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A method has been developed to quantify errors in measurement, correction

and extrapolation of aircraft noise data which are attributable to spectrum slope

and nonideal filter transmission characteristics. The method's fundamental basis is

an iterative calculation scheme which recovers an estimate of the true spectrum

shape of a signal from its measured bond levels. This "true" spectrum can then be

extrapolated to other distances or hove frequency dependent corrections mode to it

on an exact basis without need for worry about filter or slope errors. The new

spectrum may then be re-integrated to produce bond levels suitable for input to

EPNdB or PNL calculations. Applying this procedure to real flyover data and

comparing the resultant values of EPNL with those using FAR Part 36 procedures

showed only small differences usually. However, the technique provides a

consistent method for the analysis of errors due to these sources and should be

useful for estimating their magnitude in the future.
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I. INTRODUCTORY SUMMARY

This report considers the errors attributable to the effects of non-ideal

filter transmission characteristics (e.g., finite slopes for the filter skirts) and

varying slopes of the spectrum applied to the filter input, upon the measurement,

correction, or extrapolation (in the presence of masking by background noise) of

aircraft noise data. This report is the third in a series of reports on correction

procedures for the evaluation of aircraft noise. 1-4

Current engineering practice for evaluation of the spectral content of

aircraft noise is well defined in FAA Part 36, S and in a number of related standards

and documents covering the details of aircraft noise measurement and spectrum
6-8analysis. - In current engineering practice, exemplified by the procedures cited in

these references, no corrections are applied for filter sideband or spectrum slope

effects when analyzing the aircraft spectrum data.

The basic approach utilized in this report for analyzing these errors due to

the filter skirts and signal spectrum slopes involves, first, computing a close

approximation to the true spectrum shape of the signal at all frequencies. This is

one of the key departures from recent related studies which have focused on just

one aspect of the problem - specifying attenuation of a band of noise due to

atmospheric absorption, given a definition of attenuation at single frequencies.9 15

The method outlined in this report is applicable to this and other problems

encountered in evaluation or correction of aircraft spectra. The method is based

on the use of a curve-fitting spline function to estimate the spectrum shape

between center frequencies of three adjacent one-third octave bands. The method

includes a critical iteration routine to ensure that the integration of this estimated

spectrum over the effective transmission bandwidth of each one-third octave bond

filter produces the same band level as actually specified by the measured value. It

is impossible, of course, to know the exact shape of the aircraft noise spectrum at

all frequencies between the nominal bond center frequencies, since only the

integrated band level is specified by the measured data. However, the analytical

methods employed here for estimating and verifying this spectrum shape provide

one rational and consistent approach to the problem. Although the precise

quantitative results obtained with this iterative technique are dependent upon the

1t



exact form of the spectrum shape estimating procedure used herein (i.e., the
numerical curve-fitting spline function and spectrum iteration routine), it can be
expected that essentially the same result would be obtained with the use of any
other spectrum interpolation schemes which can accurately account for curvature

in the spectrum shape.

Once this general spectrum shape, corresponding to the initial levels
measured with real filters, is estimated, corrections or adjustments for different
filters (i.e., perfect filters) or different weather or propagation distances can then
be applied to the spectrum at all frequencies and the corrected spectrum
integrated again, for each filter band, to obtain new adjusted or corrected band
levels. Based on the techniques outlined in this report, these corrected band levels,
and, for aircraft signals, corresponding values of perceived or effective perceived
noise level can be expressed in terms of values that would have been measured with
an ideal filter or with a standardized version of a practical filter.

The report also outlines how one can estimate, within certain constraints,
corrections to a measured spectrum to account for the influence of additive
background noise in combination with the effects of finite filter slopes and
extreme signal spectrum slopes.

Following this introduction, Section 2 defines the type and magnitude of
anomalies that occur in the spectral analysis of aircraft noise due to the individual
and combined effects of large negative slopes in the measured spectrum and finite
slopes of the filter skirts with or without the presence of background noise and
discusses alternative procedures which have or might be used for correcting
spectra for filter and spectrum slope effects.

Section 3 defines the general iterative approach used to estimate the true
spectrum shape and outlines the design of a computer algorithm based on this
approach which can be used to correct measured band levels for the effects of
finite filter skirts and extreme spectrum slopes. As a demonstration of this
technique, it is applied to a real aircraft spectrum measured at one distance and
weather condition and the one-third octave band levels from this same source that
would be measured with the some analyzer are predicted for a new distance and
weather condition. This new band level spectrum is then used as an input to the
iterative algorithm and the original measured band levels are obtained very closely.

2



Section 4 presents the results of applying this approach to a variety of

idealized and actual aircraft spectra to further demonstrate the relative accuracy

of the technique and to illustrate the estimated differences between PNL or EPNL

values obtained when this technique is used instead of current methods for

specifying band levels and band level corrections. The former allows one to

simulate and evaluate, explicitly, errors due to finite slopes of analysis filters and

signal spectra; such errors are only implicit in current methods.

It is shown that under typical conditions specified in the report, these

differences in PNL or EPNL values are usually less than I dB. However, when high
frequency one-third octave band spectrum measurements are made, or corrected

to, large distances under conditions defined roughly by the simple rule of thumb,

Distance, in meters t 105/(frequency, Hz)2

band levels can be in error by much more than I dB.

Finally, Section 5 summarizes suggested procedures and algorithms for

correcting measured aircraft noise spectra for the influence of finite filter and

extreme signal spectrum slopes.

Appendices follow, which contain:

A. Simplified model for output of a finite filter for both signal and

background input noise components.

B. Supporting details pertinent to this report in the form of a reprint,

with errata, from a recently published paper in the Journal of the
Acoustic Society of America.

C. Analysis of power transmission through a practical fractional-octave

band filter.

3
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2. ANOMALIES IN BAND LEVELS FROM SPECTRAL ANALYSIS OF

BROADBAND NOISE

Three possible ways to define bond levels, identified below and illustrated

in Figure I, might be used to interpret the spectral content of a broadband noise

which is evaluated with a typical spectrum analyzer.

o The reference band level, LBO, for a reference white noise signal
which has a constant spectrum level equal to that of the signal at the

bond center frequency f0

o The ideal band level, LBI, of the true spectrum as measured with a

perfect filter over the nominal filter bandwidth fl to f2"

o The measured band level, LB, of the true spectrum as measured with

a practical filter over the significant power transmission of the filter

which is in the frequency range fL to fu"

The first form, LBO is identified here since it is often implied as the

effective band level when carrying out frequency variable corrections to signal

spectra. For example, one way to express and compute the attenuation between

two bands of noise due to any attenuation process whose magnitude varies with

frequency, implies this format for expressing band levels when the attenuation can

be accurately defined only at single frequencies, such as at the band center

frequencies.

The second form, LBI, would presumably be the desired form for universal
application. It is, in fact, closely approximated in many situations when the signal

spectrum slope is not large and spectrum analysis filters are employed which have

very steep skirts.

The last form, LB, represents the actual band level that is measured with

real filters.

Each of these three forms can be described, mathematically, in the

following fashion.

L = Ls(fc) + 10 log [f2 - f 1] , dB (I)

4
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LBI = 10 1logl1 J 0 d dB (2)
fl

Su Ls(f) - TL(f) /10
LB 10 log,0 10 df ,dB (3)

where

spectrum level at frequency f
Ls(f) 10 log10 [P2(f)/P2]

Po = normal reference pressure = 20 gPO

fI) fc' f 2  = lower bond edge, geometric center, and upper bond edge
frequency of an ideal filter

TL(f) = power transmission loss of real filter

fL' fu = lower and upper frequency limits of effective transmission
range of filter - f 1/5 and 5 - fu respectively

This report will consider differences between these three forms for

expressing bond levels, first for single and then multiple bands constituting a
complete spectrum. Finally, however, it will consider differences in the single-
number, frequency-weighted and time-integrated metric for aircraft noise,
Perceived Noise Level (PNL) and Effective Perceived Noise Level (EPNL) respec-

tively when these are evaluated with either of the lost two forms above for
expressing bond levels, namely, the ideal and practical bond levels LBI and LB

In developing this information, it will become clear that the first form for
expressing bond levels is also very useful, conceptually, as an intermediate

transition medium for estimating changes in bond levels due to any frequency-
sensitive attenuation process. One such process is obviously atmospheric absorp-
tion, which plays such a strong role in shaping the time-varying spectrum of
aircraft noise signatures during a flyover.

6
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Define, now, two necessary and sufficient "error" terms which will

constitute the building blocks upon which the principal results in this report will be

developed. (For now, the compounding effects or errors in spectrum analysis due

to background noise are ignored.) Let the reader not dispair at this point. These

"error" terms are really used only to aid in understandinq the basis for the results

obtained. These results will be expressed in more practical ways which do not

* require keeping track of these error terms explicitly.

o Spectrum Slope Error, AS

This will be defined as simply equal to the difference between the ideal and

reference band levels, LBI, and LBO, so that

A S L BI - L = LBI - [LS(f )+ 10 log10  (f2 f 
1)] dB (Na)

or, solving for the spectrum level, Ls(fo)

Ls(fo) = LBI - 10 lOg10 (f2 - f 1) - S , dB (4b)

As will be clear later, it is this second form in eq. (4b) which is more useful

in developing a direct and unified approach to account for finite filter and
signal spectrum slopes. Strictly speaking, this quantity, AS, is not really

an error in spectrum analysis but is so designated here for simplicity and

consistency in terminology.

o Filter Error, A F

This can be considered a real error in bond levels and is defined as the

difference between band levels measured with a real (LB) and ideal (LBI)
filter, or

AF =LB - LBI ,dB (5)

That is, AF, is the difference between the band level measured with
practical spectrum analysis filters having finite slopes of their filter skirts

and the ideal band level that would be measured with a perfect filter with
zero transmission outside of its nominal passband. This error is much less

for one-third octave than for full octave band filters and is most
significant at high frequencies and large distances from a source when the

spectrum slope can be very steep.

7
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The next section will outline one unified approach to aircraft spectral
analysis which has the potential ability to account for both of these errors
simultaneously. First, however, It is desirable to obtain a quantitative picture of
the conditions under which these two types of errors occur and their magnitude
under these conditions.

It will be shown that, in general, differences in weighted overall aircraft
noise levels, expressed in terms of PNL or EPNL, will usually be small - seldom
exceeding I to 2 dB and usually much less. However, when aircraft noise
signatures are being analyzed for detailed evaluation of source contributions, large
errors can occur in specific one-third octave bond levels that can be quite
important and deserve more careful consideration.

One example of how these "error" terms might be applied, conceptualy, is
shown in Figure 2. This illustrates, schematically, one basic aspect of aircraft
flyover spectrum evaluation - the prediction of how a given measured spectrum at
one point - identified in Figure 2 as the "source" - changes as the sound propagates
to another - the receiver. This common source-path-receiver calculation of
propagation loss (and corresponding spectrum shaping) is applied, twice, when
correcting data measured under one condition of weather and propagation path
length to another condition with different weather and/or path length. The only
difference is that the calculation starts at the receiver, works backward to the
presumed source under test conditions and then back to the reference receiver for
reference conditions.

As indicated near the bottom of Figure 2, it is current engineering practice
to compute a receiver band level LB(R) directly from a source band level LB(s) by
subtracting a single band attenuation ft LB due to atmospheric attenuation which
depends only on the weather conditions and total path length. 16 (Spreading loss is
ignored here, since it is not frequency-sensitive.) The alternative approach taken
in this report makes it possible to account indirectly for the two analysis errors A F
and AS, first at the source and then at the receiver, as illustrated in the figure.
The problem, illustrated in Figure 2, is treated in detail in reference 14, included
herein as Appendix 8, but with one variation. The difference between A S at the
source and receiver was used to define a single correction factor relating the

8
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Path Length I T(f)

SFilter
-th Path Segment Receiver

t~~~L S(fc)(fcLr(

+ llog f + 10 log Af
f + &S(S) + AS(R) f

.3L L(S) LBI(R)

+- S) + (R) " -

t LI(S) -AL B  L(R)

Freq. (Log Scale) Freq. (Log Scale)

Figure 2. Illustration of the Conceptual Application of Filter and Spectrum

Slope Errors A&F and bs Respectively to Estimate the Propagation

Loss Between a Measured Source Band Level LB(S) and an Estimated

Receiver Band Level LB(R). In each case, the measured band level,

LB is corrected by 6F to obtain the ideal band level, LBI, assuming a
perfect filter. Then the spectrum slope error AS is applied to LBI,

along with the bandwidth term 10 log AF, to obtain the spectrum
level at the band center frequency. The difference between the

spectrum levels at the source and receiver is, ignoring spreading loss,

simply the atmospheric attenuation c(fc ) tat the center frequency

fc over the path length £where Or(f c ) is the atmospheric absorption
coefficient at this frequency.

9



difference between absorption loss for ideal bonds of noise and the single frequency

value (fc) -lat the band center frequency.

It must be emphasized that the preceding discussion of methods for
computing absorption loss for bands of noise is only provided here as an illustration
of the conceptual application of the two "terror" terms AF and A. s Nevertheless,
it is appropriate to bring out the aspect of atmospheric absorption loss which has
such a strong spectrum shaping influence on aircraft noise signatures. Specifically,
the type of high frequency roll-off in aircraft noise propagated over long distances
is, in fact, the principal basis for considering potential errors in aircraft single-
event noise metrics, such as PNL or EPNL, due to the combined effect of these
filter and spectrum slope effects. Consider, now, more specific quantitative

aspects of these error terms.

2. I Filter Error Due to Finite Filter Skirts

The well-known filter error, AF' is inherent in the fundamental process of
signal spectrum analysis and has been evaluated extensively by others including, for

example, Beranek 17 and Sepmeyer.1 8 ' 19 A detailed mathematical derivation of
this inherent error in filter bond levels is presented in Section III of Appendix B.
The approach is based on the detailed treatment in Appendix C of the power
transmission loss TL(f) term for the practical filter, included in eq. (3). This power
transmission is simulated by defining, mathematically, a suitable expression for the
filter response TL(f) which closely approximates the response of real filters. Then,
by numerical integration of the power transmitted through this filter and an ideal
rectangular filter with the same band center frequency, the filter correction factor

a f is computed from equations (2), (3), and (5).

Examples of this inherent error in spectral analysis will be illustrated later
with hypothetical and actual aircraft spectra to show that it can produce sub-
stantial errors in specific one-third octave bond levels, even close to a source,
when the spectral shape is quite uneven. Clearly, any data evaluation procedure
which makes it possible to account for this error directly could be very useful.

10
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2.2 Spectrum Slope Error

As pointed out earlier, this more obscure "error" is, in effect, implicit

when one applies corrections valid only at single frequencies to band level data.
Recall that this error, defined by equations (I), (2), and (4a), is simply the

difference between the band level of a spectrum measured with a perfect filter

(LBI) and the band level (LBo) that one would obtain if the spectral density over the

entire band were the same as at the band center frequency.

Based on the mathematical details developed in Appendix B for the
integrated power transmitted through an ideal filter band (see equations (4) to (6b),

(10) and (I ) on page B-3 of Appendix B), one can derive the following expression

for AS for the case of an input signal with a constant band level slope applied to an

ideal filter.

