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The design and construction of a fiber-optic lever microphone, capable of operating continuously at
temperatures up to 538 °C (1000 °F), are described. The design is based on the theoretical
sensitivities of each of the microphone system components, namely, a cartridge containing a
stretched membrane, an optical fiber probe, and an optoelectronic amplifier. Laboratory calibrations
include the pistonphone sensitivity and harmonic distortion at ambient temperature, and frequency
response, background noise, and optical power transmission at both ambient and elevated
temperatures. A field test in the Thermal Acoustic Fatigue Apparatus at Langley Research Center, in
which the microphone was subjected to overall sound-pressure levels in the range of 130-160 dB
and at temperatures from ambient to 538 °C, revealed good agreement with a standard probe

microphone.

. PACS numbers: 43.38.Kb, 43.38.Zp, 43.58.Vb

INTRODUCTION

The measurement of pressure fluctuations in hypersonic
flow fields imposes severe demands upon a' measurement
microphone, which must be capable of operating at the high
temperatures usually associated with high-speed boundary
layers' (e.g., 1093 °C or 2000 °F), at the high frequencies
associated with flow instabilities, and at the high acoustic
intensities associated with separating flows and shock/
boundary layer interaction. Further, a small microphone size
is desirable not only to obtain a high-frequency response but
also to reduce spatial averaging errors due to the finite size of
the active element. Among the requirements are typically a
temperature rating of 1093 °C, continuous service; a fre-
quency bandwidth of 25 or 100 kHz, depending on applica-
tion; and a dynamic range of 130—-190 dB, re: 20 uPa. The
available technologies capable of producing a microphone to
satisfy these, especially the high-temperature requirement,
are limited.

A major difficulty with microphones utilizing constitu-
tive properties of materials—like piezoelectricity, piezoresis-
tivity, or magnetostriction—is that no known materials ex-
hibit these properties at 1093 °C, and even at low
temperatures they require compensation for their temperature
dependence.'? Further, these materials present practical
problems at elevated temperatures like lead attachment.

The eddy current probe of Kaman Sciences® has proved
operable at temperatures up to and exceeding 1093 °C. How-
ever, a small button, where the eddy currents are generated,
is attached to the vibrating membrane and thus severely lim-
its the frequency response of the microphone. At present this
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technology may not permit a frequency response as high as
100 kHz.

Interferometric fiber-optic sensors of the Mach-

Zehnder, Michelson, or Fabry—Perot types perform well

within the controlled confines of the laboratory.4 However, in
hostile field environments, their performance degrades due to
their sensitivity to vibration and thermal gradients (changes
in wavelength) along the entire length of the fibers. Further-
more, many of these sensors contain critical optical compo-
nents in locations that would be exposed to the high service
temperatures.

The condenser microphone, being a high impedance de-
vice, requires a preamplifier in close proximity to the micro-
phone cartridge to suppress electromagnetic interference and
loading by cable capacitance.’ The preamplifier cannot with-
stand the high-temperature environment.

The use of pressure ports and probe tubes not only limits
the high-frequency response but also induces distortion of
the output signal due to acoustical wave interference and
damping.®

The practice of water cooling conventional microphones
is not practical for flight testing.

Thus it is concluded that state-of-the-art technology is
incapable of fulfilling the requirements of hypersonic testing.

The technology selected to achieve the required specifi-
cations is based on the principle of the fiber-optic lever.’
Here light reflected from a stretched membrane is intensity-
modulated by the motion of the membrane, which is excited
by incident sound. The optical fiber serves as a conduit for
light transmission to and from the membrane. As in the con-
denser microphone, the transduction is a purely geometric
effect, which promotes stability at elevated temperatures.
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The use of an optical fiber for the transmission of the acous-
tical data permits remote placement of the signal condition-
ing electronics {(away from the hot zone) and provides im-
munity from electromagnetic interference.

Since an effort to develop a microphone to operate at
1093 °C was deemed too great a leap from ambient tempera-
ture, it was decided to proceed in two steps: first, to develop
a 538 °C (1000 °F) microphone, and then, based on this ex-
perience, a 1093 °C microphone. The choice of 538 °C as the
intermediate temperature is based on the availability of con-
ventional materials for the microphone cartridge and of op-
tical fibers rated for this temperature. A 1093 °C microphone
cartridge, utilizing platinum alloys, has been fabricated, but
comparably rated optical fibers (e.g., sapphire or inconel
coated silica) require further development.

The fiber-optic lever microphone (FOLM) system con-
sists of a microphone cartridge, an optical fiber probe, and an
optoelectronic amplifier. Consequently, the microphone sys-
tem sensitivity Mg is the product of the three component
sensitivities:

MSZMMM()ME. (1)

In Eq. (1) the mechanical sensitivity M,, is the membrane
displacement per unit incident sound pressure in m/Pa, the
optical sensitivity M ,, is the change in optical power per unit
membrane displacement in W/m, and the electrical sensitiv-
ity Mg is the output voltage per unit change in optical power
in V/W. .

The purpose of this paper ‘is to describe the 538 °C
FOLM system: the construction, design, and theoretical sen-
sitivity of each of the components listed above, a discussion
of background noise sources (Secs. I-1II), laboratory calibra-
tion at ambient and elevated temperatures (Sec. IV), and fi-
nally, the results of a field test in a high-temperature, high-
acoustic-intensity environment (Sec. V).

I. THE MICROPHONE CARTRIDGE
A. Construction

Figure 1 shows a photograph and cross-sectional view of
the cartridge. The cartridge parts fulfill three primary func-
tions: securing the membrane, adjusting the membrane ten-
sion, and gripping the optical fiber probe.

