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SI NGLE DI APHRAGM SECOND ORDER DI FFERENTI AL M CROPHONE ASSEMBLY BACKGROUND
OF THE 4 NVENTI ON Second order:-differential (SOD) m cr_opl‘&‘\"‘]‘e"e{'> have | ong been
5 -fecogni zed for their superior noise cancelling perfornance relative to
first order differential (FOD) or zero orﬂer differential (pressure)
m.crophones. Early workers concei ved nmaki hg a SOD mi crophone by conbi ning

t he outputs of two FOD m crophones, or by conbinifng the outputs of three or
four pressure m crophoneSINGKE DIAPHBRAGMSEEQND ©ORDER use of microphones
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did not exhibit the required natch in anplitude and phase responses.

Consequent | yBA@Kﬁl@éYﬁ\eDi‘)lV“i' mviqﬁ-mlqrophone wi th the then-existing
t echnol ogy, | e FOD: m crophone with four
distinct parts 15 ar$esogdordes differmutial (SOD) sjgrophouesihiaye dpngrbeene ni crophone
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for exanpl e, novi n |ezo ectrlc transducer nounted
within an enéﬁé@av@ﬁﬁ@ﬂ)@r mderm erentxal (pressure) microphones. Early workers

conceived making a SOD microphone by combining the outputs of two FOD

microphones, or by combining the outputs of three or four pressure microphones.

Such an approach requires the use of microphones whose amplitude and phase
10 responses are very well matched.

Before electret microphones became avmlable, typical off-the-shelf
microphones did not exhibit the required match in amplitude and phase responses.
Consequently, to produce a working SOD microphone with the then-existing
technology, it was necessary to use a single FOD microphone with four distinct parts

15 arranged to communicate equivalently with the microphone diaphragm. Single
diaphragm SOD microphones were designed and built using, for example, either a
moving coil or piezoelectric transducer mounted within an enclosure having sound
ports to spatially sample the sound field. (See, for example, A. J. Brouns, "Second-
Order Gradient Noise-Cancelling Microphone,” IEEE International Conference on

20 Acoustics, Speech, and Signal Processing CH1610-5/81 (May 1981) 786 - 789, and
W. A. Beaverson and A. M. Wiggins, "A Second-Order Gradient Noise Canceling
Microphone Using a Single Diaphragm,” J. Acoust. Soc. Am. 22 (1950) 592 - 601.)

In some implementations, for example, the ports were placed
symmetrically, at the four corners of a square, around the FOD microphone to ensure

25 that the acoustic response of the diaphragm to each of the ports was identical. These

. single diaphragm SOD microphones produced an output signal proportional to the
_ " g .
- dxdy

A later implementation, described in G. M. Sessler, and J. E. West,
"Second order gradient uni-directional microphones utilizing an electret transducer,"

30 J. Acoust. Soc. Amer. 58 (1975) 273-278, incorporated an electret microphone
element in a single diaphfagm SOD microphone. Specifically, an experimental
unidirectional SOD microphone was fabricated using an electret microphone into
which tubes were inserted to sample the sound field at discrete points along an axis.
(By "unidirectional” is meant that the microphone far-field sensitivity pattern is

biaxial second order derivative

of the sound pressure field.




ports to spatially sanple the sound field. (See, for exanple, A J. Brouns,
"Second- Order Gradient Noise-Cancelling Mcrophone," |EEE International
Corf erence on 20 Acoustics, Speech, and Signal Processing CH1610-5/81 (May
1981) 786 - 789, and W A. Beaverson and A M Wggins, "A Second-O der
Gradi ent Noi se Canceling M crophone Usi nd"a Singl e-Di aphragm " J. Acoust.
Soc. Am 22 (1950) 592 - 601.) In sone inplenentations, for exanple, the
port.s were plistimetlypeaked ini cprefeyredatirection.) dThe woe leegslsaﬂddlmi@ﬂsahl ound

e o m ¢8R HRRPal 8PS ool nd ERE AR erd SRRSH RFpBiid e

di aphragm t 0 Bac S was | dentl ca ese sin I aphragm SCD
m cr ophones %SMBMQUM fartfield tasponse: oporti onal to the biaxial second

order_derivative [ef oﬁier%'ﬁché&?kﬂg%ﬁfb%%@oﬂd—&ldgrb&xa\fﬁﬁeﬁWaﬁﬂé@mﬁ?atlOn

described in G M _Sess Second ord rad |eB Th
uni di r ect PortaIPregisely Gsibe H@lmhq»lﬂ Trgonaces elcthe eavite ¢ Srnsingiyoes; ihe

Acoust. Soc. efﬂ«,tf?{nvoﬁ&dﬁ&%ﬁ§}uxax opetiition B6tPchY feéra dhepractlicatity of masscr ophone
el enent in a sin 3 m crophone. Specifically, an experinental
uni di rect i on@fed Fh  abricated using an el ectret mcrophone
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along an axis. (By "unidirectional" is neant that the mcropone far-field

sensitivity gaditpursigmal proportional to the uniaxial second order derivative el instead of

10 the biaxial derivative of the sound pressure field, it can take better advantage of the
spherical wave nature of a speaker’s voice field to maximize sensitivity to the
speaker’s voice. This property is discussed, for example, in a co-pending United
States patent application filed by C. Bartlett and M. Zuniga on April 21, 1994 under
the title, "Noise-Canceling Differential Microphone Assembly."

