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7) ABSTRACT

The sensor system for the detection of chemical substances
has a spiral optical waveguide which produces an evanes-
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(21)  Appl. No /488, cent field penetrating into the adjacent medium, a light
(22) PCT Filed: Sep. 3, 2002 source for coupling light into the waveguide, and a detecting
’ circuit for receiving light from the waveguide and producing
(86) PCT No.: PCT/EP02/09837 an output signal reflecting the sensed chemical substance.
The waveguide has the form of a bifilar, non-crossing spiral.
(30) Foreign Application Priority Data It consists of an incoming or decreasing spiral segment and
an outgoing or increasing spiral segment continuously
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OPTICAL WAVEGUIDE SENSOR SYSTEM

[0001] The present invention concerns a sensor system for
the detection of chemical substances in an adjacent medium,
with an optical waveguide adapted to produce an evanescent
field for penetrating into the adjacent medium, light source
means for coupling light into the waveguide, and detector
means for receiving light from the waveguide and producing
an output signal reflecting the sensed chemical substance.

[0002] The general aim of the present invention is the
detection of gas or liquid concentrations, especially in the
presence of a gas or liquid mixture. More particularly, the
present invention is directed to the field of gas permeation,
mainly in the medical field where transcutaneous blood
gases are to be detected, e.g. carbon dioxide, oxygen and
possibly anaesthetic gases within the blood. Such gases
permeate through the patient skin at very low flow rate.

[0003] According to the most well-known detection meth-
ods the interaction between the light and the detected
medium usually occurs in a free-space cell which can be a
single- or a multi-pass cell depending on whether the cell
facets are reflecting light or not. Most of the systems make
use of an optical cell through which the analyte is flowing
and in which the whole light beam interacts with the medium
molecules. In the last decades systems using fiber optic
evanescent field detection have been proved but interaction
length and reliability are the main limitations of such
systems for industrial application.

[0004] Tt is also well known that integrated waveguides
can be applied as chemical sensors using evanescent field
interaction. Thus reference may be made to Lambeck, P. V.
in “Sensors and actuators B”, vol.8, 1992, p. 103-116, where
mainly two properties of the detected medium, spectral
absorption and refractive index which are combined in a
complex dielectric constant, interact within the evanescent
field on an integrated optical waveguide.

[0005] Further reference may be made to Pandraud, G. et
al. in “Sensors and actuators B”, Chemical 85, 2000, p.158-
162 where evanescent wave sensing is described with an
accent on optical absorption of the detected medium apply-
ing the Lambert-Beer law as read-out principle and micro-
fluidic direct bonding for sampling cell miniaturization. The
resulting cell volume is about 200 ym-400 pm-1 cm=0.8
mm and is well adapted to micro-fluidic analysis.

[0006] But as mentioned before, the present invention
generally aims at detecting chemicals in very small volumes
or permeating through membranes. In the case of transcu-
taneous blood gas detection the gas permeates through the
patient skin at flow rates of approximately 1 #l-cm™-min™".
With such flow rates a volume of 0, 8 mm? over a 400 um-1
cm surface would rise the response time to 20 min which is
two orders of magnitude too high for transcutaneous gas
detection.

[0007] As a possible solution of this problem it has been
considered to increase the interaction length but especially
within a small sensing surface in the order of one square
centimeter.

[0008] In the prior art specific waveguide curvatures and
geometries performing high packing density have been
proposed: WO 9400750 shows two waveguide geometries
performing dense interaction length per unit area, one in a
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zigzag shape and one in a spiral shape. The principle uses
spectral analysis, at the output, of an injected coded bundle
or light pulse. The proposed zigzag waveguide exhibits a
clear disadvantage as the waveguide occupation fraction
rises as the zigzag curvature becomes strong. The limit is
reached as the curvature losses become critical but this limit
is reached for each zigzag leading to strong total losses as
the waveguide occupation fraction is optimized. The pro-
posed spiral waveguide is characterized by a relative short
distance between two adjacent segment inducing voluntary
cross-coupling. In addition the central ends of the enlaced
spiral do not form a continuous waveguide.