The membrane is made of 25.4-um (0.001 in.) thick
nickel 200 foil. A disk is cut out of the foil, polished to a
high reflectance on one side, coated with a 0.5-um layer of
quartz, and formed into the shape of a cup. After the latter is
placed over the tension ring and body, it is secured in place
by means of a press-fitted weld ring. In order to avoid rely-
ing on friction to retain the membrane under tension, the
membrane, weld ring, and body are electron-beam welded
together. ,

The tension ring is hemispherically contoured to insure
contact with the membrane at all times, especially during the
rarefaction half-cycle at high sound pressures. The hole in
the center determines the diameter of the active membrane,
which can be as small as the optical fiber probe or nearly as
large as the tension ring itself.
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FIG. 1. Photograph and cross-sectional view of the microphone cartridge.

The tension adjuster, when torqued relative to the body,
advances along the cartridge axis, exerts pressure on the ten-
sion ring, and applies tension to the membrane. The mem-
brane tension is controlled, with good reproducibility, by the
torque reading on a torque screw driver, which is fitted with
a socket adapter to engage a hex nut on the body. After the
torque adjustment is completed, two straps are spot-welded
between the body and adjuster nuts to prevent changes in
adjuster position.

The pin vise assembly consists of a pin grip to hold the
optical fiber probe in place and a draw nut to exert pressure
on the pin grip. Further detail is given in Sec. IL ]

In addition, the cartridge incorporates external threads
for installation in a panel. The cartridge does not contain a
backplate to dampen the membrane motion, however, be-
cause the path from the optical fiber to the membrane mirror
must remain optically transparent. Neither does it contain a
capillary vent for static pressure equalization on the interior
side of the membrane, a function assumed by leakage
through the optical fiber probe.

B. Design

The high-temperature requirement makes the membrane
design fundamentally different from that of a conventional
ambient temperature microphone. The three leading effects
of high temperatures on microphone performance must be
accounted for.

(1) A reduction in membrane tension: Because the
stretched membrane represents approximately a constant
strain system, the temperature dependence
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of the tension follows that of the elastic modulus. Since the
modulus of nickel 200 falls by 21% between 20 and 538 °c?
one might expect a concomitant rise in sensitivity and drop
in resonance frequency. However, as will be shown in Sec.
IV, the actual membrane behavior is to the contrary—an ef-
fect believed due to the presence of the protective quartz
layer.

(2) Thermal expansion: The primary influence is a
change in the position of the fiber relative to the membrane
mirror. If the fiber position is optimized at ambient tempera-
ture, then a change in fiber position will reduce the micro-
phone sensitivity.

(3) An increase in air viscosity: Since this is important
only near the membrane resonance, it plays no role in the
membrane design. Neither does the decrease in air density,
since the compliance is completely controlled by the mem-
brane tension.

The membrane design is based on the following expres-
sions for the membrane resonance frequency fz > mechani-
cal sensitivity M,,,'° and tension T:

2.4048 (o, \'? )
fR——Z—ﬂ:;“ o) R V)
My =a%/(4T), 3)
T=o0,.t, 4)

where a is the membrane radius, ¢ the thickness, p,, the
density, and o, the radial stress. Two choices were made ab
initio. First, the membrane thickness was chosen to be 25.4
pm (0.001 in.), at least 5X thicker than that of commercial
microphones, for additional ruggedness is needed for a harsh
high-temperature, high-intensity environment. Second, the
stress o, is designed not to exceed the yield stress at 538 °C
(88 MPa at 0.2% elongation®) in an effort to insure a recov-
erable modulus with temperature cycling. It was found em-
pirically that a torque setting of 12 in.-oz on the tension
adjuster provides the required tension in the membrane.
Then, given a density p,=8900 kg/m® a value of
a=9.144x10"* m (0.036 in.) inserted into Eq. (2) yields a
membrane resonance frequency of 41.6 kHz, adequate to in-
sure the desired bandwidth of 25 kHz. The minimum practi-
cal value of =4.064X%10"* m (0.016 in.), limited by the
radius of the optical fiber probe, yields a resonance fre-
quency very close to 100 kHz. The protective quartz layer,
however, stiffens the membrane and causes the measured
resonance frequencies to exceed the design values.

Table I summarizes the pertinent cartridge properties at
20 and 538 °C. The depth of the hole in the tension ring
(below the active membrane) is 7.87X10™* m (0.031 in.) at
ambient temperature. For optimal sensitivity the optical fiber
probe protrudes through the hole a distance of typically
2.87X10™* m, leaving a fiber—membrane gap of 5.00X10™*
m. The adjacent region is considered to be a slot, for which
the dimensions are listed in the table. Of course, the back-
chamber volume is zero. Figure 2 shows the corresponding
theoretical frequency response curves according to the theory
presented in Ref. 10. The predicted response is highly under-
damped because of the absence of a backplate, a feature
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TABLE I. Microphone and air properties at ambient and elevated tempera-
tures.

20°C 538 °C Multiply
Property Units (68 °F) (1000 °F) by
Membrane
radius m 9144 9.216 107
thickness m 254 2.56 1073
density kg/m® 8900 8688 -
tension N/m 2722 2235
sound speed m/s 109.7 100.2
Air layer
gap m 5 5.04 1074
density kg/m®  1.205 0.435 e
viscosity Ns/m?> 179 3.68 1073
specific-heat ratio 1.403 1.353
isothermal sound m/s 289.9 482.5
speed
Slot
location m 660 6.66 107
width m  5.08 5.13 107
depth m 287 2.90 1074

which admits compensation through electronic filtering. The
predicted rise in sensitivity and loss of bandwidth at high
temperature are also apparent. Comparison with experiment
will be discussed in Sec. IV.

The above choice of design parameters is consistent
with the specification on the upper limit to the dynamic
range. The maximum shear strain in a stretched membrane
due to a uniform incident pressure p; is easily found to bel?

_9dn_ pa

€= g _(27) ’

which exceeds the radial strain €,, by orders of magnitude.
With the parameter values listed in Table I for 538 °C, an
incident pressure p;=6.32%10* Pa (190 dB SPL) will pro-
duce a maximum shear strain €,,=1.3%, which is suffi-
ciently small to result in negligible harmonic distortion (see
Sec. IV A). '
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FIG. 2. Theoretical frequency response of the membrane displacement at
ambient temperature (solid line) and 538 °C (dashed line). The fundamental
resonance frequencies are 45.930 and 41.631 kHz, respectively.
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FIG. 3. Schematic diagram of the optical system for the single fiber optical
probe.

