control devices at 6 GHz under a steady temperature of 25°C.
The main reason for the selection of 25°C that it is more stable
for obtaining the signal data than the other temperatures such as
22-24°C. When one antenna port (Tx1) is transmitting, the other
antenna port (Rx5) is receiving. Here, the Rx5 port in the § port
antennas with circular structure is the farthest distance from the
Tx1 port at 150 mm. In this process, the amplitude and phase of
the signal can be obtained in the time domain. In Figure 3, we
can observe a temperature influence on the matching liquid in
the tank filled with 13BG. When temperature control devices
are used in the platform system, the temperature of the matching
liquid is maintained at a constant. The measured data can be
used to obtain a stable value. Thus, we can utilize the stable sig-
nal data not only for the image reconstruction of a small object
but also for the performance verification of the measured data
in the frequency domain. If temperature control devices are not
used, the signal data shows a downward flow tendency for a
temperature variation of 1.1°C. This tendency is shown for both
the amplitude (with the peak to peak deviation of 1.311 dB for
1.1°C) and the phase (with the peak to peak deviation of 14.53
degrees for 1.1°C). For both the amplitude and the phase, the
zero (number) is based on the first value of the measured data.
The consecutive values (number) after the first value are
obtained from different by subtracting the consecutive values
from the first value.

Figure 4 shows the time domain results of 13BG according
to the frequency change from 3 to 6 GHz while a maintaining
temperature of 25°C. As shown in Figure 4, the measured
amplitude and phase confirmed the stable value for the entire
frequency range under a constant temperature of the matching
liquid.

The peak to peak deviation of the amplitude and phase is
approximately 0.117 dB and 3.68 degrees. To minimize the
peak to peak deviation of the signal, the enhanced MT system
aimed for image reconstruction of small object will be imple-
mented and the results will be analyzed.

3. CONCLUSION

We have analyzed the temperature influence of the matching
liquid in the MT platform system operating in the frequency
range of 3-6 GHz. The temperature variation of the matching
liquid in the platform system is the important factor for the
image reconstruction aimed for breast cancer detection. It was
found that temperature control devices are required in the MT
system to obtain the stable measurement data. Further work is
necessary to investigate the detailed temperature characteristics
of the matching liquid.
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ABSTRACT: An interferometric Fabry—Perot cavity based on hollow-
core ring photonic crystal fiber combined with a silicone diaphragm is
proposed for low pressure sensing. The sensor exhibits a sensitivity of
0.086 nm/mmHg for a pressure range between 0 and 337.5 mmHg.
These values are in the range of physiological pressures, such as intra-
vascular pressure. © 2014 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 56:2981-2984, 2014; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.28749

Key words: Fabry—Perot sensor; blood pressure; biomechanics

1. INTRODUCTION

The most common working principles used with fiber optic sen-
sors for biomedical and biomechanical research are based on
intensity, phase, and wavelength modulation. Earlier intensity
modulation schemes, based on glass fibers bundles, were
reported in the 1960s [1,2]. Nowadays, they are easy to interro-
gate and probably also the most widespread [3]. Commercial
sensors are already being used for a wide range of physiological
pressure measurements [4-6]. Wavelength modulation is typi-
cally achieved through the use of fiber Bragg grating sensors
which are highly recommended for temperature and/or strain
measurements [7,8]. Most usual applications are with bone tis-
sue [9,10] and dental cements [11,12]. Interferometric sensors,
particularly those based on the Fabry—Perot (FP) configuration,
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SMF28
silicone capsule

PCF fiber (¢=125.5 pm)

Figure 1 Schematic drawing of the FP pressure prototype. [Color fig-
ure can be viewed in the online issue, which is available at wileyonline-
library.com]

are also becoming interesting for biomechanical and biomedical
research [13]. They have been introduced in the early 1980s
[14,15] and compared to the previous modulation schemes are
capable to attain higher sensitivity and resolution [13,16]. A
sensing head based on FP cavity for pressure measurement is
usually made by an air cavity and two parallel reflecting surfa-
ces at the ends. A hollow-core fiber forms the optical cavity,
which is spliced to a standard optical fiber at one end and to a
movable diaphragm at the opposite end [17]. Pressure makes the
diaphragm to change the optical cavity depth, where multiple
reflections occur, causing a phase shift in the original spectrum
[13]. The presence of the diaphragm seems mandatory for pres-
sure measurements of liquids [18-20] while a diaphragm-free
topology is possible for sensing gases pressures [21,22].

In this study, an interferometric FP cavity based on hollow-
core ring photonic crystal fiber (HCR-PCF) combined with a sil-
icone diaphragm is proposed for low-pressure sensing.

