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This paper describes the design and characterization of a micromachined microphone for aircraft fuselage arrays
utilized by aeroacousticians to help identify aircraft noise sources and/or assess the effectiveness of noise-reduction
technologies. The developed microphone utilizes piezoelectric transduction via an integrated aluminum nitride
layer in a thin-film composite diaphragm fabricated using a combination of surface and bulk micromachining.
The experimental characterization of several microphones is presented. Measured performance was in line with
the Boeing Company specifications for the fuselage array application, including sensitivities of 32.1 uV/Pa to
43.7 pV/Pa, minimum detectable pressures as low as 40 dB (1 Hz bin at 1 kHz), confirmed bandwidths up to 20 kHz,
>100 kHz resonant frequencies, and 3% distortion limits between 160 and 172 dB sound pressure level. With this
performance, in addition to the small sizes, these microphones are shown to be a viable enabling technology for
low-cost, high-resolution fuselage array measurements.

Nomenclature
Co = isentropic speed of sound, m/s
d, = effective acoustic piezoelectric coefficient, m?/V
fr = resonant frequency, Hz
firas 42 dB frequency bandwidth points, Hz
fe = Cutoff frequency of plane wave tube, Hz
H, = microphone frequency response, V/Pa
k = Boltzmann’s constant, 1.38 x 1072 J/K
MDP = minimum detectable pressure, dB
PMAX = pp. dB
P max = pressure level at distortion limit, Pa
Pmin minimum detectable pressure, Pa
R,, = resistance of the piezoelectric layer, 2

S microphone sensitivity taken at 1 kHz, V/Pa

S, = reference microphone sensitivity taken at 1 kHz, V/Pa

St = current noise power spectral density of the buffer
amplifier, A’ /Hz

St = voltage noise power spectral density of the buffer
amplifier, V2 /Hz

Sy = total output voltage noise power spectral density of

the microphone, V2/Hz
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I. Introduction

IRCRAFT manufacturers increasingly face regulatory and
market-driven pressures to reduce aircraft noise. In the United
States, the Federal Aviation Administration dictates noise standards
that aircraft must meet in order to receive airworthiness certification
[1], while noise standards also continue to grow more stringent
abroad [2]. Passenger expectations for a quiet flight experience [3]
coupled with concern about long-term noise exposure of flight crews
[4] also drive aircraft manufacturers to reduce cabin noise in-flight.
During the aircraft component design and redesign process,
aeroacousticians use advanced experimental technologies to help
guide noise-reduction efforts [5]. Chief among these technologies are
microphone arrays, which are distributed collections of microphones
that spatially sample pressure fluctuations. Arrays with different
purposes are deployed: dynamic pressure arrays capture hydro-
dynamic pressure fluctuations associated with a turbulent boundary
layer and incident acoustic pressure fluctuations, while aeroacoustic
phased arrays are used to resolve noise sources via a family of
postprocessing techniques known as beamforming algorithms.
Arrays were utilized heavily in the 2005-2006 Quiet Technology
Demonstrator 2 program, which brought together a consortium of
aerospace industry leaders (including the Boeing Company, General
Electric Aircraft Engines, Goodrich Corporation, the National
Aeronautics and Space Administration, and All Nippon Airways) for
aseries of tests to evaluate noise-reduction technologies [6,7]. A goal
of the tests was to determine the effectiveness of various engine inlet
and exhaust configurations at reducing noise transmitted to the cabin
or radiated to the community below. Both full-scale flight tests
using dynamic pressure arrays and static engine tests using phased
arrays were conducted. A dynamic pressure array featuring Kulite
LQ pressure transducers [8] surface mounted on the exterior of a
Boeing 777 is pictured in Fig. 1. The array enabled the spectral
mapping of pressure fluctuations associated with the boundary
layer and “shockcell noise” (a large contributor to aft interior cabin
noise) along the fuselage, comparison of levels before and after
engine treatments, and the identification of axial fuselage locations
subjected to the highest shockcell noise levels [9]. A similar array
was deployed forward of the engines for the characterization of
“buzzsaw noise” [6]. The deployment of phased arrays in static
engine tests, with their lower cost and complexity compared to flight
tests, enabled a more comprehensive assessment of noise-reduction
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technologies via the inclusion of more engine configurations and
instrumentation. Instrumentation for these tests include Briiel and
Kjer 4938 1/4 in. pressure field microphone in the phased arrays
and Kulite LQ pressure transducers flush mounted on the engine.

