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Addressing Multiple Indicators on a Single Optical
Fiber—Digital Signal Processing Approaches for

Temperature Compensated Oxygen Sensing
Christian Stehning and Gerhard A. Holst

Abstract—A digital signal processing approach for hybrid
fiberoptical microoptodes based on the measurement of the
luminescence lifetime of appropriate indicators is presented.
Numerical algorithms are applied to resolve individual decay
times in a heterogeneous luminescence emission to enable the
application of optodes with multiple indicators combined on a
single fiber tip.

We applied a hybrid optode that senses the oxygen concentra-
tion in line with the temperature, and used the latter information
to compensate for the temperature drift of the oxygen measure-
ment. We used a blue light-emitting diode to generate the excita-
tion signal, and a standard photodiode with integrated pre-ampli-
fier stage to detect the luminescence signal. Both signals were sam-
pled using a stereo audio codec, and the further signal processing
routines were entirely implemented on a commercially available
digital signal processing evaluation board.

Index Terms—Digital signal processing (DSP), fiberoptical sen-
sors, luminescence lifetime, oxygen optode, phase modulation tech-
nique, temperature compensation, temperature optode.

I. INTRODUCTION

FOR many sensor applications, especially in-situ, the simul-
taneous measurement of multiple parameters is favorable.

Particularly, if parameters are interdependent, it is essential to
measure all of them at the same time and position. An optical
oxygen measurement based on the dynamic quenching of
luminescence of appropriate indicators such as platinum-pen-
taphenylporphyrin (PFPP) is a very common example [9], [13],
[14], [15], and [17]. Since the luminescence lifetime of the
PFPP, like all luminescence indicators, is strongly influenced
by the ambient temperature, it is necessary to determine the
temperature at the sensor tip and compensate for the tempera-
ture drift of the oxygen measurement. We employed a hybrid
optode that features a composition of two indicators (oxygen
and temperature) with similar spectral characteristics on one
single fiber tip, and resolved the individual decay times of
the temperature and oxygen indicator from the heterogeneous
sensor signal by employing a numerical algorithm discussed in
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the following sections. In principle, various different indicators
can be applied to the same fiber tip to measure multiple
parameters, making the design of a “fiberoptical multimeter”
possible. Besides the ease of use, the implementation on digital
signal processors allows for a high degree of miniaturization
suitable for in-situ applications.

II. BASIC PRINCIPLES

A. Phase and Modulation Technique

To detect the luminescence lifetime of a appropriate indicator,
a phase and modulation technique is most practical for a digital
measuring device. With the phase- and modulation technique,
the luminophores are exited using a sinusoidally modulated light
signal,

(1)

where denotes the circular modulation frequency of the
light intensity [4], and denote the dc component and mod-
ulation, respectively. The luminescence signal responds
with the same circular frequency, but with a dc component , a
(decreased) amplitude , and a phase shift [4]

(2)

where

(3)

and

(4)

If the luminescence emission is caused or at least dominated
by a single homogeneous emission, the decay constant can
either be calculated from the measured amplitude (3), or
from the phase shift (4). For fiber sensor applications, it is
applicative to measure the phase shift, as the measurable light
intensity is disturbed by various factors, i.e., the fiber bend.

After conversion from light intensity to an electrical signal
by appropriate photodetectors (photomultiplier tube or photo-
diode), electrical highpass filters are applied to eliminate the dc
component and low temporal frequency signals introduced by
background light (sun or artificial light) coupled into the fiber
tip. In the measuring setup presented in Section IV, a single-stage
passive filter (RC-network, cutoff frequency Hz)
was applied remove the dc component and low frequency
components (120 Hz plus harmonics introduced by fluorescent
lamps).

1530-437X/04$20.00 © 2004 IEEE
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B. Measuring Phase Shifts in the Frequency Domain

With a digital signal processing system, the phase shift is
preferably determined in the frequency domain (FD). The sinu-
soidal excitation- and response signals are sampled and trans-
formed into the FD using a fast Fourier transform (FFT) algo-
rithm. The quotient of the transformed response- and excitation
signal yields the complex transfer function of the indicator at
the modulation frequency [5]

FFT
FFT

(5)

where k denotes the index of the samples taken and de-
notes the sampling frequency. As only discrete frequencies ap-
pear in the data array, a modulation frequency that lies on
the frequency grid must be used.

The phase shift and the measured luminescence decay time is
then calculated from the real- and imaginary part of the complex
transfer function (6)

(6)

As only a fraction that matches the modulation frequency has
an impact on the measurement, the sensor noise is inherently
bandpass-filtered [6].

