PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(71) Applicant (for all designated States except US): INOPTICS
OY [FI/F1]; Teknologiantie 10 C, SE-90570 Oulu (FI).

(72) Inventor; and
(75) Inventor/Applicant (for US only) : AINTILA, Ahti [FI/FI];
Kaitovéyld 22 A 19, SF-90570 Oulu (FI).

(74) Agent: TEKNOPOLIS KOLSTER; c/o Oy Kolster Ab,
Stora Robertsgatan 23, P.O. Box 148, SF-00121 Helsinki
(FD).

(51) International Patent Classification 5 : (11) International Publication Number: WO 91/03714
GO01J 3/30, 3/18, GOIN 21/27 Al (43) International Publication Date: 21 March 1991 (21.03.91)
(21) International Application Number: PCT/F190/00202 | (81) Designated States: AT, AT (European patent), AU, BB, BE
(European patent), BF (OAPI patent), BG, BJ (OAPI

(22) International Filing Date: 27 August 1990 (27.08.90) patent), BR, CA, CF (OAPI patent), CG (OAPI patent),
CH, CH (European patent), CM (OAPI patent), DE*,

DE (European patent)*, DK, DK (European patent),

(30) Priority data: ES, ES (European patent), FI, FR (European patent),
894184 5 September 1989 (05.09.89)  FI GA (OAPI patent), GB, GB (European patent), HU, IT

(European patent), JP, KP, KR, LK, LU, LU (European
patent), MC, MG, ML (OAPI patent), MR (OAPI pa-
tent), MW, NL, NL (European patent), NO, RO, SD,
SE, SE (European patent), SN (OAPI patent), SU, TD
(OAPI patent), TG (OAPI patent), US.

Published
With international search report,

(54) Title: A SPECTROMETRIC METHOD AND A SPECTROMETER

(57) Abstract

to be analyzed.

(7S

F e~

The invention relates to a spectrometric method and a spectrometer for analyzing optical radiation. The spectrometer com-
prises an optical means (G) capable of causing dispersion of an optical beam (L) to be measured when the beam strikes it, and
detecting means (D1 ... DN) for detecting the intensity of several discrete wavelengths (Ij ... 1) of the dispersed optical beam.
According to the invention the detecting means comprises an array of at least N detector elements (D1 ... DN) having out-
puts connected to connecting means (SW1 ... SWN, Al) to connect the output signals of the detecting means in N different
combinations to form N different sum signals during one measuring period, where N is the number of discrete wavelengths
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A spectrometric method and a spectrometer

The invention relates to a spectrometric method
and a spectrometer for analyzing optical radiation by
causing dispersion of an optical beam and detecting
the intensity of one or more discrete wavelengths of
the dispersed optical radiation.

The spectrum of light passed through a material
and reflected or scattered from it provides informa-
tion on the chemical and physical structure of the
material. The spectral analysis, starting from the
ultraviolet region far into the infrared region of
light, 4is usually carried out by a spectrometer by
means of which light is collected from an object,
polarized and then dispersed into the spectrum of its
wavelength components by means of a prism or grating,
for instance. A light intensity detector is thereby
subjected to monochromatic radiation the wavelength
of which depends on the position of the grating or
prism with respect to the incoming beam of light and
the detector. By mechanically turning the prism or
grating or alternatively by displacing the detector,
the intensities of the different wavelength com-
ponents of 1light can be measured. The precision
mechanism required by this prior art measuring tech-
nique makes this kind of spectrometers expensive and
large in size, in addition to which they are not par-
ticularly well suited for use in industrial environ-
ments, where vibration, temperature variations and
air impurities prevent reliable operation of the
mechanism.

Instead of the above-described spectrometer, an
alternative solution is to use the Michelson inter-
ferometer and the acousto-optical crystal. Both of

them are used widely but the available constructions
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are expensive and liable to disturbances; on the
other hand, they require less space than the mechano-
optical construction described above.

In the above-described methods, the spectrum of
optiéal radiation is determined by measuring separ-
ately the intensity of each discrete wavelength. To
improve the signal-to-noise ratio and to increase
sensitivity, alternative methods have been developed
in which the measuring spectrum to be used is divided
into several (N) discrete portions and a mask is dis-
posed between the radiation source and the detector.
In accordance with a suitable mathematical transform,
usually the Hadamard transform, the mask shields off
spectrum portions with N different combinations. The
sum of the remaining radiation components is detected
and the intensities of individual spectrum portions
as well as the final spectrum are calculated by the
inverse Hadamard transform from the detection results
obtained with the N different combinations. As com-
pared with direct detection, a JN-fold improvement is
achieved in the signal-to-noise ratio. This kind of-
multiplexing is also advantageous in that the intens-
ity of the light impinging on the detector is greater
than in conventional methods, which further helps tb
improve the signhal-to-noise ratio of the detection.