Full-scale flight tests and static engine tests are regular events at
the Boeing Company. Limitations exist in the deployment of high-
channel-count arrays, including the cost per channel, data collection
and storage capabilities, and compatibility with existing test facilities
[10]. In addition, microphones used in aeroacoustic array measure-
ments must often meet demanding requirements, including the
sensing of high sound pressure levels (>160 dB) with low distortion
(<3%) and high sensitivity stability (100ths of a decibel). Measure-
ment-grade sensors that meet these criteria are expensive, often
costing upwards of $2000. With unavoidable equipment loss due to
measurements performed outdoors and in the harsh high-altitude
environment of flight tests, the large initial investment gives way to
significant recurring costs as well.

Microphones based on the technology of microelectromechanical
systems (MEMS) show promise for meeting the stringent perfor-
mance needs of aeroacoustic applications at reduced cost, made
possible using batch fabrication technology [11-18]. Higher density
arrays with better performance become possible when channel cost is
reduced. Perhaps most importantly, the small size of MEMS
microphones position them as an enabling technology for more
advanced measurements, particularly in full-scale flight tests where
sensors must be extremely thin and robust. Beyond cost contraints,
the Kulite microphones composing the array in Fig. 1 are sparsely
distributed because sensor locations must be carefully chosen to
avoid flow disturbances caused by upstream sensors affecting those
downstream. With these sensor density restrictions, deployed arrays
have been insufficient for beamforming [19]. Thinner sensors with
smaller packaging may be more densely packed, enabling both
higher-resolution maps of the fluctuating pressure field on the
fuselage and, eventually, the beamforming of in-flight data to
identify dominant noise sources for actual—not simulated—flight
conditions.

This paper discusses the design and characterization of MEMS
microphones appropriate for use in aeroacoustic arrays. The primary
application for this work is the fuselage array. Static engine test
arrays, with less stringent specifications in many respects, are viewed
as a secondary application. First, Sec. II provides an overview of
the microphone technology used in this study and briefly describes
the microphone design. Section III describes the fabrication of the
microphones and Sec. IV addresses their packaging for laboratory

/d

Fig. 1 Boeing 777 fuselage instrumented with an array of microphones.
(Courtesy Boeing.)

Table 1 Fuselage array application requirements

Metric MEMS requirement Kulite LQ
Sensing element size ¢ <19 mm 864 um x 864 um
Sensitivity 500 pV/Pat 1.1 uV/Pa
Min. detectable pressure < 48.5 dB® 48.5 dB?

< 93 dBOASPLF 93 dB OASPLS
Max. pressure? > 172 dB 172 dB

Bandwidth 20 HZ-20 kHz¢ <20 Hz-20 kHz+

*With on-board gain.

®| Hz bin centered at | kHz.
€20 Hz-20 kHz.

439 distortion.

°+2 dB.

characterization. Section V describes the experimental charac-
terization of several microphones, and finally, Sec. VI offers
conclusions and directions for future work.

II. Overview

This section provides an overview of the microphone technology
used in this study and the desired performance. The project sponsor,
the Boeing Company, established design targets for the fuselage
array application, found in Table 1. These requirements were derived
from the desire to meet or exceed existing measurement capabilities
of the Kulite LQ pressure transducers, whose performance charac-
teristics are also collected in Table 1.

Among the transduction mechanisms available for micro-
fabricated microphones are capacitive [15-17], piezoresistive
[11,12,15,16], optical [18], and piezoelectric [14]. Beyond the
performance requirements in Table 1, low power consumption is an
important goal because it enables the use of compact data acquisition
systems with common integrated 4 mA constant-current sources.
Piezoelectric transduction does not require a bias voltage and
also offers the appropriate combination of ruggedness, simplicity,
and performance. It is therefore used in the microphone design
described here.

The microphone structure is composed of a circular diaphragm
with a metal/piezoelectric/metal film stack situated on the high stress/
strain region around its outer boundary. A depiction (not to scale) of
the microphone structure is shown in Fig. 2 with a quarter cutout. The
diaphragm deflects under an incident acoustic pressure wave, and the
resulting stress/strain in the piezoelectric material yields a propor-
tional output voltage. The diaphragm is composed of passivation,
electrode, piezoelectric, and structural layers and is front side vented.
Aluminum nitride was used in lieu of more common thin-film
piezoelectrics like lead zirconate titantate or zinc oxide due to its
attractive properties, including a high material figure of merit for
sensitivity (g3;), low dielectric loss, and high intrinsic signal-to-noise
ratio [20].

