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ABSTRACT

A fiber-optic temperature sensor is described that uses a small silicon beamsplitter
whose splitting ratio varies as a function of temperature. A four-beam technique is used
to measure the sensor's temperature-indicating splitting ratio. This referencing method
provides a measurement that is largely independent of the transmission properties of the
sensor's optical fiber link. A significant advantage of this sensor, relative to other
fiber-optic sensors, is its high stability, which permits the fiber-optic components to be
readily substituted, thereby simplifying the sensor's installation and maintenance.

1. INTRODUCTION

There is currently considerable interest in using fiber-optic sensors in aircraft control
systems because of their light weight and immunity to electromagnetic interference (EMI).
However, the high variability of fiber and connector losses makes it difficult to obtain
the required accuracies. Simply remating a fiber connector or bending an optical cable can.
change the detected light level by several percent, thereby necessitating the use of some
kind of light-level referencing scheme. Several different referencing techniques have been
developed, of which, the spectrum—modulation or multiwavelength approach is most commonly
used.l"1l This method uses a sensor that, as a function of the sensed variable, modifies
the spectrum of the light that it transmits. This method requires that the fiber link
impose no further modification of the spectrum, however, in practice, appreciable errors
can result ‘due to the wavelength selectivity of the fiber-optic components .12

A single-wavelength, four-beam referencing method that is analogous to the four-wire
method of resistance measurement has been proposed by Giles, et al.l3 Giles' method uses
an intensity-modulating sensor together with a number of highly stable optical splitters.

" We have improved on this method by using a beamsplitting sensor whose splitting ratio var-

ies as a function of the sensed variable. Four separate light beams are used to obtain a

" measurement of the sensor's splitting ratio that is independent of the fiber link's trans-

missivity. Our approach has the advantage of not requiring highly stable splitters which
are difficult to realize, particularly in the severe environment of the sensor. Several
different pressure and displacement sensors have been described, and the performance of
these laboratory prototypes has shown this method's effectiveness.l4-16

In this report, we describe a modulated-splitting-ratio temperature sensor. A thin,
uncoated silicon beamsplitter is interrogated by light having a wavelength of 830 nm. As
the temperature increases, so does the splitter's absorptivity,. thereby causing the trans-
mitted light to decrease. Because the splitter is highly absorptive, nearly all the
reflected light occurs due to the Fresnel reflection from the first surface. The reflec-
tivity from this first surface is nearly temperature-insensitive; therefore, the sensor's
splitting ratio (transmissivity divided by reflectivity) is the required monotonic func-
tion of temperature.



2. REFERENCING PRINCIPLE

A generic modulated-splitting-ratio sensor is shown schematically in Fig. 1. This sen-
sor uses a beamsplitting transducer whose splitting ratio is a monotonic function of the
measured variable. Two input fibers, F-A and F-B, transmit the light from light-emitting
diodes LED-A and LED-B to opposite sides of the beamsplitting transducer. Fused-fiber 2x1
couplers direct the splitter outputs through the output fibers, F-U and F-V, to photodiodes
PD-U and PD-V. The input and output fibers have connectors, C, at each end. The sensor is
permanently attached to the couplers by fibers F-J and F-K. The sensor/coupler assembly
uses fused fiber connections exclusively, so as not to introduce any extraneous reflections.

The LEDS are operated sequentially, under the control of a microcomputer, so that the
response of each photodiode to the light from each LED can be measured. The microcomputer
uses two analog-to-digital converters (A/Ds) to digitize the amplified photodiode signals.
The four digitized signals are designated Eym., where EyMm 1s the response of photodiode
N to the light from only LED M. These four signals are given by

Bya = SyCusRssConla - ' : (1a)
Eus = SuCusTaxCksts - . : (1b)
Eun = SvCukTkaCoalfa - t1e)
Eys = SyCvkRkkCke'B (1d)

In these equations, Cym denotes the transmission coefficient for light traveling from
node M to node N of the fiber link, where the locations of the various nodes are shown
in Fig. 1. The sensor transmission coefficients, Tgg and Tgkgy, and reflection coeffici-
ents, Ryg and Rggk. include the losses incurred upon coupling from the fiber denoted by
the second subscript to the fiber denoted by the first subscript. The P variables are
the output powers of the LEDs, and the § variables are the sensitivities of the
photodiode/amplifier/digitizer combinations, where, in both cases, the subscript identi-
fies the LED or photodiode.