[0009] A spiral shape detector is also shown in U.S. Pat.
No. 5,394,239. The goal of the patent is to integrate on a chip
an interferometric sensor. It is constituted by a double
enlaced spiral waveguide with crossings of all individual
windings to get out from the center of the spiral. The
crossings consist of a bridge requiring multiple masks so
that the process time/cost is relatively high.

[0010] In GB 2222 881 a detection principle is described
which is a continuous signal (DC) detection using strong
resonant waveguide, the spectrum of which is adjusted to
match the line spacing of the absorption of the detected
medium. In this case the sensitivity is enhanced by using a
light source spectral width significantly larger than the
absorption line width of the detected medium, ideally cov-
ering many absorption lines. Moreover the active stabiliza-
tion of the resonance wavelength is required to maintain a
good match of the resonance wavelength to the source
wavelength if various lines of the detected gas. Moreover, a
continuous signal detection (DC) in spectroscopy, which is
sensitive to the absorption baseline fluctuations, is much
more noisy than the detection of a modulated signal (AC)
used in so-called “modulation spectroscopy” which, on the
contrary, guarantees a perfect absorption baseline rejection.

[0011] In view of the above the present invention has the
object of providing a sensor system which is free from the
disadvantages of the known sensor systems.

[0012] According to the invention high packing densities
and sensitivities are achieved by a sensor system in which
the waveguide has the form of a bifilar, non-crossing spiral
consisting of an incoming or decreasing spiral segment and
an outgoing or increasing spiral segment continuously
bound by a central semi-circular segment.

[0013] For the purpose of this specification the term bifilar
is used in the basic meaning of involving a single thread
doubled back upon itself. The term is not supposed to
include a configuration with threads twisted about each
other.

[0014] Aside from the use in the medical field, especially
for transcutaneous blood gas measurement the sensor system
according to the invention is applicable in the fields of gas
analysis, monitoring of gas production and in microstructure
processing, automotive, environmental and food industries
ete.

[0015] The fact that sensors according to the present
invention are constituted by non-crossing waveguides
reduces the number of masks needed for processing to a
minimum. The detection principle does not use interference
signals so that the chemical refractive index variation exhib-
ited by chemical mixtures, does not influence the measure-
ment signal.
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[0016] According to a preferred embodiment of the inven-
tion a wavelength modulation spectroscopy technique is
used which provides a rejection of the absorption baseline
fluctuations leading to an enhanced molecule selectivity and
sensitivity in chemical mixture.

[0017] In the following a preferred embodiment of the
invention is described with regard to the accompanying
drawings in which

[0018] FIG. 1 shows a schematic diagram of a sensor
system

[0019] FIG. 2 shows a cross-section of the sensor portion
[0020] FIG. 3 shows a typical geometry of a sensor
waveguide

[0021] FIG. 4 shows an alternative waveguide geometry
[0022] FIG. 5 shows a diagram of the resonant cavity

signal enhancement

[0023] FIG. 6 shows a scan diagram of modulation
parameters
[0024] FIG. 7 shows an extension of the integrated optics

circuit including the power splitter

[0025] The sensor system shown in FIG. 1 uses an inte-
grated optical waveguide for evanescent wave sensing of the
surrounding medium and a technique of wavelength modu-
lation for spectroscopy. A signal generator 1 is connected to
a light source 2 whereby the so-called signal generator
effects a wavelength modulation as described in the follow-
ing general equation for sine modulation:

lope o E-E" and Epp(1) e
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[0026] where I, and E are respectively the optical inten-
sity and the optical field generated by the light source 2, M
is the intensity modulation index, v, is the modulation
frequency, t the time, ¢ the phase-lag between intensity
modulation and optical frequency modulation, Av_ repre-
sents the optical frequency-modulation amplitude corre-
sponding to the excursion of the optical frequency around
the central optical frequency v,

[0027] The light source 2 is connected via an optical fiber
3 to a fibered coupler or optical power splitter 4 splitting the
fiber into two output fibers. A first output fiber § is coupled
to the input of an integrated optics waveguide 6.

[0028] This is effected by gluing or welding the corre-
sponding optical fiber § into an integrated V-groove of the
integrated optics circuit 6. The fiber optical field is adapted,
using an integrated taper or a mode converter, to the
waveguide propagation mode reducing the overall transmis-
sion losses and optical reflections at the waveguide ends.

