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Abstract: In this work, we present the experimental results of a direct detection ¢-OTDR
based distributed acoustic sensor system. The system uses two cascaded acousto-optic
modulators in order to generate optical pulses with very high extinction ratio and dual
photodetector scheme for high dynamic range. The proposed schemes are investigated
in detail and their performance enhancement is experimentally verified. Four piezoelectric
based fiber stretchers are placed on a ~104 km single-mode test fiber at the distances
of 1 km, 10 km, 87 km and 102.7 km and used for perturbation tests. The stretchers
generated vibration signals which are analyzed to quantify the system performance. The
signal-to-noise ratio (SNR) of vibration signals at the monitored distances is measured
over the 12-hour recorded data within 34-second time windows considering the multi-point
random interference of scattered light and fading phenomena. Using the 12-hour data, SNR
histograms at four different locations are generated and mean SNR values are obtained. The
signals received from 102.7 km has a maximum SNR of 24.7 dB and a mean SNR of 7.3 dB
with a spatial resolution of 15 m. To the best of our knowledge, this is the highest-range
reported direct detection ¢-OTDR based distributed acoustic sensor system.

Index Terms: Optical sensors, Rayleigh scattering, phase sensitive optical time domain
reflectometry, fiber optic systems.

1. Introduction

The security of long-distance structures such as pipelines and borders is a challenging problem
and requires expensive solutions. In the last few decades, phase sensitive optical time domain
reflectometry (¢-OTDR) technology based distributed acoustic sensing (DAS) systems has been
drawing more and more attention as a cost-effective solution to the problem[1], [2]. ¢-OTDR systems
are originally developed from OTDR systems where the Rayleigh backscattered signal intensity from
a fiber optic cable only depends on the distance [3]. However, with the use of highly coherent light
sources, the backscattered coherent light within the optical pulse interferes and results in an intensity
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profile related to the phase difference of the interfering light signals. The main difference between
the OTDR and ¢-OTDR sensors is the linewidth (or coherence length) of the light source. In ¢-OTDR
systems the intensity profile difference at any location gives information about the relative phase
difference within the optical pulse which mainly results from external acoustic signals.

There are different optical interrogation approaches that offer different system performances. One
approach uses direct detection ¢-OTDR system and reaches to 50 km range [4]. Another approach
uses counter pumping fiber distributed Brillouin amplification and can detect vibration signals over
a 124 km fiber optic cable [5]. Another technique again uses counter pumping optical amplification
(Raman Amplification) and has a range of 131 km [6]. Both of these methods use counter pumping
to get effective optical amplification at the end of the sensing fiber. However, it is not always practical
to reach to the other end of the fiber and install a second optical component.

The ¢-OTDR systems can be divided into two sub categories depending on the detection scheme,
namely coherent detection [7] and direct detection [8]. Here, we focus on direct detection technique
due to the simpler design and lower cost. In this work, we propose a direct detection ¢-OTDR
system and present experimental results. In the proposed scheme, dual acousto-optic modulators
(AOM) are used in order to minimize the coherent noise [9] generated by the leaked continuous
light wave from the modulators which makes it challenging to realize long-distance event detection
along the sensing fiber. The use of dual AOMs increases the extinction ratio (ER) of the generated
optical pulses to higher than 100 dB which is essential for the long-distance measurement of the
¢-OTDR system [10], [11]. With this level of extinction, the optical noise level caused by the optical
fluctuations becomes lower than the other noise sources (amplified spontaneous emission and
thermal noise). Another challenge for ultra-long-range direct detection systems is the necessity of
very high dynamic range. We propose to use a dual photo detection receiver architecture to solve
this issue. In our approach, the return signal from the fiber optic sensor cable is split into two using
an optical coupler with 10/90 coupling ratio. The system uses the fiber branch with higher optical
power (90%) for analyzing the far away channels and uses the other fiber branch (10%) for close-in
channels. With this method we eliminated the signal saturation and blurring of close-in channels.

