
ing from the series parasitic inductance and resistance of the
fold-beams that is used for actuation. An optimized spring struc-
ture is under consideration to replace in future to improve the RF
performance at high frequency. Moreover, larger initial capaci-
tance values could be achieved by further increasing the thickness
of the metal structure.

4. CONCLUSION

Both area-tuning and gap-tuning types of low-voltage wide-tuning
variable capacitors are formed by using a novel low-cost metal
micromachining technique. With only two layers of mask used, the
post-CMOS compatible micromachining process is with a poten-
tial to integrate the RF passives into RF ICs. The fabricated
area-tuning and gap-tuning capacitors have demonstrated large
tuning ratios of 3.1:1 and 2.92:1, respectively, under a low actu-
ating voltage of 4 V. High Q-factor of 169 at 1 GHz and 46 at 2
GHz for the area-tuning capacitor, as well as, 87 at 1 GHz and 35
at 2 GHz for the gap-tuning capacitor are measured. In view of the
large tuning range and the high RF performance, these variable
capacitors are promising as building blocks for on-chip RF appli-
cations. Besides, the developed metal micromachining technique
can be widely used for post-CMOS integration of the RF passives
with RF ICs.
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ABSTRACT: We present a potential sensor head for the simulta-
neous measurement of temperature and strain based on the concate-
nation of two long-period fiber gratings arc-induced in different fi-
bers. Despite being the temperature and strain sensitivities of the
individual gratings well defined, we demonstrate that the sensor can-
not perform the simultaneous measurement of those physical parame-
ters. This fact, results from the uncertainty in finding the determinant
of the inverse matrix. © 2008 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 50: 2472–2474, 2008; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.23644

Key words: temperature and strain measurement; optical sensing; long-
period fiber gratings; arc-induced gratings

1. INTRODUCTION

Long-period fiber gratings (LPFGs) have been used as sensing
elements for simultaneous measurements of temperature and strain
[1–4]. In general, the ability to discriminate between two or more
parameters is based on the different responses shown by two
particular resonances belonging to two concatenated gratings. Re-
cently, it was demonstrated that the response of arc-induced grat-
ings to strain and temperature could be controlled by changing
gratings fabrication parameters [5]. By employing the properties of
those gratings, a sensor head consisting of two concatenated
LPFGs with cladding mode stripping in between was implemented

TABLE 1 Performance Comparison Between the Present work and the Recently Published Ones

Initial C0 (pF) 0.046 1.0 0.108 0.8 0.37 0.28
Q(@2 GHz) 40 5 20 133 35 46
Tuning range (%) 55.6 100 203 24 192 210
Self-resonant freq. (GHz) �10 4.8 �3 �5 8.25 9.44
Max. driving voltage 17 3.2 6 20 4 4
Tuning method gap area gap and area gap gap area
Substrate glass SOI CMOS silicon alumina CMOS silicon
References [3] [4] [5] [7] This work
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for temperature and strain measurements. An index matching gel
was applied to the fiber to strip cladding modes to eliminate
recoupling in the second grating. Unfortunately, the use of gel
strongly limits the range of working temperature. A possibility to
extend the working range is to recoat the fiber in the region
between the two gratings.

In this article we discuss the performance of a sensor head
consisting of two concatenated gratings arc-induced in two differ-
ent fibers.

2. EXPERIMENTAL RESULTS AND DISCUSSION

To implement the sensor, two steps were performed. First, gratings
were written in two different fibers such that the LPFGs would
exhibit two neighboring resonances showing well distinct re-
sponses to applied temperature and strain. One grating was in-
duced in the Corning SMF-28 fiber by using the following fabri-
cation parameters [6]: T � 22.8 g, I � 9 mA, t � 1 s, 540 �m, N �
40; and the other in the Fibercore B/Ge codoped fiber (T � 22.8 g,
I � 8.5 mA, t � 0.5 s, 415 �m, N � 42). Second, the region in
between the concatenated gratings was recoated to avoid recou-
pling by the second grating and also to extend the operating
temperature range. The spectra of the two concatenated gratings
are shown in Figure 1(a). The resonance (LP07) at shorter wave-
lengths belongs to the symmetric grating written in the Fibercore
fiber and the resonance (LP14) at longer wavelengths results from
the asymmetric grating arc-induced in SMF-28 fiber [7].

