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While it is possible to use iterative convolution to parcel out the effect
of the extended pulse BACKGROUND OF THE INVENTION
duration from the exponential decay, this requires very carefully
controlled pulse shapes. The math- The present invention relates to
measurement,   5   ematics involved in iterative convolution are even and,
more particularly, to a system and method for  more complicated in cases
where the decays over- measuring exponential decay time constants and
lap due to a high-frequency stimulus signal. An- parameters derivable
therefrom. While the present   other solution is to use lasers with
picosecond invention has many applications, it has particular  pulse width,
but such lasers not widely available application to the measurement of
oxygen con-  10  due to cost and technical considerations. centration, for
example, in blood, based on lu-        A phase-shift method can be used
which minescence quenching.                               avoids some of
the disadvantages of the pulse Oxygen concentration in various solutions,
e.g.,  method. In a typical application of the phase-shift blood, can be
measured by determining a fluores-    method, the sample is stimulated with
sinusoidally cence decay time constant A fluorescent dye, pro-  15
modulated light. The output in such a case is the tected as appropriate,
can be dissolved in a sam-   convolution of the stimulus sine wave and the
sys- ple solution. Fluorescence is initiated by stimulating  tem
exponential function, which is also a sine wave the dissolved dye with
light of an appropriate     but with a shifted phase. Thus, the time
constant wavelength. In a case where the stimulus is ab-     can still be
determined indirectly from the phase of ruptly terminated, the fluorescence
does not end   20  the response signal relative to the stimulus signal.
instantaneously. Rather, the fluorescence decays    Phase can be readily
determined by using a vari- according to an exponential decay function.
ety of phase detectors. In such a dyed sample solution, flourescence is
The phase-shift method has several advan- quenched by the presence of
oxygen so that the     tages. Short, even sub-nanosecond, time constants
intensity and duration of the fluorescence are de-  25  can be easily
measured. Data acquisition Is rela- creased as a function of oxygen
concentration.      tively rapid, which is generally convenient and criti-
Theoretically, oxygen concentration could be mea-   cal where the parameter
of interest can change sured as a function of either intensity or duration.
quickly. However, intensity is difficult to work with as it     Another
important advantage of the phase-shift varies with many system variables
such as tem-   30    method Is that it Is readily adapted to more com-
perature, stimulus intensity, opto-mechanical cou-  plex sample analysis
where multiple time constants pling, fiber bending losses, etc.
can be superimposed on each other. In theory, it is Since fluorescent decay
can be characterized    possible to record directly the individual time
con- exponentially, the exponential time constant, [err], of  stant of each
fluorescent source in a mixture using such fluorescent decay can be used as
an am-   35  the phase-shift method. plitude independent measure of oxygen
concentra-       There remain two significant disadvantages to tion. The
time constant for a sample can be deter-  the phase-shift approach. In the
first place, phase mined directly by stimulating and then abruptly     can
be difficult to measure with great precision. terminating stimulation of a
dyed sample, and then  Phase detectors can be sensitive to amplitude ef-
finding a time interval over which intensity de-   40  fects, and thus
distorted readings are difficult to creases by a factor of 1/e, about 63%.
Similarly,   avoid. the percent change over a fixed time interval can
In the second place, the sensitivity of systems be used to determine the
time constant. Due to the  implementing the phase-shift method generally
pervasive presence of noise, such direct methods   vary as a function of
phase shift. In other words, do not afford very high precision unless
averaging   45  outside a narrow range of phases, the signal-to- is
performed over many measurements. Thus, a        noise ratio is below the
maximum achievable. periodic, rather than a one-shot, stimulus is usually
In some systems, provision is made for mul- preferred.
tiple frequencies for the stimulus signal. This mul- For example, in a
pulse method, a sample is     tiplies the range of sample characteristics
that can stimulated with a pulse train to yield a periodic  50   be
detected using optimal phase ranges. However, response signal. The average
delay of the re-       the selection of the alternate frequencies is an
sponse with respect to the stimulus is used as a    inconvenience to the
user, perhaps requiring a suc- measure of oxygen concentration. One major
dis-    cession of useless measurements to be made be- advantage of the
pulse method Is the difficulty of  fore the desired one is achieved. In the
meantime, producing sharply defined stimulus pulses. Gen-  65  validity
erodes as sample parameters can change. erally available light sources
yield pulses several  Furthermore, this approach still does not provide
nanoseconds in duration, which is often already a   continuous optimal
sensitivity. substantial fraction of fluorescent lifetimes.         This
limitation in sensitivity can be very signifi- 2 



3                  EP 0 294 938 B1                    4 cant in systems
which, because of limited stimulus  context of the description below with
reference to intensity or sample responsiveness, the desired   the
following drawings. signal is of comparable intensity to noise. In these
cases it may not be possible to obtain a valid     BRIEF DESCRIPTION OF THE
DRAWINGS measurement outside of the maximum sensitivity   5 range of the
instrument. Thus, a phase-shift system   FIGURE 1 is a block diagram of a
system for would not be able to provide valid measurements    measuring an
exponential decay time constant in over a continuous extended range.
accordance with the present invention. Given the disadvantages of available
methods       FIGURE 2 is a block diagram of another sys- as applied to
oxygen measurements as well as a   10  tem for measuring an exponential
decay time con- broad range of applications involving exponential  stant in
accordance with the present invention. decay, what is needed is an improved
system and method for determining exponential decay time      DESCRIPTION
OF THE PREFERRED EMBODI- constants. The system should be convenient to use
MENTS and provide optimal sensitivity over an extended   15 and continuous
measurement range. In addition,        A  measurement system  11  includes
a the measurement approach should be susceptible     stimulus/response
assembly 13, an offset-phase to convenient and precise readout.
locked loop 15 and an output processor 17. The stimulus/response assembly
13 is designed to hold SUMMARY OF THE INVENTION                      20   a
sample to be measured, and to illuminate the sample according to a received
stimulus signal and In accordance with the present invention, ex-  to
convert a resulting fluorescence into a response ponential decay time
constants are determined as   signal. The offset-phase locked loop 15 is
designed a function of a stimulus signal frequency forced by  to control
the frequency of a stimulus signal to an offset-phase locked loop to yield
a stimulus-  25  force a predetermined phase angle between a re- response
phase angle which provides substantially  sponse signal and the stimulus
signal, the phase optimal sensitivity. A system  implementing the    being
selected to optimize system sensitivity. The above approach can include a
sample interface, an  output processor 17 is designed to determine the
offset-phase locked loop, a frequency counter and  frequency of a stimulus
signal and to convert the a calculator for deriving a parameter value of
inter-  30  determined frequency into a measurement of a est from the
output of the frequency counter.      parameter of Interest. An
offset-phase locked loop can include a          The    main
characteristic   of   the phase detector, a variable frequency generator,
and  stimulus/response assembly 13 in the present con- a phase shifter.