The design and optimization of the microphones were accom-
plished via the use of the lumped element modeling approach [14,21]
together with a piezocomposite diaphragm model, with both inte-
grated into a single-objective optimization algorithm. Whereas
design details are given elsewhere [22], the primary drivers are
briefly summarized here. The main conflicting requirements were to

Fig. 2 Microphone structure with quarter cutout (not to scale),
featuring a circular diaphragm with an annular electrode/piezoelectric/
electrode ring.
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Fig. 3 Microphone fabrication process.

achieve a very high 3% distortion limit, p,,, = 172 dB, and the
lowest possible minimum detectable pressure, p,.,. The former is
accomplished via the selection of a sufficiently stiff diaphragm.
Meanwhile, the minimum detectable pressure (MDP) is more
nuanced. Under the conditions that the dominant noise contributors
are the buffer amplifier and dielectric loss, the expression for p,;,
may be written as [22]

n[Sat R suc?
Drmin A2 \//f [W"‘ 7 l] df (1)
1 a a

where the integration f; — f, is over a bandwidth of interest, S/, is
the current noise power spectral density (in amperes squared per
hertz) of the amplifier, S}, is the voltage noise power spectral density
(volts squared per hertz) of the amplifier, & is Boltzmann’s constant,
T is temperature, R,, is the electrical resistance associated with
the piezoelectric layer in the annular film stack, C,, is the total
capacitance of the microphone, and d, (meters cubed per volt) is the
effective acoustic piezoelectric coefficient. From Eq. (1), it is
desirable to have high piezoelectric coupling (d,,), high resistance in
the piezoelectric layer (R, ,,), and low noise from the amplifier (S i and
S3). The properties d, and R, are tied to each other via the choice
of material and design of the annular film stack (i.e., thickness and
area). In addition, d, also trends similarly to the compliance of the
diaphragm.

Taking all of these tradeoffs into account, seven microphone
designs labeled A through G were produced with p;, and pp..

Mic die

Endcap

predictions in the vicinity of the targets given in Table 1. Film
thicknesses were the same for all designs, and the width of the
annular film stack varied little; meanwhile, the outer diameters varied
significantly from 514 pm to 910 pum.

III. Fabrication

Fabrication was performed at Avago Technologies using a variant
of their film bulk acoustic resonator (FBAR) process [23-25], more
commonly used to produce duplexers and filters for cellular phones.
Although exact FBAR process details are proprietary, a general
outline of fabrication steps for a microphone structure was published
by Avago Technologies [24,25] and is summarized in Fig. 3. The
process involved both surface and bulk micromachining, starting
with a 675-pum-thick, 150 mm (6 in.) silicon wafer. First, a shallow
cavity was etched and filled with sacrificial material, which served to
define the diaphragm diameter and set an etch stop for subsequent
backside processing. The wafer surface was thinned to 500 pm and
planarized via chemical-mechanical polishing (CMP) as shown in
Fig. 3a. The structural, metal (molybdenum), piezoelectric, and
passivation layers, in addition to the bond pads, were then deposited
and patterned in a set of proprietary process steps (Fig. 3b). The
materials used in the passivation and structural layers were propri-
etary features of the process and are thus not disclosed. Projection
step-and-repeat photolithography was used to repeat the same 10 x
10 pattern of microphones over the entire wafer. A deep reactive ion
etch (DRIE) from the backside of the wafer formed the back cavity
(Fig. 3¢c) and the sacrificial material was removed to release the
diaphragm (Fig. 3d).

All seven microphone designs discussed in Sec. II were fabricated.
This paper presents the experimental results for the more acoustically
sensitive designs D, E, and F, with outer diameters of 690 pm,
756 pm, and 828 pm, respectively. A microphone die of design F is
shown in Fig. 4; die dimensions are 2 mm on a side.

IV. Packaging

The packaging of the MEMS piezoelectric microphone for use in
fuselage arrays requires a small, thin, and inexpensive solution. A
package that meets all of the requirements for deployment in the field
demands significant development and is beyond the scope of this
study. However, laboratory test packaging that enables seamless
transition of the MEMS microphone into multiple test setups among
the research laboratory and project sponsor is also an important
development. This section describes the creation of a laboratory test
package that is compatible with common test fixtures for 1/4 in.
microphones at both the Interdisciplinary Microsystems Group and
the Boeing Company. An in-depth look at the Boeing Company
flush-mount adapter designs is found elsewhere [26].

