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Interrogation of a Long-Period Grating Sensor by a
Thermally Tunable Arrayed Waveguide Grating

Honglei Guo, Gaozhi Xiao, Nezih Mrad, and Jianping Yao, Senior Member, IEEE

Abstract—An interrogation technique for a long-period grating
(LPG) sensor is studied theoretically and experimentally. By em-
ploying a thermally tunable arrayed waveguide grating (AWG),
the center wavelength of the LPG sensor is successfully measured
using the linear temperature dependence of the AWG transmis-
sion wavelengths. Initial results show that the proposed interroga-
tion technique can provide a resolution of 1 pm and interrogation
range of 25 nm. Furthermore, this technique has the potential of
being packaged into a low-cost and compact-size device.

Index Terms—Arrayed waveguide grating (AWG), long-period
grating (LPG), sensor interrogation.

I. INTRODUCTION

ONG-PERIOD grating (LPG) fiber-optical sensors

have been well documented for the applications in
bio-chemical detection, industrial process monitoring, and
structural health monitoring due to their low back-reflection
[1] and high sensitivities [2]-[4]. The key practical challenge
for LPG sensors is without doubt the wavelength interrogation
of their large spectral band. So far, many schemes have been
developed, such as optical spectrum analyzers, fiber Bragg
gratings (FBGs) [5], and the derivative spectroscopy technique
[6]. However, these interrogation techniques are not practical
for most applications and can only be used in the laboratory
environment because of the bulky size, high cost, poor robust-
ness, and nonportability. In recent years, arrayed waveguide
grating (AWG) demultiplexers have shown great potentials in
the wavelength interrogation of FBG sensors [7]-[9]. In this
letter, a thermally tunable AWG is applied to interrogate an
LPG sensor. As shown by both theoretical and experimental
analysis, the transmission wavelength of an AWG can be
linearly tuned by changing the AWG chip temperature. Curve
fitting and its first-order derivative are performed to obtain
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the temperature corresponding to the minimum detected light
intensity of the LPG sensor from one of the AWG channels.
The center wavelength of the LPG is then calculated by in-
terpolating the above obtained temperature in the temperature
dependence curve of the AWG transmission wavelengths.
Using this technique, 1-pm wavelength interrogation resolution
and 25-nm interrogation range have been achieved. Since the
AWG chip is fabricated on a semiconductor wafer and the
thermal tuning package can be miniaturized, the demonstrated
interrogation technique can potentially lead to the development
of a palm-size AWG-based LPG sensor interrogation system at
low cost and with high performance.

II. THEORY

As a Gaussian apodized LPG can be considered as having a
flip-flop Gaussian profile [10], its spectrum can be expressed as

(A=2Ap)?

[LPG(/\) = IO — IL exp —4111(2)
AXZ

ey
where I is a constant, Iy — Iy, is the transmittance at the center
wavelength Ap, and Ay, is the full-width at half-maximum
(FWHM) of the Gaussian profile.

An AWG is an integrated all-solid-state device consisting of
two couplers connected by an array of waveguides. The phase
increment in each waveguide should be equal to an integer mul-
tiplied by 2, so that the light beams of certain wavelengths
from the arrayed waveguides will constructively interfere at var-
ious output channels. As reported in [11], the transmission spec-
trum of an AWG channel can be described mathematically by

(A = Xgj)?

Aj(A) =ajexp
AN,

_4(In2) 2)

where aj;, A\q;, and A)\,; are the peak transmittance, center
wavelength, and FWHM of the jth output channel of the AWG.

The LPG and AWG are cascaded in tandem. The light inten-
sity detected by the jth AWG channel is given by [7]

(Aaj — Ar)?

I;(M\aj) = I.— Pjexp |—4In(2)——5-
e / AN + AN

3

where I, is a constant and P; is the peak of the second term on
the right side of (3), which is dependent on the optical source
power, photodetector (PD) sensitivity, and the FWHM of both
AWG and LPG.
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Fig. 1. Experimental result of the temperature dependence of a selected AWG
channel.

It has been noted that the transmission wavelengths of an
AWG changes linearly with the temperature [9], i.e.,

Aaj =B x T+ Xo )
where T is the AWG chip temperature, and § and )\ are con-

stants, respectively.
By substituting (4) into (3), we obtain

(ﬂ X T+)\0 —/\L)2
AN+ ANZ,

I;i(T) = I. — Pjexp |—41In(2) 5)

Equation (5) shows that the I;(T) has a flip-flop Gaussian
profile with the minimum value of I. — P;, which is achieved
when A\, = Bx T+ \g. Hence, by knowing the temperature cor-
responding to the minimum of the detected light intensity and
the temperature dependence of AWG transmission wavelengths,
the center wavelength of an LPG can be determined.

III. EXPERIMENTAL RESULTS AND DISCUSSION

To verify the temperature effect on the transmission wave-
lengths expressed by (4), one AWG channel (Channel 8 in this
case) is selected and tested. The experimental result is shown in
Fig. 1. In this test, the chip temperature is changed from 25.4 °C
to 98.8 °C, while the transmission wavelengths are measured by
an Agilent tunable laser source [(TLS) Agilent 81640B] with a
tuning step of 1 pm and a PD. A linear fitting is applied to the
results shown in Fig. 1 to obtain the constants 3 and Ag. It is
observed that the transmission wavelength of the AWG channel
varies linearly with the temperature providing a tunable spec-
tral range of ~0.8 nm for the temperature change of ~75 °C.
Due to the uniformity of the AWG [12], all the other transmis-
sion channels possess the same tuning performance. Therefore,
a 32-channel AWG with an interrogation range of ~25 nm is
achieved and has the capability to interrogate most LPG sen-
sors.

