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Abstract—Operational load monitoring and impact damage
detection are the two critical aspects of aerospace structural
health monitoring (SHM). Fiber Bragg grating (FBG) sensors
have demonstrated great potential in both. But the currently
available interrogation systems can only handle one of the two
types of SHM capabilities offered by FBG sensors. In addition,
the practical implementation of FBG sensor systems in aerospace
vehicles requires the interrogator to be small size, light weight,
and low-power consuming. In this paper, we present an Echelle
diffractive grating (EDG) based interrogation system for FBG
sensors, which possesses two operation modes, i.e., the sweeping
mode for operational load monitoring and the parked mode for
impact damage detection. Experimental results show that this
interrogator offers better than 1-pm measurement resolution
and 10-pm repeatability. In addition, the interrogation system is
very compact and weighs less than 60 g (excluding the electronic
controller). It also has the potential to achieve a measurement
speed of 300 kHz and be powered by a battery.

Index Terms—Echelle diffractive grating, fiber Bragg grating
(FBG), fiber optic sensors, interrogator.

I. INTRODUCTION

A EROSPACE structural health monitoring (SHM) has
been an attractive topic of research for both academia

and the industry for the past 20 years. It is aiming to improve the
operational cost-effectiveness and reduce the maintenance cost
[1]. Operational load monitoring and impact damage detection
are the two critical aspects of aerospace SHM [2]. Operational
load monitoring can be inferred from strain measurement and
used to evaluate the structural status of aircrafts by comparing
the measurand data to the designed structural performance [3].
Although this technique has been proven relatively mature for
aerospace SHM applications, the load monitoring methods usu-
ally lack the high sensitivity required for damage location and
quantification [2]. Therefore, a variety of other techniques have

Manuscript received January 09, 2013; revised March 22, 2013; accepted
April 23, 2013. Date of publication May 15, 2013; date of current version May
31, 2013. This work was supported in part by the Canadian Institute for Pho-
tonics Innovations, National Research Council Canada and the Department of
National Defence Canada.
H. Guo and J. Yao are with the Microwave Photonics Research Laboratory,

School of Electrical Engineering and Computer Science, University of Ottawa,
ON K1N 6N5, Canada.
G. Xiao is with the Institute for Microstructural Science, National Research

Council Canada, Ottawa, ON K1A 0R6, Canada (e-mail: George.Xiao@nrc-
cnrc.gc.ca).
N. Mrad is with the Centre for Security Science (CSS), Defence R&D

Canada, Department of National Defence, National Defence Headquarters,
Ottawa, ON K1A 0K2, Canada
Color versions of one or more of the figures in this paper are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JLT.2013.2263278

been introduced and studied for the impact damage detection.
Those are mainly based on an actuation-sensing process using
ultrasonic/acoustic waves [4]. Currently, electrical strain gauge
sensors are the most mature and developed solutions for opera-
tional load monitoring, and piezoelectric (PZT) based acoustic
sensors are the most studied techniques for impact damage
detection. However, all those sensors need their own dedicated
wires and suffer from poor multiplexing capability, resulting in
wiring challenges when multiple sensor deployment is required
[5]. In addition, they are vulnerable to adverse interference
such as electromagnetic interference (EMI), and need shields
for the insulation [6].
On the other hand, tens and/or hundreds of fiber Bragg grating

(FBG) sensors can be fabricated and multiplexed in a single op-
tical fiber. FBG sensors are light weight, small size and immune
to EMI. Thus, FBG sensors offer the potential to significantly al-
leviate the wiring challenges and EMI issue, making them par-
ticularly attractive for large-scale structural SHM applications
[7], [8]. For aerospace SHM applications, FBG sensors can not
only be used for either operational load monitoring (changes of
strain) [9] or impact damage inspection (detection of acoustic
signals) [10] respectively, but also offer the possibility in ful-
filling the two tasks at the same time [11], which is regarded
as an added advantage for FBG sensors. However, the lack of
a suitable interrogation system hinders the use of FBG sensors
from doing both the load monitoring and the damage detection.
Currently available sensor interrogators can only perform one
of the two SHM tasks. For operational load monitoring, it is
required to measure large changes (thousands of ) at a low
speed (static).While for impact damage detection, the capability
of measuring acoustic signals, i.e., small changes (tens of ) at
an ultrafast speed (50 kHz–500 kHz), is usually required for a
standard FBG sensor with a 10-mm grating length [12]. Based
on the classification of interrogation techniques by the speed as
described in [13], tunable Fabry-Perot (FP) filter can be used
when the interrogation speed required is under 1 kHz, and the
combination of a diffractive grating and a CCD array is suitable
for a speed from 1 kHz to 20 kHz [14]. For a speed from 20 kHz
up to 500 kHz, three methods have been reported, i.e., the use
of a laser diode with its output wavelength fixed at the middle
of one FBG spectrum slope [10], an FP filter with its spectrum
broadened and fixed [15], and an arrayed waveguide grating
(AWG) with its spectrum fixed [16]. However, none of them
is reported to have the capability of performing both tasks of
load monitoring and damage detection as required by aerospace
SHM.
To address this issue, we introduce an interrogator that op-

