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GRASSLAND AND CRICKET FIELD
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Figure 5 Impedances deduced by root-finding from (complex) excess attenuation measurements using

short-range geometries over farm grassland (solid lines) and a carefully-maintained cricket field (broken

lines).

FOREST FLOOR
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Figure 6 Impedances of a mixed woodland floor deduced from (complex) excess attenuation measured at

short range (1 m) with source and microphone heights 0.1 m with (solid lines) and without (broken lines)

the litter layer.
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5. Models for effects of surface roughness

As well as being porous many outdoor surfaces are rough. Surface roughness

scatters the sound coherently and incoherently. The relative strengths of the coherent and

incoherent parts of the scattered energy depend on the mean size of the roughness. On

disked soil, the roughness is small compared to the wavelengths of sound for the

frequency range of interest (100 Hz - 2000 Hz). Such roughness may be described as

small-scale and gives rise to mainly coherent scattering. The impedance or admittance of

the boundary is modified by the presence of small-scale roughness. This can be

considered to have an influence on the (spherical-wave) reflection coefficient and hence

the ground effect [26]. However once the roughness size approaches the wavelengths of

interest, incoherent scattering dominates and ground effect is reduced.

Twersky has developed a boss model [27-31] to describe coherent reflection from

a hard surface containing semi-cylindrical roughnesses in which the contributions of the

scatterers are summed to obtained the total scattered field. Sparse and closely-packed

distributions of bosses have been considered and interaction between neighbor scatterers

has been included. His results lead to a real part of the effective admittance of the rough

hard surface which may be attributed to incoherent scattering. Consider a plane wave

incident on an array of semi-cylinders of radius a and mean center-to-center spacing b on

an otherwise plane hard boundary. Denote the angle of incidence with respect to the

normal by a and the azimuthal angle between the wave vector and the roughness axes by

(p. Twersky's results for the effective relative admittance j8 of a rough hard surface

containing non-periodically-spaced 2-D circular semi-cylinders are [32]

P = V-iS. (20)

with

[ ] (21)

[l-sin2asin2p 1+ ^j-cosV-sin2^ sin2a
L V. / ■

(22)
8

V = nmi/2 is the raised cross sectional area per unit length, n is the number of semi-

cylinders per unit length (= Mb), 5 = is a measure of the dipole coupling between the

semi-cylinders, 7=^-7, where

7,=2W(l+0.307W+0.137W:) forW<0.8,

/_ TZ~ I j 2(1—W ) \,/r \} W) I K~ i r\(\r\ f__ 11/ ^ f\Q
,=—-1 VTI, f\+Oy „„' \-z-+\.202\ torW2U.8i]

/ =i^L for W= ! (periodic),

b*
(l-w? is a packing factor introduced for random distributions, W -nb* =-r-, b' is the

minimum (center to center) separation between two cylinders and k is the wave number.

The real part T) of the admittance (which represents the incoherent scattering) is

zero only for periodic distributions of bosses. For grazing incidence normal to the
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cylinder axes, a = n/2 and azimuthal angle <p = 0 we obtain the effective admittance of a

rough hard boundary containing 2-D roughness as

(23).

According to Lucas and Twersky [31], for semi-elliptical cylinders with eccentricity K,

SO that V=nna1KI2,

(24)
2

Twersky's cylindrical boss theory may be generalized to scatterers of arbitrary shape by

comparison with equivalent results from Tolstoy's work. Equations (20) to (24) may be

contrasted with the equivalent results from Tolstoy's boss theory [33] for the effective

admittance of a surface containing 2-D roughnesses of arbitrary shape, after correcting

his expression for a missing coefficient o: According to Tolstoy,

/? = -/te(cos: <p - a cos2 a), (25)

where

i} fa] (26)
j, =l(i+AT)is a shape factor, £ is a hydrodynamic factor depending on steady flow

around a scatterer, v, =1+ L is a scatterer interaction factor, and V is the cross-
3b

sectional scatterer area above the plane per unit length. Values of K are known for

various shapes [26]. Twersky's and Tolstoy's expressions for the imaginary part of the

effective admittance are equivalent for circular semi-cylinders if 5 is replaced by

L+l=2h-. By comparing their results [32] it is possible to generalize (22) to give
2

j (27),

where V represents the scatterer volume per unit area (raised area per unit length in 2-D).

