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Fiber-Chirped Grating Fabry—Perot Sensor
with Multiple-Wavelength-Addressable
Free-Spectral Ranges
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Abstract—We report the demonstration of a fiber-chirped Tllustration
grating Fabry—Perot (FP) sensor with large dynamic range and of Multiple Cavities
high resolution surpassing that of a conventional FP sensor. The e 7
chirped grating FP sensor functions as an array of collocated  grating-grating |’> L 7
FP cavities with different wavelength addressable cavity lengths cavities formed by ,—g——] rating 1:
or free-spectral ranges. This sensor design allows large dynamic 2 collocated [T T 170 (53 Y 9 —CL
range and high resolution to be achieved in a single compact Cchirped gratings rmax ME A O e
sensor head. Free-spectral range from 0.04 to 1.3 nm has been — L
achieved. Using this device as a strain sensor, unambiguous (with- Iﬂl ’ h(zp) cating 2
out fringe counting) strain measurements from 3+ 1 pStrain 1 T[] % _g CL
(limited by probe source resolution) to 1300uStrain have been ho Amax 098
measured. -
. . . g
Index Terms—Chirp gratings, Fabry—Perot resonators, fiber- “'
optics, sensors, WDM. Lo
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N EEEE
ORT-FIBER Fabry—Perot (FP) cavities have been ST
emonstrated as quasi-point sensors for temperature and ZXaM e :l\ speitral
. . . A —
strain measurements [1], [2]. These single cavity sensors 10— Sengihs
have fixed free-spectral ranges (FSR’s) determined by the o
fixed cavity lengths of the FP cavities. Since the wavelength
resolution (the smallest detectable wavelength shift) of a FP L y

cavity is proportional to the product of the cavity finesse
and the FSR, a conventional FP sensor with a fixed cavfjfp‘elﬁd R
length and a fixed finesse (determined by the reflectivity of the

cavity reflectors) has a predetermined wavelength resolution, . )
In short, large FSR can only be obtained at the expense 0f'l'he proposed FP sensor is made up of two collocated fiber

a lower wavelength resolution. In sensor applications, sm4liirPed gratings arranged such that their chirped direction is

resolvable wavelength shift (high resolution) translates to hi@POSite to each other. This chirped grating cavity config-

sensitivity and large FSR translates to large dynamic rang&ation forms multiple spectral (wavelength dependent) FP

Both high resolution and large dynamic range are featurg@Vities with different cavity lengths as illustrated in Fig. 1.
essential to sensor applications. We propose here a chir;.%(ge that if the chirped directions of the two gratings are the

grating FP sensor that provides a single compact sensor haggd'e: the multiple FP cavities will have equal cavity lengths or

with large dynamic range and high-resolution capabilitieESR’s as reported [3]. By interrogating the sensor at a different

beyond that of a conventional (single cavity) FP sensor. YHaveIength band, different spectral FP cavities with different

essence, this chirped grating FP sensor functions as an arralfgP!ution and dynamic range can be addressed.
collocated FP cavities with different wavelength addressableYSing this type of fiber-chirped grating cavity device as

FSR. This type of sensor can be interrogated easily fgrstrain sensor, strain on the sensor induces a shift in the

example, by a simple source wavelength scanning schemer P resonance wavelength of a particular FP cavity which in

turn may cause a shift of the operation from one FP cavity
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lllustration of a chirped fiber grating FP sensor with wavelength
nt cavity lengths.

%, for L. < Lg. (1)
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Fig. 2. Experimental setup of a chirped fiber grating FP sensor.
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Equation (1) indicates that the strgi) on the chirped grating

FP cavity can be determined by measuring the change in the
resonance wavelengti\ \) at the probing wavelength with @
the photo-elastic constant of glass= 0.8. Because of space, 100
details of the derivation of (1) will be presented elsewhere.

