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Demodulation scheme for fiber Bragg grating sensors
based on active control of the spectral response
of a wavelength division multiplexer

Francisco M. Araújo, Luı́s A. Ferreira, José L. Santos, and Faramarz Farahi

We present a closed-loop technique for measuring wavelength shifts associated with fiber Bragg gratings
by using a fused biconical wavelength division multiplexer ~WDM!. The spectral response of the WDM
is actively tuned by stretching of the coupling region to maintain a fixed coupling ratio at the reflected
Bragg wavelength. The closed-loop operation allows sensitivities usually associated with a highly
selective WDM to be obtained without compromising the measurement range. A simple theoretical
model is presented together with experimental results for temperature and strain measurements.
© 1998 Optical Society of America
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1. Introduction

In the past few years, fiber Bragg grating ~FBG!
emperature and strain sensors and their applica-
ion in smart structures and composite materials
ave been the subject of considerable research
ffort.1–5 The small Bragg wavelength shifts asso-
iated with this class of sensor often require expen-
ive and complex demodulation schemes. To
iden the range of possible applications, it is desir-
ble to develop simple techniques that utilize ro-
ust and low-cost components. Several filtering
echniques have been demonstrated that fulfill
hese requirements, such as those based on bulk
lters,6 fiber edge filters,7–9 edge optical source

spectra,10 edge fiber grating spectra,11 edge detector
esponse,12 tunable fiber filters,13 tunable acousto-
ptic filters,14 and receiving FBG.15 Among these,

one of the most elegant methods is based on using a
commercially available wavelength division multi-
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plexer ~WDM!. Although the measurement range
obtained is large, the sensitivity is limited by the
small slope of the WDM transfer function. For
overcoming this problem, dedicated highly over-
coupled couplers have been used.8 The increased
slope yields higher sensitivity but reduces the lin-
ear measurement range. As in other filtering tech-
niques, active tuning would be an obvious solution
to maintain high sensitivities with increased oper-
ating range. Mechanically polished couplers are
well recognized by their excellent tunability prop-
erties through control of the effective interaction
length.16,17 However, these involve complex fabri-
cation processes that result in very sensitive but
expensive devices. The fusion biconical taper tech-
nique offers an attractive alternative for lossless
and low-cost fabrication.18 Although these devices
are usually packaged to present a high-stability
spectral response, one can adjust their coupling ra-
tio by using techniques such as bend, twist, or axial
strain induced on the tapered region and variations
of the external refractive index.19–24

In this paper we show that it is possible to obtain a
large measurement range by active control of a fused
biconical WDM and take advantage of its high sen-
sitivity. By stretching the coupling region, we dem-
onstrate that the spectral characteristic of a WDM
can be effectively tuned over ranges exceeding 15 nm
without additional loss. These characteristics are
useful for analysis of the optical signal returned from
a fiber Bragg grating sensor, as we discuss in the
following sections.
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2. Theory

The power at the output ports of a fused biconical
tapered coupler, P1 and P2, can be written as

P1 5 P0 sin2~CL!, (1)

P2 5 P0 cos2~CL!, (2)

where P0 is the power reaching the WDM, L is the
nteraction length, and C, the coupling constant, is
iven by25

C 5
3pl

32n2 a2

1
~1 1 1yV!2 , (3)

where l is the operating wavelength, n2 is the silica
refractive index, a is the diameter of the biconical
taper waist, and V 5 2payl~n2

2 2 1!1y2 is the nor-
malized frequency. In this simplified model, the ef-
fects of polarization have been neglected, it is
assumed that only two modes exist in the coupling
region, and the cross section is considered constant
over the entire coupling length. Using the above
equations, we can derive an expression for the WDM
period ~Dl!:

Dl 5
32n2 a2

3L
~1 1 1yV!3

~1 2 1yV!
. (4)