15 Practitioners in the field of microphone design have hitherto failed to

provide a single diaphragm SOD microphone that is easy to mass produce, and that
? . d? .
has an output proportional to a uniaxial second order derivative Ex_i- of the acoustic

pressure field.

SUMMARY OF THE INVENTION _

20 : We have invented a single diaphragm SOD microphone that is readily
mass produced. It includes an enclosure into which a commercially available FOD
microphone element, such as an electret microphone element, is readily inserted,
without the need for penetrating the casing of the microphone element as provided
by the commercial supplier. The output of our microphone (within a practical

25 frequency range) is propbrtional to a uniaxial, second order derivative of the acoustic
pressure field. ' '

In a broad sense, our invention involves a first-order differential
microphone mounted within a housing. Within the housing, a front cavity is defined
adjacent the front side of the microphone diaphragm, and similarly, a rear cavity

30 adjacent the rear side of the diaphragm. A pair of conduits, referred to as front
conduits, conduct acoustic energy from respective first and second front ports to the
front cavity, and similarly, a pair of rear conduits conduct acoustic energy from



-2- distinctly peaked in a preferred direction.). The tube Iengths and
their positions in the front and rear cavities of the electret m crophone
were chosen to produce the desired unidirectional far-field response. In
order to achieve the desired second-order behavior, it was necessary 5 to
preci sely tune the Hel mholtz resonances 6f the caV|t|es and the sensing
tubes. The effort involved in this tuning operation detracted fromthe
practi cal i t yesectvesErspandisesond reanportsartheirearshisnie. Ve have found that when
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Zuni ga on Apquivaltht cri8$4eatiotiel areas, the front and rear cavities have equivalent volumes,
and the four conduits have equivalent lengths and cross-sectional areas, and meet
their respective cavities in an acoustically equivalent manner.
The cavity, conduit, and port dimensions are such that the acoustical
10 system consisting of the microphone, cavities, conduits, and ports has no more than
one acoustic resonant frequency less than 3500 Hz, and no Helmholtz resonant
frequency less than 3500 Hz. Moreover, the four ports are substantially collinear
along an axis, which is here denoted the "minor axis". According to the arrangement
of the ports, the rear ports are intermediate the front ports, or the front ports are
15 intermediate the rear ports. Each front port is separated an equal distance from the
adjacent rear port. As a consequence, the microphone response is approximately
proportional to the second spatial derivative, along the minor axis, of a sampled
acoustic pressure field. This will be true for sound fields within a practical frequency
range, in typical applications the telephone band of about 300 Hz - 3.5 kHz.

20 BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic, perspective view of the inventive microphone in
one embodiment.
FIG. 2 illustrates an exemplary division of the base member of the
microphone of FIG. 1 into conveniently manufactured and assembled parts.
25 FIG. 3 is an illustrative pattern for the sound ducts of the microphone of
FIGS. 1 and 2. o
FIG. 4 illustrates the use of an electronic filter in conjunction with the
inventive microphone.
FIGS. 5 and 6 are illustrative response curves for the electronic filter of

30 FIG.4.
FIG. 7 compares the ambient noise responses of the inventive
microphone and a standard, omnidirectional microphone.
FIG. 8 is a schematic, perspective view of the inventive microphone in
an alternate embodiment. -



the title, "Noise-Canceling Differential Mcrophone Assenbly." 15
Practitioners in the field of m crophone design have hitherto failed to
provi de a single diaphragm SOD mi crophone that is easy to nmass produce, and
that has an out put proportional to a un|1a4><| al second order derivative d of
the acoustic pressure field. SUMWARY OF THE | NVENTI ON 20 W have
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the inventive microphone, relative to an effective point source of a near-field

acoustic signal.

10 DETAILED DESCRIPTION OF THE INVENTION

According to a currently preferred embodiment of the invention, sound
ducts 8, 87,9, and 9’ are formed in a slab-like base member 5 of an acoustically rigid
material such as polymethyl methacrylate (PMMA), phenolic, or hard rubber. These
ducts lead to a central cavity 6. Distal cavity 6, each sound duct terminates in a

15 respective one of ports 1 - 4 for admitting sampled acoustic energy. The centers of
ports 1 - 4 lie substantially along a linear axis herein denoted the "minor axis." FOD
microphone 11 is inserted in cavity 6 in such a way as to form a seal between front
cavity subportion 6.1 adjacent the front of the microphone, and rear cavity
subportion 6.2 adjacent the rear of the microphone, such that the respective

20 subportions are acoustically isolated from each other. The cavity subportions are
referred to hereinafter as respective front and rear chambers.