The entire package was composed of structural and connectivity
components as shown in the exploded view of Fig. 5. The
microphone die was epoxied into a circular printed circuit board (to
be called the “endcap”) and gold wire bonds were made from bond
pads on the die to vias on the endcap. The endcap was connected to
the end of a brass tube via alignment pins. A circuit board with a

Nylon sleeve

Brass tube

Circuiy board

Fig. 5 Exploded view of the laboratory test package.

QM is1m)
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ETm 5
Wire bonds to vias

Fig. 6 Closeup photograph of a packaged MEMS piezoelectric
microphone.

buffer amplifier was housed inside the brass tube, and it was
interfaced to the endcap via solder connections. Wire connections to
the circuit board for transmitting the microphone output and
powering the buffer amplifier emerged from the back side of the brass
tube. A nylon sleeve was fixed on the assembled brass tube and
endcap via set screws in the thickest part of its base and served to
electrically isolate the brass tube from test fixtures, while also
ensuring mounting flushness. Finally, heat shrink tubing (not shown)
was used to stress relieve the wires protruding from the brass tube.
Brass tubes and nylon sleeves were provided by the Boeing
Company. A packaged microphone is shown in Fig. 6.

V. Experimentation

This section describes the experimental characterization of five
MEMS piezoelectric microphones of three different designs. The
measurements of the resonant frequencies, frequency response,
linearity, and noise floor are presented.

A. Resonant Frequency

The resonant frequency, f,, of a microphone provides a qualitative
measure of bandwidth in the absence of high-frequency acoustic
characterization. Microphone die excited using a broadband
electrical signal were interrogated using a single-point measurement
beneath a laser vibrometer (LV). Each die was interrogated only at a
single pointin the center of the diaphragm to maximize the LV signal.
A periodic chirp signal over a frequency range from 0 to 200 kHz
with resolution of 31.25 Hz was used, and f, was selected from the
maximum of the displacement per voltage frequency response
function. The results of the resonant frequency measurements are
found in Table 2, with f, decreasing with increasing diaphragm size
(D — F) as expected. All devices exhibited f, > 100 kHz.

B. Frequency Response

The frequency response of the piezoelectric microphones, H,,(f)
(volts per pascal), was determined over the audio range via compar-
ison with a measurement-grade reference microphone. Different
frequency bands were measured at the University of Florida and the
Boeing Company facilities.

At the University of Florida, the acoustic characterization was
performed in an approximately 1-m-long, 2.2-cm-thick, aluminum
plane wave tube (PWT) with a 1 in. x 1 in. duct. A PWT is a rigid
waveguide designed such that only planar waves propagate below its
cutoff frequency, /¢, which is dependent on cross-sectional geometry
and the isentropic speed of sound ¢, of the associated gas. Two

Table 2 Resonant frequency measurements

MEMS mic f kHz
E4-D 132.6
12-D 133.5
18-E 114.4
H3-F 103.9
J3-F 103.9

—86 4 — Air
—88

- -- Helium

|Hom (f)] [dB re 1V/Pa]

T
10? 10 10* 10°

Frequency [Hz]
Fig. 7 Predicted frequency response magnitude in air and helium for
design D.

l—Acoustic driver Reference mic

Plane wave tube—+
PETTTTTIT T
A _ﬁ He out
into water DUT
Amplifier [« PULSE

&

- K

Fig. 8 PWT setup for acoustic characterization.

microphones mounted at the same lengthwise location are simulta-
neously exposed to the same pressure for drive frequencies less than
f¢. Complementary frequency response measurements were per-
formed using both air and helium in the PWT, for which f¢ is 6.7 kHz
and 19.8 kHz, respectively. The measurement in air was intended
to yield accurate sensitivity information under normal operating
conditions. The expanded frequency range of the helium measure-
ment enabled the assessment of the flatness of the frequency response
over nearly the full audio range. The use of helium, instead of air, has
a slight effect on the performances of both the MEMS microphones
and the reference microphone. For example, a helium-filled cavity is
less compliant than an air-filled cavity. A lumped element model for
the microphone frequency response [22] yields a predicted flat band
sensitivity of

¢ll
S=——"—c— )
i+

where C,, is the acoustic compliance of the diaphragm and ¢,, is the
transduction factor. The acoustic compliance of the cavity, C,., is
inversely proportional to the bulk modulus of the associated gas. In
general, C,,;/C,. < 1and, thus, the cavity composition has minimal
impact on the frequency response, as shown in Fig. 7 for design D in
air and helium. Depending on the microphone design, the reduction
in sensitivity in helium compared to air was predicted to be 0.04 dB to
0.4 dB.