These results allow predictions of propagation over bosses of the various shapes for

which K is known. In addition to the known values for semi-cylinders, semi-ellipsoids

and triangular wedges, K for thin slats may be deduced by assuming that each slat affects

the fluid flow as if it were a lamina [34]. The expression for the virtual mass of a lamina

of width 2a is identical to the one for a cylinder of radius a i.e. K = /. Equations (20),

(21) and (27) have been shown to give tolerable agreement with laboratory data over

rough hard boundaries, although predictions of a boundary element code have been more

successful [32].

Tolstoy has considered sound propagation at the rough interface between two

fluids [33] and hence allows predictions of propagation over a rough impedance
boundary [26]. Consider the general case involving a planar distribution of small fluid

scatterers, N per unit area, embedded in a fluid half-space with density and sound speed

p3 and c3 beneath a fluid half-space characterized by p, and c,. The scatterers have



80

density p2 and c2, height h, centre-to-centre spacing / and occupy a total volume cv above

the plane.

where

If p,« p, and c, <c,, or p,=p, and c. =c, and for 2-D scatterers, the effective admittance

is given by

p2'=-ik cos2 (ti¥l2+(is (28),

where j5s represents the impedance of the imbedding plane,

£., = a*, -b'r, a'r = 2a\. —= \~-.

b'a =<Xvi)-mi/ml)

T7^= =° ^f^K (29)p, K 3NI L + PJ

and 8 (= ji/2 - <p) is the angle between the source-receiver axis and the normal to the

scatterer axis.

If the embedding material and scatterers are rigid and porous then they can be treated

acoustically as if they are fluids but with complex densities and sound speeds. These

complex quantities may be calculated from any of the models described in the previous

section.

If |p,|» p,, s, = 5, = v, = v, = l, equations (28) and (29) may be approximated by

ft* = -ik cos2(0)tv + &(l -iksav) (30),

where ks is the complex wave number within the lower half-space (i.e. the imbedding

material).

As remarked earlier, Tolstoy's results for hard rough surfaces ignore incoherent

scatter. It is a straightforward heuristic extension to write the effective surface

admittance of a porous surface containing sparse 2-D roughnesses as

P2m=Ti- ik cos2(0)tv + ps (l - iksav ) (31)

where 77 is given by (27), 8 = (2s2/v2), s2 and v2 are calculated from (29).

Figure 7 shows predictions of the change in the effective surface impedance of a porous

material consisting of identical triangular pores with increasing semi-cylindrical

roughness (including incoherent scatter). Figure 8 shows that the predicted normalised

surface impedance of a rough porous surface may be approximated by that predicted by

formula (2) with an effective flow resistivity given by 0.8 x the actual flow resistivity.

Also shown in Figure 8 are predictions of the formula

z,=z,-f*^-Yi-ll (32).

Results such as those shown in Fig. 8 may indicate why equation (2) has been successful

in modelling the impedance of outdoor ground surfaces. The predictions using Equation

(32) suggest that the effective normalised impedance of a rough surface is that of the

smooth surface but with a reduced real part.



81

to

s ■--

e.

<

S

O

2 -5

-10

• ft ^

.y

• -

j ■

*

!

■ : ! !

too

FREQUENCY Hz

Figure 7 Predicted influence on the effective normalised surface impedance of increasing the surface

roughness of a porous material containing identical triangular pores with flow resistivity 200 kPa s m"2,
porosity 0.4, tortuosity 2.5. The predicted normalised surface impedance of the smooth surface is

represented by the solid lines. The dashed lines represent the predicted result of adding 5/m 0.02 m radius

semi-cylinders of the same material. The dotted lines show the predicted result of adding 20/m 0.02 m

radius roughnesses.
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8

1

2 -,

-10
A - : i
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Figure 8 Solid lines represent the predicted normalised surface impedance of porous surface as in Fig. 3.5

with 20/m semi-cylindrical roughness. The dotted lines represent the result predicted by equation (3.2)

with Rit - 0.8 x the actual flow resistivity. The dashed lines are predictions of equation (3.57).
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For high flow resistivities and low frequencies, /Jsfcs = 7&» If the same approximations

that produce (30) apply, and if it is assumed that a = 0 (grazing-incidence) and 0=0,

then ri = 3<Tvkb{l-W2) and (31) may be written

2,3.