The microcomputer calculates a compensated sensor signal Y from the four digitized pho-
todiode signals, as follows:

Eusfua '
Y=Vg 5 - (2)
UA“VB

Substituting from Eq. 1 yields

~[TskTkg
Y VR, Rex | (3)
JJ KK
The compensated signal Y is equal to the sensor's splitting ratio and can therefore be
used to infer the value of the measured variable. This instrument's output is highly sta-

ble; it is independent of the fiber, coupler and connector losses, as well as the coupler
splitting ratios, LED output powers, photodiode sensitivities, and amplifier gains.

The preceding analysis has neglected several factors which may impair this referencing
scheme's effectiveness. First, if the photometric system contains any nonlinearities or
offsets, changes in the light levels can produce appreciable errors. Stray ambient light
and light reflected from the connectors can also produce errors. A further source of
error arises because this referencing scheme requires that the transmissivity for light
traveling from node M to node N be the same, regardless of the path the light took
before M or after N. This requirement is never strictly satisfied by practical multi-
mode fiber systems because of the mode-selectivity of the various components.

Besides the errors introduced by mode-selectivity, wavelength selectivity can produce
essentially the same kind of effect by modifying the spectrum of the LED as the light trav-
els through the fiber link. 1In this case, the transmissivity of a particular portion of
the link depends on how the optical spectrum is modified by the other sections of the link
through which the light travels. The sensor, in particular, must be wavelength independ-
ent, because, besides impairing the referencing scheme, a wavelength-selective sensor will
have a splitting ratio that changes due to temperature-induced shifts in the LED wave-
lengths.



References 14 to 16 have shown that relatively simple procedures can be used to reduce

these referencing errors to a very low level. By using a four-fiber link, as shown in

Fig. 1, the effects of connector reflections are greatly reduced when compared to the case
of a two-fiber 1ink (in the two-fiber system, the couplers are located locally and the
optical signals are transmitted bidirectionally on connectorized fibers F-J and F-K). The
effects of mode-selectivity can be made small by minimizing the separation within the sen-
sor between the ends of fibers F-J and F-K. Finally, offsets can be compensated by the
signal-processing algorithm. If these procedures are followed, stabilities permitting sen-
sor accuracies of a percent or better are readily obtained.

3. SENSOR DESCRIPTION

Figure 2 shows a drawing of the modulated-splitting-ratio temperature sensor. The opti-
cal fibers have a core diameter of 100 pm and a numerical aperture (N.A.) of 0.3. A small
piece of polycrystalline silicon serves as a temperature-sensitive beamsplitter. Fibers
F-J and F-K, which connect the sensor to the couplers, are 1-m lengths of high-temperature
optical fiber. This fiber has a polyamide buffer and a Teflon jacket and is rated for con-
tinuous use at 230 °C. Two ferrules and a tube, all of stainless steel, are used to align
the fiber ends. The sensor is assembled using an optical epoxy (Epo-Tek number 353 ND)
that can be used continuously at 200 “C. First, fibers F-J and F-K are epoxied into the
ferrules and their ends polished. A 100-um thick piece of polycrystalline silicon is then
epoxied onto the end of F-J and the silicon is polished so that the light exiting F-J
incurs a 15 dB loss in traversing the silicon. Using published values for silicon's
refractive indexl7 and absorption coefficient,18 the splitter's thickness is estimated to
be about 30 um. The final step in the sensor’'s assembly is to epoxy the ferrules into the
alignment sleeve and then cure the assembly at 200 “C for about 24 hr. The assembled sen-
sor has a length of about 25 mm and a diameter of 3 mm.

