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Photo acoustic detector with improved signal processing

TECHNICAL FIELD OF THE INVENTION

The invention relates to a photo acoustic detector for detecting a concentration
of a sample in a sample mixture, the photo acoustic detector comprising a light source for
producing a light beam for exciting molecules of the sample, a light modulator for
modulating the light beam for generating pressure variations in the sample mixture, an
amplitude of the pressure variations being a measure of the concentration, a detector element
for converting the pressure variations into a detector current, and a processing section for

processing the detector current to generate an output signal representing the concentration.

BACKGROUND OF THE INVENTION

Such a photo acoustic detector is known from the United States patent
application, published as US 2005/0117155. Said patent application describes a photo
acoustic trace gas detector using a quartz tuning fork for detecting the pressure variations.
Light modulation is performed using amplitude or wavelength modulation. After
amplification by a pre-amplifier, a lock-in amplifier mixes the detector signal with a
reference signal for acquiring an output signal. The reference signal for the lock-in amplifier
is taken from a signal for modulating the light beam. The use of the quartz tuning fork for the
detection of the pressure variations allows for a relatively compact photo acoustic trace gas
detector.

An application of photo acoustic trace gas detectors is breath testing. Breath
testing is a promising arca of medical technology. Breath tests are non-invasive, user friendly
and low cost. Prime examples of breath testing are monitoring of asthma, alcohol breath
testing and detection of stomach disorders and acute organ rejection. First clinical trials show
possible applications in the pre-screening of breast and lung cancer. These volatile
biomarkers have typical concentrations in the parts per billion (ppb) range. Nitric oxide (NO)
is a well known trace gas in the human breath, and elevated concentrations of NO can be
found in asthmatic patients. Currently, exhaled NO levels at ppb concentrations can only be
measured using expensive and bulky equipment based on chemiluminescence or optical

absorption spectroscopy. A compact, low-cost NO sensor forms an interesting device that can
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be used to diagnose and monitor airway inflammation and can be used at the doctor’s office
and for medication control at home.

It is a problem of the photo acoustic trace gas detector according to US
2005/0117155 that the detector currents during trace gas detection are often very low and
casily dominated by electronic noise, which limits the trace gas detection at low

concentrations.

SUMMARY OF THE INVENTION

It is an object of the invention to provide a photo acoustic detector according
to the opening paragraph, which detector has a lower detection limit than state of the art
detectors.

According to a first aspect of the invention, this object is achieved because the
processing section comprises an integrating amplifier for integrating the detector current, the
integrating amplifier being coupled to the detector element via a hold switch, and a timing
circuit for generating a hold signal, SWgorp, for operating the hold switch in order to couple
the integrating amplifier to the detector element during a predetermined interval of a period
of the detector current.

The detector element provides a detector current that oscillates at the
resonance frequency of the pressure variations induced by the light source in the sample
mixture. The operating of the hold switch in the integrating amplifier results in sampling only
a predetermined interval during a period of the detector current. The fixed interval is chosen
shorter than the whole period, because the positive part of the oscillating detector current
compensates the negative part and, as a consequence, the integrated value of the detector
current over a whole period does not depend on the amplitude of the pressure variations.
Integrating the detector current over a whole period does not provide information about the
concentration of the sample in the sample mixture. By only integrating a shorter
predetermined interval of the signal, this compensation does not occur and a higher amplitude
results in a higher integrated value. Each obtained signal sample is a measure of the
concentration of the sample. By adding the obtained signal samples for multiple periods of
the detector current, the gain of the output signal is improved and lower sample concentration
can be detected.

Preferably, the timing circuit is arranged for operating the hold switch
repeatedly by generating the hold signal, SWrorp, as a periodic signal with a frequency equal
to the frequency of the detector current and a duty cycle of 50%.



10

15

20

25

30

WO 2008/056307 PCT/IB2007/054444
3

Preferably the detector current and the hold signal, SWrorp, are in phase or in
antiphase. By sampling 50% of each period of the detector current, only the positive part of
the detector current or only the negative part of the detector current is integrated. By adding
only the positive parts of multiple periods of the signal from the oscillator element, the gain
and the signal to noise ratio of the detector is much improved, thereby resulting in a more
sensitive photo acoustic detector. When the detector current and the hold signal SWyorp are
not exactly in phase or in antiphase, the gain of the detector decreases.