C. Composition of a Hybrid Sensor Signal

If multiple fluorescence indicators are combined within the
sensor material at the fiber tip, the resulting sensor signal is a
composition of the signal of each individual indicator. Due to
the spectral Stokes shift between the excitation- and lumines-
cence light, we will presume that both indicators do not interact,
in particular the luminescence signal of one indicator does not
stimulate a luminescence emission of the other. For a hybrid
sensor, such as the oxygen/temperature optode that will be fur-
ther discussed in Section IV, we further presume that both in-
dicators have similar spectral characteristics, and thus pass the
common optical path uniformly. For the resulting light intensity
at the photodiode detector, we then have a linear combination
of the involved indicator response signals. When using a sinu-
soidally modulated excitation signal, this again yields a sinu-
soidal response signal with the same frequency as the excitation
signal [1]

(7)

(8)

and

(9)

If two indicators are combined, the calculation of a lifetime
from the measured phase angle or amplitude
using (4) or (3) results in a measured or “apparent” lifetime

, but the luminescence emissions that are actually present in
the sensor signal cannot be resolved from a measurement at a
single modulation frequency.

Alternative approaches separate the luminescence emission
in the spectral domain using optical filters [17], but due to the
spectral overlap of the absorption and emission of many indi-
cators, this is a difficult task. Therefore, we decided to sepa-
rate multiple individual lifetimes in a heterogeneous lumines-
cence emission not in the spectral domain, but in the temporal
domain by applying numerical algorithms presented in the fol-
lowing section.

III. NUMERICAL APPROACHES TO RESOLVE MULTIPLE DECAY

TIMES IN A HETEROGENEOUS LUMINESCENCE EMISSION

In the case of two extremely widely spaced decay times, the
luminescence lifetimes are calculated by a plot of the lumines-
cence light intensity decay following an excitation
versus time [3]. The first luminescence component (short ) is
determined by sampling the heterogeneous luminescence decay
shortly after the excitation (assuming the long decay component
to be constant within the sampling interval), whereas the second
luminescence component (long ) is determined by sampling
the luminescence decay after a time delay that ensures that the
luminescence from the first component has entirely died away.
However, this simple but effective approach is not suitable for
rather closely spaced decay constants as displayed by our hy-
brid optode discussed in Section IV.

Here, the presence of two or more individual lifetimes in
a heterogeneous luminescence emission is detected in the fre-
quency domain by applying a phase- and modulation technique
at a set of different modulation frequencies [1], [2], [4], and [10].

A. Two-Frequency Moment Method

A closed-form procedure for the determination of the decay
constants and the relative contributing intensities of the inde-
pendent components of a heterogeneous fluorescence emission
at excitation frequencies is called the moment method and
has been described by Gregorio Weber in 1980 [1]. To deter-
mine two individual lifetimes, the measurement of the complex
transfer function at two different modulation frequencies
is necessary. Assuming that the decay times remain constant,
the measurements can be done successively, but an advanced ap-
proach is to apply both modulation frequencies simultaneously
[6].

In the example shown in Fig. 1, two excitation frequencies
at kHz and kHz were used, using
the largest possible bandwidth for the applied audio codec. The
decay times were s and s, at a sampling rate
of kHz.

To resolve two decay times, the first four moments
of the complex transfer function (5) are calculated. The zero
and even moments arise from a linear combination of the real
part of the transfer function, whereas the odd moments arise



STEHNING AND HOLST: ADDRESSING MULTIPLE INDICATORS ON A SINGLE OPTICAL FIBER 155

Fig. 1. Two-frequency moment method: excitation and luminescence signal in
the frequency domain.

from a linear combination of the imaginary parts at the given
modulation frequencies [1]

(10)

where

(11)

with being a reference frequency that may be freely se-
lected. The symmetric functions of the lifetimes be-
come

(12)

Finally, both decay times are calculated according to
(13)

(13)

A detailed deduction of the moment method is given else-
where [1], but it is important to consider the simplicity of its
application. The numerical calculations are simple enough to
be performed in line with the data acquisition. At a sample rate
of kHz, the acquisition of 1024 samples for the
FFT takes approximately 22 ms, whereas the FFT and further
multiplications according to (10)–(13) are performed within a
few hundred microseconds.

B. Multifrequency Fit

Unlike the moment method, the multifrequency fit [4] is not a
closed-form calculation. The mathematical model for the phase
angle raised by a binary indicator combination is fittet to the

FD data measured at a set of different modulation frequencies
(Fig. 2).

