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Abstract: A simple long-distance and quasi-distributed FBG sensor system using a pulsed 
SOA is investigated. In the proposed system, OSNR greater than 20 dB from 6 FBGs quasi-
distributed along a 40-km fiber was achieved.  
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1. Introduction: 
Fiber Bragg gratings (FBG) are commonly used as fiber optic sensors due to its wavelength-selective nature, EMI 
immunity and large-scale multiplexing capability. Another important advantage of FBG sensor system is its long-
distance sensing capability. Several schemes to further extend the sensing distance were proposed by employing 
Raman amplification or hybrid amplification [1-3]. Sensor system that quasi-distributes FBGs along a long length of 
fiber is attractive for applications such as railways where there is the need to gather information along the rail 
networks. Reference [4] proposed one configuration for interrogation of FBGs distributed over 75 km using 
different broadband light sources. An alternative approach was also demonstrated for 50 km sensing by using 
tunable fiber ring laser with bi-directional Raman amplification [5]. Both methods required the use of fiber optics 
components along the transmitted fiber and thus rendered the configurations less practical.  

In this paper, we proposed a more practical and simple scheme for long-distance and quasi-distributed sensing 
based on pulse modulated semiconductor optical amplifier (SOA) ring cavity. We demonstrated a system using 6 
FBGs with identical Bragg wavelength quasi-distributed along a 40-km fiber with both the optical source and 
interrogation part located at one end of the fiber. Optical signal-to-noise ratio (OSNR) better than 20 dB was 
achieved for this sensor system. In addition, we show that 8 FBGs with Bragg wavelength spaced at 0.4 nm apart 
can be quasi-distributed along a 56-km fiber and high quality sensing signals were also achieved. 

2. Experimental Setup 
Figure 1 shows the experimental setup of the long-distance and quasi-distributed sensor system. The ring cavity 
includes a semiconductor optical amplifier, a coupler, an array of FBG sensors and a 3-port circulator. The SOA 
functions as a light source, a gating device as well as an optical amplifier. The 20% port of the coupler is the output 
of this sensor system and signals are measured with the optical spectrum analyzer (OSA) after passing through an 
isolator, while the other output port feeds to port 1 of the circulator and illuminates the FBG array via port 2. The 
reflected signal by the FBGs will then return back to the input of SOA through port 3 of the circulator. The 
circulator here also ensures uni-directional operation of the ring cavity. The SOA acts as a gate by switching its 
biasing current. Initially, when the SOA is on, it will generate light due to amplified spontaneous emission (ASE) 
without the presence of any optical input signal. Some of the ASE light whose wavelength falls in the reflection 
spectrum of the FBG array will be reflected. If the SOA is modulated at a frequency that synchronized with the 
returning signal (light) of one of the FBGs, then signal from that particular FBG will be amplified while signals 
reflected from other FBGs will be attenuated. The SOA is driven by a pulse generator with frequency (fi) and pulse 
width (τ ) to probe the FBG sensors along the fiber. The relation between the ring cavity length and probe frequency 
in synchronization is: 
 0/ ( 2 )i if c n L L= + , (1) 
where fi is the probe frequency for FBGi, c is the speed of light, n is the refractive index of fiber, L0 is length of the 
ring cavity excludes sensing fiber connected to port 2 of the circulator and  Li is the distance of FBGi from the 
circulator.   

The SOA (Samsung Electronics, OA40B3A) used in this experiment has greater than 25 dB of small-signal gain 
and 40 nm of 3 dB optical bandwidth that centered at 1540 nm. The saturation output power is 7 dBm with 150 mA 
operating current. The SOA was biased at 30 mA and modulated with 120 mA by a current driver (Analog Devices, 
AD9662) which is controlled by a pulse generator (Standard Research Systems, DG535). 
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Fig.1. Experimental setup of the proposed sensor system. Fig.2. Optical power and OSNR of return FBG signal as a  
 function of probe frequency.  
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Fig.3. The output signal pulse shapes at Fig.4. Measured optical spectrum of 8 FBGs Fig.5.  Measured optical spectrum of 8  
(a) synchronized probe frequency and quasi-distributed along 56 km fiber. These FBGs with same Bragg wavelength and  
(b) un-synchronized probe frequency. FBGs are separated by 0.4 nm. are quasi-distributed along 56 km fiber.                                               