These components can be de-       text is its capacity to generate a
periodic response signed, arranged and combined in a variety of  35  signal
to a periodic stimulus signal so that the ways. The magnitude of the offset
phase angle is   relative phases of the stimulus and response sig-
preferably between [err] and [err], inclusive. Where    nals is a function
of frequency. The illustrated the stimulus signal is sinusoidal, an offset
phase of  stimulus/response assembly 13 includes a light about [err] can be
used to optimize sensitivity.   source arranged to illuminate a sample, a
photo- However, a more conveniently generated [err] an-  40  diode arranged
to detect fluorescence from a sam- gle can achieve substantially optimal
sensitivity.  ple mixed with fluorescent dye. Additionally, am- By
selecting a predetermined phase, substan-    plifiers to strengthen signals
and filters to separate tially maximal sensitivity can be maintained while
stimulus and response signals are provided. measuring a wide range of time
constants. Fre-        The offset-phase locked loop 15 includes a quency
can be conveniently and precisely mea-  45  phase detector 19 and a
multi-phase voltage con- sured using a frequency counter, without the
inter-  trolled oscillator 21. The phase detector 19 in- ference from
amplitude effects to which phase de-  cludes a mixer 23 and a low pass
filter 25. The tectors are exposed. While the present invention   mixer 23
has two inputs, one arranged to receive employs a phase detector, it is
operating at [err]   the response signal and the other arranged to phase
differential where its output is zero indepen-  50  receive a reference
signal. An AC amplifier 27 is dent of input signal amplitudes. Thus, it is
operat-  used to strength the response signal before mixing. ing at the
point least subject to amplitude errors.  The low pass filter 25 yields an
essentially DC In accordance with the foregoing, an improved   voltage
level reflecting the phase difference at the system and method for
measuring exponential de-    mixer 23. cay time constants provides
convenient and pre-  55   A DC amplifier 29 is used to establish a gain
cise readout and optimal sensitivity over a wide   which appropriately
balances stability, and acquisi- 



range of time constants. Other features and advan-  tion speed, accuracy,
and range for the offset- tages of the present invention are apparent in
the  phase locked loop 15. The amplified DC signal is 3    5
EP0294938B1                         6 used to control the frequency of the
signals gen-   2.  a  measurement  system   comprises  a erated by the
multi-phase voltage controlled os-    stimulus/response assembly 43, an
offset-phase cillator 21.                                       locked loop
45 and an output processor 47. The The multi-phase voltage controlled
oscillator 21  stimulus/response assembly 43, which provides for is
designed to output multiple signals sharing a   5   a response signal in
response to a stimulus signal common frequency whilst differing in phase by
a     provided by the offset-phase locked loop 45, and predetermined
amount. The illustrated multi-phase  the output processor 47, which
includes a fre- voltage controlled oscillator 21 is arranged to pro-
quency counter 49 and a calculator 51, are essen- vide the stimulus signal
to the stimulus/response  tially the same as the corresponding components
assembly 13 and a reference signal to the phase   10  of the embodiment of
FIG. 1. Also, the amplifier 55 detectors mixer 23.
can be of narrow bandwidth which reduces noise The reference signal to the
mixer 23 is phase-  from cross modulation and intermodulation pro- shifted
from the stimulus signal by an angle which  ducts generated in the phase
detector. takes into account the 90  required for the conven-    In the
measurement system 41 of FIG. 2, the tional quadrature phase input to phase
detectors  15  offset-phase locked loop 45 provides for the down- and
an.optimizing offset phase angle. Depending     conversion to a fixed
low-frequency signal of the on other system considerations, such as any
phase  response signal prior to AC amplification and phase [err] introduced
by the AC amplifier 27 and other  detection. An advantage of this is that
frequency system biases, an additional term can be involved   related phase
shifts introduced by an AC amplifica- in assigning the relative phases of
the stimulus and   20  tion do not have to be tolerated, contended with or
reference signals. Basically, the phase of the refer-  otherwise designed
around. ence signal is chosen so that the offset-phase         The
down-conversion  is performed  at a locked loop 15 locks on the desired
offset-phase    "conversion" mixer 53 which includes a response angle.
signal input arranged to receive a response signal In the illustrated
embodiment, the stimulus sig-  25  from the stimulus/response assembly 43
and a nal is sinusoidal, and, correspondingly, the re-   reference input
arranged to receive a down-conver- sponse signal is substantially
sinusoidal. The      sion signal. The down-conversion signal has a fre-
signal-to-noise ratio for the sinusoidal response is  quency equal to that
of the response signal plus a optimal when the response signal lags the
stimulus  fixed low-frequency offset, provided for as de- signal by about
49.3 . In the illustrated embodi-  30  scribed below. The down-converted
signal pro- ment, it is more convenient to operate at integer  duced by
this conversion mixer 53 is a fixed fre- fractions of a full cycle, so an
offset angle of 45   quency signal the phase of which preserves the is used
to establish a near optimal sensitivity. The  phase information of the
response signal. -negative sign of the offset angle indicates that the
The down-converted signal is amplified by an response signal lags the
stimulus signal, herein-   35  AC amplifier 55 to provide an amplified
response below.                                              signal.