(33)

This might be a basis for the acoustic determination of roughness in some circumstances.

5. Measurements of roughness effects outdoors

Data reported by Aylor [35] in 1971 demonstrates a considerable change in excess

attenuation over approximately 50 m range after disking a soil and without any

significant change in meteorological conditions. More recent short range level difference

measurements by Rickman [23] show significant differences between dry, wet and

ploughed conditions in a silt soil. These data are shown in Figure 9

Figure 9 The spectrum of the difference between vertically-separated microphones at a range of 1 m from a

source situated approximately 0.3 m above a silt soil surface when dry (solid line), after rain and with

visible roughness (broken line) and subsequent to ploughing (dotted line). The source heights are 0.3285,

0.29 and 0.356 m respectively and the microphone heights are (0.288m, 0.0385m); (0.27m, 0.04m) and

(0.38m, 0.039m) respectively.

SUP-SOILED AJ»'D PLOUGHED AT .HI m

IW5QWCYIU

Figure 10 Level difference spectra obtained at a horizontal range of 30 m from a 1.65 m high source with
microphones at 1 m and 0.1 m height over sub-soiled (solid line) and ploughed (broken line) clay soil.
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Other level difference data obtained recently over sub-soiled and ploughed clay soils [38]

show considerable changes in acoustic propagation (see Figure 10).

The short range level difference data in Figure 9 are fitted to some extent by assuming

reduced flow resistivity (see Figure 11).
AITEK RAIN WITH SOME ROMIIXESS

! : i . i

i i i •

1 i

j ^^s
j i ■ .

j * ;

1

1

3

OO feu
— pndkttoa

Figure ll(a) Measured and predicted level

difference spectra over wet silt soil. Predictions use

the identical slit pore hard-backed layer model with

flow resistivity 55 kPa s m'2, tortuosity = 1/porosity,
porosity 0.44 and thickness 0.063 m.

Figure ll(b) Measured and predicted level

difference spectra over wet silt soil. Predictions use

the identical slit pore hard-backed layer model with

flow resistivity 20 kPa s m'\ tortuosity = 1/porosity,
porosity 0.44 and thickness 0.15 m.

On the other hand (see Figure 12)) a combination of reduced resistivity and roughness

(through equation (33)) has proved to be tolerably successful in predicting the longer

range data shown in Figure 10.

PLOUGHEDMmtoljMn. lgl»

Figure 12 Data from Figure 10 for ploughed and sub-soiled clay soils and predictions using slit pores; flow

resistivities 8 and 80 kPa s m'2, porosities 0.5 and 0.4; thicknesses 0.175 and 0.08 m; roughness volumes

0.06 and 0.07 m3. respectively
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6. Concluding remarks

Recent developments in modeling the acoustical properties of rigid porous materials and

of rough surfaces together with impedance data and short-range propagation data have

been reviewed. A root-finding algorithm offers a convenient method for deducing

surface impedance from short-range propagation data. Both data and predictions indicate

that surface treatments have a significant influence on propagation. Comparisons of

predictions and data indicate that there can be some confidence in the models. However

further work is needed to enable prediction of roughness effects.
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Measurement of ground impedance with the level difference method
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Introduction

The acoustical properties of the ground, or the ground impedance, can be found by making two or

more simple propagation measurements. It is also possible to use some form of correlated

measurements or short impulses, but such methods are generally more complex and expensive than

propagation measurements. Nordtest (Nordic cooperation for standardization of measurement

methods) has initiated a project which aims at developing a simple and useful method to measure the

ground impedance, and this paper describes some of the experiences and conclusions reach during

this project.