[0029] Interferometric noise will be understood in this
description as having the following origin: The interfero-
metric noise results from time fluctuations of the detected
signal. These fluctuations, which may appear as random,
periodical or pseudo-periodical, result from the interfer-
ence(s) of the multiply reflected and transmitted optical
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waves propagating in the optical circuitry. These reflections
originate from the undesired changes of the refractive
indexes and of the wave guide geometry along the optical
path and from the connectors in the optical circuit. Optical
cavities may result from these discontinuities, typically at
the fluid cell facets (the waveguide ends in our case) and at
the optical component interfaces. Periodical or pseudo-
periodical resonances, which are sensitive to the cavity
length L, and refractive index n__, variations, appear and
modulate the spectrum of the optical signal. The resonance
period is called cavity free-spectral-range FSR and is
defined as:

FSR ‘
" 2 Leay

[0030]

[0031] Hence, any changes in cavity length or refractive
index will vary the cavity FSR which causes a shift of the
g-th resonance of the cavity. The q-th resonance satisfies the
following equation:

qh:zncavL cav

[0032] where A is the optical wavelength of the light
propagation throughout the cavity.

[0033] Consequently either a rapid shifting of the cavity
spectrum or a wavelength change of the optical wave, as
created in wavelength modulation spectroscopy, produces
time fluctuations of the output signal called “interferometric
noise”.

[0034] The whole optical circuit has been designed in
order to minimize the interferometric noise of the exciting
and collecting fiber by elongating these fibers in such a way
that the interferometric noise associated to these fibers can
be eliminated by high frequency rejection and averaging.
The most important part of the interferometric noise origi-
nate from the measurement waveguide itself, forming a
cavity with resonances interfering severely with the gas
spectral lines. The measurement waveguide length may be
varied mainly by temperature and the waveguide effective
refractive index may be influenced by the detected medium
refractive index. The latter can undergo deep variations in
the presence of gas mixture.

where ¢ is the vacuum speed of light.

[0035] The amplitude of the interferometric noise is influ-
enced by the optical reflections at the interfaces and discon-
tinuities along the optical path. In particular, the sensing
cavity formed by the integrated optics waveguide 6 is a
source of interferometric noise which degrades the signal
from the medium. Reducing the reflections at the waveguide
ends contributes to reduce determinedly the interferometric
noise.

[0036] Many types of light sources having a bandwidth
narrower than the absorption lines of the analyzed medium
can be used. Laser diodes, solid state lasers and fiber lasers
are convenient. In a preferred embodiment, a DFB laser
diode, stabilized in DC-current and temperature, is used as
light source 1. The signal generator 2 is used to drive the
current of the DFB diode. A modulation of the wavelength
results from the current modulation. A ramp or sine or the
superposition of both is generated by the signal generator
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resulting in a wavelength which is sinusoidally modulated
around a central wavelength that can be ramped.

[0037] The waveguide 6 is produced using (but not
restricted to) the known Si3N4/SiO2 technology on Si-
substrate. The Si3N4/Si02/Si high guidance technology has
been optimized for evanescent wave sensitivity and propa-
gation loss. It allows strong waveguide curvature leading to
a very long spiral length (can be easily raised to 1 m length)
on a typical 1 cm diameter substrate area.

[0038] The question of the choice of the optimal length of
the measurement waveguide cannot be solved in any case. It
results from a compromise between the needed interaction
length and the severity of the losses which increases with
length and attenuate the signal. So an optimal waveguide
length can be found, which is a function of the propagation
losses generally expressed in dB/cm. Using the present
technology developments the optimal waveguide length has
been found to be 14.5 cm for —0.3 dB/cm propagation loss.

[0039] At each end the waveguide 6 is provided with a
V-groove for so-called fiber pigtailing (i.e. setting the posi-
tion and helping for gluing or welding) and a taper or a mode
converter. It performs the coupling and the transition from
the optical fiber mode to the integrated waveguide mode.
Moreover the waveguide ends can be angled for interfero-
metric noise reduction (typical angles are in the order of 8°)

[0040] The integrated optics circuit corresponding to the
waveguide 6 in the preferred embodiment shown in FIG. 1
can be extended so that an integrated version of the power
splitter 4, shown in FIG. 7, is implemented. This solution
allows a better compensation of the fluctuations of the fiber
coupling and mode transition. Advantageously, an improved
balanced detection can be achieved. Further implementa-
tions of parts of the system are not limited to the power
splitter allowing a system miniaturization.