Depending on the design of this AC am- In a modification of the measurement
system,     plifier 55, a phase-shift may or may not be intro- the response
signal Is other than sinusoidal. A non-  duced. However, since the
amplified signal has a sinusoidal response signal can be the result of a
fixed frequency, phase shifts caused by frequency non-sinusoidal, e.g.,
square wave, stimulus signal,  40  variations are not a concern. or a
result of the properties of the sample, or other  The amplified detection
signal output is then stimulus/response assembly components, or a
mixed with a phase-shifted reference signal at a combination of the two
factors. Where the response  "phase-detection" mixer 57 to yield a
phase-detec- signal is non-sinusoidal, the optimal angle can de-  tion
signal. The frequency of the phase-shifted viate somewhat from [err].
Accordingly, the pre-  45  reference signal is the same as that of the am-
ferred offset angle can vary over a range of about  plified signal. The
phase of the phase-shifted refer- [err] to [err].
ence signal is chosen to be [err] from the incoming The output processor of
the measurement sys-    signal from the amplifier 55 so that the average
tem includes a frequency counter 31 and a calcula-  voltage output of the
phase-detection mixer 57 is tor 33. The frequency counter 31 provides a
digital  50  zero volts when a desired offset phase angle is representation
of the frequency of the stimulus     achieved between the stimulus signal
and the re- signal input thereto. The calculator 33 is arranged  sponse
signal. to receive the digital frequency count and is pro-     A low pass
filter 59, which may include a DC 



grammed to calculate and read out desired system   amplifier, filters the
phase-detection signal to yield output such as oxygen concentration or
decay time   55   a substantially DC output. In the Illustrated embodi-
itself.                                             ment, the bandwidth of
the low pass filter is about In another measurement system 41, provided
0.1 Hz, providing for high stability of the offset- for by the present
invention and illustrated in FIG.  phase locked loop 45 and considerable
averaging 4    7                 EP 0294 938 B1                    8 to
produce high system  accuracy if the signal      optimal performance in the
measurement system response is weak and thus noisy.                    41.
The DC phase detection signal output from the       In general, the
theoretically optimal phase off- low pass filter 59 is used to control a
voltage    set can be a function of many variables. These can controlled
oscillator 61, the output of which is the   5   include the stimulus wave
shape, non-idealities in periodic stimulus signal and is used for three
pur-  the   response   of  the   sample  or  the poses. In the first place,
the stimulus signal drives  stimulus/response assembly, and influences on
the the stimulus/response assembly 43. Secondly, the    response waveform
itself. A sinusoidal stimulus sig- stimulus signal feeds the frequency
counter 49      nal can be used because it results in a predictably used in
making the desired measurement deter-  10  sinusoidal response signal,
which can be analyzed minations. Thirdly, the stimulus signal is Input to a
straightforwardly. However, a square-wave stimulus single-side-band
generator 63.                      signal can be more readily generated and
can be This single-side-band generator 63 has two in-  more conveniently
used for phase detection. puts. One is arranged to receive the stimulus
signal   Influences on the response waveform can be and the other is
arranged to receive an "in-phase"   15  intentionally imposed. For example,
amplification reference signal output from a multi-phase fixed-   and
limiting can be used to provide a square frequency oscillator 65. In the
measurement sys-    waveform from a sinusoidal or other waveform. It tem
41, the fixed frequency is 10 Hz. Accordingly,  should be noted, that while
limiting can provide the output of the single-side-band generator 63 is
consistent detector sensitivity over a range of offset an "in-phase" signal
at the stimulus signal fre-  20  phases, this Is at the expense of output
signal-to- quency plus the low frequency. This frequency-      noise ratio
below a threshold value of input signal- summed signal is the
down-conversion signal used   to-noise ratio. The effect is that the
optimal phase to down convert the response signal at the conver-  offset
for maximizing signal-to-noise ratios is, how- slon mixer 53.
ever, not significantly affected by limiting. The multi-phase fixed
low-frequency oscillator  25  The preferred phase offset can deviate from
65 also provides the phase-shifted reference signal  the ideal offset for a
number of reasons, including to the phase-detection mixer 57. The degree of
the  the convenience with which certain phase offsets phase shift between
the phase-shifted reference     can be established, as well as competing
design signal and the in-phase reference signal includes   considerations.
In addition, various components can three components. The first component
is the 90    30  affect phase shift as a function of frequency and
quadrature term typically used in phase detection.  thus require design
comprises reflected in the off- The second term  is the desired phase
offset.       set phase angle. Since, the response signal lags the stimulus
signal,   Furthermore, the present invention can be ap- this term is
generally between [err] and [err].       plied to responses which are more
complex than a The third term compensates for phase shifts  35  simple
exponential decay. In some situations mul- introduced by the offset-phase
locked loop 45 prior  tiple exponential decays with different time con- to
phase detection. For example, any phase shift    stants can coexist; also,
exponential decay can be imposed by the AC amplifier 55 should be re-
superimposed upon other decay functions. In these flected in the phase of
the phase-shifted reference  situations, the present invention provides for
the signal. As in the embodiment of FIG. 1, this term   40  identification
of one or more exponential terms in a can be determined empirically.
Alternatively, the   response signal. For example, two or more ex- AC
amplifier can be designed with a particular      ponential time constants
can be resolved by suc- phase shift imposed at the down-conversion fre-
cessively changing the reference phase angles and quency. In the
illustrated measurement system, the  analyzing the resultant oscillator
frequency. AC amplifier 55 does not impose a significant  45      Many
different designs can be used for the off- phase shift at 10 Hz, so this
third term can be     set phase locked loop. There are many different
ignored.                                            ways of implementing
phase detection and many In the measurement system 41 of FIG. 2, the
different types of signal generators available. There output of the voltage
controlled oscillator 61 is a  are many different approaches to
coordinating square wave. Thus, it is not expected that the   50  phase
detection and frequency generation. It is not 



response signal be sinusoidal. However, due to the  necessary that the
frequency generator be voltage inherent filtering effects of the
stimulus/response  controlled. A current can be used to control a assembly
43, some of the higher harmonics of the    current controlled device. A
digital phase readout stimulus signal can be lost, and the response sig-
can be used to control a digitally controlled oscilla- nal accordingly  can
be approximated  by  a   55  tor. The pairings of phase detection and
stimulus sinusoidal signal for purposes of determining an    signal
generation functions are essentially unlim- ideal offset-phase angle.