Preferably, the detector element is an oscillator element and the light
modulator is arranged for modulating the light beam at a resonance frequency of the
oscillator element.

Due to its small bandwidth, such an oscillator element is less sensitive to
environmental acoustic noise. The detector current from such an oscillator is highly
sinusoidal, which makes it very suitable for use with the processing schemes described
below.

In another embodiment of the photo acoustic detector, the timing circuit is
arranged for operating the hold switch repeatedly by generating the hold signal, SWxorp, as a
periodic signal with a frequency equal to one third of the frequency of the detector current
and a duty cycle of 50%.

In this embodiment the detector current is integrated once every three periods
and the fixed interval during which the detector current is integrated comprises two positive
and one negative part (or vice versa). One positive part compensates for the negative part and
the second positive part contributes to the output signal. Also in this embodiment, the
detector current and the hold signal, SWxorp, are preferably in phase or in antiphase.

This embodiment also eliminates disadvantages of the above described
embodiment wherein the hold signal, SWxorp, has a frequency equal to the frequency of the
detector current and a duty cycle of 50%. That embodiment, if combined with the use of an
oscillator element for detection of the pressure variations, shows the disadvantage that the
hold switch switches at the same frequency as the resonance frequency of the detector signal.
When the hold switch (typically a FET) switches, some small current flows through this
switch at the resonance frequency of the oscillator element. As a result the oscillator gets
excited a bit, causing an offset in the output signal. So even without laser light and sample
molecules, an offset at the output occurs. When switching the hold signal, SWrorp, at a
frequency equal to one third of the frequency of the detector current the hold switch is not

operated at the resonance frequency of the oscillator element and the oscillator element does
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not resonate anymore on switching SWrorp. As a result, the switching does not influence the
detector current.

In another embodiment, a similar effect is achieved by generating the hold
signal, SWrorp, as a periodic signal with a frequency equal to half of the frequency of the
detector current and a duty cycle of 75%.

This embodiment has the additional advantage, that the time needed for taking
a sample is shorter than in the previous embodiment. This results in faster detection with the
same signal to noise ratio, or equally fast detection with a better signal to noise ratio.

In another embodiment, the processing section is arranged for taking a first and a second
measurement by respectively generating a first and a second output signal, the hold signal,
SWhrorp, used for the second measurement being phase shifted over half a period of the
detector current, and calculating an average output signal from the absolute values of the first
and the second output signal.

In this embodiment the offset caused by the switching of the hold switch is
averaged out. The first measurement gives a positive result and the second measurement
gives a negative result, but both carry the same offset.

In yet another embodiment, the hold switch is coupled to the oscillator element
via a buffer stage. The buffer stage results in some extra gain. The buffer stage also results in
offset canceling, because there is no direct coupling anymore between the detector element
and the hold switch.

In a preferred embodiment, the processing section further comprises a select
switch for copying an integrated voltage from the integrating amplifier to the output signal
and a reset switch for resetting the integrating amplifier and wherein the timing circuit is
arranged for generating a select signal, SWsgrrcr, for operating the select switch and a reset
signal, SWgeser, for successively operating the reset switch and wherein the timing circuit is
further arranged for generating the hold signal, SWrorp, with a frequency of at least twice a
frequency of the reset signal, SWreser.

In this embodiment, the integrated detector currents of at least two, but
preferably more, consecutive samples are summed. For a higher signal to noise ratio, more
samples are collected before copying the capacitor charge to the output signal and resetting
the capacitor for starting a new measurement.

In a preferred embodiment of the photo acoustic detector the processing
section further comprises a post processing unit with a comparator for comparing an

integrated voltage from the integrating amplifier to a predetermined value, a reset pulse
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generator for, when the integrated voltage reaches the predetermined value, providing a reset
pulse, SWreser, for closing a reset switch and resetting the integrating amplifier, and a timer
for, when the integrated voltage reaches the predetermined value, determining a total
sampling time used for reaching the predetermined value.

For small detector currents, more gain is needed to obtain sufficient signal to
noise ratio, which results in a longer integration time. For large detector currents however,
less gain is needed, which results in a shorter integration time. By adaptively calculating the
total sampling time, the signal to noise ratio can be kept sufficient and the integration time

can be kept as short as possible.

