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This paper describes the theoretical design, and preliminary practicalimplementation
issues, of an anechoic chamber designed specifically for spherical wave propagation.
Conventional anechoic chamber design methods dictate that the acoustic impedance of
the chamber's boundaries should be purely resistive (complete absorption) over the whole
operational range of the chamber. For good loudspeaker measurements at low
frequencies, this means large chambers and long absorptive wedges. Theory suggests that
a relatively-small spherically-shapedchamber, with the source constrained to the center
of the sphere, could be designed, that operates down to any arbitrary frequency, if the
chamber walls aremass-reactive at lower frequencies where the wavelengths are much
larger than the chamber dimensions, and absorptive at higher frequencies where the
wavelengths are much shorter than the chambers dimensions.

A first-order mechanical model of the wall impedance is a massless plate, for the
sound waves to impinge upon, connected to a free-standing mass through a damper. At
low frequencies the whole assembly moves, thus presenting a mass reactance to the
wave; while at high frequencies, the mass would be essentially immobile, and thus
energy would be absorbed by the damper.The crossoverpoint between the two modes of
operation occurs at the frequency where the wavelength is equal to the circumference of
the sphere, or equivalently, the radius of the sphere is about one-sixth wavelength.
Derivations show that the total movable mass of the chamber's walls should be exactly
equal to three times the mass of the air contained in the sphere. This paper explores
these ideas.

0. INTRODUCTION

The main purpose of an anechoic chamber is to provide a free-field environment for
acoustical testing. Traditionally, anechoic chambers are rigid-walled rectangular-shaped
enclosures, with wedges of sound absorptive material, such as fiberglass, attached to the walls.
The design goal for the chamber is complete absorption of all sound waves that impinge on the
walls, no matter what the frequency and angle of incidence, thus achieving a reflection-free open-
space-like environment. Practically, the low-frequency limit of the chamber is set by the overall
dimensions of the chamber and the length of the absorptive wedges. Large chambers with long
wedges are required for extended low-frequency operation.



A typical fairly-large chamber, with clear dimensions of 11.4 x 7.8 x 6.7 m (37.4 x 25.6 x
22.0 ft.) using wedges about 1.5 m (5 ft.) long, has an effective low-frequency cutoff of about 70
Hz [1. Wang], a not so very-low frequency. Operation down to say 30 Hz, would require a
chamber more than twice as large in linear dimension (g times larger in volume!), with wedges
twice as long also. The 70 Hz limit assumes a source-to-sample distance which is fairly large, say
on the order of 3 to 4 m, for the example chamber. Of course, the effective low-frequency limit
may be extended down in frequency by decreasing the source-to-mic distance, or using nearfield
measurements [2]. This unfortunately, precludes assessing the possible effects of diffraction and
other source-size related effects.

A usual design requirement, for a general-purpose anechoic chamber, is the freedom to locate
the acoustic source and receiver at arbitrary positions in the chamber. As a result, conventional
anechoic chamber design practices dictate that the walls be as absorptive as possible at all operating
frequencies and angles of incidence. This means that the walls are designed to have an absorption
coefficient as close as possible to unity (1.00), and thus act as a purely-resistive (non-reactive)
acoustic absorber load. Often the low-frequency cutoff of a chamber is defined at that frequency
where the absorption coefficient of the absorptive wedges falls to 0.99, ie, that lower frequency
where 1% of the incident energy is returned to the room [1] [3]. Another definition uses that
frequency where the pressure reflection coefficient equals 0.1 or 10% [4]

Effectively, the broadband near-unity absorption coefficient of the wall treatment, implies that
plane waves are assumed to hit the boundaries. This assumption fits, because it is only for
progressive plane waves that the specific acoustic impedance of air, Z, is purely real (this
impedance is the ratio of the acoustic pressure in a medium to the associated particle velocity, and

is equal to po c for plane waves in air).
This is in contrast to the way that anechoic chambers are typically used, with acoustic sources

that generate spherical diverging waves. For plane standing waves, or for diverging waves, Z is in
general complex, ie, the acoustic pressure and particle velocity are not always in phase with each
other [5]. This is particularly tree for low frequencies, and points close to the source with respect
to wavelength. This means that the chambers walls, rather than being purely resistive over the
whole operating frequency range, need to have a reactive component at low frequencies. The usual
justification for the design of conventional anechoic chambers, is that the walls are always many
wavelengths away from the effectively spherical-wave sources, and thus experience essentially
plane waves impinging on their surfaces. As will be shown, this is not tree at low frequencies.

