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FMCW Multiplexing of Fiber Bragg Grating Sensors

Peter K. C. Chan, Wei Jjrsenior Member, IEEEand M. Sileyman Demoka&enior Member, IEEE

Abstract—We report on the use of frequency-modulated con- frequency
tinuous wave (FMCW) techniques for multiplexing fiber Bragg 4
grating (FBG) sensors. This technique is based on the modulation slope =D
of light intensity from a broadband source by a linear swept-fre- AN @ _f
quency RF carrier. Signals from the FBG sensors located at SRR ’ N A
different positions in an array are separated in frequency domain s N ’ N s
and demodulated using a tunable optical filter. The potential and e P < 7 ’
limitation of the technique are discussed. A three-sensor FMCW — Tle— : : R T ,
multiplexed FBG array of parallel topology and a six-sensor beat Pl i
hybrid FMCW/WDM system were experimentally demonstrated frequency
with —30 dB crosstalk between sensors and 2e resolution in
terms of root mean square (RMS) strain value. Foear

A

Index Terms—Fiber Bragg grating sensors, frequency-modu- AV V. \/ - —
lated continuous wave, optical fiber sensors, strain measurements. time

Fig. 1. Production of beat note.
|. INTRODUCTION

IBER Bragg gratings (FBGs) have been identified as vesyhigher duty cycle and therefore larger average sensor output

important sensing elements, especially for strain measup@wer over the TDM technique and consequently better SNR.
ments in smart structures [1]-[4]. In many applications, arraf®r the same level of source power, the sensor number limited
of FBG sensors are required for multipoint or quasidistributday input power level for CDMA could be significantly larger
measurements. Multiplexing of FBG sensors is therefore ess#ran that for TDM. The sensor number and channel isolation
tial in order to reduce the cost per sensing point and to increase proportional to the sequence lengths of the code sequence.
the competitiveness of FBG sensors against conventional eldhough a large number of FBGs were expected by use of
trical sensors. CDMA technique, only a two sensor system was experimen-

The most popular technique for multiplexing FBG sensotglly demonstrated with a crosstalk level- 020 dB [7].
is the wavelength division multiplexing (WDM) technique The FMCW technique has been studied for multiplexing
[4], [5]. The maximum sensor number that can be multiplexddtensity-based [8] and interferometric fiber optic sensors
using the WDM technique is determined by the ratio of thi®]-[11]. This idea is extended here to address an array of FBG
source spectral width over the spacing between the Braggnsors that have approximately the same Bragg wavelength.
wavelengths of the FBGs. For applications requiring a largéhe high duty cycle available using the FMCW technique
multiplexing gain, a combination of the WDM and time-divi-provides a larger average power at the photo-detector and
sion multiplexing (TDM) techniques [3]-[5] may be used.  thus a better SNR. The FMCW technique can also be used in

A TDM system employs a pulsed or gated CW source to illigombination with the WDM technique to realize larger size
minate gratings in sequence as the pulse travels along the filkd3G arrays.
the reflected signals from the gratings are separated in time do-
main [6]. The physical separation between the gratings is deter- Il. THEORY OFFMCW
mined by the input pulse width. A fast time-gated photodetectgr
can be used to select the signal from individual grating for anal- ) ) _
ysis. To achieve a large multiplexing gain without sacrificing The basic theory of the FMCW technique has been described
the SNR, narrow optical pulses with relatively large peak pow%b’ Hymanset al.[12] and Manafzat al.[13]. Here we outline
and hence large bandwidth of photodetector are required. THE Pertinent factors and focus on the use of the technique for
maximum sensor numbers is in general limited to less than t&pultiplexing FBG sensors.