2. EXPERIMENTAL SETUP AND RESULTS

The sensor head consisted of an air cavity provided by a HCR-
PCF and the reflecting surfaces of a standard single mode fiber
(SMF28) and of a biocompatible silicone diaphragm (Fig. 1).
The HCR-PCF has an outer diameter of 125.5 um, a large hol-
low core, with a diameter of 44.4 um, and several petal shaped
holes with an azimuthal diameter of 24.4 pm [22]. In between
these two structures, there is a 3.1-pm-thick silica ring [22]. The
optical device fabrication included three main steps: first, the
splice between the SMF28 and the HCR-PCF is made. The
SMF28 provides the incoming light from the light source and
the first reflecting surface. The splice was performed with a
commercial arc fusion splicer mainly in the SMF28 region
avoiding collapse of the HCR-PCF holes [23]. The second step
includes cleaving the opposite end of the HCR-PCF near the
splice to obtain a cavity length in the order of the fiber diameter

sensor

Figure 2 Schematic drawing of the interrogation setup used. An opti-
cal circulator connects the source to the sensor and the sensor to the
optical spectrum analyzer. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]
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Figure 3 The spectral response of the sensing head. A phase shift
caused by the increase of pressure can also be observed. [Color figure
can be viewed in the online issue, which is available at wileyonlineli-
brary.com]

or smaller. In fact, the spectral response depends on the FP cav-
ity length [17]. In this study, the cavity length was maintained
similar the outer diameter of the HCR-PCF. Finally, a silicone
diaphragm was fabricated at the opposite end of the HCR-PCF.
A biocompatible silicone polymer (Silastic Medical Adhesive
Silicone, Type A, Dow Corning) was used. The diaphragm was
obtained through repeated and controlled contact of the PCF-
HCR tip with a small portion of silicone. With this process is
not possible to completely control diaphragm geometry, which
also affects the spectral response [24]. After a 72 h curing time
(room temperature), the sensor was tested. The optical cavity is
formed when light travelling from the SMF28 excites the HCR-
PCF ring. Afterward, light is reflected due to the HCR-PCF end
face cleavage and the silicone capsule, and recoupled to the
SMF28. Under pressure the silicone diaphragm is compressed
and a phase shift change is observed. The acquisition system
consisted of a broadband light source centered at 1570 nm with
a bandwidth of 100 nm and an optical circulator with three ports
to measure the reflection signal of the FP. An optical spectrum
analyzer is used to read the spectral response of the sensing
head (Fig. 2).

15985 — T v T T 7~ Tt 7 T 5T
1590- =
1555—- : =
1580 .

1575 A -

Wavelength (nm)

1570 .
1565 ..

1560 - 4

T T T T T T T T T T T T T T T

0 50 100 150 200 250 300 350
Pressure (mmHg)

Figure 4 Mean wavelength shift versus pressure variation of the sens-
ing head. The y-error bars represent the standard deviation. [Color figure
can be viewed in the online issue, which is available at wileyonlineli-
brary.com]
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Figure 5 Typical shift of the sensor for a 60 min period under con-
stant pressure. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

The sensor was characterized for hydrostatic pressure using a
purpose-built pressure device that was described elsewhere [25].
Six pressure cycles from O to 337.5 mmHg with a pressure step
of ~37.5 mmHg were performed.These presures are in the range
of several physiological pressures, such as blood pressure, intra-
cranial, and intra-articular pressures. The spectral response of
the sensor is exhibited in Figure 3.

The cavity length (L) was estimated using the following
equation: AL=7?/(2nAJ), where J is the operation wavelength,
A/ corresponds to the signal period and 7 is the refractive index
of the air. The value obtained for the optical cavity was ~125
pm. In Figure 4, the average results of the six pressure cycles
are presented. Figure 5 shows typical shift of the sensor under
constant pressure.

The sensing head presented a linear response (+° = 0.9997)
with a pressure sensitivity of —86 pm/mmHg. In this case, a neg-
ative response was observed. Usually, when pressure is applied to
a FP cavity two behaviors are expected: one induced by the
photo-elastic effect; the other by the variation in the cavity
length. In this case, the negative response of the sensing head
arises from the variation of cavity length. The output signal dif-
ference between two consecutive steps of pressure (AP) were
determined. On average, these wavelength differences (A1) were
of 3.22+0.24 nm. The mean standard deviation (04) of each
step of calibration was 0.31 = 0.12 nm, which represents approxi-
mately 9.7% of the average difference between consecutive steps
of calibration. Maximum hysteresis was of 1.14 nm representing
3.6% of full scale output (FSO). The sensor resolution was calcu-
lated using the equation: r=201AP/AA. The value obtained for
the resolution was 22.6 mmHg representing about 7% of FSO.
Maximum sensor drift during a measurement period of 60 min
was approximately 1.0 nm. This variation could be explained by
small variations around ambient temperature. Typically, silicone
thermal expansion coefficient is 342.0 X 10_6/°C, which is about
600 times higher than that of silica glass (0.55X10~%°C).