Previously the mask required by the Hadamard.
transform has been formed by a mechanically displace-
able shield, which is difficult to construct for
rapid measurements and for measurements to be per-
formed under difficult conditions. The Hadamard
transform and its application in spectrometers are
described, e.g., in Hadamard Transform Optics,' M.
Harvit, N.J.A., Sloane, Academic Press, New York,
1979, p. 1-47.

Liquid crystal masks or other electrically con-
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trolled masks completely avoiding mechanically moving
parts are disclosed in U.S. Patent 4,615,619 and in
Multiplex Advantage in Hadamard Transform Spectro-
metry Utilizing Solid-State Encoding Masks with Uni-
form, Bistable Optical Transmission Defects, D.C.
Tilotta et al., Applied Optics, 1 October 1987, Vol.
26, No. 19, p. 4285-4292.

A drawback of the liquid crystal mask is, how-
ever, the limited spectral transmittance range
(usually a wavelength below 1 pm, poor contrast and
slowness particularly at low temperatures).

In a prior art spectrometer used fér atmo-
spheric analyses, the 1light sourcés themselves dre’
modulated by a Hadamard matrix code instead of a
mask. This system is simple as no mechanical devices
are used, and no errors due to the mask occur. This
kind of spectrometer is described in Hadamard Trans-
form Active Long Path Absorption Spectrometer, N.
Sugimoto, Applied Optics, 15 March 1986, Vol. 25, No.
6, p. 863-865.

The object of the present invention is to pro-
vide a novel spectrometric method and a spectrometer
in which the sensitivity and the signal-to-noise
ratio can be improved by various mathematical trans-
forms with a construction simpler and more ad-
vantageous than previously.

This is achieved by the spectrometric method
defined in claim 1 and the spectrometer defined in
claim 4.

The present invention applies the Hadamard
transform or some other suitable mathematical trans-
form by causing the dispersion of the radiation to be
analyzed by a diffraction prism or grating or some
other technique in such a way that the wavelength

components of the dispersed radiation fall on pre-
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determined N detector elements in a detector array,
and each detector element in the array produces an
electric signal proportional to the intensity of the
radiation which strikes it. In the present invention,
the opticai_ multiplexing used in the prior art is
replaced with the multiplexing of the outputs of the
detector elements by connecting them electrically
together in N different combinations to form N sum
signals, respectively. These sum signals correspond
to an electric signal produced by a single detector
from an optical sum signal in optical multiplexing.
Each sum signal is sampled and after N sum signals
have been measured, the intensities of individual
wave lengths are calculated by an inverse algorithm
corresponding to the summing operation, and the
spectrum of the optical radiation to be analyzed is
determined. In this way it is possible to construct
an advantageous spectrometer providing high
sensitivity, high resolution and wavelength accuracy
without any mechanical or electric mask and avoiding
the restrictions set by the above-mentioned liquid
crystal shields on wavelength, speed and temperature.
Being highly integrated, the device can be fitted in
a very small space with a low power consumption and
without moving parts so that it is suitable for use
under difficult conditions and is portable.

As a great number of detectors can Dbe
integrated in a small space, the number N of the dis-
crete wavelengths to be detected simultaneously is
notably greater than in a conventional mask tech-
nique, even several thousands, that is, a greater im-
provement is achieved in the signal-to-noise ratio
when the transform method is used.

The use of the above-mentioned system utilizing

a Hadamard modulated 1light source array, for
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instance, is not possible when measuring the spectrum
of active sources, that is, sources capable of
emitting optical radiation, such as flames or molten
metal. In such applications the present invention
offers a new possibility of rapid and sensitive
analyses.

The invention will now be described in greater
detail with reference +to the attached drawings,
wherein

Figure 1 illustrates schematically the basic
principle of the spectrometer of the present inven-
tion;

Figures 2 and 4 are examples of transform mat-
rices to be used in connection with the invention;
and

Figure 3 shows a circuit diagram of a detecting
and multiplexing circuitry of the invention.

Figure 1 illustrating the general operation of
the spectrometer of the invention will now be

referred to. A beam of light to be analyzed impinges

‘on an optical means, in this particular case a

grating G which refracts different wavelengths into

different refracting angles 8; ... B thus causing

nl
the dispersion of the beam of light L to be analyzed
into different wavelength components, of which each N

wavelength component 1 ... 1, strikes a detector

n
element D ... Dy assigned to it in an array of de-
tector elements positioned in the refraction plane of
the beam of light. Each detector element produces an
output signal proportional to the intensity of the
wavelength component which has struck it. A con-
trollable switching means SW1 ... SWN is connected
selectively to the output of each detector element Dl
... DN. By means of the switching means, each output