A code-division multiple access (CDMA) scheme has Fig- 1 shows the concept of FMCW technique where a tri-
recently been demonstrated for dense wavelength divisiBRgular frequency chirping is assumed. A time difference be-
multiplexing of FBG sensors [7]. The CDMA technique hagveen a triangular chirped reference waveform and a signal (a

delayed version of the reference) produce a difference frequency
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* fbeati = DTi = 2fSAfTZ (l)

@ Gy whererT; is the time delay difference between the signal from
theith sensor, and the reference signahcludes contributions

to the fiber delay lines and the delay introduced by the optoelec-
tronic components such as the intensity modulator, the TOF and

Fig. 3. Schematic diagram of an FMCW multiplexed FBG sensor array |n
parallel topology. the photodetector.

outputs

B. Beat Notes Spectrum
Figs. 2 and 3 show, respectively, a serial and a parallel FBG

sensor array that are addressed by FMCW technique. Th For triangular frequency chirping, the spectrum of the beat

. . . . . note corresponding to a particular sensor consists of a group of
FBGs in the array can have either identical or different Braqﬂ P g P group

: ) crete lines witty, interval and a sinc-function envelope. The
wavelengths. The light from the broadband source is modulatea s b

. . X : eXact spectral characteristics of the beat notes are complex and
with a sawtooth or triangular chirped frequency carrier geneg-

. f including th lay i
ated from a voltage-controlled oscillator (VCO) and launch %Efvsggnot%: ::;22?;2 dptﬁrearrg?eferil:gcs:iu?wlglg tt;ed;ﬁy::mfe )
into the FBG sensor array. The reflected signals from FB g ' ping rep

are guided back to a tunable optical filter (TOF) and then to(E%tlon ratef, and the frequency excursiabf. Under the con-

photo-detector and are mixed with a reference signal from t {elon that

VCO subsequently. The system output will consist of a number foear = kfs O 2Afr =k 2

of beat notes with the beat frequencies determined by the time

delay differences#,i = 1,2, ---, N, corresponding taV i.e., the beat frequency coincides with one of the harmonics of

sensors) between the reflected signals from individual FBG, thek f, component will be maximized and other harmonics
sensors and the reference signal.rfis selected properly, components would be near the minima of the sinc function. This
the beat note signals may be separated in frequency domaieans that the spectrum of the beat note may be approximately
and viewed by using an electrical spectrum analyzer or usirggarded as a single line if the aforementioned conditions are
FFT analysis of the time domain signal after photodetectiosatisfied. Computer simulations have been conducted to show
Electronic bandpass filters with appropriate passing battie effect of varying the parametersand 7, on the spectral
may also be used to separate signals from different sensatsaracteristics of the beat note spectrum. Fig. 4 shows the sim-
The separated sensor signal has amplitude proportional to ti&tion results forA f = 40 MHz, f, = 5 kHz, andw, =2«
convolution of the spectral response of the optical tunable filt80 x 10° rads. These are the values used in our experimental
and that of the specific FBG sensor. The Bragg wavelengthsstfidy that will be used throughout the paper. In Fig. 4(a), the
the individual FBGs can therefore be interrogated by scannidglay differencer was chosen to be = 25 ns that satisfies
the TOF and recording the control voltages of the TOF that c&A f+ = 2. The ratio of the magnitudes of the peak to the first
responding to the peaks of the different frequency componerggleline is about-72 dB. The magnitudes of the sidelines in-
For chirping repetition ratg; and the frequency excursioncreases with the value &f (proportional tor) and reaches to
Af, the rate of frequency excursion I3 = 2f;Af, and the about—48 dB fork = 32 orr = 32/(2Af) = 400 ns (see
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Fig. 5. Spectral lines of three individual sensors (a, b, c) and the combined ) )
signal (d). Fig. 6. Simulated beat note spectfa{.. = 20 kHz) for (a) a single reflector,

(b) a 1-cm-long FBG, and (c) a 10-cm-long FBG.

Fig. 4(b). These results indicate that, if the sensor array is de- h | f the sideli itude is difficul b
signed in such a way that each sensor signal aligns to a dif_-T e exact value of the sideline magnitude is difficult to ob-

ferent harmonic of the frequency chirping, a maximum of giin due to the complex distributed feedback nature of the FBG
sensor may be multiplexed theoretically with crosstalk betwe&HUcture. Asimple modelis used here to estimate the upper limit

any two of the sensors below48 dB. The peak to sideline am-Of the sideline magnitude. An FBG is modeled/dsreflectors
plitude ratio depends not only on the time detaput also the connected in series{ = L/A, whereL is the physical length

modulating period’,. The general trend is that the sideline supQf grating andA is the grating period, €.g., for a 1-cm-long

pression ratio will decrease with a decrease or f;. 1550 nm FBG sensoM = 18840). The power reflectgd from
For multiple sensor arrays as shown in Figs. 2 and 3, tﬁgch of the reflectors is assumed to be the same. Fig. 6(a)—(c)