The acoustic performance of anechoic chambers is quite frequently evaluated by measuring
the deviations of mean-square sound pressure, from an assumed inverse square law, as a very-
small sound source and microphone are moved apart (the sound pressure should decrease by 6 dB
for each doubling of distance from a point source) [ 1] [6]. Maximum deviations of iO.5 dB from
inverse square law, for source to microphone distances ranging over 0.5 to 6 m, are considered
very good results.

This point source evaluation method, means that the most frequently used chamber evaluation
technique also uses a source that generates diverging spherical waves, rather than the previously
assumed plane waves. For diverging spherical waves, at distances from the source which are large
compared to the wavelength (the farfield), Z is essentially real. In contrast, at points close to the
source with respect to wavelength (the nearfield), Z is complex and mostly reactive, because the
particle velocity has a large component out of phase with the pressure.

At frequencies below I00 Hz, the walls of most reasonably sized anechoic chambers are on
the order of a wavelength or closer to the source, no matter where the source is placed. At 70 Hz in
the previously mentioned chamber, a centrally mounted source is only about 1.2, 0.g, and 0.7
wavelengths from each set of walls, respectively! This means that the chambers boundary
impedance needs to have a significant mass reactive component, at low frequencies, in addition to
the absorptive component. Unfortunately, because of the need to locate the acoustic source at
arbitrary positions in the chamber, points on the walls of a typical rectangular-shaped chamber can
also be at any arbiwary distance from the source, thus making a determination of the magnitude and
phase of the wall impedance nearly impossible to determine.
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This paper explores the idea of a spherical- or hemispherical-shaped anechoic chamber that
constrains the acoustic source to the center of the sphere (or hemisphere). This forces the walls of
the chamber to be at a fixed physical distance from the source, and thus simplifies the coordination
of the real and reactive parts of the wall impedance.

To eliminate wall reflections, the wall boundary mechanical impedance must match the the
specific acoustic impedance of the air immediately adjacent to the boundary, both in magnitude and
phase (or equivalently the real and imaginary components), at all frequencies. If this condition is
met, nearly perfect inverse square law pressure variation, with distance, will occur along a radial
line from the centrally-located source to the chambers walls, at any arbitrarily low frequency! To
met this boundary condition at all frequencies, it will be shown that the wall must be mass reactive
and move, without absorbing, at low-frequencies, and be a rigid absorbing boundary at high
frequencies.

This paper does not present a valid completely-worked-out solution to the implementation of
this proposed chamber. It just presents the main ideas and some of the possible implementation
problems, so that the proposal will illicit comments and discussion by others that may bring insight
and possible solutions to the problems.

1. THEORY

In this section I show:
1) the equations that relate particle velocity and acoustic pressure for out-going harmonic

spherical waves,
2) derive the expression for the specific acoustic impedance for this situation,
3) calculate the pressure reflection coefficient for outgoing spherical wave impinging on a

perfectly-absorptive spherical boundary,
4) indicate the mechanical model for a boundary that perfectly matches the specific acoustic

impedance of a out-going spherical wave (thus eliminating reflections), and
5) for the proposed spherical-shaped chamber, derive some implementation dependent

relationships such as the total boundary mass required, mass per unit area of the boundary, and the
required material thickness at the boundary given mass material of different densities.

1.1. Harmonic Spherical Waves

An out-going diverging harmonic spherical wave, generated by a point source or pulsating
sphere, can be represented in complex form by (arrows over the variables emphasize their complex
nature):

-- A e J(r°t-kr)
r (1)

where

·fi = complex pressure

'= a complex constant
r = radial distance from center of coordinate system

(0 = frequency in radians per sec (= 2ri:f)

f = frequency in Hz
t = time
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k
wave number ( = CO/ c = _-_ f)

c = sound propagation velocity (=343 m/s = 1125 ft/s)

_, = wavelength

J = complex constant (= 'x/--_).

The complex radial particle velocity, t_, is then given by [5 p. 158]

JCOPo_ r = + jk icoPo (2)

where

P0 = density of air (= 415 rayls).

Eq. (2) can be rewritten as

k _

= 1 k-
o)P0

coP0

po c _, kr J (3)

Eq. (3) shows the well-known fact that in the far-field, for large distances and high
frequencies (kr >> 1), the particle velocity is in phase with the pressure. Conversely, in the
nearfield at small distances and low frequencies (]o' << 1), the particle velocity lags the pressure
by 90 ° [5, p.158] [7, p. 346] [8, pp. 309-312].

