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Photonic Crystal Fiber Interferometer
for Dew Detection

Jinesh Mathew, Yuliya Semenova, and Gerald Farrell

(Invited Paper)

Abstract—A novel method for dew detection based on photonic
crystal fiber (PCF) interferometer that operates in reflection
mode is presented in this paper. The fabrication of the sensor
head is simple since it only involves cleaving and fusion splicing.
The sensor shows good sensitivity to dew formation with a large
wavelength peak shift of the interference pattern at the onset of
dew formation. The device’s response to ambient humidity and
temperature are also studied and reported in this paper. From our
experiment it is also concluded that by attaching a thermoelectric
cooler with temperature feedback, the sensor head demonstrated
can be used as a miniature dew point hygrometer.

Index Terms—Dew sensor, humidity measurement, modal inter-
ferometer, optical fiber devices, photonics crystal fiber.

I. INTRODUCTION

UMIDITY refers to the water vapor content in air or other

gases. Humidity measurements can be stated in a variety
of terms and units. The three commonly used terms are absolute
humidity, relative humidity (RH) and dew point. Absolute hu-
midity is the ratio of the mass of water vapor to the volume of
air or gas. It is commonly expressed in grams per cubic meter.
The ratio of the percentage of water vapor present in air at a
particular temperature and pressure to the maximum amount of
water vapor the air can hold at that temperature and pressure is
the relative humidity. Dew point, expressed in °C or °F, is the
temperature and pressure at which a gas begins to condense into
a liquid. Dew point is a function of the pressure of the gas but it
is independent of temperature and is therefore defined as funda-
mental. Dew (condensed moisture) is a problem in the fields of
precision electrical devices, automobiles, air conditioning sys-
tems, warehouses and domestic equipment, etc. High humidity
and condensation can create an environment where the devel-
opment of mould on the wooden parts can take place and it can
also cause corrosion of iron parts. This is a major problem in
the case of the works of art in the museums and churches [1].
So there is a strong demand for a sensor able to accurately de-
tect a high humidity or dew condensation state.
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Different dew point hygrometers reported to date are based
on resistive [2], capacitive [3], gravimetric [4], surface acoustic
wave [5] or optical [6]-[10] technologies. Optical fibers are used
to launch and collect optical signal from the condensation sur-
face of chilled mirror hygrometers [9], [10]. Optical fiber dew
sensors offer specific advantages, such as small size and weight,
immunity to electromagnetic interference, corrosion resistance
and remote operation, by comparison to their conventional elec-
tronic counterparts. Approaches to dew detection using optical
fiber have been previously reported in [11], [12]. The working
principle of these sensors is based on the change in the reflec-
tivity which is observed on the surface of the fiber tip, when a
water layer is formed on its distal end. The dependence on re-
flected power measurement scheme used in [11], [12] increases
the chance of measurement error due to source power fluctua-
tions. Recently we have demonstrated a simple sensor head for
dew detection based on a photonic crystal fiber interferometer
(PCFI) operated in reflection mode [13], with the advantage of
good dew point measurement accuracy. The fabrication of such
a sensor is very simple since it only involves cleaving and fu-
sion splicing. Furthermore, the spectral measurement technique
utilized in this work is free from errors due to source power vari-
ations. In this paper we report a detailed study of such a sensor
for dew detection, including a study of the humidity and tem-
perature dependence of the device with different lengths of PCF.
Since the sensor head is fabricated from a single material, silica,
its temperature dependence is very low. We investigate in detail
the dew sensor performance with different lengths of PCF and it
is found that a device with a compact length of PCF is suitable
for dew sensing albeit with a reduction in the speed of response.
The response of the sensor at different ambient humidity values
is also investigated and reported in this paper.

