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Chapter 1

Introduction

1.1 The Acoustic Noise Problem in Vocoders

A major problem with narrowband digital voice processors is the degradation of
their performance by background acoustic noise. Digital voice communication
systerns utilized by the Air Force are required to operate on a large variety of
military platforms. The acoustic noise environment is a function of the speeific
platforim. the operational mode of the platform. the location of speaker and mi-
crophone, and the noise-shielding (or noise-introducing) characteristics of equip-
ment such as oxygen masks. Various noise reduction and noise remaoval methods
have heen tried to solve this problem for specific platforms and processors. but
none have been successful at improving the intelligibility of narrowband voice
commuinication in a noisy environment, as measured by the accepted Diagnostic
Rhvime Test.

It would be futile to attempt to characterize acoustic noise completely as
a determimstic function of all the operational variables, but it can be help-
ful to examine the range of acoustic noise phenomena facing Air Force speech
communication systems. Until recent yvears, no research had been directed at
characterizing and categorizing the broad range of noise environments of interest
to the Air Foree, as they affect narrowband voice processors and noise reduction
techniques. Research conducted by ARCON {35] surveyed the long-term char-
acteristies of those noise environments, using the acoustic noise data library of
the RADC/EEV Speech Processing Facility, That study obtained representa-
tive noise power spectrum estimates for recordings made aboard various classes
of aireraft.

This report contams the results of a further study directed at the short-term
variation of nose in the same environments.  The time intervals over which
we ook for vartation may be as short as 20 ms.  For comparison, we note
that vocoders analyze speech in 20-40 ms time increments, and conversational




2 Acoustic Background Noise Variation in Air Force Platforms ...

speech contains about 10 phonemes per second [13]. For reasons related to
noise-removal methods, we are interested in variation over periods on the order
of 1-2 s as well.

In Appendix B, we include some further information obtained about long-
term noise characteristics aboard additional aircraft not covered in the earlier
report [35].

In discussing the acoustic noise problem for airborne speech communication
systems, we have to distinguish between two types of acoustic noise in opera-
tiunal aircraft. On one hand there is what we will call “inherent™ noise of the
aireraft, arising from

1. Turbulent airflow and mechanical vibration associated with the engines,
turbiiies, exhausts, and propellers;

2. Turbulent airflow around the rest of the aircraft;

3. Vibration of the aircraft’s structure excited ultimately by the above two
sources.

This “inherent” noise is the noise arising because the aircraft is flying in a cer-
tain control configuration through a certain external aerodynamic environment.
("ontrasted with “inherent” noise is noise arising from operations within the
aircraft, such as the acoustic noise caused by weapons, communications equip-
ment, or other speakers. It is difficult to predict or classify the effects of such
“operational” noise sources, and they will not be discussed in this report.

Before the acoustic noise and the acoustic speech signal are processed by nar-
rowband speech systems, they are influenced by otier factors. The absolute level
of the speech itself is controlled, within a certain range, by the speaker. Noise-
cancelling microphones may reduce noise levels. Time-domain noise cancellation
or frequency-domain spectral restoration may be employed as a signal processing
step before the vocoder input. A further factor is the noise-suppression effect of
oxvgen masks. In aircraft such as the F-15, the microphone is inside the oxygen
mask, ani "he mask itself provides much-needed attenuation of the aircraft’s
acoustic noise [11]. On the other hand, this attenuation is variable due to the
opening and closing of the valves, and the mask introduces some distortion of
the pilot’s speech.

The overall acoustic noise power is probably the most often quoted attribute
of an aircraft’s acoustic noise environment.. However, for the processing of speech
against this noise background, other attributes of the noise may be more signif-
reant. Speech processing is not affected by noise outside the passbands of the
anadog anti-alias and high-pass filters commonly employed i analyzers. Thus,
for narrowband svstems, the frequency range of prime importance extends from
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100 Hz to about 4000 Hz. Noise outside this range could affect a listener located
in the aircraft, but would not directly corrupt an analyzer’s voice processing.

Furthermore, to assess the impact of acoustic noise on speech processing,
frequency-domain properties of acoustic noise should be compared with the
frequency-domain properties of speech. Although speech is inherently highly
variabic in its spectral shape, the physical shape of the human vocal tract pro-
duces a lone term average spectral distribution that is not flat. In fact, one mo-
tivation for the preemphasis typically applied as the first stage of digital speech
processing is to compensate for the decline in typical speech energy above about
500 Hz. Although this “average shape” is to some extent dependent on the in-
dividual speaker, the long-term spectral distribution of speech is roughly flat
from 100 Hz to 500 Hz and then declines about 6 dB per octave above 500 Hz.
In discussing acoustic noise spectra, we should compare the spectral shape of
the noise with this long-term “average” distribution of speech energy.

In evaluating noise environments from the point of view of narrowband voice
communication, there are three possible classes of noise measures. The first class
includes measures of the noise itself: later in this report we discuss some of
these, such as short-time spectral estimation, the Mann-Whitney statistic, the
standard-deviation-to-mean ratio as a function of frequency, the residual RMS
deviation of noise estimates as a function of averaging time. The second class
includes measures of the effect of noise variation on the performance of noise
stripping techniques, notably the techniques linked to spectral restoration.

The third class, not discussed in this study, would include measures of the
effect of noise variation on speech coding algorithms themselves. Such measures
depend on a choice of coding algorithm; for instance, the effects of additive noise
on the standard LPC-10E may be separated into:

1. Distortion of the reflection coefficients

2. Degradation of the voiced/unvoiced decision
3. Distortion of the pitch estimate

4. Distortion of the energy estimate

For characterizing the stationary aspects of the acoustic noise background,
power spectrum estimation 1s the most appropriate tool, since the second-order
statistics of a zero-mean stationary random process are completely characterized
by its power spectrum.

Some noise backgrounds contain relatively well-behaved periodic compo-
nents. If these components are well separated, they may be susceptible to
noise-reduction processing techniques based on tone removal, but they might
pose a special problem to strategies that assume background noise has a con-
tinuous spectral distribution.
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1.2 Previous ARCON Study

In the long-term noise characterization study [35], we found that the noise en-
vironments were grouped in four classes.

In the first group are large aircraft with wing-mounted jet engines. Aboard
these aircraft, the bulk of the acoustic noise power is concentrated at frequencies
less tiian 1000 Hz. Above 1000 Hz, the noise power drops off at 6-12 dB per
octave, compared to the decline of 6 dB per octave in typical speech signals.
From the narrowband communication point of view, such a shape is desirable
both in terms of reduced competition with higher-formant information in speech
and in terms of susceptibility to noise-cancelling microphones, which perform
better at low frequencies.

The second group consists of large aircraft with wing-mounted turboprop en-
gines. These turboprop engines and their propellers produce more low-frequency
noise than jet engines do, and the difference is apparent in long-term noise power
spectra.

The third group consists of smaller fighter aircraft with jet engines. In these
aircraft there is substantial noise power distributed all across the frequency
range studied, and even higher. Noise-cancelling microphones are of little help
with this high-frequency noise. Moreover, in our previous study we found strong
line components varying in frequency, which would be expected to cause severe
problems for spectral restoration processing techniques.

The fourth group consists of helicopters, in which we have also found sub-
stantial noise power distributed all across the frequency range, apparently in
harmonically related narrow bands.

Our past research has documented differences in acoustic noise from one
compartment to another in the same aircraft, and also substantial and repeat-
able differences between noise measured by two microphones as little as 30 inches
apart, as shown in Figure 1.1. These differences show that we should not expect
high correlation between acoustic noise at two locations near one another, and
further imply that we should be careful not to over-interpret details of particular
acoustic noise spectra.

1.3 Other Research

In the past five years, several rescarchers have studied the effectiveness of two-
microphone noise cancellation methods in simulated cockpit environments. Har-
rison ef al. [17] used actual aircraft noise recordings played through a single
londspeaker. Darlington et al. [10, 28] simulated the cockpit more thoroughly,
with multiple loudspeakers, and Darlington [11] measured the effect of an oxy-
gen mask and helmet. Rodriguez [30] and Rodriguez and Lim [31] used multiple
loudspeakers and gradient microphones. These studies did not address temporal
variation in the noise, because two-microphone noise cancellation is not ham-
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Figure 1.1: Noise spectra, EC-130, microphones 30 inches apart
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pered by such variation. (Spatial variation, on the other hand, is important for
such cancellation methods.)

Aschkenazy and Weiss [38, 4, 5, 6] have applied separate methods of tone
removal, impulse removal, and spectral restoration to cockpit noise, with an
emphasis on enhancement for speech recognition applications.

Since 1975, the US Air Force Armstrong Aerospace Medical Laboratory
{(AAMRL) has been gathering, analyzing, and reporting on the acoustic noise
environment of USAF systems, including aircraft, for the purpose of assisting in
environmental assessments of the exposure of flight crews, aircraft passengers,
ground crews, other flight personnel, and airbase communities to acoustic noise
[9]. In the sertes of which [9] is the first volume, they have published a large
amount of data on third-octave band and octave-band analyses of aircraft acous-
tic noise, including interior noise. Although these third-octave analyses give a
suggestion of the broad spectral shape of the environments studied, they do not
have a fine enough frequency resolution to be used to judge the effects of noise
environments on narrowband speech processing. (For example, a vocoder with
a frame size of 25 ms has an effective analysis bandwidth of about 40 Hz.) The
third-octave resolution was chosen by AAMRL largely because their emphasis
was on bioenvironmental noise studies, not on the effects of acoustic noise on
communications equipment.

Some of the AAMRL recordings were used in another study [25] which found
an undocumented low-frequency rolloff in the recording system used to make
the F-13 recordings. In addition, some recordings have been adjusted for system
response utilizing a 1/3 octave filter set.

1.4 Spectral Restoration

Spectral restoration methods, as described in Section 4.3.1, are the only widely-
applied general approach to the removal of noise from single-microphone speech
in communication systems. Two-microphone methods, such as adaptive noise
cancellation, have limited applicability in aircraft, both because of the need for
a second microphone and because of incoherent noise fields.

Spectral restoration has been used in several forms (7, 8, 12, 24, 27]. The
idea is to transform a noisy signal into the frequency domain and then, using an
estimate of the noise power spectrum, to correct the frequency-domain represen-
tation of the noisy signal. When spectral restoration methods are applied as a
preprocessor to LPC-10 speech coding, intelligibility is generally not improved,
but petceived speech quality has been shown to be enhanced in aircraft noise
environments [20]. Some rescarchers have suggested that some of the observed
limitations on the performance of spectral restoration could arise from nonsta-
tionarity in the noise. Because of the importance of spectral restoration, we
have taken care in this study to consider the effect of short-term noise variation
on spectral restoration methods.
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1.5 Time Variation: This Study

Our previous study of long-term acoustic noise characteristics [35] relied on mod-
eling the noise as a stationary stochastic process. Likewise, spectral restoration
methods rely on estimates of noise spectra based on previous measurements dur-
ing silent (or unvoiced) intervals. In some cases, there is an obvious mismatch
between the assumption of stationarity and the reality of a noise background.
But if there is no obvious reason to suspect nonstationarity, might the noise
source still be nonstationary in a more subtle way? In Chapters 5 and 6 we
present the results of statistical tests of stationarity, applied to acoustic noise
recorded in arrcraft.

Even if the noise ts well-modelled as the output of a statior ..y *2chastic
process, the noise will not be the same from frame to frame nor will the discrete
Fourier transform of the noise be any more predictable (from one frame to the
next) than the noise itself. In Chapter 4 we also discuss measurements of time
variation in terms of the consistency of discrete Fourier transforms, and in terms
of the performance of spectral restoration.




Chapter 2

Sources of Acoustic Noise
Data

2.1 RADC/EEV Acoustic Noise Database

The acoustic noise samples used for this study come from the Acoustic Noise
Database of RADC/EEV. This database consists of noise recordings made
aboard aircraft in flight. The recordings were made on various occasions from
1976 onward.

All these recordings were made with high-quality microphones with an essen-
tially flat frequency response across the audio range. These microphones were
used in preference to the resident communications microphones. One reason for
this approach was the desire to separate the effects of microphone characteristics
from the noise field itself. A second reason was that tapping into the resident
audio system can present problems with flight qualification. A third reason
was the desire to use the noise recordings as source material for sound-chamber
simulations of acoustic noise fields. These simulations were used to generate in-
telligibility and quality test tapes using various microphones [32]. The resulting
tapes provide for the evaluation of voice communication systems. A disadvan-
tage of the use of instrumentation microphones is that the recordings do not
show reductions in the effective noise field due to noise cancelling or frequency
selectivity in the communications microphone.