As= 10 log1 o [r (r(m+l)/ 2 - r- (m+J)/2) / (m+l) (r-l)] ,dB (6a)

where

r Z ratio of upper to lower band edge frequencies f2 and

fl, respectively, for an ideal rectangular filter

m+l = S/lOlog 2

and

S = band level slope of the true input spectrum in dB/octave

For the case of m = -I or S = 0 dB/octave (pink noise),

AS= 10 log10 [ r"Qne r)(r-I)] (6b)

2.3 Filter and Slope Errors for Constant Slope Source Spectra

Utilizing the concepts just defined in the preceding two sections, it is desirable to

examine these two spectrum analysis error terms for the case of a signal input

representing a source signal with a constant band level slope, before spectrum

shaping by atmospheric attenuation has occurred.

I ,j
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The results are shown in Figure 3. Part (a) shows the slope error a s(S), as

defined by eq. (4o), at the source for full, one-third and 1/18th octave bond filters.

The latter represent the effective spectral filtering bandwidth to be employed

later. (Note the scale change for this case.)

Part (b) shows the filter error, as defined by eq. (5) for the full and one-

third octave band filters. Note that this error is of the order of 1/2 of AS for the

range of slopes considered.

For most aircraft noise signals measured close to the source, say, within 75
m ('-250 ft), the band level slope is usually less than 9 dB/octave unless pure tone

components are present. In their absence, it is clear, from Figure 3, that both AF

and a would be very small, for one-third octave band filters. Under such

conditions, the actual "as measured" band levels could be considered free of side-
band effects due to the filter skirts and the spectral density at the band center can

be closely approximated by the "white noise" approximation implicit in eq. (I). As

we will see, this ideal situation does not hold when significant tones are added to
the broadband signal.

2.4 Filter and Slope Errors at a Distant Receiver

Consider, now, the change in AF and AS at a receiver due to spectral
shaping by atmospheric absorption. A variety of constant slope source spectra,

with the addition of a pure tone component in one case, have been selected for this

evaluation. These idealized source spectra are illustrated in Figure 4. The curves

show source spectra with slopes ranging from +3 dB/octave to -36 dB/octave - a

range sufficient to cover normal source spectra plus special cases involving, for

example, pseudotones, where local spectral slopes at a source signal may be quite

high.

It was assumed that the source spectra were measured with an ideal filter

so that the initial spectral content at the signal could be determined exactly.
Then, by propagating these known spectra, through known atmospheric absorption

losses, one can redefine a new attenuated spectra at a receiver and then apply the

band integration concept described at the beginning of this section and developed

in detail in Appendix C. In this case, it was possible to compute new band levels at

12
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Figure 3. Slope and Filter Error for Constant Slope Source Signals
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Figure 4. Idealized Source Spectra with Various Band Level Slopes, Including One with
a Superimposed 10 dB Pure Tone Component, Used to Evaluate Filter and
Spectrum Slope Errors
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the receiver assuming either an ideal or real filter (with finite sidebands) and hence
compute the filter error AF(R) at the receiver. Similarly, the received spectrum
level can be defined exactly so the slope error 6S(), at the receiver, can also be
computed. In both cases, these new values are computed from the same equations

(4a) and (5).

The results of these computations are shown in Figures 5 and 6. Figure 5
shows AF(R) as a function of frequency for the source spectra of Figure 4 and for
two weather conditions. The first is a standard day of 250 C and 70 percent
relative humidity, for which atmospheric absorption losses tend to be near a
minimum within the FAA Part 36 test window. 5 ' 16 The second is at I50C and 35
percent relative humidity - a condition for which atmospheric absorption losses
tend to be a maximum within the limits on temperature and humidity allowed for
aircraft noise certification.5' 16

The general trend in 5F(R), shown in Figure 5, can be explained by three

interacting influences.

o AF increases at all frequencies, uniformly, as the source spectrum
slope increases, as expected from Figure 3.

o & F increases at high frequencies due to the further increase in signal
slope due to atmospheric absorption over the fixed 600 m propagation

distance assumed - this effect is clearly dominant in Figure Sb.

o a F is modified, in a complex way, for any bands close to or including
a band with a strong tone component.

In Figure 6, using only three of the source spectra evaluated in Figure 5,
the variation in As(R) at a receiver has also been evaluated. Again, the same
general pattern that occurred in Figure 5 is evident. Note that these error terms
are not shown beyond an upper bound of 6 dB intentionally. They generally reach
such a magnitude enly when the total signal attenuation due to atmospheric
absorption is very high resulting in a received signal near or below practical limits
of measurement in the presence of normal background noise. 2

One point should be clear by now - the real error term A F and the pseudo
error As behave in a complex manner with the measured signal spectrum

15
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Figure 6. Variation in Slope Error 6, at Receiver After Propagation Over 600m, with Two
Different Weather Conditions, from Sources with the Various Slopes Indicated
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icharacteristics. This complexity is well-recognized, of course, and is one reason
why almost no attempt is made to account for these error terms when analyzing

aircraft noise data. One exception is the simple procedure inherent in the aviation
industry standard for predicting air absorption 16 which calls for using essentially
the lower band edge frequency for evaluating all absorption losses for frequencies
equal to or greater than 5000 Hz. This procedure is equivalent to trying to
recognize the inherent slope error AS term and compute atmospheric absorption
losses at a frequency below the band center which should be more "representative"
of changes in the band energy. The procedure is probably in the right direction to
aid in minimizing errors when analyzing attenuation of bands of noise. However, a
more general approach to the problems of accounting for filter band and signal
slope errors seems desirable. Such an approach is developed in the next section.
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3. SPECTRUM ITERATION SCHEME

The preceding analysis of the filter and signal slope errors 6F and AS was

possible because the initial spectrum levels were known. In general, when

measuring an aircraft signal at some distance from the source, one really doesn't
know the true received spectrum very well in all cases when current techniques of
signal analysis are used, i.e., one-third octave band analysis with filters designed to
meet applicable industry standards. (See discussion at the beginning of Appendix C

for additional details on this point.) While it would be possible to use narrow band
analyzers to evaluate aircraft flyover signals and hence determine the true
spectrum shape within each one-third octave band, such a process would probably
be impractical for universal application by the aviation industry.

Instead of requiring actual narrow band analysis to determine the true
signal spectrum, it seemed desirable to develop a method of estimating the
apparent true spectrum for any received signal such that by integrating this

apparent true spectrum over the full frequency response of the filter, one would be
able to replicate the original signal "as measured" with real filters. Once this
apparent true spectrum is available, one can then proceed directly to carry out

desired frequency-dependent operations on the original signal from the following

perspective.

o The apparent true spectrum can be integrated over a simulated ideal
filter to obtain the true band level LBI free of filter errors.
Alternatively, a standard "real filter" can be synthesized to compute
band levels based on accepting a known filter error.

o There is no longer any need to apply corrections for the filter or
signal slope errors since these are essentially eliminated once the

true apparent spectrum is known.

o The apparent true spectrum can be adjusted for off-reference test

conditions of measurement distance or weather using atmospheric
absorption models which are strictly accurate only at single fre-

quencies, i.e., at frequencies corresponding to those specified for the
spectrum levels.

19
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A spectrum iteration technique to accomplish this is illustrated conceptually in
Figure 7 where it is shown being applied to estimate the true source spectrum that
would be measured with ideal filters, given levels measured at a receiver with real

filters.

This simplified flow chart identifies the essential steps of an algorithm
suitable for automation in a computer program, details of which are described in

the next section. Essentially, the problem involves estimating the true spectrum
levels of the receiver signal and iterating this estimate until, by integration of this

spectrum (interpolated at any desired frequency from values estimated at the band
center), over the response bandwidth of the simulated measurement filter, the "as
measured" levels can be duplicated, within a definable error criteria. Details of

this process are covered in the next section.

3.1 Spectrum Iteration Procedures

Given the band level LB(fi) measured, with a practical filter, at each th

frequency fi in the range f L to f we wish to find the true spectrum level function
L s(f) at any frequency which, when integrated over the effective transmission
response range of each mathematically simulated filter, will yield the same band

level as actually measured. This actually reduces to determining a spectrum level

Ls(f i) at the (geometric) center frequency fi of each band. These spectrum levels,
combined with a suitable interpolation method, are then used to estimate spectrum
levels at other frequencies and hence compute band levels based on numerical
integration using a mathematical representation of either an ideal or practical

filter.

It should be recognized, of course, that such a procedure for estimating the
spectrum levels at all frequencies within a given band is subject to some inherent

limitations.

o The estimated spectrum levels can be uniquely defined for each band
in a given spectrum with the use of any one suitable iteration and

interpolation scheme. However, any change in either the iteration or
interpolation scheme may produce small variations in the estimated

spectrum levels.
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o The estimated spectrum levels are, of course, a smoothed replica of

the true spectrum. For example, they represent the presence of a
pure tone component superimposed on a broad band noise by means of
a spectral peak with a finite bandwidth centered near the actual band

center frequency. (An example of such a representation will be

shown later.)

Nevertheless, the iteration and interpolation scheme presented in this report has
been found to provide meaningful results and has proven itself to be relatively

insensitive to minor variations in the iteration procedure, thus minimizing the

uncertainty in the "uniqueness" of the estimated spectrum. The basic steps in this

procedure con be defined as follows.

3.1.1 Initial Estimate of Spectrum Level

For a zero order approximation to the spectrum level at each bond-center

frequency, assume that the noise has a flat spectrum (i.e., constant spectrum level

over the filter band), and the actual measurement filter is in fact ideal (i.e., its

transmission is unity at all frequencies within its nominal passband and zero at all
other frequencies). Thus, this zero-order estimate of the apparent spectrum level

Ls(fi), or simply Lso, at the band center frequency will be (dropping the fi index for

simplicity)

Ls o  -LB- 10 log A f) (7)

where
9

&f Ithe nominal filter bandwidth
Af = 2a"- 2-a f.

1/2 for full octave band filters
a 116 for one-third octave band filters

nominal band center frequency

f. = 103n/l0 for full octave band filters

10n/l0 for one-third octave band filters

n = any integer
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3.1.2 Refined Estimate of Spectrum Levels

Assume three spectrum levels or, for convenience in notation at this point,

their equivalent spectral densities, Si I, Si , and Si+l at frequencies fi-I' fi, and
f i+V respectively. Further, assume the approximate value of the band level is the

area under the two trapezoids shown in Figure 8.

Si- Si between f and f.

and Si+-. Si between fi+ and fi

where fi+ and fi_ are the upper and lower bond edges of a constant percentage band

filter centered at fi"

Further assume that along this curve of spectral density vs frequency, the

spectral density slope changes linearly with the relative frequency so that at any

frequency f, the spectral density is:

G. + bi(f/f i)sMf = si (fTi .

Letting f = fi-I then between fi-l and fi, the ratio of the spectral densities is

Si i +i bi(f i /A i)  (9)

or, in decibels,

S(fO) fi-I f
6,. ,log 0 i log' (,o)

Similarly, between fi and fi+,, the ratio is

S(f i+) f l i + b i (fi+l/fi)
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Figure 8. Illustration of Initial Two-Element Integration Model for
First Refinemrent in Spectrum lavel Estimate
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or, in decibels

6i+ 10 : l0 Li + bi  log f-i  1)

Since, for constant percentage bands, there is a constant ratio r given by

fi+l fi

equations (10) and (I I1) become

6 i  1o [a i + bi/r] log r (12)

6 i= 0 1a i +bir Ilogr (13)

Solving for ai and bi, these interpolation parameters for the i-th bond are

. - i 2 8

i- I) 1Ologr I i ()

bi (r 1-I) lOlogr [8i+1- I()

Applying these constants to the general expression at any frequency, the

spectral density S(f), or the equivalent spectrum level, Ls(f) = 10 log [S(f)/P2 can

be estimated at any frequency using eq. (8).

This process is used to estimate the spectrum levels at the filter bond

edges fi- and fi+ and, as indicated in Figure 8, the bond level, assuming a perfect

filter, is assumed to be given by the area under the two trapezoids. (The

integration equations for the power in each trapezoid have already been cited in

Appendices B and C.) Essentially, this makes it possible to compute the slope error

a S for this spectrum so that a refined estimate of spectrum level Ls(f1) at the

center frequency of the i-th bond can be obtained, using eq. (4b). But this refined
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estimate now allows a second estimate of the interpolation parameters a i and bi to
be made from equations (14) and (15) using new values for the spectrum level

differences 8i+ and 6 . between adjacent bands. This refinement process is

repeated twice before proceeding with the next step.

3.1.3 Integration of Band Levels

Now, applying the same band integration equations cited earlier, the total
power passed by a simulation of the real filter is computed numerically, by dividing
each band into b constant percentage elements, as defined in detail in Appendix C.
A value of b = 6 will be shown to be adequate.

This new value of band level is then compared to the original "as measured"
value and the error compared to an error criteria. (A fixed value of 0. 1 dB was
used in the iteration algorithm applied here.) This error test is applied to each

band, one at a time, over the entire frequency range and, if it is exceeded for any
one band, the entire set of new spectrum levels are corrected by the amount of
error just determined and the entire process repeated, as indicated in Figure 7.

Most of the time, two or three iterations were required for real aircraft
spectra to achieve stable results. The outcome of this process is then a set of

spectrum levels at each of the integration elements which describe, in a self-
consistent way, the actual input signal.

One minor variation was allowed in this process for some cases. If the

average slope over a given band was less than a predetermined slope criteria, the
band integration step was omitted since it was possible to compute the band level
directly (i.e., AF was expected to be sufficiently small to eliminate the need for
integration.)

One other feature explored in the iteration process was to employ an error
multiplier when correcting the old spectrum levels by the error in band levels.

That is, the new spectrum levels at the band center frequency were defined by

LS(fc)new =LS(fc)old - C (LB new LB old)

where C = the error multiplier. A value for C of I to 1.2 was found to be

satisfactory.

26



3.2 Evaluation of Spectrum Iteration

A test spectrum, shown in Figure 9a, was constructed from an
actual aircraft flyover signal modified to contain an apparent tone

component of 3150 Hz. Figure 9b shows the range of spectrum levels,

relative to final base case values, for a variety of minor changes to the
iteration algorithm. The maximum range was about +0.1 dB - consistent

with the error criteria of 0.1 dB for the iteration process.

Also shown in Figure 9a is the absolute value of the zero-order

estimate of spectrum level for each band, as given by eq. (7); Figure 9b
shows the deviation of this estimate from the base case. Note that the

relative error in this value, indicated in Figure 9b by the diamonds is

much greater than the range of values of the iterated levels, indicated
by the shaded areas.

In Table I, a more detailed summary is shown of results of the
minor variations in the iteration algorithm. The adjustable parameters

were:

o The number of bands integrated on each side of the central
i-th band (2 was finally selected, thus representing each

filter's response range by a total of 5 bandwidths).

o The number of elemental subdivisions for integration of

each band (a value of 6 was found to be sufficient for good

accuracy).

o The error multiplier factor. (A value of I was finally

selected.)

o The slope criteria used to short-cut the integration of

some bands. (This was usually chosen to be either 0 or 1

dB, and caused either all or 19 out of the 24 bands in the
test spectrum in Figure 9a to be integrated during

iteration.)

The results of these various cases show that:

o Three iterations were usually required,

o The rms error in the iterated band levels (re the "as
measured" values) was always less than 0.02 dB,

o Spectrum levels at specific frequencies did not vary

significantly in most cases.

