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SUMMARY

This paper presents concepts for fiber optic sensors. Such sensors have many inherent
advantages over conventional sensors—including digital format and noise immunity. Four
examples of specific sensor system designs are discussed—each of which demonstrates a
different optical modulation format. The birefringent temperature transducer illustrates
direct digital signal modulation. The temperature/pressure dependent semiconductor filter
illustrates high-pass optical wavelength signal encoding, while the coupled polarized-mode
transducer shows how a solid-state sensor can produce narrow-bandpass optical-
wavelength signal encoding. Finally, the luminescent temperature sensor illustrates a
manner in which a solid-state sensor can be constructed to produce pulse-width
modulation of an optical signal. The potential for fiber-optics sensors adds one more facet
to the growing fiber optics market.

INTRODUCTION

Present sensor technology has not kept pace with the data accumulation and reduction
capability of modern microelectronics. Available sensors are bulky, costly and not readily
compatible with digital microprocessing electronics. A means of monitoring temperature,
pressure, flow rate, etc.—using sensors which are as reliable, rugged and inexpensive as
semiconductor components will greatly enhance the performance of many systems. Such
sensors must withstand hostile environments, including electromagnetic interference.
Therefore, an all-optical sensor concept is highly desirable and is consistent with the recent
rapid acceleration in the growth of fiber-optic signal transmission systems.

Fiber-optic sensor systems should have a digital transmission format and should be
independent of intensity variation; therefore, a limit exists on the number of light wave
transmission parameters which can be utilized. These constraints, however, do not limit the



number of parameters that can be used for sensing. If single mode fibers were used, five
characteristics of light could be applied to digital transmission; i.e., amplitude, intensity,
wavelength, phase and polarization. However, the use of the more practical multimode
(N > 1000) fiber restricts transmission schemes to digital intensity modulation (binary,
pulse width, frequency, etc.), wavelength (or color) modulation and color multiplexing.
These three basic format concepts are showm in Figure 1.

It is also desirable to develop transducers which produce digital signals directly, as
opposed to combining conventional sensors with conventional A/D converters. Further, it
is desirable to have the transducers require only optical input power. With these criteria, a
“digital-compatible” sensor can be any sensor which is not affected directly by amplitude
variations, such as changes in fiber attenuation. The possibilities for sensor construction
are as extensive as the potential applications. A few examples are presented below.

DISCUSSION

1.   The Birefringent Digital Temperature Sensor

The distinguishing basic feature of the crystalline state, with respect to optical
properties, is the fact that crystals are generally electrically anisotropic; i.e., the
polarization produced in the crystal by a given electric field is not a simple scalar constant
times the field, but varies in a manner that depends on the direction of the applied field
relative to the crystal lattice. One consequence of this phenomenon is that the speed of
propagation of a light wave in a crystal is a function of the direction of propagation and the
polarization of the light.

For most crystals, there are two possible values of the phase velocity for a given
direction of propagation. These two values are associated with mutually orthogonal
polarization of the light wave. Hence, crystals are normally termed double refracting
(birefringent).

Figure 2 indicates an application of birefringence in a digital temperature sensor. A
broad source spectrum is transmitted through a fiber and dispersed by a lens-prism system.
The spectral components pass through the first polarizer. The resulting polarization vector
is then rotated by the birefringent cell through an angle which is proportional to
temperature.

The second polarizing filter (the analyzer), causes the light intensity to vary sinusoidally
with temperature. By using shorter birefringent cells, the other sensors are caused to have
less sensitivity, so that each of the detected outputs represents a binary bit (e.g., “Gray
code”). Then the color signals are mixed, transmitted by fibers back from the remote



sensor and then separated and detected. This color-multiplexed sensor system represents
but one way of transmitting the digital information from the transducer. Although one fiber
per binary bit would be an obvious variation to this binary system, several other methods
are possible, including a multiple-level digital system. An error analysis of various
schemes is expected to identify the approach that best utilizes the digital characteristics of
the transducer.

2.   Temperature and/or Pressure-Dependent Semiconductor Filters

In the color modulation concept, a broad source spectrum is filtered by a high or
lowpass filter, or, most ideally, by a band-pass filter. Then, the detected spectrum is
analyzed for cutoff or band-pass wavelengths. If these particular wavelengths of the filter
elements are functions of environmental parameters, the total system form a fiber-optic
transducer which is independent of intensity variations in the fiber.

A most straightforward manner of filtering involves semiconductor high-pass (relative
to wavelength) filters. The presence of an energy gap in semiconductor materials makes
them inherent optical filters. Photons of a given energy, and higher, can excite electrons
from the valence band across the gap to the conduction band. These photons—of a given
wavelength, 8co, and shorter—are thus absorbed.

Figure 3 shows the filtering characteristics of III-V semiconductors. These III-V
compounds are being considered because they have a direct bandgap (i.e., no momentum
recombination components) and, hence, are light emitters. Thus, the filtering characteristic
is assured to be compatible with the source spectrum.

Crystalline structures, however, are often difficult to deposit on substrates. Further,
some complicated compound semiconductors—although theoretically possible—have yet
to be grown in sufficiently large crystals to allow for experimentation and evaluation. The
fabrication advantages of amorphous semiconductor film over crystalline films include
ease of fabrication and relaxed requirements on lattice constant matching with a variety of
substrates. While difficulties are great in attempting to use the electrical semiconductor
properties of these amorphous films, the optical properties are much more predictable and
suitable for the sensor applications.