erates in two operation modes, i.e., the sweeping mode and
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the parked mode, to a miniaturized interrogation system pre-
viously developed. This system is based on a monolithically
integrated Echelle diffractive grating (EDG) device [17], [18],
which is fabricated by the planar lightwave circuit technology
and with the features of small size, light weight, and strong relia-
bility proved by the stringent telecommunication standards. The
sweeping mode, in which the transmission wavelength of the
EDG channel is tuned by adjusting the EDG chip temperature,
can be used for the load monitoring, while the parked mode, in
which the transmission wavelength of all the EDG channels is
fixed, can be used for the damage detection. To the best of our
knowledge, this is the first interrogator ever reported to offer the
dual functions.
The paper is organized as follows. In Section II, we introduce

the theory for the operation of this dual function interrogator. In
Section III, we describe the experimental setup and present the
test results. The characteristics of the dual function interrogator
are discussed. A conclusion is drawn in Section IV.

II. THEORY

In order to achieve the dual functions required, the previously
developed EDG-based interrogator is modified, in which only
the odd number EDG channels are connected in order to reduce
the electronic complexity [17], [18]. In this design, all the 32
channels of the EDG, including the odd and even number EDG
channels, are used with the EDG spectrum shown in Fig. 1. In
the sweeping mode, the transmission wavelength of each EDG
channel is tuned by changing the EDG temperature. The wave-
length interrogation principle is the same as the one described
in [17], [18]. By monitoring the light power and recording the
EDG temperature, the EDG temperature corresponding to the
peak light power could be found. With the proven linear rela-
tionship between the EDG transmission wavelength and its tem-
perature, the Bragg wavelength of an FBG sensor can be accu-
rately interrogated. The use of 32 channels makes the channel
spacing be 0.8 nm instead of 1.6 nm used in the previous studies.
Thus, the EDG temperature tuning range required to move one
EDG transmission wavelength from one channel to its neigh-
boring channel is reduced by half, resulting in a lower power
consumption in the sweeping mode operation and an increase
in the measurement repeatability. As demonstrated in our pre-
vious studies [18], this sweeping mode can be used for large
strain variation, which is suitable for the interrogation of load
monitoring FBG sensors.
Also, due to the reduction of the channel spacing from 1.6 nm

to 0.8 nm, the two neighboring EDG channels have an over-
lapped region. This makes it possible for the interrogator to op-
erate in the parked mode based on the principle described in
[16], [19]. In this mode, the FBG sensors are interrogated by
using a linear wavelength-dependent optical filter consisting of
two adjacent EDG channels, as shown in Fig. 2. Only small vari-
ation of strain recorded by an FBG sensor can be accurately in-
terrogated using this method, but at a very high speed. In [16], an
interrogator based on an AWG reaches a speed up to 300 kHz,
and is used to interrogate FBG acoustic sensors for aerospace
damage detection. Our EDG device has the same spectrum pro-
file as that of an AWG. Thus, it has the same interrogation ca-
pability of using a fixed spectrum in the parked mode for the

Fig. 1. Spectrum of the EDG having 32 channels, including odd and even
number channels.

Fig. 2. Wavelength-dependent optical filter with two EDG channels.

Fig. 3. Packaged EDG device.

interrogation of FBG acoustic sensors, which can be further im-
plemented in the aerospace impact damage detection.
Therefore, the modified EDG interrogator can operate at both

the sweeping mode and the parked mode, which can be used
for the interrogation of FBG sensors for operational load moni-
toring and for impact damage detection.