II. DEW SENSING PRINCIPLE

To study the response of the PCFI to dew formation it is re-
quired to set the temperature of the PCFI to dew point tempera-
ture, which is obtained from the values of ambient relative hu-
midity and temperature. To do this consider a quantity of air with
a constant water vapor concentration at a certain temperature, T
and relative humidity, RH < 100%. The dew point temperature
Tq is defined as the temperature to which this quantity of air
must be cooled down such that, at a constant pressure, conden-
sation occurs (RH = 100%). In terms of relative humidity RH
and temperature T, the dew point temperature is given as:

0733-8724/$26.00 © 2011 IEEE
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Fig. 1. Microscope image of the PCFI (upper) & a schematic of the excitation/
recombination of modes in the hole collapsed region (lower).
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where, o = 243.12°C and 3 = 17.62 are the so-called Magnus
parameters for the temperature range —45 to 60°C.

Photonic crystal fiber interferometers have attained great im-
portance in recent times due to the simple fabrication process in-
volved and excellent sensing performance [14]-[22]. In a PCFI
the excitation and recombination of modes can be carried out by
the hole collapsed region of the PCF [14], [18]. A microscopic
image of the PCFI and a schematic of the excitation and recombi-
nation of modes in the PCFI are shown in Fig. 1. The fundamental
SMF mode begins to diffract when it enters the collapsed sec-
tion of the PCF. Because of diffraction, the mode broadens; de-
pending on the modal characteristics of the PCF and the hole col-
lapsed region, the power in the input beam can be coupled to the
fundamental core mode and to higher order core modes [ 14]-[16]
orto cladding modes [18]-[21] of the PCF. The modes propagate
through the PCF until they reach the cleaved end from where they
are reflected. Since the modes propagate at different phase veloc-
ities, thus in a certain length of PCF the modes accumulate a dif-
ferential phase shift. Therefore, constructive or destructive inter-
ference occurs along the length of PCF. The phase velocities and
phase difference are also wavelength dependent; therefore the
optical power reflected by the device will be a maximum at cer-
tain wavelengths and minimum at others [ 17]. When the reflected
modes re-enter the collapsed region they will further diffract and
because the mode field of the SMF is smaller, the core acts as a
spatial filter and picks up only a part of the resultant intensity dis-
tribution of the interference pattern in the PCF. A regular interfer-
ence pattern in the reflection spectrum of the PCFI suggests that
only two modes are interfering in the device. In our reported work
[22] on a PCFI using LMA 10 fiber, based on the fact that higher
order modes can exist in the core of a PCF with a short length
[23], [24], we considered the interfering modes in the PCF to be
two core modes. However in a later experiment, which involved
varying the refractive index surrounding the cladding of a PCFI,
we have observed good ambient refractive index sensitivity for a
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PCFI fabricated using the same LMA 10 fiber. This suggests that
the interfering modes are a core mode and a cladding mode of the
PCF, a conclusion that is supported by [18], [21] for an LMA10
fiber. Thus, considering a core mode and a cladding mode as the
interfering modes of the PCFI and designating the effective re-
fractive indexes of the core mode as n. and cladding mode as
nc1, the accumulated phase difference is 2rAn(2L)/\, where
An = n. —ne. Athe wavelength of the optical source, and L the
physical length of the PCFI [15]. The power reflection spectrum
of this interferometer will be proportional to cos(4rAnL/X).
The wavelengths at which the reflection spectrum shows maxima
are those that satisfy the condition 4rAnL /A = 2mx, with m
being an integer [15]. This means that a periodic constructive
interference occurs when Am = (2AnL/m). If some external
stimulus changes An (while L is fixed) the position of each in-
terference peak will change, a principle which allows the device
to be used for sensing.

We have recently reported the relative humidity response of
a PCFI [22]. An increase in humidity causes the shift of the in-
terference pattern of a PCFI toward longer wavelengths and the
value of this interference peak shift is exponential with respect
to relative humidity. We attribute the shift of the interference
peak to the adsorption and desorption of H»O molecules along
the surface of holes within the PCF, at the interface between
air and silica glass. Since the whole device is exposed to hu-
midity the adsorption and desorption of water vapor on the PCF
outer surface and on the end face also contribute to the shift of
the interference pattern. But considering the field distribution
of the interfering cladding mode shown in [21], [24] and below
the dew point temperature the main contribution to the inter-
ference shift is considered to be due to the adsorption of water
molecules within the voids of the PCF. The adsorption on the
end face mainly causes a shift in overall power level of the inter-
ference pattern. Evolution of an adsorbed water layer structure
on silicon oxide at room temperature has been demonstrated in
[25]. Tiefenthaler and Lukosz [26] have shown that adsorption
and desorption of water vapor by the surface of a waveguide
changes the effective refractive index (RI) of the guided modes,
in their case for a humidity sensor based on an integrated optical
grating coupler. In the case of a PCFI a similar adsorption and
desorption of water vapor changes the effective refractive index
(nq) of the interfering cladding mode propagating in the PCF.