3. Synchronization Issue 
In order to investigate how synchronization between the probe frequency and signal round-trip time affects system 
performance, a high reflectivity (above 90%) FBG was inserted at about 5 km of the fiber. Figure 2 shows the 
optical power and OSNR of the output signal as a function of probe frequency. The pulse width of the signal was 
500 ns. The optical power was measured by an optical power meter (ILX Lightwave, FPM-8210) and the OSNR 
was measured with an OSA (Agilent, 86140B). Since the optical signal is pulsed, the actual OSNR should be much 
higher. The synchronized probe frequency was about 19.58 kHz.  However, signal can still be detected when the 
frequency was varied from 19.39 kHz to 19.78 kHz, corresponding to a difference in periods of 1,017 ns which is 
approximately twice the pulse width.  
   The synchronization between the probe frequency and the ring cavity round-trip time affects the signal power 
significantly. When the probe frequency shifts away from the synchronized frequency, the minimum and maximum 
probe frequency must satisfy equation (2) to ensure the returned signal arriving at the SOA overlaps with the “on” 
time slot of the SOA. 
 1/ 1/ 2l hf f τ− = , (2) 
where τ is the pulse width and fl and fh are the lowest and highest probe frequencies, respectively. Figure 3 is the 
pulse shape of the output signal detected by a 25 GHz photodetector (New Focus, Model1414) and measured with 
an oscilloscope (Tektronix, TDS714L). It shows the pulse shape of the synchronized optical signal at probe 
frequency of 19.58 kHz which corresponds to one round-trip time, Tsyn, of light that reflects and arrives back at the 
FBG.  An un-synchronized optical signal at a probe frequency of 19.54 kHz is also shown in the figure. There will 
be a time difference, Td, between the arrival time of the reflected light at the SOA and the start of the SOA switch 
“ON” time when the system is not in sync.  In this particular case, the reflected light arrives 104.5 ns before the 
SOA switches “ON”. Consequently, only part (500 ns – 104.5 ns = 395.5 ns) of the reflected pulse is amplified by 
the SOA after one round-trip and 291 ns (395.5 ns-104.5 ns) of the pulse amplified after 2 round-trips, and so on.  
The portion of the reflected light that arrives at the SOA before it is switched on is blocked.  The power amplitudes 
for each time step are different. The lowest power step is the ASE noise generated by the SOA when it is switched 
on. The second power step is the optical power of the returned signal after one round-trip together with in-band ASE 
noise that is slightly suppressed. For the third power step, the returned signal is after two round-trips and ASE noise 
is significantly suppressed. After two round-trips of propagating in the cavity, the signal reaches saturation and thus 
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the power level does not change much.  It should be noted that the number of round-trips before the signal reaches 
saturation depends on the saturation power of the SOA and the cavity loss. The two different gradient magnitudes of 
the optical power shown in Figure 2 are due to these two amplification processes. For Td in [τ /2, τ] or [-τ /2, -τ], the 
output signal comprises the first round-trip amplified reflected signal and ASE. For Td in [0, τ /2] or [0, -τ /2], the 
output signal comprises the first and second round-trip amplified reflected signal plus ASE and consequently the 
optical signal power and OSNR increase rapidly. The changing point for these two curves is at the probe frequency 
of about 19.49 kHz and this corresponds to Td = -τ/2. As discussed above, synchronization plays an important role in 
maintaining high OSNR of the signal. We verified this issue in our experiment and signal synchronization was 
achieved by cutting back the fiber and splicing FBGs at the appropriate position. 

4. Performance of Sensor System 
To demonstrate the long-distance and quasi-distributed FBG sensor system, we deploy 8 FBGs along a fiber with a 
total length of 55.9 km. The lengths of the 8 fiber loops are 6.3 km, 6.3 km, 6.3 km, 6.3 km, 7.6 km, 7.5 km, 7.75 
km and 7.75 km. Thus the location of the FBGs from the measurement end are 6.3 km, 12.6 km, 18.9 km, 25.2 km, 
32.8 km, 40.4 km, 48.15 km and 55.90 km. The Bragg wavelength of the 8 FBGs are spaced about 0.4 nm from each 
other and ranged from 1544.4 nm to 1547.2 nm. These 8 FBGs are arranged from low reflectivity to high reflectivity 
because of the distances of their locations increase which lead to increase in propagation loss. The reflectivities of 
these FBGs are about 2%, 2.5%, 4.5%, 6.4%, 13%, 26%, 64% and 95%, respectively. The corresponding probe 
frequencies are 15.69 kHz, 7.968 kHz, 5.340 kHz, 4.016 kHz, 3.091 kHz, 2.513 kHz, 2.110 kHz, and 1.819 kHz 
respectively. The pulse width is 500 ns, which correspond to about 100-meter fiber distance. This range is much less 
than the distances between adjacent FBGs, and it ensures that no optical pulse will overlap more than 1 FBG. There 
is trade-off between sensing signal power and sensing resolution. As shown in Figure 4, the OSNR of all 8 FBGs are 
above 20 dB.  The noise level decreases when the FBG sensor is located at longer distance. Even though the optical 
powers of sensing signals are decreasing, the OSNR changes slightly.  
    In order to investigate the performance of this sensing system for time-division multiplexing (TDM), we adjust all 
the 8 FBGs to be at the same wavelength. Figure 5 shows that the first 6 FBGs can be detected with higher than 20 
dB OSNR. The total loss of FBGi signal for one round trip is: 
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0
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= + − ∏ − − , (3) 

where Loss0 is the loss of the basic part of the ring cavity that includes the SOA, coupler and circulator, α is the 
attenuation coefficient of fiber (including the splicing loss between FBG and fiber), Li is the distance of FBGi from 
circulator and ri is the reflectivity of FBGi. To detect the signal from FBGi, the small-signal gain of SOA, G, must be 
larger than Lossi. Considering that Loss0 = 3.0 dB, α = 0.19 dB/km and r0 = 0, the calculated loss for the 8 FBGs are 
22.38 dB, 23.98 dB, 24.05 dB, 25.31 dB, 25.69 dB, 26.78 dB, 28.43 dB and 38.53 dB, respectively. For SOA with  
G = 27 dB, only the first 6 FBGs can be detected by this sensor system. And for the last two FBGs, the loss is so 
high that there is no enough gain to compensate their losses.  There is no reflection effect from other FBGs for FBG1 
when keeping the Bragg wavelength of the remaining 7 FBGs at 1546 nm and FBG1 was strain tuned. For this 
sensor system, multi-reflection among FBGs is not an issue because the SOA is pulsed and any reflected light that is 
not in sync with the SOA will be blocked. 

5. Conclusion 
In conclusion, we proposed and demonstrated experimentally a long-distance and quasi-distributed FBG sensor 
system with OSNR better than 20 dB from 6 FBG sensors with same Bragg wavelength along a 40-km optical fiber. 
The possibility of using this sensor system for wavelength-division multiplexing (WDM) was also investigated by 
separating 8 FBGs with 0.4 nm Bragg wavelength. With TDM+WDM, the total number of FBG sensors can be 
greatly  increased with the proposed sensor system.                                                                                                                                     
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