III. EXPERIMENTAL SETUP AND RESULTS

Fig. 3 shows the picture of the packaged EDG device used
in this work. The device includes a 1 32 EDG demultiplexer
monolithically integrated with a detector array on an indium
phosphide (InP) chip and is fabricated using semiconductor pro-
cessing techniques [20].
The packaged EDG device has a weight of about 60 g and

a dimension of 45 mm 30 mm 15 mm. It has 60 pins, in-
cluding 32 pins connected to the detector array, 4 pins to the
thermal electrical cooler (TEC) for the control of the EDG tem-
perature, 4 pins to the resistance temperature detector (RTD)
for the monitoring of the EDG temperature, and 2 pins for the
V power supply. Since the EDG channels are connected di-

rectly to the detector array, all the spectra of the EDG channels
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Fig. 4. Spectrum shift of the selected EDG channels versus temperature
changes.

Fig. 5. Relationship between the transmission wavelength of each EDG
channel and its temperature.

here are obtained by using an Agilent 8164B tunable laser with
a sweeping step of 1 pm.
In this work, six EDG channels, from CH 25 to CH 30 (as

labeled in Fig. 1), are used to perform the test, and the sweeping
performance of the selected channels, CH 26, CH 28, and CH
30, are shown in Fig. 4.
Five discrete temperature values ( to ) between 19 C to

29 C are chosen to test the sweeping spectrum of the modified
EDG-based interrogator. It is seen that the sweeping spectrum
profile of each channel keeps constant while the EDG tempera-
ture changes. The relationship between the transmission wave-
length of each EDG channel and the temperature is also mea-
sured, which is used as a reference and shown in Fig. 5.
In Fig. 5, it is seen that all the EDG channels have the same

spectrum sweeping capability in the modified EDG-based in-
terrogator, which is similar to the results obtained in our pre-
vious studies [17], [18]. The sweeping coefficient is measured
to be 89 pm/ C. The use of all the 32 EDG channels makes
the channel spacing be reduced from 1.6 nm to 0.8 nm, which
also reduces the EDG temperature tuning range. In our previous
studies, the EDG temperature needs to be tuned from 20 C to
40 C in order to achieve a 1.6-nm spectrum range for each EDG
channel, which is used to cover the channel spacing and perform
the full-spectrum sweeping. In this work, an EDG temperature
tuning range of C is enough for each EDG channel to cover
the 0.8-nm channel spacing. Fig. 6 shows the sweeping spec-
trum of CH 26 at the five discrete temperature values and the
spectrum of CH 27 at the initial temperature of 19.36 C.
It is seen that the spectrum of CH 26 at the temperature of

28.63 C has already exceeded the spectrum of CH 27 at the ini-
tial temperature of 19.36 C, which means that an EDG temper-
ature tuning range from 19.36 C to 28.63 C is able to provide

Fig. 6. Sweeping spectrum of CH 26 and the spectrum of CH 27 at the initial
temperature.

Fig. 7. Experimental setup of the proposed interrogation system.

a full-spectrum interrogation range. Compared with the temper-
ature tuning range of C in the previous work [17], [18],
the power consumption is reduced. Furthermore, as described
in [17], the measurement error could be decreased if a faster
wavelength sweeping is applied. In this paper, the temperature
tuning range is reduced by half, resulting in a smaller period in
each sweeping cycle. Therefore, the measurement error could
be decreased by using the modified EDG device.
The experimental setup is shown in Fig. 7. An FBG sensor

is mounted on a closed-loop piezo motor, which is used to pre-
cisely apply a strain on the FBG sensor. A broadband source
(BBS) is used as the light source. The reflected signal from the
FBG sensor is then introduced into the proposed interrogation
system. A LabView program is developed to perform the tem-
perature control, light power acquisition, and data processing
with a friendly user interface.
As discussed above, two operation modes are studied to con-

firm their potentials for operational load monitoring and impact
damage detection. In the sweeping mode, the EDG tempera-
ture is tuned from 19.36 C to 28.63 C, which is achieved by
changing the TEC control voltage from 1.055 V to 1.091 V.
Within the 36 mV TEC tuning range, a step of 0.4 mV is ap-
plied, which is performed by the analog output function of a data
acquisition card (National Instrument, DAQ PCI-6221). Thus,
a temperature tuning step of 0.1 C is obtained, which makes a
wavelength sweeping step as of 9 pm. During each temperature
tuning step, the EDG temperature from the RTD is sampled by
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Fig. 8. Interrogation results of the FBG sensor under five different strains. (a)–(e) Light power with respect to the EDG temperature of the designated EDG
channels. (f) Interrogated Bragg wavelength as a function of the strain applied.