[0041] The output fiber 8 of the waveguide 6 is coupled to
a first input of a symmetric electronic detection circuit 9. The
second output fiber 10 of coupler 4 is directly coupled to a
second input of the detection circuit 9.

[0042] The modulated light coming form the light source
is split in coupler 4 into a measurement signal which is fed
to the waveguide and a reference signal. The power of the
reference signal may be adjusted by introducing a fibered
optical attenuator (not shown). Both the reference signal and
the output signal from the waveguide are compared accord-
ing to a balanced detection principle in the electronic
detection circuit 9.

[0043] The resulting signal at output 11 of the detection
circuit represents the concentration of the gas/liquid detected
in the medium 7 because the evanescent wave of the
uncovered integrated waveguide 8 interacts within the
medium 7.

[0044] The waveguide schematically shown in FIG. 3 is
composed of an incoming segment 12 and an outgoing
segment 13 bound continuously by a semi-circular segment
14. By this configuration a non-crossing spiral waveguide is
formed. The distance between two adjacent segments is
large enough to prevent cross-coupling. At the ends of the
waveguide an integrated taper or mode converter 15 is
implemented to improve coupling efficiency and to reduce
the interferometric noise. As already mentioned, an inte-
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grated V-groove is implemented to ease the positioning and
the gluing/welding of the corresponding optical fibers.

[0045] In order to enhance the system signal-to-noise ratio
(SNR) two different methods are appropriate which concern
the wavelength modulation technique (by the wavelength
modulator (1)) of the light source (2), by the adjustment of
the parameters of the wavelength modulator. One by tuning
parameters on the waveguide resonance spectrum in order to
enhance the signal and the other by tuning the parameters for
interferometric noise rejection. For both methods the light
source spectral width is narrow compared to the absorption
line width.

[0046] The first method is based on the adjustment of the
modulation frequency: the modulation frequency of the light
source is made equal to a fraction or a multiple of the
free-spectral-range (FSR) of the dominant cavity. The elimi-
nation of most of the refractive index steps along the optical
path by a careful design of the optical circuit has the
consequence that the measurement waveguide, for which the
interfaces between the waveguide and the optical fibers (or
waveguide ends) constitutes the dominant optical cavity,
having resonances contributing strongly to the generation of
the interferometric noise. The modulation frequency will be
chosen according to the following formula:

Vu=FSRK(k=1,2,3...)

[0047] wherein v, corresponds to the wavelength modu-
lation frequency in Hz and FSR is the optical cavity free-
spectral-range in Hz.

[0048] Preferably, the cavity length is equal to the
waveguide length (chosen for optimal sensitivity) and the
cavity refractive index corresponds to the waveguide effec-
tive refractive index (in the order of around 1.6). With this
choice of the modulating frequency, the resonant cavity
performs as a spectral filter providing the signal enhance-
ment according to FIG. 5.

[0049] The modulated light source input signal spectrum
(1), consisting of Dirac’s peaks, is matched to the resonant
cavity spectrum (2) through its modulation frequency nm
which has been adjusted to be equal to the free-spectral-
range FSR of the cavity. This adjustment is independent of
the gas/liquid absorption line/spectrum (3). The only
requirement is that the resonant cavity FSR must be smaller
than the absorption line width allowing wavelength modu-
lation amplitude Av_, to be optimized for maximal sensitiv-
ity. The optimal wavelength modulation amplitude Av,, is in
the same order of magnitude as the absorption line width
(full-width at half-maximum).

[0050] This method is applied in the case of stable or
stabilized cavity free-spectral-range which can be controlled
through temperature for example. This method apply pref-
erably strong resonant cavity for signal enhancement but
optimal signal-to-noise ratio corresponds to the compromise
between signal enhancement and system stability.