signal can be connected selectively to the input of a
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common amplifier Al. The switches SWl ... SWN are
controlled in an order determined by an applied
mathematical transform, such as the Hadamard trans-
form, one after another into N different combinations
of closed and opened switches. These combinations
produce N successive sum signals formed by the dif-
ferent output . signals in the input of the amplifier
Al and amplified in its output. Digital samples are
extracted from the output signal of the amplifier Al
by means of an analog-to-digital converter ADC. The
digital samples are applied to a computer 2 which
calculates, by the inverse Hadamard transform from
the N sum signals obtained with the different switch
combinations, the intensity of each discrete wave-
length 1; ...1, to be analyzed and therethrough the
spectrum of the optical radiation to be analyzed and
displays it as such graphically or numerically or
directly as a calibrated material concentration or in
some other suitable manner by means of a‘printer 3,
for instance. As it is in fact the computer 2 that
determines which way of transform and transform mat-
rix is used as well as the positions of thé switches
SW1 ... SWN, the connection between the computer 2
and the switches is indicated with a broken line 4.

In the preferred embodiment of the invention,
the photodetectors are photodiodes, but they can
alternatively be any detectors capable of producing a
signal proportional to the intensity or energy of the
light impinging on them, such as photoresistors,
pyrometric elements, etc. Accordingly, the operation
of the detectors may be based on photoelectricity or
photoconductivity, and the measurements may utilize
combination of signals proportional to the sums of
resistances, voltages or currents.

In Figure 1, the reflection grating G causing
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the dispersion of the optical beam to be analyzed may
be replaced with any optical device capable of
causing dispersion. In place of reflected refracted
light it is .thereby possible to measure the intensity
of the different wavelengths of refracted 1light
passed through such a device.

In place of the combination of a computer and a
measuring circuit described above it may in certain
cases be preferable to construct the entire system
with its mathematics processor into a fixed 1logic
circuit or to divide the interface between the
measuring circuit and the computer in some other way
than that described above.

As to the Hadamard matrices and mathematical
transform methods, the teachings of the above-
mentioned references and articles can in this respect
be directly applied in the present invention.

The example of Figure 2 shows a cyclic Simplex
matrix suited for use in the above-described con-
nection. Each position in a horizontal row of the
matrix corresponds to one switching means, whereby
the pdsitions indicated "1" signify a closed switch
and the positioné indicated "O" signify an open
switch. This kind of Simplex matrix control is easily
realizable by a shift register provided with a
parallel output. The computer controlling the
measuring operation applies the first row of the
matrix in series form to the shift register. There-
after the code passes cyclically through the shift
register in such a way that the last bit emerging
from the shift register is returned to the beginning
of the shift register. The signal-to-noise ratio
obtained by this kind df Simplex matrix is /N times
better as compared with individual measurements

carried out by N detectors.
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Figure 3 shows the circuit according to the
preferred embodiment of the invention to realize the
system of Figure 1. In the figure, the computer 2
controlling the measuring applies the Hadamard matrix
one row at a time through a parallel bus 34 in e.g.
binary form to a decoder 31 which again converts the
applied data into the original matrix row, in which
the state of each position appears as the "0" or "1"
state of the corresponding output of the decoder 31.
Each output in the decoder 31 is connected to one
input in a corresponding AND gate 32 when a trigger
signal TRIG is applied to another input in the gate
32. The output of each gate 32 is applied to a cor-
responding memory element 33 having both an inverting
and a noninverting output. A reset signal RESET is
applied to the reset input of each memory element 33.
The noninverting input of each memory element 33 con-
trols a correspondihg switch transistor Q11 ... Q1N
connected between the cathode of the corresponding
detector diode D1 and the noninverting input of the
amplifier Al. Similarly the inverting output of each
memory element 33 is connected to a corresponding
switch transistor Q21 ... Q2N connected between the
cathode of the corresponding detector diode D1 ... DN
and the inverting input of the amplifier Al. The
anodes of the detector diodes D1 ... DN ére connected
to a low potential, such as earth.

The output signals of the decoder 31 set the
memory elements 33 through the AND gates 32 to a "0"
or "1" state in accordance with the first matrix row
of the Hadamard transform when the trigger signal
TRIG is in the state "1". The outputs of the memory
elements 33 control the corresponding switch
transistor pairs Q11 ... ON and Q021 ... Q2N in such
way that the photo diode D1 ... DN corresponding to
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the memory element 33 is connected to the noninvert-