To verify the performance enhancement of the proposed schemes, we collected datasets from the
constructed ~104 km-length test fiber. Specifically located fiber stretchers (PZT) along the test fiber
were run to generate disturbances. We analyzed the frequency response of the collected data and
calculated signal-to-noise ratio (SNR) of the vibration signal at the signal frequency. Measuring the
SNR of a ¢-OTDR system is not straightforward due to the signal fading and time varying response
of the system hence we measured the mean SNR as described in [12] and [13]. Our results show
that the proposed system has a mean SNR of 7.3 dB at 102.7 km.

2. Experimental Set-up

The experimental set-up of the direct detection ¢-OTDR system is shown in Fig. 1. An ultra-narrow
linewidth (100 Hz) laser operating at 1550.12 nm is used as the light source. The laser output is
amplified via a booster erbium doped fiber amplifier (EDFA), with maximum output power of 1 W,
and then modulated using dual AOMs, which have low insertion loss around 1.8 dB, resulting in a
frequency shift of 220 MHz with respect to the input light. The AOMs generate interrogation pulses at
~1 kHz repetition rate and 150 ns width. The optical pulse width is measured using an oscilloscope
after the dual AOMs to be certain of 150 ns width without pulse clipping or distortion. The generated
pulses are launched into the test fiber via an optical circulator. The Rayleigh backscattered optical
signal from the fiber is directed to the detection scheme where it is amplified by a 40 dB gain erbium
doped fiber pre-amplifier (EDFpA), which has a noise figure of as low as 4.0 dB. It, then, passes
through a number of optical band pass filters, the narrowest of which is around 2 GHz, in order
to minimize the amplified spontaneous emission in order to minimize the amplified spontaneous
emission (ASE) noise of the EDFpA. The filtered optical signal is then split into two using a 10/90
optical coupler. The 10% and 90% branches of the coupler are used for monitoring the close-in
and far away distances, respectively. The divided backscattered power is received by two separate
photodetector (PD) units comprising low leakage InGaAs photodiodes with 0.08 nA dark current
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Fig. 1. Diagram of the experimental set up.

and highly-linear low-noise transimpedance amplifiers (TIA). The output electrical signals from the
PD’s are acquired and digitized by a data acquisition card (DAQ). Finally, the raw data is transmitted
to a PC for further process.

The addition of cascaded dual AOM and dual PD techniques (details are given in the following
sections) is the key design feature to achieve >100 km range vibration detection. Moreover, ultra-
narrow optical bandpass filters used after EDFpA for suppression of the ASE noise and also
ultra-high sensitivity linear-gain TIA units after PD’s considerably contribute to SNR and range
improvement.

2.1 Dual AOM Technique and Investigation

The coherent noise, resulting from the finite extinction ratio (also known as pulse on/off ratio) of the
optical pulses, is one of the most important factors that limits the SNR performance and sensing
range in a ¢-OTDR based DAS system [10]. Commercial AOMs employed in the experimental
configuration have extinction ratio (ER) values around 50 to 65 dB. Therefore, even when AOM
is turned off, a certain amount of continuous wave (CW) light leaks into the fiber. The leaked
CW component gets backscattered from the fiber and causes a background noise level. It also
experiences multi-point random coherent interference in the fiber, resulting in trace fluctuations in
the signal, which can be referred to as intra-band noise [11] and can be expressed as;

T P 1— g2
Pint(Z) = 2\/Pp0l/;102—:92az CWQR ( ) (1)

o

where P, and P¢y are the pulse peak power and CW leakage power of incident light, respectively.
ap is the Rayleigh backscattering coefficient, ¢ is the speed of light in the vacuum, Tp is the pulse
duration, L is the length of the sensing fiber, n and « are the refractive index and attenuation
coefficient of the fiber. z, here, denotes the position along the fiber and it implies that the ratio of
the noise caused by the leaked CW light to the signal itself gets larger in the far away distances,
which yields lower SNR.