The experimental setup is shown in Fig. 8, with both the reference
microphone and single MEMS microphone (the device under test
[DUT]) mounted at the end of the PWT. The reference microphone
used was a Briiel and Kjer 4138 1/8 in. pressure field microphone.
A Briiel and Kjer Type 3560D Multichannel Portable PULSE
system was used to generate the test signal and acquire data. The
pseudorandom test signal was ampified via a Techron 7540 power
amplifier prior to reaching a BMS 4590 compression driver. The
pseudorandom noise excitation signal with the frequency content
above 300 Hz was used due to the poor response of the compression
driver below that frequency. Measurement settings are collected in
Table 3. For the helium measurement, the PWT was flooded with
helium via a pressurized canister regulated at 10 psi. The helium
exited the PWT into a cup of water.

In air, the frequency response of a MEMS microphone, H,,(f),
was determined simply as the frequency response function relating
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its output (volt) and the output of the calibrated reference micro-
phone (pascal). The reference microphone frequency response
magnitude was regarded as flat in this calculation and only relative
phase was determined. In helium, concerns about the stratification
of the gas medium and resulting wavefront distortion led to the use
of the substitution method to improve measurement quality. This
method required two frequency response measurements with the
microphones in original and swapped positions. Let H?,, and Hj,,
represent the measured frequency response functions in the original
and swapped positions, respectively, relating the output of micro-
phone m (a MEMS microphone) to that of microphone r (the
reference) in units of V/V. Under the assumption that there is no
change in the pressure field between measurements, the DUT
frequency response function V/Pa is found from [13,27]

H, = S,/H,H;,, 3)

where S, is the sensitivity of the reference microphone. Therefore,
the frequency response function of a MEMS microphone, H,,(f), is
deduced from the geometric mean of measurements for H?,, and H;,,
even when the two microphones are not exposed to precisely the
same pressure.

The frequency response function measurements made in helium
are collected in Fig. 9, shown in terms of magnitude and relative
phase. The frequency response magnitude is flat to well within the
stated goal of +2 dB from 300 Hz to 20 kHz. Deviations in the
magnitude and phase close to 20 kHz are the result of the onset of
higher-order acoustic mode propagation. Note that the phase is
relative to the reference microphone. The microphones were phase
matched to <2 deg out to 19 kHz.

The sensitivities of the MEMS microphones are collected in
Table 4 in both dB and £V /Pa for measurements performed in air.
The sensitivities in helium were all lower than in air by less than
0.2 dB (2.3%). The phase rolloff in helium was less than in air by
approximately 5 deg at 6 kHz.

=
—80
& E4D
2 —85 4 --- 12-D
° R AT R T SRR I8-E
A 90— -~ -H3F
% —95 4 -- J3-F
& 100 ‘ : ‘ w
- 0 5 10 15 20
180 9o
—————, E4-D
= 135 1 --- 12D
= I8-E
= 907 -~ -H3F
N 45 - - J3-F
0 T T T 1
0 5 10 15 20

Frequency [kHz]
Fig. 9 Microphone frequency responses in helium.

Amplifier

Acoustic
cavity T
Referﬁ;\rjﬁe Spectrum
1 Analyzer

“Infinite”
tube roll

a)

Table 4 Microphone frequency response characteristics?
at 1 kHz in air

Magnitude
MEMS mic dBrel V/Pa nV/Pa  Relative Phase (deg)
E4-D —89.86 +0.06 32.1 +£0.2 177.3 £0.1
12-D —89.77 +£0.06 32.5+0.2 177.9 £ 0.1
18-E —88.71 +£0.06 36.7 +0.2 178.1 £0.1
H3-F —87.19+0.06 43.7+0.3 178.3 +£0.2
J3-F —88.25 +0.06 38.7+0.3 178.0 £0.2

“Uncertainties are for 95% confidence interval.

Because of the low-frequency limitations of the BMS 4590
compression driver used in the PWT setup, additional measurements
to characterize the low-frequency rolloff of the piezoelectric micro-
phone were performed at the Boeing Company. Two piezoelectric
microphones, 12-D and J3-F, were transferred to the Boeing
Company for this measurement and others. The measurement setup
is pictured in Fig. 10 and consisted of the MEMS and Briiel and Kjer
4136 reference microphone mounted in a small acoustic cavity
(Fig. 10b shows two mounted Briiel and Kjer 4136 microphones)
that was driven by a speaker and terminated into an “infinite” (100 ft)
copper tube. The infinite tube termination provides an essentially
anechoic termination and as such supports only forward-propagating
acoustic waves. The primary assumption of this measurement setup
is that the two microphones are exposed to the same pressure over the
frequency range of interest, which was confirmed via a measurement
made using two Briiel and Kjer 4136 microphones.