During the coupler fabrication process a fixed
length LH of fiber is uniformly heated and stretched.
In this condition the biconical taper diameter is ex-
pected to vary with taper elongation LT as26

a~LT! 5 a0 exp~2LTy2LH!, (5)

where a0 is the initial fiber diameter.
The set of Eqs. ~1! and ~2! suggests that it is pos-

ible to modify the spectral response of a WDM by
hanging either the length of the coupling region L or
he coupling constant C. For a limited range of
avelengths the coupling constant cannot be easily

hanged to obtain a desired spectral response after
he fabrication process is completed. However, this
hange can be accomplished by proper control of the
oupling length. From Eqs. ~1! and ~2!, for equal
ower to be obtained at both output ports, the oper-
ting wavelength l3dB must satisfy

l3dB <
8n2 a2

3L
~1 1 1yV!2, (6)

where V is approximately constant for a limited
wavelength range. Because the required values of
elongation are always small compared with the total
coupling length L, a linear relation exists between
Dl3dB and DL:

Dl3dB < 2
8n2 a2

3L2 ~1 1 1yV!2DL. (7)

In obtaining Eq. ~7! it was assumed that the im-
posed elongation is restricted to the coupling region.
This in practice is a valid approximation since the
cross section of the coupling region is very small
when compared with the transition section of the
taper ~a2ya0
2 , 1023!.26 Also, small strain-induced

refractive-index variations were neglected. As an
example, Fig. 1 shows the tuning characteristics ob-
tained for three WDM’s with the same period Dl 5 10
nm, but with different fabrication parameters. As
predicted by the model, Fig. 1 illustrates that for a
fixed WDM period better wavelength tunability may
be obtained when the length of fiber heated during
the fabrication process is shorter, corresponding to
higher values of the ratio ayL. It is also important
to examine the tunability for different WDM periods.
Since large values of ayL lead to a longer WDM pe-
riod, better tunability is expected for devices with
long periods. Figure 2 shows this dependency for
three different values of LH.

We now provide an analysis that describes the ap-
plication of the WDM as a wavelength discriminator
for FBG sensors. Consider the experimental setup
in Fig. 3. The optical power at the output ports can
be written as

P1 < P0S2p

Dl
V9lB 2

p

4
1

1
2D , (8)

P2 < P0S2
2p

Dl
V9lB 1

p

4
1

1
2D , (9)

Fig. 1. Tuning characteristics for three WDM’s with 10-nm peri-
ods and different fabrication parameters.

Fig. 2. Tunability as a function of the WDM period for three
different fabrication parameters.
1 December 1998 y Vol. 37, No. 34 y APPLIED OPTICS 7941
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where lB is the Bragg wavelength, V9 is given by
V9 5 ~V 1 1!y~V 2 1!, and P0 is the power reaching
the WDM after being reflected from the FBG. Ap-
proximations ~8! and ~9! are valid only for small

ragg wavelength shifts around the 3-dB point and
or a grating spectral width much smaller than the

DM period. The signal after the differential am-
lifier is then given by

Vdif 5 KP0

2p

Dl
V9~lB 2 l3dB!, (10)

where K is the gain of the detectors and l3dB is the
Bragg wavelength that sets P1 5 P2. Equation ~10!
clearly shows that the system sensitivity to shift in
the Bragg wavelength increases in proportion to the
optical power reaching the WDM, and it is inversely
proportional to the WDM period. However, mini-
mizing the WDM period seriously restricts the linear
measurement range. In other words, while it is ad-
vantageous to increase the slope by using a highly
selective WDM, the maximum wavelength shift that
can be detected in the linear region around the 3-dB
point becomes smaller. To overcome this limitation,
we propose a closed-loop approach ~Fig. 3!. By lock-
ing the 3-dB point of the WDM to the reflected Bragg
wavelength, we can obtain high sensitivity without
compromising the measurement range. The elonga-
tion applied to the WDM in closed-loop operation can
be written as

DL 5 DLBias 1 KPZT

A
tC

KP0

2p

Dl
V9 * ~lB 2 l3dB!dt.