Formula (1) indicates that the coherent noise problem becomes more critical for far distances
since the backscattered CW component accumulates over the fiber length. The longer fiber leads to
higher intra-band noise level that blurs the backscattering traces. Thus, the coherent noise becomes
the major limiting factor for long range measurements. In order to increase the ER and minimize
the coherent noise [9], dual AOM architecture is used. For this purpose, two cascaded AOMs were
synchronized and an appropriate delay is inserted between the control pulses considering the
optical delay between the AOMs as shown in Fig. 2. With this technique, 150 ns optical pulses with
ER of >110 dB is obtained.
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Fig. 3. Time domain data for three cases of AOM ER.

We investigated the effect of AOM ER in the ¢-OTDR system by observing the Rayleigh backscat-
tering light of the leaked signal for three different cases: using single AOMs with 54 dB ER, 62 dB
ER, and using two cascaded AOMs with >110 dB ER. In the setup, the leaked signal was sent to a
50 km fiber optic cable, placed into an acoustically isolated box without a fiber stretcher. To better
distinguish the fluctuations, interrogation pulses were turned off and only the background optical
signal, which was caused by the leaked signal, was observed. Fig. 3 shows the return signal behav-
ior in time domain for three different cases. It can be seen that lower ER leads to more fluctuation in
the traces. The intra-band noise level induced by the CW leakage goes down as the ER increases
and disappears in the case of dual cascaded AOMs.

2.2 Dual PD Technique and Investigation

Since the received light from the far distances is very weak in ¢-OTDR systems, the pump current of
the EDFpA has to be maximized to obtain enough signal power. On the other hand, with high EDFpA
gain the light received from close-in distances would be amplified too much that the photoreceiver
saturation may occur in those regions. This saturation effect may blind the close-in channels in the
trace and reduce the visibility in the ¢-OTDR interference pattern, making it difficult to detect and
measure dynamic events. To overcome this problem, the light power is divided by a 10/90 coupler
after the OBPFs and given to two separate PD’s that are connected to two arms of the coupler,
respectively. 90% of the light is used for monitoring the far distances, and 10% of the light is used
for monitoring the close-in distances. The traces obtained from two PD’s are split at the location
where the saturation of the 90% branch ends and then the first segment of the first PD trace and the
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Fig. 4. Dual PD raw data signal form.

second segment of the second PD trace are concatenated into a single trace as shown in Fig. 4.
This figure shows the Rayleigh backscattering traces for 10% and 90% of the reflected power which
are obtained from a ~41 km test fiber for demonstration purposes. The observed saturation at the
90% branch of the photoreceiver occurs in the electronic domain in which the TIA circuitry limits
the output voltage level to ensure the full-range operation as well as damage protection.

3. Experimental Results With ~104 km Test Fiber

The performance tests of the direct detection ¢-OTDR system, shown in Fig. 1, were performed
using ~104 km test fiber with four piezo based fiber stretchers. The details of the test fiber and
perturbation tests are given in the following sections.

3.1 Test Fiber and Parameter Determination

For the perturbation tests a ~104 km test fiber with PZT’s were used. PZT’s are fiber wound
piezoelectric elements for inducing external vibration events that contain ~12 m of fiber which were
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Fig. 5. 103.4 km length test fiber.

TABLE 1
Test Parameters

Interrogation period Repetition rate Pulse duration Spatial resolution Pulse peak
(Tp) (f) (47 power
1040 us 962 Hz 150 ns 15 m 200 mW

subjected to dynamic vibration events. The test fiber, shown in Fig. 5, was 103.4 km long single-
mode fiber (SMF-28). Four PZT’s were placed at the positions of 1 km, 10 km, 87 km and 102.7 km
as the vibration sources. Their positions were specifically chosen in this manner so that the close-in
and far channels could be monitored at the same time provided by the dual PD scheme. The fiber
coils were placed in an acoustically isolated box in the laboratory. The PZT’s were driven using an
arbitrary waveform generator (AWG) located outside the box.

Parameters of the system were determined by the length of the fiber and the desired optical
resolution. Interrogation period, and thereby repetition rate, is limited by the length of the test fiber
and must be greater or equal to the optical pulse round-trip time, i.e., T, > . It yields,

2Ln 1
szT’£1034Ms — Tp =1040 us = f, =T—§962Hz

p
where L is the length of test fiber, n is the refractive index of SMF-28, ¢ is the speed of light inside
vacuum and f, is the repetition rate of the pulses.