Until recently, all the original recordings in the Acoustic Noise Database
were analog tapes. In 1989, noise recordings began to be made directly in PCM
formats. The database also contains PCM copies of selected analog originals

39].
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2.1.1 Conditions of Recording

With a few exceptions, the recordings in the database come from efforts in which
noise-only recordings were made with a view to preparing source material for
speech intelligibility and quality testing. There are three sources of such data:

1. Field recordings made by RADC/EEV and contract personnel between
1979 and 1984 [34, 37, 35];

2. Field recordings made by BBN personnel in 1981 [25];
3. Field recordings made by Ketron personnel in 1978 [36].

RADC/EEV Tapes

Noise recordings were made at a number of locations in an E-3A (AWACS) by
C. P. Smith in August 1979. These recordings include electrical calibrations
and have sound-level documentation. Although all the recordings have audible
talkers in the background, only one has a talker near to the recording micro-
phone. Two-microphone recordings were made, the microphones placed at the
left and right side of each operator location.

In June-July 1982, single-microphone recordings were made by C. P. Smith
with C. Teacher of KETRON Corp., aboard an E-4B Airborne Command Post
and an EC-135 command and control aircraft. These are single-microphone
recordings with electrical calibration, supported with noise level documentation.

In June-August 1984, further noise recordings were made by D. Robitaille
and L. Spagnuolo of RADC/EEV. The aircraft covered by these recordings were
an HH-53 search and rescue helicopter, an EC-130 turboprop with an ABCCC
module, and an HC-130 turboprop. These recordings were made with a two-
microphone configuration, and supported with noise level documentation.

BDBN Tapes

The database includes originals and PCM copies of noise recordings made in
January 1981 under the supervision of Miller et al. of Bolt Beranek and Newman
Inc., who were working under contract to M. I. T. Lincoln Laboratory. The
purpose of this effort was to obtain noise recordings that could be used as
source material for sound-chamber siniu!.dions of field environments relevant o
the JTIDS program. Aircraft covered are the F-15A, F-15B, F-16A, A-10, and
the F-4E. These are two-microphone recordings with full acoustic calibration.
One microphone was located on a pilot’s helmet, and the other was placed inside
his oxygen mask near the communications microphone.

KETRON Tapes

The database also includes copies of 1978 noise recordings made by C. Teacher
and H. Watkins of KETRON, Inc. [36] Their effort obtained extensive recordings
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of noise and wordlists in environments ranging over aircraft, ships, and ground
vehicles. The aireraft covered were the RH-53 helicopter, the EC-135 command
and control aircraft, the KC-i35 tanker, the C-130 and P-3C turboprop, and
thi C-141. These recordings were supported with noise level documentation.

2.1.2 Recordings Selected

From the RADC/EEV acoustic noise database, Table 2. i lists the source record-
mgs that were judged appropriate for the purposes of this study.

2.2 Calibration Methods

If absolute noise levels are needed, it is always necessary to compensate for the
various gains and sensitivities in the recording and playback systems. When
digital recordings are made for the Noise Database, these systems extend all the
way from the instrumentation microphone to the input to an A/D converter.
The calibration process measures the power gain, from the original acoustic field
to the input of an A/D converter, stated as a ratio of the mean square of the
output (expressed in V?) to the mean square of the innut overpressure (in units
of the square of the SPL reference, an overpressure of 20 yPa). Then a system
gain of 0 dB means that an acoustic field with an RMS overpressure of 20 pPa
produces a signal with an RMS of 1 V at the input to the A/D converter. For a
specific A/D conversion, the system gain all the way to the digitized file can be
specified, replacing V2 with squared A/D converter counts, and a system gain
of 0 dB means that the same acoustic field produces a digitized file of integers
with an RMS of 1.

Depending on the recording, several different calibration methods are used.
An acoustic calibrator is a device that fits over the element of an instrumentation
microphone and creates a known sound field at the microphone, typically a
sine wave of 1000 Hz at a sound pressure level (SPL) of about 95 dB. If the
microphone’s output in this condition is then recorded on the same system used
to record data, then the overall gain of the recording and playback systems can
be deduced and compensated for.

In the absence of a full acoustic calibration, it is still possible to measure the
gain of the recording/playback system using the acoustic noise itself, provided
that tlie noise power remains essentially unchanged throughout the recording.
In this case, the original acoustic noise level is measured at the microphone
posttion, either as SPL or as a weighted sound level, while the recording is
heing made. On playback, the mean square of the playback signal is measured
(in V%), using the identical weighting if any. Comparing the two measurements
gives us an overall systemn gain, as a ratio of the mean square of the output (in
V'?) to the mean square of the input overpressure (in units of the square of the
SPL reference, an overpressure of 20 uPa).
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Table 2.1: Noise recordings available for this study

Aircraft | Location

| Tape # | Duration |

Comments

] Ref.]

EC-135 | Radio compartment 28N | 12 min [37]
Battle Staff arca 2IN | 13 min 37
E-3A Senior Dir. (#4) 206 | 16 unun 34
Air Surv. Tech. (#10) 203 | 15 min nearby talker [34]
Weapons Dir. (#13) 201 | 13 min [34]
Console #25 205 | 14 min distant talkers [34]
Console #30 204 | 14 min 34
E-4B Battle Staff arca I2N | 5 min 37
Briefing room 12N | 5 min (37]
NCA compartment 15N | 5 min 37
P-3C NAVSEA pos. ND | 40s - (36
EC-130 | ABCCC module C | 5min 35
Seat #1 213-1A | 13 min nearby talker [35]
HC-130 | Radio operator 1A | 5 min (35]
HH-53 Cockpit rear bulkhead 1AA | 14 min {35]
F-15A Near pilot HHNT | 8-12s many segments,
outside mask
F-15A Pilot (helmet) 52 | 32 min (25]
Pilot (helmet) 10-2 | 26 min [25]
Pilot (helmet) 9-2 | 39 min [25)
Pilot (O, mask) 5-1 | 32 min held breath 30 s | [25]
Pilot (O2 mask) 10-1 | 26 min held breath 16 s 25
F-16A Pilot (helmet) 6-2 | 39 min 25
Pilot (O; mask) 6-1 | 39 min held breath 10 s 25
F-4L Pilot (helmet) 11-2 | 39 min 25
Pilot (O2 mask) 11-1 | 39 min held breath 14 s 25
A-10 Pilot (helmet) 8-2 | 39 min 25
Pilot (O2 mask) 8-1 | 39 min held breath twice | [25]
Tornado | Pilot TOR | 8 min outside mask
Tornado | Navigator TOR | 8 min outside mask
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Figure 2.1: Low-pass filter used for downsampling

Finally, some recordings have neither a full acoustic calibration nor a noise-
level calibration. These may have an electrical calibration consisting of a tone
recorded with a known electrical signal at the input to the record amplifier, so
that acoustic levels can be inferred only if the sensitivity of the microphone is
known.

2.3 Selection of Representative Segments

Appendix A contains detailed information about the digitized noise segments
used. In this section, we discuss the general issues addressed in the selection
and preparation of the noise segments.

Table 2.2 lists the digital acoustic noise files used by this study from the pre-
existing RADC/EEV Acoustic Noise Database. For this study, digitized noise
records for several aircraft were added to the existing database, as shown in Ta-
ble 2.3. Most of these new records are taken from BBN tapes [25). Each of the
new records is a sample of noise about 5 seconds long, recorded at a time when
the pilot was holding his breath in accordance with experimenters’ instructions.
In each case, the in-mask and on-helmet recordings were synchronized approx-
imately by use of the recorded synchronization signal at the beginning of each
tape. All files are supplied with standard data base headers.

In the case of both old and new files, the 8-kHz files were downsampled from
the original 16-kHz files using a 64th-order linear-phase FIR dealiasing filter.
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| Filename | Tape | Sampling |

EC135B.NOI 21N 16 kHz

EC135B.FLT 21N 8 kHz

E3AC13.NOI 201 16 kHz

E3AC1i3.FLT 201 8 kHz

E3ACO04 .FLT 206 xliz

E4BBS.NOI 12N 16 kHz

E4BBS.FLT 12N 8 kHz

EC130A.NCI C 16 kHz

EC130A.FLT C 8 klz

HC130A.NOI 1A 16 kHz

HC130A.FLT 1A 8 kHz

HC130B.NOI 1A 16 kHz

HC130B.FLT 1A 8 kHz

P3C.NOI ND 16 kHz

P3C.FLT ND 8 kHz

F15C33.8N0I | HHNT 16 kHz

F15C33.FLT HHNT 8 kHz

F15C418.N0I | HHNT 16 kHz

F15C418.FLT | HHNT 8 kHz

F15C53.N0I HHNT 16 kHz

F15C53.FLT HHNT 8 kHz

F15C59.NOI | HHNT 16 kHz

F15C59.FLT | HHNT 8 kllz

F15C68.NOI | HHNT 16 kHz

F15C68.FLT HHNT 8 kHlz

HH53.NOI 1AA 16 kHz i

HH53.FLT 1AA 8 kllz }
\

Table 2.2: Pre-existing digitized noise files used
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The magnitude transfer function of this filter is shown in Figure 2.1. The filter’s
3dB cutoff is 4kHz, resulting in essentially flat response up to 3.8 klz at the
cost of a small but tolerable amount of “folding” of energy in the 4.0 to 4.2 kliz
band.

For each file listed in Table 2.3, the “ENERGY/POWER" field in the
database header gives the calibrated system gain all the way from the micro-
phone input to the sampled data file itself, expressed as dB re one squared
A/D count per sample per 400 squared pPa. (400 = 20%.) This number was
obtained for each tape by digitizing the tape’s 95.5dB calibration signal and
observing the level of the sampled data. To compute the true noise power of a
segment of sampled data, one can use the ILS CST command to compute the
level of sampled data in dB re one squared A/D count (displayed by CST as
“DB LEVEL") and then subtract the system gain given i the header, yielding
the (band-limited) noise power at the microphone in standard SPL units, dB re
200 pPa. For example, for the file F158HT0S.FLT, the CST command shows that
the entire file has a power of 43.8 dB (actually displayed as 43.549). The header
gives the system gain as -62.8 dB. Therefore the noise power in the 0-4-kHz
band is 43.8 - (-62.8) = 106.6 4B in SPL units.

Both the in-mask microphone and the helmet microphone were used. as
shown in Table 2.3. Separate calibrations allow a direct comparison between
recordings made with the two microphones.

Digitized files were prepared from both tapes 10-1 and 10-2, recorded in an
F-15A. However, in the PCM tape made from tape 10-2, the waveform shows
symptoms of analog tape <aturation. Since the PCM tape was made by from
the original analog tape recorded in the field, we conclude that the original
tape 10-2 was recorded at too high a level and saturation of that tape occurred.
Therefore the F-15A files from tape 10-2 were not used in this study.

2.4 Oxygen Mask Effects

When a conunumcator wears a helmet foxygen mask combination, the mask has
a ~strong effect on the acoustic noise appearing at a vocoder’s input. There are
four effects:

1. Some additional noise is introduced by the rush of air through the valves
of the respiration system.

2. The speech itselfis distorted by the mask as a resonant chamber, compared
to what the speech would be if the talker’s vocal tract were terminated in
a larger enclosure.

3. 'I'he communications microphone normally used in an oxygen mask [19] is
of a nowse-cancelling type, attenuating noise at low frequencies.

4. The mask attenuates noise originating outside it.
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[ File name r Tape [Sampling I In-Band SPL (dB) ] Commenti]
A10HO9. 16K 8-2 16 kHz On helmet
A10HOS . FLT 8-2 8 kHz 104 On helmet
A10M08 . 16K 8-1 16 kHz In mask
A10M08 . FLT 81 8 kHz 104 In mask
A10H25 16K 8-2 16 kHz On helmet
A10H25 . FLT 3-2 8 kHz 107 On helmet
A10M24 . 16K 8-1 16 kHz In mask
A10M24 . FLT 8-1 8 kHz 103 In mask
Fi5HTOS5. 16K 5-2 16 kHz On helmet
F15HTOS .FLT 5-2 8 kHz 107 On helmet
F15MTO05. 16K 5-1 16 kHz In mask
F15MTOS . FLT 5-1 8 kHz 99 In mask
F15MT10. 16K 10-1 16 kHz In mask
F15MT10.FLT 10-1 8 k2 108 In mask
Fi6H06.16K 6-2 16 kHz On helmet
F16HO06.FLT 6-2 8 kHz 110 On helmet
F16M06. 16K 6-1 16 kHz In mask
F16M06 .FLT 6-1 8 kHz 101 In mask
F4EH11. 16K 11-2 16 kHz On helmet
F4EH11 .FLT 11-2 8 kHz 104 On helmet
F4EM11.16K 11-1 16 kHz In mask
F4EM1t .FLT 11-1 8 ktlz 98 In mask
F4EHL. 16K 11-2 16 kHz On helmet

| F4ERL FLT 11-2 8 kHz 108 On helmet

Tornado Recordings, All Outside Masks
TOR13 . FLT TOR:13 8 kHz 106 Pilot
TOR21 . FLT TOR:2! 8 kllz 102 Pilot
TOR22.FLT TOR:22 8 kHz 99 Navigator
TOR34 .FLT TOR:34 8 kHz 115 Pilot

Table 2.3: Acoustic noise files digitized 1989-90
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(In {33], Singer studied the speech distortion effect and concluded that the effect
did not interfere seriously with che use of narrowband (LPC-10) vocoders.)