Il. THE OPTICAL FIBER PROBE
A. Construction

Two optical fiber lever arrangements can be used to con-
struct the probe for the detection of axial pressures acting on
a reflector. The first, identified as the multifiber probe, fea-
tures a construction consisting of several multimode step-
index fibers arranged in a bundle at the distal end."! The
second arrangement utilizes an optical coupler to permit a
single fiber to transmit the light to a reflector, while the
modulated return signal is fed back into the same optical
fiber for processing. Both methods have been investigated,
and both multifiber and single fiber probes have been fabri-
cated and tested at ambient and high temperatures reaching
538 °C with good results. However, one drawback with the
multifiber arrangement has been the inability to establish
stable conditions after several thermal cycles. This instability
has been attributed to changes in the position of the optical
fibers at the distal end after heating. For this reason the
single fiber approach was chosen for further investigation
and becomes the major topic of discussion in this paper.

The arrangement used for the single fiber probe is shown
in Fig. 3. The basic components consist of a cartridge, a
fiber-optic probe, a fiber-optic coupler, and optoelectronic
transmitting and receiving units. Details of the single fiber
optic probe are given in Fig. 4. It includes a probe tip con-
structed to accommodate the 400-um core, gold coated, mul-
timode, step-index optical fiber used in our experiments. The
optical fiber is secured to the probe tip by introducing a
ceramic adhesive suitable for high-temperature operation, as
shown in Fig. 4. Ceramic cement Aremco type 569 was
found to be satisfactory for our application. To prevent mi-
crocracks from developing at high temperatures in the silica
glass, the optical fiber is protected by an outer gold coating.

Gold coated optical fiber
Flexible stainless

steel tubing
N

Probe tip

Optical fiber connector Ceramic cement

FIG. 4. Details of the single fiber optical probe.
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Optical fiber type AF400/440G procured from Fiberguide In-
dustries is used. The temperature range suggested by the
manufacturer is from —190 (=310 °F) to 750 °C (1382 °F).
The end of the fiber in the probe tip is polished for best
results with lapping paper as fine as 0.3-um grit. The other
end of the optical fiber is cemented into an optical fiber con-
nector, Amphenol SMA series 905/906, and the fiber length
(typically 1 m) between the connector and the probe tip is
protected with flexible stainless-steel tubing, Flextron F-ISS
steel square locked flexible tubing.

Multimode fiber-optic couplers, as shown in Fig. 3, were
procured from Tacan Corp., Carlsbad, CA. The fiber cores at
the fused section were adjusted for a coupling ratio of 50%.
The optical fibers identified as port 1 and port 3 in Fig. 3 are
connected to an optoelectronic transmitting unit and receiv-
ing unit, respectively, as described in Sec. III.

The general operation of the electro-optical device in
Fig. 3 begins with a light source which couples into an op-
tical fiber. One half of the light bypasses the fused section of
the coupler and exits through the other end of the coupler
(port 2). The end of this fiber is connected to an Amphenol
SMA connector and coupled to the fiber-optic probe via an
Amphenol SMA adapter. The light enters the cartridge where
it is reflected by the refiective element, which is modulated
by the external field. The modulated reflected light follows
the same path back to the fused section of the coupler where
50% of the light enters the second fiber, continues to port 3,
and eventually impinges on the photodiode in the receiving
unit. It is noted that the other half of the light entering port 1
couples into the second fiber at the fused section. To avoid
unwanted reflections from the fiber end, this energy is ab-
sorbed by the matching gel, as shown.

To complete the fabrication of the high-temperature mi-
crophone, the polished end of the optical fiber probe is in-
serted into the cartridge and the gap is adjusted at room
temperature for maximum response. This setting is per-
formed with a micrometer adjustment while the assembled
cartridge is installed in a high-pressure microphone calibra-
tor, Bruel & Kjzr type 4221. The adjustment is made while
the calibrator is driven at a frequency of 1000 Hz. Upon
completion of the gap adjustment, the probe tip of the fiber-
optic probe, shown in Fig. 4, is held in place by tightening
the draw nut unto the pin grip, shown in Fig. 1, and bonded
with the high-temperature cement.

B. Design

The theoretical and experimental analyses of the single
and multifiber microphones have been evaluated. The results
for the multifiber microphone have been described
previously.!®!! In brief, the theoretical approach in both de-
signs assumes that the input fiber is illuminated by a Lam-
bertian source, such as a light emitting diode. This implies
that the incident light rays will couple the same amount of
optical power into the optical fiber core of the transmitting
fiber independent of the incident angle up to the cutoff angle,
which is determined by the numerical aperture. Figure 5 il-
lustrates the basic concept for the single fiber design. A light
source illuminating the transmitting fiber will contain beams
arriving from all angles 8 with respect to the fiber axis and

Zuckerwar et al.: High-temp. fiber-optic lever microphone 3608



Light Source

==

Receiving
Plane

Reflector
Plane

Plane &r—//'

k:qlxo

FIG. 5. Coordinates of the single fiber fiber-optic lever.

the rays 11m1ted by. 6=<46, will couple into the fiber. Here 0

is the cutoff angle determmed by the numerical aperture and
the refractive index n of the surroundrng medium. Simllarly,
the hght rays exiting the distal end will form a cone with a
maximum angle 0... The beam in the direction between 6 and
+d@ is defined as a umangular beam for 0 < 6, and the
reflected intensity of the receiving plane is equ1va1ent to that
on the image plane. Define k= g/x, as a dimensionless co-
ordinate on the image plane, while k.=g./x,
=1+(2D/x,)tan(8,) gives the boundary of the illuminated
area; x,, is the fiber core radius, ¢ the variable radius on the
image plane, and g, its boundary; k and @ are related by
f=tan"'{(k— 1)x, /(2D)] 'P; is the total optical power ex-
iting the transmitting fiber and P, is the power reflected back
into the same fiber. Further detalls of this approach have
been given elsewhere.!!