An example of an amorphous semiconductor material which can be used as a
temperature sensitive high pass filter for a fiber-optic, color-modulated sensor is shown in
Figure 4. Amorphous selenium will absorb variable wavelength radiation over a range from
-200EC to 400EC.



3.   Narrow Band-Pass Filters Utilizing Coupled Polarized Modes

For optimum discrimination at the spectral detector of a color modulated sensor system,
a band-pass filter sensor element—rather than a low or high-pass filter sensor element has
advantages. Most contemporary optical band-pass filters, however, are high-cost micro-
fabricated elements of very precise dimensions (e.g., multilayer interference filters or
Fabry-Perot cavities). Recently, however, a narrow band filter which consists of a single
crystalline material has been developed. This device has the potential for being more
sensitive to environmental parameters than the previously mentioned types of band-pass
filter sensor elements.

One promising sensor concept involves the coupling of polarized light waves in mixed
crystals. in hexagonal semiconductors, e.g., ZnO and CdS, at energies below band gap,
light polarized perpendicular to the optical axis is strongly absorbed while light polarized
parallel to the axis is readily transmitted, as shown in Figure 5. This absorption cannot be
due to transitions between two discrete electronic energy levels, but results from a
coupling or energy from the transmitted mode (parallel to optical axis) to the absorbing
mode (perpendicular to the axis). This coupling would ordinarily not take place; however,
ZnO and CdS have several crossings of the index of refraction curves—ny and nz. At these
crossings, the anisotropic crystal becomes optically isotropic, and the two types of
polarized modes have the same phase velocities (“k” vectors), and thus are easily coupled.
Since this coupling only takes place at energies (optical wavelengths) where the refractive
index curves cross, it gives rise to discrete spectral absorption lines.

The problem of coupling two electromagnetic waves as discussed here is identical to
the problem in mechanics of the coupling of two pendula by a weak spring.

This phenomenon can be implemented in a band-pass filter, using crossed polarizers, or
in a band-reject filter, using parallel polarizers. The filter wavelength can be varied by
changing the temperature or by applying an external strain. For ZnO or CdS, this variation
occurs over a somewhat limited spectral range. Use of II-VI semiconductor materials can
extend the spectral range to include the entire visible and near IR spectra. Such materials
as Cd1-xZnx and CdSe1-xTex have graded band-gaps and, hence, a coupled light-wave filter
theoretically can be operated in a spectral range of .4 µm to .9 µm. The temperature and
pressure dependence of the band-gap of these materials have been investigated for
applicability in color modulation sensor systems.



* Electro, thermo, auto, cathode, tribo, Roetgeno, iono, chemi, bio, cando, etc.

4.   Pulse-Width-Modulated Luminescent Temperature Detector

Of the many types of known luminescence,* the type which is of use here is photo-
luminescence, that is luminescence which is excited by visible or near visible irradiation.
Photoluminescence is divided into fluorescence and phosphorescence. Phosphorescence is
the luminescence which occurs after the exciting radiation has been removed (in some
definitions a length of time, such as 10 nanoseconds, after the exciting radiation has been
removed is specified as the beginning of phosphorescence). Fluorescence is the radiation
which occurs during excitation, and is normally of a different wavelength than the exciting
radiation, but in the case of resonant fluorescence, may be of the same wavelength.
Because of possible difficulties of separating the exciting radiation from the luminescent
radiation, it is the phosphorescent type of luminescence which is most applicable to fiber-
optic sensing.

Figure 6 shows a basic luminescent temperature transducer. The remote transducer, P,
is simply an expanded fiber end, coated or embedded with a phosphorescent material. The
overall system also includes a pulsed light source, S, and a photodetector, D, at the
processing unit.

There are two basic physical characteristics of phosphorescent materials which are
suitable for use as a temperature sensor—the shift in wavelength or color of the
phosphorescent radiation and the variation in the time constant of the decay of the
phosphorescent radiation. The use of this variation in decay time constant is illustrated in
Figures 7 and 8.

Coupler C can be made so as to couple most of the input light to the transmitting fiber
connecting to the phosphorescent sensor. However, in all cases, some fraction of this light
from the input will couple back to the output, The input light is much more intense than the
signal from the phosphorescent detector; therefore, even a small fraction of the excitation
light coupled back to the output can produce a signal larger than the signal which is to be
sensed. This problem can be overcome by pulsing the light source and measuring the post-
excitation return signal from the transducer by means of an amplitude sample-hold or time-
constant measurement system (e.g., as in Figure 7).

For the transducer waveforms of Figure 8, the system shown in Figure 7 provides a
pulse width which is proportional to the decay time constant and, therefore, proportional to
temperature.



CONCLUSION

The four fiber-optic transducer concepts, discussed above, are representative of the
potential which exists for a broad range of fiber-optic sensors and transducers. Such
devices will rival, and eventually displace, many item in the present industry catalog of
electrical and electromechanical sensors.

Figure 1.  Fiber Transducer Modulation Formats



Figure 2.  Birefringent Temperature Transducer Utilizing Color
Multiplexing Transmission

Figure 3. Transmission of Filters Made From III-V Semiconductors.
Thickness is 1 mm for all compounds except where noted.



Figure 4.  Absorption Edge of a-Se at Various Temperatures

Figure 5.  Propagation of Polarization Through Anisotropic crystal



Figure 6.  Pulse-Width Modulated Luminescent Temperature Transducer

Figure 7.  Example of Pulse-Width Circuitry

Figure 8.  Processor Output Waveforms