In figures 2.2 through 2.5 we present comparisons quantifying the mask at-
tenuation effect. These figures show the difference between noise power spectra
estimated from recordings made inside and outside the oxygen masks in four
aircraft. In all four cases, the pilot was holding his breath. These are not truly
measurements of the mask’s attenuation of outside noise, because some noise
originates inside the mask/respirator system. However, the comparisons are
suggestive. The mask does not provide much attenuation at low frequencies,
but scems to provide 15-30 dB of attenuation at most frequencies above 800
Hz. Dips in the apparent attenuation at some higher frequencies may be due
to noise originating inside the mask, or to resonances in the cavity inside the
mask, or to both.

It should be noted that the mask’s exhaust valve, which would be expected to
be closed while the pilot holds his breath, opens when the pilot speaks. Thus we
would expect the mask to attenuate outside noise less efficiently during actual
speech.

The difference between broadband noise levels inside and outside the mask
is only about 8 dB, because much noise power is concentrated in lower frequen-
cies where the mask’s attenuation is less effective. But it should be noted that
the measurement microphones used here were instrumentation microphones,
whereas these masks are equipped with noise-cancelling communications micro-
phones which attenuate far-field noise below about 1000 Hz.
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Chapter 3

Spectrum Estimation
Methods

In order to detect and characterize rapid changes in noise statistics, analysis
based on relatively short time segments is required. A typical segment of data
might counsist of 20-50 ms of recorded noise sampled at 8 kHz, providing 160-
400 samples for digital processing. A spectral analysis of such segments provides
the basic information with which we wil] evaluate time varying noise properties.
This chapter discusses issues related to the choice of power spectrum estimators

(PSE’s).

3.1 Random Process Notation and Definitions

For completeness, we define in this section some basic discrete-time random
process terminology that will be used in this report.

For our purposes, a discrele-time random process 1s an infinite sequence of
real or complex random variables {z,,} where n ranges over all integers.

1. The process {r,} is stationary if, for every finite set of integers ny,- -, ng
and every integer [, the joint distribution of the random variables r,,,,- -, 2y,
is identical to the joint distribution of x40, -, Tny4t-

2. The process {r,} is Gaussian if, for every finite set of integers ny, -+ . ng,
the random variables r,,,,- -, r,,, have a multivariate Gaussian joint distribu-
tion.

3. The process {r, } is white if the random variables z,, are all independent.

1. Frequeney: ‘Throughout this report, the random processes will represent
data sampled at a rate of Fy samples per second, and we can express angular fre-
gquency w (in radians per second) in terms of frequency F (in Hz) or normalized

21
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dimensionless frequency f = F/F;,
w=2xf=2nF/F,.

In this report, F, will always be either 8000 Hz or 16000 Hz.

5. The power spectral density (PSD): For a stationary random process, the
expectation £(Z,_gz,) (if it exists) is independent of n, and its value is denoted
re. The complex sequence {r¢} is called the autocorrelation function of {z,},
and if {r;} has a Fourier transform

oo

Pf = Z rkexp(—21rjkf), _1/2 S f S 1/2» (31)

k=—o0

then P; is the power spectral density of {z,}. (Note that P; is only defined
when {z,} is stationary.)

6. The short-time Fourier transform (STFT): Given a window function of
length N, {wg,k = 0,---, N — 1}, the short-time Fourier transform X,(t) is
defined as

N-1

Xp(t) = Y wezegrexp(—2mjkf), —1/2< f<1/2. (3.2)
k=0

3.2 Power Spectrum Estimators

In choosing a PSE method, the principal concerns are:

1. Resolution—the ability of the method to show distinct features of the PSE
at neighboring frequencies, e.g. separating two peaks.

2. Accuracy—the ability of the method to produce estimates close to the
theoretical power spectrum although based on a limited sample of data.

3. Sensitivity—the vulnerability of the estimate to a misjudgment of the
character of the underlying random process.

In addition to these main characteristics, individual PSE techniques may suffer
from such quirks as a tendency to produce split peaks where only one exists.

The available PSE algorithms always show a tradeoff among the three basic
factors. For example, within the classical technique of smoothed periodogram
analysis one may continuously trade off between resolution and accuracy by
adjusting the smoothing window. Some techniques such as “maximum entropy”
spectral estimation, which assumes an underlying autoregressive (AR) process
model, achieve improved resolution and accuracy at the expense of sensitivity
to the correctness of the model assumptions. Essentially then, a PSE method
selection and adjustment can only achieve an appropriate balance of quality
factors for the intended application.
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The various PSE techniques can be organized in three broad categories: the
“classical” methods based on Fourier analysis, those based on determining a
filter model which might have been used to generate the data, and finally some
special techniques which will not be discussed here, such as Capon’s “maximum
likelihood estimator.” (The latter is based on adapting a data filter at each
frequency so as to pass the frequency in question, but minimize the response
to all other frequencies. This method, like most of the others, relies on an
evaluation of the sample autocorrelation, but uses it differently.)

3.2.1 Model-Based Methods

Tlie autoregressive (AR), moving average (MA) and combined autoregressive,
moving average (ARMA) methods of PSE analysis are based upon the notion
that the noise record z,, has been generated by passing a white noise sequer.ce u,
through a constant coefficient linear filter. The most general ARMA generator

1s
q
= bt~ Zakz,, K, (3.3)
k=0

where b9 = 1. For an AR process the b, coefficients are assumed zero for ¢ > 0,
and for an MA process the a; coefficients are zero. Now if given the z, one can
estimate the ag, the bg, and Var(u) for this model, a PSE can be written down
immediately as

A EZ obk exp( ]“"k)
P(w) = Var(u - 3.4
() = Var(w) | Rt S (3.4)
In terms of normalized frequency, then,
: Sofo brexp(=2mikf) |’
P =V = 3.5
/ ar(u) 1 +Z’;=lak exp(—2njkf) (35)

The AR case is by far the easiest to handle and a considerable aumber
of methods have been devised to handle it. One satisfactory method is the
modified covariance method. It is based on a particular estimate of the sample
autocorrelation function of the observed r,, followed by the solution of a set of
linear equations to obtain the a; coeflicients of the model, as in Linear Predictive
Coding.

The MA model is more difficult to work with since an analogous developinent
leads in this case to a set of nounlinear equations. One satisfactory approach is
provided by Durbin’s method, which first fits the process to a high order (large
7) AR model. Then as a second step, a set of by for an MA model (small ¢) is
determined which approximates the AR model. This second step also leads to
linear cquations so that the computational problem becomes tractable.
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Treating the general ARMA model is even more complex. The full ARMA
model methods provide the best possible PSE’s when the model truly fits the
data, but are sensitive to this assumption and are more computationally de-
manding and cranky than other procedures.

For AR, MA, and ARMA models, the orders p and ¢ must be either chosen by
the experimenter (on the basis of hypotheses about the process being estimated)
or else computed from the data. Automatic selection of p and ¢ is especially
complex in the case of ARMA models, which require estimates of both p and
g. Algorithms for estimating these parameters are the subject of continuing
research.

3.2.2 Classical Methods

Classical Fourier methods make minimal assumnptions about the underlying
noise process and consequently produce only modest resolution and accuracy
for short data records. They are particularly .3y to implement using FFT
algorithms. If the noise source is only locally stationary, the accuracy and/or
resolution cannot be improved by utilizing an average of the PSE’s over many
data records (long term averaging).

The Fourier methods are based either on the Blackman-Tukey method,
which proceeds from autocorrelation estimates, or on the periodogram esti-
mator, which proceeds from the discrete Fourier transform of the noise signal
itself. Periodogram-based methods are especially significant because they are
directly related to spectral restoration methods for noise removal. For both
the Blackman-Tukey estimator and the periodogram estimator, the principal
drawback is that we must choose either modest frequency resolution or large es-
timate variance for short records. In addition, there may be a problem with bias
(frequency sidelobes) when a large amount of pewer is concentrated in narrow
bands.

Wher: a discrete random process {z,} is regarded as sampled data with a
sampling rate of F,, we will use a normalized frequency variable f = F/F,,
where F is frequency in Hz. Then the basic periodogram power spectrum esti-
mate for {z,} is defined by

N-1 2

Br(0) = 37 | 3 whessn exp(-2mifh)] | (3.6)
k=0

where ¢ is the starting time of the sample “frame” being used, and wy (k =
0,---,N — 1) is a window function of length N. In terms of Section 3.1, P;(t)
is 1/N times the squared magnitude of the short-time Fourier transform with
the same window function:

Py(1) = = X, (0. (3.7)
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In Chapter 4 we will make use of the fact that the statistical distribution of
|X4(#)]? is known, at least approximately, for certain choices of frequency spac-
ing and certain classes of random processes.

3.2.3 Windows

The window function wy (k= 0,---, N—1), referred to in the previous section,
affects the bias and the apparent resolution of the periodogram PSE. Although
many different data windows are in common use [16], we will restrict ourselves
to discussing three types of windows:

1. Rectangular window, w; = 1.

2. Hamming window, wg = 0.54 — 0.46 cos( 13"_k1 ).

3. Trapezoidal window

(k+1)/(R+1) 0<k<R
1 R<k<N-R
(N~k)/(R+1) N—-R<k<N

Wi =

Windows such as the Hamming window are commonly applied when esti-
mating spectra that are suspected of having moderately spaced sinusoidal fea-
tures. Compared with the rectangular window, the Hamming window offers
lower “sidelobe” levels. This means that, with a Hamming window, a sinusoidal
component of the noise will cause less bias at frequencies far from its own fre-
quency. Figures 3.1 and 3.2 show the frequency sidelobes of a pure sinusotd
with rectangular and Hamming windows, respectively.

In practice, a trapezoidal window is often used for spectral restoration as
discussed in Section 4.3.1. The frequency characteristics of a trapezoidal window
depend on R, the length of its “ramp”. For a ramp size of 76 and a window
length of 256 (as used by Kang and Fransen in {20]), the frequency sidelobes of
a pure sinusoid are as plotted in Figure 3.3.

3.2.4 Prewhitening

One widely recommended PSE method employs a prewhitening filter to the
noise before conducting the periodograi PSE analysis. This prewhitening fillei
may be determined as in the autoregressive (AR) model procedures for PSE.
Then the final PSE becomes the product of the PSE’s found from the AR
model and from periodogram analysis of the residual whitened noise. This
estimate should have improved accuracy because the periodogram is unbiased
for white noise. The prewhitening technique is intended to mitigate the biases
often encountered when a spectral estimator is applied to noise whose power
spectrum has pronounced peaks or valleys.
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Figure 3.3: Frequency sidelobes of trapezoidal window (N=256, R="176)
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The procedure is
1. apply a filter to make the original signal more spectrally iat;
2. estimate the power spectrum of the whitened signal,

3. compensate for the prewhitening filter by dividing by its power transfer
function.

The resulting spectrum estimate is not critically dependent on the 2xact param-
eters of the prewhitening filter, since the filter is compensated for in the third
step.

In the second step, any spectrum estimation method could be used. If the
periodogram method is chosen, then the data window will have an effect on the
estimates obtained.

Intuitively speaking, the prewhitening method should be most helpful in
situations where a large amount of energy at certain frequencies causes bi-
ases (sidelobes) at other frequencies. In order to evaluate the effectiveness
of prewhitening, we have analyzed noise samples from several aircraft by six
methods:
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1. Non-prewhitened averaged periodogram method, rectangular window;

Prewhitened averaged pertodogram method, rectangular window;

SIS

Non-prewhitened averaged periodogram method, Hamming window;
4. Prewhitened averaged periodogram method, Hamming window.

