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ABSTRACT To overcome the poor low-frequency response sensitivity of differential phase detecting
interferometer, an improved differential phase detecting optical fiber interferometer with a time domain low
frequency compensation scheme is designed and implemented, effectively compensating the low frequency
loss of the system by means of recursive accumulation method. Theoretical derivation and experimental
verification are conducted in this paper. The experimental results indicate that the improved system can
significantly enhance the amplitude of 10 Hz signal and signals with high fidelity can be obtained because
the compensated system responds equally both to the high and low frequency signals. Further experiments
in the buried pipelines monitoring reveal that the signal-to-noise ratio is obviously improved by 22 dB
approximately compared with the traditional system. The positioning error of the proposed system is
within £20 m along a 40 km sensing fiber. The differential phase detection interferometer compensated
by the proposed scheme has potential application in low-frequency fields such as seismic wave detection,

hydrophones, sonar, pipeline monitor and geological detection.

INDEX TERMS Optical fiber sensors, optical interferometry, vibration measurement.

I. INTRODUCTION

Optical fiber sensing technology has developed explosively
and received a great attention since it was proposed in
the 1970s. As an important part of optical fiber sensing
technology, optical fiber interferometer is widely applied
to the detection of vibration, temperature, stress and other
physical quantities due to the outstanding advantages of
high sensitivity, low cost and immunity to electromagnetic
interference [1]-[3].

Optical fiber interferometers are categorized according
to the different structures as Michelson interferometer [4],
Mach-Zehnder (M-Z) interferometer [5], [6], Fabry-Perot
interferometer [7], Sagnac interferometer [8], [9], and several
hybrid structures [10]-[12]. On the other hand, in terms of
signal acquisition methods the interferometers can also be
classified into direct phase detecting interferometer such as
Michelson interferometer [4] and differential phase detecting
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interferometer including M-Z interferometer [5]. The for-
mer has higher sensitivity, whereas the latter, widely used
in engineering application, has significantly higher stability
and can eliminate the influence caused by temperature and
environmental changes because of the symmetrical structure.

In recent years, the application of modified hybrid M-Z and
Sagnac optical fiber sensing system has become promising in
the field of vibration detection on account of the superiorities
of great stability, geometric versatility, insensitivity to envi-
ronmental changes and distributed deployment [8], [13], [14].
However, the amplitude of sensing signal obtained by the
differential phase detecting interferometer is reduced as the
signal frequency decreases and the low-frequency compo-
nent is overwhelmed by the higher one. Therefore, in low
frequency detection the differential phase detecting system
performs poorly.

As the concerned frequency band of vibration detecting
extends to lower frequency, the performance of detecting
low frequency signal is severely affected by both the system
structure and the background noise. There are few researches
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on improving the performance of optical fiber interferometer
to detect low frequency signal. Although the research [15]
suggests a frequency response smoothing processing in the
differential phase detecting interferometer, it is too com-
plicated and unable to implement real-time application to
practical application. In addition, some studies [16] have
used frequency-domain model identification techniques to
estimate the frequency response of the wavelength modula-
tion (WM) and then design a corresponding compensator.
However, this kind of compensator is designed to fit in a
specific WM and cannot be universally implemented in all
situations.

In this paper, we design and implement an improved dif-
ferential phase detecting optical fiber interferometer with a
time domain low frequency compensation scheme. In order to
improve the differential phase detecting interference sensing
system’s response to low frequency signal, a compensator is
designed for increasing the low frequency signal components
of the detection signal effectively and achieving real-time
detection of high-fidelity signal. Investigation on the system
characteristic of the compensated differential phase detect-
ing interferometer is conducted. The theoretical derivation
and performance in noisy environment of this compensation
scheme are analyzed in theory and are verified experimentally
in practical system. The experimental results show that the
signal-to-noise ratio (SNR) is significantly improved com-
pared with the traditional differential phase detecting system.

Il. THEORY

A. PRINCIPLE OF M-Z AND SAGNAC HYBRID
INTERFERENCE SYSTEM

The structure of the M-Z and Sagnac hybrid single-core
feedback interferometer using a 3 x 3 coupler is shown in
Fig. 1, which is a differential phase detecting interferometer.
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FIGURE 1. The schematic diagram of the hybrid M-Z and Sagnac
interferometer consisting of wide band laser source (WBLS), Faraday
rotator mirror (FRM), p-i-n photodiode (PIN), 3 x 3 coupler(C1), 2 x 2
coupler(C2) and data acquisition (DAQ).