another 10 measurement points, resulting in an estimated tem-
perature change step of 0.01 C. Therefore, an accurate resolu-
tion of 9 pm is achieved based on the 0.4 mV voltage change.
In addition, with the 10 more points to sample each temperature
change step, we could get the smallest interrogation wavelength
with an estimated value at 1 pm level, resulting in the final res-
olution in sub-pm level. Furthermore, a built-in peak searching
function in the LabView program is applied to determine the
temperature corresponding to the peak light power.
The interrogation of an FBG sensor under five different

strains (0 , 600 , 1500 , 2300 , and 3000 ) is
demonstrated. Fig. 8(a)–(e) shows the light power with respect
to the EDG temperature of the designated EDG channels. Each
EDG channel has a measurement range of 0.8 nm, which is
defined by the temperature tuning settings and the EDG channel
spacing. Therefore, the Bragg peak positions of the FBG sensor
corresponding to the five different strains are located within
different EDG channels. The temperature representing the peak
light power in each EDG channel is obtained by the built-in
LabView peak searching function. By employing the reference
shown in Fig. 5, we are able to calculate the Bragg wavelength
of the FBG sensor under the five strains. Fig. 8(f) shows the
relationship between the interrogated Bragg wavelength and
the strain applied. It is seen that the Bragg wavelength in-
creases with the strain at a rate of 1 pm/ , which is typical for
FBG sensors working at around 1550 nm [21]. Moreover, the
repeatability of the proposed interrogation system prototype is
also tested. In this test, a certain strain is constantly applied on
the FBG sensor. For simplicity, three measurements are taken
with a time interval of 5 minutes. The experimental result is
shown in Fig. 9.
It is seen that better than 10-pm repeatability is achieved. As

discussed above, the channel spacing is reduced from 1.6 nm to
0.8 nm in this work, resulting that the EDG temperature tuning

Fig. 9. Experimental result for the repeatability test.

range is from 20 C to 30 C rather than from 20 C to 40 C
in our previous studies. By using the best operation range of
the TEC, to avoid the use of higher temperature range, and to
reduce the time period of each sweeping cycle, the repeatability
is improved.
Next, the parked mode of the proposed interrogation system

is tested. In the parked mode, the EDG spectrum is fixed by
keeping the EDG temperature constant at 30 C, at which the
TEC is tested to have the best performance. Due to the lack of
an acoustic signal generator, the parked mode is tested by mon-
itoring the movement of a piezo motor. In the parked mode,
two adjacent EDG channels are used to function as a wave-
length-dependent optical filter. The Bragg wavelength shifts are
converted into the light power changes from the two channels.
By monitoring the ratio of the light power from the two chan-
nels, the Bragg wavelength is measured [22]. The experimental
result is shown in Fig. 10.
Two EDG channels, CH 27 and CH 28, are used in this test.

Fig. 10(a) shows the light powers from the two channels while
the piezo motor is moving, and Fig. 10(b) shows the ratio of the
light powers, which could be used to reflect the Bragg wave-
length shifts and the movement of the piezo motor. Based on the
data processing methods in [16] and [22], the Bragg wavelength
shift is measured to be from 1553.810 nm to 1554.290 nm. Thus,



GUO et al.: ECHELLE DIFFRACTIVE GRATING BASED WAVELENGTH INTERROGATOR 2103

Fig. 10. Experimental result of monitoring the movement of a piezo motor.
(a) Light power from two designated EDG channels. (b) Illustration of the
movement.

when the piezo motor moves from one end to the other end,
a strain of 480 is applied to the FBG sensor. Considering
the length of 42 cm between the two ends of the FBG sensor
fixed on the stage, as shown in Fig. 7, the travel range of the
piezo motor is measured to be 200 m. As shown in Fig. 10,
the piezo motor takes 10 ms to travel from one end to the other.
The measured piezo motor movement agrees well with the ini-
tial settings. Since the EDG has the same spectrum as an AWG
as shown in Fig. 1 and a similar technique to achieve an in-
terrogation speed of 300 kHz has been demonstrated in [16],
the parked mode has a potential to reach an ultrafast speed for
acoustic wave measurement in aerospace damage detection.
In the previous studies [16]–[22], the Bragg wavelength of