Accordingly, a convenient-  ited. Furthermore, there are many possible ar-
ly generated [err] offset phase angle provides near  rangements and
selections of auxiliary components 5    9                 EP 0 294 938 B1
10 such as amplifiers and filters.                     all can be adapted
as required for the application. The implementation of the offset phase
angle can be approached in several ways. A required       Claims
phase-shift function can be implemented at a multi- phase frequency
generator, or Integrated with a   5   1. A system for measuring a value
functionally phase detector, or implemented by a dedicated          related
to an exponential decay time constant, phase shifter.
said system  comprising: stimulus/response Furthermore, the phase shift can
be fixed or        means (19) including stimulus means for stim-
selectable. A selectable phase shift can be used to    ulating a sample in
response to a received permit calibration and to contribute flexibility to
the   10  stimulus signal and response means for pro- incorporating
instrument. This might be particularly   viding a response signal
reflecting a response important where provision is made for the selection
generated by said sample; an offset-phase of different waveforms or where
some other vari-        locked loop (15 or 45) including a signal gener-
able affected the ideal or preferred offset-phase      ator (21 or 61) for
generating a periodic stimu- angle.
15      lus signal having a frequency within a pre- The output process can
be implemented in a          determined generator frequency range, said
variety of ways and can include either digital or      offset-phase locked
loop being arranged in a analog devices, and is likely to contain both. The
feedback relation with said stimulus/response frequency counter can provide
a digital or analog      means so that said periodic stimulus signal is
representation of frequency. The output of the fre-  20  received by said
stimulus means and yields a quency counter can be programmed In a wide
periodic response signal which is fed back to variety of ways, depending,
in part, on the ultimate   said offset-phase locked loop, and adapted for
parameter being measured.                              forcing an
offset-phase angle between said pe- Many difference stimulus/response
assemblies        riodic stimulus signal and said periodic re- are provided
for. The stimulus source can be a   26    sponse signal, which angle is
constant over light-emitting diode, a semiconductor laser, another   said
generator frequency range; and conver- solid-state type of laser, a gas
laser or other laser,  sion means (17) for deriving from the frequen- a
flash-lamp, etc. Modulation can be applied by        cy of said stimulus
signal a value related to an varying the intensity of the source, or by
strobing    exponential time constant for said response the beam emitted by
the source.                30      signal. The coupling of the source to
the sample and the sample to the detector can Involve direct con-  2. The
system of claim 1 wherein said offset- tact or the transmission of light
through a vacuum,    phase locked loop (15) includes: a phase de- gas,
liquid, or solid, including optical fibers. The   tector (19) for providing
a phase detection sig- detector can be a silicon photodiode or one of  36
nal as a function of said periodic stimulus many other photo-sensitive
devices. The detector       signal, said periodic response signal and said
tput can be amplified as required.                   offset-phase angle,
said phase detector (19) Various fluorescent dyes can be used when
having a signal input, a reference input, and an measuring dissolved oxygen
in blood, in organic        output, said signal input being arranged to
solvents, or in aqueous samples. Such dyes can   40    receive said
periodic response signal, said also be used for measuring oxygen levels in
gas        phase detector output being arranged for con- phase, e.g., mines
and other industrial hazard         trolling said signal generator so as to
deter- areas, oxygen tents, etc.                              mine the
frequency of said periodic stimulus Entirely different dyes can be used
where the       signal; and said signal generator includes variable of
interest is other than oxygen concentra-  45  phase shifting means (21) for
providing a refer- tion. The method of the present invention can be
ence signal having the same frequency as said applied to the identification
of a fluorescent ma-     periodic stimulus signal and being in a pre- 



terial, or the concentration of a fluorescent material  determined phase
relation therewith, said pre- in a sample of interest.
determined phase relation being selected so More generally, the present
invention is ap-  50    that said offset-phase angle is forced by said
plicable to measure of many parameters over a          offset-phase locked
loop. broad range of applications across several dis- ciplines which can be
characterized by processes    3.  The system  of claim 2 wherein said phase
involving exponential decay and other functions        detector (19)
includes: a response amplifier characterized by a frequency dependent phase
55      (27) for providing an amplified response signal shift. The nature
of the stimulus/response assem-      by amplifying said periodic response
signal; a bly, the frequency generator and incorporating         multiplier
(23) for providing a product signal by offset-phase locked loop, and the
output processor     multiplying said amplified response signal and    EP 0
294 938B1 such as amplifiers and filters.                     all can be
adapted as required for the application. The implementation of the offset
phase angle can be approached in several ways. A required       Claims
phase-shift function can be implemented at a multi- phase frequency
generator, or integrated with a   5   1. A system for measuring a value
functionally phase detector, or implemented by a dedicated          related
to an exponential decay time constant, phase shifter.
said system  comprising: stimulus/response Furthermore, the phase shift can
be fixed or        means (19) including stimulus means for stim-
selectable. A selectable phase shift can be used to     ulating a sample in
response to a received permit calibration and to contribute flexibility to
the   10  stimulus signal and response means for pro- incorporating
instrument. This might be particularly   viding a response signal
reflecting a response important where provision is made for the selection
generated by said sample; an offset-phase of different waveforms or where
some other vari-         locked loop (15 or 45) including a signal gener-
able affected the ideal or preferred offset-phase      ator (21 or 61) for
generating a periodic stimu- angle.