FRM
WBLS

The main light paths transmitting in the structure are as
follows:

A: WBLS-3-4-5-FRM-5-2-1-PIN

B: WBLS-1-2-5-FRM-5-2-1-PIN

C: WBLS-1-2-5-FRM-5-4-3-PIN

D: WBLS-3-4-5-FRM-5-4-3-PIN
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Due to the employment of wide band laser source with low
coherence length, the length of the fiber delay line (FDL) is
much longer than the coherence length of the laser source.
Consequently, although the light coming out from the WBLS
would be split into four paths in this structure, only the light
beam A and beam C with the same path length interfere at the
3 x 3 coupler C1.

According to the photoelastic effect, the stress exerting
on the optical fiber will be translated into the optical fiber
changes of length and refractive index, and the phase change
of the transmitted light is proportional to the stress. There-
fore, the phase change of the interference light reflects the
vibration information availably.

The interfered light of beam A and beam C is detected by
PIN1 and PIN2 and are expressed as:

11 (t) = E1 {1 4 cos (Ag (1) + @0)} ey

Iz(t)=Ez{l+COS<A¢(I)+¢o+%)} 2
where E] and E> are the amplitudes of the sensing light,
Ag is the phase difference modulated by the vibration we
are interested, ¢ is the initial phase, and 2/37 is the phase
difference introduced by the C1.

As the FDL employed in the system, there is a time
difference when the beams A and C are modulated by the
disturbed signal. Assuming the vibration signal applied on
the fiber at a distant of L from the FRM as g (¢), the beam
will be modulated twice by the external vibration in the
process of transmission and reflection, and the time interval
of the two modulations is 7=2nL/c. The interfered signals
I (t) and I (¢) then enter into the phase demodulation sys-
tem [17], [18], and the retrieved result is:

Ap(t)=gW)+gt—-T)—[gt—1)+gt—T—1)]
(3)

where t is the time delay caused by FDL. And then the
autocorrelation operation is employed on the two time-delay
signals to obtain the vibration position.

10

Intensity of the retrieved signal(dB)
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FIGURE 2. The frequency response of the differential phase detecting
interferometer.
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Assuming that the vibration signal is a single frequency
signal, the phase modulation of the transmitted light is written
as:

g (t) = gosinwt “

where ¢ is the amplitude of the vibration signal and w
is the angular frequency of the vibration signal. Then (3)
becomes [19]:

Ap (t) = @o sinwt +@osinw(t —T)
—@osinw(t—1)—¢@osinw(t—T —1)

_ 4 . wT T . T+ T 5)
= 4 sin > cos > cos w >

The amplitude A of the differential phase signal is propor-
tional to the signal angular frequency w as:

wT
A (w)  sin > (6)

The interference phase signal is the difference of the two
terms of phase signals with a time delay difference T. When
T is quite small (10~s is generally selected as the length
of FDL does not exceed 2 x 103 m), the formula shows
that the demodulated phase has a quite small amplitude in
the low frequency band and increases with the augment of
frequency. The impact term sin % of the differential demod-
ulation results is frequency dependent, which demonstrates
the poor low-frequency response of the system during the
vibration signal measurement. Taking the response at the
frequency of 5 kHz as the 0 dB reference line, Fig. 2 is
the frequency response of the differential phase detecting
interference system in the frequency range of 1 Hz to 20 kHz.
As shown in Fig. 2, the low-frequency components of the
system are obviously small and overwhelmed by the high-
frequency signals.

B. LOW-FREQUENCY SIGNAL COMPENSATION SCHEME
To tackle the problem of the poor low-frequency response
in the above interferometer system, a time domain cumula-
tive compensation scheme for the differential phase signal is
proposed. To simplify, let f (r) = g(t) + g(t — T) and the
vibration signal we are concerned with is written as:

fO=7M0+f0—-1) (N

The time domain compensation scheme is a recursive accu-
mulation algorithm, which will update the previous data and
accumulate utilizing data within each time delay t based on
the previous accumulative results.