5. Non-prewhitened averaged periodogram method, trapezoidal window;
6. Prewhitened averaged periodogram method, trapezoidal window.

Figures 3.4, 3.5 and 3.6 compare prewhitened and non-prewhitened estimates
for noise recorded inside an oxygen mask in an F-15A aircraft. The prewhitened
estimate was obtained using an 8-pole prewhitening filter. The heavier curve is
the prewhitened estimate, and the lighter one is the estimate obtained without
prewhitening. Figure 3.4 compares the two methods using a rectangular window
(N = 256). Prewhitening has a strong effect on the spectrum estimate in this
case, because of the sidelobes of the low-frequency peaks.

On the other hand, Figure 3.5 compares the two methods using o ila.n-
ming window (N = 256). The effect of prewhitening is much less pronounced in
Hamming-windowed estimates, because the window lowers those sidelobes. Fig-
ure 3.6 makes the same comparison for a trapezoidal window (N = 256, R = 76),
with similar results: estimates obtained without prewhitening are within 1 dB
of the estimates obtained with prewhitening.

The preceding comparisons for actual aircraft noise show little advantage for
prewhitening, provided that a Hamming or trapezoidal window is uscd. On the
other hand, Figures 3.7, 3.8, and 3.9 present similar comparisons for synthetic
noise that is the sum of a 70.5 Hz sinusoid sampled at 4 kHz and white gaussian
noise. Because of the large discontinuity in the spectrum at 70.5 Hz we would
expect a bias problem in the periodogram estimates. The difference is again
more pronounced in the case of the rectangular window, but for this synthetic
noise the difference is still substantial at somc frequencies, even for th~ cthicr
windows.

Because prewhitening has little effect on estimates obtained for real aircraft
noise with Hamming or trapezoidal windows, our conclusion is that prewhitening
15 not advantageous for our purposes, except in a situation where a rectangular
window is being used.

3.3 Choice of Method

The periodogram is based on the short-time Fourier transform, which is also
central to spectral restoration, the only widely used general method of single-
microphone noise removal. Therefore, any information we can obtain about
the time variation of periodogram estimates has direct implications for the
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performance of spectral restoration. For this reason we have chosen to use
a periodogram-based PSE as our short-term spectral estimator. For the time
scales we are interested in, the periodogram provides adequate frequency res-
olution. We have chosen to use Hamming and trapezoidal windows for our
estimates, again partly because of their use in spectral restoration. Finally,
we have chosen not to use prewhitening because its effect is marginal for real
aircraft noise with these windows.
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Figure 3.4: Prewhitening effect: Aircraft noise, rectangular window, PSE with and
without prewhitening (F15C59)
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Figure 3.5: Prewhitening effect: Aircraft noise, Hamming window, PSE with and
without prewhitening (F15C59)
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Figure 3.6: Prewhitening effect: Aircraft noise, trapezoidal window, PSE with and
without prewhitening (F15C59)
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Figure 3 7. Prewhitening effect: Synthetic signal, rectangular window, PSE with and
without prewhitening (SINGAU)
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Figure 3.8: Prewhitening effect: Synthetic signal, Hamming window, PSE with and
without prewhitening (SINGAU)
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Figure 3.9: Prewhitening effect: Synthetic signal, trapezoidal window, PSE with and
without prewhitening (SINGAU)




Chapter 4

Variation of Noise

The output of a random notse source, whether it is stationary or nonstationary.
will exhibit variation from one sample (or one analysis frame) to another. In
this chapter we compare known time-varying properties of stationary random
processes with characteristics of aircraft noise environments. We devote special
attention to the relationship between noise variation and spectral restoration.

4.1 Stationary Noise and the Short-Time Fourier
Transform

If {r,} 1s astationary random process, then for given values of f and 1, X /(¢) is
a random variable. When {z,} is a white Gaussian process, we can characterize
the distribution of X'y(t). at least at some frequencies f [3, 18, 22]. If a rectan-
gular window is used for the STFT and if f is any multiple of 1/(2N) except
for 0 or £1/2, then | X (8)[°/(Pr72) has the x2 distribution with two degrees of
freedom.t (Equivalently, |.X'j( i/ /P /2 has the Rayleigh distribution.) From
the known probability density function of \Z, it follows that in these cases the
density function of v = [N () is (1/P)exp(—=v/Py) for v > 0:

Pr(]X (O] < ) :/ (1/Pr)exp(—v/Py)dr. (1.1)

0

In other words, the measured spectral magnitudes squared
XM LN (AN, X (2AD))7,

for frames spaced M samples apart will be a stochastic process whose tedividual
variables will have the \3 distribution, up to the scale factor P, /2 Moreover,

Yor one degree of freedom, if fis 0 or £1/2.

32
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because the noise is assumed white, the successive magnitudes are independent
if frames do not overlap.

To a certain extent, these properties of [ X (t)|? can be extended to non-white
or non-Gaussian stationary processes, to intermediate frequencies, and to other
windows. If a rectangular window is used, then |Xy(2)|?/(Py/2) will still [3, 18]
be approximately distributed as x3, provided that the frame length N is large
enough, that the spectral density Py is a smooth enough function of f, and that
f is not close to 0 or £1/2. (It should be noted that this condition specifically
excludes noise sources with a strong sinusoidal component.) For other commonly
used windows, the distribution of | X/(t)|*/(P;/2) can be approximated [18] by
Y2 for some larger number of degrees of freedom v; in the case of a Hamming
window, v = 4.

4.2 Quantitative Measures of Variation

4.2.1 Standard-deviation-to-mean ratio

One measure of the variation of | X;(tM)] is the RMS deviation of [.X; (¢M)| from
its long-term time average. Taking a five-second record of aircraft noise, at each
frequency f we treat the successive magnitude estimates [N (tM)[,t=0,1,---
as samples from a common distribution and compute the sample standard devi-
ation and mean. Since we expect the sample standard deviation to be directly
proportional to the mean, we normalize the quantity obtained by dividing the
sample standard deviation by the sample mean.

In the case where | X;(tA)|?/(Py/2) has the x2 distribution (as for Gaussian
white noise), it can be calculated from Equation (4.1) that the ratio of sample
standard deviation to sample mean has an expected value of y/4/m -1, or
approximately 0.52. In the case of a strong sinusoid, the ratio is close to 0
because the succesive magnitudes | X;(¢tM)] are nearly the same.

Figures 4.1, 4.2, and 4.3 show the standard-deviation-to-mean ratio of spec-
tral magnitude estimates, as a function of frequency, for three aircraft noise
records in the RADC/EEV acoustic noise data base.

4.2.2 Residual RMS Error

Another simple measure of variation is motivated specifically by the spectral-
restoration application. Instead of the RMS deviation of Xy| fromits long-term
mean, we can examine the RMS deviation of {Xj| from short term estimators
of | X'g|. The specific short-term estimator we chose is simply a moving average
over L frames. where L is variable. Thus we are concerned with the RMS
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STANDARD-DEVIATION-TO-MEAN RATIO

Figure 4.1:

STANDARD-DEVIATION-TO-MEAN RATIO

Figure 4.2: Ratio of standard deviation to mean, F-15A outside mask, 1.2 Mach
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Figure 4.3: Ratio of standard deviation to mean, EC-130 ABCCC radio operator
(BC1304)

deviation over a T-frame interval

T
Ef = \J %Z(le(tM)l ~ Qf(tM))? (4.2)
t=1

where Q”;(t) is the moving average of the L frames preceding frame t,

L
Qh) = T S 1Xy((t - wM)]. (43)
u=1

The quantity E f‘ can be described as the residual RMS error of Qf‘ considered
as an estimator of [Xj|.

Taking the same five-second records of noise used in Figures 4.1, 4.2, and 4.3,
we have computed DFT magnitudes of successive frames (M = 256). At each
frequency, we have normalized the residual RMS error by dividing by the long-
term mean magnitude of |X;|. Figures 4.4, 4.5, and 4.6 show the normalized
residual RMS error of spectral magnitude estimates, as a function of frequency.
Each plot shows curves for a number of different averaging periods (2, 3, ---,
20, and 40 frames).

4.2.3 Conclusion

Both standard-deviation-to-mean ratio and normalized residual RMS error are
simple measures of variation of X;(tM) over time. Measures like these could
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Figure 4.4: Residual prediction error, E-4B Battle Staff area (E4BBS)

Figure 4.5. Residual prediction error, F-15A outside mask, 1.2 Mach (P15C33)
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Figure 4.6: Residual prediction error, EC-130 ABCCC radio operator (EC1304)

be used in a practical algorithm that adapts noise-removal strategies to noise
variation, frequency by frequency. However, as we have seen from the examples,
both measures seem to have a large amount of sample variation that might
makes them difficult to apply. For this reason, we go on in the next section to
a more complicated measure of variation, based on the performance of spectral
restoration algorithms.

4.3 Noise Variation and Spectral Restoration

4.3.1 Spectral Restoration Methods

Spectral restoration methods, often grouped under the name “spectral subtrac-
tion,” attempt to recover a signal process {s,} corrupted by an additive noise
process {d,} from the measured sum {z,} = {sn, + dn}, using information
about the power spectrum of the noise process {d,}. The input signal {z,} is
processed in overlapped segments {zo... zn_1} of length N.

To each segment, a fixed time-domain window wy ... wxn_; is applied and
a zero-filled FFT is used to evaluate the short-time Fourier transform of the
windowed segment at a spacing? of 1/(2N), yielding a frequency-domain rep-
resentation X = {Xy, } = {Xi/n}, where k ranges over the 2N discrete values
—N,---,N — 1. Because the windowing and Fourier transform operations are

2This spacing is most common, the rationale being to accommodate multiplicative sup-
pression rules; the issue of spacing is discussed in {29, 2, 15].
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linear, X = S+ D where S and D are the corresponding (unknown) transforms
of the signal and noise processes. For each f, an estimate S y of Sy is formed,
using the known X; and an estimate D; of the magnitude |D;|. The rule for
estimating Sy is called the suppression rule. Many popular suppression rules
take the form

Sy = arg(Xp)(1X|* ~ BDY)M¥ (4.4)

or
S‘f = arg(X,)max(cﬁ,,(lX;]“ - ﬂb}‘)l/“) (45)

for appropriate values of 3, u, and ¢. The rule expressed in Equation (4.5)
applies a “spectral floor” to prevent total suppression of the input signal, and
has been found to reduce the “musical noise” effect otherwise found in the
enhanced signal. i

Once the estimates Sy are formed, an inverse FFT is used to form a signal
estimate §98; ... Sny_1. Signal estimates from the overlapping noisy segments
are then added together [29, 2, 15] to produce the final enhanced signal estimate.

The designer of such a spectral restoration system has three choices to make:

1. The window: the data window is usually chosen so that, when overlapped
copies of it are added together, the sum is a constant.

2. The noise estimator: how |Dy| is estimated.

3. The suppression rule, including the noise floor c.

4.3.2 Limitations of Spectral Restoration Methods

Before we discuss the consequences of variation in |Dy|, let us examine the
problem of estimating S; from X; when the magnitude of Dy is known in
advance. The complex number X; is the sum of S; and Dy as in Figure 4.7.
If we knew the magnitude of Dy and not its phase, then we would know only
that Sy lay somewhere in the complex plane on the circle centered at X, with
radius [Dy|. As the figure shows, the magnitude of Sy could be anything from
[Ns]=1Dg) to |Xs]|+|Dyl. There is a large uncertainty in estimating either the
phase or the magnitude of Sy here, even in the “best case” situation where the
magnitude of Dy is known.

4.3.3 Predictions, Simulations, and Actual Results

Notise variation of any kind will affect the performance of spectral restoration
methods. Generally, the estimate of |Dy| is updated during intervals judged
to have little or no speech signal present, as determined by a speech-detection
algorithm. Therefore the noise magnitude estimate applicd to any single frame
of noisy speech will have been estimated at some earlier time. With a nonsta-
tionary noise source, this magnitude estimate will be out of date. Variation in
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Figure 4.7: Effect of phase uncertainty in spectral restoration

the noise statistics should therefore be reflected in poorer performance of the
spectral restoration procedure.

Gauging the performance of a spectral restoration algorithm for speech is
not a straightforward matter. One could synthetically add a known reference
signal to noise, apply the noise removal algorithm, and apply some distortion
measure to compare the enhanced signal to the known reference. This approach
is dependent on the specific reference signal. We have chosen to consider the
effect of applying spectral restoration techniques to a noise-only signal, and
measuring the ratio of the enhanced signal power spectrum to the input (noise-
only) signal power spectrum. This ratio can be approximated by the ratio
IS¢12/1Xs|?, with slight error due to the overlapping of frames; measurements
with real signals have shown this error to be negligible.