3. CONCLUSION

A simple pressure sensor based on HCR-PCF and a silicone dia-
phragm was described. The sensor was tested for hydrostatic
pressure and the pressures were in the range of some physiologi-
cal pressures, such as blood pressure. It was obtained a good
agreement between wavelength shift and pressure and with fur-
ther optimization these type of sensor can be explored for ex
vivo or in vivo measurements. Optimization should include con-
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trol on the fabrication of the silicone diaphragm and sensor
encapsulation (e.g., catheter or a spinal needle) to diminish the
risk of sensor breaking and release of debris to the physiological
medium.
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ABSTRACT: A general analysis on loss effect on performances of
coupled resonator-based optical delay lines is presented. Two types of
the coupled resonators are considered: an electromagnetically induced
transparency-like resonance and an all-pass filter. Our analysis reveals
that the all-pass filter type is much more tolerant of the resonator loss.
© 2014 Wiley Periodicals, Inc. Microwave Opt Technol Lett 56:2984—
2987, 2014; View this article online at wileyonlinelibrary.com. DOI
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1. INTRODUCTION

Optical delay lines have important roles in optical communica-
tion systems and radio-frequency (RF) photonics. Especially, in
forthcoming all-optical communication systems, variable optical
delay lines are indispensable elements for the synchronization
and the buffering of optical signals. RF-phased arrays for beam
steering are another important application of the optical delay
lines.

For the volume effectiveness of the optical delay lines, slow-
ing down the speed of light is helpful. Recently, it has been
shown that electromagnetically induced transparency (EIT),
which originates from quantum interference of resonant path-
ways among atomic energy levels, can enormously slow down
the speed of light [1,2]. Classical analogs of the EIT also have
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been demonstrated using optical resonators [3—6]. The optical
resonator-based EIT-like phenomenon results from the interfer-
ence of the decays of the resonators and it does not limited to
specific types of resonators. Previously, it has been shown using
the temporal coupled-mode theory that if two resonators are
coupled via propagation channels such as a waveguide or free
space, the EIT-like resonance of an arbitrarily narrow linewidth
occurs within the resonant band of the single resonator, and the
EIT-like resonant transmissions in two coupled slab waveguide
gratings have been numerically demonstrated [7]. One of the
advantages of the optical resonator-based EIT-like phenomenon
is that its characteristics can be tuned in contrast to the EITs in
atomic vapors [3,7] and thus, the variable optical delay lines
can be implemented with it.

Another possible way to realize the optical delay lines based
on the coupled resonators is an all-pass filter. In the coupled
resonators, if the coupling via the propagation channel of a
proper amount of phase retardation is balanced with evanescent
coupling between the resonators, the all-pass filter is obtained
[8]. An ideal characteristic of the all-pass filter is that its trans-
mission is equal to 1 regardless of frequency and only group
delay of signals arises from the dispersive behavior of the
resonators.

In the EIT-like phenomenon and the all-pass filter based on
optical resonators, losses of the resonators affect their perform-
ances. In addition to obvious overall signal power reduction, the
losses affect group delay values. So far, not much attention has
been paid to the effect of the loss in optical delay line applica-
tions of the optical resonators. In this work, we theoretically
analyze the loss effect on the performances of the two optical
delay line schemes based on the coupled resonators. In particu-
lar, we focus on coupled slab waveguide grating systems and
derive the loss requirement for the optical delay line
applications.

2. THEORY

Figures 1(a) and 1(b) show a general two coupled resonator
structure and its example implementation composed of slab
waveguide gratings, respectively. In general, the wave propaga-
tion channel in Figure 1(a) can be a waveguide or free space,
and it corresponds to the free space in the case of the coupled
gratings depicted in Figure 1(b). The coupling of resonators via
propagation channel is characterized by a field decay rate, 1/t
and a phase retardation, 0. The decay rate of the grating is
related to a quality factor of its guided-mode resonance, that is,
O=w,t/4, where w, is a resonance frequency. Note that 1/7 is
a decay rate in one direction. When two resonators are placed
close to each other, evanescent coupling also should be consid-
ered, which can be quantified by an overlap integral of two
guided modes in the grating system as depicted in Figure 1(b).

The temporal change of the normalized mode amplitudes of
the resonators, a@; and a, are described by [7,9]

da1 . 1 2 .

—=\|jw,—— —— a1 —juartrsy K512, (la)
dt LT

d. 1 2
ﬂ=(jwn————)az—jual-i-tcs+3+1<s+4, (1b)
dt LT

where 1/11 is a field delay rate due to loss, p is an evanescent
coupling strength, and s;; and s—; are the amplitudes of the
incoming and the outgoing waves, respectively. The complex
mode amplitude, a is normalized such that |a|2 is equal to the
energy stored in the resonator, and the complex wave amplitude, s
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