The acousto-optical parameters used in the evaluatlon of
the two approaches are based on the behavior of the optical
power delivered to_the. photodetector upon reflection from
the membrane installed in the microphone cartridge. These
parameters are defined for the single fiber according to Fig.
5. The optical transfer function P,/ P; represents the normal-
ized optical power as a function of the gap D. This expres-
sion for the multifiber lever is given by Eq. (16) in Ref. 11,
while for the single fiber des1gn the transfer function P,/ P;
is revised to account for reflection into the transmitting ﬁber

P, o
T 0

where I, is the normalized light intensity function described
in Ref. 11.

The expressions defining the reflected optlcal power
change T, the modulation index Q, and the shot-noise lim-
ited detectable threshold AD are, respectively,7’1?
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In Egs. (7) and (8) P, is the total optical power reaching the
photodetector (=0.5 P, for.a 50/50 coupler), p is the detec-
tor responsivity in A/W, e is the electronic charge in C, and
B is the detection bandwidth in Hz. The remaining quantities
are identified in Fig. 5. Equations (6)—(8) apply to both the
multifiber and single fiber designs. The normalized modula-
tion index @ is an important quantity. because it can be used
to determine the performance of any optlcal fiber sensor.
This quantity is derived from the transfer function and the
reflected optical power change. From the modulation index
Q, the shot-noise limited detectable threshold AD is deter-
mined. The optical sensitivity M, defined in Eq. (1) as the
change in optical power per unit membrane displacement
can be predicted theoretically as

Mo=—-QP(Wm). )

C. Results

Optical power measurements were obtained for the
single fiber sensor. The distal end of a fiber probe, consisting
of a single 400/440-um fiber, was installed in a microphone
cartridge and a translational micrometer device was used to
allow minute changes in the gap D. The other end of the
probe was connected to port 2 of the optical fiber coupler,
shown in Fig. 3, while the optical power from port 3 was
monitored by a Newport model 815 power meter. A light
emitting diode type 1A208, supplied by ABB-HAFO, was
connected to port 1 of the coupler. With this experimental
arrangement it was possible to monitor the optical power
reaching the photodiode as a function of the gap D. Figure 6
yields the theoretical and experimental data illustrating the
behavior of the optical sensitivity M. The theoretical re-
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FIG. 7. Schematic diagram of the photodetector circuit. Legend: R; =10 K,
Ry=15K,R3=200 K,R;=1 M, R;=10 K, C=0.1 uF, U;=EG&G HFD
1060, U,=AD524, U;=0P27.

sults were derived from Eq. (9), while the experimental mea-
surements were obtained from the setup described above.
_The scatter reflects the limited resolution of the micrometer
(1 um). To obtain the theoretical results, a typical mea-
sured value of 224 uW for light coupled into the transmitting
fiber (2P;) was used. In order to account for losses incurred
_in the measurements, the theoretieal data were reduced by a
factor of 0.8X0.25. This included a factor of 0.8 due to.re-
flection losses at the mirror, while the losses due to the cou-
pler and optical fiber connections were estimated at 0,25.
Comparison between the theory and experiment indicates
very consistent results. It is noted that a flat response for gaps
up to 200 wm is evident. Thus it is possible to install the
distal end of the probe very close to the reflector to improve
the’ membrane damping.!® A delayed roll-off for the experi-
mental data is also noted. This effect can be attributed to
extraneous reflections occurring within the cartridge walls.
However, no attempt has been made to account for this de-
viation from theory.
‘From the optical power measurements the optical power
P, reaching the photodetector was found to be 70 uW at a
gap D.of 107 pwm. Based on a detector responsivity p of 0.6
A/W and a 1-Hz bandwidth B, Egs. (6)—(9) yield a reflected
optical power change I'=1230 m~' (@ D=107 um), modu-
Jation index. Q=—1400 m™!, and detectable threshold
AD=5.6x10""1 m/\/Hz.
It is important to note, however, in agreement with F1g
6, that the signal output during calibration was found to re-
main fairly constant for gaps ranging from 100 to 800 um.
For this reason the operating gap was chosen somewhere
between 300 and 600 um to reduce the changes in sensitivity
after several thermal cycles due to expansion or contraction
of the optlcal fiber at the distal end.

Hl. THE OPTOELECTRONlc AMPLlFlER
A. Construction

 The optoelectronic amplifier incorporates a light emit-
ting diode (LED) driver circuit, a photodetector circuit, an
output amplifier, and an optical coupler (for the single fiber
probe). See Fig. 7.

The LED is a GaAlAs ABB-HAFO type 1A208, hav1ng
a peak spectral output between 790 and 850 nm. The
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TABLE I Theoretical and eiperimental noise power spectral densities in
V¥Hz at ambient and elevated temperatures (referred to the output V).

20°C  538°C  Multiply

Theoretical noise source Eq. (68°F) (1000 °F) . by
Mechanical Johnson,* R, (7a) 039 - 2106 1072
Shot: Dark® . (Th) 0992  0.992 10712

Membrane radiation® (76)  0.054 0.186 10712

LED* (7o) 2732 2056 10712
Electrical Johnson, R, (7¢) 1.617 1.617 10712
Electrical Johnson, R, R,, R;  (7d)  2.787 2787 107?
Total noise, theory 8.182 7.638 10712
Total noise, experiment 10175 9.571 10712

3R,=1.2%10° Ns/m’ at 20 °C and 2.3x10° Ns/m® at 538 °C, derived from
the theoretical frequency response computation shown in Fig, 2.
®Measured dark current-7,=3.1 uA.

‘Responsivity p=0.58 A/W. Optical power into photodiode=14.72 y.W at
20 °C and 11.08 uW at 538 °C (microphone H15).

LED is built directly into an SMA receptacle. According to
our own measurements the optical power coupled into a
400-pm fiber is roughly 400 uW.