15      lus signal having a frequency within a pre- The output process can
be implemented in a          determined generator frequency range, said
variety of ways and can include either digital or       offset-phase locked
loop being arranged in a analog devices, and is likely to contain both. The
feedback relation with said stimulus/response frequency counter can provide
a digital or analog        means so that said periodic stimulus signal is
representation of frequency. The output of the fre-  20  received by said
stimulus means and yields a quency counter can be programmed in a wide
periodic response signal which is fed back to variety of ways, depending,
in part, on the ultimate   said offset-phase locked loop, and adapted for
parameter being measured.                              forcing an
offset-phase angle between said pe- Many difference stimulus/response
assemblies        riodic stimulus signal and said periodic re- are provided
for. The stimulus source can be a   25    sponse signal, which angle is
constant over light-emitting diode, a semiconductor laser, another    said
generator frequency range; and conver- solid-stath type of laser, a gas
laser or other laser,  sion means (17) for deriving from the frequen- a
flash-lamp, etc. Modulation can be applied by         cy of said stimulus
signal a value related to an varying the intensity of the source, or by
strobing     exponential time constant for said response the beam emitted
by the source.                30       signal. The coupling of the source
to the sample and the sample to the detector can Involve direct con-  2.
The system  of claim 1 wherein said offset- tact or the transmission of
light through a vacuum,     phase locked loop (15) includes: a phase de-
gas, liquid, or solid, including optical fibers. The   tector (19) for
providing a phase detection sig- detector can be a silicon photodiode or
one of  35      nal as a function of said periodic stimulus many other
photo-sensitive devices. The detector       signal, said periodic response
signal and said But can be amplified as required.
offset-phase angle, said phase detector (19) Various fluorescent dyes can
be used when           having a signal input, a reference input, and an
measuring dissolved oxygen in blood, in organic        output, said signal
input being arranged to solvents, or in aqueous samples. Such dyes can   40
receive said periodic response signal, said also be used for measuring
oxygen levels in gas         phase detector output being arranged for con-
phase, e.g., mines and other industrial hazard         trolling said signal
generator so as to deter- areas, oxygen tents, etc.
mine the frequency of said periodic stimulus Entirely different dyes can be
used where the       signal; and said signal generator includes variable of
interest is other than oxygen concentra-  45  phase shifting means (21) for
providing a refer- 



tion. The method of the present invention can be        ence signal having
the same frequency as said applied to the identification of a fluorescent
ma-      periodic stimulus signal and being in a pre- terial, or the
concentration of a fluorescent material  determined phase relation
therewith, said pre- in a sample of interest.
determined phase relation being selected so More generally, the present
invention is ap-   50   that said offset-phase angle is forced by said
plicable to measure of many parameters over a           offset-phase locked
loop. broad range of applications across several dis- ciplines which can be
characterized by processes    3.  The system  of claim 2 wherein said phase
involving exponential decay and other functions         detector (19)
includes: a response amplifier characterized by a frequency dependent phase
55       (27) for providing an amplified response signal shift. The nature
of the stimulus/response assem-       by amplifying said periodic response
signal; a bly, the frequency generator and incorporating
multiplier (23) for providing a product signal by offset-phase locked loop,
and the output processor      multiplying said amplified response signal
and 6    EP 0 294 938 B1                   12 said reference signal; and a
low pass filter (25)   quency signal to said fixed-frequency input of for
providing said phase detection signal by        said frequency summing
means (63), said filtering said product signal.
multi-phase fixed frequency generator (65) pro- viding said second
fixed-frequency signal to 4. The system of claim 3 further comprising a DC
5  said phase detector's reference input, said amplifier (29) for providing
an amplified phase     offset-determining phase angle being selected
detection signal from said phase detection sig-     so that said
offset-phase locked loop forces nal, said amplified phase detection signal
be-      said offset phase angle between said periodic ing arranged to
control said signal generator.      stimulus signal and said periodic
response sig- 10      nal. 5. The system of any preceding claim wherein
said signal generator (21) is voltage controlled  8. The system  of claim 7
wherein said offset- so that the changes in the frequency of said
determining phase angle is about [err] less periodic stimulus signal are a
function of the      said offset phase angle. DC voltage level of said
phase detection sig-   15 nal.
9. The system of claim 7 wherein said amplifier (55) imposes a
characteristic phase shift on 6. The system of any preceding claim wherein
said amplified detection signal and wherein said conversion means (17,47)
includes: a fre-      said offset-determining phase angle is about quency
counter (31,49) having an input and an   20  [err] plus said characteristic
phase shift less output, said frequency counter being designed      said
offset-phase angle. to provide a frequency count signal in re- sponse to a
signal applied to its input, said   10. A method of measuring a parameter
of a sam- input being arranged to receive said periodic       pie, said
parameter being mathematically re- stimulus signal; and a calculator
(33,51) ar-  25   lated to an exponential decay time contstant ranged to
receive said frequency count signal,      characterizing a response of said
sample to a said calculator being adapted for calculating a     stimulus,
said method comprising the steps of: value related to an exponential delay
time con-     determining an offset-phase angle between a stant from the
value represented by said fre-       periodic stimulus signal and a
resulting re- quency count signal.                       30       sponse
signal to provide a relatively favourable signal-to-noise ratio;
stimulating said sample 7.  The system  of claim 1 wherein said offset-
with a periodic stimulus signal selected to pe- phase locked loop (45)
includes: frequency         riodically initiate exponential decay;
detecting summing  means  (63)  for  providing  a             the resulting
response signal; adjusting the fre- frequency-shifted reference signal by
mixing   35   quency of said periodic stimulus signal to said stimulus
signal with a fixed frequency         achieve said offset-phase angle
between said signal, said frequency summing means having        periodic
stimulus signal and said periodic re- a signal input arranged to receive a
stimulus      sponse signal; measuring the frequency of said signal from
said signal generator (61), said        periodic stimulus signal; and
calculating from frequency summing means also having a   40          said
frequency the value of the parameter of fixed-frequency input; frequency
conversion        interest. means (53) for providing a fixed frequency 



detection signal by mixing said response sig-   11. The method of claim 10
wherein the mag- nal with said frequency-shifted reference sig-      nitude
of said offset-phase angle lies in a nal; an amplifier (55) for providing
an amplified   45  range from [err] to [err]. fixed-frequency detection
signal from said fixed-frequency detection signal; a phase de-   12. The
method of claim 10 or 11 wherein said tector (57) for providing a phase
detection sig-    periodic stimulus signal is sinusoidal. nal, said phase
detector having a signal input and a reference input, said signal Input
being  50   PatentansprUche arranged to receive said amplified fixed-fre-
quency detection signal from said amplifier     1. System  zum Messen einer
Grdoe mit einer means; and a multi-phase fixed frequency gen-
funktlonalen Beziehung zu einer exponentiellen erator (65) for generating
first and second         Verfallszeitkonstanten, mit elner Anregungs-
fixed-frequency signals with a predetermined  55
(Stimulus-)/Reaktions-Vorrichtung (19), die eine offset-determining phase
angle with respect to      Stimulusvorrichtung zum Anregen elner Probe each
other, said multi-phase fixed frequency        abhdngig von einem
empfangenen Stimulussi- generator (65) providing said first fixed-fre-
gnal und eine Reaktionsvorrichtung zum Be- 7    13                EP 0 294
938 B15                   14     1111111 1111111 11 i  ill D : reitsteilen
eines Reaktionssigrnals, des elne von  Filtern des Produktsignals liefert.
