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Fiber Bragg Grating Interrogation and Multiplexing
with a 3 x 3 Coupler and a Scanning Filter

Gregg A. Johnson, Michael D. Todd, Bryan L. Althouse, and C. C. Chang

Abstract—We present a new technique for fiber Bragg grating gratings outside the filter bandwidths can not be tolerated. For
(FBG) sensor interrogation and multiplexing. The technique this reason, and because very low frequency interrogation of the
combines a scanning bandpass filter used to multiplex by wave- iarferometer is difficult, the WDM system is often used for

length multiple gratings in a single fiber, and an unbalanced | . .
Mach—Zehnder fiber interferometer made with a 3 x 3 coupler to high frequency, low amplitude measurements. The CCD-array

detect strain-induced wavelength shifts. A demonstration system System is much more flexible in its multiplexing capability and
interrogates four gratings in a single fiber at a sampling rate up can simultaneously sample multiple gratings without confining
to 20 kHz, with a noise floor measured at less than 10«4y +/Hz wavelength shifts to discrete bands.
above 0.1 Hz. Comparing systems developed and often deployed by
Index Terms—Fiber Bragg grating (FBG), interferometry, the U.S. Naval Research Laboratory (NRL), the scanning
three-by-three coupler. Fabry—Perot filter systems tend to have a low sample rafe (
kHz) and a noise floor of roughly 100¢fw/Hz, while the
l. INTRODUCTION interferometer-based systems have measurement bandwidths
, , .. upto tens of kilohertz and a noise floor of 5-1€/f'Hz at 100
HE INTRODUCTION of fiber Bragg gratings (FBG's) Hz. Despite lesser bandwidth and sensitivity,ltt%e scanning filter

has launched significant activity in the development cl{?sign remains popular because it can more easily measure
FBG-based sensors and interrogation systems that detect s

inth | hs of th ; Th | hshi [[3si-static strains, and it is much easier to multiplex a high
in the center wavelengths of the gratings. The wavelength shifts /- ¢ FBGs¥10) in a single strand of fiber.

are caused by axial strains in the lengths of fiber that contain thep system described in this paper retains the ease-of-multi-

gratings, which has led to wide application of gratings as Str%!ﬂbxing nature of the scanning-filter design and the sensitivity of
fie interferometer-based systems, while surpassing the dynamic

gages [1]-[5]. Since several FBG’s can be written into a sin
fiber, multiplexing (in addition to bandwidth and sensitivity) isrange of both systems and the bandwidth of the scanning-filter

an important consideration in the development of mterrogat@@stem, where filter scan rates are typically limited by the design
sy_srtr?ms. £-th | h shif of the electronics. Because it combines the desirable qualities of
e current state-of-the-art wavelength shift SyStené%(isting interrogation techniques, it is expected that the present

are based pnmanly on four designs: scanning Fa}bry—Peg tem will be suitable for a broad range of field applications.
filter-based interrogation, tunable acousto-optic filter interroga-

tion, wavelength-division-multiplexed (WDM) interferometric

interrogation, and prism/CCD-array techniques [6]-[9]. [I. SYSTEM DESIGN

The tunable filter techniques use a broad-band source and ] o o
broad-band detectors to serially interrogate multiple FBG’s The system is sketched in Fig. 1. An array of FBGs is illu-
in single array by tuning the filter such that a single gratir;g'a”"ate.d with a 1550-nm broad-band source (typically, 40-nm
is illuminated at one time. The control voltage applied to tH@dndwidth). Each grating has a Bragg wavelength within the
Fabry—Perot filter (or the control frequency applied to th&ource band, and is separated from the others in wavelength by
acoustooptic filter) is used to determine the Bragg wavelengiRMe application-determined minimum spacing. Ultimately this
of each grating. In the case of the Fabry—Perot filter, the reld€termines the number of gratings that may be placed in a single
tionship between control voltage and wavelength is not a linealf@Y: atypical number is 1020 gratings. The grating reflection
one. The WDM interferometer and CCD-array techniques uBandwidth |s'typ|f:ally less than 0.2. nm, similar to the passband
a broad-band source and broad-band detectors in conjufitthe scanning filter~-0.25 nm. This narrow passband allows
tion with wavelength separation components to interrogateﬂ?f_f”ter_to passa_lsmgle FBG reflection to the mterferomet(_erat
number of gratings simultaneously. For the WDM system, tifediven time. A triangle-wave voltage waveform of appropriate
gratings must be centered within the passbands of the wrAnplitude applied to the scanning filter allows the filter to scan

filters. Accordingly, large wavelength shifts which move th&cross the entire wavelength range occupied by the gratings.
When the center wavelength of the passband matches an FBG

. . _ reflection peak, an unbalanced Mach—-Zehnder fiber interferom-
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2x2 coupler M Ay A AL of microstrain {i¢), is determined by changes in the phase angle
i mm—mm—mm— -+« —mm—  according to the relation
broadband fiber Bragg gratings
source ' . — AAP (3)
AN ] Fm o 2rndC
voltngo. 9;1:? . which is derived by differentiating (1) with respect foand
waveform P where(, given by(6)\/6¢) /A = 0.74x 10-%uc 1, relates strain
32 Photodetector A to wavelength shift through photoelastic properties of the fiber.
The calculation of strain completes the interrogation of a single
2x2 coupler grating. The process is repeated as each grating in the array is
encountered by the scanning filter.