output signal spectrum will be a superposition of individueﬁhow’ respectively, the simulation results for a single reflector,

sensor signals in the frequency domain. Fig. 5 shows t el—cm—!ong FBG and a 10-cr_n—|ong FBG with the delay of
grating center corresponding téA2r = 4(k =4). For

spectral lines of the combined signals from a three-sensor arf | h itud f the sideli d
[Fig. 5(d)] and the respective spectral lines of the individual 1-cm-long FBG, the magnitudes of the sidelines are 66 dB

sensors [Fig. 5(a)—(c)]. The time delay difference of the thr glow the central peak, and it is_very close (or may be r_egarded
sensors relative to the reference signal are 25 ns, 100 ns, grdhe same) to that from the point _reflector case _[se(_e Fig. 6(2)]
325 ns, corresponding t — 2, 8, and 26, respectively. It For the 10-cm-long FBG, the magnitudes of the sidelines are 54

is interesting to note that the magnitude of the sidelines fg}3 below the peak Iirr:e, inc:cicating thatfthe effect of the Iengttr)\
the combined signal are actually smaller than that for tr?é FBG sensors to the performance of FMCW system can be

third sensor [Fig. 5(c)k = 26], indicating that the spectral neglected.
components of the three sensors at a particular frequéniy (
are not always added in phase. B. Effect of Biasing from the Optimal Working Condition
On the other hand, the biasing from the optimal time delay
[Il. PEREORMANCEANALYSIS OF EMCW SYSTEM differencer may also affect the FMCW system performance.
The beat note spectrum for a single sensor may be approxi-
A. Effect of the Length of FBG mately regarded to be a single line, and the magnitude of the
It should be mentioned that in obtaining the simulation resulssdelines are essentially zero if the time detagnd the modu-
shown in Figs. 4 and 5, we have actually assumed that the serlation parametera f and f, satisfy (2). In a multiplexed mul-
was a single reflector, i.e., each sensor has a unigue time ddlple sensor system, the modulation parameters are usually fixed
7, associated with it. In practice, an FBG cannot be regardedtagnsure that all the sensors in the network experience the same
a single reflector. This is because any FBG would have a limitég&quency chirping modulation. The only parameter that may be
length and may be modeled as a number of discrete reflectadjusted is the optical time delay differenceThe time delay
connected in series, and each has a respective delay in relatifierence can be adjusted by a cutting and splicing technique
to the reference signal and produces a unique set of beat nobeshy directly writing FBGs on fibers in a controlled manner.
The beat notes corresponding to a FBG may be regarded d&3oa either technique, it should not be very difficult to control
superposition of a number of beat-notes signals produced by the separation between the FBGs to be withihcm accuracy
reflectors. or a time delay bias of = 2nx (1 cmk = 97 ps).
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I . 10 ——— 10— delay differenceAr between sensors may be obtained by
) ; 2 taking the derivative of (3), and expressed as
10 1 W0 10
Ak
't i 10’ AT = 2Af @
'L 1 0 B 10 ! where Ak is the difference in harmonic number&r can be

further expressed in terms of the fiber length differefde be-
tween two gratings, the light velocityand refractive index

2 2 2
10k 10 / 10k : Ar— 2ALn (5)

\
>

Power (a.u)

c

‘ i Substituting (5) into (4), the minimum separatidd .., 1 be-

10* w0 0* tween two adjacent sensors may be obtained by putiihgo
1, as
i0* 10° 10" Alomin,1 dnAf ©)
05 1 15 2 0 0§ 1 15 2 0 05 1 15 2
x10 ef 110’ Assume thatA f = 40 MHz, the time delay difference be-
Frequency (Hz) tween sensors should be multiples of 12.5 ns. The physical sep-
@ ®) © aration should then be multiples of 1.25 m. The minimum sep-

arationA L, 1 may be increased or reduced by varyitg.