It should be noted that the terms "front" and "rear" as used herein are
arbitrary, and have been adopted as a matter of convenience. It will be understood
that these terms are interchangeable, as are the terms "top” and "bottom", and

25 "upper" and "lower" when referring to spatial properties of base member 5.

A mounting element 7, such as a rubber ring, is useful for effecting this
seal. We currently prefer to use an electret microphone. Appropriate such
microphones are commercially available from numerous suppliers.

The ports communicating with the rear of the microphone should lie

30 intermediate those communicating with the front of the microphone (as shown in the
figure), or vice versa. The distance between ports 1 and 2 should equal the distance
between ports 3 and 4 within practical tolerances for the microphone to function as a
SOD microphone.




conduits, conduct acoustic energy fromrespective first and second front
ports to the front cavity, and simlarly, a pair of rear conduits conduct
acoustic energy from -3 - respective first and second rear ports to the
rear cavity. Al four conduits have equival ent acoustic transfer functions
fromthe respective ports to the diaphragm (By "equivalent" is neant that
they may be treated as equal for the purpose of making practical
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interest for telephonic applications is generally 3.5 kHz, corresponding to a
wavelength under typical operating conditions of about 10 cm.
The midpoint between ports 1 and 2 is separated from the midpoint
10 between ports 3 and 4 by a distance referred to herein as the "minor diameter."
While accommodating a given minor diameter, it is desirable to make the
dimensions of the ports, ducts, and front and rear chambers small enough to exclude
troublesome resonances. For example, if the microphone is intended to operate in
the telephone band, these dimensions are readily chosen such that no Helmholtz
15 resonance _oécurs at a frequency less than 3500 Hz, and no more than one acoustic
resonance (of any kind) occurs at a frequency less than 3500 Hz. In fact, it will often
be possible to exclude all acoustic resonances within the telephone band.
As a consequence of this arrangement, the pressures P; and P4 of a
sound field at openings 1 and 4 are guided through ducts 8, 8’ to the front face of
20 microphone 11 in a manner identical to the way that pressures P, and P; of the
sound field at openings 2 and 3 are guided through ducts 9, 9’ to the rear microphone
face. The acoustic transfer function from each port to the microphone diaphragm is,
at least in a practical sense, the same. As a result, microphone 11 produces a signal
output, at electrical leads 10, that is proportional to the net pressure difference across
25 the front and rear microphone faces. That is,

Signal output = K(@)[(P1+P4)—(P2+P3)],

where K () is a frequency dependent proportionality constant whose primary
frequency dependence is due to the identical longitudinal resonances in ducts 8 and
9, the first of which occurs at a frequency for which the duct length is equal to a half
30 wavelength.
The signal output expression may be recast as

K(@)[(P1~P2)-(P3—P4)] ,



frequency | ess than 3500 Hz. Moreover, the four ports are substantially
collinéar along an axis, which is here denoted the "m nor axis". According
to'the arrangenment of the ports, the rear ports are internediate the front
ports, or the front ports are 15 |nterngd|ate the rear ports. Each front
port is separated an equal .distance fromthe adjacent rear port. As a
consequence, the m crophone response is approximately proportional to the
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0.125-in sheets of PMMA. Ducts 8, 8’ 9, and 9’, and the upper half of FOD

microphone cavity 6, are cut all the way through upper sheet 5.1, exemplarily by

10 stamping or milling. (Other manufacturing processes are also possible, such as
molding processes in which the ducts and cavity are made by excluding material.)
By a similar process, the lower half of cavity 6 is formed in lower sheet 5.2.

The combined thickness of the upper and lower sheets when assembled
is 0.25 in, which is approximately equal to the diameter of our exemplary FOD

15 microphone. A 0.010-in brass top cover plate 12 serves to acoustically seal the top
of the ducts. Round, 0.125-in-diameter sound ports 1 - 4 are drilled through plate 12,
and positioned to align with the terminations of the corresponding ducts when the
housing is assembled.

A 0.010-in brass bottom cover plate 13 serves to acoustically seal the

20 bottom of microphone cavity 6. The electrical leads 10 of FOD microphone 11 are
directed through small channels 14 between upper and lower sheets 5.1, 5.2. These
channels are desirably filled with an air-tight sealant surrounding the electrical leads
to prevent acoustic leakage.

By way of illustration, the lateral dimensions of the microphone cavity

25 of our prototype (as defined in the lower sheet) were 10.73 mm x 6.05 mm. The
corresponding dimensions of the ducts and cavity as defined in the upper sheet are
conveniently described with reference to FIG. 3. All duct widths were 3.0 mm. The
other dimensions were: a, 16.0 mm; b, 26.0 mm; ¢, 13.0 mm; d, 8.0 mm; e, 12.0
mm,; and f, 6.0 mm.