der Probe erzeugte Reaktion wiedergibt, auf- weist, mit einer geschlossenen
Schlefe mit     4. System nach Anspruch 3, mit weiterhin elnem
Phasenversatz (14 oder 45). die elnen Signal-
Gielchspannungsverst~rker (29), der ein ver- erzouger (21 oder 81) zum
Erzeugen elnes   5       starktes Phasenerfassungssignal aus dem Pha-
periodischen Stimulussignals mit einer Fre-        sonerfassungssignal
bildet, wobel das verst~rk- quenz innerhalb ehnes vorgegebenen Erzeug-
te Phasenerfassungssignai zum Steuern des ertrequenzberelchos aufweist,
wobel die go-        Signalerzougers vorgesehen Ist. schlossene Schlelfe
mit Phasenversatz mit der Stimulus/Reaktions-Vorrichtung in elner RUck-  io
5. System nach Anspruch nach einem der voran- kopplungsbeziohung angeordnet
ist, so dea          gehencdn Ansprlche, be! dem der Signaler- des
periodische Stimulussignal von der Stimu-      zeuger (21)
spannungsgesteuert ist, so dae die lusvorrichtung empfangen wird und ein
periodi-     Frequenzanderung des periodischen Stimulus- sches
Reaktlonssignal hervorruft, das in die       signals eine Funktion des
Glelchspannungspe- geschlossene Schleife mit Phasenversatz zu-  15    gels
des Phasonerfassungesignals sind. rUckgefrihrt wird, und dazu eingerichtet
ist, ei- nen Phasenversatz-Winkel zwischen des perio-   6. System nach
elnem vorangehenden AnsprO- dische Stimulussignal und des periodische Re-
che, bei dem die Umsetzvorrichtung (17,47) alctionssignal einzubringen,
wobel der Winkel      folgende Merkmale autweist: einen Frequenz- aber dem
Erzeugerfrequenzbereich konstant  20     zahler (31,49) mit elnem Eingang
und einem ist, und mit einer Umsetzvorrichtung (17) zum      Ausgang, der
so aufgebaut ist, dal er abhan- Ableiten einer auf elne exponentielle
Zeitkon-     gig von eienm an seinem Eingang anliegenden stante bezogenen
GroIe fUr des Reaktionssi-        Signal ein Frequenzzdhlsignal liefert,
wobel der gnal aus der Frequenz des Stimulussignals.         Eingang so
angeordnet ist, daB er des periodi- 25      sche Stimulussignal empf~ngt,
und eine zum 2. System nach Anspruch 1, be! dem die go-
Empfangen des Frequenzzahisignals angeord- schlossene Schleife mit
Phasenversatz (15) el-     note Recheneinrlchtung (33,51), die zum Be- nen
Phasendetektor (19) autweist, der ein Pha-     rechnen einer auf sine
exponentielle Verz6ge- .senerfassungssignal als eine Funktion des pe-
rungszeitkonstantb bezogenen Gr6Be aus dem riodischen Stimulussignais, des
periodischen   90  dem FrequenzzAhlsignal entsprechenden Wert
Reaktionssignals und des Phasenversatz-Win-        gesignet ist. kels
liefort, wobel der Phasendetektor (19) ei- nen Signaleingang, einen
Referenzeingang und   7. System nach Anspruch 1, bel dem die go- -eine
Ausgang aufweist, der Signaleingang so       schiossene Schlekfe mit
Phasenversatz (45) fol- angeordnet ist, dali er des periodische Reak-  3s
gende Merkmale aufweist: eonen Frequenzen- tionssignal empffngt, der
Phasendetektoraus-       summierer (63), der ein frequenzverschobenes V
gang so angeordnet ist, daB er den Signaler-        Referenzsignal durch
Mischen des Stimulussi- zeuger steuert, um. die Frequenz des periodi-
gnals mit elnem festen Frequenzsignal Oefert, schen Stimulussignals zu
bestimmen, und der        wobel der Frequenzsummierer oenen Signalein- 



Signalerzeuger eine Phasenverschlebungsvor-  40    gang, der zum Empfangen
elnes Stimulussi- richtung (21) autwelst, die ein Roferenzsignal     gnals
vom Signalerzeuger (61) angeordnet ist, mit derselben Frequenz wie der des
periodi-        und ferner eonen Frequenzeingang aulweist, 8i- schen
Stimulussignals und mit einer vorgege-       non Frequenzumsetzer (53), der
ein festes Fre- benrien Phasenbeziehung zu diesern liefert, wo-
quenzerfassungssignal durch Mischen des Re- bei die vorgegebene
Phasenbeziehung so go-  45     aktionssignals mit dem frequenzverschobenen
wiahit ist, dali der Phasenversatz-Winkel durch    Referenzsignal liefert,
eonen Verstirker (55), die geschlossene Schleife mit Phasenversatz
der ein verstirktes Fesffrequnz-Erfassungssi- erzwungen wird.