Furthermore, to evaluate the feasibility of the proposed inter-
rogation scheme, an experimental interrogation setup illustrated
in Fig. 2 is built.

The experimental setup shown in Fig. 2 consists of a broad-
band light source (BBS), an erbium-doped fiber amplifier
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Fig. 2. Experimental setup for LPG interrogation based on a thermally tunable
AWG.
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Fig. 3. Experimental results for LPG interrogation measured from the DAQ
card.

(EDFA), a thermal resistant film (TRF), a resistance temper-
ature detector (RTD), and a 32-channel AWG with 0.8-nm
uniform channel spacing. The TRF is bonded at the back of
the AWG chip and controlled by a Labview program. The RTD
is implemented for the purpose of monitoring the temperature
variation. Also, an array of PDs and operational amplifiers
(AMPs) are used to acquire and amplify the light intensity
from the AWG channels. A data acquisition (DAQ) card is
used to perform the data acquisition for both temperature and
light intensity. For simultaneous data acquisition, the LabView
based triggering function is initiated so that temperature and
light intensity are obtained at the same sampling points for each
AWG output channel.

As shown in Fig. 3, one dedicated channel (Channel 8 in this
case) with the tuning temperature from 60 °C to 98 °C is capable
of obtaining the center part of the LPG spectrum, which is de-
cided by the 3-dB bandwidth of the LPG being studied and the
temperature dependence of the AWG transmission wavelengths.
As to the other LPG with larger 3-dB bandwidth, the proposed
interrogation technique allows for the use of two, three, or more
AWG channels to obtain the LPG spectrum, since a continuous
25-nm scannable range can be achieved as discussed above.

Curve fitting of the detected light intensity and its first-order
derivative with respect to the temperature are shown in Fig. 4
in solid and dashed lines, respectively. The temperature cor-
responding to the minimum light intensity is measured as
86.98 °C by analyzing the first-order derivative. Using the
temperature dependence of the AWG transmission wavelengths
discussed above, an LPG center wavelength of 1552.202 nm
is obtained. The obtained results correlate well with the ones
provided by the manufacturer and denoted as 1552.2 nm. Five
repeating tests within 2 h show that the maximum variation
obtained is 26 pm, which is believed to be partly attributed to
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Fig. 4. Detected light intensity, curve fitting, and the first-order derivative
versus the chip temperature.

the drifting of the ambient conditions during the experiment
period, since a typical LPG has the sensitivity to strain and
temperature almost an order-of-magnitude higher than 1 pm/pe
and 10 pm/°C, respectively, denoted as that of an FBG [1].

Additionally, an AWG transmission spectrum of a Dirac
delta function with an infinite height and a unity area would
be ideal for the scanning of the LPG spectrum. In this work, a
commercial AWG demultiplexer chip from IgnisPhotonyx is
used. The chip has a 3-dB bandwidth of ~0.4 nm (a typical
performance of commercially available AWG devices). This
could also contribute to the measurement variation discussed
above. According to the analysis in [13], the narrower the AWG
transmission bandwidth, the less the measurement error will be.
Therefore, using an AWG with a narrower transmission band-
width could potentially improve the measurement accuracy.

Moreover, it can be deduced from Fig. 3 that AWG chip tem-
perature dependence coefficient is 11.7 pm/°C and its resolu-
tion is 3.16 pm for a TRF temperature increment step of 0.27 °C.
If the curve fitting is employed, calculating its first-order deriva-
tive with the temperature increment step of 0.1 °C, an interro-
gation resolution of 1 pm can be achieved. A better than 1-pm
resolution will be theoretically achieved by reducing the tem-
perature increment step in calculating the first-order derivative
and increasing the resolution of the TLS.

The presented high-resolution AWG-based approach em-
ployed for the interrogation of LPG would be particularly
attractive for the refractive index estimation in chemical sen-
sors, such as a chemical concentration sensor which requires a
spectral resolution of 10 pm in a 60-nm range [14]. The 25-nm
interrogation capacity of the presented device in this letter can
be increased by stacking several properly designed AWGs,
providing added flexibility for the applications requiring wide
spectral interrogation range. Moreover, this technique has the
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potential of being packaged into a low-cost and compact-size
device.

IV. CONCLUSION

The interrogation of an LPG sensor was achieved by ther-
mally scanning an AWG. The experimental results showed
that the transmission wavelengths of AWG channels shifted
linearly with the temperature. By calculating the temperature
corresponding to the minimum of the detected light intensity
and employing the temperature dependence curve of the AWG
transmission wavelengths, the center wavelength of the LPG
sensor was successfully measured. It was also shown that the
use of the proposed thermally tunable AWG technique pro-
vided a 25-nm interrogation range at resolution of 1 pm with
the additional features of compact size, low cost, and suitability
for practical applications.
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