Fig. 7. Beat note spectrum of a sensi.g. — 40 kHz) for (a) ideal case, However, thg adju.stment is limited due to the practical limit of
(b) 1 cm longer than the optimal delay difference, and (c) 2 cm longer than € electronic devices (e.g., VCO) used.

optimal delay difference. The spatial separation between two neighboring FBGs is also
affected by the spectral width of the FBGs and the TOF. The sep-
arationA L, 2 between the gratings should be longer than the
toherence length of the source, the equivalent coherence lengths

we carried out simulations for the set of modulation parameterFthe EBG and the TOF. in order to avoid coherent interference

given in Section 1I-B and for various time delays. Fig. 7(a)—( .

: gccur [14]. As the spectrum of a broadband source is usuall
shows, re;pecnvely, the beat note spectra for three cases w n%lrj%h br(Ead]er than tha?t of FBGs and the TOF, the separation bZ-
the path difference between the sensor and the reference S%}\'/%_en the FBGs should be dictated by the eq'uivalent coherence
fying the optimal condition [i.e., (2) is satisfied with = 8],

1 cm and 2 cm longer than the optimal condition. The magrl?—ngtth of the FBG or the TOF, whichever is larger, i.e.,

tudes of the tallest (first pair of) sidelines are, respectively, 30 Ap?

dB [Fig. 7(b)] and 24 dB [Fig. 7(c)] below the central peak. They ALuin,2 > Le > —5- (1)
are 30 dB and 36 dB above the sidelines, as shown in Fig. 7(a).

It can be seen from Fig. 7(b) and (c) that the magnitudes where Ap is the Bragg wavelength of the grating, aft =
the sidelines reduce when they are further away from the maimn(Bc, Br), Bg and Br are the FWHM spectral width of
peak. Thus, for practical applications, the physical separatitht€ grating and the TOF, respectively.

between the sensors may be made longer so that the adjacefPr typical valuespp ~ 1556 nm andBs ~ Br ~ 0.2
sensor signal is located at a frequency line slightly further awayn, the value ofZ.. is 1.2 cm. For practical applications, the
from the peak, e.g., working Atline instead oB line. Crosstalk separatiomA L, » may be chosen to be 10 = 12 cm. This
between sensors can then be reduced fr80 dB to—40 dB. Vvalue may be the limiting value for this type of sensor arrays.

To study the effect of biasing from the optimal condition

IV, NETWORK ANALYSIS B. Power Budget Analysis

) ) ) In order to balance the performance of the FBGs within
A. Spatial Separation Between the FBGs and the Maximumine 4rray, it is desirable to have equal reflected power from
Sensor Number each of the FBG sensors. For the parallel architecture shown
An important conclusion drawn from Section II-B is that thén Fig. 3, this can easily be done by choosing the FBGs in
time delay difference between the sensor signals and the reélifferent branches to have identical peak reflectivity. For the

erence signal should be ideally designed to be serial FBG array shown in Fig. 2, the reflected light from
different FBGs will not only depend on the peak reflectivity

k but also their relative Bragg wavelengths. If all the FBGs in

T= NG k=123 ) the array have different Bragg wavelengths over the whole

operation range, the returned power from different FBGs will
The magnitudes of the sidelines may be minimized providéd balanced if the FBGs are all of the same peak reflectivity.
that the aforementioned condition is satisfied. The nonzevde are, however, interested here in multiplexing of FBGs of
sidelines would cause crosstalk between sensors. The minimapproximately the same Bragg wavelengths. For this type of
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array, it is impossible to “balance” the power from differen -15
FBGs because the reflected power from {tte FBG depends
on the Bragg wavelength of the first to the-(1)th FBG, which
depend on the measurand (strain) applied to the FBGs.

It may be however advantages to “balance” the power for tt
worse case where all the FBGs in the arrays are of the sa
Bragg wavelength. Consider now the serial FBG sensor arr
as shown in Fig. 2. As the power spectrum of broadband soul
is normally much broader than the tuning range of the gratin
it may be assumed to have a constant spectrum pdwewver
this limited range. Assume the coupling ratio of the couplet.is
and the reflected peak power fraith FBG sensorZ; is given
by

Minimum detectable
power level

Power level of each sensor (dBm)