This attenuation ratio should not be interpreted as a figure of merit for
the suppression rule, since it does not take into account the distortion of any
original signal. (For example, a large value of # with a small value of ¢ leads
to total suppression of any input, signal and noise alike.) Instead, we use the
attenuation ratio to suggest the relative performance of a fixed suppression rule
at different frequencies, and for different noise records.

For a white Gaussian noise source, we can apply the known distribution of
Equation (4.1) to predict the ratio of output power |Sy|? to input noise power
{X;12 . Assuming the suppression rule of Equation (4.5),

: - .o\ /B
1571 = max(eDy, (1x; 14 - 8DF) ),
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Rule Predicted | Actual
pu=20=1¢=112 4348 | 491

=y J o

p=108=1,c=1/12 10.3dB | 10.2 dB

Table 4.1: Predicted and actual noise attenuation (white Gaussian noise)

or in terms of squared magnitudes,
- . . \2/m
1712 = max(e2 D}, (1,122 - DY) ), (4.6)

Then from Equations 4.1 and 4.6, the expected output power is
£05,17) = / ¢ D2 exp(—v/Py)/ Py dv
0

+/°° (vﬂ/'z_ﬂb}‘)z/ﬂeXp(—v/Pf)/Pf dv,  (4.7)

T

where 7 is the threshold value of {X;|? below which the spectral floor c2ﬁ} is
applied in Equation 4.6,

r=(8+c)* D3,

Equation (4.7) can be used to calculate the attenuation to be expected when
spectral restoration is applied to a noise-only input consisting of white Gaussian
noise. Table 4.1 shows the results of evaluating (4.7) for representative values
of u, B, and ¢, with a rectangular window. For comparison and verification, this
table also shows the results measured when a spectral restoration algorithm
with the same parameters was actually applied to a 5-second sample of simu-
lated white Gaussian noise. The same results would be expected for non-white
(Gaussian noise with any smooth enough spectral density, because the approxi-
mation (4.1) is still valid for such noise. If a non-rectangular window were used,
the density (4.1) would have to be replaced by another density, such as the x3
density for a Hamming window.

Figures 4.8 through 4.20 show the noise attenuation obtained with a variety
of noise-only inputs, using spectral restoration with the parameters

n=2p0=1c=1/12

In other terminology, we have used the energy subtraction rule, with no over-
subtraction, and a spectral floor 21 dB below the expected noise. These param-
eters are representative of those used in other studies [7, 20].

Each attenuation plot is accompanied by a plot of the estimated spectral
density of the noise record used as input. These plots show behavior very
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Figure 4.8: Noise attenuation, EC-135 Battle Staff (EC135B)

similar to the Gaussian case over most of the noise sources, but with much
better performance in the vicinity of a strong and reliable sinusoid, as in Figures
4.12 and 4.10. For certain sinusoidal noise, as in Figure 4.20 near 1400 Hz and
in Figure 4.19 near 3000 Hz, performance is near the Gaussian noise level; we
will see in Chapter 6 that these noise sources show nonstationarity at these
frequencies. Overall, the noise attenuation obtained with spectral restoration
(as measured against noise-only inputs) is generally no worse for any of these
noise records than for white Gaussian noise.
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Figure 4.10: Noise attenuation, EC-130 ABCCC radio operator (BC1304)
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Figure 4.18: Noise attenuation, F-4E inside mask (F4EM11)
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Chapter 5

Nonstationarity

5.1 Nature of the Nonstationarity Problem

Are aircraft noise sources stationary? When we ask whether a random process
is stationary, we are asking whether its joint probability distributions are un-
changed by the passage of time. No real-world process can attain this ideal, if
only because of the Second Law of Thermodynamics. The question to be asked,
then, is whether the statistics of an aircraft noise source change significantly
over a certain time scale of importance to us. For the purposes of this study,
time scales of interest are in the range from 20 ms to 1 s.

If the form of the random process is known, we can test it for stationarity by
estimating parameters of the process at two separated times, and then compar-
ing the parameter estimates. Confidence bounds would be evaluated showing
the expected range cf variation of the estimatess from frame to frame assuin-
ing no change in noise characteristics. Then the observed variations would be
compared with these bounds, and if they exceeded the calculated limits the vari-
ations would be ascribed to nonstationarity. For example, if the random process
being tested were known to be white Gaussian noise, this procedure could be
used in conjunction with the properties of the short-time Fourier transform of
Gaussian noise processes discussed in Chapter 4.

However, for the acoustic noise environments we are studying, the form of
the noise process is not known. Therefore non-parametric statistics are needed
to test for variation in the noise.

5.2 Design of the Experiment
In order to isolate noise components that cause variation in narrow frequency

bands only. we decided to base our nonstationarity tests on short-term values of
power spectruin estitnators. Because of the importance of the short-time Fourier

49
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transform in spectral restoration, we chose to concentrate on the periodogram
PSE. We therefore apply our non-parametric tests to the squared magnitudes
of short-term Fourier transform values, considering these as local estimates of
noise power in narrow frequency bands. )
Assuming that periodogram power spectrum density estimates, Pr(t) =
X;(tM)|2, have been obtained for successive frames of noise, the problem is

then to test the stationarity of the sequence {Pf (1)} at any particular frequency
f.

Our approach is to segment a noise recording into batches (typically 0.1 s to
1.5 s in length), and within each batch to test, one frequency at a time, for a
difference between the first and second half of the batch. Within each half-batch,
we use the short-term estimates F",(t) on individual frames (typically 2 to 8 ms
in length), so that for each frequency we have two sets of power estimates, one
from each batch. Then we utilize a non-parametric test of distribution difference
on the two half-batches of PSE’s at each frequency.

For example, suppose that the successive estimates PJ are separated into
two blocks of consecutive estimates

A1A2"‘AkBlBZ"‘Bk

The block size, k, is chosen to be commensurate with the time over which noise
characteristics are expected to change. Several useful nonparametric methods
are available to test whether the A block represents a significantly different
distribution than the B block or whether the difference could occur as a natural
fluctuation of a stationary process. Strictly speaking, these tests require the
successive f’/ to be statistically independent, a result that can be assured, for
example, by leaving short spaces between the successive data records selected
for analysis. Then the f’f values are ranked from largest to smallest and tagged
with their group: For example, we might obtain:

A1 A11BgA1sAagBis - - A2 B31 Ag By

According to the null hypothesis that no difference exists, this sequence of A’s
and B’s should be a purely random arrangement. If, however, we should observe
a sequence

AcAys A3 A7 Bi13A2 A1 BisBin A1 Ba1 By BaByg

containing mostly A’s at the beginning and B’s at the end we would reject the
assumption of no difference.

One statistic for evaluating the randomness of the sequence of A’s and B’s
is the Mann-Whitney {7 statistic [26]. which is reputed to be one of the most
powerful of the nonparametric methods for assessing changes in the population.
[t is sensitive to changes in population shape as well as shifts in mean location.
Moreover, for block sizes larger that about 6, the Mann-Whitney statistic is
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approximnately normally distributed. In order to allow for ties when the A;
and B; are ranked, we have used the following variant of the Mann-Whitney

statistic: \
U= Z D; (5.1)
i=1j=1
where
1 if A;i>B;
D,’j = 0 if A,‘ = Bj
-1 if A;< B

Under the null hypothesis that both samples were drawn from the same distri-
bution, U is approximately normally distributed for k& > 6 [14, 26], with mean
0 and variance [26]

3 _ A}
Var(U|Ho) = [k*(2k + 1)/3] [1 - g%tkz——_%] , (5.2)

where the sum is extended over all ties, t being the number of samples tied at
a single value. Unless the number of ties is large, we can use the conservative
approximation

Var(U|Ho) ~ k*(2k + 1)/3. (5.3)

Using this approximation, it is convenient to work with the normalized statistic

Z defined as
Z=U/Vk2(2k+1)/3; (5.4)

then (again under the null hypothesis) for k > 6 the statistic Z is approximately
normally distributed with a variance slightly less than 1.

Given a signal to be tested for stationaiiiy, we segment the signal into one or
more “batches”. Each “batch™ consists of 2k successive “frames” of the signal,
where k is a parameter of the analysis. At each of several frequencies, a power
spectrum estimate is obtained for each frame, yielding within each half-batch a
sequence of spectrum estimates at each frequency f:

First half-batch:  Py(1) Ps(2) P(3) - Py(k)
Second half-batch:  Ppk+1) Pp(k+2) Pr(k+3) - Py(2k)

At each frequency, the Mann-Whitney test is then applied to test the hy-
pothesis that both sequences are drawn from the same distribution. Thus we
are testing for variation on a time scale comparabie to the size -+« 1 half-batch.
If the distribution of noise cnergy at a particular frequency ¢~ uages between
the two half-batches, the change should result in a large value of the normal-
1ized Mann-Whitney statistic Z computed between the two half-batches. On
the other hand, if both half-batches are drawn from the same distribution the
statistic Z is approximately normally distributed with a mean of zero and a
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variance of unity. If we take stationarity as our null hypothesis, then large val-

ues of Z at one frequency would lead to rejection of the null hypothesis that the

distribution of spectrum estimates at that frequency is unchanging.
Parameters of the a.iaiysis subject to tradeoffs are:

1. batch size (2k),

2. frequency resolution,

3. spectrum estimate bias,
4. time resolution.

If the length (in seconds) of each sampled data record is T, then the length of
a half-batch is ¥T. Since our experimental design is based on the difference, or
lack thereof, between two successive half-batches, we must choose the half-batch
length £#7" ‘o be no more than the time interval over which we wish to observe
changes. On the other hand, as we decrease the record length T we also decre
our frequency resolution or increase the bias of our spectrum estimates. If the
batch size k is smaller than about 6, the Mann-Whitney statistic is no longer
approximated well by a normal distribution.

Because of this tradeoff between frequency resolution, batch size, and time
resolution, a single noise environment can be subjected to multiple analyses. As
a result of our earlier work and because of the considerations given in Chapter
1. we have focused on time scales of about 200 ms. Shorter intervals do
not provide enough information for our statistical tests, while intervals much
longer than a few seconds are not of interest for speech coding and enhancement
applications.

5.3 False Rejection of the Null Hypothesis

Since we are  .king a large number of tests, we can expect that Z will have
large values in some cases by chance: Figure 5.1 shows an analysis performed
on simulated white Gaussian noise. In this case, the value of Z exceeded the 1%
significance level in 5 out of 832 tests, and if many such analyses were performed
on simulated white Gaussian noise we should expect values of Z this large in
1% of all the tests. It is not necessarily meaningful that Z exceeds the indicated
5% or 1% significance levels in a few cases, unless there is an evident pattern
such as a grouping of large values of Z in a narrow range of frequencies, or a
repetition of large values of Z at the same frequencies across multiple analyses.

To quantify this, it is necessary to decide how many over-threshold values
should be regarded as significant. In a series of Al independent tests, the number
of values of Z above the critical value for a certain significance level a will be
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Figure 5.1: Mann-Whitney analysis for white Gaussian noise

approximately a Poisson random variable with expectation M. In other words,
the probability that exactly k values will exceed the o significance level will be

p(k) = e~ *M(a M)k /K. (5.5)

When evaluating a multi-frequency experiment on a single noise record, if
we find that over all frequencies taken as a whole there are m values of Z
above a chosen significance threshold, we consider the significance level defined
as the probability that m or more values will exceed the threshold under the
null hypothesis of stationarity. This probability can be computed directly from
the Poisson distribution. We refer to this probability as the “overall signifi-
cance level” for a set of multiple tests across all frequencies. A value of this
probability near zero, then, indicates a result that is unlikely under the sta-
tionarity hypothesis. A larger value of this probability indicates a number of
over-threshold values that is likely under the stationarity hypothesis, due simply
to the large number of frequencies under test.

5.4 Sensitivity of the Test

A small experiment was conducted to determine the effect of two principal
parameters (half-batch size and frequency resolution) on the sensitivity of the
batched Mann-Whitney test. Qur approach was to examine the ability of the
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| I Half-batch size (ms) |
Frequencies 12 48 192 768
I6f>412|<-6|<-6|<-6
64 — | £-6 0| <-6
256 — — +6 +3

Table 5.1: Speech-to-noise ratio (dB) required for detection of nonstationarity

test to detect nonstationarity in a signal masked by more-or-less stationary
noise. The method used was to vary the amount of nonstationary noise (through
simple attenuation) and, for each combination of test parameters, determine the
minimum honstationary noise level at which the test was effective.