In the following text the harmonic time dependence is assumed to be e'icat.

The level difference method

To compare a propagation measurement with theoretical calculations, one has to know the sound

power that our source emits and the distances involved. However, by using two microphones one can

study the level difference between the two microphones, and thus avoid the need to know the sound

power of the source. This is the fundamental idea behind the level difference method. To extract

information of the ground surface from the measurements, one must compare them with some form of

theoretical calculation. When an acceptable match has been achieved, the ground impedance can be

extracted from the theoretical model.

The theoretical model must describe the sound propagation, but more importantly, it must describe

how the ground impedance changes with frequency. The impedance model

z= 1+9,O8(!52V)- +in9(}oooi)^
<y g

.first published in [1], is used for most of the calculations in this text for this purpose. The method in

[2] is used to calculate the level differences from the geometrical situation and the impedance,

including the effect of third octave band smoothing.

A typical level difference curve has a distinctive dip and a peak, see figure 1. These come from the .

interference between the direct and reflected rays, see the dotted and solid lines in figure 2, and they'

are changed in frequency location and shape by the ground impedance. Most of the information about

the ground impedance can be found around the dip and the peak, so it is useful to have them spread

out in frequency. When we use our impedance model to fit the theoretical curves to the measured

ones, what we do is in principle to extrapolate the information obtained around the dip and the peak to

lower and higher frequencies.
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200 250 315 400 500 630 800 10001250 160020002500

Frequency, Hz

Figure 1

Level difference in

third octaves,

hs=0.5m,hrl=0.2m,

hr2=0.5m,

d=1.75m

Solid - measured

values

Dotted - calculated

values with

o=400 000 (Ns/m4)

0 Microphone 2

0 Microphone 1

Figure 2

Measurement geometry

for the level difference

method

Method limitations

The level difference method has limitations and source of errors that can throw the unwary user off

the track. One obvious limitation is, of course, that the theory must be valid. Some surfaces might not

even be locally reacting and for other surfaces, the impedance model might not be valid. Typical

surfaces that cause problems are snow and other layered surfaces. For the surfaces measured in this

project the impedance model gave very good results, so for most ground types, and within a certain

frequency range, the model seems to be accurate enough.

Another limitation is that the method is not well suited for hard surfaces. If the surface is very hard,

the only change in the level difference in comparison to an infinitely hard surface is a small frequency

shift of the dip and peak. If we use a third octave band analyzer this effect is hard to detect, but even if

we use a narrow band analyzer, we have to know the geometry to an unrealistic precision in order to

get a correct result

Little or no information about the ground impedance can be extracted for very low frequencies with

the level difference method. Well below the first dip both the microphones measure the same

pressure, and thus no information can be found there. The impedance model (1) predicts high real



88

and imaginary parts of the impedance for low frequencies, so the ground is hard there, which further

complicates the situation. To get the first dip low in frequency, a large ray path difference between the

direct and the reflected wave is needed, so the source and the top microphone must be high up from

the ground. Then the reflection angle decreases (angle to the surface normal), making the ground

harder (the spherical reflection coefficient Q is dependent on the reflection angle). This can be

compensated with a larger distance between the source and the microphones, but that leads to a

greater sensitivity to refraction and turbulence. The atmospheric turbulence affects the higher

frequencies more, so in principle we have a frequency band where the measurements are possible. The

lower frequency limit depends on how soft the ground is and on the geometry, and the high frequency

limit depends on weather conditions. A more thorough investigation of the weather dependence of the

method can be found in [3].

Nordtest method background

During 1997 a Nordtest (Nordic cooperation for standardization of measurement methods) project for

determination of ground impedance was initiated. New outdoor sound propagation models for rail and

road traffic noise have been under development for some years in the Nordic countries. The old

models used only two ground types, hard and soft. The new models will use a more complex

description of the ground, but very little data was found on the impedance of typical Nordic ground

types. Therefore Nordtest wanted to developed a method that any reasonably equipped laboratory or

consultant could use to measure ground impedance. This would simplify the survey of Nordic

impedances.