[0051] In the case of strongly varying cavity characteris-
tics the first method is not applicable anymore and inter-
ferometric noise will be generated by the measurement
cavity. Such a situation will occur when gas mixtures or
temperature are unpredictable. It is often the case in trans-
cutaneous blood gas detection.

[0052] An alternate method involves two steps, where
modulation parameters comprising at least the modulation
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frequency and the frequency-modulation amplitude are
determined in order to achieve strong interferometric noise
rejection.

[0053] The first two parameters, modulation frequency
and frequency-modulation amplitude, of the light source are
set to initial values, called ideal values, defined as the values
of the parameters which offer the maximal sensitivity to
gas/liquid spectral characteristics, in the particular case
where no interferometric noise is generated. These ideal
values for the parameters are determined for each charac-
teristic gas/liquid absorption spectral line.

[0054] 1In a second step, the case where a non negligible
interferometric noise is generated by the measurement cav-
ity, is addressed. An optimization procedure is performed:
the initial values of the parameters are modified in a con-
tinuous way, in order to reach new values, called optimal
values, defined as the values of the parameters which
minimize the interferometric noise, while keeping the high-
est sensitivity to the spectral lines of the gas/liquid species.

[0055] As a consequence of this procedure, low interfer-
ences with the waveguide length and the effective refractive
index variations can be achieved by the use of the optimized
values of the modulation parameters. The latter result must
be considered as a major achievement of the patent, because
the determination of the optimal values of the modulation
parameters also provides a large insensitivity of the concen-
tration to the refractive index of the analyzed medium.

[0056] In a preferred embodiment the preferred
waveguide length, which has been chosen for optimal sen-
sitivity, is 14.5 cm and the refractive index 1.6 (not restricted
to these values). The elimination of most of the irregularities
along the optical path by a careful design of the optical
circuit has been achieved and the measurement cavity
formed by the measuring waveguide constitutes the domi-
nant optical cavity, generating resonances characterized by
a free-spectral-range (FSR) of 0.646 GHz, measured at the
output system by sweeping the optical frequency of the light
source 2 under stabilized cavity spectrum. Additional sweep
of the modulation amplitude around ideal parameters set
gives rise to a two-dimensional grid of resonances (Method
One) illustrated by the simulation results shown in FIG. 6.
The bold black lines represent optimal situations in both
optical frequency and modulation amplitude axis. As the
interferometric noise consists of a random shift of the
resonance along the optical frequency axis the interferomet-
ric noise can be seen as the standard deviation over the
optical frequency range.

[0057] To illustrate this second method, FIG. 7 illustrates
typical two-dimensional scan of the modulation frequency
and amplitude.

[0058] In the particular situation corresponding to the
preferred embodiment, optimal situation takes place where
noise (mainly from interferometric origin) is minimal. The
dependence on the modulation amplitude is strong but weak
on the modulation frequency. So the optimal parameters sets
appears all along the bottom of the “valleys” giving more
freedom on the modulation frequency choice.

[0059] In the preferred embodiment the modulation fre-
quency is fixed to 200 MHz for electronic convenience
without any restriction, then the optimal modulation ampli-
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tude is tuned at 4.85 GHz which is the nearest value around
the ideal parameters set which modulation amplitude was
4.9 GHz.

[0060] Finally the optimal parameters sct reached through
the second method confers to the whole system an inter-
ferometric noise rejection so that system sensitivity can be
considered as almost independent regarding to detected
medium refractive index variations or waveguide length
variations.

[0061] In summary, in addition to high selectivity and
absorption baseline rejection due to modulation spectros-
copy the achievements yielded by the second method are

[0062] a) high sensitivity due to optimal parameters
set near the ideal parameters set

[0063] b) high interferometric noise rejection due to
the determination of optimal parameters set

[0064]
and b)

[0065] d) high independence towards waveguide
length and effective refractive index variations due to
b)

[0066] ¢) high independence towards detected
medium refractive index variations due to d).

c) high signal-to-noise ratio (SNR) due to a)

[0067] Considering all these advantages of the second
method, applied after achievement of the first method, can
be considered as an important innovation in gas/liquid
sensing, especially in the absorption spectroscopy field and
is applied to the preferred embodiment of the present
invention.