Also, the desired resolution, Az, is 15 m. The corresponding pulse duration, AT, is calculated as

B 2nAz

AT =150 ns

With regard to the power of the probe pulses launched into the fiber, it should be increased to
obtain larger amount of back-reflected signal, therefore higher SNR. The primary limiting factor,
however, is the non-linear effects such as self-phase modulation (SPM), four-wave mixing (FWM),
modulation instability (MI) and so on for the increased pulse peak power. The influences of these
effects on the performance of the ¢-OTDR are studied in detail in reference [14]. The peak power
of the probe pulses is optimized to ~200 mw in order not to degrade performance due to non-linear
effects.

The complete list of parameters is given in Table 1.

3.2 Perturbation Tests and Results

After the test parameters were determined, a sinusoidal signal at 200 Hz and 4 Vpp was applied
to all of four PZT’s simultaneously. For this test, the slow-time axis interference signals at PZT
locations were reconstructed by extracting the corresponding data points from the fast-time axis
traces [15].
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To characterize the performance of the system at the monitored distances, we calculated the
SNR of the vibration signal as the magnitude ratio of the 200 Hz peak to the background noise
level, SNR = 10109(Psignal/ Pnoise), With 2'5 FFT points. Considering the random nature of multi-point
coherent interference of the scattered light in fiber and fading phenomena, we collected a 40 million-
sample long set of data, corresponding to ~12-hour record time. We measured the SNR values
over 2'5-length frames, which correspond to ~34-second time windows, resulting in 1281-element
SNR arrays for each PZT position. We then used the arrays to generate SNR histograms at the
monitored distances, as shown in Fig. 6, to quantify the performance of the system in a statistical
manner, which is discussed in detail in our previous work [12].

The histograms show that the SNR does not take a single value for the applied perturbation signal,
but instead it varies around a mean value, due to the fading effects and time varying response of
the system. It can be seen that as the distance gets smaller, i.e., towards the launching-end of
the fiber, the peak amplitudes of the fundamental frequency become stronger and yield to higher
SNR. However, SNR does not keep increasing beyond a physically limited value, resulting in similar
SNR histograms for both the distances of 1 km and 10 km. Also, it can be observed that weakening
Rayleigh signal and increasing background noise towards the far-end of the fiber shift the histograms
to lower values. Increasing number of occurrences of SNR around 0 dB in the 87 km and 102.7 km
histograms demonstrates the existence of complete fading in far distances.
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We calculated the mean SNR values at different PZT locations using the histograms. The calcu-
lated mean SNR values obtained from the direct measurement are plotted as a function of distance
along the entire fiber of 104 km as shown in Fig. 7. According to the results, the system is verified
to be capable of sensing the vibration events at the distance of 102.7 km and providing a mean
SNR of 7.3 dB and maximum SNR of 24.7 dB.

4. Conclusion

In this paper, we have proposed an ultra-long-distance fiber optic distributed acoustic sensing
system which uses dual acousto-optic modulator and dual photodetector techniques. The dual
acousto-optic modulator scheme has allowed us to minimize the coherent noise by the generation
of optical pulses with >110 dB extinction ratio and the dual photodetector scheme has helped us
to observe the close-in and far away channels without any saturation. We have measured the SNR
distributions at the distances of 1 km, 10 km, 87 km and 102.7 km; the mean SNR values are
59.4 dB, 58.9 dB, 19.6 dB and 7.3 dB, respectively. The system can have a maximum SNR of
24.7 dB and a mean SNR of 7.3 dB at 102.7 km with a spatial resolution of 15 m. These results
reveal the longest direct detection DAS system reported up to date to the best of our knowledge,
without using Raman pumping or hybrid amplification approaches.

The system shows its potentiality to be effectively utilized for long assets monitoring and intrusion
detection in a wide range of applications such as long-distance pipeline monitoring, submarine fiber
optic cable security, borderline security and so on.
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