The useful modulation frequencies are those for which the
phase angle is sufficiently frequency-dependent (4) and there is
still measurable modulation (3). For instance, the model for the
phase frequency response of a two component indicator com-
bination is then determined by transforming the individual im-
pulse responses into the frequency domain and rearranging the
resulting function toward the phase angle [2], [6]

(14)

The goodness-of-fit between the model and the measured data
is judged by deviations between the measured phase angles
and the calculated curve [7]

min (15)

where is the number of degrees of given by the number of
measurements (twice the number of frequencies , since the
real and imaginary parts are calculated), minus the number of
variable parameters . The standard deviation of the
measured phase angle, , can be obtained by repetively mea-
suring the phase angle at the same modulation frequency. The
model function is then adjusted by altering the fit parameters

, and . Once the error function has reached its min-
imum, the recovered parameter values and are evaluated
[6]. Because of the nonlinear relationship between the fit param-
eters , and and the resulting model function, the min-
imization of the function must proceed iteratively. A well
established method for such a nonlinear least-square approxi-
mation is the Levenberg–Marquard iteration [7]. The processing
time for the multifrequency fit is 22 ms for data collection (1024
samples at kHz) plus 200–250 ms processing time
for iteratively fitting the two-exponential model function (14)
to the collected data (Matlab 4.1 on a Pentium III processor at
600 MHz).

The advance of a least-squares-approach over the moment
method is that the precision of the resolved fit parameters is less
sensitive to the uncertainty of the measured values, which has
been discussed in detail in [4]. For this reason, we implemented
the multifrequency fit into our measuring system which is fur-
ther discussed in Section IV.

C. On the Performance of the Multifrequency Fit to Resolve
Multiple Lifetimes in a Heterogeneous Fluorescence Emission

Prior to implementation, an estimate of the achievable
precision of the multifrequency is important. Unfortunately,
a closed-form calculation of the expected uncertainties of the
resolved parameters , and from the uncertainty of
the measured values (phase angles) is difficult. This is because
the uncertainty of the fit parameters do not directly correlate
with the uncertainty of the measured values when using a
least-squares approach [4]. The resolved parameter values can
be expected sensitive to only if the number of data are just
adequate to determine the parameter values, but not for a large



156 IEEE SENSORS JOURNAL, VOL. 4, NO. 1, FEBRUARY 2004

Fig. 2. Multifrequency fit: Measured phase angles and fitted model function
in the frequency domain.

number of measurements (at different modulation frequencies)
commonly used for the multifrequency fit. Further, we cannot
assume to be constant for all measurements, as it strongly
alters the signal-to-noise ratio (SNR) achieved at different
modulation frequencies. Therefore, an approach presented in
[4] is not to estimate the uncertainty of resolved parameters, but
to judge the general correctness of the model function on the
value of in (15) itself. For an appropriate model and random
noise, is expected to be near unity, otherwise one should
consider whether is adequate to reject the model. Rejection
is judged from the probability that random noise could be the
origin of the value of [4]. However, we achieved a prediction
of the achievable precision of the multifrequency fit at different
parameter values ( and ) using a numerical simulation. The
corresponding sensor signal of a biexponential decay combi-
nation ranging from 1 s to 6 s and from 10 s to 100

s were simulated, matching the individual decay times
displayed by the hybrid optode presented in Section IV. For
simplicity, the noise present in the sensor signal was assumed
to be an additive white gaussian noise process, at an SNR of

SNR
signal amplitude
noise amplitude

dB (16)

This assumption was justified by first measuring the signal
amplitude of the hybrid optode presented in Section IV, and then
measuring the amplitude of the noise only with the excitation
light switched off (cf. Fig. 3).

After adding the corresponding random noise signal to the
simulated sensor signal, the individual lifetimes were recalcu-
lated from the resulting signal using the multifrequency fit. The
simulation was repeated ten times at six different values for

temperature indicator and one hundred different values
for oxygen indicator . The standard deviations (in s)
of the resolved values for are plotted in Fig. 4. For improved
visualization, the determined values for were cut at a max-
imum value of 20 s.

As indicated by the simulation result, the resolution of mul-
tiexponential decay times becomes more difficult as the decay

Fig. 3. Measured sensor signal of a hybrid optode.

Fig. 4. Multifrequency fit: standard deviation ��2 of the resolved decay time
� (�oxygen indicator) for a two-component model function.

times become more closely spaced. Under given noise condi-
tions, the multifrequency fit only yields reliable results (

s) for , namely 20 s. This result is in good com-
pliance with [4], where it was previously stated that it is difficult
to resolve decay times that are less than twofold different.