These and other aspects of the invention are apparent from and will be

elucidated with reference to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

Fig. 1 schematically shows a prior art photo acoustic trace gas detector,

Fig. 2 schematically shows a photo acoustic trace gas detector according to the
invention,

Fig. 3 shows a collection of signals demonstrating the operation of the photo
acoustic trace gas detector according to Fig. 2,

Fig. 4 shows a collection of signals demonstrating the operation of another
embodiment of the photo acoustic trace gas detector according to Fig. 2,

Fig. 5 schematically shows a preferred embodiment of the photo acoustic trace
gas detector according to the invention,

Fig. 6a shows an exemplary arrangement of the post processing unit
comprised in the embodiment of Fig. 5, and

Fig. 6b shows a collection of signals demonstrating the operation of the

embodiment shown in Fig. 5.

DETAILED DESCRIPTION OF THE INVENTION

Fig. 1 schematically shows a prior art photo acoustic detector. The photo
acoustic trace gas detector described hereinafter detects trace gas concentrations in gas
mixture, but the invention may also be applied to detect tissue, fluid or solid samples in other

sample mixtures. The trace gas detector 100 uses a laser diode 101 as a light source. The
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wavelength of the laser light is chosen such that it can excite the trace gas molecules.
Alternatively, other types of laser sources or other light sources, capable of producing a light
beam with sufficient energy to excite the trace gas molecules may be used. A laser driver 102
provides a driving signal for the laser diode 101. In this embodiment, the laser driver 102 also
functions as a modulator for modulating the light beam. The laser driver 102 comprises a DC
source 121 for providing a DC signal and an AC source 122 for providing an AC signal. The
DC signal and the AC signal are combined in adder 123 and then provided to the laser diode
101. As a result, the intensity of the light beam changes in time, following a sinusoidal
pattern. A higher intensity of the laser beam results in more molecules in the trace gas being
excited, which leads to a higher temperature of the gas mixture. A larger amplitude of the
driving signal results in larger temperature fluctuations. A higher concentration of the trace
gas also results in larger temperature fluctuations. The temperature fluctuations cause
pressure variations or sound waves in the gas mixture. The pressure variations are detected
by a detector element, such as a microphone or an oscillator element 103. If the laser light is
modulated at the resonance frequency of an oscillator element 103, the sound waves excite
the oscillator 103. Preferably, the oscillator element 103 is a crystal oscillator, such as a
quartz tuning fork. Quartz tuning forks have a high sensitivity and operate at a high
frequency. Furthermore, quartz tuning forks are not very expensive because they are used on
large scale, for example, for the manufacturing of digital watches.

Modulation of the intensity of the light beam may also be realized by
manipulating a light beam with a continuous intensity. It is, for example, known to us a
mechanical chopper for generating an intensity modulated light beam from a continuous
wave light beam.

In an alternative embodiment, the intensity of the light beam is constant and
the wavelength of the laser light is modulated. This embodiment takes advantage of the effect
that only light in a specific range of wavelengths is suited for exciting the trace gas
molecules. For wavelength modulation, the laser is modulated with the half of the resonance
frequency of the oscillator 103. The oscillator 103 then starts to resonate at its resonance
frequency (wavelength modulation doubles the frequency).

The oscillating crystal oscillator 103 generates a small oscillating detector
current /o, with a frequency, equal to the resonance frequency of the oscillator 103 and with
an amplitude, proportional to the trace gas concentration. A signal processing unit 106
processes the detector current /o to provide an output signal Upyr, indicative of the trace

gas concentration. The prior art processing unit comprises a pre-amplifier 104 and a lock-in
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detector 105. The pre-amplifier 104 amplifies this current /osc. Lock-in detection does the
generation of the actual output. The lock-in detector 105 mixes the amplified signal with a
reference signal that has the same phase as the amplified signal. The reference signal is
derived from the AC laser signal. A trigger 107 and a phase shifter 108 are used for providing
the reference signal to a mixer 113. The mixer 113 mixes the reference signal with the
amplified signal. The mixer output is low pass filtered, so a DC output Upyr represents the
detected trace gas concentration.

