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Abstract. A new method of developing fiber temperature
sensors using a fiber Bragg grating-loop ringdown scheme is
introduced. With this new technique, temperature measure-
ments are converted to measuring time constants. Tempera-
ture sensing up to 593°C has been demonstrated using a
proof-of-concept device. The sensor’s stability, repeatability,
sensitivity, and dynamic range are also explored. © 2005 So-
ciety of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1869512]
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1 Introduction
Combining optical fiber components with advanced laser

spectroscopic techniques may bring huge application poten-

tial in sensor development. Very recently, we reported a

new type of fiber pressure sensors, which adopt a cavity to

ringdown conceptand convert pressure measurements into

a time-domain scheme, measuring ringdown times to deter-

mine pressure%®

In this letter, we describe a new type of fiber tempera-
ture sensors using a fiber Bragg grating-loop ringdown
(FBG-LRD) technique and demonstrate its potential for
temperature sensor development.

Fiber loop ringdown was initially introduced for trace
chemical species detectiofi® A laser beam is coupled
into the fiber loop, and when the light source is rapidly shut
off, the resultant light rings inside the fiber loop for many
round trips. In each round trip, a small fraction of light

leaks into a photodetector through a fiber coupler. The rest

of the light rings in the fiber experience internal fiber trans-

mission losses. The signal intensity observed by the detec-

tor follows an exponential decay: the lower the optical
losses, the longer the decay time constaingdown time.
When a FBG is incorporated into a fiber loop, additional

fused silica fiber, two identical 21 fiber couplers, two
sections of fused silica single mode fibgorning SMF
28), a temperature controlled distributed feedback diode la-
ser (NEL America, NLK1U5E1AA, 1567 nm and an
InGaAs photodetectdiPD 400, Thorlabs The quoted split
ratio in the two-leg end of the fiber couplers is 1:99. The
two one-leg ends of the couplers are spliced together there
two 99% legs of the two couplers are separately spliced
with the two ends of the fiber on which the grating is writ-
ten, forming a fiber Bragg grating loop. The light from the
single mode fiber of the pig-tailed laser diode is coupled
into the fiber loop through the 1% leg with a FC/APC fiber
connector. The 1% leg of the second coupler is coupled to
the photodetector. The total length of the loop is 65 m. The
quoted reflectance of the grating at the central wavelength
(1567 nm is 83.9% (corresponding to the light transmis-
sion loss of 0.76 dBwith a bandwidth of 0.25 nm. The
guoted insertion loss of each coupler is less than 0.2 dB.
The typical fiber-to-fiber spliced insertion loss is 0.03 dB.
Figure 1 shows a typical fiber Bragg grating-loop ring-
down waveform. The contour of the decay waveform was
fitted to a single exponential decay with a ringdown time of
4.4 us. At a given temperature and a fixed laser wave-
length, the ringdown time is a constant, which character-
izes the physical properties of the sensor, such as the total
length of the loop, the refractive index, the total insertion
loss, and the grating-induced insertion 18$sChe time in-
terval between two adjacent spikes shown in the waveform
is the round trip time of the laser inside the loop. If both the
refractive index and the length of the fiber loop are known,
the recorded ringdown time can be used to characterize the
wavelength-dependent bandwidth curve of the FBG.
Figure 2 shows a typical response of the ringdown time
the change in grating temperature. The temperature
change was controlled by heating and nonheating the sec-
tion of fiber which contains the FBG. In the experiment,
this section of fiber was taped on the surface of a compact
disk so that there was no bending or stress when the grating
was heated by a heat gun. Figure 2 shows that the ringdown
time dropped from 4.4 to 3.Jus when the grating was
heated and the ringdown time increased back to @s4
when the heating was removed. Each data point in Fig. 2
was generated from averaging 50 ringdown events and the
frequency of the ringdown event was 10 Hz. In the process-
ing of each individual heating and nonheating, the distance
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fiber transmission losses, attributed to the fiber spliced in-
sertion loss and the FBG induced insertion loss, are added
to the fiber loop. Therefore, the temperature sensitive opti-
cal transmission loss occurring in the FBG can be measured
through monitoring the ringdown time.
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2 Experiment and Results