Another problem is whether the a model function assuming
two luminescence components (14) is a sufficient approxima-
tion of the realistic sensor characteristic of a hybrid optode em-
ploying two indicators. Most indicators display, for example,
more than one decay time themselves, due to their inhomoge-
neous composition or interaction of the luminophores within the
immobilization matrix material. For the available version of a
hybrid oxygen/temperature optode discussed in Section IV, we
achieved an optimal correlation coefficient between the mea-
sured data and the model function when assuming three lumi-
nescence components, with the decay time of the third com-
ponent held constant at s. On the other hand, it is
most difficult to resolve three luminescence components out of
the measured data at the given noise condition, due the greater
number of fit parameters that determine the
model function [6].

As indicated by the simulation results in Fig. 5, the multifre-
quency fit does not yield reliable results for a three-component
exponential model function under given noise conditions. For
practical applications, it is therefore more desirable to improve
the homogeneity of the indicator composition than increasing
the complexity of the model function.
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Fig. 5. Multifrequency fit: standard deviation ��2 of the resolved decay time
� (�oxygen indicator) for a three-component model function.

IV. APPLICATION—THE TEMPERATURE COMPENSATED

FIBEROPTICAL OXYGEN SENSOR

A. Principle of Temperature Compensation

A detailed description of how to compensate for the temper-
ature effect of a fiberoptical oxygen measurement is given in
[5]. In short, a temperature dependency of the parameters ,
which is the decay time in the absence of oxygen, and ,
which is the quenching coefficient of the luminescence indi-
cator, has to be taken into account in the experimentally modi-
fied Stern–Volmer equation (18) that describes the characteristic
curve of an oxygen microoptode [9]

%
(18)

To calibrate for the characteristic curve of the oxygen indi-
cator, the temperature at the fiber tip has to be measured prior
to the calculation of the oxygen concentration. For this reason,
a hybrid microoptode has been applied that is capable to sense
the temperature in line with the oxygen concentration.

B. Hybrid Microoptode

The hybrid microoptode developed for this application is
based on a common multimode graded index fiber (100/140 m)
supplied with a ST-plug at the measuring system side. The
sensing layer consists of two different types of sensing particles
that were immersed in a polymer matrix.

Due to its comparable long decay time (24 s at 20% vol
O and 20 C ambient temperature) and high signal inten-
sity, platinum-pentaphenylporphyrin (PFPP) immobilized in
polysterene ([13], [15], and [17]) with an average particle
diameter of 8 m [Fig. 6(a)] was applied as an oxygen indi-
cator. Ruthenium(II)-tris-(1, 10-phenanthroline) (Ru(phen))
(Aldrich, 34, 371-4) was used as a temperature indicator due
to the temperature dependency of its luminescence lifetime
[11]. To reduce its cross-sensitivity to oxygen, the Ru(phen)
was embedded in a poly(acrylonitrile) (PAN-) matrix ([8], [9],
[11]–[13], [16], and [17]) to prevent the access of oxygen.
The decay time of Ru(phen) varies between 4.4 s (5 C)
and 3.2 s (55 C). The coated sensor material was ground
to particles with a mean diameter of 40 nm [Fig. 6(b)]. The
dispersion of both sensing particles in an adapted polystyrene
solution was used to dip-coat the tapered fiber tip.

Fig. 6. Preparation of a hybrid sensor.

Fig. 7. Functional units of the measuring system.

As both indicators display similar spectral characteristics (ab-
sorption at nm, emission at nm wavelength),
their luminescence signals pass the optical path as well as the
optoelectronical converter uniformly and yield a linear combi-
nation as assumed in (7).

C. Measuring System

A schematic overview of the measuring system that was used
for the hybrid sensor is shown in Fig. 7.

An AD/DA converter (16 Bit Stereo Audio Codec AD1847,
Analog Devices, USA) controls a voltage-controlled cur-
rent source that drives the blue LED (Nichia Co., 505-nm
wavelength). Within the optoelectronic module shown in
Fig. 7(a), a wavelength selective mirror (R61 by Balzer/Linos
Photonics 2 mm OG590 from ITOS) that reflects wavelengths
below 590 nm and passes higher spectra is used to direct the
modulated excitation light into the fiber with the luminescence
indicator applied on the fiber tip [Fig. 7(b)]. The Stokes-shifted
luminescence emission light signal passes the mirror into a
detector diode with an integrated preamplifier. After ampli-
fication (OPA2604, Burr–Brown, gain factor 50) a passive,
double-stage bandpass filter (lower cutoff frequency 500 Hz,
upper cutoff frequency 100 kHz) is applied. Two programmable
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gain amplifiers (AD712, Analog Devices with programmable
potentiometer, Xircom X9250) are used for additional amplifi-
cation. The voltage signal used to modulate the excitation light
passes an identical analog signal processing stage and serves
as a reference signal. Finally, both channels are sampled by the
stereo audio codec and fed into the 32-bit floating point DSP
(ADSP 21061, Analog Devices, USA) that performs further
signal processing. The calculated oxygen concentration is then
displayed [Fig. 7(c)] and stored in a nonvolatile data memory
[Fig. 7(d)].