Since we are interested in signal changes occurring on the time scale of
speech nonstationarity, we used an actual speech signal (file [200,220] TOMS .DAM
on the speech database) as the nonstationary noise source. For the more-or-
less stationary noise source we used a recording of HH-53 helicopter noise (file
[200,230]HR53.FLT on the digital noise database). The test files were then
created by mixing the two noise sources at several different speech-to-noise (or
“nonstationary”-to- “stationary”) ratios. The ratios, expressed as ratios of high-
energy speech frames to the RMS helicopter noise, ranged from 412 dB to —6
dB in steps of 3 dB.

After performing batched Mann-Whitney analyses of the test files with sev-
eral different choices of frequency resolution and half-batch length, we examined
the results (at different speech-to-noise ratios) for each parameter combination
to determine the minimum speech-to-noise ratio needed to show significant non-
stationarity. The smaller the ratio required, the more sensitive the test was
Judged to be. The results are summarized in Table 5.1. Combinations labeled
“—" were not tested because the half-batch size would have been less than 6.

Tests conducted with a frequency resolution of 256 points (15.625 Hz spac-
ing) seem to be much less sensitive than tests at coarser frequency resolution
using the samc half-batch length. This insensitivity may be due in part to the
small number of data records in each half-batch. Little discriminatory power
was found with a half-batch size of 12 ms (96 samples).




Chapter 6

Nonstationarity
Experiments in Aircraft
Noise

Chus chapter presents the results of batched Mann-Whitney analyses performed
on the aircraft noise samples described in Chapter 2, using the analysis method
described in Chapter 5. For each 5-second noise sample, four batched Mann-
Whitney analyses were performed with the parameters:

e 16 frequencies, 192ms half batch (96 frames per half batch)
e 64 frequencies, 192ms half batch (24 frames per half batch)
e 64 frequencies, 48ms half batch (6 frames per half batch)

e 64 frequencies, 768ms half batch (96 frames per half batch)

The following noise database files were analyzed:
1. EC-135 Battle Staff area, tape 2IN (EC135B)
2. E-4B Battle Staff area, tape 12N (E4BBS)

3. E-3A console 13, tape 201 (E3AC13)

4. EC-130 ABCCC, tape C (EC1304)

5. HC-130, tape 1A, channcl A (HC1304)

6. HC-130, tape 1A, channel B (HC130B)

7. P-3C, tape ND (P3C)
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8. F-15A helmet microphone, tape 5-2 (F15HTO05)
9. F-15A mask microphone, tape 5-1 (F15MT05)
10. F-15A cockpit microphone, 1.2 Mach (F15C33)
11. F-15A cockpit microphone, 1.3 Mach (F15C59)
12. F-16A helmet microphone, tape 6-2 (F16H06)
13. F-16A mask microphone, tape 6-1 (F16M06)
14. A-10 helmet microphone, tape 8-2 (A10H25)
15. A-10 mask microphone, tape 8-1 (A10M24)
16. F-4E helmet microphone, tape 11-2 (F4EH11)
17. F-4E mask microphone, tape 11-1 (F4EM11)
18. F-4E helmet microphone, tape 11-2, low altitude, 500 kt, (F4EHL)
19. Tornado pilot position, demist on, tape TOR. (TOR34)
20. HH-53 cockpit, tape 1AA (HHS3)

Table 5.1 shows the “overall significance levels,” as defined in Section 5.3, for
all the analyses. Levels less than 1% are shown in italics, representing analyses
in which over all frequencies, large values of Z occur more frequently than
would be likely if the noise were stationary.

6.1 Interpretation of Plots

Figures 6.1 through 6.20 present these analyses. Each of the figures shows the
results of three analyses of the same noise record; from bottom to top, they are
the 192-ms analysis with 250 Hz resolution; the 192-ms analysis with 62.5 Hz
resolution; and the 768-ms analysis with 62.5 Hz resolution. Each “X” mark
represents one value of Z, for one “batch” and at one frequency. A hollow
square at the top edge of the plot represents a value of Z that exceeds 4. The
dotted lines (/7 = 1.96 and Z = 2.58) are the critical values of the unit normal
distribution for the significance levels 5% and 1%, respectively!. For the lower
two plots, both of which have 192-ms half-batches, the 5 sec of data is divided
into 13 batches, and so there are 13 points plotted for each frequency. For the
upper plot, with 768-ms half-batches, the 5 sec of data supplies 3 batches, and
there are 3 points plotted for each frequency.

L As we discussed in Chapter 5, Z is approximately normally distributed with mean 0 and
variance 1.
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Half-Batch Length, Frequency Resolution

192 mns, | 192 ms, | 48 ms, 768 ms,

Aircraft | Figure | 250 Hz | 62.5 Hz | 62.5 Hz 62.5 Hz
| BC-135 | G.1 1.96 13.64 86.66 12.87
E-4B 6.2 6.02 59.07 100.00 85.34
E-3A 6.3 34.50 72.41 99.90 12.87
EC-130 | 6.4 87.51 1.16 100.00 100.00
HC-130 | 6.5 87.51 91.73 99.90 0.36
HC-130 | 6.6 6.02 59.07 98.80 100.00
P-3C 6.7 87.51 21.71 99.95 4.57
F-15A 6.8 100.00 59.07 100.00 4.57
F-15A 6.9 1.96 446 | 100.00 100.00
F-15A 6.10 61.52 32.38 99.98 <0.01
F-15A 6.11 <0.01 <0.01 95.28 0.08
F-16A 6.12 15.76 99.77 | 100.00 30.17
F-16A 6.13 <0.01 59.07 100.00 57.19
r-4E 6.16 1.96 45.20 86.66 2.34
F-4E 6.17 0.03 1.16 99.98 <0.01
F-4E 6.18 0.14 2.34 98.03 <0.01
A-10 6.14 100.00 25.53 97.50 100.00
A-10 6.15 0.42 11.70 100.00 13.52
Tornado | 6.19 1.96 91.73 99.99 1.38
HH-53 6.20 <0.01 0.02 L 26.35 <0.01

Table 6.1: Overall significance levels (%)

57




58 Acoustic Background Noise Variation in Air Force Platforms ...

z R R X g
,.::g:;;8'1 LR
.
priidp iy h
.00 A x f ¥ I-lll‘li
. FETRENCY LN ]

Figure 6.1: Mann-Whitney analysis for EC-135 Battle Staff area (EC135B)

6.2 Survey by Aircraft Type

6.2.1 Large Jet Aircraft

Noise in these aircraft (E-4B, E-3A, EC-135) is characterized by a continuous
spectrum usually lacking strong sinusoidal components. (Both in overall sound
level (88 dB) and in general spectral shape, noise recorded in the E-4B Battle
Stafl area is quite similar to noise recordea in the E-3A, except that the E-
3A has a sharper low-frequency peak and some tonal engine noise.) There is
no evidence of nonstationarity in the noise analyzed from these aircraft. (See
Figures 6.1, 6.2, and 6.3.)

6.2.2 Turboprop Aircraft

Noise in these aircraft (EC-130, HC-130, and P-3C) includes some strong low-
frequency sinusoidal components at the first few harmonics of the propeller blade
passage rate (typically about 70 Hz). Much of the remainder of the spectrum is
rather smooth.? There are some large values of Z in the EC-130 analysis with
a time scale of 192 ms and a resolution of 62.5 Hz, but the overall significance
level (1.16%) is not decisive. Some large values of Z appear between 3000 and
4000 Hz in one of the HC-130 analyses (Figure 6.5), this time with an overall

2See Figures 4.10, 4.11, and 4.12.
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Figure 6.2: Mann-Whitney analysis for E-4B Battle Staff area (E4BBS)
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Figure 6.4: Mann-Whitney analysis for EC-130 ABCCC (BC1304)

significance level of 0.36%. Except for these two analyses, there is no evidence
of nonstationarity among the turboprop aircraft.

6.2.3 Fighter/Attack Aircraft

These aircraft include the F-15A, F-16A, A-10, F-4E, and Tornado. (See Figures
6.8-6.19.) In some of these aircraft we have found some evidence of nonstation-
arity in narrow frequency ranges, probably associated with variation of tonal
noise sources. The two 1976 F-15A segments, both made at supersonic speed,
show apparent variation of a tonal source near 1 kHz (Figure 6.10) and near 3
kHz (Fignre 6.11). The 1982 recordingr made at lower speed in another F-15A
show little evidence of nonstationarity either inside or outside the oxygen mask.

The recording made inside the oxygen mask of an F-16A shows significant
nonstationarity across a broad range of frequencies in the analysis made with
a frequency resolution of 250 Hz and a time scale of 192 ms. No such nonsta-
tionatity is evident outside the mask at the same time, and we conjecture that
there may be more-than-usual breath noise or valve noise present.?

The A-10 recording made inside the oxygen mask shows some evidence of
nonstationarity concentrated in low frequencies. The F-4E in-mask recording,

3However, this segment of noise, like all the other in-mask segments, was taken from an
interval during which the pilot was attempting to hold his breath.
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Figure 6.7: Mann-Whitney analysis for P-3C (P3C)

in one analysis, shows evidence of nonstationarity, mostly concentrated in the
vicinity of 3 kHz. On the other hand, no nonstationarity is apparent in the
noise analyzed from the Tornado aircraft.

6.2.4 Helicopters

In the HH-53 there is significant evidence of nonstationarity in the frequency
range 1300-1700 Hz, and also at frequencies of 2500 Hz and higher (see Figure
6.20).

6.3 An Example of Tone Removal

We conclude with a specific example of the impact of non-stationarity on spec-
tral restoration. In Section 6.2.3 we found non-stationarity in the F-15A noise
recorded in supersonic flight, a non-stationarity that appeared as variation in
the power levels near 3000 Hz. Figure 6.21 shows a comparison of the input and
output of a spectral restoration algorithm (with parameters ¢ = 1/12, 8 = 1,
# = 1, Hamming window) applied to this noise signal alone®. The attenuation

*These are the same parameters used in the examples of Chapter 4, except that u = 1.
The difference in y accounts for a difference in the resulting attenuation, which is typically
about 11 dB compared to the 4.3 dB found for 4 = 2
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Figure 6.9: Mann-Whitney analysis for F-15A (inside mask) (F16MTB)
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Figure 6.10: Mann-Whitney analysis for F-15A (outside mask) (F16C33)
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Figure 6.11: Mann-Whitney analysis for F-15A (outside mask) (F15C59)
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Figure 6.13: Mann-Whi*ray analysis for F-16A (inside mask) (F16M06)
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Figure 6.20: Mann-Whitney analysis for HH-53 helicopter (HHB3)

of the variable tonelike noise near 3 kHz is about 12 db, almost the same as the
attenuation found at other frequencies. Figure 6.22 shows a similar comparison,
but with a different, synthetic input. The synthetic noise is real noise recorded in
an F-15A (in subsonic flight), to which a pure sinusoid at 3 kHz has been added.
In this case, the spectral restoration algorithm attenuates the pure sinusoid by
about 23 dB, compared to the 11-dB attenuation at other frequencies.
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Figure 6.21: Real F-15A noise before and after enhancement (F15C69)
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Figure 6.22: Synthetic “F-15A noise” before

and after enhancement (P15HTSS)




Chapter 7

Summary

In this study of short-term noise variation in Air Force platforms, we have
followed two avenues of investigation. In the first, we applied quantitative mea-
sures of variation to individual noise recordings, and compared the results across
various aircraft. In the second, we applied non-parametric hypothesis tests to
search for nonstationarity in the same noise recordings. In both efforts, we have
gone on the hypothesis that aircraft noise may be the sum of some noise that
is essentially stationary and some noise thai is nonstatiocnary but only affects
some parts of the 0—4 kHz vocoder range.

We devised two simple frequency-dependent measures of short-term vari-
ation: the standard-deviation-to-mean ratio and the residual RMS prediction
error, both applied to short-term power spectrum estimates. Each of these mea-
sures gives a number at each frequency, and is intended to isolate narrow-band
nonstationarity. For white Gaussian noise, we obtained the expected value of
the standard-deviation-to-mean ratio; this value can be used as a guide to in-
terpreting values for real-world noise. The RMS prediction error measurement,
which is motivated by a very simple model of spectral restoration, measures
the discrepancies between single-frame STFT magnitudes and their short-term
estimators based on the recent past. Both of these simple quantitative measures
of variation showed distinctively low variation at low frequencies in turboprop
aircraft, but seemed to be too variable to draw more precise conclusions.