Fig. 2 schematically shows a photo acoustic trace gas detector 200 according
to the invention. According to the invention, the pre-amplifier 104 and the lock-in detector
105 are replaced by an integrating amplifier with a special switching algorithm to do the pre-
amplification and the generation of the output signal Upyr. The actual mixing is done in the
integrator, so external lock-in detection is not needed anymore. The laser diode 101 is again
supplied with an AC and DC current. The light induced pressure variations excite the
oscillator 103 and the integrating amplifier amplifies the detector current /osc. The integrator
shown in Fig. 2 comprises an op-amp 110 and a capacitor 111, interconnecting the output of
the op-amp 110 with the negative input of the op-amp 110. The integrator has 3 switches to
be controlled. A hold switch is used to store the oscillator current /pscinto a capacitor 111.
This switch needs to be in phase with losc. A reset switch resets the integrator when needed
and a select switch copies the integrated output value Upyr to the output. A trigger 107
together with a phase shift circuit 108 is used to get the switching signal SWxorp for the hold
switch, in phase with /psc. A timing generator block 109 (normally a small piece of digital
logic) generates the switching signals from the AC laser frequency. Every once in a while
(e.g. 10 or 100 times per second) the timing generator block 109 generates a select signal
SWserecr and the integrated signal Upyr is copied to the output. Directly after that, a reset
signal SWreser resets the capacitor 111. So the gain also depends on the reset frequency.
Fig. 3 shows a collection of signals demonstrating the operation of the photo acoustic trace
gas detector 200 according to Fig. 2. In Fig. 3, the following signals are shown:

Iosc: The signal from the oscillator 103. The frequency of the signal is the same as the
frequency of the AC modulation frequency of the amplitude modulation or, when wavelength
modulation is used, twice the AC modulation frequency of the wavelength modulation. The
amplitude of /osc 1s proportional to the concentration of the trace gas. Fig. 3 shows one
increase of the trace gas concentration. At ¢ = ¢,.the trace gas concentration and the detector

current /psc roughly double.
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SWhrorp: The hold signal, SWrorp, controls the hold switch. When SWrorp is high, the switch
is closed. When SWyorp is low, the switch is open. A comparison of Iosc and SWrorp shows
that only the negative parts of the detector current /ogc are fed to the capacitor 111. When
Losc s positive, the hold switch is open and /osc is not integrated by the capacitor 111. In this
example, the frequency of SWxorp is the same as the frequency of Jogc and the duty cycle is
50%.

Umvr: When the hold switch is closed and the detector current Josc is fed into the capacitor
111, the voltage, U, at the output of the op-amp 110 increases. When the hold switch is
closed, Uvrremains constant. SWsprecr: Every once in while (e.g. 10 or 100 times per
second) the select signal, SWszrecr, 1s high and the voltage Uy is sampled by a sample and
hold circuit 112.

SWreser: Directly after sampling Upyr, a reset signal, SWreser, causes a reset switch to close
and the integrator is reset. Thereafter, the integrator starts integrating the detector current Zogc
again and continues to do so until the next reset. A high reset frequency results in a high
sampling rate, but a relatively low gain. A low reset frequency results in a lower sampling
rate and a higher gain. The gain thus also depends on the reset frequency.

Uour: The sample and hold circuit provides the output signal, Upyr. As shown in Fig. 3, the
trace gas concentration increases at ¢ = ¢; (the amplitude of /osc increases) and the output
signal, Uopyr, changes the first time that a new sample is taken (SWsgzgcr is high).

The embodiment shown with reference to Fig. 3 has the disadvantage that the
hold switch switches at the same frequency as the resonance frequency of the crystal
oscillator. When the hold switch (typically a FET) switches, some small current flows
through this switch at the resonance frequency of the crystal oscillator. As a result the
oscillator gets excited a bit, causing an offset in Upyr. So even without laser light and trace
gas, an offset at the output occurs. This disadvantage does not occur in the embodiment
which is demonstrated with reference to Fig. 4. Fig. 4 shows a collection of signals
demonstrating the operation of another embodiment of the photo acoustic trace gas detector
200 according to Fig. 2. In this event, the frequency of SWrorp is one third of the frequency
of Iosc and the duty cycle is 50%. In this embodiment the detector current is integrated once
every three periods and the fixed interval during which the detector current is integrated
comprises two negative and one positive part. The first negative part compensates for the
positive part and the second negative part contributes to the output signal Upyr. Because the
hold switch is not operated at the resonance frequency of the crystal oscillator, the switching