30 . For convenience, our prototype was made from two plastic sheets and
two brass sheets. It should be noted that there are numerous other ways to subdivide
the overall assembly. For example, the ducts and microphone cavity may be formed
by removing material only partway through the upper and lower sheets (which are
made somewhat thicker than in the aboye-'dcscribed prototype), so that the upper

35 sheet is one continuous piece with the top cover plate, and the lower sheet is one
continuous piece with the bottom cover plate. This would conveniently be done, for




FIGS. 5 and 6 are illustrative response curves for the electronic filter of
30 FIG 4. FIG 7 conpares the anbi ent noise responses of the inventive

m crophone and a standard, ommidirectional mcrophone. FIG 8 is a
schematic, perspective view of the inventive mcrophone in an alternate
enbodi nment . - 4- FIG 9 illustrates an exenplary, easily manufactured
design for the mcrophone of FIG 8. FIG 10 illustrates the use of the
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orientation for In another alternate emb ent, some of the ducts may be formed in
the lower sheet, and others formed in the upper sheet.
5 In the embodiment of FIG. 8, the ports are situated on a side face 20 of

base member 5, rather than on the top (or bottom) surface. This arrangement is
desirable because it allows the two dimensions of the base member that are
perpendicular to the minor axis to be made relatively small, leading to a compact
design.

10 A currently preferred design of this kind is shown in cross sectional
view in FIG. 9. In this design, PMMA sheets 16.1 and 16.2 are interleaved with thin,
acoustically rigid plates 17.1, 17.2, 17.3, which are exemplarily made of brass.
Chambers 6.1 and 6.2 are defined in upper sheet 16.1. Each of rectangular ducts 8,
8’,9, and 9’ has a portion defined in sheet 16.1 that meets its respective chamber,

15 and a portion defined in lower sheet 16.2 that meets face 20 to form a respective one
of ports 1 - 4 that is rectangular in shape. Each duct includes a respective ascending
portion 21 that joins the respective lower-sheet and upper-sheet portions of the duct.
Each ascending portion 21 is defined, at least in part, by a rectangular perforation in
plate 17.2.

20 Exemplarily, the PMMA sheets are 1 mm thick, and the overall
assembly is 44 mm long, 7 mm wide, and 2.844 mm thick. Microp_hone element 11
will typically be larger in diameter than the assembled thickness of the PMMA
sheets and brass plates. Accordingly, the microphone element will typically protrude
above the top surface of sheet 16.1. In such a case, cover member 19 is used to seal

25 over the microphone element. Cover member 19 is exemplarily a brass plate, and
may conveniently be made continuous with plate 17.1, for example by forming it in
a stamping operation.

Optionally, microphone element 11 is placed symmetrically such that it
protrudes by equal amounts above plate 17.1 and below plate 17.3. In such a case, a

30 second cover member is readily incorporated to seal over the microphone portion
protruding below plate 17.3.

As noted, layered structures such as those described above have the
advantage that they are easily manufactured. In particular, they are highly
reproducible because conventional manufacturing methods can be used to accurately

35 match the duct and port characteristics from one workpiece to another.



t he inventive mcrophone, relative to an effective point source of a
near-field acoustic signal. 10 DETAI LED DESCRI PTI ON OF THE | NVENTI ON
According to a currently preferred enbodi nent of the invention, sound ducts
8, 8, 9, and 9' are forned in a slab-likg base nenber 5 of an acoustically
rigid material such as pol ymethyl nethacrylate (PMVA), phenolic, or hard
rubber. These ducts lead to a central cavity 6. Distal cavity 6, each sound
duct terminates in a Asshwsp'eEIGv‘btmdemcgmuqmtpfmmopbmmahumstt| ng
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"top" and "bottont, afd contrast, the transfer function of FIG. 6 is useful in connection with a
10 laboratory prototype whose duct resonance lies outside the frequency band of
interest. In this case, filter 15 does not need a notch to compensate a duct resonance.
Compared in FIG. 7 are the response of the inventive SOD microphone
and the response of an omnidirectional microphone to ambient, far-field noise.
Represented in the figure is the performance of each microphone type as mounted on
15 atelephone handset. An electronic filter is used with the SOD microphone to
equalize its (spectral) voice response to that of the omnidirectional microphone. It is
apparent from the figure that a reduction of 10 dB or more is achieved over
substantial portions of the telephone band.
It is well known that in telephonic applications, the sound field of a
20 speaker’s voice can be modeled, to a good approximation, as the radially divergent
field of a point source. Such a source 40 is depicted schematically in FIG. 12,
together with schematic representations of ports 1 - 4. As described in the above-
cited patent application titled "Noise-Canceling Differential Microphone Assembly,”
this property can be used to enhance the transmitted response of a SOD microphone
25 to the speaker’s voice, relative to the response to the ambient noise. That is, let the
x-axis of FIG. 12, which extends from source 40 to the midpoint of ports 1 - 4, be
denoted the "major axis," and let the source-to-midpoint distance a be denoted the
"major radius.” When the major and minor axes are mutually perpendicular, the
uniaxial second-order differential output of the microphone will be approximately
30 proportional to the first-order derivative of the speaker’s sound field (along the minor
axis). By contrast, the response to diffuse, far-field noise will not depend
preferentially on a particular microphone orientation. Thus, with respect to the
manner in which the voice response depends on distance from the speaker’s lips, the
microphone will respond like a FOD to the speaker’s voice, but like a SOD to far-
35 field noise. Good noise rejection will result because in typical diffuse noise
environments, the second spatial derivative of the acoustic pressure field is even