The method of determining the phase angle from the three
outputs of the 3x 3 coupler offers some advantages over pre-
vious methods [10]-[13]. The method is completely passive,

3x3 coupler i.e., there is no carrier signal present nor active feedback con-
trol, and hence is not bandwidth-limited by active devices. The

Y Photodetectors B, C and D method is also immune to variations in the source intensity; that
XZSZ is, fluctuations in the intensity of light returned by the gratings

are not falsely interpreted as strain. These results are detailed in
Fig. 1. Bragg grating interrogation system using a scanning bandpass fifg4] and summarized here.

and an interferometer containing a33 coupler. From (2) it may be shown that
wavelength). This general phase/wavelength relationship may V3(azVe — anVp)
be expressed tan ¢ = (aaVe + aaVp — 2aa3Vp) )
¢: 27rnd+¢0 (]_) whereay; = Gc/GB = Kc/KB andaz = GD/GB =
A Kp/Kp. Either source intensity or polarization-induced fluc-
where tuations may cause the individu&l's andG’s to vary, but in the
n is the refractive index of the fiber core; same proportion in each detector. Thérms may be obtained
d is the difference in length between the interferometday characterizing the systeapriori with the application of a
paths; known-sized signal.
A is the center wavelength of the grating. Because ther terms are insensitive to intensity fluctuations

The ¢, term is introduced to represent the effects of slowlpy definition, (4) allows robust recovery a@f. An arctangent

varying, environmentally induced, random phase shifts due atgorithm with appropriate phase unwrapping may be used

variations inn andd, typically from temperature fluctuationsfor efficient real-time phase extraction. The valuea ¢ and

which occur at time scales assumed significantly longer thancot ¢ are obtained by (4) and its negative reciprocal. The

signals of interest. arctangent function is then applied to one of these values de-
The phase measurement is performed utilizing all three deteending upontan ¢|; if | tan ¢| is less than unity|¢| < = /4),

tors at the outputs of the3 3 coupler, where the phase is offsethen arctan(tan ¢) is calculated; otherwise- arctan(cot ¢)

120 (2 /3 rad) between the three arms. Arbitrarily referencinig calculated. This result represents the wrapped phasel is

the measured phase angle to Photodetector B, the photodetemonputed in this manner to avoid discontinuities at odd multi-

outputs may be expressed as ples ofx /2 within the unit circle. For unwrapping, a boolean
value is tagged simultaneously with the phase computation,
Ve =Kp+ Gpcos ¢ and this boolean tag is compared with the previous boolean
Vo =Ke + Gecos(¢p + 2n/3) tag associated with the previous phase computation. If the tags
Vo = Kp + Gpcos (¢ — 2n/3) (2) are equal, no phase wrap-around has occurred, and the current

phase computation is retained and passed onward. If the tags
where( is the modulation depth of the interferometer aid differ (0 to 1 or 1 to 0), then the current phase computation is
is the nominal Bragg grating reflection intensity. As the filtemcremented or decremented by2, depending on its sign, and
passband scans across a grating, the photodetector outputpagsed onward. The entire algorithm is repeated in a while-loop
through a local maximum indicating that the center wavelengtbenstruction until data are no longer being collected.
of the passband and grating coincide. Peak detectors are used f6g. 2 is a block diagram of the prototype system for the
capture the peak voltages 6§, V- andVp, a data acquisition sampling described above. Photodetector A is used to deter-
board is triggered to sample the voltages, then the peak detectoiise when a grating is being interrogated. As indicated in
are discharged. The three peak voltages are subsequently disgd1, Photodetector A gets 10% of the light returning from
to calculate the phase angte which in turn is related to the the grating array prior to insertion into the interferometer.
grating wavelength through (1), with effects characterizeddy The detector output goes through a local maximum when the
assumed negligible. Strain applied to the gratins, in units scanning filter encounters a grating, and a threshold detector
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Fig. 2. Block diagram of the prototype system electronics.

(Comparator 1) gives a logic high when a certain amount

light is present (determined birg). The falling edge of the

comparator output triggers a series of events. By the time
the falling edge, the scanning filter has passed through the pt
of the grating reflection, and the peak detectors continue
hold the peak voltages of Photodetectors B-D. The acquisiti
board is configured to sample on the falling edge of the exterr
clock input, at which time the Peak Detectors are interrogate
The One-shot circuit is also triggered by the falling edge «

the comparator, and in turn generates a reset signal that rett A |

Filter drive signal

] | .
the Peak Detector signals to zero volts. At this point, the ne
grating is ready to be encountered. A differentiator takes tl PhM UUU \_/ UUU\——

vV

time derivative of the triangle-wave oscillator that drives th comparars [ [l L 1.1
scanning filter. The output of the differentiator is a square wa Onechor L0 LT

and is used to determine when the filter voltage is increasing
decreasing. Comparator 2 is used to convert the differentia
signal to standard logic levels.