Fig. 2 shows a schematic of the chirped grating FP cavity I MWM ;

Wavelength (nm)

sensor system. A wavelength tunable laser at 1500 nm (Ph(% 50
tonetic Tunics 1500) coupled through a 3-dB fiber couplerg
was used to probe the spectral response of the reflected ligkt
from the chirped grating FP cavity sensor at the return port2
of the fiber coupler. All unused fiber ends were properly%
terminated to suppress the formation of spurious cavities thaﬁ
can introduce interference signals. The wavelength encoded
FP cavity was formed by two collocated in-fiber chirped -
Bragg grating reflectors with opposite chirped orientation. I < FSR=l3nm >
In-fiber chirped gratings were written by the phase mask
technique (exposing a length of hydrogenated fiber with a UV
laser at 248 nm through a grating phase mask). Determined
by the phase mask, each chirped grating has a wavelength
dispersion ofA), = 30 nm centered at 1535 nm over a
grating length of L, = 2 cm. The grating reflectivity is 150
~50% (calculated from the measured effective finesse of
the FP cavity). Further work is needed to determined iz 100
higher finesse can be obtained with this type of chirpe(‘fv_
grating cavity by optimizing the fabrication process. With this% s,
chirped grating cavity configuration, there are multiple specificz
resonant wavelengths corresponding to multiple specific cavit§
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lengths. For perfectly collocated chirped gratings, the Iargesﬁé ’

free spectral range or the shortest cavity lendth;, is % <o |

associated with an interrogation wavelength at the center i

of the passband of the grating. The smallest FSR or the 00 |

longest cavity lengthl,,,.,. iS associated with interrogation [

wavelengths near the edges of the passband of the grating. L

Because the cavity-forming gratings have opposite wavelength '15?55,‘2 1551.25 1551.3 155135

chirped orientations, there is a reflection symmetry in the Wavelength (am)
spectral response of the grating cavity as shown in Fig. 3. (If

the two gratings were not perfectly collocated, there would be a (©)

shift in the interrogation wavelength from the grating centerét. 3. Spectral responses of the chirped fiber grating FP sensor measured

; ; ith a wavelength tunable laser scanning (a) from 1520 to 1552 nm with a
wavelength corresponding to the shortest cavity length.) 402 ™ step; (b) from 1537.5 to 1540.5 nm with a 0.02-nm step for applied

a result of the reflection symmetry in the spectral respons@ains of 0 and 13%Strain; and (c) from 1551.2 to 1551.35 nm with a
there are two interrogation wavelengths corresponding to edk$p1-nm step for applied strains of 0 and 133train.

cavity length larger tharl.,,;,. These multiple wavelength
addressable cavity lengths translate to multiple FSR whicksonance and is approximately equakf@nl., wherec =
is defined as the wavelength separation between neighborapged of light in vacuumy = refractive index of glass and
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L. = cavity length. For strain sensing applications with this Ty 1000

[ T Tr T T T T

type of sensor, a range of addressable FSR’s implies that il A_k 41897:::0:5 00'08091_05917‘16””" :02;274 =
a large overall dynamic ranges with high resolution can be e TR . T g
achieved with a single sensor head. 2 . .o ?1

Strain sensing using the chirped grating FP fiber cavity 8 % 1100 5
was tested by mounting the FP sensor on a metal plate an 0 : assuming 100 % /W”W j'
which a constant strain was applied using a standard fo;:'_ir L S‘““:ﬁ‘{;";fﬁ;\ el i
point bending technique [4]. The four-point bending techniqué I ra ¢ <
allows the calculation of applied strain on the sensor basej{ji ,'@ : ' 1 10 df
on the forced deflection of the mounting plate. The spectrat %! | % ) ] %
response of the chirped grating FP sensor was measured with i ;:1\2,& §
the tunable laser over the grating passband at wavelength e ' ]
range from 1520 to 1552 nm with resolution as small as - il i
0.001 nm. A series of spectral responses was recorded for ! 10 100 1000
different applied strain for scanning wavelengths centered Applied Straine,_, (Strain)

around 153_8_1552 nm. _ReSpo_nseS at 1552 nm have Sma&|&.f4. Strain induced spectral shifts and the corresponding measured strain
FSR and higher resolution while response at 1538 nm ha@n the fiber chirped grating FP sensor.
larger FSR and lower resolution. Results are presented in the

following.

. i o . the applied strain using a linear curve fitting algorithm shows
Fig. 3(a) shows the full-wavelength scan (50-min scan tlmglglinear strain transfer efficiency of 0.8955 with a root-mean-

from 1520 to 1552 nm with wavelength step of 0.001 nm, - . .
A range of FSR’s has been obtained with the largest F§Iguare (rms) error (deviation from linearity) of 0.004 44. The

. &train induced spectral shift extracted from the data is on the
centered around 1538 nm and gradual decrease n FS der of 0.001 nm/Strain which is also comparable to the
toward both the longer and shorter wavelengths. Fig. 3( oretical limit(AX/e = CA = 1.22 x 10~* nm/uStrain at
shows the wavelength scan (15 sec scan time) from 153 g_ 1530 nm) of a FP sensor ’
to 1540.5 nm W.'th wavelength step of 0.02 nm. It shows a In conclusion, we have demonstrated a fiber chirped grating
measured effectivé’'SR = 1.3 nm(Lr = 0.6 mm) ath =