The photodetector circuit converts an optical input sig-
nal at the photodiode to an electrical output signal. The pho-
todiode is a silicon EG&G HFD 1060, having an active area
of 1.5 mm? and ‘with a built-in OP AMP Uj, a peak respon-
sivity of typ1cally p=0.6 A/W at 900 nm. It is biased at —12
V to establish a photoresistive mode of operation.

Amplifier U,, an AD524 1nstrumentat10n amplifier, pro-
vides a gain G=100, as adjusted for full-scale output at a
190-dB input sound-pressure level (SPL).

The output offset voltage V4, can be nulled manually,
with switch S ‘open, by means of the 1-K (coarse) and 10-K
(fine) adJustable resistors. When switch S is closed, the offset
is nulled automatically by means of integrating OP AMP Us.
In this mode the amplifier becomes a high-pass filter with a
time constant

7=R,R,C/GR;.

With the values shown in the caption of Fig. 7 the time
constant is 0.01 s, corresponding to a lower cutoff frequency
of 17 Hz. ‘ :

The electrical sensitivity of the FOLM system over the
passband is found to be

My=V,/P,=pR,G. : (10)

B. Background noise

The ‘‘background noise” of ‘a microphone is defined as
the rms output in the absence of acoustical excitation. It is
one of the most 1mportant microphone spemﬁcatlons, for it
determines the minimum detectable SPL. Table II summa-
rizes the principal sources of background noise in the FOLM
system. The power spectral density J, of the total back-
ground noise at the output is the sum of the contributions J;
from each source:

Voi |
| J,,—g Jl.—; 370 =12 , (11)
The principal contrlbutions referred to the output V, are
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(1) mechanical Johnson noise, due to the discreteness of the
air molecules impinging upon the membrane,°

J1=4KORM3; (12a)

(2) shot noise in the photodiode, originating from the dark
current / p and currents due to illuminating optical power
sources, P, from the LED and P,, the blackbody radia-
tion from the membrane mirror;'>

J,=2eR}G*(Ip+pP,+ pPy); (12b)

(3) electrical Johnson noise in the feedback resistor R £
J3;=4KORG?*; (12¢)

(4) electrical Johnson noise in the bias and offset resistors
Ry, R,, and R;,

J4=4KOR;G*(1/R,+1/R,+1/Ry). (12d)

In Eqs. (11) and (12) Af is the frequency resolution, R, the
membrane damping resistance, K the Boltzmann constant,
and © the absolute temperature. Less. significant noise
sources, such as blackbody noise generated within the optical
fibers, Johnson_no_ise generated in the photoresistor, and 1/f
noise, will be neglected. The 1/f noise, however, was found
to be significant at elevated temperatures (see Sec. V). All
the sources considered have a uniform power spectral density
(“white” noise) over the operating bandwidth of the micro-
phone. o . )
Equations (9) and (12b) reveal that the microphone
signal-to-noise ratio at the optoelectronic amplifier output
increases monotonically with the optical power P, incident
upon the photodiode. It increases linearly with P, at low P,
and as \/F; at high P,. In any case it is advantageous to
couple as much light as possible from the LED into the op-
tical fiber. . o

Table II compares the theoretical and experimental (see
Sec. IV C) noise power spectral densities. The dominant con-
tributions are the shot noise due to the LED illumination and
the Johnson noise in the bias and offset resistors. An increase
in optical power, although increasing the shot noise, will
improve the signal-to-noise ratio since it increases the signal
at a faster rate. A substantial reduction in the electrical
Johnson noise offers a potential improvement of about 3 dB
in the background noise and microphone sensitivity.

C. Overall microphone sensitivity

Equations (3), (9), and (10) and parameter values taken
from Tables I and II permit the component sensitivities to be
computed. The results for My, M,, and My are
7.68x107 m/Pa, 0.0399 W/m, and 6X10° V/W, respec-
tively. From Eq. (1) the theoretical microphone sensitivity is
then M g=1.84 uV/Pa. This is compared to the pistonphone
calibration of microphone H18 prior to the first exposure to
high temperature, for this is the condition corresponding
most closely to the values in the tables. The pistonphone
calibration yielded M ¢=1.43 uV/Pa, in excellent agreement
with the above. The measured value for the received light
was P,=28.51 uW, which was used to compute M, in Eq.
). .
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FIG. 8. Block diagram for (a) pistonphone calibrations and: (b) electrostatic
actuator calibrations. Legend: OSC=oscillator, Lorch Adret model Codasyn
201; PA=power amplifier, B&K type 2713; VM=voltmeter, HP 3403C;
OE=optoelectronic amplifier, in-house; DSA =digital signal analyzer, B&K
type 2032 (up to 25.6 kHz) or PC based system (>25.6 kHz); AC=acoustic
calibrator, Whittaker model PC-125; HV =high-voltage supply, in-house;
E=electrostatic actuator electrode; T=table; FOLM=fiber-optic lever mi-
crophone.

IV. LABORATORY CALIBRATION

Laboratory calibrations of the microphones were based
on measurements with the following apparatus: a piston-
phone, to measure absolute sensitivity and harmonic distor-
tion, an electrostatic actuator, to measure frequency response
and microphone stability with temperature cycling, and an
optical power meter, to measure optical transmission through
the fibers. The electrostatic actuator setup was also used to
measure the background noise. The pistonphone measure-
ments were conducted at ambient temperature only, the re-
maining measurements at both ambient and elevated tem-
peratures. Examples of all the measurements will be
illustrated, except as noted, for a selected prototype micro-
phone H18.

A. Pistonphone calibration -

~ The setup for the pistonphone calibrations is shown in
Fig. 8(a). The pistonphone, a Whittaker PC-125 acoustic
calibrator, generates a known SPL between 100 and 160 dB
at a single frequency of 1000 Hz. The output of the optoelec-
tronic amplifier was read on a B&K dual signal analyzer type
2032.