Considering that the signal is converted analog-to-digital
in the system, the compensation algorithm will be described
in discrete form. Suppose there are m discrete sam-
pling points in 7 s, in which a series of discrete times
tom+1> tm+2> « - - » tkm+ms k = 0,1,2..., corresponds to the
step size At = j%, and T = m - At. On the more real-
istic assumption that the vibration signal is finite with data
length of ny - m, the discrete time interval can be divided
into [tkm+1, tkmyml, & = 0,1,...,nr — 1. For simplicity,
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considering the first sampling point in each time interval, the
discrete form of (8) can be written as:

flnl=Aeltl+f{n —m- At}
S ltmr1] = A@ [t ] +f (1]

f [[km+l] = A§0 [tkm-i-l] +f [tkm-i-l—m] (8)

According to (9), as long as the value of the first time
interval {f [#1], f [#]} is obtained, {f [#n+1], f [f2m]} can be
calculated from the initial value of the first time interval. And
then {f [#u+11,f [f2m]} is taken as the initial value of the next
step. The approximate value of f (¢) at each discrete time
point in the kth time interval is obtained by iteration. Notably,
for an infinite signal with data length of ny - m, the recursion
time is ns. And the more times we accumulate, the more stable
the compensation results are.

The essential of recursion is the determination of ini-
tial conditions, that is, to determine the value of the first

interval{f [t11,f [tm]}:

flul=Aptl+flti —m-Atl=¢[t]+ C
flol=Apn]l+flt — (m+1) - At]
= Ag[n]+C

fltml = A@ltn] +f [t —2m - Ar]
= A@[tm] + Cn ©))

To acquire the initial value of the first-time interval
{f [11], f [tm]}, it is necessary to ascertain the constants
C1, Cy, ..., Cy. In practical applications, for a finite signal
with an onset time #1, when ¢t < #; and f [¢] = 0, itis assumed

that Cq, C», ..., C,, are equal to zero. As a consequence, the
compensation algorithm is written as the following:
ny—1
fFO=> Apt—i-1), t>it (10)
i=0

Consequently, we retrieve the vibration signal f (¢) from
¢ (t) yielding the recursion algorithm. By comparing the
power Pg,,; of the compensator output with the power Py,
of the retrieved phase before compensation, the power gain
K of the compensation system can be deduced as follows:

2
L @ @ 2 _ 2
Psin = —/ Ap® (n)dt = ¢ [1 —cos(wr)]  (11)
2 0

2z 2
o [o @
ﬂm=—/f%W=i (12)
2w 0 2
K — PS()M[ — 2
Pgin 1 — cos (wTt)

(13)

Given that the signal frequency is w = 2nf, the K — f
curve is shown in Fig. 3. It can be observed that the amplitude
of the compensated low-frequency signal has been improved.
In addition, the system amplitude gain K gradually decreases
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with the increase of the signal frequency, which compen-
sates for the system frequency response completely shown in
Fig. 2. As a result, the enhancement effect of low frequency
component ameliorates the low-frequency response of the
differential phase detecting interferometer system.

40
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FIGURE 3. The K-f curve of the compensation system.
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FIGURE 4. The amplitude-frequency response diagram of the
compensation system.

It can be concluded from the (8) and (9) that the com-
pensated phase signal becomes the phase modulation of
the vibration signal, which offsets the differential phase
in the original interference signal in (5). As a consequence,
the amplitude of the compensated phase in the formula no
longer changes with the vibration signal frequency. There-
fore, the scheme realizes the flatness of various frequency
bands response, revealing the low-frequency components that
are originally overwhelmed by the high-frequency signals.