25 "upper" and "lower" when referring to spatial properties of base nenber
5. A nmounting element 7, such as a rubber ring, is useful for effecting
this seal. We currently prefer to use an electret m crophone. Appropriate
such m crophones are commercially avail abje from nunmerous suppliers. The
ports communicating with the rear of the ficrophone should lie 30
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these magnitudes is given by the expression:

Rati 4z2[1+(ka)?(1+2%)] 12
atio = .
[1+(ka)®][1+22])3

where z = d/(2a), d is the minor diameter, £ =w/c, m is the angular frequency, and ¢
is the speed of sound in air.
10 To an excellent approximation (provided the distance a, in units of one

El;t-)’ the SOD output is

maximal (relative to the hypothetical FOD output), without regard to frequency,

when d =1.44. This design formula may be used to optimize the geometric

configuration of the microphone assembly for a particular communications device
15 based upon the expected distance between the assembly and the user’s lips.

It should be noted in this regard that the minor diameter will often at
least partly determine the lengths of the ducts. It is clear from the above discussion
that in typical communications applications, the minor diameter will often be
significantly smaller than a wavelength, even at the high-frequency end of the

20 telephone band. As a result, it will often be possible to make duct short enough to
exclude all acoustic resonances within the telephone band.

An illustrative application of the inventive microphone is in a cellular
telephone handset, as shown in FIGS. 10 and 11. In FIG. 10, microphone 30, similar
in design to the microphone of FIG. 1, is shown installed in flip portion 31 of a

25 handset, where there is ample space in the lateral dimension perpendicular to the
minor axis. By contrast, FIG. 11 depicts microphone 32 installed in base 33 of a
handset. Here, a more compact design is typically needed. Accordingly,
microphone 32 is similar in design to the microphone of FIGS. 8 and 9.

wavelength at the given frequency, is much smaller than



5 highest frequency of interest. (As a general rule, it wll be sufficient
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di aneter." V@ldimsaccommodating a given mnor dianmeter, it is desirable to

make the di nensi ons pf r .ducts, and front and rear chanbers snall
enough to excl ude tr%u‘%bﬁ%@ﬁr’gcbgggg@ﬁ‘ces. For exanple, if the m crophone is
i ntended to operate ia) athoysing! ephone band, these dinmensions are readily

chosen such that no Wl i #wikhin tﬁ@ﬁg‘%% ‘?;cfeﬁmﬁ g?g@bnhess t han

3500 Hz, and no nore than one _acoustic resonance_ (of any Kin ccurs at a
frequency | ekavingadiapbmgmythe diaphragm having 4 frontgidesgndaregnsidesbl e to excl ude

al .I acoustic resonangydefthddWwithiniiie h&i&iﬁ)@ffﬁml?ém?{ ﬁgﬁ‘a@np@,@mygﬁg@fof this
arrangement, ,the pressures P 1 and P4 of a.soun d,.at, openings 1 and 4
are gui ded tWFM’?ﬂE’t@%&?‘, regr caviy adjacent she rear 8#5"2(?1‘3 phone 11 in a
manner identical to td)a firsyarndwdecondfont condiit fervdndiicting dcbesticemergyf frehd at
openings 2 3ndn3 9k firdUnd 3Ecind B Bot¥ & the Front cavi; b Ear M crophone
10 e) a first and a second rear conduit for conducting acoustic energy from
respective first and second rear ports to the rear cavity, wherein:
f) each of said ports has equivalent cross-sectional area, each of said
cavities has equivalent volume, and each of said conduits has equivalent length and
cross-sectional area and meets its respective cavity in an acoustically equivalent
15 manner, such that each of said conduits has an equivalent acoustic transfer function
from its respective port to the diaphragm;
CHARACTERIZED IN THAT
g) the cavity volume, the conduit length and cross-sectional area, and
the port cross-sectional area are adapted such that the acoustical system consisting of
20 the microphone, cavities, conduits, and ports has no more than one acoustic resonant
frequency less than 3500 Hz, and no Helmholtz resonant frequency less than 3500
Hz;

h) the first and second front ports and the first and second rear ports are
all substantially collinear along an axis to be referred to as the minor axis; and
25 i) said ports are arranged such that the rear ports are intermediate the
front ports or the front ports are intermediate the rear ports, and each front port is
separated an equal distance from the adjacent rear port, whereby the microphone
response will be approximately proportional to the second spatial derivative, along
the minor axis, of a sampled acoustic pressure field.

30 2. Apparatus of claim 1, wherein the microphone is an electret
microphone.