After initial studies the frequency range of interest was set to the octaves 250 - 2000 Hz (Third

octaves 200 - 2500 Hz), and the geometry was set to: source height 0.5 m, receiver 1 height 0.5 m,

receiver 2 height 0.2 m and the horizontal distance 1.75 m.

Ground classes

The level difference method does not require any complex equipment other than a third octave band

analyzer, and a source of some kind. It does require that you can evaluate the spherical reflection

coefficient, which involves the complementary error function for complex arguments. A way around

that is to use pre-calculated curves that the user can use to fit his measurements to as proposed in [4].

Another way is to use pre-calculated tables of level differences for different impedances and define

some kind of error which the user can calculate and then use to pick the best fit impedance. Both these

methods require that the impedance, or flow resistivity if we use the impedance model (1), is divided

into classes. The class that fits the measurements the best is the result They also require that the same

geometry is used always, or that tables or curves can be obtained for all desired measurement

geometries.

The table method was chosen for the Nordtest method. The classes were chosen so that the error

between a class and its closest neighbor would be approximately constant, which lead to a logarithmic

spacing in flow resistivity, except for very hard surfaces were the steps had to be larger (table 1). Note

that these classes were not chosen to represent a useful set of classes for sound propagation purposes.

They were simply chosen to provide a uniform coverage of what was possible to measure within the

given geometry and frequency range. The level difference curves for the classes in table 1 can be

found in figure 3.
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Table 1 Ground classesfor the impedance model (1)

Class number, k

Flow res. kNs/m4

1

10

2

16

3

25

4

40

5

63

6

100

7

160

8

250

9

400

10

630

11

2000

12

20000

-15

Figure 3

Level difference in

third octaves. The

number adjacent to

each line is theflow

resistivity classfrom

table 1.

[imp model (])]

hs-0.5 m, hr1=0.2 m,

hr2=0.5m,

d=1.75m

200 250 315 400 500 630 800 10001250160020002500

Frequency, Hz

The error E is defined as the sum over the frequency range of the absolute values of the difference

between the measurement and the reference, see (2). k is the class number (table 1), and the best fit

class is the class where the error E has its minimum value e, see (3).

2300tfz

E(k)=
/=2<XWfc

=mn(E(k))

(2)

(3)

It is more common to use the squared differences, but this leads to a stronger dependence of

deviations in isolated frequencies than if we use just the absolute value. This effect can be seen in

figure 4. The minimum error e obtained is a quality measure of the measurement. If it is low the

impedance model describes the true ground behavior well and the measurement is free from

disturbing noise. It can be high due to noisy measurements, turbulence and refraction effects, ground

unevenness and deviations in the true ground behavior from the impedance model. It can also be

higher if the actual flow resistivity is just between two classes, but this effect is small if the classes

are tightly spaced. But too many classes lead to difficulties in determining what class a ground surface

really belong to since it can vary between different measurements in that case.



90

Level diff., dB

10 sum(abs(A-R)) = 6.9

sum(abs(B-R)) = 11.

sum^A-R^sig.S

sum((B-R)*2) = 14.8

200 250 315 400 500 630 800 10001250 160020002500

Frequency, Hz

Figure 4

Level difference in

third octaves. The

solid line (R)

represents the

reference, andA and

B are simulated

measurements.

Mean spectrum

During initial measurements it was discovered that one single measurement could give quite unstable

results. It was therefore decided to make at least four independent measurements. If the four

measurements are evaluated each in turn, one will have four classes, possibly different, as the result.

If we use the measurements to make a mean spectrum (mean value of the SPL's in each third octave

band), we will get only one result In table 2 a number of measurements are presented with the four

different measurements evaluated, and then the evaluation of the mean spectrum. Although the four

measurements can vary quite a lot it seems as though the mean spectrum gives quite stable results.

The measurements are described in the next chapter.
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Table 2 Evaluation ofmeasurements with the mean spectrum.

1-4 are the separate measurements, MV is the mean spectrum.

Measurement conditions and surfaces are described in the next chapter.