does not influence the detector current /osc.
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A similar effect is achieved by generating the hold signal, SWyorp, with a
frequency equal to half of the frequency of the detector current /og¢c and a duty cycle of 75%.
This embodiment has the additional advantage, that the time needed for taking a sample is
shorter than in the previous embodiment. This results in faster detection with the same signal
to noise ratio, or equally fast detection with a better signal to noise ratio.

In principle all duty cycles of less than 100% for SWrorp enable integrating
the detector current /osc. However, a duty cycle of, for example, 1% or 99% would result in
an improved gain only if the integration time is very long. Also for the frequency of SWrorp,
a lot of different values may be selected. In all embodiments, it is important that a suitable
combination of the frequency and duty cycle of SWrorp and the frequency of SWsgrecr and
SWreser 18 selected. Some examples of suitable combinations are described above.
Alternatively, the frequency of SWrorp may, e.g., be 99% of the frequency of the light
modulation, which results in a low frequency mix signal. This low frequency mix signal may
also be used as a measure for the sample concentration, if it is sampled at a suitable
frequency.

In another embodiment, the processing section is arranged for generating a
first and a second output signal, the hold signal, SWyorp, used for obtaining the second
output signal being 180° phase shifted with respect to the detector current, and calculating an
average output signal from the absolute values of the first and the second output signal. In
this embodiment the offset caused by the switching of the hold switch and the resulting
excitation of the crystal oscillator is averaged out. The first measurement gives a positive
result and the second measurement gives a negative result, but both carry the same offset.

In yet another embodiment, the hold switch is coupled to the crystal oscillator
via a buffer stage. The buffer stage results in some extra gain and prevents excitation of the
detector by current from the hold switch. The gain of the buffer stage is kept sufficiently
small so the noise current of the buffer stage stays far below the detector noise current.

Fig. 5 schematically shows a preferred embodiment of the photo acoustic trace
gas detector 200 according to the invention. In this embodiment the processing section 106
comprises a post processing unit 112 for comparing the integrated voltage Upyr from the
capacitor 111, to a predetermined value, determining a total sampling time used for reaching
the predetermined value when the integrated voltage reaches the predetermined value and
outputting the total sampling time as the output signal. For small detector currents, more gain
is needed to obtain sufficient signal to noise ratio, which requires a longer integration time.

For large detector currents however, less gain is needed, requiring a shorter integration time.
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By adaptively calculating the total sampling time, the signal to noise ratio can be kept
sufficient and the integration time can be kept as short as possible.

Fig. 6a shows an exemplary arrangement of the post processing unit 112
comprised in the embodiment of Fig. 5. The post processing unit 112 comprises a comparator
201 for comparing the integrated voltage Uy from the capacitor 111, to the predetermined
value, Uconp. When the integrated voltage, Uy, reaches the predetermined value, Ucoup, a
reset pulse generator 202 provides a pulse, SWreser, for closing a reset switch and
discharging the capacitor 111. When the trace gas concentration is higher, the predetermined
value , Ucoup, 18 reached sooner and the time between two reset pulses will be shorter. The
‘time to reset’ thus is indicative of the trace gas concentration.

Fig. 6b shows a collection of signals demonstrating the operation of the
embodiment shown in Fig. 5. Reset pulses, R Wrzser, are provided when Upyr, reaches Uconp.
After an increase of the amplitude of the oscillator current, /osc, the sampling time value,
tour, changes as soon as U reaches the predetermined value, Uconp, for the first time.
Smaller values for the sampling time value, tour, relate to higher trace gas concentrations.
For small detector currents, more gain is needed to obtain sufficient signal to noise ratio,
which results in a longer integration time. For large detector currents however, less gain is
needed, which results in a shorter integration time. By adaptively calculating the total
sampling time, the signal to noise ratio can be kept sufficient and the integration time can be
kept as short as possible.