27
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Table I

Summary of Spectrum Iteration Results with Test Spectrum
for Various Iteration Algorithm Parameters

Adjustable Parameters Results
Relative_

f1  N.f 2  No 4pctw Leel6
Case No. of No. of Error 3  Slope4  No. of RMS6  Spectr. Level, dB

Bands Elements Factor Criteria lterations Error 100 1000 4000
Summed per Band Hz Hz Hz

dB/Oct. dB

A 1 6 1 1 3 0.0092 0.001 0.002 0.013

B 2 4 1 3 0.0148 0.465 -0.094 -0.017
C 6 0 3 0.0093 -0.011 -0.003 0 1

D 1 3 0.0093 0 0 0

E 1.2 1 3 0.0066 -0.001 -0.003 -0.094

F i1 2 3 0.0093 N/A
G 1.2 2 3 0.0065 -0.096 -0.126 -0.094

H 1.5 2 2 0.0337 N/A

1 8 1 1 3 0.0087 N/A

J 3 6 1 1 3 0.0094 <0.001 <0.001 <0.001

No. of bands below passband included in integration for filter response. (Only one band above

possband was incuded in all cases.)
2 No. of integration elements into which each band is divided.
3 Error in Nth bond estimate multiplied by this factor to correct old spectrum level.

Criteria for omitting bands from integration due to expected low filter error AF"
No. of times iteration algorithm loop is exercised to achieve required accuracy.

6 RMS value of difference between calculated and actual "as measured" band levels over all 24 bands.
Spectrum level at three frequencies from final iterated spectrum taken relative to Case D - the base
case used for remainder of study.
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As a final test of the concept, the apparent spectrum levels developed
were used to compute new "measured" band levels, simulating a real filter in each

case, at a different distance and/or weather condition. These new band levels were
then reinserted back into the spectrum iteration algorithm and used to compute
their own spectrum levels and thus allow correcting these new "as measured" levels

back to the original band levels.

Table 2 summarizes the results of this exercise showing in:

COl. I The original band levels

Col. 2 The error in duplicating these by iteration

Cols. 3, 4 The new computed band levels at new conditions

Cols. 5, 7 The error in duplicating each of these new band levels when
each was inserted, in turn, back into the iteration algorithm

Cols. 6, 8 The final resulting "return error" or difference between the

original and recomputed "as measured" levels

Except for the last two bands, the agreement is excellent. This residual

error is attributed to:

I. Lack of precise knowledge of the true weather conditions upon which

the original test data were based, and

2. Difficulties in extrapolating the highest frequencies due to high

spectrum slopes.

Nevertheless, the overall results are considered quite satisfactory, indi-

cating the scheme should be more than sufficient to test frr errors, due to filter

sidebands, in PNL or EPNL values of real aircraft spectra. This was carried out in
the next section.
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Table 2
Evaluation of Iteration Algorithm Starting with "Test" Data File,

Generating New Spectra at Different Distance and Weather and Using
These New Files to Recompute the Original Data File

Data File Test T600 T750
Column 2 3 .4 5 6 7 8__

Temp. °C 240 25 15 25 24 IS 24
Humidity % 64 70 35 70 64 35 64
Distance m 800 600 750 600 800 750 800
Frequency LB E(f) LB LB (f) (f) f(f) (f)

Hz" I

50 79.9 0.001 79.91 79.85 0.01 0.01 0 0
63 82.7 0.001 82.72 82.63 0.01 0.01 0 0
80 85.5 0.001 85.53 85.40 0 0 0 0
100 88.2 0.001 88.17 87.98 -0.08 -0.15 0 -0.16
125 89.1 0.001 89.10 88.85 -0.07 -0.14 0 -0.14160 88.9 0.001 88.91 88.59 -0.10 -0.20 0 -0.20
200 88.3 -0.002 88.47 88.09 0 0 0 -0.01
250 91.9 0.002 92.15 91.76 0.03 0.02 0 0
315 91.8 0.001 92.1i 91.76 -0.05 -0.10 0 -0.10
400 91.8 -0.002 92.29 92.08 -0.02 -0.03 0 -0.03
500 94.4 0.001 94.95 94.95 -0.10 -0.21 0 -0.20
630 94.6 0.001 Y5.33 95.55 -0.08 -0.15 0 -0.15
800 93.7 -0.001 94.60 94.99 -0.04 -0.08 0 -0.08

1,000 94.1 0.001 95.06 95.39 -0.10 -0.21 0 -0.21
1,250 92.7 -0.001 93.88 93.74 -0.05 -0.08 0 -0.07
1,600 91.3 0.001 92.72 91.49 -0.09 -0.09 0 0
2,000 88.5 0.001 90.27 86.98 -0.07 -0.06 0 0
2,500 87.7 0.002 90.14 82.73 0.01 0 0 -0.01

- 3,150 91.1 0.012 94.37 81.86 0.04 0.05 0 0.01
4,000 81.5 0.041 85.82 67.75 0.07 0.06 0.01 -0.02
6,300 72.2 0.012 83.06 34.01 -0.I -0.11 0 0.07
8,000 66.9 -0.009 83.72 14.51 -0.01 -0.12 0.32 0.88
10,000 61.8 0.001 88.73 -6.41 0 0.49 0.61 4.46

RMS Error, dB 0.006 0.07 0.15 0.14 0.93
No. of Iterations 3 2 6

Col. I - Hypothetical "As Measured" Band Levels for "Test" Data - Real Filter
2 - Difference Between Band Levels, Computed from Iterated Spectrum,

and Col. I.

3, 4 - Band Levels Computed from Iterated Spectrum &*t New Distance and
Weather - Real Filter.

5 - Difference Between New Band Levels, Computed from Iterated Spec-
trum, Based on Treating Col. 3 as "As Measured" Levels and Col. 3.

6 - Difference Between Band Levels Computed for Original Weather
Conditions of Col. 1 and Original "As Measured" Levels in this column

7, 8 - Repeat of Cols. 5 and 6 for Different Distance and Weather.
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4. EVALUATION OF FILTER EFFECTS ON PNL OR EPNL VALUES

4.1 Filter Errors in PNL Values

Four representative aircraft spectra recorded at PNLTM using the data

collection and correction procedures described in Volume II were selected for

evaluation of any PNL errors. (The actual data were corrected very slightly to

normalized values for a standard day and a measurement distance of 300 m. This

adjustment was generally less than 2 dB.) These are shown in Figure 10. Figure II
shows the high frequency portion of the iterated spectrum level for one case (Data
File 47 707 Approach) compared to the zero order estimate of spectrum level using

eq. (4b). The latter appears to be a good approximation of most frequencies except

near the strong tone component where, for example, at 3150 Hz, this "white noise"

approximation would be about 5 to 6 dB higher than the average iterated value in

this bond. This is one clear example of how the zero order estimate of spectrum

level can be quite misleading. (The filter error AF at this frequency was found to

be 3.4 dB.)

In Table 3, a detailed listing is provided of the "as measured" bond levels,

LB, the iteration error e for each band at the original "as measured" distance of

300 m, and the computed filter error AF based on use of the iterated spectrum in

equations 2, 3 and 5.

In addition, the values of new computed band levels LBat 600 and 900 m

are given along with the corresponding new filter error 6F and the difference
6 SAE between this new band level and a value that would have been computed if

only the single band attenuation factors specified in SAE ARP 866A had been

employed. (For the sake of brevity, only the higher frequency values are tabulated

for the last three cases.)

For each of the "as measured" and computed band levels, PNL values were

computed using the procedures specified in FAR Part 36, Appendix B, augmented,
where necessary, by Reference 21.

These PNL values are summarized in Table 4 for each data file covering

more distances than shown in Table 3. For each data file, the computed PNL is

listed based on computations with the iterated spectrum (whose rms error is also
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Table 3

Iteration Errors and Calculated Filter Errors (AF) and Error in Use of Simulated
SAE ARP 866A Procedure for Four Representative Aircraft Noise Spectra

Normalized Initially to 300 m, 25*C, 70 Percent RH

(a) Data File 35 - 727 T/O

Distance, 300 m Distance, 600 m Distance, 900 m
Frq. 1(1) M()6F (3) i (4) A -3)AA (5) (4) AF (3) 65E(5)

Freq. (f(2  LB F(3 SAE lBA SAE

Hz dB dB dB

50 87.0 -0.02 0.98 86.97 -0.02 -0.02 86.95 -0.03 -0.03
63 98.2 0.01 -0.20 98.19 -0.20 0.01 98.17 -0.20 0.01
80 97.9 -0.01 0.16 97.86 0.14 -0.01 97.83 0.16 -0.01

100 101.9 0 -0.17 101.85 -0.17 0 101.81 -0.17 0
125 100.4 0 -0.02 100.32 -0.03 -0.01 100.25 -0.03 -0.01
160 99.9 0 0.03 99.78 0.03 -0.01 99.66 0.02 -0.01
200 103.1 0 -0.12 102.92 -0.12 -0.01 102.74 -0.12 -0.01
250 103.7 0 -0.10 103.43 -0.10 0 103.16 -0.10 0
315 102.7 0 -0.06 102.29 -0.07 0 101.89 -0.07 0
400 101.9 0 -0.08 101.30 -0.08 0 100.71 -0.07 0.01
500 101.2 0 -0.07 100.34 -0.08 -0.01 99.49 -0.07 0
630 100.5 0 -0.10 99.33 -0.10 0.01 87.17 -0.09 0.02
800 98.7 0 -0.03 97.16 -0.03 0.01 95.62 -0.03 0.02

1,000 98.4 0 -0.10 96.45 -0.09 0.01 94.50 -0.09 0.02
1,250 97.2 0 -0.08 94.82 -0.08 0.01 92.45 -0.07 0.04
1,600 95.4 0 -0.05 92.55 -0.05 0.02 89.71 -0.05 0.04
2,000 94.1 0 -0.07 90.69 -0.07 0.01 87.30 -0.06 0.04
2,500 92.8 0 -0.07 88.67 -0.07 0.02 84.57 -0.05 0.06
3,150 91.2 0 -0.08 86.08 -0.06 0.06 80.99 -0.04 0.15
4,000 88.4 0 -0.06 81.83 -0.01 0.17 75.34 0.05 0.42
5,000 84.5 0 0.01 75.65 0.10 -1.04 67.02 0.25 -1.76
6,300 82.0 0 -0.08 69.56 0.04 -1.62 57.61 0.31 -2.74
8,000 78.3 -0.01 0 60.55 0.30 -2.20 44.13 1.26 -3.07

10,000 76.3 0 -0.07 49.94 0.47 -3.37 27.23 3.09 -3.09

PNL 118.61 0 -0.07 115.91 -0.07 -0.07 114.80 -0.05 -0.03
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Table 3 (Continued)

(b) Data File 47 - 707 APP

Distance, 300 m Distance, 120 m Distance, 600 m
(1) '' 2 (3) 1(4) (3) (5) (4) (3)

Freq. 8  fM F( 3  F L (SAE 'B F SAE

Hz dB dB dB

1,000 79.9 0 -0.09 81.09 -0.01 0.01 77.91 -0.10 -0.03
1,250 81.4 0 -0.12 82.84 -0.11 0 79.00 -0.12 -0.01
1,600 81.9 0 0.29 83.67 0.32 -0.05 78.96 0.26 -0.07
2,000 90.9 0 0.36 93.06 0.39 0.11 87.31 0.31 -0.17
2,500 96.8 0.01 -0.20 99.27 -0.19 -0.02 92.72 -0.20 0.07
3,150 83.2 0.10 3.38 86.10 3.21 -0.21 78.68 3.69 0.66
4,000 85.5 0.01 -0.03 89.77 0.01 0.23 78.48 -0.07 -0.28
5,000 88.2 0 -0.18 93.71 -0.17 0.82 79.17 -0.16 -1.22
6,300 83.1 0 0.17 90.71 0.13 1.12 70.93 0.43 -1.35
8,000 81.3 0 -0.12 92.68 -0.11 2.05 63.30 0.08 -2.40

10,000 76.9 0 0.03 93.69 0 3.00 51.47 0.87 -2.40

PNL 114.37 0.01 0 117.81 0 0.32 (109.85 0.03 -0.08

(c) Data File 88 - 707 T/O
Freq.

Hz Distance, 300 m Distance, 600 m Distance, 900 m

1,000 85.5 0.08 -0.07 83.47 -0.06 -0.07 81.51 -0.07 -0.07
1,250 85.5 0.10 -0.11 83.02 -0.10 -0.09 80.63 -0.10 -0.08
1,600 84.3 0.06 -0.07 81.39 -0.06 -0.04 78.55 -0.05 -0.02
2,000 83.4 0.15 -0.08 79.84 -0.08 -0.15 76.44 -0.08 -0.12
2,500 85.6 -0.01 1.32 81.14 1.14 -0.31 76.71 0.99 -0.60
3,150 96.0 -0.02 -0.20 90.79 -0.20 -0.03 85.58 -0.20 -0.06
4,000 87.5 0 0.91 81.38 1.14 0.62 75.34 1.40 1.32
5,000 78.9 0.02 0.39 70.06 0.60 -1.03 61.68 1.08 -1.60
6,300 81.1 0 -0.20 68.45 -0.16 -1.83 56.15 -0.08 -3.30
8,000 73.9 0.04 0.40 57.05 1.16 -1.30 41.42 2.47 -1.38

10,000 69.8 -0.01 -0.05 44.00 0.87 -2.81 23.30 5.44 -0.5
PNL 115.29 0.01 -0.03 110.86 -0.03 -0.09 107.07 -0.02 -0.08
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Table 3 (Concluded)

(d) Data File 90 - DC-10 T/O

Distance, 300 m Distance, 600 m Distance, 900 m
L() (3 t () SAS5) 1EFreq. 1 (f)(2) A F i a F 3  a A () F (3) NSAE(5

Hz dB dB dB

1,000 83.7 -0.09 -0.08 81.66 -0.08 -0.08 79.71 -0.08 -0.07
1,250 82.7 -0.07 -0.06 80.25 -0.06 -0.06 77.87 -0.05 -0.04
1,600 82.7 -0.08 -0.07 79.46 -0.07 -0.07 76.60 -0.07 -0.07
2,000 82.6 -0.10 -0.09 79.18 -0.09 -0.10 75.66 -0.10 -0.10
2,500 82.2 -0.05 -0.04 77.98 -0.05 -0.07 73.84 -0.04 -0.07
3,150 83.7 -0.07 -0.06 78.37 -0.08 -0.15 73.16 -0.08 -0.18
4,000 86.0 0 -0.07 79.15 -0.10 -0.11 72.40 -0.10 -0.12
5,000 87.8 -0.07 -0.08 78.58 -0.11 -1.41 69.62 -0.07 -2.56
6,300 86.7 0 01 -0.11 74.27 -0.02 -1,61 62.25 0.17 -2.80
8,000 81.4 -0,01 0.07 64,13 0.55 -1.73 48.06 1.59 -2.24
10,000 75.5 -0.02 0.05 50.45 1.21 -2.06 29.73 5.43 0.21

PNL 110.85 -0.05 -0.08 105.33 -0.05 -0.25 101.95 -0.05 -0.22

Notes

(1) LB - Actual "as measured" band level fed into spectrum iteration

routine.

(2) E(f) - Difference between band level LB'computed from iterated

spectrum at original distance of 300m and the "as measured"

band levels at this distance.

(3) AF - Filter error based on calculated "as measured" band levels

with real filter.

(4) LB' - Band levels calculated from iterated spectrum.