1.2. Specific Acoustic Impedance

The specific acoustic impedance can be formed easily from Eq. (3) [9, Eq. 2.64, p. 36]

_ =__ poc
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The transition between nearfleld and farfield operation occurs at kr = 1, where the real and

imaginary parts of Eq. (4) are equal, with a magnitude of QoC/_/2 and phase of +45°. This
relation can be rewritten in various forms as follows:

r = -- = 0.159_ = --
2_ 6 and (5)

c

2_rr
54.6

J_in rfi_ter_

179

r._feet (6)

Eq. (5) shows that the transition region occurs at the point whose distance is about one-sixth
wavelength from the source. Eqs. (6) indicate, for example, that for a point that is about 2 m from
a point source, the transition occurs at about 27 Hz.

Note in passing, that the form of Eq. (4) is exactly the same as the steady-state sinusoidal
electrical input impedance of a resistor in parallel with an inductor (parallel LR circuit), or the
reciprocal of the input impedance of resistor in series with a capacitor (a series RC circuit, the dual
of the parallel LR circui0.

1.3. Pressure Reflection Coefficient

To evaluate the effectiveness of a chambers boundary, the complex pressure reflection
coefficient can be evaluated. This coefficient is given as follows, where it is borrowed from
transmission line theory [10, pp. 19 and 26] [11, where it was applied to the mismatch that occurs
at the mouth of a horn]. Note that a reflection coefficient of zero is the desired goal. Any non-zero
value indicates pressure reflections.

_,p ZL-Zo
=2L+20. (7)

where

_'p = complex pressure reflection coefficient

ZL = complex acoustic load impedance

S 0 = complex acoustic impedance of transmission media.

If a spherical-shaped anechoic chamber, of radius R, with a centrally located acoustic source
is assumed (Fig. 1), all boundary points on the chambers walls are equal (or approximately equal)
distances from the source. The reflection coefficient can be evaluated for this situation, and
indicates how well the boundary minimizes reflections.

-5-



The reflection coefficient can be evaluated for a perfectly absorptive boundary, by using a

load impedance equal to po c at all frequencies (_rL = po c, purely mall), and the impedance of the
transmission media equal to the specific acoustic impedance of outgoing spherical waves, given by
Ecl. 4, with the radius equal to the radius of the chamber, R. This situation mirrors the target
conditions for a conventional anechoic chamber where the goal is to completely absorb incident
plane waves, but evaluates the reflections for incident spherical waves. The reflection coefficient
for this situation is derived as follows:

poc- PoC

2L + 20 poc

P°C'_(1 j )
1

1

1
l+--

J
-j

1

l+j2kR (8)

The absolute value of this expression may be taken

Rp= 1
41+ 2 (9)
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For small kg (kg << 1), this function is essentially equal to one =Rp= 1), which

means that all the pressure waves are reflected back to the source, just as if the wall were rigid and

non absorbing! For large kR (kR >> 1), this function approaches zero and decreases inversely

with kR (I/_'pI _-._-lkR), and means that out-going energy is mostly absorbed, rather than being
reflected.

Figs. 2 and 3 show plots of the absolute value of the reflection coefficient for the case of a
spherical chamber whose boundary is perfectly absorptive at all frequencies, Eq. (9), plotted on
linear and log scales respectively. Note that to absorb 90% of the energy or reflect back 10 %

(l_'p = 0.1), a kr of about 5 is required. This means that the walls must he beyond about 0.8I

wavelengths from the source at the lowest frequency. A more stringent condition would be to

absorb 99% of the energy and reflect only 1% (IKp[= 0.01). A very large kr of 50 is required
i l

for this situation. This would require the walls to be about 10 times farther from the source (about

8 wavelengths), for the same low-frequency limit! Clearly a pure po c boundary for the spherical
anechoic chamber is undesirable!

1.4. Boundary Mechanical Model to Match Air Impedance

The reflection coefficient may be minimized at all frequencies, by matching the boundary
mechanical impedance to the specific acoustic impedance of the outgoing spherical waves at the
chambers walls. This requires that the both the real and imaginary parts of the specific acoustic
impedance, considered separately, be matched at all frequencies. The specific acoustic impedance
at the chambers walls is given by Eq. (4), with the radius equal to the radius of the spherical
chamber, R. It is noted in passing that the required boundary impedance is identical to the radiation
impedance of a spherical source whose radius is equal to the radius of the chamber. For the
mechanical impedance of the wall to equal this value, the equivalent mechanical model for the load
must be determined.