3. Apparatus of claim 1, wherein the acoustical system has a frequency-
dependent response function, and the apparatus further comprises an electronic filter
for modifying said response function in a predetermined manner.



face. The acoustic transfer function fromeach port to the-mcrephone
di aphragmis, at least in a practical sense,- the sane. ! ult,

m crophone 11 produces a signal output, at electrical I'éjfmwﬁﬁﬂ ’mm,’
proportional to the net pressure di ffere_nfﬁ across 25 thes h

m crophone faces. That is, Signal ouput ="K{[err])[([err] o

+lerr])-([err]+[err])], where K([err]) is a frequency dependent
proportionality constéarAppdratssobelaimnl ywheretpiency dependence is due to the

53 416

i dentical |ongitudi nala rﬁﬁg\pﬂlﬁlﬁg

occurs at a frequency fof

n t he

e g Ao 01 Sefe Rt i

wavel engt h. Tientgogis and shea @istanesdatween Be reanpPols; r ecast as

([err] - [err]) is thq hiibptadiisdeHetelila8aHel Bhmehe dxtéhdBp )
ports 1 and 2, and (P3 P4) is the first order differentl

field bet weerPRSERYME distance abetweristspeaken 5 lips gnd
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the apparatus further comprises support means for maintaining said
midpoint a distance of approximately a from a speaker’s lips when the apparatus is
in use, and for maintaining the minor axis approximately perpendicular to the major
radius; and

the distance d is adapted such that the ratio % is near the value that

optimizes the theoretical sensitivity, to the speaker’s voice, of the microphone in
combination with the conduits and ports, relative to a hypothetical, equivalent
microphone suspended in free space and oriented for maximum sensitivity.

5. Apparatus of claim 4, wherein the ratio % is approximately 1.4.

6. Apparatus of claim 1, wherein the housing comprises a body of
acoustically rigid material, and each of said conduits is an elongated, hollow region
defined by inner surfaces of said body.

7. Apparatus of claim 6, wherein:

the body comprises a top layer having a substantially planar lower
surface and a bottom layer having a substantially planar upper surface;

at least one of the conduits comprises a channel formed in the bottom
layer, said channel extending in one or two longitudinal dimensions substantially
parallel to said upper surface and having a total length in the longitudinal directions;

said channel extends from said upper surface to a depth, in the direction
perpendicular to said upper surface, that is smaller than the total length; and

the top layer overlies the bottom layer such that said upper and lower
surfaces are in contact and the top layer forms an acoustically sealing cover for said
channel.

8. Apparatus of claim 7, wherein each of the conduits comprises a
channel formed in the bottom layer.



proportional to the uniaxial second order differential—of the sound field

pressure 5 along the mnor axis connecting the centers ts
1, 2, 3, and 4. We have built a readily manufacturabl e““&“HMJWH‘“M“[)e
for the FOD m crophone, shown in FIG 2.44n this exenplary erbodi neént% sl ab
5 consists of two 0.125-in sheets of PMMA. Ducts 8, 8, 9, and 9', and the
upper half of FOD m crophone cavity_6, are cut all the way through upper
sheet 5.1, exenpl ar Pt yARParates ok¢lainh ¥ yheseingach pfithe comduitsrcomprisesizt ur i ng

processes alkchamiet SoritSinthé topIbfet id@rdtRhélittProd Aol Wthe Bottdlg duct s
and cavity zitrer’gtgde by exgclu mg rrat.erbgée. By a simlar process, the |ower

hal f of cavi¢ ¢ fop 8 ap stica] jng coves dortheshanngls farmediingthe of
the upper aibdubmiryers hediie burem hagecfohthean hcousticly d&alilg;édﬂér £t the

2PD1 0% T4 el i Poch B R e O 01 el ary DS m et ophone, A
the ducts. Round, 0.125-in-dianeter sound ports 1 - 4 are drilled through
Cor espondi ng duct s naPrisi esAibelli bk okt AR AT hySlooh i having bot ¢ om
cover pl at e fropt aed reas faces.awkareini the fropt faceis inlacowtic communication widr figshone
cavity 6. Thfd sé@mbifrditlachiitid Tondhifl thich 3 fdn? BAARE thelre@ face is in acoustic
communication with first and second rear acoustic conduits through a rear cavity,
10 each conduit is terminated by a respective port for admission of acoustic energy, and
the ports are so arranged that the response of the microphone will be approximately
proportional to a second spatial derivative of a sampled acoustic pressure field,
CHARACTERIZED IN THAT:
a) the apparatus further comprises a slab-like base comprising an
15 acoustically rigid material and having a substantially planar surface, to be referred to
as the top base surface;
b) a pattern of channels is formed in the base, wherein the pattern is
defined by interior surfaces of the base, the channels are open at the top base surface,
and the channels extend in at least one longitudinal direction substantially parallel to
20 the top base surface;
c) the pattern comprises four channels of equal length and cross
sectional area, and each of said four channels is identified with a respective one of
the acoustic conduits, so that the channels will be referred to, respectively, as the first
and second front channels and first and second rear channels;
25 d) the pattern further comprises a central cavity having a front end
joined to the front channels and a rear end joined to the rear channels;
e) the microphone is mounted in the central cavity such that the portion
of the central cavity unoccupied by the microphone is subdivided into mutually
acoustically isolated front and rear portions of equal volumes, wherein: the front
30 portion adjoins the front channels and the microphone front face, and is identified
with the front cavity; and the rear portion adjoins the rear channels and the
microphone rear face and is identified with the rear cavity;
f) each port is an opening in a surface of the base;