The absolute sensitivity of the FOLM system was mea-
sured at an SPL of 130 dB at 1000 Hz. The value obtained
served as a reference sensitivity M g for the subsequent elec-
trostatic actuator calibrations. The pistonphone sensitivity of
microphone H18 was found to be 1.43 wV/Pa.

The harmonic distortion was measured by exciting the
pistonphone at known SPLs (130, 140, 150, and 160 dB) at
the fundamental frequency, 1000 Hz, and then measuring the
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amplitudes of the second, third, and fourth harmonics.
Higher harmonics were found neghglble The percent d1stor-
tion d is defined as
A+AZ+A2
A2 a21 42242
A2+AS+AZ+A?

172

d= X100,

where A; is the amplitude of the ith harmonic. The harmonic
amplitudes were corrected for noise by the procedure de-
scribed below [see Eq. (14)]. The measured distortion was
found to be 0.44% at 150 dB and 1.4% at 160 dB.

B. Electrostatic actuator calibration

The electrostatic actuator'* is a long established calibra-
tion method and is used today to calibrate commercial mi-
crophones A fixed electrode is positioned near the micro-
phone’ membrane. ' An applied voltage, an ac voltage
superimposed. upon a de polarization voltage, generates an
electrostatic pressure which excites the membrane at the fre-
quency of the ac voltage. The magnitude of the electrostatic
pressure is-

ea™ e‘-OVachc/hZ’ . (13)

where ¢, is the dielectric permittivity of air, V. and V4, the
applied ac rms and dc voltages, and 4 the membrane-
electrode gap. The advantages of the method are (1) adapt-
ability to elevated temperatures and (2) excitation level inde-
pendent of frequency and temperature, if the gap & can be
maintained independent of temperature. The primary disad-
vantage is the low excitation level, which here requires spe-
cial measures to obtain an acceptable signal—toénoise ratio.

The actuator electrode, a thick disk made of Inconel 601,
contains three threaded holes, each seating a pin assembly.
The latter consists of a set screw with an axial hole, into
which a fused-quartz pin is bonded. The set screw permits
adjustment of the gap, nominally 200 um (0.008 in.), and the
fused-quartz pin is i_ntended to maintain a constant gap be-
cause of its low thermal-expansion coefficient. The electrode
is positioned on the microphone weld ring (see Fig. 1) and
contains a small hole on the top to accommodate a lead wire.

As indicated in Fig. 8(b) the microphone is mounted on
a table made of Inconel 625, which contains a slot to secure
the microphone by means of a tightening nut on its external
threads. The optical fiber passes through a hole in the oven
floor, packed with aluminum oxide wool. The lead to the
actuator electrode is a 508-um (0.02 in.) nichrome wire, in-
sulated with thermocouple beads and Nextel™ (Al,O5) cloth.
It is screwed to a ceramic standoff (not shown) mounted on
the table, from which the end of a small loop is placed in the
hole on the top of the actuator electrode. The table, cartxidge,
and membrane are earth-grounded by means of a similar
nichrome lead. With nominal values V4, =800 V, V,.=60 V
rms, and A=200 wum, an excitation level of 114 dB 'is
achieved.

The supporting electronics incorporates features needed
to satisfy several special measurement requirements. Be-
cause of the low output signal generated by the weak elec-
trostatic excitation, the signal analyzer was operated in the
“zoom” mode to reduce the noise contained in the excitation
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band. Typically a frequency resolution Af of 0.5 or 0.25 Hz
was selected, even 0.125 Hz on rare occasions. This required
comparable frequency stability on the part of the oscillator,
which here proved stable to within 0.1 Hz, even at excitation
frequencies exceeding 100 kHz. Further, at 538 °C the air
was disposed to electrical discharge at a polarization voltage
of 800 V. This was indicated by the overload light on the
power amplifier. Consequently, the polarization voltage sup-
ply was made adjustable, providing 0-800 V dc in 200-V
steps. Finally, because the B&K signal analyzer was limited
to a frequency response of 25.6 kHz, an alternative data-
acquisition system, based on a portable computer and Ana-
logic 6400 waveform digitizer, was used for measurements at
higher frequencies. Although the absence of a true zoom ca-
pability prevented microphone calibration within the pass-
band, the alternative system provided data in the vicinity of
the membrane resonance frequency (as high as 140 kHz).

‘When the polanzatlon voltage V4. is set equal to zero,
the output signal should vanish according to Eq. (13). This is
a good test to insure that the output signal-is truly due to
mechamcal motion of the membrane and not radiative
pickup, as may be caused by faulty grounding or inadvertent
ohmic contact between the electrode and membrane; it was
performed priof to every frequency response calibration.

The first step in the frequency response calibration was
to determine the electrostatic pressure from the Tesponse to
the electrostatlc excitation at 1000 Hz:

! Iée’a_=MSRVoR ’”

where Mgy is the known sensitivity from the pistonphone
calibration at 1000 Hz and V,; the measured output voltage.
The frequency response calibration is based on the assump-
tion that p,, remains constant with frequency and tempera-
ture. Then Mg could be determined from the output voltage
at.any subsequent frequency and temperature,

The frequency response was measured over the range 10
Hz-25.6 kHz in discrete steps. For each measurement of the
output voltage V at frequency f, the background noise volt-
ages were simultaneously measured in the two adjacent fre-
quency bands. Assuming the noise voltage V,, to be the mean
of the two adjacent band voltages, we evaluated the true
signal voltage rms V' to be

V= V=V, | 7

Then the FOLM system sensitivity was simply p,,/ V..
With the narrow frequency resolution afforded by the zoom
capability, the signal-to-noise ratio ranged from 6 to 20 dB.
At 538 °C the same procedure was followed. Here the polar-
ization voltage usually had to be reduced to 600 V, or some-
times 400 V, to prevent arcing, in which case the electrostatic
pressure was corrected per Eq. (13).