In [25] it was shown from the adsorption isotherm that the
thickness of the adsorbed layer on a hydrophilic silicon oxide
surface at room temperature starts increasing exponentially
above 60%RH. The effective RI of the interfering cladding
mode changes with respect to the thickness of this adsorbed
layer. If we decrease the temperature of the PCFI the relative
humidity close to the PCFI increases. As we further decrease
the temperature of the PCFI the relative humidity becomes
100% or reaches the dew point temperature and hence the
water vapor starts to condense. The condensed water vapor
on the PCF causes a large phase change and therefore a large
wavelength shift of the interference peaks is expected.

III. EXPERIMENTAL INVESTIGATION

The sensor system is composed of a broadband light source
(SLED), a fiber coupler/circulator (FOC), the PCF interferom-
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Fig. 2. Experimental setup to study the response of the PCFI to dew formation.

eter or sensor head, and an optical spectrum analyser (OSA) as
shown in Fig. 2. The sensor head, as the main part of the sensor
system, is composed of a small stub of PCF fusion spliced to
the end of a standard SMF. The PCF in the sensor head has a
microhole collapsed region near the splicing point and the free
end of the PCF is exposed to ambient air.

Fusion splicing of the PCF to the SMF is undertaken using the
electric arc discharge of a conventional arc fusion splicer. During
the splicing process the voids of the PCF collapse through sur-
face tension within a microscopic region close to the splice point.
In fabricating such an interferometer, one critical condition for
good sensor performance is achieving a regular interference pat-
tern and good interference fringe visibility. The visibility of the
interferometer depends on the power in the excited modes, which
in turn depends on the length of the collapsed region [16]. How-
ever a long collapsed region length causes activation of many
cladding modes and therefore degrades the sinusoidal nature of
the interference patterns and furthermore increases the splice
loss. Therefore, for an improved sensor performance, only one
cladding mode is preferred due to its simple interference with the
core mode. The collapsed region length can be controlled by the
arc power and duration [16]. In our experiment, PCF (LMA10,
NKT Photonics) designed for an endless single-mode operation
was used. It has four layers of air holes arranged in a hexagonal
pattern around a solid silica core. The light guidance mechanism
in such a fiber is by means of modified total internal reflection.
The dimensions of the LMA-10 PCF simplify alignment and
splicing with the SMF with a standard splicing machine and min-
imize the loss due to mode field diameter mismatch compared
to other PCFs. For the interferometer fabricated in this study
the total length of the collapsed region is 200 pm. After fusion
splicing, the PCF is cleaved using a standard fiber cleaving
machine so that the end surface of the PCF acts as a reflecting
surface.

Initially to investigate the influence the length of the PCFI
on the fringe spacing a range thirteen PCFIs were fabricated
with lengths from 3.5 mm to circa 100 mm long. As an example
Fig. 3 shows the measured reflection spectra of three PCFIs in
the 1500-1600 nm range with lengths of 92, 10.5 and 3.5 mm.
The reflection spectra of the interferometers exhibit regular in-
terference patterns with a period or fringe spacing inversely pro-
portional to the length of the PCF section. A modulation of the
expected sinusoidal pattern is observed for the interference pat-
tern shown in Fig. 3, which might be due to the excitation of
more than one cladding mode or possibly due to the polarization
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Fig. 3. The reflection spectra of interferometers with L. = 92 mm, 10.5 mm
and 3.5 mm in the wavelength range of 1500-1600 nm.
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Fig. 4. The fringe spacing as a function of length of PCF observed for a reflec-
tion type interferometer.
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Fig. 5. Reflection spectrum of a 40.5 mm long PCFI at different humidity
values.