A

ey (@)
2 . 50 : - - -

P, = (1 — k) keap®R1 Py i =1 (8) 20 40 60 80 100 120

i—1 , ‘ Maximum number of FBG sensors
Pi=(1-re)re [[J(1-R)| ar®RiPy

j=1 Fig. 8. Power level at the photodetector as function of the maximum number

i=2,3 .. N ) of FBG sensors in serial topology.
whereR;(¢ = 1, 2, ---, N) denotes the peak reflectivity of 15

theith grating.«r is the power transmission coefficient of the
connecting fiber between the adjacent FBGs. For simplicity, the
coefficients of all connecting fibers are assumed to be the same.
Since the light intensity is modulated using a chirped frequency

-2

251

T =
U

Minimum detectable

)
2
=
2
carrier, the average light power of thh sensor will then be s ¥ power level
P /2. 3 =l
Assume all the sensors have same reflected peak power, i.e., %’ ol
P, = F,14. We have = —
2 45 i
Ri = (1 — Rz)2 CYTQRH_I (10) § B0k
> R 4or?R & e |
2c¢ a1+ 1) — v a1 +1
R; = ( T 4l ) T 441 ' (11) ® . . ’ . ‘ .
207 R 41 20 0 60 ) 100 120
Once the reflectivity of the last FBG sensor in the array is Maximum number of FBG sensors

known, the reflectivity of the other sensors and the corre-
sponding reflected power at the photodetector can be calculafgdg- Power level at the photodetector as function of the maximum number
from (10) and (11) and (8) and (9), respectively. Of FBG sensors in parallel topology.

As the number of sensors is increased, the optical power at the
photodetector corresponding to each sensor will decrease. Sif@gand 100% [curve (d)], respectively. The maximum sensor
the photodetector has a minimum detectable optical power lewa&limber can be obtained from Fig. 8, by comparing the power
it will set a limit to the maximum number of sensors that can Hevel of the sensor with the minimum detectable power level of
multiplexed. Provided that we know the source spectral powttie detector, and are found to be 34, 52, 55, and 6@zfer=
P, and the noise equivalent power (NEP) of the photodetect@s, 5%, 10%, and 100%, respectively. The power level as a
the maximum sensor number limited by power budget may banction of sensor number for a parallel array (Fig. 3) formed
calculated by using (8)—(11). Take the New Focus 1811 phiay using 2x 2 fiber couplers and FBGs of 100% reflectivity
todetector as an example, for which the NEP is 2.5 pWZ, are shown in Fig. 9. The maximum sensor number for SNR of
and the bandwidth is 100 MHz. The minimum detectable powgris 32. For practice applications, however, the SNR at the pho-
corresponding to an SNR ratio of 1 for that detector can be cabdetector should be significantly larger than 1, e.g., SNEO.
culated to be-46 dBm. For an ASE source of power 15 mWThe maximum sensor number that can be multiplexed with the
power level within the grating spectral regidty (say 0.2 nm aforementioned source spectral power could be much less than
linewidth) is about—12 dBm. Assume:. = 0.5 andar = the number mentioned above. Optical amplifiers may need to be
0.1 dB, the power level of each sensor as a function of sensed to boost up power level in order to multiplex a reasonable
number for a serial array (Fig. 2) was calculated from (8) ardrge number of sensors. Obviously, a larger number of sensors
(9) and shown in Fig. 8. The four curves shown in the figure cocan be multiplexed with larger grating reflectivities. However,
responds tady = 1% [curve (a)], 5% [curve (b)], 10% [curve this may introduce larger crosstalk between sensors.
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C. Crosstalk Analysis P RiGE: -29 BV STATUS: PAUSED

It has been shown in Section I1-B that the crosstalk betwee . 15kHz . 20kHz........... ... et TOKHZ e
sensors due to nonzero sidelines could be negligible if the be A R S S
frequency from a FBG sensor coincides with one of the hai ' ' S I
monics of the modulating frequendgy. ﬁ S

In a serial FBG array (Fig. 2), however, crosstalk may resul! &, 3 Sl H , A
from “Multiple-reflection” and “Spectral-shadowing” effects if [y f{ff i TrrE { F
the reflection spectra of two or more gratings are overlapping B 5 : f‘ % ‘( NN N 1N N i&g* B

Multiple reflection between the gratings will generate :ﬂk&&:ﬁ§ gﬁgjv‘m% 1 %gw% lf%ﬂg%w%&

K A i : 1 . B

residual reflected waves, which will produce residual beaj, ;s .8 i 1 e W“HZ’
signals in the output frequency spectrum. Some of the wave

thaf[ trg\_/el similar distances with the grating signal_ may havie 10. Beat-note spectrum of the three-sensor syséemmégnitude of the
a significant effect on the system performance. This CI’OSSt{l@ at 7.0 kHz wher(z; was not aligned to the TOB: magnitude of the line at
exists for any serial connected sensor array, no matter whekHz whenG, andGs were not aligned to the TOF).

type of address format (e.g. TDM, CDMA, or FMCW) is used.