. The frequency response of microphone H18 at ambient
temperature and 538 °C is shown in Fig. 9. The temperature
variation of the sensitivity is seen to lie within 2 dB over the
passband. The resonance frequency of the membrane surpris-
ingly shifts upward from 70.5 to 71.0 kHz with a change
from low to high temperature. The stiffening of the mem-
brane is believed attributable to the onset of devitrification of
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FIG. 9. Frequency response calibration of microphone H18 by the electro-
static actuator at ambient temperature (open circles) and 538 °C (filled
circles). The excitation sound-pressure level is 114 dB. The dashed line
represents the region not covered by the measurements.

the quartz layer. Monitoring the resonance frequency permit-
ted us to track the membrane tension through Eqs. (2)—(4).

C. Background noise measurement

The setup shown in Fig. 8(b), with the electrostatic ex-
citation disconnected, was used to measure the background
noise. The noise is typically 22 uV within a 32-Hz band,
corresponding to a sound pressure V, /Mg = 22/(1.43
. \32) = 2.72 Pa (102.7 dB) per vHz. The spectrum at
538 °C shows slightly lower noise due to a reduction in op-
tical power. Table II reveals that the listed theoretical noise
sources account for about 80% of the experimental noise.
The membrane radiation noise increases with temperature, as
expected, but remains insignificant at 538 °C. However, it
could become substantial in a 1093 °C FOLM system. A 1/f
noise component appears at frequencies below 500 Hz.

D. Optical power meter measurement

Measurement of the optical transmission through the
FOLM optical system provided a means of monitoring the
condition of the optical fibers and the membrane mirror, es-
pecially at elevated temperatures. For this purpose a con-
verter box was built, containing an LED and coupler as in
the optoelectronic amplifier (Fig. 3), but the fiber to port 3
was directed to an SMA bulkhead connector to which the
optical power meter was connected. An optical power mea-
surement, performed with a Newport model 840 at a wave-
length of 850 nm, accompanied every frequency response
calibration. Results are shown in the next section.

E. Microphone stability with temperature cycling

The ability of the FOLM system to stabilize with re-
peated cycling to elevated temperatures was targeted as one
of the most important specifications. With the setup shown in
Fig. 8(b), a set of measurements at ambient temperature was
followed by a set at 538 °C. After the microphone was al-
lowed to soak at 538 °C for three hours, the high-temperature
measurements proceeded, prolonging the soak for about an-
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FIG. 10. Temperature cycling summary for microphone H15. From top:
FOLM system sensitivity Mg, optical power P, to the photodiode, mem-
brane tension T, and temperature cycling profile.

other hour. A data set comprised the frequency response (in-
cluding the membrane resonance frequency), background
noise, and optical power transmission. An ambient
temperature-elevated temperature cycle was completed in
one day, after which the oven was turned off and permitted to
cool to ambient temperature overnight.

A summary of the temperature cycling behavior is
shown for microphone H15 in Fig. 10. This microphone is
selected because it was cycled six times, the maximum num-
ber for any of the microphones. The temperature profiles at
the bottom of the figure depict the cycling sequence and not
the time history, for the soak time lasted approximately 4 h.
The microphone sensitivity (at 1000 Hz) drops significantly
after the first cycle but stabilizes after the third cycle, show-
ing only low-to-high temperature variation. The optical
power (at 850 nm) shows a large loss only after the first
cycle, but stabilizes nicely thereafter. The membrane tension,
derived from the resonance frequency, likewise shows an
initial loss followed by stabilization with some low-to-high
temperature variation. The resonance frequency during the
sixth cycle varied from 43 kHz at 20 °C to 49 kHz at 538 °C,
contrary to expected behavior as explained earlier. The cy-
cling profiles shown here were found repeatable over many
other microphones. The loss of optical power and sensitivity
are believed due to a shift in fiber position relative to the
mirror. Dissection of several microphones revealed no dete-
rioration of the mirror or fibers. In the alternative optical
fiber concept, using the seven element array, it was learned
that temperature cycling caused the fibers to shift relative to
one another and thus eroded the sensitivity. For this reason
the seven element array was abandoned.
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FIG. 11. Schematic diagram of the installation of the probe microphones
and fiber-optic microphone in the wall of the TAFA test section.

V. FIELD TESTING OF THE FOLM SYSTEM
A. TAFA facility

The Thermal Acoustic Fatigue Apparatus (TAFA) facil-
ity at Langley Research Center is a grazing incidence, high-
intensity noise apparatus with the capability of generating
overall sound-pressure levels (OASPL) from 125 to 168 dB,
both sinusoidal and random, in the frequency range of 40—
500 Hz. Figure 11 shows a schematic of the facility test
section. The noise source (not shown) is composed of two
30 000-W acoustic modulators driven by filtered pressurized
air. The sound is coupled at grazing incidence to the 1.829
mX1.829 m (6 ftX6 ft) test section by an exponential horn
(not shown) with a 27-Hz low-frequency cutoff. Test panels
or plates can be mounted in one movable wall of the test
section. On the opposite wall, a heat bank of ten high-
intensity lamp fixtures with six 6000-W quartz lamps in each
is located behind a 0.025-m (1 in.) thick quartz window. This
system is used to obtain heating flux densities up to 510
kKW/m? [44 Btu/(ft? s)] on the test panel surface. Both the test
panel wall and the heat bank wall are water cooled and the
lamp bank is both air and water cooled. For more details see
Ref. 15.

For normal operation two probe microphones are used:
one is located at 0.483 m (19 in.) upstream and the other
located at 0.483 m (19 in.) downstream of the vertical cen-
terline of the test section, as shown in Fig. 11. These are
specially configured to measure the noise levels near the test
panel during high-temperature operation. The microphones
themselves are positioned 0.457 m (18 in.) behind the rear
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surface of the test wall in a “Tee” of a 0.0064-m (1/4 in.)
diameter pipe penetrating the test section. A 15.24-m (50 ft)
length of 0.0064-m (1/4 in.) tubing behind each microphone
is used to eliminate reflective tube resonances. These micro-
phones are calibrated using a noise driver as a source to drive
noise down a 0.0254-m (1 in.) diameter pipe. The end of the
0.0064-m (1/4 in.) probe pipe normally penetrating the test
section wall is sealed inside one side of the 0.0254-m (1 in.)
diameter pipe and a calibrated microphone is sealed inside
directly opposite it. The output of the probe microphone is
adjusted to equal the output of the calibrated microphone at
124 dB and 250 Hz. Experience has shown that the effects of
thermal gradients inside the probe tube during high-
temperature operations are negligible.