A

M.NR

1

2

3

4

MV

B

M.NR

1

2

3

4

MV

C

M.NR

1

2

3

4

MV

D

M.NR

1

2

3

4

MV

SP

CLASS

63

100

100

160

100

SP

CLASS

250

250

250

250

250

SP

CLASS

630

2000

2000

2000

630

SP

CLASS

2000

2000

2000

2000

2000

e

22.7

14.6

11.8

15.0

10.6

e

7.4

10.1

4.5

6.9

5.0

e

8.8

11.9

11.6

14.1

10.1

e

10.5

7.2

12.4

11.3

70.2

DELTA

CLASS

160

100

100

160

160

DELTA

CLASS

400

160

400

250

250

DELTA

CLASS

630

630

630

630

630

DELTA

CLASS

2000

2000

2000

2000

2000

e

13.5

22.0

8.8

9.0

72.7

e

6.5

9.9

10.5

11.6

7.4

e

5.1

5.5

7.8

6.6

5.2

e

10.3

9.6

12.3

10.6

70.0

VTT

CLASS

63

63

63

100

63

VTT

CLASS

400

400

250

400

250

VTT

CLASS

400

400

400

630

400

VTT

CLASS

630

630

2000

2000

2000

e

22.8

27.6

12.0

24.4

79.5

e

9.9

8.4

12.4

10.2

8.5

e

7.8

7.1

10.8

6.8

7.2

e

13.1

9.0

15.6

18.5

73.9

SINTEF

CLASS

63

100

100

100

100

SINTEF

CLASS

400

160

250

250

250

SINTEF

CLASS

250

400

630

2000

630

SINTEF

CLASS

2000

2000

2000

2000

2000

e

21.0

13.9

20.5

9.7

77.9

e

9.9

11.2

6.9

4.1

5.9

e

18.0

6.9

7.8

9.3

8.1

e

8.1

8.6

11.6

10.6

9.2

Nordtest verification measurements

During the 13-14 ofMay 1998 a series of measurements were made at Sjomarken outside Boras in

Sweden, in an effort to establish the reliability and versatility of the Nordtest method. The participants

were from four Nordic countries: SP from Sweden, VTT from Finland, DELTA from Denmark and

SINTEF from Norway. Four ground surfaces, A-D, were measured by all participants, all with their

own equipment and personnel. In addition, SP made a few extra measurements with help from

SINTEF. All groups used the B&K sound power source type 4205 except SP, which used a special

built source with a Wi" compression driver connected to a flexible tube.

The temperature was around 19°C both days, and the sky was mostly clear, with scattered clouds.

Wind speeds one meter above ground were 1-2 m/s.

Table 3 contains a description of the ground type at the different positions, and table 4 contains the

measured ground class according to the preliminary Nordtest method.
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Table 3

Ground

A

B

C

D

E

F

G

Ground descriptionfor the reference measurements

Description

Rough grassland

Exercise track, earth mixed with sawdust

Soccer field grass

Gravel parking lot

Sandy forest floor

Soft forest floor covered with pine needles

Soft forest floor with small blueberry bushes and moss

Table 4

Reference measurements at Sjomarken. The result is theflow resistivity in

kNs/m", see (?). Results within parenthesis indicate an error difference E-e
ofless than 4 dBfor those classes.

Site

A

A

A

A

B

B

B

B

C

C

C

C

D

D

D

D

E

F

G

Lab

SP

DELTA

VTT

SINTEF

SP

DELTA

VTT

SINTEF

SP

DELTA

VTT

SINTEF

SP

DELTA

VTT

SINTEF

SP

SP

SP

Min error

10.7

12.2

19.5

11.9

5.0

7.4

8.5

6.0

10.1

5.2

7.2

8.2

10.2

10.1

13.9

9.2

7.2

5.0

4.5

Max std dev

3.32

3.26

3.50

3.55

1.52

2.27

2.38

2.91

2.20

0.94

1.73

3.50

1.37

0.89

5.24

1.80

2.83

2.86

1.76

Result

100

160(100)

63 (100)

100

250

250

250(400)

250

630(2000)

630

400 (630)

630 (400)

2000(630)

2000

2000(630)

2000

2000(630)

160

40
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Figure 5

All ofthe measurementsfor each site A-D
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The multiple height method

The level difference method uses an impedance model. If the model does not describe the ground

behavior correctly, then the method will give erroneous results. The purpose of the model is to

extrapolate the information obtained around the dip and peak in the spectrum in frequency. But if one

could obtain a peak or dip for all frequencies, would it be possible to directly obtain the real and

imaginary part of the impedance?