C. TRANSFER FUNCTION OF THE COMPENSATED SYSTEM
It is necessary to analyze the characteristics of the phase
detecting interferometer system with the compensation
scheme. The ith cumulative signal A¢(¢ — it) of the time
domain compensator can be regarded as the convolution inte-

gral of Ag () and the impulse function 6 (f — it):
Ap(t—it) =A@ () x5 —it). (14)
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The time domain compensator serves as a linear system
with an input signal of A¢ (¢) and an output of f (¢).The
frequency response function of the compensator is given by:

H (o) — 2
Geo) = [ — 8@t — ) eodt
__ (15)
I —eer

The amplitude-frequency response diagram of the compen-
sation system is shown in Fig.4. Due to the characteristics of
the system, a harmonic of frequency 1/t will be generated,
which will be solved by adding a low-pass filter behind
the compensator. And the demonstration of the time domain
compensation for the system frequency response is shown as
Fig. 5. Furthermore, it can also be seen from Fig. 4 that if
the parameter t set in the algorithm deviates from the actual
generated time delay, the curves will shift but the slope of
compensated frequency response will keep constant. There-
fore, this deviation will not affect the frequency response of
the system, which also proves the stability of the compensa-
tion algorithm.

D. THE COMPENSATED SYSTEM PERFORMANCE IN
NOISY ENVIRONMENT

In practical application, the background noise is inevitable
and its effect on the differential phase detecting interferome-
ter is vital. Considering the environmental noise during signal
detecting, the differential phase information after interference
becomes:

Ag' (1) = A (1) +n (1) (16)

where 7 (¢) is the environmental white noise as a random
process. The compensation is carried out for the retrieved
phase signal containing environmental noise:

nf—l nf—l nf—l
0= A¢ t—in)=)_ Ap—in)+ Y n(t—ir)
i=0 i=0 i=0

a7

We suppose the power spectral density of finite Gaussian
white noise is S, (w) = % The power of the noise over the
frequency range of -B to B is:

B NoB
Sy (w)ydw = —
B 21

Accordingly, the power of output noise from the time

domain compensator is:

Pm'n=

2 ) (18)

Nom [1 — cos (Bt)]
T - sin (BT)

1 B
Prowr = E / Sn (@) |H (]a))|2dw:
B

19)

Combining (12) with (13) above, the signal-to-noise
improvement ratio (SNIR) of the system is derived as:

SNIR = T2 — (20)
PL}I y [1 — cos (wT)]
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FIGURE 5. The demonstration of the time domain com

pensation for the interferometer system frequency.
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FIGURE 6. (a) Schematic diagram of demodulation and compensation circuit system; (b) The process diagram

of the time domain compensator.

where we let 8 = Bt - sin (Bt) and y = 272 [l — cos (B1)]
for simplicity. In the concerned frequency band, B and y are
both constant (the bandwidth B is 20 kHz and time delay 7 is
10735 generally). The variation trend of SNIR with frequency
o is similar to Fig. 3. For the finite vibration signal, the SNR
is improved, especially for low frequency signals. Moreover,
the lower the signal frequency is, the more significant the
improvement is.

Ill. EXPERIMENT
A. FREQUENCY RESPONSE OF THE

COMPENSATED SYSTEM

The experimental construction of optical fiber differential
interference system is conducted according to Fig. 1. The
laser source is a WBLS with a central wave-length of 1550 nm
and a bandwidth more than 30 nm. The length of FDL is 2 x
103 m. A piezoelectric ceramic transducer (PZT, Rps300/20 x
18.20, of which frequency response is relatively flat in the
frequency range) is used to simulate the vibration signal and
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the data sampling rate is 5 M Samples/s. The interference
signal is received by PIN1 and PIN2, and then fed into an
amplifier (AMP). After being sampled by an analog-to-digital
converter (ADC), this interference signal is operated by data
processing. With the exception of the connectors used in the
sensing fiber, all the connections between optic fiber devices
are fused.

Through the signal processing system, the interference
signal is demodulated and the retrieved phase signal is entered
into the time domain compensation system as shown in
Fig. 6. Focus on the low frequency band, the frequency and
amplitude of the vibration signal are changed respectively to
investigate the improvement of the compensation scheme to
low frequency signal.

By continuously reducing the frequency of the vibration
signal input into the compensation system, we could figure
out the low frequency signal measured by the improved sys-
tem so as to maintain a high SNR. Fig. 7 shows the com-
parison of vibration signal before and after compensation,
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FIGURE 7. (a) The comparison of 10 Hz vibration signal with amplitude of 1V before and after compensation;
(b) The comparison of 10 Hz vibration signal with amplitude of 3V before and after compensation.
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FIGURE 8. The frequency response of the time domain compensator to
the vibration signal.

of which the frequency is 10 Hz and the amplitude is 3 V and
1 V respectively. The amplitude of the compensated signal is
significantly increased so that the signal waveform is clearly
visible, which was completely overwhelmed by the higher
frequency components before compensating. It is indicated
from the measured signal that the signal frequency of 10 Hz
with an amplitude of 1 V can be detected with high SNR
by employing the compensator. The compensation system
effectively extends the low frequency band of the differential
phase detection system.