In performing the experiment an HP 35670 spectrum analyzer
provided a broadband white noise signal and acquired the MEMS
and reference microphone signals over a bandwidth of 0 kHz to
1.6 kHz with a frequency resolution of 1 Hz. Using the spectrum
analyzer, the frequency response function relating the DUT output to
the calibrated reference microphone output (volts per pascal) was
calculated. The frequency response function was then postprocessed
to correct for the low-frequency rolloff in the reference microphone.
The low-frequency calibration of the reference microphone was
obtained at 1/3 octave bands down to 10 Hz using a Briiel and
Kjer UA0033 electrostatic actuator. At frequencies (<800 Hz), the
accuracy of this method is approximately 0.5 dB [28]. The typical
—3 dB lower-limiting frequency for a Briiel and Kjer4136is 0.3 Hz
to 3 Hz.

The normalized frequency response measurements are captured in
Fig. 11. Both —2 dB and —3 dB frequencies are collected in Table 5
with associated uncertainties given £0.5 dB accuracy in the refer-
ence microphone electrostatic calibration. The nominal —2 dB
frequencies were above the target of 20 Hz for both microphones.

C. Linearity

The characterization of microphone linearity refers to the quanti-
fication of how the voltage output of the MEMS microphones change
with sound pressure level. Measurements were performed at both the
University of Florida and at the Boeing Company. From the collected

Fig. 10 Infinite tube measurement setup: a) measurement schematic, b) two Briiel and Kjar 4136 microphones mounted in the acoustic cavity, and

¢) inside the acoustic cavity.
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Fig. 11 Piezoelectric microphone frequency response functions at low
frequencies normalized to values at 1 kHz.

data, total harmonic distortion was calculated in terms of power
spectral density as [29]

THD =
Gmm (fl)

x 100% 4)

where f| is the fundamental frequency, excitation frequency, or
first harmonic, and f, is the nth harmonic. Assuming uniform
microphone sensitivity at each f,, the power spectral density of the
MEMS microphone output, G,,,,, can be regarded in units of Pa? /Hz
or V2 /Hz.

At the University of Florida, the same setup used to find the
frequency response (in air), pictured in Fig. 8, was used to obtain data
for the total harmonic distortion calculation. A single tone signal at
1 kHz drove the BMS 4590 compression driver, which could reach
a sound pressure level (SPL) of approximately 160 dB without
exceeding its power rating. A PCB Piezotronics Model 377A51
precision condenser microphone, with a maximum SPL of 192 dB
(3% distortion) served as the reference. The MEMS and reference
microphone output signals were collected using the same settings
found in Table 3 at multiple pressure levels. Starting from the lowest
SPL with a detectable second harmonic, the SPL was increased in
steps of 3—4 dB SPL up to 160 dB. The 6.4 kHz bandwidth enabled
the first six harmonics to be captured. For this PWT measurement it
is important to recognize that since harmonics above the sixth
propagate as higher order modes, they do not contribute equally to
the DUT and reference microphone responses. Therefore, power
distributed to frequencies f, for n > 6 must be negligible in order for
the calculation to be valid.

Figure 12 is a plot of the MEMS microphone voltage output versus
the reference microphone pressure (both taken at the fundamental
frequency of 1 kHz). The response to each of the microphones was
highly linear, with R? > 0.99.

Figure 13 shows the total harmonic distortion (THD) calculation
for one representative microphone, J3-F. The large level of distortion
(30-40%) for the reference microphone, which by specification does
not exceed 3% until 192 dB, indicates the measurement environment
is harmonic rich. Nonlinearities in the amplifier, speaker, and
acoustic propagation path are all possible contributors. As a result,
the calculated THD of Fig. 13 is not valid in an absolute sense, though
the comparison of the calculations for the MEMS and reference
microphones provides valuable qualitative information. The THD of

Table 5 Lower-limiting frequencies

Microphone -2 dB -3 dB
12-D 85 Hz'3 M2 34 Hz 2 1l
J3-F 69 Hz'5; B 22 Hzt 0 [

E E4-D
= et 12-D
LR e J3F
S 04

(=)

T T T T
500 1,000 1,500 2,000
Pressure (rms) [Pa]

Fig. 12 Linearity measurements.

309 —J3-F /
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a
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Fig. 13 THD measurements for microphone J3-F.