Using more than two microphones will make it possible to get a dip in height instead of frequency,

see figure 6. For each frequency the dip will change height as the wavelength and impedance change.

If one assumes a locally reacting surface, and that the impedance is constant within a third octave

band, one can theoretically calculate the level behavior as a function of the height, and compare with

the measurements. This method was used, in principle, in [5]. The question is if a SPL measurement

with a number of microphones will give a unique solution for the real and imaginary part of the

impedance. Due to the complexity of the expressions involved, this is very hard to evaluate.
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Figure 6

Level difference,

hs=L5m,hr=0.1-

1 m, d=4 m. Third

octave band500 Hz,

Calculated with

a=200000.

impedance model (I)

0.4 0.6

Receiver height, m

Figure 7 displays a measurement of the ground impedance on a grass surface with both the level

difference method, and the multiple height method. The 12 different heights from table 5 were used.

The source height was 0.5 m, and the distance was 1.75 m. The error was defmed as the sum of the

absolute value of the difference in level difference, with the lowest microphone as the reference. The

calculations were made with constant step of 0.25 (no unit, normalized impedance) in both the real

and the imaginary part

Table 5 Receiver heightsfor the multiple height method (cm)

1I 151 20| 25| 301 351 40l 451 50l 551 601 65| 70|



95

—♦—Re(Z)LD

-»-lm(Z)LD

—A—Re(Z)M

-K-lm(Z)M

Figure 7

Normalized

impedance

measured on a

grass surface with

the level difference

method (ID), and

with the multiple

height method (M).

Frequency, Hz

Conclusions

■ The ground impedance can be measured, within a limited frequency band and for non-layered

surfaces, with a number of simple level difference measurements.

■ None of the measured surfaces showed any strong deviations from the basic impedance model

within the measured frequency range.

■ Hard surfaces are difficult to evaluate with the level difference method.
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Abstract

A method for measurement of multipath acoustic propagation is presented and applied to outdoor sound propagation. The method

employs spread-spectrum signals, in which a low-frequency sinusoidal carrier is bi-phase modulated by a pseudorandom maximal-

length sequence. The spreading of the signal spectrum is determined by the chip rate, or the rate at which the carrier is modulated;

faster chip rates result in broader spectra. Deconvolution of the received acoustic signals with respect to the transmitted signals

provides a filtered version of the channel impulse response, which in turn can be analyzed to obtain time delay and amplitude

estimates for each path in the propagation channel. This method has been tested in an outdoor sound propagation experiment in

the presence of atmospheric turbulence. Multiple spread-spectrum signals were transmitted from a loudspeaker and received by a

three-axis microphone array. Deconvolution processing of the received signals clearly resolved a direct wavefront and a ground-

reflected wavefront. The measured path lengths and arrival directions for these wavefronts were confirmed by a three-dimensional

ray-tracing model that incorporated sound-speed and wind-velocity profiles determined from meteorological measurements.

I. Theory

Spread-spectrum and other coded-pulse signals have proven useful for high-SNR measurements in several areas of

acoustics, including sonar [l]-[3] and ultrasonics [4]-[7] applications. Work performed in architectural acoustics

[8]-[10] has also shown that the impulse response of rooms, which includes complicated high-order multipath prop

agation, can be measured accurately using direct-sequence coded-pulse methods. The work reported here shows that

high-resolution acoustic detection and ranging can be performed using spread-spectrum methods in the presence of

atmospheric turbulence. In the method outlined below, deconvolution ofspread-spectrum source signals from received

signals results in a filtered form of the channel impulse response. This method is presented in greater detail in Ref. [11].