( SAE - LBminus value computed from calculated "as measured" band

level using only simulation of SAE ARP 866A procedure.
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Tab le 4

Summary of PNI. Values for Four Representative Aircraft PN LTM Spectra
PNL for Ideal Filter and SAE Method Shown Relative
to Calculated "As Measured" Values for a Real Filter

_______ PNL In BS ot Specified Distcmc in Meters

Data File Temp. Filter RMSW2 30C)(3) 75 300 450 60 750 9OO
Hu..mid. Type Error Meos'd ICalculated

35 727 7/0 250 Rnoa 0.OOS 118.61 122.39 118.61 117.16 115.91 115.60 114.80
7S% Ideql (3) .04O' 0.07 0.21 0.07 0.06 0.05

47 707 APP Real 0.020 114.37 118.82 114..38 112.00 109.85 N/A N/A
Ideal (') -1.03 0 -0.01 -0.03 --
(ifaE) -.4.8 -0.01 0.06 0.06 - -

0 707 7/0 Real 0.011 115.29 119.33 115.28 112.96 110.86 108.91 107.07
Ideal (3) -0.051 0.03 0.03 0.03 0.02 0.02
(SAE) -0.31 0.01 0.07 0.09 0.09 0.08

90 DC-10OT/0 Real 0.017 110.85 116.96 110.80 107.77 10S.33 103.20 101.95
Ideal (2) 0.02 0.08 0.06 0.05 0.05 0.05

(SAE) I II- 1.14 0.05 0.25 0.25 0.25 0.22

(1) SAE denotes use of simulated SAE ARP $"6A procedure only to compute bond levels at other distance or weather conditions.

(2) RMS value of difference between iterated and actual "as measured" bond levels over all 24 bonds (no. of Iterations
in parntheses).

(3) PtI. for the actual was measured" spectrum at 300 m.
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listed) assuming a real filter. Then, the value that would have been measured with
an ideal filter is shown relative to this first value. Three of the 22 cases
considered show an effective filter error in PNL, AF (PNL), of greater than 0.2 dB.
For the rest, this "error" is less than 0.1 dB. At first, this is surprising, considering
the demonstrated magnitude of the filter errors 6F in individual bonds for these
and other spectra shown earlier. However, the explanation seems to be primarily
that an individual band level A F is large only when the band level itself is already
low - too low to contribute significantly to PNL. $

4.2 Filter Errors in EPNL Values

Two representative fly-by time histories, selected from the data defined in
Volume 1,1 were selected for processing with the spectrum iteration algorithm,
along with other methods for fly-by spectral analysis which do not account for
filter errors but do attempt to account for missing high frequency bonds due to
excessive ambient background noise by various techniques. Results of this trial are
summarized in Table 5. Again, it is clear that EPNL values for which filter errors
were eliminated listed on the first line of Table 5, are not substantially different
from the values computed by the other techniques. Each of these techniques ore
defined below.

Reference Method

This method was used to calculate ideal "Reference" spectral time
histories. The procedure was:

I. For those bonds within 5 dB of the acoustic ambient, energy
subtraction of the ambient from the signal was performed. For the

approach case (flight # 18), a total of 5 bonds were modified using this
method. For #35, none were modified.

2. For those bonds within 5 dB of an electrical noise floor, corrections
were made using linear extrapolation from adjacent frequency bands
(within the same time interval that the ambient violation occurred).
For flight 118, two bonds were modified using this method. For
flight#35, seven bands were modified using this method. The

frequency extrapolation was performed on "normalized" spectral time
histories. These consist of spectra corrected, for inverse square low

and air absorption losses, to a constant propagation distance of

39



Table 5

Comparison of EPNL Values from Two Flights Computed by Employing
Spectrum Iteration Technique and Other Conventional Methods

- EPNL

Approach ( 3)  Takeoff ( 3)

Method Used (# 18) (#35)

With Spectrum Iteration (4)  104.19 115.64
Reference

Without Spectrum Iteration 104.20 114.90

Within 5 dB(I)  104.18 114.99
FAR Part 36

Within 2 dB 104.21 105.01

Baseline 2) Up to 4 Bands/Interval 104.25 115.03
(Wyle #1)I2) Up to 8 Bands/Interval 104.29 115.10

Refined Up to 4 Bands/Interval 104.24 114.89
(Wyle #2) Up to 8 Bands/Interval 104.14 114.87

(I) Margin between bcykground noise and signal for application of band elimina-

tion per Volume II.

(2) EPNL values computed as defined in Volume 1. 1

(3) Measured fly-by time histories identified in Volume I.I1

(4) The EPNL values computed with this method were based on "as measured"
spectra corrected, for finite filter bandwidth and sideband errors, by the
spectrum iteration method described in Section 3 and corrected for ambient
level violations by the method defined in the text.
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60 m (197 ft) for each 1/2-second time sample. The "normalized"

spectra, including the extrapolated bond levels, were then "unnorm-

alized" back to the "as measured" distance before computing EPNL

values.

Actually, two versions of this Reference method were used. The first

method, identified on the first line, removed the filter errors by employing the

spectrum iteration technique defined in Section 3 on the "as measured" spectra

before making the additional corrections for ambient level. The second Reference

method simply omitted the spectrum iteration correction so filter errors remain.

FAR Part 36

This method specified that all bonds within 5 dB or 2 dB (two different
runs) were to be deleted from the PNL calculation and hence EPNL calculation.

Baseline Method (Wyle Method # 1)

This method specified that all (high frequency) bands within "X" dB of the

ambient level (electrical ambient) be extrapolated at a rate of -9 dB/octove. "X"

was chosen such that the maximum number of violating bands per time interval did

not exceed either four or, for the second run, eight. For example, for the approach

case (flight #18), to obtain no more than four violations/time interval, a signal-to-
noise ratio of 16 dB was used as the violation criteria. Bonds affected by an

acoustic ambient were not modified.

Refined Method (Wyle Method #2)

This method was a more complex form of the "Baseline" Method. SPL

values were first "normalized" to a distance of 60 meters for each 1/2-second

sample of the spectral time history, for standard day weather conditions, and then

missing bands filled in by extrapolation, at a rate of -6 dB/octave for the takeoff

case and 0 dB/octave for the approach case. Acoustic ambient violators were
unaffected. The "corrected, normalized" levels were then "unnormalized" by

converting band levels back to "as measured" distances in order to compute PNL
and EPNL values for standard day conditions.

4.3 Evaluation of Background Noise Effects

Further details on the potential compounding effect of background noise on

filter errors is discussed in detail in Appendix A for idealized spectra and the

reader is referred to that section for details and conclusions.
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5. CONCLUSIONS

The results of this study of potential errors in PNL or EPNL values

due to finite energy passed by filter skirts has demonstrated the following:

1. For the test cases evaluated, most showed a very small error

(less than 0.1 dB) due to finite filter effects.

2. However, a few cases showed an error in PNL of about 1.1 dB.

3. The spectrum iteration scheme developed herein has proven to be
a valuable tool for evaluating filter effects and is a promising

means of eliminating or minimizing the substantial filter errors

in individual bands which were documented in many of the cases

considered.

Thus, as an improved tool for critical diagnosis of aircraft noise signatures,

this scheme may have utility in the industry. Further refinements in details
of the algorithm may be desirable before it should be universally adopted.
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APPENDIX A

SIMPLIFIED MODEL FOR SPECTRAL ANALYSIS OF BROADBAND NOISE
CONSIDERING BOTH SIGNAL AND BACKGROUND NOISE INPUT COMPONENTS

I. Introduction

The following simplified analysis is carried out to provide an overall view of

trends in the measurement of aircraft noise when effects of both finite filter

slopes and background noise are considered. As defined later, and as indicated in

Figure A-I, the spectral densities of the signal and noise elements are all assumed

to have slopes defined by constant exponent relationships.

, (f)

N(f).

a 
,

fL f fu

Frequency, Hz (Log Scale)

Figure A-I. Signal and Background Noise Spectral Density

The signal and two background noise elements are introduced into the
simplified model of a spectral analyzer system in the way illustrated in Figure A-2.
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N|(F) Conditioner [Frequency N 2 ( )  Detectar
RetSPOm -

T(f))3

Figure A-2. Conceptual Diagram of Sound Measurement System Illustrating
Introduction of Signal, S(f), Pre-filter Background Noise, NI(f),
and Post-Filter Background Noise, N2 (f), into Measurement Chain

All elements of the system cre assumed to have unity gain over the nominal

pass bond of the spectrum analysis filter. The noise and signal components are also

assumed to be uncorrelated. Thus, the signal power observed at the indicator

(assuming the post-detection noise floor of the system is well below the measured

signal and background noise) will be

NOf = [50) + N IfM] [Tof + N 2 (f)]

It should be noted that the background noise component defined, in Figure A-2,

as post-filter background noise N2 (f) is essentially the same as specified on pages 4

and S of Volume II in this report series, as "fixed electric background noise" (NE2)2 .

Good design practice in any spectrum analyzer would dictate the need to strongly

suppress this background noise component that is added to the signal between the

filter output and detector. This becomes clear when one recalls that the total

power of this post-filter noise component is the integral of its noise spectral

density over the entire frequency range (i.e., greater than 50 to 10,000 Hz) of the

analyzer while the power in the signal alone is roughly equal to the integral of its

spectral density over just the filter bandwidth. Hence, to avoid contaminating the

filtered signal level, the spectral density of the post-filter noise (N 2 (f) in Figure

A-I or A-2 must be substantially lower than the filtered signal spectral density,

S(f) .T(f). The evaluation in this appendix will make this clear, but in this analysis

of background noise effects, emphasis is placed on what is defined here as pre-

filter background noise.
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Based on the simple model defined in Figure A-2, the following defines the
frequency variation for the signal and background noise spectra and the band pass
filter response. The latter is a very simplified version of the frequency response of

a real band pass filter; this simplification was chosen for convenience in the

analysis that follows. Therefore, as a result of this simplified model for the filter

response, we will be primarily concerned with relative changes in the measured

band level due to the introduction of pre- or post-filter background noise. These

relative changes in output are considered reasonable estimates of the true change
in measured level when both background noise and finite filter slopes are

considered.

Let S(f) = Spectral Density of True Signal = Sc(f/fc)m  (A-1)

N (f) = Spectral Density of Pre-filter
Background Noise = N (f/fc)n

N2(f) =Spectral Density of Post-filter
Background Noise N

T(f) : Transmission Response of Filter I f L f fu

.(f/f) f f

where Sc, N, and N2 = spectral densities of the signal and noise elements at

the geometric center frequency fc of the filter band in question.

A more convenient form for the spectral density slope exponents m, n, and p
and the filter slope exponent ±q is provided by the corresponding slopes in dB per

octave. This modified form can be defined as follows.

If the signal spectral density is defined, according to the first relationship

above, by Sc(f/fc)m, the bond power, B(f), will be

B(f) = fS(f) df = Scfc(f/fc)m+ /(l+l) (A-2)

and the corresponding band level, LB, will be
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LB 10 log, 0 [BoIB 1 10 log 0  Sf (m+l) (B A-3
I ref J cc ref (3

+ 10(m. I) Ioglo(f/f c )

Thus, for any octave frequency interval, (f/fc) = 2, so that the corresponding

change, m', in bond level over this frequency interval will be

m' = I0(r+l) log 10(2)' ,dB/octave

and the corresponding slope exponent quantity (m+l) becomes

m+l = m'/10 log 10(2) (A-4)

The some relationship will hold for converting the bond level slope, in dB/octove

for the noise elements to their respective slope exponents, n and p.

A similar analysis method con be uaed to define the slope exponent for the

filter side-band slopes - the on!y (hanqe is that no integration is involved so that,

for a slope of q' dB/octave for fi, ter skirts, the equivalent slope exponent q will be

q = +q'/0 log 10 (2) (A-5)

For typical one-third octave bnnd filters, q' can be very roughly approximated by a

slope of 80 dB/octave.

2. Band Power Without Background Noise

A. Nominal Passband Power for Signal

Consider first the measured bond levels without the influence of background

noise. The power output B, of the filter between the nominal filter cutoff

frequencies fL and fu for a signal with a spectral density S(f) proportional to

frequency raised to a constant power m can be defined by the integral:

ffu fU

B J = S(f) _c c f (f/fc)m d(f/fc)
fL fk

Scfc [(fU/fc)rn . i (fL/fc)Ml+ /(m+1 ) ,m -I (A-6)

B jScf ine(fU/fL) ,rri -l
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Incorporating the relationships between fL' fU and fc and, for convenience,
expressing the total power relative to the power Bo out of the ideal filter with a
constant spectral density, S cinput at the band center frequency fc eq. A-1I
becomes

BI = B0 C, (A-7)

where B0 [f Sc ~ jr f r-1 cc
So[f fl S c crjZ f

r 02)(m +0 -02(I)(M + I] (m+l1) R m A-I
CI or

In e[r]/ R m =-I

and r. ~ U/fL' R =r Y_ -Y2

B. Lower Sideband Power (B L) for Signal

Following the same method, the power (BL) in the lower sideband of the
filtered signal can be defined as follows. (The lower sideband is assumed to be just
2 octaves wide extending from the lower band edge frequency f L to f/.

BL f S(f) T(f) df =Scfc I (f/fdm (f/fC )q (f Cf L)q d~/f (A-8)
f L/4  f LA

where

{r (42ln[; -MI (V,,)m++l] (m+q+i.1) R , m+q A-I

R ry - r-
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C. Upper Sideband Power (BU) for Signal

Similarly, for the upper sideband, the signal power output BU from a practical

filter is assumed to be represented by
4f U

BU = Scfc  (f/fc)m d (f/fc (c/fu)-q d(f/f C) (A-9)

fu

where

Cu r (h) (m+l) [ 4 m-q+l I] /[(m-q+l) R] , m-q -I

rq/ 2 lne [4]/R , m-q = -1

3. Bond Levels of Background Noise

A. Pre-Filter Noise

For the pre-filter background noise (i.e., background noise introduced into the

system before the spectrum analysis filter), the observed bond level can be defined

in precisely the some way as for the signal. Assuming the noise spectral density is

defined by N(f) = Nl(f/fc)n, then equations A-7 to A-9 can be applied directly by

simply substituting N I for Sc and n for m. Thus, the nominal pass band power B'1,

lower sideband power BIL, and upper sideband power B'u can be specified by

B1  = B'o C'I  , power of pre-filter noise within ideal passband (A-10a)

B'L = B'o C'L , power within lower sideband of practical filter (A-10b)

B'u = B'o C' ,power within upper sideband of practical filter (A-10c)0 u

where

Blo  Nl(fu-fL)

and C'1, C'L, C'U are the same as defined for equations A-2, A-3, and A-4 with

n substituted for m. Neglecting the special cases involving n = I, etc.

A-6
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C1  = [r()(n1) -r'()(n1)]/ C(n.)R] .nA-l (A-lI)

CL = r-,(n.,) [,. -0)(n4 ")] / [(n"q") R] ,n+q A-1 (A-Ib)

C' U= r(') (n) [ 4 (n q +) - I] / (n-q+1R ,n-q J-I (A-Ie)

B. Post-Filter. Background Noise

The background noise introduced after the filter is present in the measured

output over the entire frequency spectrum. However, it will be assumed that for

any one measured band, this component of background noise is present over 2

octaves on each side of the nominal passband of the one-third octave band filter.

Clearly, this implies overlapping in the accounting for this noise element for

adjacent possbands. However, this is exactly what would occur since each

measured bond level is considered to be the sum of all signal and background noise

components present. Thus, the effective band power of this noise component, when

measuring any one nominal bond, will also be broken down into three parts as

defined below. Again, we make use of the preceding equations A-1O and A-I I by

substituting p for n and setting q = a to eliminate the filter.