Ahdetailed ﬁ(naly?is of the ﬁﬁe(l;t of the mult(ijp'le rleglection %Was obtained by fine tuning the beat frequency to coincide with
the crosstalk per ormance has been reporte _|n[ 1 the third harmonic of the repetition frequengy This indicates
The spectral shadowing crosstalk can be induced from At crosstalk level between sensors could be bel@8 dB if
stream FBG sensors to dowr)strez_am FBG sensors [16]. If Ffjltiple sensors are multiplexed. This value of the central/side-
Bragg wavelengths of the gratings in the array are very Close o otio (38 dB) is believed to be limited by the nonideal

gether, due to the spectral filtering effect of the upstream FBG sponse of the VCO used in our experiments.

the sensor signal from the downstream FBGs will be distorted.

The measured peak wavelength of the downstream sensorwqél_lqwump'e FBG Sensors

then be different from the real Bragg wavelength. The measure- _ o
ment error depends on the overlapping spectral content betweeft three-sensor system in parallel topology as shown in Fig. 3
the upstream FBGs and the FBG to be interrogated. (N = 3) was constructed and tested. The reflectivity of the FBG

Both multiple reflection and spectral shadowing effects cdt+ &2, @nd G are all approximately 100% and the Bragg
be reduced by using low reflectivity gratings [15], [16]. How\Vavelengths are 1547.68, 1548.36, and 1548.02 nm, respec-
ever, the use of low reflectivity reduces the signal power of indflVelY; at strain free condition. All gratings were secured on the
vidual sensors at the output, thereby reducing the SNR. In ordgnsition stages. The frequency excursion was about 20 MHz.
to maintain a reasonable power level at the photodetector, fidgle Physical separation between gratifig and G is about

amplifiers may need to be used before or after the sensor arfay M- @nd the separation betwe@p and G is about 13.8 m.
to enhance the SNR. All'the gratings were strained so that they were aligned approxi-

Crosstalk from multiple reflection and spectral shadowingately to the TOF. The beat signals which displayed on an elec-

should not happen in a parallel topology system because tHg& Spectrum analyzer are shown in Fig. 10. There are three
FBG sensors are located in different fiber branches, the Iig@ljlor peaks in the spectrum display at 15 kHz, 20 kHz, and 70

reflected from a particular sensor would not be influenced HZ corresponding to sens@i, G, andGs, respectively. The
other sensors. sensor system has been tested for strain measurement. The mea-

sured control voltages of the TOF corresponding to the peaks
of the beat signals show good linear relations with the applied
V. EXPERIMENTS AND RESULTS strain, indicating no spectral-shadowing effect exist in the par-
%{? sensor network. The strain resolution obtained was about

The proof-of-principle experiment was reported in an earli int f RMS strai I
paper [18] where a three-sensor serial/parallel system was u Interms o strain value.

Here, we present more results on the experimental investigation oﬂznv::;ﬂgate thhe_f;: rgsstalk ?etwfﬁ n :Ifnsg rs, th? I_?;rag? wave-
of the FMCW technique. ength of G was shifted away from the filter by applying strain