It should be noted that the above-mentioned embodiments illustrate rather than
limit the invention, and that those skilled in the art will be able to design many alternative
embodiments without departing from the scope of the appended claims. In the claims, any
reference signs placed between parentheses shall not be construed as limiting the claim. Use
of the verb "comprise” and its conjugations does not exclude the presence of elements or
steps other than those stated in a claim. The article "a" or "an" preceding an element does not
exclude the presence of a plurality of such elements. The invention may be implemented by
means of hardware comprising several distinct elements, and by means of a suitably
programmed computer. In the claims enumerating several means, several of these means may
be embodied by one and the same item of hardware. The mere fact that certain measures are
recited in mutually different dependent claims does not indicate that a combination of these

measures cannot be used to advantage.
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CLAIMS:

1. A photo acoustic detector (200) for detecting a concentration of a sample in a
sample mixture, the photo acoustic detector (200) comprising:
- a light source (101) for producing a light beam for exciting molecules of the
sample,
- a light modulator (102) for modulating the light beam for generating pressure
variations in the sample mixture, an amplitude of the pressure variations being a measure of
the concentration,
- a detector element (103) for converting the pressure variations into a detector
current, and
- a processing section (106) for processing the detector current to generate an
output signal representing the concentration,
characterized in that
- the processing section (106) comprises:

- an integrating amplifier for integrating the detector current, the
integrating amplifier being coupled to the detector element (103) via a hold switch, and

- a timing circuit for generating a hold signal, SWyorp, for operating
the hold switch in order to couple the integrating amplifier to the detector element (103)

during a predetermined interval of a period of the detector current.

2. A photo acoustic detector (200) according to claim 1, wherein the timing
circuit is arranged for operating the hold switch repeatedly by generating the hold signal,
SWhoLp, as a periodic signal with a frequency equal to the frequency of the detector current

and a duty cycle of 50%.

3. A photo acoustic detector (200) according to claim 1, wherein the detector
element (103) is an oscillator element and wherein the light modulator (102) is arranged for

modulating the light beam at a resonance frequency of the oscillator element.
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4. A photo acoustic detector (200) according to claim 3, wherein the oscillator

element (103) is a crystal oscillator, e.g. a quartz tuning fork.

5. A photo acoustic detector (200) according to claim 1, wherein the timing
circuit is arranged for operating the hold switch repeatedly by generating the hold signal,
SWrorp, as a periodic signal with a frequency equal to one third of the frequency of the

detector current and a duty cycle of 50%.

6. A photo acoustic detector (200) according to claim 1, wherein the timing
circuit is arranged for operating the hold switch repeatedly by generating the hold signal,
SWhorp, as a periodic signal with a frequency equal to half of the frequency of the detector
current and a duty cycle of 75%.

7. A photo acoustic detector (200) according to one of the claims 2, 5 or 6,
wherein the processing section (106) is arranged for:

- taking a first and a second measurement by respectively generating a first and
a second output signal, the hold signal, SWyorp, used for the second measurement being
phase shifted over half a period of the detector current, and

- calculating an average output signal from the absolute values of the first and

the second output signal.

8. A photo acoustic detector (200) according to claim 1, wherein the hold switch

is coupled to the detector element (103) via a buffer stage.

9. A photo acoustic detector (200) according to claim 1, wherein the processing
section (106) further comprises a select switch for copying an integrated voltage from the
integrating amplifier to the output signal and a reset switch for resetting the integrating
amplifier and wherein the timing circuit (109) is arranged for generating a select signal,
SWerLgcT, for operating the select switch and a reset signal, SWreser, for successively
operating the reset switch and wherein the timing circuit (109) is further arranged for
generating the hold signal, SWyorp, with a frequency of at least twice a frequency of the

reset signal, SWRESET.



WO 2008/056307 PCT/IB2007/054444
13

10. A photo acoustic detector (200) according to claim 1, wherein the processing
section (106) further comprises a post processing unit (112) with

- a comparator (201) for comparing an integrated voltage from the integrating
amplifier to a predetermined value,

- a reset pulse generator (202) for, when the integrated voltage reaches the
predetermined value, providing a reset pulse, SWrgser, for closing a reset switch and
resetting the integrating amplifier (111), and

- a timer (203) for, when the integrated voltage reaches the predetermined value,

determining a total sampling time used for reaching the predetermined value.
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