B"| = B"o C", , power of post-filter noise within ideal passband (A-12a)

B"L B"o0 C"L , power within frequency range of

lower sideband of practical filter (A-I 2b)

B"U = B' o C"0  , power within frequency range of

upper sideband of practical filter (A-12c)

where

B-1o  = N 2(fu -f L )

N2  = Spectral density of post-filter noise at center band frequency fc

CIO = [r( p) - )(P+l)]/[(p+ )R] , p A-I

C"L = r(42)(P+1 )E t - (NO(P+1)]/[(p+i ) R] , p A-I

C"U = r(h) (P+)[4(P I) = 1]/[(p+I)R] 'PA"
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4. Combined Signal and Background Noise

It is convenient to define the total power BT, measured for just one band, in

terms of the following matrix of band powers for the three regimes of the filter

response (i.e., lower and upper sideband and ideal possband and the signal and noise
elements in each regime.

Total Measured Power

Lower Ideal Upper
Sideband Passband Sideband Total

Signal Ba CL L Bo CU  BS

Pre-filter Noise B' C'L B' C'1  B'0 C'U BN

Post-filter Noise B" C" L B"0 C"1  B"0 C"U BN

Total BL BI  BU BT

Only the outlined cell, Bo Cl, represents the power in the true signal within

the ideal or nominal passband limits of the filter. All the other elements of this
matrix represent unwanted added power segments which, under certain circum-

stances, can cause substantial errors to occur in the measurement of the desired
true band power. Consider, now, some quantitative results which illustrate such

situations.

A. Results

There are five parameters involved in portraying the results of this appendix -
the slope exponents m', n' and p' for the signal and noise elements respectively and

the relative levels N, and N2 of the noise elements. Only a few of the many

possible cases are corsidered oere in detail. A summary table provides a brief

overview of the trends over a wide range of all of these five variables.

Figure A-3 illustrates, for six specific cases, the relative levels in each of the

cells in the preceding matrix of signal and noise elements which make up the total
measured level. The cases illustrated cover combinations of signal and background
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Figure A-3. Illustration of Computed Level for Each Element of Total
Measured Output from a One-Third Octave Band Analyzer Based on
the Simplified Model Defined in the Text.

The output components due to the signal ,the pre-filter
noise Z , and the post-filter noise j are given for
several values of their respective slope and level parameters. The
total measured level is signified by the dashed line on top of each
figure. The total difference a between this level and that due to
the signal only within the ideal filter possband is the sum of the
designated components er, due to the added signal output from the
filter sidebands and N de to the background noise.
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noise spectrum slope parameters of m' = 0 and -48 dB/octove, n' = 0 and +6

dB/octave, and pl 0 and +6 dB/octave, respectively. Values of the noise level

parameters are N I  0, -10 and -20 dB and N2 = -20 and -40 dB. The center bar

represents the contribution to the measured level within the ideal filter passband

for the signal and both noise elements (i.e., the pre- and post-filter noise), while

the bars on either side present the corresponding outputs of the lower and upper

filter sidebands (or the additional +2 octave range included in the post-filter

background noise). The reference or zero level for each of these elements of the

total measured output is the output level of an ideal filter for a white noise input.

The total measured level is designated by the dashed line at the top.

For example, for case a, with m' = -48 dB/octave, the portion of the measured

output contributed by the signal within the lower filter sideband is about 4 dB

above the reference level; the corresponding passband level for the signal is 2.2 d3

above the reference level, and the signal output from the upper sideband is -18 dB

below the reference level. (Again, it is emphasized that these values are expected

to have the correct relative magnitude but are not necessarily representative of

actual absolute values due to the simple model chosen for the filter response.) In

this case, the large negative slope of the signal input spectrum causes the lower

sideband output of the filter to exceed the actual passband signal output by nearly
2 dB. The corresponding filter outputs for the pre- and post-filter noise, indicated

by the single- and double-shaded bars, are symmetrical about the passband outputs,

due to their zero band level slope, and the levels are well below the corresponding

signal output as expected for their relative spectrum levels of N I = -20 and N2

= -40 dB respectively.

The difference e between the total measured level (signified by the dashed

line) and the ideal signal band level within the filter possband is the sum of the

designated error components, eN, due to the presence of the background noise and

e, due to the added signal output from the filter sidebands. While this latter error

component is generally larger than will be found in actual filters due to the

simplified model employed for the filter response, it is only shown here to provide

a benchmark for evaluating the additional error N ue to the presence of pre-and

post-filter background noise.
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For example, consider cases (d) and (e), which differ only in the slope of the

most-filter background noise spectrum. In each case, the spectrum level of this

noise is 20 dB below that of the signal at the band center frequency (i.e., N -20

dB), but when the band slope of this noise component is increased from 0 to +6
dB/octave, the predicted error eN due to the presence of background nose increases

by about 0.8 dB to 1.54 dB. Clearly, the requirement that post-filter background

noise be insignificant suggests that its spectrum level be substantially more than 20
dB below that of the signal level.

Table A-I summarizes the values of the error eN, as defined above, for values
of the signal slope parameters m' and n' of 0, -24 and -48 dB/octave and 0 and -6
dB/octave respectively as well as for values of the pre-filter noise level parameter
N I of 0, -5, -10, and -20 dB. As suggested at the beginning of this appendix, good
design practice for a spectrum analyzer would dictate that the post-filter noise
would be suppressed sufficiently to be entirely negligible so it has been ignored in

this final summary.

The principal conclusions that can be drawn for this appendix are as follows:

I. Assuming the post-filter background noise is negligible, the error, eN, due
to the remaining background noise, is defined by the difference in energy

between the total measured signal and the background noise alone.

2. When the signal and pre-filter spectrum slopes are the some (i.e., both

zero), the background noise error e N is simply equal to the usual
increment in level when two uncorrelated signals are added on an energy

basis.

3. The background noise error eN decreases substantially when the signal has
a steep negative spectrum slope - a condition that will occur when
analyzing high frequency bands of aircraft noise measured at relatively

long distances and/or in conditions of high air absorption.

4. To avoid significant errors in the measured band level of a signal, due to

background noise (i.e., eN < 0. I dB), the spectrum level of the pre-fiIter

background noise should be at least 20 dB below that of the signal at the

band center frequency. For practical purposes, in aircraft noise analysis,
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Table A-1

Calculated Error, e N' in dB, in Total Measured Bond Level

Due to Presence of Background Noise Introduced
Prior to One-Third Octave Band Analyzer Filter

e N' dB
n', Slope of Noise

m', Slope of Bond Level
Signal Band NJ, Noise dB/Octove

Level Specttum Level*
dB/Octave dB -6 0

-48 -20 0.01 0.01

-10 0.13 0.13

-5 0.41 0.41
0 1.20 1.18

-24 -20 0.03 0.03

-10 0.32 0.31

-5 0.93 0.92

0 2.45 2.42

0 -20 0.04 0.04**

-10 0.42 0.41**

-5 1.21 1.19*

0 3.05 3.01*.

*Spectrum level of pre-filter noise at center frequency of bond
relative to signal spectrum level.

*Equal to normal correction for energy addition of two
uncorrelated signals.
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this translates to a predictable requirement that the aircraft signal to

background noise ratio should be , least 20 dB in each one-third octave

bond. This is an expected result which certainly did not require the

preceding analysis to establish it. However, when this signal-to-noise

ratio cannot be met, as is often the case in analysis of high frequency
bands for aircraft noise, then one can conclude from the preceding the

following significant and not immediately obvious conclusions.

5. The background noise error eN is nearly independent of the slope of the

pre-filter background noise spectrum over the range of slopes (0 to +6
dB/octave) likely to be encountered. (As shown in Volume II of this report

series,2 the slope of the acoustical background noise is typically approxi-
mately -4.5 dB/octave while the spectrum slope of the pre-filter back-

ground noise (or electric background noise in the parlance of Volume 11)2

can vary from at least -3 to +3 dB/octave.)

6. Thus, the total band level of the signal, including the power in the filter

sidebands but excluding any background noise contribution can be deter-

mined by simply subtracting, on an energy basis, the pre-filter (or pre-

detection) background noise band level from the total measured band

level. This noise-free signal band level can now be used with the

spectrum iteration procedure outlined in Section 3 of the main text to

determine the approximate shape of the true spectral density of the signal
thus enabling one to compute true signal band levels and/or adjust the

signal levels for other distance or weather conditions and eliminate the

measurement error due to finite filter sidebands in the presence of

moderate pre-filter background noise.

7. To insure that this last procedure is carried out correctly for all types of

signals contaminated by pre-filter background noise, it may be desirable

to actually process the "as measured" signal through the spectrum

iteration routine first in order to accurately define the true "signal +

noise spectrum. Then, by applying an energy subtraction of the true noise

spectrum, one obtains a true noise-free signal spectrum without further

iteration which is ready for applying frequency-sensitive corrections

and/or computing true band levels simulating ideal filters. (See Section 3
for a further discussion of this concept.)
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Influence of atmospheric absorption on the propagation of
bands of noise

L C. Suerland
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H. E. Bass
Dspnmnit of Ppsia and Airsomny. The Unniersity of Minisippi. Unaieruty. ihWe4p* 38677
(Recved I I January 1979; accepted for publication 30 April 1979)

As a band of noise propagates through the atmosphere, atmospheric absorption attinatua the hige
k "quesin the band mo rapidly than the lower frequencies. For large propagation distancs.
atmospheric absorption shapes the spectrum such that moat of the acoustic energy is in the lower part of
the band. When this occurs, the effective atmospheric absorption coefficient for this band of none is lees
than when the energy is evenly distributed over the band. When a reni filter is used to examine the
reeived spectrum, the problem becomes even more complex since the filter don not cut off completely at
the nominal lower-frequency limit for the band. The equations governing the attenuation and spectrum
analysis of nise under these conditons have been derived and a numerical integration proes has been
used to obtain quantitative results. It is shown that predicung observed values of atmospheric absorption
loss for bands of noise involves two correcton factors which are added to single-frequency absorption loss
to defim the efective atnenunom for the band of noise.. The first correction factor A, accomts for the
difference between the attenuation predicted over a gives path in a homogeneous atmosphere for a pure
tooe at the gometric center frequency of an deal filter band, and the actual attenuaton over the mme
path fo the sm ideal band of nose The second correction factor &, accounts for the difference batwom
the band level measured at one point with a practical filter with finite transmission outside the nominal
filter pas band and the true band level measired at the same point with an ideal (ractangular) filter.
Repruentadve calculations show that the sum of them con-ctions become substantial when the product of
distance, in kim and the square of fiequency, in kHz. exceeds about 4 to 40 for octave and one-third
octave bo filter&, respectively Although the net effect of such corrections will generally be smal for
overall frequency weighted-nose levels (e.g.. perceived noise level), the errors in diagnosing spectral detail
in nois gnaturs of distant souro. sucb as aircraf can be importanL

PACS numbers: 43.28.Fp. 43.50.Vt

INTRODUCTION of broadband noise signals which propagate over long
distances in the atmosphere.

Recent experimnental'- and theoretical," work have The objective of this paper is to outline the errors
made it possible to compute,* with high precision, the that may occur and outline appropriate correction pro-
acoustic absorption of a pure tone an it propagates cedures when one evaluates the atmospheric absorption
through a still atmosphere free from the influence of loses of bands of noise in terms of the pure tone absorp-
a ground plane.7 Although there are still some unre- lon ofint af ois e enter feque to asolved questions concerning the contribution to the at- lon coefficient a(f,) at the center frequency f of a
soeu esotionsconign rniby trbuhecnetbution, dust, band. As outlined in Fig. 1, two basic types of errors
teaton of the signal by turbulence," raiation,' dust are involved. The first, designated by the symbol As, isfog," or finite amplitude effects," the major contribu- the difference, in decibels, over a fixed path of length
tions to the pure tone absorption coefficient are now I in a homogeneous atmosphere, between the absorption
well understood and documented. In practice, however, loss for the pure tone corresponding to the center fre-
one is seldom confronted with the propagation of pure quency of a band of noise and the loss for the total pow-
tones. Instead, the source of interest typically gener- er within the same band of noise as measured with an

ates some type of noise spectrum with energy spread ideal filter. The second type of error, designated by

continuously over a range of frequencies. It Is the ab- the al symbol The e qua t e ffer ene d

sorption of such broadband noise, then, rather than of be etee al poerased by ap ci -

a pure tone, that is more frequently of practical inter- ter and the power passed by its nominal (Ideal) pass

est, particularly for the analysis of air to ground prop- band."-" The first correction factor, A,, will vary with
agatioc for aircra~ft noise, the nominal filter bandwidth and the slope of the source

Atmospheric absorption is an increasing function of or receiver spectrum, when analyzing propagation loss
frequency. As a result, when a band of noise propa- from a source to a receiver, or from a receiver back
gates through the atmosphere, the higher frequencies in to a source. In addition, A, will vary with the atmo-
the band are attenuated most strongly. If the spectrum spheric conditions over the propagation path and, unlike
is initially flat, after propagating some distance, It will the pure tone absorption coefficient a(f,) at the band
begin to exhibit greater and greater attenuation at high center frequency, As wiU also vary with distance along
frequencies an either distance or frequency increases. the propagation path. The second correction factor,
This spectrunm-shaping effect of atmospheric absorp- A,, can be defined, completely, in terms of only the fre-
boa compounds the problem of spectral measurerments quency response of the filter and upon the spectrum
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Lauge 1 ~ i'. METHOD OF ANALYSIS

,,.~L ~ W~ 4 1 -. In general, the analytical methods used to deflne the
"" -F------..correction factors A4 and A, involve the computation,

'' ,by integration over a specified bandwidth, of the rela-

tive level (in 1ecibels) of a broadand random signal
- L. .t E ] .i,-. I- with a nonumacrn, spectrum. The analysis does not

attempt to include composite signals made up of broad-
Lband noise plus one or more pure tone components.

l€However, such signals can be handled by a superposi-3 )- L 1 i) , f) a y1 I -L Atrio process, applying the methods outlined herein for
computing the absorption loss of the random noise por-
tion and the simpler methods applicable for computing

-,4 i.- *6rfs) .. m) -*- absorption losses of pure tones.*

i ,. ls) Th specific expression which defines ., can be stated
. as foUt)h Ithroutwhaut this analysis, correction factors

are derived for un-7y one filter band but they can obvi-
F.". (te s$Cl.) F,. @ 5o Io) ousiy be applied to any number of bands by the same

tech~niqucs.)

FIG. 1. Illustration of the application of two cor'erdioo fac- (f,) t l21)' 10 1og20 pl(!-.10'2- v,, df

tors. 4, and ,. for analyzing propagation loss of bans o' I
nolse. , is the difference bet.s en the pure toe loss2 p 2(.).
ioV,).li at the band center frequency.(, over a 'ih /r 9 . do, (1)
I between a source (S) and receiver LRI. and the ios, uvpr w N ' -,A is the pure tone absorption coefficient at the
the same path for an ideal band of arite o brptered oo 'ef faicientat-th
frequency. &, is the difference in decibels bemwee. tNi Iand c-ite: frequ ency , dBm'; is the propagation
level L1 transmitted by an actual filter wift finite t, .i- son Ipth l)nT gh. m; P'(11 is the pressure spectral density.
outside the nominal passband and the power level L., r-a, -ilt- at sourire reference position, at frequencyf, Pa2.Hz-1;
ted by an ideal (rectangular response) filter centered - -iv andlf , are the nominal lower and upper cutoff fre-
manae frequency. quencies oi ideal filter band centered on frequency .f.

Hz.