gnal aus dem  Festfrequenz-Erfassungssignal bildet, eonen Phasendetektor
(57), der eln Pha- 3  System nach Anspruch 3 bel dem der Phasen-  so
senerfassungssignal liefert, wobei der Phasen- detekltor (19) folgende
Merkmale autweist: el-     detektor einen Signaleingang und einen Refe- non
Reaktionsverstirker (27), der ein verstark-    renzeingang autweist und der
Signaleingang so tee ReaktIonssignal durch Verstirkung des pe-
angeordnet  ist, dalI  or des  verstirkte riodischen Reaktionssignals
liefert, eonen Mult-   Festfrequenz-Erfassungssignal vom VerstIrker
plizierer (23), der sin Produktsignal durch Mul-  55  empfangt, und oinen
Mehrphasen-Fesetrequen- tiplizieren des verstirkten Reaktionssignals mit
zerzeuger (65) zum Erzeugen eines und eines :.dem Referenzsignal liefert,
und ein Tiefpaefilter  zweiten Festfrequenzsignals mit elnem vorge- : (25),
der des Phasenerfassungssignal durch        gebenen  offsetbestimmenden
Phasenwinkel 8    '15               EP 0 294 938B1                     16
I 1111111 111111 11111 iii 1111 * C   L  N   S * zuelnander, wobel der
Mehrphasen-Festfre-          tionnellement un rapport avec une constante -
quenzerzeuger (60) das erste Fesffrequenzsi-     de temps de d4croissance
exponentielle, sys- gnal an den ersten Festfrequenzeingang des         tbme
qui   comprend:   un    moyen Frequenzensummierers  (63)  abgibt,  der
d'excitation/rdponse (19) comportant un moyen
Mehrphasen-Festfrequenzerzeuger (65) das   6       d'excitation pour
exciter un echantillon en re- zwelte Festfrequenzsignal an den Referenzein-
ponse I un signal d'excitation regu et un gang des Phasendetektors abgibt,
und der off-      moyen de rdponse pour fournir un signal de setbestimmende
Phasenwinkel so gewAhIt ist,        reponse refl6tant une reponse gen6rde
par daB die geschlossene Schlelfe mit Phasenver-       I'echantillon; une
boucle & verrouillage de pha- satz den Phasonversatz-Winkel zwischen dem
10    so decalde (15 ou 45) comportant un genera- periodischen
Stimulussignal und dem perlodi-       tour de signal (21 ou 61) pour
gendrer un schen Reaktionssignal erzwingt.                    signal
d'excitation periodique ayant une fr6- quence comprise dans une gamme de
fre- a  System nach Anspruch 7, be! dem der offset-         quences
pred6termln6e du g6ndrateur, la bou- bestimmende Phasenwinkel ungeffhr 90
we-  16      cle a verrouillage de phase decaloe dtant niger als der
Phasenversatz-Winkel betragt.        agencee pour avoir une relation de
r~action avec le moyen d'excitationlreponse, de manie- \_,9. System nach
Anspruch 7, bei dem Verstfrker           re quo le signal d'excitation
periodique solt (55) das verstfrkto Detektorsignal mit olner       regu par
le moyen d'excitatlon et foumisse un charakterlstischen Phasenverschlebung
belegt  20   signal de r4ponse perlodlque qui est d~livrd en und bei dom
der offsetbestimmende Phasen-          reaction a la boucle & verrouillage
de phase winkel ungefahr 90  plus diese charakteristi-      decalde, et
adapt4 pour imposer un angle de ache   Phasenverschiebung   minus   dem
(d6phasage de la) phase decaiee entre lo si- Phasonversatz-Winkel ist.
gnal d'excitation periodique et le signal de 26      reponse periodique,
angle qui est constant 10. Veriahren zum Messen elnes Parameters einer
dans la gamme de frdquences du generateur; Probe, bei dem der Parameter
mathematisch          et un moyen de conversion (17) pour deriver mit einer
exponentiellon Verfallszeitkonstanten    de la fr6quence du signal
d'excitation une va- verwandt ist, die eine Reaktion der Probe auf
leur ayant un rapport avec une constanto de eine Anregung kennzeichnet, mit
folgenden   3o     temps exponentlelle pour le signal de rdponse.
Verfahrensschritten:    Bestimmen    eines Phasenversatz-Winkels zwischen
einem perio-    2. Systbme solon la revendlcation 1, dans lequel dischen
Stimulussignal und elnem resuitleren-      la boucle a verroulliage de
phase d~calde (15) den Reaktionssignal, um ein relativ ganstiges
comprend: un d~tectsur de phase (19) destind Slgnal-Rauschverhfitnis zu
schaffen, Anregen   3S  A foumir un signal de d~tection de phase fonc- 



der Probe mit einem periodischen Stimulussi-      tion du signal
d'excitation pdriodique, du signal K<y    gnal, das so gewfihft !st, daB es
pefiodisch        de reponse p6riodique et de l'angle de phase
exponentiellen Zerfall ausl6st, Erfassen des       d6calde, ce ddtecteur de
phase (19) possddant sich ergebonden Reaktionssignals, Einstellen       une
entree de signal, une entree de ref~rence der Frequenz des periodischen
Stimulussi-  4o      et une sortie, 1'entrde de signal etant agenc~e gnals,
um den Phasenversatz-Winkel zwischen        pour recevoir le signal de
reponse periodique, zwischen dem periodischen Stimulussignal und       la
sortie du d6tecteur de phase 6tant agencde dem periodischen Reaktionssignal
zu erzielen,      pour commander le gdndrateur de signal de Messen der
Frequenz des periodischen Stimu-        manlbre a determiner la frequence
du signal lussignals und Berechnen des Wertes des in-  4S    d'excitation
p~riodique; et le generateur de ci- teressierenden Parameters aus dieser
Fre-          gnal comprend un moyen de d~phasage (21) quenz.
pour fournir un signal de rdference ayant la m~me frdquence quo le signal
d'excitation pe- 11. Verfahren nach Anspruch 10, bei dem die Grd-
riodique et qui possbde une relation de phase Be des Offsetphasenwinkels in
einem Bereich   50   pr~d~terminee avec lui, cetto relation de phase von
400 und 60  liegt.                             preddtermln6e etant choisie
de maniere quo la boucle & verrouillage de phase ddcalde impo- 12.