Fig. 8 shows the frequency response of the system adopt-
ing the time domain compensator when the vibration signal
frequency with the amplitude of 5V changes in the range
of 10 Hz to 20 kHz. It can be observed that after time domain
compensation, the maximum frequency response difference
is 4.09%, and the system has a good frequency response
consistency within the frequency band of 10 Hz-20 kHz.

Maintaining the frequency as 30 Hz, the amplitude of
the vibration signal varies from O to 5 V. The amplitude
relationship between the compensated phase signal and the
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FIGURE 9. The response of the time domain compensator to the vibration
signal with 30 Hz.
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FIGURE 10. Positioning errors at the different positions.

uncompensated vibration signal maintaining the vibration
signal frequency as 30 Hz is shown in Fig. 9 where the
abscissa is before compensation and the ordinate is after
compensation. In the figure, the line is obtained by linear
fitting. The results show that the output amplitude of the
compensator has an exact linear relationship with the input
amplitude.
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FIGURE 11. (a) The comparison of walking signals detected on an optical fiber buried at a depth of 0.15 m before and after
compensation. (b) The comparison of walking signals detected on an optical fiber buried at a depth of 0.3 m before and after

compensation.

B. LOCATION EXPERIMENT
In order to further verify the practicability of the time domain
compensation scheme, a measurement of buried optical fiber
was conducted. Since the soil will absorb the energy of the
intrusion signals in practice, especially high-frequency com-
ponents, more low-frequency signals are left transmitted to
the buried pipelines. The experiment simulates the monitor-
ing of buried pipelines, using optical fibers buried to a depth
of 0.3 m and 0.15 m in the soil to measure external intrusion.
The walking intrusion events are detected and compensated.
After the walking signal has propagated for a certain distance
in the soil, most of the remaining signals are low-frequency
components. The low frequency compensation scheme sig-
nificantly improves the SNR of the walking signals in Fig. 11,
which is increased from 13.46 dB and 8.71 dB to 33.52 dB to
33.11 dB at the depth of 0.15 m and 0.3 m, respectively.
Then we verify the positioning ability of the system based
on the buried optical fiber. From (3), after phase demodula-
tion and compensation of the signals detected by PIN1 and
PIN2, the autocorrelation algorithm is adopted to determine
the sub-peak of autocorrelation function, and the location
of the disturbance can be obtained. Three positions at the
distances of 0 km, 20 km, and 40 km are selected as the test
points and vibration is applied 30 times at each test point
of the sensing fiber. It can be seen from Fig. 10 that the
system has high positioning stability and the positioning error
is within +20 m. Furthermore, the positioning accuracy can
be improved by increasing the sampling rate.

IV. CONCLUSION

In this paper, we introduce an improved interferometer with
a time domain compensation scheme to solve the problem
that the differential phase detecting in M-Z and Sagnac
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hybrid optical fiber interference system has a poor low-
frequency performance. This compensation scheme effec-
tively improves the low frequency response of the optical
fiber interference system. Experiments have proved that the
system is capable of detecting low-frequency signals with
1 V 10 Hz and shows good frequency response consis-
tency in the frequency band of 10 Hz-20 kHz. The SNR
is improved by 22 dB approximately in the buried optical
cable monitoring for external intrusion and the measured
location error is within £20 m along the length of sens-
ing fiber 40 km. Consequently, the compensation system
can obtain effective detection at low frequency band, and
the SNIR of the system increases with the decrease of
the signal frequency. It is concluded that the interference
system with a time domain compensation scheme not only
retains the performance stability of the interference sys-
tem, but also has great low-frequency characteristics, which
enables high fidelity detection. Furthermore, it has extensive
prospects of applications in low-frequency fields such as
seismic waves, hydrophones, pipeline monitor and geological
detection.
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