(11)

In Eq. ~11!, DLBias is the initial elongation neces-
sary to ensure proper selection of the 3-dB point, KPZT
is the voltage to displacement conversion factor for
the PZT used to stretch the WDM, A is the amplifier
voltage gain, and tC is the integrator time constant.
Equation ~11! indicates that DL can be used to mea-
sure directly the Bragg wavelength shifts associated
with strain or temperature variations applied to the
FBG.

Fig. 3. Experimental setup. Inset: detail of the WDM stretch-
ing mount.
942 APPLIED OPTICS y Vol. 37, No. 34 y 1 December 1998
The sensitivity of the proposed demodulation
scheme is basically determined by the system’s noise
level and the slope of the WDM spectral response.
The most important noise source in the system is
caused by the electronic circuitry, which is not related
with power reaching detectors or WDM characteris-
tics. That is, for a given optical source power the
wavelength selectivity of the WDM dictates the min-
imum Bragg wavelength shift that can be measured.
It is important to emphasize at this point that there
are always practical limitations in the selection of
WDM with a minimum period. The first limitation
arises during the fabrication process, because a
highly selective WDM requires long pulling that
leads to excess power loss, incomplete mode conver-
sion, and a fragile device. On the other hand, as can
be seen in Fig. 2, higher wavelength selectivity cor-
responds to a reduced tuning capability of the WDM.
This decrease in the tuning capability puts practical
constraints on the WDM stretching when used in a
closed loop. For this problem to be minimized, a
short heating length should be used during the WDM
fabrication process, as indicated by the data in Fig. 2.
However, for a given selectivity, the minimum taper
length is limited by mode-coupling loss, as described
by the condition for adiabaticy.27 Therefore the op-
timum period for the WDM used to analyze shift in
the wavelength of light reflected from a FBG is de-
termined by the power loss that can be accepted and
the required maximum tunability range.

3. Experimental Results and Discussion

To demonstrate the effectiveness of the proposed
demodulation scheme, we implemented the setup
shown in Fig. 3. Light from a pigtailed superlumi-
nescent diode ~l0 5 1280 nm, DlS 5 20 nm! was used
o illuminate the FBG. The grating was written by
he phase mask technique in hydrogen-loaded tele-
ommunication fiber ~lB 5 1282 nm, dl 5 0.2 nm!.

To measure the Bragg wavelength shifts, we fabri-
cated a WDM by using the fused biconical taper
method. The fibers were uniformly heated over a
length of 3.0 mm and elongated by 25.5 mm. The
WDM period obtained was measured with an optical
spectrum analyzer as Dl 5 9.8 nm. Using the ex-
perimental values of LH, LT, and Dl in Eqs. ~4! and
5!, we can estimate the value for the WDM waist, a 5
.1 mm, and for the coupling length, L 5 9.6 mm. A
ypical WDM response is shown in Fig. 4.

Signals from detectors ~K 5 500 mVymW! were
sed as inputs to a differential amplifier with unity
ain. The typical optical power reaching detectors
as '10 nW. Through the integrator a compensa-

ion signal is then generated when the power reach-
ng detectors D1 and D2 is not balanced. This signal,

after being amplified and added to a bias signal, is
applied to the piezoelectric transducer ~PZT! used to
stretch the WDM structure. As mentioned in Sec-
tion 2, the PZT bias is used to select an initial 3-dB
point suitable to lock the Bragg wavelength. This
situation is illustrated in Fig. 5. The WDM tunabil-
ity can be estimated as Dl3dByDL 5 20.16 nmymm by
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use of Eq. ~7!. That is, for tuning the WDM over the
ange in which the Bragg wavelength varies ~a few

nanometers!, the elongation of the WDM structure
must exceed 15 mm. This elongation was achieved

ith a PZT bimorph disk translator as shown in the
nset of Fig. 3. First-measurement tests demon-
trated a nonlinear relation between the integrator
utput voltage and the Bragg wavelength shift.
lso, hysteresis behavior was observed when strain
r temperature cycles were applied to the FBG.
his is a well-known characteristic of bimorph PZT’s.
or evaluating the real displacement of the PZT
nd consequently the WDM elongation, a small mir-
or was attached to the PZT. The displacement of
his mirror was then measured by use of a free-
pace Michelson interferometer illuminated by a
e–Ne laser. The relation between the 3-dB wave-

ength of the WDM and the applied voltage to the
ZT was investigated as shown in Fig. 6. As can
e seen, the response is not linear. However, when
eal WDM elongation was used rather than the PZT
oltage ~Fig. 7!, a good linearity was obtained for
he entire cycle, validating the basic principle of the
roposed technique. Linear fitting to experimen-
al data indicates that Dl3dByDL 5 20.17 nmymm,