The sensor was calibrated, using the setup shown in Figure
1(b), by measuring its response to applied strain in the range
0–2000 �� and temperature in the range 35–100°C. Strain in-
creased in steps of 200 �� at a constant temperature, and temper-
ature was changed in steps of 5°C keeping the strain constant. At

each step, the transmission spectrum of the grating was recorded
using an optical spectrum analyzer. The results of calibration are
presented in Figures 3 and 4. Figure 3 shows the strain dependence
of the wavelengths of the two resonances. As we stretch the sensor
the resonance belonging to the grating induced in the B/Ge co-
doped fiber shifts towards longer wavelengths whilst the other
resonance shifts in the opposite direction. Both resonances show a
linear dependence on strain being the sensitivity of the resonance
belonging to the SMF-28 fiber one height of the other. The
dependence of the resonance wavelengths on temperature is shown
in Figure 4. As the temperature increases, the resonances shift in
opposite directions, but this time they are moving towards each
other since the shift of the resonances was reversed when com-
pared to the effect of strain. Again, the dependence is linear being
the temperature sensitivity eight times larger for the grating written
in the B/Ge codoped fiber.

The slopes of the linear fittings are used in the matrix Eq. (1)
that can be written as

��T
��� � � 83.7 � 10�3� � 0.208 � 1.6

� 62.2 � 421.0����1

��2
� (1)

Figure 1 Gratings transmission spectra and experimental setup. (a)
Close-up of the two resonances under measurement. (b) Experimental
setup for characterization of the sensing head. TEC: thermoelectric cooler;
TS: translation stage. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com]

Figure 2 Strain response of the sensing head (at constant temperature).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

Figure 3 Temperature response of the sensing head (constant strain).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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where ��1 and ��2 are expressed in pm, �T in°C and De in ��.
The system resolution was estimated directly from the calibra-

tion procedure. As seen in Figure 4 this sensor is not suitable for
the simultaneous measurement of temperature and strain [8, 9].
Although the error in the determination of the matrix coefficients
is within 1.5%, the error in the calculation of the matrix determi-
nant is quite high, above 20%. It is interesting to compare this
result with the one obtained in Ref. 5. Both sensors have a similar
determinant value of about 10, the error in the matrix coefficients
was in that case twice larger and the uncertainty in the determinant
was three times lower. Therefore, one may conclude that is the
large difference in the gratings sensitivities that prevents the use of
this sensor.

3. CONCLUSIONS

We described a sensor head consisting on the concatenation of two
arc-induced LPFGs to be used in the simultaneous measurement of
temperature and strain. It was demonstrated that due to the large
difference in the temperature and strain sensitivities of the two
gratings this sensor cannot reach the initial aim, since that leads to
uncertainty in finding the determinant of the inverse matrix. There-
fore, the choice of two gratings with completely different sensi-
tivities to the parameters to be measured may not be the best option
to implement a sensor.
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ABSTRACT: An improved integration approach for segmented 3D
shapes using projected digitalized 2D pattern is presented. The digital
2D patterns are fabricated based on lithography techniques. Geometri-
cal accuracy better than 0.5 �m can be achieved. Contrast ratio of the
fringe pattern can be precisely controlled as well. With this pattern, in-
tegrated accuracy better than one part in one hundredth of the pixel size
can be achieved. © 2008 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 50: 2474–2480, 2008; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.23667

Key words: fringe projection; 3D profile measurement; two-dimensional
sinusoidal fringes; image registration; 3D data fusion

PACS: 42.30.-d, 42.30.Rx, 42.30.Sy, 42.30.Tz, 42.30.Wb

1. INTRODUCTION

The 3D-shape measurements using fringe projection methods has
been extensively studied for automated manufacturing, component
quality control, reverse engineering, and 3D animation [1–4]. It uses
a fringe pattern projected on the inspected object and utilizes an image
sensor array to observe the fringe distribution at a different viewpoint.
Phase of the fringes deformed by the inspected shape is then used to
retrieve the depth information. However, not many inspected objects
are simple enough to be described by one full-field measurement.
When the surface size is larger than the field of view of the measure-
ment system or shadowing and occultation exists on the inspected
surface, more segmented measurements from different viewpoints are
required to form an entire shape.

The entire shape should be segmented in such a way that different
regions overlap with each other. The overlapped regions provide
useful information for addressing the changes in the orientation of the
inspection system. The task of addressing points in the overlapped
regions from the associated datasets is called image registration.
Many algorithms have developed several methods to identify the
matched datasets [5–9]. However, these techniques may not be di-
rectly applied to precision metrology due to the following limitations:
(1) the algorithms based on the image intensity are very sensitive to
surface reflectivity and image noise. (2) The algorithms based on the

Figure 4 Sensor output as determined by Eq. (1)
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