-ing input of the differential amplifier when the non-

inverting output of the memory element is 1, and
equivalently, to the inverting input of the amplifier
Al when the inverting output of the memory element 33
is in the state "1". A charging voltage Vj;gagq is
simultaneously applied to the inputs of the amplifier
Al through the transistors Q3 and Q4, respectively,
and thus also to the cathodes of the photodiodes D1
... DN, whereby the junction capacitances of the
diodes are charged in the reverse direction. When the
control signal LOAD-CMD of the transistors Q3 and 04
is removed, the charging voltage V;, .4 1S removed and
the diodes remain connected to the inputs of the
amplifier Al in accordance with the respective matrix
row. The loadrof each diode D1 ... DN is discharged
by a leakage current proportional to the intensity of
light striking the diode, whereby a voltage propor-
tional to the difference between the total inten-
sities of light entering the diode groﬁps'qonnected
to the inputs of the differential amplifier Al is
obtained from the output of the differential
amplifier Al after a selected measuring period. This
voltage is sampled, and the sample is digitized and
stored in the memory of the computer 2. The memory
elements 33 are then reset to zero by the signal
RESET and a new Hadamard matrix row is applied
through the decoder 31 to the memory elements 33,
whereafter the above-mentioned charging and measuring
operations are removed. The same is repeated until
all N horizontal rows of the Hadamard matrix are gone
through and the corresponding measuring data are
stored in the memory of the computer. The intensities
of individual wavelength regions are then determined

by the inverse Hadamard transform and the results
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are shown in suitable form. This measuring method, in
which two detector assemblies are compared with each
other, provides a /N-fold improvement in thevsignal—
to-noise ratio as compared with separate measurings
carried out by N elements. In the preferred embodi-
ment of the invention, 1024 elements are used, so the
obtained improvement is 32-fold.

Figure 5 shows an 8-row matrix Hg suited for
the above-mentioned connection. In the matrix, the
elements indicated "1" signify diodes to be connected
to the noninverting input of the amplifier Al, and
the elements indicated "-1" signify diodes to be con-
nected to the inverting input. In the output of the
decoder 31 the state "0" corresponds to the element
"-1" of the matrix Hg.

It is also possible to use Hadamard-coded radi-
ation sources or detectors of varying construction
either separately or in synchronization with each
other. In the 1latter case an improvemenf in the
signal-to-noise ratio is obtained under noise condi-
tions if scattered random radiation of high intensity
occurs in proximity to the detector in the same wave-
length region in addition to a weak signal coming
from a long distance, and this random radiation is
able to pass through the measuring optics to the
detector by scattering from the impurity particles of
the surroundings. This may happen, e.g., in
industrial establishments when measuring air pollut-
ants.

The figures and the description related to them
are only intended to illustrate the present inven-
tion. In its details the present invention may varyv

within the scope of the attached claims.
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Claims:

1. A spectrometric method of analyzing optical
radiation, comprising the steps of causing dispersion
of an optical beam to be analyzed and detecting the
intensity of one or more discrete wavelengths of the
dispersed optical radiation, character-
ized in that +the method further comprises
producing an electric signal proportional to said
intensity separately for each wavelength to be
analyzed; combining said signals in N different com-
binations to form N different sum signals during one
measuring period, where N is the number of discrete
wavelengths to be analyzed; and determining the in-
tensities of the different wavelengths by means -of
said N sum signals.

2. A method according to claim 1, charac-
terized in that two signal groups are formed
for each sum signal from said signals proportional to
the intensity, the difference between the total
intensities of the two signal groups forming said sum
signal.

3. A method according to claim 1 or 2, c h a r-
acterized in that said signals proportional

to the intensity are combined on the Hadamard trans-

form principle.

4. A spectrometer comprising an optical means
(G) causing dispersion of an optical beam (L) to be
measured .@hen the beam strikes it, and detecting
means (D1 ... DN) for detecting the intensity of one
or more discrete wavelengths (ll ...ln) of the dis-
persed optical beam, charac terized in
that the detecting means comprises an array of at
least N detector elements (D1 ... DN) having outputs

connected to connecting means (SW1 ... SWN, Al) so as
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to connect the output signals of the detector
elements in N different combinations to form N dif-
ferent sum signals during one measuring period, where
N is the number of discrete wavelengths to the
analyzed.

5. A spectrometer according to claim 4,
characterized in that the output of each
detector element (D1 ...DN) is selectively con-

nectable through a controllable switching means (SW1
... SWN) to the input of a common amplifier means
(a1). '

6. A spectrometer according to claim 4,
characterized in that the output of each
detector element (D1 ... DN) is selectively con-
nectable through a first controllable switching means
(Q11 ... QN) to the inverting input of the common

amplifier means (Al) and through a second con-

trollable switching means (Q21 ... Q2N) to the non-

inverting input of said amplifier means (Ai).
7. A spectrometer according to claim 4, 5 or 6,

characterized in that said optical means

capable of causing dispersion is a diffraction

grating or diffraction prism.
8. A spectrometer according to claim 4, 5, 6 or
7, characterized in that the detector

element is a photodiode.
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