dependence of the intermodal interference [20]. Fig. 4 shows the
measured fringe spacing or periods of the fabricated PCFIs as
a function of length of PCF. The measured periods agree well
with the expected ones for a two-mode interferometer which is
given by the expression P =~ A2 /(2AnL). The value of An cal-
culated based on the experimental data is ~4.2 x 1073,

In order to study the influence of humidity/dew on the PCFI,
it was decided to limit the PCFI length used to 42 mm or less,
to suit the size of the available TEC used for temperature con-
trol. Initially the humidity response of the device is studied at
a temperature (25°C) and at normal atmospheric pressure by
placing it in a controlled environmental chamber. Fig. 5 shows
the changes in the reflection spectrum with respect to ambient
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Fig. 6. Interference peak shift of the photonics crystal fiber interferometers
with L = 40.5 mm and 17 mm with respect to relative humidity.

humidity for a device with L. = 40.5 mm. The change in the ad-
sorption with respect to ambient humidity changes the effective
refractive index of the cladding mode (n.). The resulting phase
change in turn results in a shift of the interference pattern. The
curves in Fig. 5 show the position of a zoomed section of the de-
vice spectrum at relative humidity values of 30, 60, 80 and 90
%RH. When humidity increases the interference pattern shifts
to longer wavelengths and this shift is more significant at higher
humidity values. To study the effect of reducing the length of
the PCFI a second PCFI was fabricated with a shorter length of
17 mm. Fig. 6 shows the peak shift of the interferometer with
respect to humidity obtained for two devices with L = 17 mm
and 40.5 mm.

It is observed from the Fig. 6 that the sensitivity of the device
to humidity decreases as the length of the device decreases. This
is due to the fact that for a small device the interaction length
available for interaction between the cladding mode with the
adsorbed water vapor is less so the acquired phase difference
between the interfering modes will be smaller. Hence, the sen-
sitivity to humidity change is less for a device with a smaller
length of PCF. To study the dew response of the PCF interfer-
ometer it is placed on a thermoelectric cooler (TEC) as shown
in Fig. 2. The temperature of the TEC element is controlled by
a temperature controller. A thermistor is used to provide tem-
perature feedback to the controller from the TEC element. An
additional handheld thermometer is used to confirm the tem-
perature on the TEC surface. The entire setup is placed inside a
controlled environmental chamber. The inside relative humidity
and the temperature of the chamber can be controlled with an ac-
curacy of £2 %RH and £+1°C respectively. For the purpose of
this experiment the ambient temperature inside the chamber is
fixed at 25°C.

Since the PCF is composed of only fused silica, it is expected
to have minimal thermal sensitivity. To determine the tempera-
ture dependence of the device the interference peak shift is ob-
served while varying the temperature of the device from 25°C
to 60°C. The ambient humidity during the study was set to
40%RH. When the temperature is increased from 25°C to 60°C
the interference peak is shifted slightly to higher wavelengths.
Fig. 7 shows this temperature dependence for two devices with
L = 17 mm and 40.5 mm. As expected the thermal sensitivity
of the PCFI is very low and is further reduced for a device with
the shorter length of PCF. The thermal sensitivity obtained in
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Fig. 7. Interference peak shift with respect to temperature for interferometers
with PCF lengths L = 40.5 mm and 17 mm.

the experiment for a device with . = 40.5 mm is 9.5 pm/°C
and that for L. = 17 mm is 6.2 pm/°C.

The dew sensing experiments are carried out at an ambient
temperature of 25°C and at normal atmospheric pressure. To
study the dew response of the device the temperature of the
PCFI is decreased from ambient temperature (25°C) to the dew
point temperature at a fixed ambient relative humidity. It is
found that the position of the interference peaks shifted to longer
wavelengths with a decrease in temperature. This shift is sim-
ilar to the humidity response of the PCFI as shown in Figs. 5
and 6. This occurs because the relative humidity inside the mi-
croholes and close to the PCFI increases with a decrease in tem-
perature and causes a shift. At or below the dew point tempera-
ture (100%RH) water vapor condensation occurs, the condensed
water vapor on the outer surface of the PCF also contribute to
the change in the effective RI of the cladding mode, which re-
sults in a large spectral shift.