Fig. 14 Linearity measurement setup at the Boeing Company: a) view
of the entire wedge fixture, with speakers; and b) reference microphone
and DUT mounted in the wedge.

MEMS microphone J3-F and the reference align closely, with a
maximum observed difference of 0.3% THD. The same close
agreement was observed for all other MEMS microphones as
well, providing reasonable certainty that the 3% distortion limit
significantly exceeds 160 dB.

A measurement setup at the Boeing Company was designed
specifically to minimize harmonic contamination at high sound
pressure levels. Photographs of the setup are found in Fig. 14. The
measurement apparatus, known as “the wedge,” houses a low-
volume acoustic cavity driven by four manifolded speakers. A
reference microphone (in this case the Briiel and Kjer 4938 1 in.
pressure field microphone with 172 dB distortion limit) and the
MEMS microphone were mounted facing each other, as shown in
Fig. 14b), at close proximity (0.231 in.). A single tone excitation
signal at 2.5 kHz was used, and the maximum achievable SPL in the
wedge was approximately 172 dB. An HP35670A spectrum analyzer
was used to collect the data and perform the THD calculation with 10
harmonics included. The frequency resolution was 64 Hz.

The results of the Boeing Company linearity measurements are
collected in Table 6. The calculated total harmonic distortion in both
the MEMS and reference microphone are given for each test,

Table 6 THD measurements performed at the Boeing

Company
Measurement Microphone SPL (dB) THD (%)
1 12-D 166.0 3.0
Briiel and Kjar 4938 167.6 24
2 I3-F 171.6 2.9
Briiel and Kjar 4938 171.3 11.5




Downloaded by RMIT Univ: E-JOURNALS PACKAGE on March 20, 2013 | http://arc.aiaa.org | DOI: 10.2514/1.J051519

2750 WILLIAMS ET AL.

Battery packs
Low noise
] d
DUT amplifier
Triple Faraday cage _T v

Spectrum @
analyzer @/

Fig. 15 Triple Faraday cage setup for noise floor characterization.

[02)
(=)

[=2]
(=]

>
o

Do
(=)

0! 102 108 10*  10°
Frequency [Hz]
Fig. 16 MDP spectra.

MDP [dB re 20 pPa/Hz/?]

and SPLs are reported as the pressure measured at 2.5 kHz (the
fundamental frequency) using each microphone. Using the Briiel and
Kjer 4938 and the MEMS microphone to measure SPL while they
distort yields reported SPL estimates that are biased low. That is,
reported distortion occurs at a SPL greater than that given here.
Therefore, the device J3-F almost certainly meets the 172 dB
specification for 3% distortion limit.

Table 7 MDP metrics

MEMS mic dB SPL! dB OASPL! dB (A) OASPLS

E4-D 43.5 85.3 78.3
12-D 43.9 85.3 78.2
I8-E 50.6 89.2 86.3
H3-F 40.2 82.7 75.0
J3-F 40.4 83.2 75.4

“Narrow bin (f = 1 kHz, Af = 1 Hz); |Ugss| < 0.10 dB.
5| Ugses| < 0.01 dB.
“|Uyse| < 0.007 dB (A).

D. Noise Floor

This section details the measurement strategy for the micro-
phone’s intrinsic noise floor. The intrinsic noise floor is of primary
importance because it indicates the best achievable noise charac-
teristics of the MEMS microphones when effectively shielded
from extrinsic noise sources (e.g., electromagnetic interference).
Referring the intrinsic electrical output noise to the microphone input
yields the MDP of the microphone.

The measurement setup [30] using a triple Faraday cage is
pictured in Fig. 15. The triple Faraday cage serves to attenuate
electromagnetic interference from the laboratory environment. The
MEMS microphone was battery powered in the innermost Faraday
cage, with its output signal amplified 1000 times by a Stanford
Research Systems (SRS) Model SR560 Low-Noise Preamplifier,
also battery powered. A SRS Model SR785 2 Channel Dynamic
Signal Analyzer was used to measure the output power spectral
density (volts squared per hertz) over a bandwidth from 0 Hz to the
maximum frequency of 102.4 kHz using multiple spans due to data
acquisition limits. Between 1 k and 10 k, blocks were collected
depending on the span, and the data was averaged using a Hanning
window and 75% overlap. Bandpass filtering with the SR560 was
done from 0.03 Hz-300 kHz. The SR560 noise floor was measured
independently via the shorting of the input and was subtracted, in
terms of power spectral density (PSD), from the MEMS microphone
output before the noise was input referred.