The fiber Bragg grating-loop ringdown device mainly con-
sists of a FBG which is written in a section of single mode
Fig. 1 Typical fiber Bragg grating-loop ringdown waveform. The
ringdown waveform was recorded with a laser wavelength of 1568.2
nm and a FBG temperature of 24°C.
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461 temperature changed from 24°C to 68°C and that the sen-

44 Ty ,q m r‘ M/\ M sor’s response had a good linearity in the temperature range

42 examined. To explore a larger measuring dynamic range of
% 40 the sensor, another laser diode was used, which provided a
2 ,,] laser output at 1572 nm, far away from the central wave-
FE length of the FBG, 1567 nm. The light transmittance rate of
5207 the FBG at this wavelength is insensitive to the wavelength
g 841 shifting resulting from a change of the FBG temperature.
821 Although the detection sensitivity is relatively low at this
3.0 wavelength, the upper limit of the sensor’s measuring range
0 50 100 150 200 drastically increases. When the FBG was heated by the heat
Data point gun from 24°C to 593°Qthe maximum thermal equilib-
Fig. 2 Fiber Bragg grating-loop ringdown temperature sensor dem- rium temperature of the heat gun ugéte observed change
onstrates a rapid response and good repeatability. in ringdown time was only 0.8&s. This suggests that the

measuring dynamic range of such a sensor can be specifi-

cally designed by selecting different laser sources and/or
of the heat gun head to the grating was kept at approxi- FBGs with different specifications such as the bandwidth,
mately 5 cm. Each individual heating time was not inten- transmittance, and feature of the bandwidth curve.
tionally controlled to be the same, but within the range of 5 Similarly, when the light wavelength was tuned to
to 20 s. The data in Fig. 2 clearly show that the temperature 1567.9 nm, the sensor became the most sensitive since a
sensor has fast response and good repeatability. small shift of the bandwidth curve results in a large change

To examine the sensor’s performance, the laser wave-of the transmittance rate at this wavelength. The increase of

length was first tuned to 1568.2 nm, 1.2 nm away from the the temperature by 10°C in the range of 24-50°C resulted
grating’s central wavelength. The recorded ringdown time in a 1us decrease in the ringdown time. The standard de-
was 4.4us at room temperature, 24°C. With the increase of viation (o) of the ringdown time averagingr] from 50
the FBG temperature, the whole bandwidth curve shifts, ringdown events was 0.02s. This implies that the detec-
and the resultant optical transmittance of the grating at tion sensitivity of the temperature measurement using such
1568.2 nm changes. Equivalently, the light transmission a device is around 0.2°C based on eneriteria. The sen-
loss in the FBG changes. Therefore, the observed ringdownsor’s stability depends on the ringdown baseline stability,
times differ. It should be noted that compared with the which is defined ass/r. Averaging over 50 ringdown
change of the FBG-induced transmission loss, the changeevents yielded the baseline stability of 0.45%, which is ap-
of the fiber absorption loss and scattering loss resulting proximately equivalent to the sensor’s stability of the tem-

from the temperature-induced thermal expansion occurring perature sensing, e.g., 4.5°C drifting in a 1000°C base.
in the section of the fibet20 mm on which the FBG is .
written is negligible. In the experiment, the section of fiber 3 Conclusions
containing the FBG was immersed into a water bath heatedThe fiber Bragg grating-loop ringdown technique is intro-
by an electrical heater. The FBG temperature was moni- duced to develop fiber temperature sensors. Temperature
tored by a glass thermometdlESLAB, 1508/1509, 24—  sensing up to 593°C has been demonstrated using the
76°C) with a graduation of 0.1°C. The probe of the ther- proof-of-concept device. Potential advantages of this new
mometer was deployed close to the grating in the bath, sotype of temperature sensors compared with the current gen-
that the reading temperature in the thermometer indicatederation FBGs temperature sensors are the higher sensitivity,
the actual temperature of the FBG. Figure 3 shows that thelarger measuring dynamic range, and lower costs.
ringdown time dropped from 4.4 to 38s when the FBG
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