Fig. 5. The 3-dB lock point: reflected spectrum from FBG and
WDM transfer function.
n good agreement with the theoretical value pre-
ented above.
These results indicate that, owing to the PZT hys-

eresis, neither VPZT nor the integrator signal lin-
early depends on the change in Bragg wavelength.
For the Bragg wavelength shifts to be accurately
measured, real elongation of WDM should be moni-
tored. Figure 8 shows the system response when
the sensing FBG was subject to a cyclic temperature
variation of '100 °C. A good linear relation is ob-
servable, and from data in this figure a resolution of
0.2 °Cy=Hz can be calculated for temperature mea-
surements. The system response to an applied
strain cycle is shown in Fig. 9, and a resolution of
2.1 mεy=Hz can be calculated from data in this fig-
ure. Again a good linear relation is observable. As
discussed above, closed-loop operation is essential in
obtaining linearity over a large measurement range.
For a comparative study the system was operated in
open loop and strain was applied to the FBG sensor
~Fig. 10!. As predicted, typical sinusoidal output
was observed that limits the linear measurement
range to approximately 1 mε.

It must be emphasized that the resolutions ob-
tained were determined not only by the system per-
formance ~noise and WDM selectivity! but also by
errors associated with measuring the PZT displace-

Fig. 7. WDM 3-dB point as a function of PZT displacement.
Fig. 4. Typical tuning of the WDM spectral response.
 Fig. 6. WDM 3-dB point as a function of applied voltage to the
PZT.
1 December 1998 y Vol. 37, No. 34 y APPLIED OPTICS 7943
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ment with a nonoptimized external interferometer.
As mentioned above, the free-space interferometer
was added to the proposed interrogation scheme only
to correct for PZT hysteresis. In fact, if the integra-
tor output was monitored rather than the auxiliary
interferometer output, better sensitivity should be
expected, although in this case the linearity becomes
degraded. This result can be confirmed from data in
Fig. 11 where the system response ~VINT! to a strain
square wave with amplitude of 45.3 mε is shown.

Fig. 8. System response to the applied temperature cycle.

Fig. 9. System response to the applied strain cycle.

Fig. 10. System response to the applied strain in open-loop oper-
ation.
944 APPLIED OPTICS y Vol. 37, No. 34 y 1 December 1998
When the observed signal-to-noise ratio is used, a
resolution of 0.3 mεy=Hz can be calculated. From
this value and data in Fig. 9 a dynamic range of 80 dB
for strain measurements can be obtained, which is a
good indication of the system performance working in
an ideal situation.

For evaluating the system response to ac signals,
a sinusoidal strain signal with 0.3-mε amplitude

nd 200-Hz frequency was applied to the FBG. Be-
ause this frequency is beyond the system band-
idth ~'10 Hz!, the output signal must be detected
fter the differential amplifier ~VOUT!. Figure 12
ndicates a signal-to-noise ratio of 14 dB, resulting
n an ac strain sensitivity of 42 nεy=Hz.

The maximum wavelength tuning range obtained
ith the implemented assembly was measured as
5 nm and was limited by the maximum voltage that
an be applied to the PZT. This value is sufficient
or most FBG sensing applications. However, as
entioned above, the PZT stretcher used in this ex-

eriment exhibited a strong hysteresis behavior with
he applied voltage. For using the signal applied to
he PZT as a direct output of the system and for
voiding measuring the PZT real displacement, a ref-
rence technique should be implemented. For ex-

Fig. 11. System response to a strain square wave with 45.3-mε
amplitude.

