT, the actual z is easily
obtained by z = 2πf0|Δτ(t)|max. Fig. 6(a), (b), and (c) show the
location maps of the reflection peak related with the static arm-
length difference L obtained through the conventional OFDR
and the ERPNS technology based on OFDR with the vibration
modulation depth z of about 20, 100, and 400 respectively, when
the frequency of the vibration source put on the interferometer
fm is 100 Hz. In each figure after dealt by ERPNS, the highest
reflection peak related with the static arm-length difference L
can been obviously, with OFDR’s sensitivity to vibration is
decreased effectively in dynamic environment. This is the same
conclusion as the theoretical simulation experiment.

Table I shows the test results of the static arm-length differ-
ence L for 10 times with the vibration modulation depth z of
about 20, 100, and 400 respectively. The results are presented
in Table I, the error value in different measurement condition is
less than ∼0.03 mm.

IV. CONCLUSION

An ERPNS technology based on OFDR is present and
demonstrated to extract the environmental phase noise from the

measurement data to rise the measurement ability of OFDR for
the static arm length difference measurement of optical fiber
interferometers in dynamic environment, when the maximum
variation of optical path is less than the optical path resolution
of the system. Our preliminary experiment achieves a measure-
ment accuracy better than 0.05 mm for the static arm length
difference of 74.51902 m in different dynamic environment by
decreasing OFDR’s sensitivity to vibration by∼60 dB in theory,
with 56 μm of spatial resolution in the maximum detectable
distance of about 75 m. These results demonstrate the potential
of the ERPNS technology based on OFDR used for accurate,
high-spatial resolution measurement of the static arm length
difference for optical interferometers in dynamic environment.
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