B. Fiber-optic microphone installation

The fiber-optic microphone was installed at the center
position of a very stiff test panel as shown in Fig. 11. The
panel was made of 0.0064-m (1/4 in.) thick steel with two
0.1016-m (4 in.) steel angle stiffeners attached to the rear
surface. The 0.0127-m (1/2 in.) offset was acoustically neg-
ligible in the frequency range of interest. This arrangement
provides the desired test conditions, temperatures up to
538 °C and sound-pressure levels up to 160 dB. The mem-
brane end of the microphone cartridge was fitted into a high-
temperature gasket, made of aluminum oxide cloth, and
flush-mounted into the 0.0127-m (1/2 in.) hole in the panel.
A thermocouple was installed on the test panel next to the
membrane to monitor the temperature in the vicinity of the
fiber-optic microphone. The optoelectronic amplifier was lo-
cated in the TAFA control room and connected to the micro-
phone with a 5.0-m (16.4 ft) long fiber extender. The fiber
cable was supported by two poles, which stood adjacent to,
but not in contact with, the test panel. This arrangement was
successful in isolating the microphone and fiber cables from
the substantial vibrations of the TAFA structure.

C. Data acquisition and analysis

Time series microphone data were first acquired using a
spectrum analyzer for four overall sound-pressure levels
(130, 140, 150, and 160 dB) and three temperature condi-
tions (ambient and 268 and 538 °C). In each of the above, 10
s of data were recorded at a time resolution Az of 1.22X10™*
s. The time series data were then postprocessed to determine
the power spectral density (PSD) of the sound-pressure level.
Each record was divided into contiguous 0.5-s blocks and a
Hanning window was applied to each. A 4096-point trans-
form was taken, yielding a frequency resolution of 2 Hz.
Twenty PSDs were averaged to obtain the final results. The
exception to the above was the acquisition and processing of
the 160-dB data at 538 °C. 2 s of data were recorded in this
case, allowing only four averages to be performed. Therefore
the spectra shown in Sec. V D are not as smooth as the other
cases.

- D. Results

The following results correspond to a bandlimited input
spectra to the TAFA noise generation system between 50 and
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TABLE . Overall sound-pressure levels (0~500 Hz) measured by the
probe tube and fiber-optic microphones, and their difference, at three tem-

peratures.

Probe tube/FOLM/difference (dB)
Nominal
OASPL (dB) Ambient 260 °C 538 °C
130 130.8/134.0/—3.2 129.4/137.0/~7.6 129.4/146.8/—17.4
140 139.5/141.7/-2.2  140.1/141.7/—-1.6 139.2/147.6/—8.4
150 150.4/152.4/—2.0  150.0/150.5/—0.5 149.9/152.5/-2.6
160 160.0/162.3/—2.3 159.8/160.2/—0.4 159.8/160.9/—1.1

200 Hz. The overall levels from the probe tube and fiber-
optic microphones, and their differences, were computed and
are shown in Table III for the ambient and 268 and 538 °C
temperatures. From this data, it is apparent that the noise
floor of the fiber-optic microphone is somewhere between
the 130 and 140 dB sound-pressure levels, depending on the
temperature. Figure 12 shows the power spectral densities of
the fiber-optic microphone at 538 °C for noise levels of 130,
140, 150, and 160 dB OASPL. The high-temperature, low-
frequency background noise has the appearance of a 1/f
component. Experience has shown that this effect anneals
out after several thermal cycles. However, since the data
were collected prior to repeated thermal cycling, the 1/f
component did not have the opportunity to anneal out. Table
III shows that the OASPL measured by the fiber-optic micro-
phone are as much as 1-2.3 dB high for those tests where the
background noise plays an insignificant role. The discrep-
ancy is attributable to the fact that the probe microphone was
not located at the same location as the fiber-optic micro-
phone. Figure 13 shows a comparison between the power
spectral densities of the fiber-optic microphone and the probe
microphone at the 160 dB OASPL at 538 °C. It is seen from
the data that the shapes of the spectra compare well. The
spectra at ambient and 268 °C (not shown) compare equally
well.

E. Discussion of field test

As is evident in Fig. 13, the fiber-optic microphone re-
produced the spectral shape of the acoustic pressure mea-
sured by the probe microphone. The absolute power spectral

T

PSD, Pa’/Hz

0 1(170 ZCINJ 3(!)0 4(|)0 500
Frequency, Hz

FIG. 12. Power spectral densities of the acoustic pressure measured by the
fiber-optic lever microphone at 538 °C.
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FIG. 13. Comparison of power spectral densities of acoustic pressure mea-
sured by the probe and fiber-optic microphones at 160 dB and 538 °C.

densities, however, differ from those of the probe micro-
phone, as indicated in Table III. At a sound-pressure level of
130 dB, the influence of the background noise in the fiber-
optic microphone is evident, especially at 538 °C, where a
prominent 1/f component appears. At the higher sound-
pressure levels the 1/f component is less significant and the
two measurements compare favorably in both shape and
overall level. The ability of the microphone to reproduce the
spectra at 160 dB reveals good microphone linearity at all
temperatures, as is to be expected, for the microphone was
designed to measure levels up to 190 dB. The limited band-
width of the test (50-200 Hz) did not utilize the full fre-
quency response capability of the microphone, for the mem-
brane has a resonance frequency of about 70 kHz. A
drawback was the unexpected sensitivity of the fiber-optic
microphone to vibration (changes in optical intensity). The
microphone has to be isolated from the vibration of the
TAFA carriage for the test to be successful. The vibration
sensitivity is thought to originate in the response to mi-
crobending by the multimode optical fibers, and will have to
be addressed in further development of the microphone.
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