and onlyG; andG, were aligned to the TOF. The magnitude of
the sideline at 70 kHz was reduced fren24 dBm to—62 dBm
(positionA in Fig. 10). The corresponding crosstalk contributed
A single grating system (Fig. 2y = 1) was constructed to from G; andG- to Gz should then be-38 dB. The Bragg wave-
experimentally demonstrate the feasibility of obtaining a singlength ofG» was then shifted away by applying strain and only
line spectrum by matching the delay between the sensor andiewas aligned to the TOF. The sideline at 70 kHz was fur-
reference signal to that of the harmonics of the repetition fréier decreased and almost reached the noise floor (poBition
quency. Before splicing the fiber with an FBG to the lead dfig. 10). At this circumstance, the crosstalk fréf andGs to
the directional coupler, the length of the fiber was cut 1 cm at@z can be neglected. Similar observations were made for lines
step, and the output beat frequency spectrum was being mati-L5 kHz and 20 kHz for considering the crosstalk frGin
tored until the maximum of the beat note envelope was matchaad G5 to Gy andG; andGs to G, whenG; andG, were not
to one of the harmonics. An approximated single line spectruatigned to the TOF, respectively, the sidelines at 15 kHz and 20
with the magnitudes of sidelines of 38 dB below the central lindHz was 40 dB and 50 dB lower than that, showing in Fig. 10.

A. Single Line Spectrum
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Fig. 11. Experiment setup of a hybrid FMCW/WDM system.

We also observed that the magnitudes of sidelines were notal-{ 1. f.. .4 . ..
ways increasing with the number of FBGs that were aligned
to the TOF, indicating that the sidelines are not always added
in phase. Therefore, we may conclude that the crosstalk level
does not increase linearly with the number of FBG sensors in v
the FMCW system. (b)

S NP RS

D e e
Bardevcie s

C. Hybrid FMCW/WDM System &

The number of sensors can be increased by combining
FMCW with WDM. An experimental setup of six-grating _
system was constructed as shown in Fig. 11. The reflectivity of S A
the all FBGs is approximately 100% and the Bragg wavelengths 3

are 1553.13 nm for7; and G5, 1557.42 nm forG> and Gg i R é --------- B
and 1562.78 nm fof#; and G4 at strain free condition. Each | L. g ...... Lo
output arm from the coupler connected with three FBG sensors N S

. . . Iy w{f %ﬁ
with different Bragg wavelengths. The sensors with the same ! ... #@{pififiadaie

START: B

Bragg wavelength were located in different arms and have
their own beat frequencies that can be separated in frequency ©
domain. The beat notg Sp,eCtra@{ andGs, Gy ?‘nd Gg and Fig. 12. Beat-note spectra of FBG sensors. (a) Signals tfanand G5, (b)
G3 andGy are shown in Fig. 12 (a)—(c) respectively. The beafgnal fromG. andGs, and (c) signal fronGs andGl.
frequency of71, Gs, Gs, G4, G5 andGg is 15, 25, 35, 15, 25,
and 35 kHz, respectively. From the Fig. 12(a)—(c), the sideline ) ) ) )
e to the inaccuracy in controlling the separation between

suppression ratio for all in the spectra were better than 30 df, G d/or th itin| flocti d | shad
this corresponds to an estimated level of crosstalk in terms! i FBGs and/or the multiple reflection and spectral shad-

strain error of less tham.3 ;2. Experiments were carried Outowm_g—related effect occurring in a serial FBG arrays. Th?

by applying strain ta73 and Gg independently, the measured!'axIMum sensor ”_“”_"ber that can t_)e multiplexed using this
control voltages of the TOF corresponding to the peaks of th%chnl_que may be I|m|te_d by the ava|lable_ source power level
beat signals have good linear relations with the applied straﬁﬁpec'a"y when a serial sensor array is concerned where

and no crosstalk was observed, although the two gratings arey reflectivity FBGs have to be used in order to satisfy
the same beat frequency (35 kHz). the crosstalk requirement. Optical amplifiers may be used to

overcome the source power limitation. A three-sensor parallel
FMCW FBG system with the same nominal Bragg wave-
VI. SUMMARY length and a six-sensor hybrid FMCW/WDM FBG system

In conclusion, we have demonstrated the use of a FMCWikre experimentally demonstrated wittB0-dB crosstalk be-
technique for addressing FBG sensor arrays. It is theordtireen sensors andu2 strain resolution. Future work is di-
cally possible to multiplex 32 FBGs of the same nominakcted on the investigation of serial-connected FMCW and
Bragg wavelengths with crosstalk between any two of the/brid FMCW/WDM FBG arrays where the spectral shad-
sensors below-48 dB. The array size could reach a few hunewing and multiple reflection effect would set a limit to the
dreds if FMCW and WDM technique are combined. In pracsystem performance and where the full potential of the tech-
tice, the crosstalk level may be limited to be abet80 dB nique may be examined.
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