Fig. 12. System response to an ac strain signal with 0.3-mε am-
plitude.
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ample, if a small ac signal were applied to the PZT in
addition to the compensation signal, an intensity ref-
erence would be generated that could be used to lo-
cate the operating point on the hysteresis curve and
correct for the nonlinearity. An alternative solution
would be the use of less efficient PZT stretchers ex-
hibiting low hysteresis. In this case it is possible to
design a feedback circuitry that resets itself when the
output voltage reaches a certain maximum value.
The periodic nature of the WDM device allows a sec-
ond 3-dB point to be used when the full range of the
first operating point has already been utilized.

Finally, we examined the effect of induced additional
insertion loss and thermal stability of the WDM used
in this experiment. The insertion loss over the range
of elongation used in this experiment was found to be
constant within an error of 0.1 dB. To examine the
temperature dependency of the WDM spectral charac-
teristic curve, we chose a 3-dB point and measured its
shift as the temperature was changed by '100 °C ~Fig.
3!. The best linear fit depicts a wavelength-to-
emperature dependency factor of 20.18 nmy°C.
his degree of sensitivity can be easily handled by
roper shielding of the WDM device.

4. Conclusion

We have presented a closed-loop technique for mea-
suring Bragg wavelength shifts based on active wave-
length tuning of a biconical WDM. A theoretical
model was developed to assist the fabrication of op-
timized high selective couplers for this purpose. By
direct measurement of the WDM elongation in
closed-loop operation, resolutions of 0.2 °Cy=Hz and
.1 mεy=Hz were obtained for dc temperature and
train measurements. For ac strain measurements
resolution of 42 nεy=Hz was obtained at 200 Hz.

L. A. Ferreira and F. M. Araújo acknowledge finan-
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bidirectionnel à fibre optiques monomodes fusionnées,” Appl.
Opt. 22, 1918–1922 ~1983!.

19. B. S. Kawasaki, M. Kawachi, K. O. Hill, and D. C. Johnson, “A
single-mode-fiber coupler with a variable coupling ratio,” J.
Lightwave Technol. 1, 176–178 ~1983!.

20. T. A. Birks, “Twist-induced tuning in tapered fiber couplers,”
Appl. Opt. 28, 4226–4233 ~1989!.

21. S. Celashi, J. T. De Jesus, and F. M. Smolka, “All-fiber tunable
beam splitter,” in Conference on Lasers and Electro-Optics,
1 December 1998 y Vol. 37, No. 34 y APPLIED OPTICS 7945



Vol. 7 of 1988 Technical Digest Series ~Optical Society of Amer-

2

2

24. M. B. J. Diemeer, W. J. De Vries, and K. W. Benoist, “Fused

7

ica, Washington, D.C., 1988!, pp. 358–359.
2. A. Booysen, S. J. Spammer, and P. L. Swart, “Ratiometric fiber

optic sensor utilizing a fused biconically tapered coupler,” in
Fiber Optic and Laser Sensors IX, R. P. DePaula and E. Udd,
eds., Proc. SPIE 1584, 273–279 ~1991!.

3. R. G. Lamont, D. C. Johnson, and K. O. Hill, “Power transfer
in fused biconical-taper single-mode fiber couplers: depen-
dence on external refractive index,” Appl. Opt. 24, 327–332
~1995!.
946 APPLIED OPTICS y Vol. 37, No. 34 y 1 December 1998
coupler switch using a thermo-optic cladding,” Electron. Lett.
24, 457–458 ~1988!.

25. F. P. Paine, C. D. Hussey, and M. S. Yataki, “Modeling fused
single-mode-fiber couplers,” Electron. Lett. 21, 461–462
~1985!.

26. R. P. Kenny, T. A. Birks, and K. P. Oakley, “Control of optical
fiber taper shape,” Electron. Lett. 27, 1654–1656 ~1991!.

27. J. D. Love and W. M. Henry, “Quantifying loss minimization in
single-mode fiber tapers,” Electron. Lett. 22, 912–914 ~1986!.