1539 nm and a wavelength shift of 0.156 nm for an appIie%P sensor with large dynamic range and high resolution based

; ) . . ; n the construction of a single sensor head with multiple
strain of 137 uStrain or an estimated strain resolution o . . .
: . avelength addressable FP cavities of different cavity lengths.
15 pStrain for a resolvable wavelength of 0.015 nm. Fig. 3( " i .
hese FP cavities provide effective free spectral ranges ex-

shows the wavelength scan (15-s scan time) from 1551.2 to

1551.35 nm with wavelength step of 0.001 nm. It shows tgndlng from 0.04 to 1.3 nm. Using this chirped grating FP

measured effective FSR- 0.05 nm (L.y — 20 mm) at sensor, we measured a static strain sensitivity on the order

1551 nm and a wavelength shift of 0.0083 nm for an appli of 0.001 nmﬂStra}m (comparable .to the the?retmal limit .Of
strain of 13. A1 ;Strain or an estimated strain resolution o 00122 nm/LStrfeun) and a dyna_1m|c range o 26.dB ranging
' rom 3+ 1 pStrain to 1300:Strain. Strain resolution of +

3+ 1 uStrain for a resolvable wavelength of 9'0018 nm (con'ﬁl- Strain is limited by the wavelength resolution (0.001 nm)
parable to the 0.001-nm wavelength resolution of the tunab : o ) .
the tunable source probe (higher resolution is possible with

laser). Therefore, by probing the chirped grating sensor at 1 . . . .
and 1551 nm, both large dynamic range and high resc)Iutibnnen‘erometnc wavelength detection scheme [5]). This chirped

. . ; rating FP sensor provides both high resolution and large
have been achieved. Note that the defined effective FSR fop a9, ; P! 9 9
: . T ) Igynam|c range in a single sensor head and thus demonstrates
chirped grating cavity is different from the conventional FS e .
. : . . capabilities beyond that of conventional FP sensors.
for a single FP cavity. An exact analytic expression for thé
effective FSR is currently being investigated. Low signal to
noise in Fig. 3 was due to relatively high detector noise as a
result of low optical output power. [1] J. Sirkis, T. A. Berkoff, R. T. Jones, H. Singh, A. D. Kersey, E. J.
Fig. 4 shows the strain-induced spectral shifts and the Fr|epele, and M A Putnam, “In-line fiber etalon (ILFE) fiber-optic
) strain sensors,’J. Lightwave Technql.vol. 13, pp. 1256-1263, July
calculated strain responses from the measured wavelength 995
shifts at various probe wavelengths as a function of thél FS-AS-AtkinSYVJ-PH-SGardner, \ﬁ E <T3ibller, 35 ,ble% M.D.Sgklaénd,hM. _
. : H _ H H . opears, V. P. swenson, A. . laylor, J. J. McCoy, an . besnourl,
calculated applu_ed Stra_m using the four-point bending mOd,el' “Fiber-optic pressure sensors for internal combustion engintgpl.
The tested static strain level extended over 20 dB ranging opt, vol. 33, no. 7, pp. 1315-1320, Mar. 1994.
from 6 to 650.Strain using the source wavelength scanning3l ?NEd Tswrc\j, *; Eugdsn, i-lﬁ- F}:lt\Nllllams, I-t_Beln?lt?n,lgEcliESP.hB.tPooIe,
. . . . lde-pan apry—rFerot-like ftilters in optical toer oton.
approa_ch. The strain resolution of our syster_n ﬂsBuStral_n, Technol. Lett, vol. 7, pp. 78-80, Jan. 1995.
which is comparable to the strain resolution ofgBtrain  [4] J. E. Shigley,Mechanical Engineering Desigrbth ed. New York:
i - i McGraw-Hill, 1989.
corresponding tq the 0.091 n.m wavelength reSOIUtlon of ou[r5] A. D. Kersey, T. A. Berkoff, and W. W. Morey, “Fiber-optic grating sen-
tun§b|e |aser.- Higher cavity fme?“@)’ further increase th? sor with drift-compensated high-resolution interferometric wavelength-
strain resolution of our sensor. Fitting the measured strain to shift detection,”Opt. Lett, vol. 18, no. 1, pp. 72-74, Jan. 1993.
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