For this proof-of-principle demonstration, the sensor's electronic system was built up
using a number of laboratory instruments. Both the 830-nm wavelength LEDs and the silicon
photodiodes are mounted on a common heat sink, whose temperature 1is fixed at 20:0.5 °C
using a thermoelectric temperature-control unit. The photodiodes are operated in the pho-
tovoltaic mode in order to provide high linearity. _The photodiode outputs are amplified
using commercial instruments that have a gain of 107 V/A and a bandwidth of 10 kHz. The
fiber-optic connectors are an optically contacting type (OFTI STC-type) that have low
reflectivities when mated (~0.4 percent). A personal computer, programmed using a compila-
ble version of BASIC, and two IEEE-488 programmable voltmeters are used for signal acquisi-
tion and processing. The offsets are compensated in software using photodiode readings
that are obtained with both LEDs off. The digital filters of the voltmeters are programmed
so that the two offset voltages and the four sensor signals are measured in a total of ~75 fs
This data acquistion rate is sufficient to compensate the relatively slow transmissivity
changes that occur in our laboratory; in a high-vibration environment, a higher data rate
may be needed. :

4. EXPERIMENTAL RESULTS

A programmable oven was used to test the sensor over the temperature range from 40 to
190 °C. The sensor's temperature, T, was measured using a type-K thermocouple together
with a commercial ice-point reference and an IEEE-programmable voltmeter. Figure 3 shows
measured values of Y, Eyp, and Eypa as a function of T. A least squares fit to these
data was used to express T as a seventh-order polynomial function of Y. This polynomial
expression was then used to convert subsequent Y-readings to a measured temperature, Ty.

Figure 4 shows the measurement error, AT = Ty - T, as a function of temperature for six
different 40 to 190 °C cycles, where only the data from the warming half of each cycle are
plotted. During the first three cycles the optical link was left undisturbed. Next, the
four input and output fibers were replaced and then left undisturbed for three more cycles.
The maximum temperature error was 1.6 °C. The data from the cooling portions of these six
cycles had approximately the same maximum error; no systematic hysteresis was observed.
Figures 5 and 6 show the effects on AT of remating the fiber connectors for temperatures
of 50 and 190 °C, respectively. Prior to each of 50 measurements of a fixed temperature,
the four connectors attached to the coupler arms were demated and then remated. The RMS
errors were 0.4 and 1.2 °C, and the maximum errors were 0.7 and 1.8 °C, at 50 and 190 °C,
respectively. For both experiments, the relative standard deviation of Eyp was ~5 percent,
indicating the fairly large variations in signal level that were successfully compensated.

Figure 7 shows the effects on AT of replacing the optical fibers for a temperature of
50 °C. Prior to each of 30 temperature measurements, the four fibers used were selected
at random from a pool of eight fibers. Next, 30 more measurements were performed with each
of the four fibers in the standard configuration replaced by two fibers joined together by
a connector. Prior to each measurement, the positions of these eight fibers were randomly
rearranged. For all 60 measurements, the RMS and maximum errors were 0.6 and 1.5 °C,



rgspectively: The signal level fluctuations during this experiment were quite large, the
51gngls obtained using the eight-fiber 1link were; an-average of 60 percent lower than those
obtained when only four fibers were used.

The measurement error AT was found to be linearly related to the LED/photodiode heat-
sink temperature, Tyg, for Tyg ranging from 10 to 30 °C. For a fixed sensor temperature,
increasing Tyg 1increases the LED wavelength, thereby increasing the splitting ratio due
to the decrease in the absorption coefficient. The sensitivity of AT to Tyg was mea-
sured for sensor temperatures of 50, 100 and 200 °C and found to be -0.56=0.02 °c/°C.

S. CONCLUDING REMARKS

The modulated-splitting-ratio sensor was found to be accurate within =2 “C over the
temperature range from 40 to 190 °C. The minimum temperature was determined solely by lim-
itations qf our test apparatus; this sensor could probably be used to -55 °C without any
modification. The maximum temperature is limited by the properties of the epoxy used to
bond the sensor. Significantly higher temperatures could be measured by using a different
bonding method, such as a glass frit or a glass—to-silicon anodic bond. An epoxy-less sen-
sor could be expected to have the additional advantage of providing greater long-term
stability. The long-term stability of our prototype scnsor needs further study; 1in partic-
ular, water absorption by the optical epoxy may prove to be a problem. ‘

'The four-fiber referencing system has been shown to be very effective; however, a two-
fiber system would be preferrable because it would be less expensive and easier to use.
The two-fiber system requries that fibers F-J and F-K be connectorized and the optical sig-
nals be transmitted bidirectionally on them. For the referencing method to work effec-
tively, these connectors must have reflectivities of a few hundredths of a percent or less.
These reflectlyely values are approximately an order of magnitude lower than the values we
currently ob;aln using STC connectors. We are proceeding with experiments to determine if
a different installation method can be used to reduce the .reflectivity of these connectors.
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