Verfahren nach Anspruch 10 oder 11, bei dem        so ledit angle de phase
ddcal~e. das periodische Stimulussignal sinusfdrmig ist. ss  3. Systeme
selon la revendication 2, dans lequel Revendlcatlons
le detecteur de phase (19) comporte: un ampli- ficatour de reponse (27)
destind A foumir un 1. Sy*tbme pour mesurer une valour ayant fonc-
signal de rdponse amplifie en amplifiant le    17                EP 0 294
938 B'1                  18   I 1111111 111111 11111 11111 11 *   C  L   M
S  * signal de reponse p6riodique; un multiplicateur   de ddtection a
fr~quence fixe; un detecteur de (23) destin4 a fournir un signal dd ptbduit
on    phase (57) d6i6fl I fournir un signal de dd- multipliant le signal de
rdponse ampiifi4 et le   tection de phase, ce ddtecteur de phase ayant
signal de rdf~rence; et un filtre passe-bas (25)  une entree de signal et
une entree de referen- destinE a fournir le signal de dbtection de   6
ce, 'entr~e de signal dtant agencde pour rece- phase en filtrant co signal
de produit.           voir le signal de d~tection a frdquence fixe
amplifld, venant de l'amplificateur; et un gdnE- 4. Systbme selon la
revendication 3, comprenant       rateur multi-phase & frdquence fixe,
destinE a en outre un amplificateur courant continu (29)    generer un
premier et un second signal a destinE a foumir un signal de d~tection de
70   frdquence fixe ayant l'un par rapport a l'autre phase amplifli &
partir du signal de detection    un angle de phase pr~dbtermind et qui
d~ter- de phase, I'agencement dtant tel que co signal    mine le ddcalage,
Is gindrateur multi-phase & de ddtection de phase amplifie commando le
frdquence fixe (65) fournissant le premier si- g~nErateur de signal.
gnal & frequence fixe & I'entrde & frdquence 15     fixe du moyen de
sommation de frdquences Systbme selon l'une quelconque des revendi-
(63), le g~ndrateur multi-phase a frdquence cations pr~cddentes, dans
lequel le g~ndrateur    fixe (65) fournissant le second signal a fri- de
signal (21) est commande par tension, de       quence fixe & l'entr~e de
rEfdrence du d~tec- telle manibre que les changements de frdquen-     tour
de phase, I'angle de phase dEterminant le ce du signal d'excitation
pdriodique sont fonc-  20  ddcalage Etant choisi de manibre quo la bou-
Uion du niveau de tension continue du signal      cle   verrouillage de
phase ddcalde impose do detection de phase.                            cot
angle de phase ddcalde entre le signal d'excitation pdriodique et le signal
de rdponse 6. Systbme selon l'une quelconque des revendi-
pdriodique. cations pr~cddentes, dans loquel le moyen de   25 conversion
(17, 47) comprend: un compteur de   &  Systbme selon la revendication 7,
dans loquel fr~quence (31, 49) possddant une entree at        I'angle de
phase dEterminant le decalage est une sortie, co compteur de frdquence
Etant        infdrieur d'onviron 900   l'angle de phase d6- congu pour
delivrer un signal de comptage de      caloe. fr~quence en rdponse & un
signal appliquE A   3o son entr~e, cette entrde Etant agencte pour    9.
Systhme selon la revendication 7, dans lequel recevoir le signal
d'excitation pdriodique; et un  l'ampliflcateur (55) impose un ddphasage
ca- 



calculateur (33, 51) agencd pour recovoir le      ract~ristique au signal
de d~tection amplifI6 0t signal de comptage de frdquence, ce calcula-
dans lequel l'angle de phase d~terminant le teur dtant adaptd pour calculer
une valeur  as    d~calage correspond & environ 90  plus co ayant un
rapport avec une constante de temps      ddphasage caractdristique moins
l'angle de de decrolssance exponentielle & partir de la      phase decalde.
valeur reprdsentde par le signal de comptage de frdquence.
10. Proc~dd pour mesurer un parambtre d'un 40      Echantillon, co
parambtre ayant un rapport ma- 7. Systbme selon la revendication 1, dans
loquel     thematique avec une constante de temps de Ia boucle &
verrouillage de phase ddcalde (45)    decroissance exponentielle
caract~risant une comprond: un moyon do sommation do fit-           rdponse
de cot echantillon & une excitation, le quences (63) destinE A foumir un
signal de        proc~dd comprenant les Etapes qui consistent rXf~rence A
fr~quence d~calde en m~langeant  46   a: dEterminer un angle de phase
ddcalde, en- le signal d'excitation avec un signal de fre-     tre un
signal d'excitation pdriodique et le signal quence fixe, le moyen de
sommation de fr6-        de rdponse resultant, capable d'6tablir un rap-
quences possddant une entrde de signal agen-      port signal/bruit
relativement favorable; exciter cee pour recevoir un signal d'excltation du
l'echantillon par un signal d'excitation pdriodi- gdndrateur de signal
(61), le moyen de som-   so  que choisi pour ddclencher pdriodiquement
mation de frequences ayant egalement une          une decroissance
exponentielle; d~tecter le si- entrde do frequence fixe; un moyen de
conver-     gnal de rdponse rdsultant; ajuster la frdquence sion de
frdquence (53) destinE a foumir un        du signal d'excitation pdriodlque
afin d'obtonir signaldo dte ction a frdquence fixe en mdlan-     ledit
angle de phase dicalde entre le signal geant le signal de rdponse avoc le
signal de   as  d'excitation periodique et le signal de reponse rEf~rence a
frequence ddcalEe; un amplifica-      pdriodique; mesurer la frdquence du
signal tour (55) destind & fournir un signal de ddtec-   d'excitation
pdrlodique; et calculer a partir de tion & frequence fixe amplifie & partir
du signal  cote frdquence la valour du paramAtre d'intd- 10    19
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rot. 11. ProckdM salon la revendication 10, dans loquel la grandeur de
I'angle de phase decalde est comprise dans une plage de 40* b 60.         5
12. Procedd salon la revendication 10 ou 11, dans lequel Il signal
d'excitation p6riodique est si- riusordal. 10 15 20 25 30 35 40 45 50 55