1.4.1. Configurationof Mechanical Model
As Beranek shows, the equivalent analogous electrical circuit to the specific acoustic

impedance of Eq. (4) is an inductor in parallel with a resistor, shown in Fig. 4. [9, pp. 47-55, and
pp. 144-125]. This circuit follows his "Impedance" analogy, where the voltage and pressure, and
the current and particle velocity are analogous quantities.

As Beranek also shows, the analogous mechanical model is a damper (which provides
mechanical resistance) hooked to a free standing mass. This is shown in Fig. 5. This model
follows Beranek's Impedance analogy, where the voltage and force, and the current and velocity
are analogous quantifies.

In this situation, the force is applied to the damper, which in turn moves the mass. This
model intuitively fits the impedance function of Eq. (4), because at high-frequencies the force
required to move the mass far exceeds the force required to expand and compress the damper, thus
the mass stays essentially stationary, and all the power is absorbed by the damper, forming a real
load. At low frequencies, the force required to expand and compress the damper greatly exceeds
the force required to move the mass, thus the damper and mass move together and form a reactive
mass load.

-7-



One more item needs to be added to the model; a means for converting the acoustic pressure
of the sound wave into a force that in turn moves the mechanical assembly. This is a massless
plate, of area A, attached to the damper for the acoustic waves to impinge upon. This revised
model is shown in Fig. 6. Please realize that this is only a mechanical model for the wall
termination. The actual details of a specific implementation may be quite different.

1.4.2. Calculation of Mass
The only remaining item to calculate, is the required value of mass to properly match the airs

reactive component. This may be calculated by using Newtons law of motion that relates the force
applied to a mass and its resultant acceleration, but for periodic sinusoidal motion:

du
Fr = m.r a = mr -_ = j(gmr u (lO)

where

mT : total mechanical mass of spherical boundary
a : acceleration of boundary
u = velocity of boundary

ET = total force applied to boundary.

This equation can in turn be solved for mass yielding

mT= Fr = jFr.
j(gu (gu (11)

For acoustical systems the force is equal to the the pressure times the area

Er = PSt (12)
where

p = pressure

ST = area of boundary.

Substituting Eq. (12) into Eq. (1I) yields

mT
u (g (13)

For low frequencies and points close to the source with respect to wavelength, the specific
acoustic impedance Eq. (4), evaluated at the boundary radius R, simplifies to

= _ =
poc poc

U [ l _ ___) = j = jpockR= fi°poRkR (14)
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When this expression for p/u is substituted into Eq. (13), and knowing that the area of the

sphere is Sr = 4/_R 2, the following results

m'r = 4a;R3p0. (15)

This can be slighfiy rewritten in the form of

mr= 3( 4_:R3P° I. (16)

The quantity in brackets is recognized as being the mass of air contained within the spherical
chamber. Therefore the the required boundary mechanical mass is exactly three times the mass of
the air contained in the chamber! This last relationship is also pointed out by Skudrzyk in a
derivation based on the kinetic energy of the mass [7, pp. 350 and 353].

The mass per unit area (mass area density), of the spherical boundary, may he calculated by

dividing Eq. (15) by the area of the sphere (ST = 4 ;I;R2) yielding

ms mT-
= S--5'- Rpo

I (17)

This relationship shows that the mass area density rises in direct proportion to the radius of
the spherical boundary.

Given a specific material to form the boundary mass, the required thickness of the material

may be derived dividing the mass per unit area of the boundary, by the density, Pta, of the
material used to form the mass:

T= m-is= Po R

Pta Pta (18)

This shows that the required thickness varies as the ratio of the density of air to the density of
the material, and increases in direct proportion to the boundary radius.

1.5. Implementation Issues

Considering only factors in implementing the moving mass, Table 1 shows various
parameters calculated for a range of chamber sizes spanning a radius range of 1 to 25 m in third
octave steps. These parameters include: sphere radius, sphere surface area, sphere volume, air
mass inside sphere, boundary moving mass, boundary moving mass per unit area, and the
required thickness for four representative materials used to form the mass, including glass wool
(50 kg/m3, approximate density of glass wool used to form wedges in a chamber), water (1,000
kg/m3), aluminum (2,700 kg/m3), and lead (11,300 kg/m3).
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