the FBG sensor is required to be tuned at the middle between
two adjacent channels before each measurement. This process
introduces an additional calibration work. Although it could be
achieved by shifting the EDG spectrum, it is not feasible for
the use of multiplexed FBG sensors for real implementation,
because each Bragg wavelength is independent and the calibra-
tion work for each sensor might not be the same. Considering
that the parked mode is employed to eventually measure the
acoustic waves for the impact damage detection, a maximum of
three EDG channels is able to provide sufficiently large spec-
trum range, since the strain variation induced by the acoustic
waves is within the range of hundreds or tens of . In this paper,
the use of three EDG channels is demonstrated with the experi-
mental result shown in Fig. 11.
Fig. 11 shows the first 1000 measurement points in the test.

In Fig. 11(a), light power from three EDG channels, CH 26, CH
27, and CH 28, are illustrated. It is seen that Region 1 repre-
sents that the piezo motor stalls, and Regions 2 and 3 represent
that the piezo motor moves. More specifically, Region 2 indi-
cates that the Bragg wavelength shifts between CH 26 and CH
27, and the Bragg wavelength should be interrogated by using

Fig. 11. Experimental result of using three EDG channels. (a) Light powers
from the three channels. (b) Light power ratio between CH 26 and CH27.
(c) Light power ratio between CH 27 and CH 28.

the power ratio in Fig. 11(b). Region 3 indicates that the Bragg
wavelength shifts between CH 27 and CH 28, and the power
ratio in Fig. 11(c) is used to perform the wavelength interroga-
tion. Similarly, the Bragg wavelength is measured to shift from
1553.135 nm to 1554.625 nm, and it represents that the travel
range of the piezo motor is 626 m, which agrees well with the
initial settings. Therefore, the effectiveness of the use of three
EDG channels in the parked mode has been verified, and no ad-
ditional calibration work, such as tuning the EDG spectrum, is
required before each measurement.
The measurement error from this interrogator system is

believed to be attributed to the broad bandwidth of the EDG
channel and the power fluctuations, mainly from the broadband
light source. Ideally, in the sweeping mode the EDG spectrum
has a Dirac delta function profile with an infinite height and a
unity area. In real implementation, however, the EDG spectrum
has a 3-dB bandwidth of 0.4 nm, which is comparable or even
larger than the bandwidth of the FBG sensor. Better accuracy
could be achieved by reducing the EDG spectrum bandwidth.
In the parked mode, the EDG spectrum bandwidth is tested
to be proportional to the measurement resolution and error
[22]. Thus, better results could be obtained by using an EDG
with a smaller 3-dB bandwidth. The impact due to the power
fluctuations on the measurement error mainly comes from the
broadband light source. As discussed in [17], a fast wavelength
tuning or the use of one EDG channel as the reference will alle-
viate this impact and a more accurate result could be obtained.
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The proposed interrogation system is proven to have a small
size and light weight, as shown in Fig. 3. In addition to the appli-
cation for both operational load monitoring and impact damage
detection, it also features low power consumption. The pack-
aged EDG device is operated with a V power supply, which
can be powered by a battery. This feature allows the integration
of energy harvesting techniques into the proposed interrogation
system and makes it self-powered. Furthermore, a total of 32
EDG channels provide a capability to perform a multichannel
interrogation for multiplexed FBG sensors, which is also a fa-
vorite feature for aerospace applications.

IV. CONCLUSION

An interrogation system based on an EDG for both opera-
tional load monitoring and impact damage detection with im-
proved performance was proposed and experimentally demon-
strated. Compared with our previous work, two improvements
have been made. First, all the 32 EDG channels were used, re-
sulting in a smaller temperature tuning range, faster speed, and
better measurement repeatability. Second, two operationmodes,
the sweeping mode and the parked mode, were introduced. Es-
pecially, the use of three EDG channels in the parked mode was
demonstrated. In the sweeping mode, the EDG spectrum was
tuned by changing its temperature, which would provide a large
measurement range at a low speed and was suitable for oper-
ational load monitoring. In the parked mode, the EDG spec-
trum was fixed by keeping its temperature a constant, in which
two or three EDG channels were used to function as a wave-
length-dependent optical filter for potential acoustic wave mea-
surement. Preliminary results have verified the effective opera-
tions of the interrogator in two operation modes. Furthermore,
the proposed interrogation system has the potential to be pack-
aged into a palm-size, light-weight device with self-powered ca-
pability, which will make it ideal for aerospace applications.
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