directed through small channels 14 between upper and —1—5. 2.
These channels are desirably filled with an air-tight i ng
the electrical |eads to prevent acoustic |eakage. Bylmgmmmlmmg[’ggﬂf&n
the lateral dinensions of the mcrophone,cavity 25 of ‘eurc pru S
defined in the | ower sheet) were 10.73 X 6.05 nmm The correspondi ng

di mensions of the ducts and cavity as defined in the upper sheet are
conveni ent |y descri bg)itheipontsraze amranged substantially 3longla straight line ahé searnpons 3. 0

mn  The ot heg, m@@m@egﬁ%wg% of theGrdipofts E%%ﬁ&f&m@mé&& B, afld 8. O

mm e, 12.0 nm _a .6, )r conveni ence, gur ’pr ot ot ype
was nmade fr &8fh flenpparsis distapthy thesame amount Fem itsiadjacent rear port such Wat not ed

that there 3h@ HeAB 5Pl ARGAHVEAY e réhréseRttid\tydRe hﬁ@rggm{e%kp@ﬁéfsrﬂ)l y. For

exanpl e, the dugts, and m crophone cavity may be forned by renoving nmateri al
onl'y part hayPMaxddeAVale upper and | ower sheets (which are made somewhat

thicker than in the BEpgi¢apgamels fiftfertofippisyds tovef Baviiga subantiiigplafar sheet
is one contin us(g gce W Hésgts E)gﬁ?cover. | at e, &nd the | ower sheet is
one cont i nuSYEag, & WF’H“% t OBYPTR GOUTT SYFIAE% A% hi s woul d conveniently
be done, for i) the bottom cover surface is affixed in contact with the top base surface

such that the cover forms an acoustically sealing closure for the channel pattern.



-7- exanple, in an injection nolding operation. The FOD m crophope el enent
woul d be inserted in its cavity just before filng ,as,sg lyn T ;ie upper and
| ower sheets. In another alternate enbodi nent e tl Gatt . may be
formed in the | ower sheet, and others fornediin_thé’ _uhﬁen.“_’sheeL? 5

In the enbodi nent of FIG 8, the ports add-situated on a side face 20 of —
base nenber 5, rather than on the top (or bottom surface. This arrangenent

i s desirabl e because it SINGIE DIAPHRAGMSECOND ORDER basehisstihelas Bé%ﬂReplaced
2 Compact design. 10  DIFFERENTIAL MICROBRORE éﬁ%&fyfﬁt—ﬁ M{l!ll ﬂﬂi
is shown in Abstracsectional viewin FIG 9. In this desi
155,700 3% nren o KBbERMSH dRaEbA SO Rk ‘%8 i A
defined i udqf&n‘emhé&OmEnﬁcroﬁmm elémensdosiallpd ina hbwsing. 2\ pdir of ﬁ'pnmminé has
a portion defipfifhseRienl Hokm flpeetvl Portd&Ps Shdrhber o thE froht §a& BAMHRE" -
‘ microphone diaphragm, and a pair of rear sound conduits extend from respective
ports to a chamber on the rear side of the microphone diaphragm. The two front
ports and the two rear ports are all substantially collinear along a minor axis, with
10 the rear ports intermediate the front ports or the front ports intermediate the rear
ports. The respective acoustic transfer functions from each port to the microphone
diaphragm are equivalent. The microphone response is approximately proportional
to the second spatial derivative, along the minor axis, of a sampled acoustic pressure
field. '




15 and a portion defined in | ower sheet 16.2 that neets face 20 to forma
respective one of ports 1 - 4 that is rectangular in shape. Each duct

i ncl udes a respective ascendi ng portion 2;/9hat joins the respective

| ower - sheet and upper-sheet portions of the duct. Each ascending portion 21
is defined, at least in part, by a rectangular perforation in plate 17.2.
20 Exenplarily, the PMVA sheets are 1 mmthick, and the overal
assenbly is 44 mmlong, 7 mmw de, and 2.844 nmthick. M crophone el enent
11 will typically be larger in diameter 'than the assenbl ed thickness of the
PWA sheets #@.brass plates. Accordingly, the microphone el enent will
typically protrude above the top surface of sheet 16.1. In such a case,
cover nmenber 19 is used to seal 25 over the m crophone el enent. Cover
menber 19 is exenplarily a brass plate, and nay conveniently be nade
continuous with plate 17.1, for exanple by formng it in a stanping
operation. Optionally, mcrophone elenent 11 is placed symetrically such
that it protrudes by equal anounts above plate 17.1 and bel ow plate 17. 3.
In such a case, a 30 second cover nenber i ¥ readily incorporated to seal
over the mcrophone portion protruding beloy plate 17. 3.
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As noted, |ayered structures such as those descri bed above have the
advant-age that they are easily manuf act U2 A, In particular, they are highly
repr oduci bl e because conventi onal manufacturing nmethods can be used to
accurately 35 match the duct and port characteristics fromone workpiece
to anot her. 8 -9qAs shown in FIG 4, the electrical output of mcrophone
11 is advantéggéusl nodi fied by electronic filter 15 to make the voice
response of the m crophone match a desired reference response, such as the
voi ce response of a standard, ommidirectional mcrophone. 5 By
way of illustration, FIG 5 is a transfer function for an electronic filter
useful in connection with a | aboratory prototype having a duct resonance