Fig. 3 gives further illustration of the relevant signals. Th
triangle-wave drive signal and signals from Photodetect
A, Comparator 1, the One-shot and one of the three Pe
Detectors are shown. The Comparator 1 signal goes high wt _l Comparator 2
the threshold voltage is exceeded, indicating that a grating
present. The One-shot signal is triggered by the falling edge of

the Comparator 1 signal and is slightly delayed to allow timfdg- 3. A timing diagram with the relevant signals for demodulation. The
voltage levels of the Peak Detector signals (of which only one of three is shown

for the sampling board to sample the Peak Detectors bef@l@e) are the measurands used to determine the shifts in wavelength of the
they are reset. When the One-shot signal goes high, the PBealgg gratings.

Detectors are reset to zero.

Peak Detector

filter, a broad-band source centered about 1550 nm, and a sam-
pling board with 500-kHz sampling capability. The scanning
A prototype was constructed and tested to demonstrate tFabry—Perot filter was driven between 3-10 kHz, resulting in
system capabilities. The testing was done with a single arrlyquist sample rates up to 5 kHz. However, the grating arrays
of four Bragg gratings, a Queensgate scanning Fabry—Perotild be sampled on both the up- and down-sweep of the filter

I1l. EXPERIMENT
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Fig. 4. A noise floor below 5 ¢/v/Hz (on average) is demonstrated for -80 . . . .
the interrogation system at slightly less than 20 kHz sampling frequency. 0.2 0.4 0.6 0.8
sub-microstrain signal at 1 kHz was applied during the test. time (s)
: o . (@
drive cycle, resulting in Nyquist sample rates up to 10 kH: 12.0

The sensitivity of the phase to changes in grating wavelenc
(1) is determined in part by the optical path difference in tr
interferometerd. In the present system the difference is 2.7
mm, which corresponds to 80.9 microstrain per radian. Tt
path difference was chosen such that the wavelength spac
between fringe maxima occurred at approximately three tim
the grating bandwidth. The path difference is chosen as large .
possible to maintain maximum strain sensitivity but is limite:
by the coherence length of the grating reflection spectrui
which governs fringe visibility.

A noise floor measurement was performed, and Fig.
shows the results in rms radiag8Az as well as n//Hz for -8.0 1
the lowest-wavelength grating in the four-grating array. Tt
conversion to microstrain depends on the path imbalance -12.0 -
the interferometer, so it is a more system-specific measu 0.0 0.05
ment, while the radian measurement is less dependent on
interferometer. The system with the 2.75-mm path imbalance (b)
gives a noise floor of less than 5 Mf/Hz, which is near
—90 dB rad;(/m or 30 urad/\/E. A signal of less than 1 Fig- 5 a)AsmaI! strain signal_is ap_plied tpasingle gra_ting of the four-grating
uie peak-to-peak is applied to the Bragg grating under test Sgay. b) A large signal of6 radians is applied to all gratings.
bonding it to a piezoelectric transducer driven sinusoidally at
1 kHz. As noted in (1), there is an interferometer drift term that af-

To demonstrate channel separation, Fig. 5(a) presents the fi@ats low-frequency and quasi-static strain measurements. The
sensor outputs when a strain signal is applied to one FBG. Tt is due to environmental influence on the arms of the fiber
signal is applied to the grating by bonding the grating to a 50-cimterferometer. To combat the low-frequency drift, effort was
aluminum beam that is attached in a cantilever fashion tomsade to shorten the two arms to 10 cm and to passively stabi-
shaker table and sinusoidally driven at 40 Hz. In this exampgige the interferometer temperature with insulation. The results
a 15-microstrain signal is imparted on the sensor placed on #&re demonstrated in Fig. 6, showing a&-¢Hz (< —80 dB
beam, while the other gratings are in the same fiber, but are fi@dA/Hz) spectral density down to 100 mHz.
attached to the beam.

Finally, a signal was applied to a transducer that modulates
the length of one arm of the interferometer. The net result is a IV. CONCLUSION
50-Hz signal of peak-to-peak amplitude 6adians appears on
the four sensors, and demonstrates the phase unwrapping cap#/e have presented a new system for wavelength shift de-
bility of the demodulation technique. Fig. 5(b) shows the largection of FBG’s. The method allows for multiplexing a high
signal on each grating, corresponding to equivalent strain levalsmber of gratings in a single fiber or multiple fibers. The pro-
of 1900y.¢. Slight offsets are applied to separate the signals ftotype system demonstrates sampling rates of up to 20 kHz (10
plotting. In both figures, the sampling rate is 3 kS/s. kHz Nyquist) on four gratings in one fiber, frequency-limited in

radians

-4.0 -
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