For linear acoustic propagation through complicated media, the general effects of propagation can often be ap

proximated as a convolution:

where x(t) is the transmitted signal, y(t) is the received signal, and h(t) is the impulse response of the acoustic

channel. The impulse response can, in theory, be determined by straightforward Fourier deconvolution.

When the input signal x has finite bandwidth, however, wideband deconvolution may not be possible to perform

stably. This problem can be overcome, at a loss oftemporal resolution, by applying a bandpass filter <£bp to the output

signal g before deconvolution:

*p^M] a,

where h is the estimated channel impulse response. For numerical stability, the filter fop can be specified such that

its frequency-domain support is similar to that of the input signal x(t).

Even for idealized propagation through a homogeneous acoustic path, the impulse response estimated from Eq. (2)

has finite temporal resolution if the system bandwidth is finite. In general, the methods presented here for impulse

response measurement result in temporal resolution limits that are inversely proportional to the window bandwidths

employed.
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Prevailing Wind

Direction

Microphone may
Building-mounted loudtpeake

| Preamplifiers |

Meteorology

building

D

Acoustics

building

Figure 1: Sketch ofmeasurement configuration (top view). A spread-spectrum acoustic signal is continuously emitted

from a loudspeakermounted on a building. After propagation, acoustic signals are received by a three-axis microphone

array and digitally recorded. The right panel shows a sketch of the microphone array.

II. Methods

The signals employed in this study are spread-spectrum signals obtained by bi-phase modulation ofa sinusoidal carrier

by a maximal length sequence at a specified chip rate. Maximal length sequences were generated synthetically using

shift-register algorithms summarized in Table 3.7 of Ref. [12], then used to modulate sinusoidal carrier waves at a
sampling frequency of 4000 Hz.

The measurement configuration employed is sketched in Fig. 1 and discussed in greater detail in Ref. [11]. During

the measurements, the temperature averaged 9.1° C and the wind speed at 10 m above ground averaged 7.9 m/s with

a bearing of 264°. Signals were played back from a single channel of a two-channel digital audio tape recorder

and broadcast from a loudspeaker mounted on a building 4.8 m above ground. A microphone was mounted directly

in front of the loudspeaker driver to record the acoustic near field of the source. Signals were received by a three-

axis microphone array mounted on a scaffold tower at a height of 6 m. Fourteen microphone sensors were spaced

logarithmically on the array. Sixteen signal channels, including the original digitally recorded source signal, the signal

from the near-field microphone, and the fourteen array microphone signals, were recorded synchronously to a sixteen-
channel digital audio tape recorder.

The digitally recorded signals were processed using custom software to obtain the filtered impulse response ofeach

channel. Spectra were computed using discrete Fourier transforms (obtained by FFT), taken over non-overlapping
rectangular windows for all available temporal data. The transform length for each discrete Fourier transform was the

number of samples corresponding to the temporal duration of a single MLS sequence for the signal employed. The

transfer function H(u) = y(w)/x(u) was computed separately for each rectangular window and all transfer functions

were averaged to obtain an estimate of the channel transfer function. The estimated channel transfer function was then

used in the deconvolution operation described by Eq. (2) to obtain the filtered impulse response of the medium. The

corresponding impulse response envelope was obtained by discrete Hilbert transformation. Impulse responses were

converted to range units using an assumed sound speed of 340 m/s. For the deconvolution, a Hanning-shaped filter,

with value unity at zero frequency and zero for |/j > 1200 Hz, was applied to the received signals. To determine
the direction of incidence for each arrival relative to each array axis, the peak positions corresponding to the first and
second arrival were located in the impulse response for each channel and a least-squares linear fit of path lengths vs.
array position was applied.

For comparison, propagation paths and corresponding arrival times were predicted using a three-dimensional ray-
tracing program. The program was based upon the ray-trajectory equations for a moving, inhomogeneous medium

[13, 14]. The trajectory of each ray was determined by integrating the ray-trajectory equations using a fourth-order
Runge-Kutta method with a fixed time step of0.5 x 10"4 s. The mean sound speed and wind velocity profiles employed
were estimated from meteorological data and Monin-Obukhov similarity theory [11,15].






































































































































































































































































































































































































































































































































































