Figure 16 shows the MDP spectra of the microphones, calculated
from the measured output noise PSD, S}, as

/ Qv 2
MDP = 2010g10(M) 5)

20 Pa/Hz'/?

where |S,,| = |H,,(1 kHz)| from Sec. V.B. Because |S,,| is aflat band
sensitivity value, this calculation is not valid below f_, and above
fio

Figure 16 shows the MDP spectra for the five measured devices.
The noise floor in the audio band is seen to be below 70 dB for all
microphones and below the target 1 kHz narrow bin MDP of 48.5 dB,
save for the outlier, I§-E. By 20 kHz, MDP declines to approximately
25 dB SPL.

From the data presented in Fig. 16, several variants on MDP
were computed and are presented in Table 7 with estimated
95% confidence intervals. First, the already discussed narrow bin
MDP is given. The second and third columns of Table 7 contain
integrated measures of MDP, the overall sound pressure level
(OASPL), and A-weighted overall sound pressure level (AOASPL).
In both cases, the integration of the noise floor was completed
over the individual 1/3 octave bands from 20 Hz-20 kHz, with
A-weighting [31] also employed in the latter case prior to final
summation. Every microphone had an MDP more than 3 dB below
the specification of 93 dB OASPL. The A-weighted MDP is lower in
all cases because A-weighting de-emphasizes noise contributions at
frequencies below 1 kHz, where the MDP spectra are the highest.

Table 8 Realized MEMS piezoelectric microphone performance compared to specifications
and benchmark Kulite sensor

Target Specification

Kulite LQ-1-750-25SG

Metric Obtained
Sensing element size $690-828 um
Sensitivity 32-44 nV/Pa
MDP 40-51 dB®
83-89 dB OASPL
PMAX¢ >171.6 dB SPL{
Bandwidth$ 69 Hz¢-20 kHz+

¢ < 1.9 mm 864 x 864 pm?

500 WV /Pat 1.1 £V/Pa
<48.5 dB! 485 dBY
<93 dB OASPL 93 dB OASPL
> 172 dB SPL ~168 dB SPL
20 Hz-20 kHz <20 Hz-20 kHz+

“With on-board gain.

1 Hz bin centered at 1 kHz.
3% distortion.
dMicrophone J3-F.

€+2 dB.
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VI. Conclusions

This study focused on the development of microelectromechanical
systems (MEMS) piezoelectric microphones with the performance
characteristics needed to enable superior technical measurements
in full-scale flight tests. Overviews of microphone operation and
design were given, together with a detailed account of fabrication,
packaging, and experimental characterization.

Characterization results generally met or exceeded target
specifications. The collected microphone performance character-
istics, as compared both to target specifications and the Kulite
microphone presently in-use for full-scale flight tests at the Boeing
Company, are presented in this paper (Table §). Most notably, the
MEMS piezoelectric microphones were well under the 48.5 dB
sound pressure level (SPL)/93 dB overall sound pressure level
(OASPL) minimum detectable pressure (MDP) specification (save
for the outlier I8-E) and had a lower noise floor with higher sensitivity
(up to 40 times greater) than the Kulite microphones. All of the
microphones had a 3% distortion limit above 160 dB SPL. Of the two
microphones tested at even higher SPLs, one (J3-F) demonstrated
PMAX > 171.6 dB SPL. It was not possible to confirm a distortion
limit > 172 dB due to distortion in the MEMS and reference
microphones, but the measurement was highly suggestive that J3-F
met the specification. An onboard gain of slightly over 20 dB is
sufficient to reach the sensitivity target of 500 'V /Pa. Although the
measured f_, 4z point of 70 Hz slightly exceeded the 20 Hz
minimum target, f,, g > 20 kHz was met. Measured microphone
resonant frequencies exceeding 100 kHz suggested a surplus of
usable bandwidth that could expand the range of applications for the
MEMS piezoelectric microphone to model-scale tests. Finally, even
the diaphragm of the largest microphone tested, having a diameter of
828 pum (design F), was smaller than the Kulite diaphragm (864 pm
on a side) and was less than half of the maximum diameter target
specification (1.9 mm).

Future work remains in order to transition the MEMS piezoelectric
microphone described here into active duty in aircraft fuselage
arrays. Robustness to moisture and freezing, in addition to
temperature stability in the range of —60°F to 150°F must be
determined. Environmental measurements already underway at the
Boeing Company will lead to design improvements or compensation
schemes as necessary. In addition, the development of a surface-
mount-packaging scheme that is low cost, robust, and extremely
thin, with enhanced shielding of electromagnetic interference, is
needed.
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