The spectra of two interferometers at room temperature and
at the dew point temperature for devices fabricated with lengths
40.5 mm and 3.5 mm are shown in Fig. 8(a) & (b). The lengths
selected are practically the largest and the smallest PCF lengths
that can be studied using our experimental setup. The ambient
humidity during this study was set at 60%RH. From the Fig. 8 it
is clear that relative to the period of the interferometer the shift
will be larger for a longer PCFI due to a longer interaction length
available for the interference between the cladding mode and
the adsorbed water vapor. Hence, the sensitivity to water vapor
content and thus dew point temperature is less for a device with
a shorter length of PCF.

It is important to note that due to the large fringe spacing it is
difficult to measure the peak shift accurately for a short PCFI,
therefore the comparison of sensitivities for PCFIs with dif-
ferent lengths is not straightforward. It should be noted that even
a PCFI with a small length (3.5 mm, fringe spacing ~90 nm)
when exposed to dew point temperature for a relatively long
time i.e., several minutes will result in a measurable fringe shift
as shown in Fig. 8(b). This is because an increasingly thicker
adsorbed water layer is formed on the silica surfaces of the
PCF as time progresses. Thus, compared to 3.5 mm device the
~40.5 mm device is preferable for achieving a fast response
time (in the order of seconds), but when a compact length is
the main requirement a shorter PCFI also can be used as a dew
sensor with a reduced measurement speed.
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Fig. 9. Interference peak shift of PCFI with respect to temperature at three
ambient humidity values of 40, 60 and 80 %RH.

To determine the dew sensing performance of a PCFI at dif-
ferent environmental conditions, we study the dew response of
a PCFI with L. = 40.5 mm at three ambient humidity values
0f 40, 60 and 80 %RH. At each humidity value the temperature
of the PCFI is reduced from 26°C to the corresponding dew
point temperature. The peak wavelength shift of the device is
plotted against temperature in Fig. 9. The three curves represent
the peak shift corresponding to the ambient relative humidity
values of 40, 60 and 80 %RH. The onset of the dew formation
is characterized by a large shift of the interference peak which

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 30, NO. 8, APRIL 15, 2012

is clear in Fig. 9. The dew point temperature calculated by using
(1) based on the corresponding ambient conditions is marked on
each curve in Fig. 9. For all these three ambient humidity values
the continuous spectral shift starts exactly at the dew point tem-
perature which confirms the high dew point measurement accu-
racy (estimated as +0.1°C) of the sensor.

It is observed that at or below the dew point temperature the
interference peak shifts continuously with time. This is because
an increasingly thicker adsorbed water layer is formed on the
silica surface of the PCF microholes as time progresses. By
bringing the temperature of the PCFI back to room tempera-
ture the interference peaks also shift back to their initial posi-
tion. This shows the reversibility of the sensor. Because of the
small size of the sensor head and the high sensitivity to adsorbed
water vapor the demonstrated sensor response time is in seconds
which is relatively fast compared to existing dew point hygrom-
eters that take several minutes for a single measurement. The
simple fabrication method, small size and the all-silica nature of
the demonstrated sensor head suggest that with some simple ad-
ditions such as attaching a TEC element with temperature feed-
back on to the PCFI, the combination can be used as a dew point
hygrometer.

IV. CONCLUSION

A PCFI sensor that operates in reflection mode is presented in
this paper for dew detection. The fabrication of the sensor head
is simple since it only involves cleaving and fusion splicing. A
reversible interference peak shift is observed for the sensor. The
measurement accuracy and the response time of the PCFI are
better compared to the existing dew point hygrometers. It is also
concluded that by attaching a TEC element with temperature
feedback the proposed PCFI can be used as a miniature dew
point hygrometer.
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