The f:vI er corre:tion factor A,(R) at the receiver isshape of its input signal. However, the spei~ ' s!'.xpe -ohtid ,,

of the filter input signal at a receiver is also tnioenc'

by the same atmospheric and path legth factor, 0Wut ' 1 lorf ( /Jpu~)1 L "/'df
influence the ideal noise band to pure tone corr, rtlon L. "
factor A,. Thus, in many cases, it is corvr.7ient to ffP~i, dB, (2)
compute one composite correction term, a, whic, vat-
les with all of the parameters just defineo. where 7L(fl is the power transmission loss of filter,

The fact that atmospheric absorption will shape the dV: !,. fr,' are the effective lower and upper limits of

spectrum within a band of noise has been well recog- transmission of practical filter f 1 8 and 8 respec-
nized for some time. For example, the SAE stawidrd tvely, Hz; and P'(f) is the pressure spectral density at

on air absorption" requires that at frequencies above input to receiver filter, Pa*.Hz - '.
4 kHz, the pure tone absorption coefficient at the lower A cimpirable expression can also be written for the
band edge frequency should be used to compute effec- filter correctioo factor A,S() a! the source by substitu-
tive absorption coefficients for octave bands, while at tUng the subscript s for r in the preceding equation.
lower frequencies, the center frequency of the band
should be used. While this is a reasoaable rule of Since the integrands in these equations cannot, in gen-

thumb, considering typical aircraft noise .-pectra, it era!, be expressed in a simple, inteirable closed form
can lead to significant errors.' vJ over the full width of, say. a -octave band filter,

it is ncressary to resort to a process of numerical in-
This paper will present a mathematical r , reserta- tegrition. The usual case of interest is for constant

tion for the propagation of a band of noiee thro uh the iw- r(-en age filters for which the ratio of the upper and
atmosphere and numerical procedures for defining the lower nominal band edge frcquenciesf2 andf, can be
correction factors A, and 6, which yield quantitative specified as rff,'f, and the geometric center frequency
results not dependent on approximations such as used isf. , (f, I". First, the bandidthf, -fl of the actual
in the SAE standard. The numerical procedure is used filier is divided into b constant percentage rectangular
to compute band loss coefficients for a few typical filter elements. For thejth element, the ratio of the
cases. Due to the many variables involved, including upper band edge frequency f,, to the lower band edge
weather, initial spectrum shape, type of filter, and dis- frequency f, is equal to r"' and the frequencyf, is equal
tance, only a few limited cases can be preiented % thin to
the scope of this paper. Condensed tables are alo
available for a few specific cases." f,.f,{r- /,ru-l/b1, li (3)
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wherej varies from I at the lower band edge of the en- receiver as:
ire Akter to (b * 1) at the upper band edge. Eamine, P,0At, [ tw G'°  - fl/(", , A

now, the application of this numerical integration ap- -, p' j,(v"l/b , m, -nw =- 1 ,
! proub.(9b)

II. DERIVATION OF A Again summing over the entire band, the total band pow-

Consider first, the integral for the power in an ideal er at the receiver is

filter band at the source as specified by the denomina- B, - B,j. (9c)
tor of Eq. (1). If the bandwidthfj, -fj of theith ele-
ment within this ideal filter band is sufficiently small, Each of the slope exponents m, and n, can be determined
it is possible to assume that, over this narrow frequen- from their corresponding log-log relationships. For
cy rnge, the pressure spectral density at the source example, m, is determined by setting the frequencyf
can be specified by a simple power law expression of -fj., in Eq. (4), taldng the log of both sides, and solving
the torn for m, to give

:(') .P2'(j/,).,, Pa2.Hz-,, (4) ,,,, [iog ,,.)- log.P2f',)J/log1 0(.f,.i/f,). (10)

where P2, -P2 (j), the pressure spectral density at the Substituting the spectrum level L,(f) corresponding to
lower edge (f-f,) at the jth element, and m, equals the the value of 10logP,(f) and using Eq. (3), this reduces
exponent which defines the slope of the spectral density to
over the frequency rangef,-f1, 1 . This simple power [L,(j.,)-L,)]/[(lO/b)lOgo ]. 0ll)
law is equivalent to assuming that a log-log plot of the m J )l
spectraldenslty versus frequency is a straight line with Applying the same process for nj, using Eqs. (7) and (3),
a constant slope, over the frequency intervalf, to f,.I, n -fa(i.) ,)].i/[(lO/b)log,0r]. (12)
defined by the exponent m,. The total power B,, within
thisjth elemental band, at the source (corresponding to The values of &(f) required in this last expression
the mean square pressure in the source signal), is given are computed with the methods of Ref. 6 at the two ele-

by the integral of P(f) over the same frequency inter- mental filter frequenciesf, andf,., and for the average

val. Thus, with Eq. (4), one has atmospheric conditions prevailing over the path length
1. (Note that this path can, if necessary, be just one

=1.1.2( 1. arbitrarily small incremental segment in a layered
B.,u :(f)df=P2jJ*(ff,)-dfY, Pa. (5) atmospheric model. A different correction factor ,

is then computed for each such elemental path segment
With Eq. (3), this integral for the total power in the jth and for each frequency band.)
filter element at the receiver reduces to The parameters 5 and r are preassigned constants.

S,,( - 1)/(M,+), Pa m -' Based on the numerical integration method employed to
B. =! ,J 3-J " ... . 1 ,(6a) sum powers over each filter band, the constant b (the

P3,f(n,(v)/b, Pa2, mn ,- I. number of integration elements per band) is an even in-

Summing over the entire band gives the total band pow- teger and, to achieve acceptable accuracy (integration

er B, at the source error <0.1 dB), it must be at least 12 for either I or
octave bands. The bandwidth ratio r is set equal to 10 '1

B, , B., (6b) or 2 for I or-' octave band filters, respectively.

All that remains in order to carry out the integration
The total air absorption loss over the source-recel- over all b segments in each filter band, is a means of

ver path I can also be given to a good approximation, specifying the spectral density or corresponding spec-
over the same narrow frequency rangef, tof , 1, by a trum level at any frequencyf within the overall filter
power law of the form, bandwidth f-fa. Two approaches have been employed

A{J) -A (f/M)0 , (7) as illustrated in Fig. 2. The first, and simplest, was to
assume that the slope of the spectrum level curve is

where A -A(f)=o 0"a " , the fractional loss In constant over the full nominal bandwidth of the filter
power by absorption at the lower band edge frequency under consideration. The second approach assumed that

I othe spectrum level was given by a general interpolation
defines, approximately, the change in total absorption or spline function G(f) which defined a spectrum level
with frequency over the narrow frequency range of this curve which passes exactly throuh the true spectrum
jth element. Then the pressure spectral density at the levels at the geometric center frequencies f,..-, f,, and
receiver PC'(1) can be expressed, with Eqs. (4) and (6), A.1, of the ith band and the immediately adjacent bands.

A. Constam slope spproadh
If the spectral density of the source has a constant

(8) slope over the entire frequency bandwidth of a filter,

Thus, by comparison of Eqs. (4) and (8), we can use then it can be defined by Eq. (4) letting P, be the spec-

Eq. (8) to express the total power B,, (or corresponding tral density P:(f,) at the lower cutoff frequency (fV) of

mean squae pressure) in thejth elemental band at the the filter and m, becomes simply the constant slope n.
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UINE ,NU, OLATON A c-a(f.)" Jt 10 1og1o[B,/B,1, dB, (16)
where B. and B. are the band powers at the receiver and

L a1) -O1) source respectively for ideal filters.

Further, by transforming the first term into decibel
L",f ,-. CONSTANT StOtf notation and employing Eq. (14), it can be expressed as

',W ".t,0,) LO s v a V.).t-I 1Olog,oJA (f.)] 1Olog,o[A, Vo,7I,) - 1, dB ,(17)

C wwwI where f/, - 1/,, the ratio of the geometric mean fre-
N.I quency (fc) to the lower cutoff frequency (fI) of the fil-

- V\ (f ) ter.S I i I ,V"

S,.! *! f f2 ft Now, by using Eqs. (6) and (9) to define the band pow-
ers B, and B, at the receiver and source, respectively

(tle €-I.)(dropping thee subscript since we are now considering

FIG. 2. Illustratlon of the two general methods considered only one integration element over the entire filter band-
to define the spectrum level L, (f) at any frequency for anal) - width (i.e., b = 1)], and including Eq. (17), Eq. (16) be-
asi of the propagation lose for the ith band of noise with center comes, for the nonsingular case (i.e., m -1 or m-x
frequency/,. -1)

A , = 10 log1o[ B,I (BAr- /2) ]

A more convenient definition of the spectrum shape is _ 10 lno((t' " '' - 1)(r + 1)/(r"/2)(r'1 
- 1)(m - n + 1).

provided by the slope (S.) of the filtered band levels in

dB per bandwidth. Since the power within a corstant (18)
percentage band increases directly with frequency tu Employing the identities r'-r-=2sinh(x flr) and
the first power for a constant in ut spectral density, if log1Or/Lnr=log1 0 e? Eq. (18), after a bit of algebra and
the spectral density varies with frequency to the power including Eq. (13) and (15), becomes
m, then the band power varies with frequency to the pow-
er (m+ 1). Thus, if the ratio of upper to lower cutoff 4 10 lOgo{Sa sinh[/(S A +Sl)],/(SA+SB).sirLh(IS)} dB,
frequencies is r, then the slope S, or change in band (19a)
level, in decibels, over a frequency interval of just one
bandwidth (for which the ratio of upper to lower fre- where 0 = 1/20 log1 oe = 0.11513.
quencies is r) will simply be For the singular cases for which m = -1 or m - n -1,

S,=101og,o(r)'=10(m+1)log 10 o, dB-(band) - '. the equivalent for Eq. (19) is that S,=O or SA+S.: 0 .

(:13) For these cases, it can be shown that, for S, = 0,

Following this same "constant slope" approach, assume A. b 0 Og1 o[sinh(fSA) /SAI, dB, (19b)
that one can approximate the actual frequency variation
in the atmospheric absorption over one entire filter and, for S +S =0,
bandwidth by the simple power law given by Eq. (7). Re- A, = 10ongJA[Ss/sinh(3S,) 1, dB . (19c)
placing A, by the corresponding absorption loss A, at the
lower cutoff frequencyf1 of the filter, then at any fre- Thus, simple, though approximate, expressions are ob-
quency within the band, the fractional loss due to ab- tained in terms of just two variables, SA and S9. for the
sorption is correction factor A, which specifies the difference be-

tween the single frequency absorption loss and the true
value for an ideal band centered on the same frequency.

A(Jf)sA,(flf,)"• (14) The slope SA of the absorption loss can be estimated

by computing the values for the total absorption loss[This is, in fact, a rather crude approximation at frequencies equal to one filter bandwidth below (f,/r)
here for simplicity in the analysis. A better apprwoxma- and above (fc. r) the center frequency (f,) of the filter
tion for the frequency variation in atmospheric absorp- in question and computing the average slope by
tion loss over the path I is equal to exp[-.a,(ff?,)*" 11,
where a, is the absorption coefficient (in nepers 'm - ' SA [a("r)-a(fVr)].12, dB'(band) " . (20)
instead of d]B-m " ) at the reference frequeny /, and The slope of the source spectrum S. can be approxi-
the exponent k need only vary from 0 to 2.1 Again, a mated in a similar fashion or estimated by graphical
more convenient way to describe the variation in ab- meas

sorption as a function of frequency by this approximate

form is given by the slope S, or change, in decibels, of The correction factor 4, for an ideal I-octave band
the absorption loss over a frequency interval of one hi- filter, as defined by Eq. (19), is presented graphically
ter bandwidth. Thus, the parameter SA is given by in Fig. 3 as a function of S, and 5 A in the form of con-

tours of constant values of a.. While the values of A,
SA 10log 1 0r)"z-10nlOglor, dB-(band) " '. (15) shown are onJy as accurate as the approximations em-

From Eq. (1), the correction factor a, can be expressed ployed in deriving Eq. (19), they provide a useful first
In simpler form gs approximation. There are several characteristics of
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Fig. 3 of interest. First, for typical conditions, the referring to Fig. 2, over the frequency range of *1 fll-
correction A, is not large; it varies from about 6% to ter band about the ith band, or from /-, tof,6 .,, the
8% of the total pure tone absorption loss a(f,).1, with spectrum level of the source L8 (f) was assumed to vary
the highest values occurring at the largest distances. as
Second, A, is usually positive since for most full scale La i L,(fj+ 10a +bi(f/f4 )1l og(If/f4), dB, (21)
noise sources, the energy in a band, after propagating
through the atmosphere, is concentrated at frequencies where L,(f,) is the spectrum level at the center fre-
near the lower band edge where atmospheric absorp- quency (f.) of the ith band, and a,b are the constants
tion is lower than at the band center. Thus, the true determined by the differences, 6,_ and 8,, between the
absorption loss for the band is less than the pure tone spectrum levels of the three adjacent bands as shown
loss of the band center frequency. Note that for this by the following expressions:
simplified approach, the values of A, in Fig. 3 are In- = r 28,_ /l0(r2 I) lo.
dependent of the filter bandwidth since the slope pa- (22a)
rameters S, and S, are in decibels per bandwidth. In b, - (6,+ - 6 j)/10(r' - 1) log 1 ,
fact, of course, the actual value of A, for an octave band and
filter will be substantially greater than for a J-octave
band filter for the same actual spectrum and absorption 8 =.(f, )- L.(f, d (22b)
slopes in dB/octave. We can conclude that the pure tone M. L - L . d..
absorption at the band center frequency is a reasonable
rough approximation to the absorption encountered by Note that when 6,. - 6, then b, = 0, and Eq. (21) would
a band of noise analyzed with a perfect filter provided describe the spectrum level curve of a linear plot of
the band is narrow, and the slopes of the initial source spectrum level versus log frequency with a constant
spectrum and the air absorption curve are not large. slope of 10a, dB/decade. However, the type of smooth
The latter constraint implies that the frequency should curve depicted in Fig. 2 for the spline interpolation
be low and the propagation path short. Specific quanti- method is readily described by Eq. (21) for nonzero
tatlve guidelines as to when these conditions may be values of b. This more general approach for inter-
met will be given later. polating the spectral density at frequencies between

adjacent band center frequencies was particularly use-
. Varying specr slop ful when dealing with practical spectral shapes as dis-
If the spectral density P'(f) of the source has a vary- cussed later. This was accomplished by using the vary-

log slope over the bandwidth of the filter, an accurate mg slope concept specified by Eq. (21) to define the
computation of A1 for this case requires the use of spectral density at the source, P', at eachjth frequen-
some type of spline curve-fitting function for estima- cyf, as
ting P.(fj) at each of the integration frequencies fj over P1 p f.//)hihi v'l , (23)
the filter bandwidth. Several methods could be eam- 'V P's b,

ployed for generating such spline functions including a where p!O is the pressure spectral density at the center
standard cubic spie function for interpolating between frequencyf, of the ith band, and @,,b, are the slope con-
two points. However, it was more convenient and suf- stants derived with Eq. (22) from the estimated spec-
ficiently accurate to use a simple log-linear equation trum levels of the source at each band center frequency.
with a linearly varying slope to interpolate between [The same techniques outlined here to compute A, for
three po*s-the center frequencies of three adjacent the general case of a varying slope spectra can be used
Alter bands ceered on any one band of interest. Thus, to determine the true relationship between source band
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range for the flter transmission.