We analyzed theoretically the behavior of a broad class of spectral restoration
algorithms for the special case of noise-only inputs, and used the performance
of such algorithms as a gauge to locate differences between aircraft types. Using
noise-only performance as a criterion, we found that spectral restoration had su-
perior performance in removing propeller noise in turboprop aircraft, and in re-
moving tonal noise in one particular recording from an E-3A, but that generally
the performance of spectral restoration was nearly the same as that predicted
theoretically for white Gaussian noise. This was true across all frequencies, and
applied to time-varying tonal noise as well as noise whose spectrum is smoother.
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To test for nonstationarity, we used the nonparametric Mat n-Whitney statis-
tic in an experimental design that compared batches of short-term power spec-
trum estimates over adjacent 192-ms (or 768-ms) intervals. We found little or no
evidence of nonstationarity in the noise recordings from large jet or turboprop
aircraft with wing-mounted engines. In fighter aircraft noise recordings, the
picture was less uniform. In some fighter aircraft there was strong evidence of
nonstationarity that appeared to be confined to more or less narrow frequency
ranges. Finally, in the helicopter noise recordings we studied, we again found
evidence of nonstationarity concentrated at certain frequencies but leaving sub-
stantial parts of the spectrum unaffected.

Finally we return to the question: does nonstationarity limit the performance
of spectral restoration in these aircraft? Table 7.1 presents the nonstationarities
found (in the left-hand column) and the corresponding peaks or valleys, if any,
of the spectral-restoration attenuation figure (in the right-hand column). A
dash in the right hand column means that the attenuation was close to the
“Gaussian” 4.3 dB figure all across the frequency range. In only a single case,
at a single frequency, was a finding of nonstationarity coupled with a significant
drop in attenuation below 4.3 dB. In two other cases, nonstationary that is
narrowly confined in frequency results in poorer noise attenuation than would
be expected for truly tonal noise, but no worse attenuation than ic normal for
broadband noise.

Aside from these cases, the nonstationarity that we found did not have any
apparent cffect on the attenuation achieved by spectral restoration. If spectral
restoration can perform as well against a nonstationary noise source as it does
against white Gaussian noise, then it cannot be said that the nonstationarity
itself is the culprit. Therefore we conclude that the kinds of nonstationarity that
we found in real aircraft did not degrade the performance of spectral restoration,
as measured against noise-only inputs.
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Table 7.1: Comparison of Mann-Whitney nonstationarity findings with irregu-

larities in spectral restoration attenuation, noise only




Appendix A

Detailed Description of
Noise Records Used

The digitized noise recordings used in this study were all taken from the Digital
Acoustic Noise Database, a collection of files that represent a subset of the entire
RADC/EEV Acoustic Noise Database. This appendix supplements the infor-
mation given 1n Chapter 2 by describing the atrcraft on which those recordings
were made, and the circumstances of recording. For clarity, all the digital noise
file names are given in a distinctive type face (for example: E3AC13). Where
figures in this report are based on data from particular noise files, these files are
identified in the figure captions.

The aircraft information in the following pages is taken primarily from the
annual volumes of Jane’s Aircrafi of the World. In a few cases, where a military
aircraft type resembles a commercial aircraft type, we have given information
on the commercial version where none was available for the military version.




76 Acoustic Background Noise Variation in Air Force Platforms ...

E-4B

The E-4B Advanced Airborne Command Post is based on the commercial Boe-
ing 747 airframe and is the successor to the EC-135 as a strategic command
and control platform. Recordings were made [37] in three areas of the E-4B: the
Battle Staff work area, near the middle of the aircraft; the briefing room, just
forward of the Battle Staff area; and the National Command Authority (NCA)
compartment. During the recordings, the airciaft was in normal, level flight.

The file E4BBS was digitized from the recording made in the Battle Staff
area, designated field tape 12N.

E-4B National Emergency Airborne Command Post

Reference
Manufacturer
Primary Mission
Power plant

Length

Height

Wingspan

Max T.O. Weight
Airspeed

Mission Endurance
Cruise Altitude
Crew

Flight Profile

Jane’s 82-83 p. 333(747-200B), p. 339(E-4B)
Boeing (modified commercial 747-200B)
Strategic Command & Control

Four General Electric CF65-50E turbofan
engines with 525001b thrust each

231'4” (70.51 m)

63'5"” (19.33 m)

195'8" (59.64 m)

8000001b (362874 kg)

523 kt (969 km/hr; 602 mph) [max, level, 747]
72hr

45000' (13700 m) [747]

94

cruise, level
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Appendix A: Detailed Description of Noise Records Used

EC-135

The EC-135 was a modified version of the KC-135 tanker. As such it was sumilar
to the commercial Boeing 707, Although the EC-135 was equipped for in-flight
refucling of other aircraft, its primary function was command and control. The
EC-135 was a predecessor of the FE-4B as a strategic command and centrol
platform. Noise recordings [37] were made in July 1982 at the Radio Operator’s
compartment ana in the Battle Staff work area.

The file EC135B was digitized from the analog recording made in the Battle
Staff area, designated field tape 21N,

EC-135 SAC Looking Glass atreraft
Reference Jane’s 67-68 p. 309
Manufacturer Boeing (commercial 707)
Primary Mission EC-135 Command & Control
Powerplant Four Pratv & Whitney TI33 turbofans
with 1830001b thrust each.
Length 136°3" (41.53 m)
Height 384 (11.68 m)
Wingspan 130710 (39.88 m)
Max T.O. Weight | 2970001 (134715 kg)
Airspeed 166 kt (530 mph) [max, level @30000']
Total Mission Time | 5.5 hr
Service Ceiling 36000" (11000 m) [T07-320B]
Flight Profile | cruise, level flight
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E-3A

The E-3A (AWACS) carries a surveillance radar and a crew of radar operators
who track hostile targets and control fighter atrcraft. The E-3A shares the same
basic airframe used in the EC-135 and the commercial Boeing 707. Recordings
[34] were made in 1982 at Consoles 4 (Senior Director), 10 (Air Surveillance
Technician}), 13 (Weapons Director), 25, and 30, among others. The recordings
were made during a training mission while operaiurs were present and speaking.
The atrcraft was in its surveillance orbit.

The file E3AC13 was digitized from the recording made at Console 13, des-
ignated field tape 201.

E-3A Seutry ]
Reference Jane’s 80-81 p. 298
Manufacturer Boceing (haced on commercial 707-320B)
Primary Mission Airborne Warning and Control System (AWACS)
Powerplant E-3A Four Pratt & Whitney TF33-PW-100
Turbofans with 210001b thrust each.
Length 152'11" (46.61 m)
ficight 41'4" (12.60 m)
Wingspan 145’9 (44.42 m)
Max T.O. Weight 3250001b (147400 kg)
Airspeed 460 kt (853 km/hr; 530 mph) [max, level]
Endurance on Station | 6 hr
Service Ceiling > 29000 (8850 m)
Crew 4 aircrew + 13 AWACS Specialists
| Fught Profile surveillance orbit
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EC-130 and HC-130

he BC-130 0s amualti-engine turboprop aireraft, a version ot the C-130 equipped
An Airborne Battlefield Command
AN/USC-15) was installed in the EC-130 when
notse recordings [35] were made. The recordings were made at seat #1, the
communicator'’s console, and another location in the ABCCC umit, The file

for the command and control function.
L Control Center (ABCCC

EC130B was digitized from the latter recording, designated as tape C.

The HC-130 is a scarch and reseue variant of the same basic airframe. Noise
recordings [35] were made in 1984, The files HC130A and HC130B were digitized

from the two channels of the recording, designated field tape TA.

C-1301 Hercules

i Reference
Manufacturer
Prim. -y Mission

Powerplant

Length
Height
Wingspan
Operating Weight
Cruising Airspeed
Maximum Airspeed
Range (max payload)
Serviee Ceiling
Crew

Tasl Number
Flight Profile

Jane's 84-85 p. 435
Lockheed

Military Transport
FEC-130 Command & Control

HC-130 Search & Rescue

Four Alison TH6-A-15 Turboprop

rated at 4568 chp cach. Four Hamilton
Standard four-bladed constant speed
propellers of 13'6".

97'9" (29.79 m)

38'4.5" (11.66 m)

132'7" (4041 m)

764691h empty (34686 kg)

205 kt (547 kin/hr; 340 mph) (547 ki /hr)
325 kt (602 km/hr; 374 mph)

2046 nm (37913 km; 2356 mi)

33000 (10000 m)

4 4+ ABCCC Staff of 12 [EC-130]

FC-130 1836 7Tth ACCS

level fhght
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P-3C

The P-3C is a long-range anti-submarine patrol aircraft, developed from the
commercial Lockheed Electra and used by the U. S. Navy. Noise recordings {36]
were made in 1978 at the NAVSEA position.

File P3C was digitized from this recording, designated field tape ND.

P-3C Orion

Reference Jane’s 75-76 p. 432

Manufacturer Lockheed (based on commercial Electra)
Primary Mission Naval Anti-Submarine Warfare
Powerplant Four Allison T56-A-14 turboprops with

1910 hp each. Hamilton-Standard 54H60
four-bladed constant speed
propellers of 13'6".

T agth 116710" (35.61 m)

Height 33'8.5" (10.29 m)

Wingspan 99'8" (30.37 m)

Max T.0O. Weight | 1350001b (61235 kg)

Patrol Airspeed 206 kt (381 km/hr; 237 mph) [@1500']

Alrspeed 411 kt (761 km/hr; 473 mph) [max, level @15000]
Mission Radius 2070 nm (3835 kin; 2383 m) [max - no time on station]
Service Ceiling 28300" (8600 m)

Crew 10

Flight Profile 350 kt, 25000
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F-15

The F-15A 15 a twin-engine single-seat air-superiority fighter. Recordings were
made by H. Hille aboard an F-15A in 1976. Unfortunately, we have no absolute
calibration for these recordings and so we can say nothing about the absolute
noise levels. The 1976 recordings iaclude short segments of noise during level
flight at 6000, 25000, and 40000 ft; during a climb from 10000 ft to 25000 ft;
and during a climb from 25000 to 40000 ft.

The files F15C33 (level flight, 6000 ft altitude, Mach 1.2), F15C418 (climb
from 15000 ft to 20000 ft, Mach 0.9), F15C59 (level flight 25000 fi altitude, Mach
1.3), and F15C68 (climbing to 40000 ft. at Mach 0.88, mil power, some speech
present) were digitized from the 1976 tape, designated field tape HIINT.

Later, recordings [25] were made aboard an F-15A in January 1981. The
1981 recordings were made with micropliones located both inside the pilot’s
oxygen mask and on the pilot’s helmet.

The files F15HTS and F15MT5 were digitized from ficld tapes 5-1 and 5-2,
and represent simultancous recordings inside and outside the oxygen mask at a
time when the pilot was holding his breath. Files F15HT10 and F15MT10 were
digitized from: field tapes 10-1 and 10-2, but are not used, because of apparent
saturation in the original field tape 10-1.

F-15A Eagle

Reference Jane’s 81-82 p. 403

Manufacturer McDonnell Douglas

Primary Mission | All-Weather Air-Superiority Fighter

Powerplant Two Pratt & Whitney F100-PW-100
turbofans with 239301b thrust each
(afterburner at takeoff).

Length 63'9" (19.43 m)

Height 185.5" (5.63 m)

Wingspan 42'9.75" (13.05 m)

Max T.0. Weight
Airspeed

Service Ceiling
Absolute Ceiling
Crew

Tail Number
Flight Profile

560001b (25401 kg)

> Mach 2.5 [max, level]

60000 (18300 m)

100000’ (30500 m)

Pilot only [F-15B two-seat version]
WAILLI and other

varied
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F-16

The F-16A is a highly maneuverable lightweight fighter. Recordings [25] were
made aboard an F-16A in January 1981. These recordings were made with
microphones located both inside the pilot’s oxygen mask and on the pilot’s
helmet.

The files F16H06 and F16M06 were digitized from field tapes 6-1 and 6-2, and
represent simultaneous recordings inside and outside the oxygen mask at a time
when the pilot was holding his breath.

F-16A Fighting Falcon
Reference Jane’s 81-82 p. 361
Manufacturer General Dynamics
Primary Mission | Lightweight Comlat Fighter
Powerplant One Pratt & Whitney F100-PW-200

turbofan with 250001b thrust.