D. Sensor Calibration Procedure

The hybrid optode is calibrated using a double-walled glass
mixing vessel to adjust the temperature and oxygen concentra-
tion. The outer cycle is filled with water of a fixed temperature,
while the inner circle contains salt water that is flushed by a
gas mixture through a batch. A gas mixing pump is used to
set an oxygen/nitrogen compound with an adjustable oxygen
concentration. Ten different oxygen concentrations ranging
from 0 [%vol] to 100 [%vol] were set as shown in Table I.
The measurement was repeated at six different temperatures
ranging from 5 C to 55 C.

The luminescence lifetimes of the temperature indicator
and the oxygen indicator were resolved using the multi-
frequency fit at 19 modulation frequencies ranging from 3 kHz
to 21 kHz. The resolved luminescence lifetime of the tem-
perature indicator is then correlated with the set temperature
using a linear fit. Then the temperature dependent parameters

, and in (18) were determined by fitting
the Stern-Volmer-equation to the resolved luminescence life-
times of the oxygen indicator at different temperatures.

After completing the calibration process, , and
were passed to the DSP operation software. A temper-

ature compensated oxygen measurement was then performed by
rearranging (18) toward the oxygen concentration [%O2] at six
different temperatures ranging from 5 C to 55 C. Despite the
PAN-isolation of the temperature sensor (Ruphen) described in
Section IV, the observed luminescence lifetime of the temper-
ature indicator of the preliminary sensor version was not com-
pletely independent of the oxygen. For this reason, the actual
parameter values were determined using an iterative procedure.
First, an approximation to the temperature at the fiber tip was
determined by measuring and correlating it to the tempera-
ture using the characteristic curve, initially assuming an oxygen
concentration value of 20% [vol]. Then, the oxygen concentra-
tion estimate was improved by evaluating and correlating it
to the Stern-Volmer equation (18). This procedure was repeated
until the difference between the successive estimates was below
an acceptable threshold.

V. RESULTS

The results of the temperature compensated oxygen measure-
ment is shown in Table I and Fig. 8, respectively.

The column O2 SET denotes the oxygen concentration (%
vol) set with the gas mixing pump, O2 M MIN, O2 M MAX,
and O2 M MEAN denote the minimum, maximum, and
mean value of the measured oxygen concentration measured

Fig. 8. Result of the oxygen measurement with the hybrid optode (temperature
compensated).

TABLE I
RESULTS OF THE OXYGEN MEASUREMENT WITH THE HYBRID

OPTODE (TEMPERATURE COMPENSATED)

with the temperature compensated optode setup. TAU2 is the
corresponding decay time of the oxyen indicator (at 15 C tem-
perature). The standard deviation (STD DEV) is equal or less
than 1% [vol] below a threshold of 20% vol ( % air satu-
ration), which is a sufficient range for most applications. For
oxygen concentrations higher than 20% vol ( s), the
difficulty of resolving closely spaced luminescence lifetimes
previously discussed in Section III shows as approaches
( s). For comparison, the result of an oxygen measurement
without temperature compensation, but with , and

assumed fixed at their values at 20 C is shown in
Table II and Fig. 9, respectively.

Beside a standard deviation of more than 6% vol, a systematic
error occurs (calculated oxygen concentration too high) if the
altering temperature is not taken into account.

VI. CONCLUSION

The first results of the oxygen-temperature hybrid microop-
tode prove the achieved performance of the proposed numer-
ical solutions for multiple luminescence lifetime measurements.
The realization of temperature compensated oxygen microop-
tode measurements, that greatly enhance in-situ applications
where the fiber tip temperature can hardly be controlled, demon-
strate the quality of the presented approach.
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Fig. 9. Results of the oxygen measurement with the hybrid optode (without
temperature compensation).

TABLE II
RESULTS OF THE OXYGEN MEASUREMENT WITH THE HYBRID

OPTODE (WITHOUT TEMPERATURE COMPENSATION)

However, some efforts are still required to improve appro-
priate indicator combinations that show similar optical charac-
teristics but different luminescence lifetimes depending on the
analyte to be measured.
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