1. Sensor system for the detection of chemical substances
in an adjacent medium, with an integrated optical waveguide
adapted to produce an evanescent field for penetrating into
the adjacent medium, light source means for coupling light
into the waveguide, and detector means for receiving light
from the waveguide and producing an output signal reflect-
ing the sensed chemical substance, characterized by the fact
that the waveguide has the form of a bifilar, non-crossing
spiral consisting of an incoming or decreasing spiral seg-
ment and an outgoing or increasing spiral segment continu-
ously bound by a pair of opposite central semi-circular
segment.

2. A sensor system according to claim 1, characterized by
the fact that the detector means comprise an opto-electronic
detection circuit producing an output signal reflecting the
sensed chemical substance.

3. A sensor system according to claim 1, characterized by
an optical power splitter located between the light source
and the waveguide for feeding an optical signal to the
incoming segment of the waveguide and an optical reference
signal.

4. A sensor system according to claim 3, characterized in
that an optical output signal from the outgoing segment of
the waveguide is fed together with the reference signal to the
detector for balanced detection.

5. A sensor system according to one of the preceding
claims, characterized by the fact that the waveguide is
constituted by a multiplicity of individual spiral waveguides
enlaced together forming a multiple non-crossing, cross-
coupling-free spiral waveguide, whereby each individual
waveguide associated with a different wavelength.
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6. A sensor system according to one of claims 1-5,
characterized by the fact that the light source is wavelength-
modulated and the detection circuitry is adapted for funda-
mental and/or harmonics detection.

7. A sensor system where the input and output fibers are
elongated in such a way that the interferometric noise
generated by these fibers can be eliminated.

8. A sensor system for the detection of chemical sub-
stances in an adjacent medium, with an integrated optical
waveguide adapted to produce an evanescent field for pen-
etrating into the adjacent medium, light source means for
coupling light into the waveguide, optical detector means for
receiving light from the waveguide and an electronic detec-
tion circuit producing an output signal reflecting the sensed
chemical substance.

9. Amethod for the detection of chemical substances in an
adjacent medium using a system according to one of the
preceding claims, characterized in that at least the wave-
length modulation frequency is determined in order to
achieve signal enhancement. The wavelength modulation
frequency is adapted to the free-spectral-range (FSR) of the
optical cavity generating the most relevant resonance spec-
trum according to the formula v_=k-FSR (k= ..., 15, %, 1,
2,3 . ..), wherein v corresponds to the wavelength
modulation frequency in Hz and FSR is the optical cavity
free-spectral-range in Hz and wherein FSR depends on the
cavity length and effective refractive index as modelized by
the equation FSR=c/2-N_, ‘L, for a typical cavity, wherein
cis the vacuum speed of light and N, L, are the effective
refractive index and the geometrical length of the cavity
respectively.

10. A method for the detection of chemical substances in
an adjacent medium using a system according to claim 8
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where the FSR of the dominant cavity is kept constant by the
control of the temperature of the cavity.

11. A method for the detection of chemical substances in
an adjacent medium using a system according to one of the
preceding claims, characterized in that at least the modula-
tion frequency and the frequency-modulation amplitude,
called modulation parameters, are determined in order to
achieve strong interferometric noise rejection. The method
is comprises three steps, the first step is to fix the modulation
parameters at their ideal values corresponding to the case of
no interferometric noise, the second step is to perform a
multi-dimensional scan of the modulation parameters
around the ideal parameters values while measuring the
noise level of the whole sensor system, the third step is to
adjust the modulation parameters to the nearest values
around the ideal values but where the noise level of the
whole sensor system is significantly lower.

12. A sensor system for the detection of chemical sub-
stances in an adjacent medium using any one or a combi-
nation of the preceding claims, where several substances can
be sensed by scanning sequentially several wavelengths.

13. A sensor system for the detection of chemical sub-
stances in an adjacent medium using any one or a combi-
nation of the preceding claims, where several substances can
be sensed by different non-crossing optical waveguides
interlaced on the same substrate.

14. A sensor system for the detection of chemical sub-
stances in an adjacent medium using any one or a combi-
nation of the preceding claims, where several substances can
be sensed by using several light sources in a sequence or in
parallel.
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