Length 49'4" (15.03 m)
Height 16'8.5" (5.09 m)
Wingspan 31'(""9.45 m)
Max T.O. Weight | 238101b (10800 kg)
Airspeed > Mach 2 [max, level @40000’)
Combat Radius > 500 nm (925 km; 575 mi)
Service Ceiling > 50000" (15200 m)
Crew Pilot Only [F-16B two-seat version]
Tail Number WAT9-336
Flighi Profile 380 kt, 15000
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The -1 was originally developed as an attack fighter for the US Navy., The Air
Foree has used it for air defense, close air support, reconnaissance, and electronic

cointermeasures. Recordings [20] were made aboard an F-4E in January 1981,

These recordings were made with microphones located both inside the pilot’s

oxygen mask and on the pilot’s helmet.

The files FAEH11 and FAEM11 were digitized from field tapes 11-1 and 11-2,
and represent simultaneous recordings inside and ontside the oxygen mask at
a time when the pilot was holding his breath. File FAEHL was digitized from
ficld tape 11-1, during a high-speed low-altitude run (500 kt, 300" above ground

level).

I'-1F Phantom 11

| Reference
Manufacturer
Primary Mission
Powerplant

Length

Height
Wingspan
Combat Weight
Max T.0. Weight
Altrspeed

Ferry Range
Combat Radius
Combat Ceiling
Crew

Tail Number

Flight Profile

“Jane’s 7879 p. 373
McDonnell Douglas

All-Weather Fighter

Two General Electric J79-GE-17
Turbojet engines rated at
179001b thrust each

(afterburner at takeoff).

63' (19.2 m)

16'5.5" (5.02 m)

875" (11.77 m)

414871h (18818 kg)

517951b (28030 kg)

Mach 2.24 [max, level]

1718 nm (3184 kim; 1978 im)
618 nin (1145 kin; 712 mi) [interdiction]
54400’ (16600 m)

2

WAT2-140

350 kt, 7000'; 500 kt, 300" agl
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A-10A

The A-10A is a heavily armored ground attack aircraft that can carry 5450 kg of
externally-mounted munitions, in addition to its nose-mounted 30-mm Gatling
gun. Recordings [25] were made aboard an A-10A in January 1981. These
recordings were made with microphones located both inside the pilot’s oxygen
mask and on the pilot’s helinet.

The files A10H25 and A10M24 were digitized from field tapes R-1 and 8-2, and
represent, simultaneous recordings inside and outside the oxygen mask during
a 2-second period when the pilot was helding his breath. At this time, the
arrcraft was at an altitude of 1000 ft and an airspeed of 340 kt. Less reliable
files, A10HO9 and A10MG8, were made during a 5-second period when the pilot
was attempting to hold his breath but seemed to be making some sort of audible
sound. At this time, the aircraft was at an altitude of 12000 ft and an airspeed
of 260 kt.

A-10A Thunderbolt 11 (*Warthog’)

Reference Jane’s 81-82 p. 351

Manufacturer Fairchild Republic Co.

Primary Mission Sustained Close Air Support
Powerplant Two General Electric TF34-GE-100

turbofan engines rated at 9065lb
thrust each.

Length 53'4" (16.26 m)
Height 14’8 (4.47 m)
Wingspan 57'6" (17.53 m)

Operating Weight | 250001b empty (11320 kg)

Max T.O. Weight | 500001h (22680 kg)

Airspeed 381 kt (706 km/hr; 439 mph) [max, level @ S/L]
Clombat Radius 252 nm (463 km; 288 mi) [close air support]

540 nm (1000 km; 620 mi) [deep strike]

Cruise Altitude 5000 (1500 m)

Crew Pilot Only
Tail Number WAI168
Fhight Profile Low Altitude Interdiction Mission
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Tornado

There are two variants of the European Tornado aircraft: the Interdictor Strike
Aircraft (RAF GR1), and the Air Defense Variant (RAF F2). These aircraft are
roughly comparable to the US F-15 in size and weight, and are widely used in
NATO air forces. Noise recordings were made aboard a Tornado and provided to
RADC/EEV in PCM form by the UK Royal Signals and Radar Establishment.
Files TOR13, TOR21, and TOR22 (all at 250 ft above ground level), and files
TOR33 and TOR34 (both at 110 ft above ground level) were digitized from the
tape segments designated TOR:13, TOR:21, TOR:22, TOR:33, and TOR:34.

[ RAF Tornado GRI (IDS) or F2 (ADV)
' Reference Janc’s 88-89 p129
Manufacturer Panavia
Primary Mission IDS All-Weather Multipurpose Combat Aircraft
ADV Air Defense Interceptor
Powerplant Two Turho-Union RB199-34R Mk103 Turbofan
engines with 16800lb thrust each. [afterburner]
Length IDS: 54’10"” (16.72 m)
ADV: 59'3" (18.06 m)
Height 196" (5.95 m)
Wingspan 45'7" (13.19 m) [variable geometry fully spread]

Max T.0O. Weight IDS w/externals: 600001b (27215 kg)
ADV: 61700!b (27986 kg)

Airspeed > Mach 2.2 [IDS maximum, level]
Low Level Airspeed | 1480 kt
Combat Radius 750 nm (1390 km; 863 mi) [IDS]

Intercept Radius 300 nm (556 km; 345 mi) [ADV supersonic]
Intercept Radius 1000 nm (1853 km; 1151 mi) [ADV subsonic]
Operating Ceiling | 70000’ (21300 m) [ADV]

Crew 2

Flight Profilc 420-550 kt, 110'-250" agl
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HH-53 helicopter

The HH-53 is a search and rescue helicopter with main and tail rotors powered
by a turbine engine. A noise recording was made in 1984 [35] aboard an HH-53
helicopter in flight. The microphones were positioned at the rear bulkhead of
the pilot’s compartient.

File BH53 was digitized from this tape, designated field tape 1AA.

HH-53[C] Super Jolly

Reference
Manufacturer
Primary Mission

Powerplant

Length (fuselage)
Height (fuselage)
Main Rotor Diam.
Tail Rotor Diam.
Mission T.O. Weight
Airspeed

Airspeed (Cruise)
Range

Service Cetling
Crew

Flight Profile

Jane’s 74-75 p. 457

Sikorsky S-65

Ileavy Assault Transport

USAF HH-53 Search & Rescue

Two General Electric T64-GE-7 turboshaft
engines rated at 3925 ehp each.

672" (20.47 m)

17'1.5" (5.22 m)

72'3" (22.02 m)

16' (4.88 m)

382381b (17344 kg)

170 kt (315 km/hr; 196 mph) [max, level]
150 kt (278 km/hr; 173 mph)

468 nm (869 km; 540 mi)

20400' (6200 m)

3 aircrew + 24 stretchers + 4 attendants
100’ agl




Appendix B

New Analyses of
Long-Term Noise
Characteristics

I an earlier report {35, pp. 38-61] we described long-term characteristics of noise
aboard many of the aircraft included in the present study. Since that time,
further noise recordings have been added to the RADC/EEV Acoustic Noise
Database, involving aircraft not reported on in [35]. Except for one instance,
these analyses are all based on the 1981 recordings made under the supervision
of Miller et al. of Bolt Beranek and Newman Inc. and reported in [25]. The
exception 1s the Tornado aircraft, for which we used recordings made by the
UK Royal Signals and Radar Establishment. All these recordings are listed in
Table 2.1, along with the other noise recordings used in this study.

B.1 The F-15A Fighter

In the carlier report [35] we included a discussion of long-term characteristics of
F-15A noise, based on recordings made in 1976 by H. Hille of the USAF Arm-
streng Aeromedical Research Laboratory. Since that report, we have analyzed
some of the 1981 F-15A noise recordings [25). Aside from significant instrumen-
tation and calibration differences, it should be noted that the 1976 recordings
included several segments made during high-speed (supersonic) and high-power
flight, and that none of the 1976 recordings were made with a microphone inside
the oxygen mask.

In the case of outside-mask noise, analyses of the 1981 recordings are in
general agreement with those reported previously. Both sources show a large
amount of engine noise at frequencies above 5 kHz, outside the range normally
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significant for narrowband voice processing. A strong engine-noise tone, usually
near 3 kHz, was found in some of the supersonic segments of the 1976 recordings,
but was not found in the later recordings. Matched recordings, made simultane-
ously inside and outside the oxygen mask while the pilot held his breath, were
analyzed. Power spectrum estimates, obtained by the averaged-periodogram
method with a Hamming window, and plotted on an arbitrary scale of 0 to 60
dB, are shown in Figures B.1 and B.2. The recording made outside the mask
shows a concentration of noise below 1 kHz, although, as we pointed out in [35],
the power spectral density above 700 Hz does not fall off as fast as does the
power spectral density of typical speech. The recording made inside the mask
slhiows the typical low-pass effect of the mask beginning at about 600 Hz, as
described in Section 2.4,

B.2 The F-16A Fighter

Matched recordings, made simultancously inside and outside the oxygen mask
while the pilot held his breath, were analyzed. These recordings were made at
an altitude of 15000 ft and an indicated airspeed of 380 kt. Power spectrum
estimates, obtained by the averaged-periodogram method with a Hamming win-
dow and plotted on an arbitrary scale of 0 to 60 dB, are shown in Figures B.3
and B.4. In the recording made outside the mask, the highest. noise levels ex-
tend almost to 2 kHz. The recording made inside the mask shows the typical
low-pass effect of the mask beginning at about 600 Hz, as described in Section
2.4.

B.3 The A-10 Ground Attack Plane

The Digital Noise Database includes a inatched pair of recordings ade during
a normal pause in the pilot’s breathing. The aircraft was at an altitude of 1000
ft. and an indicated airspeed of 340 kt. Power spectrum estimates, obtained by
the averaged-periodogram method with a lHamming window and plotted on an
arbitrary scale of 0 to 60 dB, are shown in Figures B.5 and B.G.

In the recordings made outside the mask, the bulk of the noise power is
concentrated below 400 Hz. The recordings made inside the mask show the
typical low-pass effect of the mask beginning at about 600 Hz, as described in
Section 2.4,

B.4 The F-4E Fighter

Matched recordings, made stinultaneously inside and outside the oxygen mask
while the pilot held his breath, were analyzed. These recordings were made at
an altitude of 15000 ft and an indicated airspeed of 380 kt. We have also added
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Figure B.1: Power spectrum estimate for F-15A (outside mask) (F15HT5)
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Figure B.2: Power spectrum estimate for F-15A (inside mask) (F15MT5)
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Figure B.4: Power spectrum estimate for F-16A (inside mask) (F16M06)
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one 5-second noise sample from the helmet riicrophone only, during a high-
speed low-altitude run. Power spectrum estimates, obtained by the averaged-
periodogram method with a Hamming window and plotted on an arbitrary
scale of 0 to 60 dB, are shown in Figures B.7, B.8, and B.9. The recording
made outside the mask shows a power spectral distribution quite similar to that
observed in the F-15A recording (Figure B.1), except for a little less energy in
the 500-700 Hz range. The recording made inside the mask shows a low-pass
effect of the mask apparently beginning at about 400 Hz, a lower frequency than
observed in other noise recordings.

B.5 The Tornado Fighter

We have add~d t5 the RADC/ EEV Acoustic Noise Database several recordings
made by the UK Royal Signals and Radar Establishment aboard a Tornado
fighter aircraft. None of these recordings were made inside the helimet/mask
units normally used aboard the aircraft. All recordings were made at an altitude
of 250 ft above ground level.

Power spectrum estimates, obtained by the averaged-periodogram method
with a Hamming window and plotted on an arbitrary scale of 0 to 60 dB,
are shown in Figures B.10-B.13. Figures B.10, B.11, and B.12 were made at
the pilot’s position, while Figure B.13 was made at the navigator’s position.
The highest sound level, approximately 115 dB, was observed when the cabin
demister was turned on (Figure B.12).

B.6 Comparisons

In the recordings made outside the oxygen masks, noise power spectra in the
newly analyzed aircraft showed a general similarity to those measured carlier
frora the 1976 F-15A recordings. Inside the oxygen masks, there was an atten-
uation effect, described more fully in Section 2.4. The result of this attenuation
was that, while the pilot was holding his breath, the in-mask noise power spec-
tral density was somewhat similar in shape to what we have found in aircraft
Hike the E-3A and E-4B, except for the resonance-like peaks we have commented
on in Section 2.4.
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Figure B.9: Power spectrum estimate for F-4E (outside mask, low altitude) (F4EHL)
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Figure B.11: Power spectrum estimate for Tornado (pilot pos., 420 kt) (TOR21)
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Figure B.13: Power spectrum estimate for Tornado (navigator pos., 420 kt) (TOR22)
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