The nonuniform transmission response of the filter

can be based on the actual transmission characteristics
- O Sp~iS ,, . , of the filter set for which the filter correction factor

q 41s A, is desired. However, a conservative and more gen-
Is *"ACTrt-CL&SS i eraUy applicable approach would be to base the filter"SUME DP IAl

° ALYSIS transmission response upon standard requ.rements such
as specified ANSI S1.11-1971." This approach was

", adopted for this paper. An empirical expression was
k 1. // A,, O- employed which p'edicted the filter transmission re-

-S /sponse curve identified in Fig. 4 as curve (a), the

/; .,practical" class IM] filter assumed for this analysis.
Also shown in Fig. 4 is the minimum transmission loss
required for such class I] filters by the ANSI Standard

-7 / (curve b) and the transmission loss of a typical analog
filter (curve c) which conforms to this standard.

45 -. . , . .

.* 0.2 0.4 0., o.8 1 2 A 6 s 1o The "practical" filter response closely follows that
LA.. P UEWWI~y# JAAfNr it Fa 4y of an actual filter near the filter band edge frequencies

and falls slightly below the ANSI required minimum

FIG. 4. Transmisslon tons curve (a) for a bypotbetical,, Prac- loss at frequencies weU removed from the filter band
tical" I.-octave batd filter compared to (b, the minimum re- edges. This "practical" filter response was generated
qulred -loss according to ANSI Standard St. 11 and (c the actual by slightly wodilying the expression in Ref. 16 for the
transmisslon loss of a typical analog filter. rnJnimum required transmission loss to obtain

TL( -- 10 lOg,o[A B[C(fII.) -V(lIC/) ], dB (25)
levels (assuming perfect filters) and corresponding
spectrum levels at the band center frequencies without where, for 1-octave band filters (see Appendix E of
requiring the usual assumption of a flat spectrum over Ref. 6 for corresponding constants for octave band fil-
the filter bandwidths.) ters)

Thus, the spectral density at the source can be com- A =8/13, B=2547, and C= 10 - /w , lorf-f',
puted at any frequency (within the range f, - -f, .) using A 1, , C = 0, for f f2
Eq. (23) and the integration of Eq. (1) ca rned out using
the numerical Integration techniques specified by Eqs. A= 8/13, B =2547, and C = 10"'", for (Sfa

and f,fJ = 10 1 ., and l0"/fr. respectively, the band
The final expression for 4, for the case of the vary- edge frequencies of the "practical" filter which fall

ing spectrum slope can now be given as slightly inside the nominal band edge frequenciesf, and

f, of an ideal t-octave band filter. Note that, outside
A=a(f+).l10og[ B, - 10 r og B] (24) the passband of this practical filter, the constant B in

the preceding equation differs slightly from the stand-
where B,,,B, are the powers in the jth element at the ard value in Ref. 16 in order that the transmission loss
receiver and source, respectively, as defined by Eqs. will be zero at frequencies fl andf. and also equal to
(9) and (6). The corresponding values of P I &re defined 4.5 dB at the nominal band edge frequencies f, andr,&

.by Eq. (23). The energy sum of these eleme.ital powers close to the value of 4.34 dB recommended by Sepmeyer
over the b segments defines the true band powers of the for practical filters."'
receiver and source, respectively, within the ideal fil-
ters. The final expression for the filter correction factor

4,(R) at the receiver is formed by expressing the con-I1. DERIVATION OF A, tnuous integrals of Eq. (2) in the form of summations
When a real filter is used, the same numerical inte- over each f thej discrete elements as follows:

4, are again utilized. However, the integra 2n the nu- 4,(R) = 10 log B dB, (26)

merator of the second term of Eq. (1) for A, is modi-
fled in Eq. (2) in two ways. The integration limits are where B' is the band power at the receiver in thejib
extended to cover the practical transmission range of integration element as defined by Eq. (9), but with the

eactual filter and the nonuniform power transmission ressure spectral density P2, at frequency f, replaced
loss of the filter is included within the integral by the filtered value P' lorl (/d '. The summation for

the first term above is carried out over nb segments-
Approidmately I and 5 times the band center frequen- hands to cover the effective transmission response

cy define reasonable limits for the practical transmis- range of the filter and b segments per band. The sec-
sion range of a filter. However, Just one filter band- ond summation term is identical to the first term in
width below or above the filter band edge frequencies Eq. (24), where the segment powers B,, are defined by
can often b used as effective limits for the frequency EQ. J9) and are summed only over the b segments in the
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FIG. 5. Correction factor by (S) at source7 for various oPut ,pectrum ,lope.
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passband of the ideal filter, to air absorption, Is normally very small for input

Equaons (10) or (11) for the slope parameter m are spectra with a constant slope, as illustrated in Fig. 5.

also modified to include the additional change in the in- I n fact, for J-octave band filters which equal or exceed

put spectrum due to the filter response. For example, ANSI class M specifications, the filter error at the
source &,(S) can probably be considered completely

Sq. (11) becomes negligible for most source spectra. However, at a dis-

ms fL,(fi,:) - T, 3Ji). - L.(J,) + TL(f,)/(l0/b) tant receiver, quite a different picture emerges. Fig-

xlog 1 v. (21) ure 6 illustrates the value of the filter error at the re-
ceiver A ,(R) for typical jet aircraft spectra1 ' that might

Typical results of applying this process are illustrated be observed on approach or takeoff over the propaga-
In the next section. Note that if B, is used instead of tion path lengths indicated. The figure is drawn to il-
A,, in Eq. (26), the total correction A, instead of only lustrate how the true received spectrum in such cases
A,, is computed. This procedure is frequently used should actually have a very rapid cutoff at frequencies

when the spectral density at the source ts known, above 2000-5000 kHz. Thus, when &,(R) is not account-
ed for In spectrum analysis of distant aircraft sounds,

IV. RESULTS high frequency levels may be significantly overstated.

The filter error st the source a,(S), before any u This is ilustrated more directly In Fig. 7 which i-
sattial additional spectrum shaping has occurred due lustrates the absorption attenuation as a function of

propagation path length for the same typical jet aircraft
takeoff noise spectra used in Fig. 6. One-third-octave
band levels that would be measured (ignoring spherical
spreading losses) are shown for four frequencies with

ideal or practical filters for 15*t and 70'% relative
humidity. For comparison, the excess attenuation at
the band (geometric) center frequency is also shown.

eSOA4AIOt A. Comparing the latter with the curves for the ideal filter
illustrates the magnitude of the ideal filter correction

M- &,. Comparing the single frequency curve with the Lop
curve in each group illustrates the magnitude of the

combined correction factor , + &,(R) at the receiver.
Clearly, these errors become quite large at high fre-
quencies and large distances. However, when these
errors are large, te affected band levels are usually'
low and Ince weighted overall noise levels may be only

[ l I slightly influenced by the errors discussed in this

Figure S illustrates another general indication of the
"icat variatiou is filter correction factor Af Wat magnitude of the combined error in measured band lev-

receiver for miace spectra fromn aircraft propagate over *sA, ta cuswe masmsta b
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tion does not converge. However, for real spectra, the
#4 _O. 3slope of the spectra will eventually decrease sufficiently

.0.3 so that one always measures a finite band level.

Figure 9 provides an approximate guideline as to the
42 o. frequency- chstance regimes where the combined filter

.2 error A,+ A,(R) will exceed 0.5 dB for the type of "prac-
.1 .5 * @ ..0 +2 .0 tical" filters assumed for this analysis.

* e One final area of potential application of these correc-
if tion factors for bands of noise subject to significant ex-

cess propagation losses is concerned with normializing
measured spectra from one weather condition to that of

2 another weather condition. A related problem is cor-
cerned with the evaluation of propagation losses for

- bands of noise utilizing a layered atmosphere model.
As a typical example of the former, assume that a spec-

0 5 t is --- Is trum is measured when the atmosphere is homogeneous,
5 'SLO" OF AIwO1PHINE AISOVIION LOSS, with a temperature of 250C, the relative humidity equals

d/t41.THIN OCIAVI BANDO 70% and an ANSI class I -octave band filter is used.
For reference conditions of 15T, 70% relative humidity

FIG. S. Curves of constant band correction factor (6 io dB) and a perfect I-octave band filter, at 4 kHz, and a prop-
in terms of the slope of the source spectrum and atmospheric agation distance of 400 m. the measured band would be
Attenuation curve for ao ANNS Class MN f -octavo band filter at within a half of a dBl of that which would have been inca-
268 K and 70% relative humidity. sured under reference condlitions. We can conclude,

J2.5 Amcova Soc. Am., Vol. 6, No -3, Soptembor 1979 L. C. SutheRland and M. E. Bes. Atmospheric abiummion ostst 9
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therefore, that the effect will only be significant when V. CONCLUSIONS
the propagation distance is very large (-tm's), the fre- The sound level of a band of noise examined with a fil-
quency is very high (-kilz), or the actual and standard ter after propagating through the atmosphere is a func-
filters vary greatly.0 tion of the atmospheric conditions, the length of the

Finally, Fig. 10 summarizes the application of the propagation path, the characteristics of the filter, and
two correction factors discussed in this paper. As out- the shape of the initial noise spectrum as well as the
lined in the chart, correction for different propagation source Intensity or pressure level For propagation at
paths (or different weather conditions) is accounted for high frequencies or over long distances, the attenuation
primarily by changes In only the ideal filter correction of the source band at the receiver due to atmospheric
factor A,. For layered atmosphere models, the filter absorption is not accurately given by the attenuation of
correction factor A,(R) is only applied once at the re- the band center frequency. For illustration, it is con-
ceiver. This correction term could, in fact, change vmnent to break the potential error into two parts, al-
when correcting measured data at a receiver from one though in actual calculations, it is desirable to compute
weather condition to another since the shape of the the combined correction a - A, • Ap. The first part, A1,
spectrum entering the filter might be different, defines how the true band level measured with an ideal

filter differs from the pure tone absorption computed atThe method outlined in this paper for treating the in- the band center frequency. The other factor, A,, ac-
fluence of the spectrum shape on atmospheric absorp- counts for the finite transmission of practical filters
ren of bands of noise should provide reasonably accu- outside their passband. For long distances or high fre-
rate results excep when a pure tone is imposed on quencies, the band loss can be much smaller (or only
spectrum. In the absence of a pure tone, the slope of slightly larger) than the pure tone absorption loss. Act-
the spectrum is typically easy to estimate to wthin 2 or ual filter characteristics enhance this effect making it
s ow per bandwidth and the band absorption varies only difficult if not impossible, in extreme cases, to deduce
slowly with spectrum slope. When a pure tone is pre- the true source spectrum from values observed at a
sent, the band containi that tone can be ntegrated e- distance receiver. Correcting a receiver spectrum to
meri bandy with some estimate of the pur oe frequency standard conditions is more complex but typically maywithin the bnd while the remainder of the noise spec- involve only a smanU correction for band filter effects.

trum can be corrected for atmospheric absorption as

oaMrland here. In view of the rather larlle corrections to be applied
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APPENDIX C

ANALYSIS OF POWER TRANSMISSION THROUGH A
PRACTICAL FRACTIONAL-OCTAVE BAND FILTER

1.0 INTRODUCTION

The filter error a F is defined, in the main body of the text, as the difference

in decibels between the power actually transmitted by a practical filter and an ideal

filter. This problem is treated in detail in this appendix for the case of various constant

slope input signals. The analysis involves numerical integration over the effective

transmission range of a mathematical approximation to the real transmission response of

an actual filter. This approximation closely matches the actual transmission response of

current technology 6-pole Butterworth filters for frequencies extending roughly between

the 20 dB down points of the filter response and then tends to provide a conservative
20

approximation to the filter response, within ANSI standard specifications, for lower

portions of the filter skirts. It is possible, with a digital filter technology, to provide

much sharper filter skirts than is provided by a 6-pole Butterworth filter. (The latter

has a roll-off rate approaching about 70 to 80 dB/octave in the steepest portions of the

filter response.) However, current commercial practice is often limited to simulating,

digitally, no better than 6-pole Butterworth filter response characteristics.

It should be pointed out that the specification for the minimum transmission

response characteristics of one-third octave band filters to be used for aircraft noise

certification are specified by the International Standard IEC Publication 225. 7 This

is less stringent in roll off characteristics than that specified in the comparable

American Standard S1.1120 for Frequencies where the attenuation is -20 dB or

more below the pass band response. (These response characteristics are compared in

Figure I of this appendix.) Thus, the results outlined in this appendix would be

somewhat optimistic for spectrum analysis filter sets which met the IEC Standard

but not the ANSI Standard. In fact, however, most commercially available filter

systems meet both standards, so that these results are actually slightly pessimistic for

spectra with large negative slopes.

C-1
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2.0 INTEGRATED POWER TRANSMISSION

Over any bandwidth f, - f2, the total

W(f) power B transmitted by a filter with

a power transmissibility function T(f)

log T(f) I T(f) driven by a broadband noise with a

or TI"spectral density W~f), as indicated in
log W"f) the sketch, is given by

Ilog f f2
f1  f2  6 f T(f W(f) df (1)

fl

2. 1 Constant Slope Case - Ideal Filter

Let the input spectrum over any band f to f be given in the form1 2

W(f) = W1  (,/fl) m  (2)

where

W1 = W(f) at f =f

and the filter response over the same bond be given by

T(f) = T1  (f/f)n (3)

where

Tl = T(f) at f f

C-2
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Then, for this constant slope case, the power (B) transmitted through the filter in this

band can be defined in closed form by the integral

-,T, f 2 f W Tm+n fm+n+l fIm +n + l

r +n+ 1 11

or B-W 1 ! f, [(f2/,)m -++ /(m + n +1) (4)

2.2 General Case

For the more general cae, such as for the power trammitted through an actual

filter, the filter response function is definable in closed form as a smooth curve but the

result is not readily integrable. A piece-wise integration is therefore necessary using

the above results for each segment.

2.2.1 ANSI Filter Response

The power transmission curve for ANSI filters, considering the minimum trans-
mission loss boundary, can be defined by an equation of the form (see Appendix A)

TL - 10log II .CT(f))= 10log ~ [ f.( -i)] ,dB (5)

where a, b, k are constants for each portion of the filter response curve and f.

geometrical mean frequency of the filter band.

There are three regions for the filter response curves as indicated in the sketch

below.
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P the "zer Ion,, pass band, kii wer f'1 /fi = ft/fil

the "stop" bands, fli to fl and f.i to 12 where f f

the limiting stop bands, < f'i2 and > fi2

TL(f)
dB

LL ((D 0 Iog f

f2 1 i2
General Shape of Frequency Response of Filter with

Minimum Transmission Loss Allowed by ANSI Specification

The following table summarizes the constants a, b, k, and the frequencies, relative

to fi, for ANSI Class III one-third octave band and Class I octave band filters for each of

these three regions.

Table I

Constants for Minimum Transmission Loss Curve for ANSI Filters*

Frequenes (F - 1) R ion a )  Regian (5) Regio.n,

FiterType 2 P1I '11 1i2 a b k a b k a b k

Clau III 1/3rd Octve 1/5 21/6 21/6 5 1 0 0 8/13 2500 6 107. 0 0

ClM I Octroi 1/1 271/2 21/2 i 1 0 0 /'3 SW3 6 106 0 0

*See Appendix C-I.
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Figures I and 2 show the frequency response curves corresponding to these minimum

attenuation requirements. Response curves for typical actual filters are also illustrated.

For conservatism, it is desirable to use a response curve just slightly better than the mini-

mum attenuation specification. This provides an approximation to a real filter without

the use of any one existing model and also insures a conservative result for the filter

effect.

2.2.2 "Practical" Filter Response

To approximate the "practical filter," it was convenient to simply modify Equa-

tion (5) by multiplying the frequency f by a scaling factor c which has the following

values. (The exact values, used for c, equal to powers of 10, are defined along with the

approximately corresponding values as powers of 2.)

101/60 2 1/18 f > f.

For one-third octave band filters, d Iw0./6 21/18 f< f

1/20 1/610 2 ,f> f.

For octave band filters, c
10- /20- 21/6 f <f.

The "zero transmission loss" frequency bandwidths decrease accordingly so that

the frequencies f'.I and f i become

For 1/3rd octave band filters, f' = 21/18 21/6 f = 21/9. f. - 1/30

iI 101/30 f =1.0798 f.and fi

For octave band filters, f'i 1  2 1/ 6 " 1/ 2 . f 21/3 f '  10-1/10 f

and f. i= 101/10 f. = 1.2589 f.

C-5
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For the "practical" filter, it was assumed that the filter response in the limiting

stop bonds (region L) could be extrapolated from the response in the stop bands (region

S) by using the constants in Equation (5) appropriate for this region to compute the

response for the limiting stop bands (region L). This extrapolation was carried out to

upper and lower limiting frequencies which were set approximately equal to

10 f. and f 1/0. This arbitrary procedure was mode to avoid unrealistic power transmissionS I

of the filter in the limiting stop bands. In actual practice, the noise floor of a spectrum

analysis system will often be comparable to the power transmitted by a filter at these

extreme frequency regions on either side of the pass band of a filter.

In summary, then, the "practical" filter response is computed with the following

equation and parameters indicated in Table 2 for each filter type and frequency range.

TL= 101o91 0 [+b(-) ] dB (6)

Table 2

Constants for Computing Transmission Loss of "Practical" Filters Which
Approximate the Minimum Transmission Loss of ANSI Filters

Limiting 1/10 f, < f< r 1  r'l S ff fil f11 <I< 10 fi
Frequencies Lower Stop band Pass Band Upper Stop Band

Filter Type fil/ii rii /f a b" a a b a b c

Class 11 1/3 0 10 1/30 101/30 8/13 2547 10-1/60 1 0 8/13 2547 101/60

Class II 1/1 OB 10-1/10 101/10 2/3 2.724 16 1/20 1 0 2/3 2.724 101/20

*The values of b differ slightly from those in Table I to achieve an attenuation of 0 dB for these practical
filters at the limiting frequencies l and Fl"

C-8
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The resulting transmission loss curves are also shown in Figures 1 and 2 compared

to the response curves for typical filters and the ANSI specifications for minimum loss.

The same information is also shown in Figures 3 and 4 on linear scales for the transmission

coefficient T(f)- log1  (TL/10) and frequency. On this type of plot, it is easy to

recognize the relative power transmitted for each type df filter according to the areas

under the corresponding response curve.

2.2.3 Integration of Filtered Spectrum

To determine the power transmitted by this "practical" filter for an arbitrary

input spectrum W(f), the entire frequency range will be broken up into narrow constant-

percentage frequency bands with a constant ratio between the upper and lower frequencies

for each segment. This frequency ratio r will be equal to

r = 101/b (7)

where b = an even integer.

Within plus or minus one filter bandwidth on each side of the nominal bond-

edge frequencies of a filter, the constant b is set equal to a value of 240 for one-third

octave band filters and 60 for octave band filters.*. Outside this critical range, wider

integration segments are satisfactory so that b is decreased to a minimum value of 20.

Thus, for an octave band filter, power transmission was computed over 1/60th decade

(-,, 1/18th octave) segments for frequencies between (1/(2 Ii)) fi and (2 .- ) • fi'

(i.e., * 1 octave on other side of the pass band) and in 1/20th decade (- 1/6th octave)

segments outside this frequency range. It was convenient to use integration segments

with band-edge frequencies defined in terms of powers of 10 instead of powers of 2 in

order to provide a better match to one-third octave band filter center frequencies.

An initial evaluation of integration of an arbitrary spectrum over an octave or one-
thi r4 octave bandwidth indicated that numerical integration with segments narrower
Own 1/240th of a decade (or 1/72nd of an octave) changed the resulting integrated
pwr by lo than 0.01 dB.

C-9
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As illustrated in Figure 5, it was assumed that, over each segment, the input

spectrum and filter transmision response could be described by simple power law

expressions, as given by Equations (2) and (3), corresponding to constant slopes of the

spectral density W(f) and the transmission function T(f) versus frequency when these are

plotted on logarithmic scales.

log W(f) T\W(

or

log T(f)

f i f'+1 log f

Figure 5. Illustration of Integration of Filtered Spectrum W'(f) over Frequencies
f to f. + Using Straight Line Segments For Input Spectrum Shape W(f)

and Filter Response T(f)

Fote.th
For the j segment, the power transmitted (B.) can be written down, by

inspection of Equation (4) as
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B.=Wf.Tf)f "./fml+ ,m i'" ~()

",~~~~ ~~ -- n i + i 111( +(' n +/i""" ]- . >
W- j TOJf Jj +j J)

where

WVf.) = Input spectral density at frequency f.
i J

T(f.) = Transmissibility of filter at frequency f.
J J

m = Slope of input spectral density from f. to fj

n = Slope of filter response from f. to f.

For a constant slope S of the input bond level spectrum in dB per bandwidth,

it can be shovn that the slope exponent (m) for the input spectral density is

m = (S/O log1 o r') - 1 (9)

where r' = ratio of center frequencies of adjacent bands (2 or 21/3 For
octave and one-third octave filters, respectively)

The slope exponent (n) for the transmissibility function T(f) can be given by

log IoT(f. + )/T f.)

TL( f1 + )- TL()f.
? n = log_(F.+/f.) (10)

where

TL(f. + 1) = the transmission loss of the practical filter as given by
\J / Equation (6) and Table 2 for f = f.3+1

*For the special case of m + n + 0""O, it can be shown that Equation (8) reduces

to 8.-..W(f T(f ) f.i In 0 f. /f+ J
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In the case of a more general input spectrum which does not have a constant

slope, then Equation (10) can be applied to obtain the sum of the two exponents (n + m)

by changing the numerator to include both the input spectrum W(f) and filter response

T(f) as follows

109 10 [W(f. + 1) T (f. + 1) /Wf ) T(fA)
Iglo (f + I / f) (

It will be convenient, in all cases, to present the resulting final integrated

power through the Filter in a normalized form by dividing the true power output by a

reference power output for an ideal filter with a constant input spectral density equal to

the value Wi at the geometric mean frequency (fi) of the band. Thus, summing over all

j segments, this relative power transmission (Br) will be

B= JJ
rW i f. • (2

I B

2"1/2 for octave band filters

and 8 (2 / 3 - 1)/21/6 for one-third octave band filters

The bandwidth of the ideal filter relative to its geometric mean
center frequency f.

B. is the power transmitted ;n the j segment as defined by Equation (8) usingJ
Equations (9), (10), or (11) to define the exponents n and m, and Equation (6) and Table 2

to define the filter response TL = 10 log10 ET(f)I. The input spectrum W(f) is specified

for the case of a constant spectrum slope by

w() = w,:-. m  (13)

For this case, combining Equations (8), (12), and (13), the relative power transmission is

the summation

C-14



Br T ( /1)m +l e[(f /.M+n + 1[ +n+]0 (14)

and the summation is carried out over all the j segments* necessary to encompass the entire

frequency range for f. from f./10 to 10 f..
J i I

This filter response analysis has been carried out for the approximations to ANSI

octave and one-third octave filters discussed earlier and for a range of input spectra with

a constant slope of the true bond level varying from -24 dB to +12 dB per octave. (The

corresponding slope of the spectrum level is just 3 dB per octave less.) The results are

presented in Table 3.

In order to provide a better picture of the power transmission through the

"practical" filters, the summation involved in Equation (14) has been carried out over

discrete frequency intervals corresponding to nominal bandwidths of the filter itself. Thus,

in Table 3a, reading down the second column, the power transmission is shown in each of

7 octave bands, numbered -3, -2, -1, 0, 1, 2, and 3 including the center pass bond (band 0),

(covering a range of *1 decade about the nominal center frequency of the filter) for an

input spectrum with a band level slope of -24 dB per octave. The bottom row of the table

gives the total sum from all seven of the band segments which corresponds to the total power

output that would be measured by this 'practical " filter. As discussed earlier, the numbers

in these tables are actually the power transmitted relative to the power transmitted by an

ideal filter with a white noise input having the same spectral density as the actual spectra

density at the band center frequency (fi)" The bandwidth of this ideal filter is, of course,

the nominal bandwidth of the acbual filter (i.e., fI/j2 for an octave filter).

A brief examination of the tables show that as one can expect, they exhibit odd

symmetry about the intersection of the 0 pass band row, and 0 db/octave column. The

relative power actual transmitted through the pass band is about 0.6 dB less than for the

Ideal filter due to the rounding of the response curve at the band edge of the practical

filter. However, for a white noise input (band slope equal +3 dB/octave), the total

See first paragraph in Section 2.2.3, page 7, for definition of number of segments
used for integration.
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Table 3

A. Power Transmission for ANSI Class 11 Octave Band Filter - dB

REFEREMCE 1 0 DD THRU ZEtL PA.-.3 BAnD FILTER (BAND 0) FOR UNITE t1OISE INPUT

:LOPE OF INPUT BAND LEVEL-DB.'OCT.
ANDO -24 -10 -12 -6 -3 0 3 6 12
-3 10.94 -7.20 -24.0"1 -44.74 -50.02 -5.19 -66.20 -?4.31 -90.19

-2 6.00 -6.07 -17.45 -23.24 -33.4" -30.60 -43.65 -40.65 -50.49

-1 4.95 -.20 -4.91 -9.13 -11.14 -- 13.00 -14.790 -'6.05 --20.49

0 3.25 1.69 .45 -.35 -.56 -.63 -.56 -.35 .45

I -2". 52 -24.04 -20.49 -16.05 -:4.90 -13.00 -11.14 -9.13 -4.9&

2 -77.77 -60.10 -50.49 -40.65 -43.65 -38.60 -33.47 -20.24 -17.45

3 -121.51 -105.91 -90.!9 -74.3: -66.Z0 -50.39 -50.02 -41.74 -24.81

,U 13.35 4.55 1*.65 .28 -.05 -.16 -.05 .20 1.65

r 140. OF FLTER BAVD. ON EITHER SIDE OF PAZ= BAND 0

B. Power Transmission for ANSI Class 111 1/3 Octave Band Filter - dB

REFERENCE .1S 0 DD TF4PU IDEAL PI-A. DAND rLTER (tAD o) FOR UifITE No:sI. INPUT

SLOPE or INPUT LNmD LEVEL--DD./DCT.
DAD. --24 --1 -12 -. -3 0 3 6 12
-10 -- 5.00 -35.04 -54.93 --74.705 --04.62 -94.49 -:04.33 -114.16 -- 33.76
-9 --16.9; -34.00 -52.7'."7 --70.59 -79.47 -00.33 -97.10 -106.01 -123.62

-o -10.65 --34.63 -50.52 -66.34 -74.2 -02.09 -09.94 --97.77 -13.Z

-7 -0.26 -34.23 --40.13 -61;.95 -60.03 -7. .70 -02.55 --09.30 -102. 9

-6 -21.64 -33.61 -45.50 -57.32 -63.20 --69.06 -74.91 -00.74 --9 2 .
-5 -22.64 -32.60 -42.40 -52.29 -57.16 -62.02 --66.06 -71.69 -01.29
-4 -22. 9) -30.92 -30.77 -46.55 -50.42 --'4.26 --50.09 -61 .91 -61.4)

-3 -22.14 -20.02 --33.02 -39.!55 -42.39 -45.21 -40.02 -50.81 --56.36

-2 --10.66 --22.41 --26.09 -29.70 --3:.49 --33.2G -35.02 -36.77 --40.-=
S -7.25 --0.69 -*0.00 -.1.44 -1. --12.70 -13.43 -14.00 -*5 .2

0 -.00 -.29 -.45 -.54 --.56 -.57 -.56 -.54 -.45

1 -17.07 -16.63 -15.36 -14.00 -13.43 -12.70 -12.1: -:1.44 --0.00

2 -47. 04 -43.65 -40.23 -36.77 --35.02 --33.26 -31.49 -29.70 -.2.0

3 -67.31 -61.05 -56.36 -50.01 -48.02 -45.21 -42.39 -39.55 -33.02

4 -04.5' -77.03 .944. .-. :. -53.09 --54.26 --.50.42 -46.55 -33.77

5 -100.34 -90.04 --01.2' -71.69 -66.06 -62.02 -57.16 -52.29 -42.40
6 -115.41 -403.91 --9Z.35 --00.74 -74.91 -69.06 -63.20 -5".32 -45.50

" -130.06 -1:6.55 -102.99 -09.30 -02.55 --75.7.0 -60.03 -61.95 -40.13
* -144.44 -120.94 --113.30 -97.77 -09.94 -C2.09 --04.21 -66.34 --50.52

9 -150.67 -14:.:7 -:23.62 -106.01 --9-.0 -00.33 -79.47 -70.59 -5p.7.7.
10 -17 .00 --53.31. -133.76 -:4.1G -104.33 -94.49 -04.62 -74.'75 -54.93

1.13 .42 .14 -.02 -.06 -. 07 -. 06 -. 02 .14

M H. OF F:LTER DAN]Dp ON EITHER SIDE Or P.. BAND 0

C-16

.. ..



power transmitted for either the octave or one-third octave practical filter is only about

0.05 to 0.06 dB below that of the ideal filter.

The prlncipal result obtained from the analysis is to clearly show the substantial

portions of the total power output from a "practical " filter for an input with a constant

spectrum slope that. is transmitted by the filter skirts, particularly the portions of the filter

response within *1 filter bond of the pass band.

Based, in part, upon these results, the spectrum iteration method defined in

Section 3 of this report, was developed to make it possible, during data analysis, to

account for filter response characteristics directly so that it would not be necessary to

apply, operationally, the filter error term AF which varies directly, in a complex way,

with the signal spectrum shape, and hence, indirectly, with propagation path and weather

conditions.

One other point should be clear from this appendix - the exact results obtained

are uniquely defined by the filter response characteristics assumed. As shown earlier, the

approximation used in this report is considered a close approximation. However, before

any routine application of the spectrum iteration technique could be applied in industry,

further examination of this filter response description might be desirable.
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APPENDIX C-I

MINIMUM AND MAXIMUM TRANSMISSION LOSS (TL)
FOR ANSI ONE-THIRD AND FULL OCTAVE BAND FILTERS

I. ANSI Third-Octave Band Filters - Class 111

9 f 10(1) For T 9 - c (Pass Band), the transmission loss (TI) is speciFied by:

TL s10Olog[ + 130(vL7 )]T dB

LT-

(2) For 1 t2- or621/6 f
-6or 2 5 (Stop Bands)

f f 1/ /
TL > 10log[I +2500 dB- ,dB0@- 2 or 2

(3) For- < - or F > 5, (Limiting Stop Bands)f. 5

TL > 75 dB

2. ANSI Octave Band Filters - Cla Il*

(1) For 3 It Sf - Pass Band Region

r5  75(r.f fi ) 6 d
0OsTL 9 10lo [j+T k T dB)

*Americ Notional Standard Specification for Octave, Half-Octave, and Third-
Octave Bond Filter Sets. ANSI S1.1 1-1966(R-1971).
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I f 1/2 1/2 f(2) For a 2 or 2 a 8 (Stop Bonds)

[2 8f 'if w 1/2or -1/2

TL > 1~9 ~(-) ro 1 T.1/ o0

f 1
(3) For < or >8, (Limiting Stop Bonds)

TL> 60dB
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