wi thin the frequency band 0T TNTErest. The norch pemavior apparertTean 2 -
3 kHz conpensates this du¢t resonance. By contrast, the transfer functilgn2
of FIG 6 is useful in cofnection wjth a .7ﬂ
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10"l aboratory prototype whose duct resonance |ies outside the frequency
band of interest. In this case, filter 5’_[ @oes not need a notch to
compensat e a duct resonance. Conpared in FIG 7 are the response of the
inventive SOD m crophone and the response of an ommidirectional m crophone
to anbient, far-field noise. Represented in the figure is the performance
of each n‘icroph%typ as nounted on 15 a tel ephone handset. An

el ectronic filt ed with the SOD m.crophone to equalize its
(spectral) voice response to that of the'omidirectional mcrophone. It is
apparent fromthe figure that a reduction of 10 dB or nore is achi eved over

substantial portions of the tel ephog_g_b_a_n_d__l_ s well Kpown that in

t el ephoni c applications, the sound flield of a 30 speakef's voi ce can be
nodel ed, to a good approxi mati on, a«-mwma field of a

poi nt source. Such a source 40 is d¢picted™sT n'a'ql callyjijn FIG 12,
together with schematic representatijonsof] port sgi 4, described in the
above- cited patent application ti dﬁ*d " Noi se- Can eI| ng O fif erenti al

M crophone Assenbly,” this propertyjcan}jbefj used fd ephangq the transmtted

response of a SOD m crophone 25 to|the|speaker'ys |volce,jrgelative to the
response to the anbi ent noise. That Ais, l et the Kx-jaxts of FIG 12, which

extends from source 40 to the m dpoint pf ports 61 - 4, bg _
d
TOP LUCITE SHEET/ : -
FIG. 4
S0D ELECTRONIC L sop ouTPuT

MICROPHONE | 11/ | FILTER
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denot ed the "naj or axis," and let the source t o- m dpoi nt di stance a be

denoted the "major radius."” When the major m Nof--axes:-ar e put-ual:ly;

per pendi cul ar, the uniaxial second-order di f nt i Al out.pat | of:it ke y
m crophone will be approximately 30 proporti onal to the ddirst

derivative of the speaker's sound field (along the nifor=a%isy: 'By‘* =l

contrast, the response to diffuse, far-field noise will not depend

preferentially on a particular nm crophone orientation. Thus, with respect

to the manner in whic résponsd _depe € ITOM e 1 ~
speaker's lips, the m | respdnd likle a E€D to tlhe spedker™s -—
voi ce, but like a SOD field foise. [Good npise réjectign wlT
result because in typi hoi se dnviro ts,{the s¢cond dpairal
derivative of the aco ressurg t1erqrs T 7 et s
first spatial derigyat e KNI utputdfrom 3 SOD dicrophone
in this special orlenfation conp w th the pagnitgde of |the
output froma singile
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m‘'crophone situated at the mdpoint of the minor axis and oriented for
maxi mum 5 sensitivity to sound fromthe point sourcgkwlhgﬁtetreaFF' t he
SOD: FOD rati o of these nmagnitudes is glven the eypﬁess1dnwfRaF+ \ [err]
where z = d/(2a), d is the minor dianmeter, K —[ern] ferr}atg_Lng ngul ar
frequency, and c is the speed of sound in air. A

excel | ent approxi mation (provided the distance a, in units of one 1

wavel ength at the given frequency, is nmuch smaller than [err]) the SOD
output is maximal (relative to the hypothetical FOD output), wthout regard

to frequency, when d =.1.4a, _This desian formila may be used to optinize‘j;
the geonetric confi gurjatdon—oilthe i crionhone asqpnblv ]nr zadticul ar -—

comuni cati ons devi ce Laseftpontb
assenbly and the user'(s=lips tshoulg he npote
m nor diameter will offlen _at |Past partjl v deter

ducts. It is clear_frdmthe abpve discyssion th
applications, the %R nd ' s '
wavel ength, even dZ;tre hi gh-ffequency jend of t

den t he
t hat the
of the

ni catrjons
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20 tel ephone band. As a result,
short enough to excl ude al

it will often be possible to make duct
acousti ¢ resonances_wi thin_the-tetephone band.

An'illustrative application of the |nvent|qu ﬁ%q Qphoaerys@ujiam el I ul ar
13

t el ephone handset,

simlar

portion 31 of a 25 handset,

as shown in FIGS. 10 an

I'n @G ADRD mi cr gphone 30,

In design to the mcrophone of FIG 1, Li-s—showrAsta inflip

where there is anple space in the latera

di mensi on perpendicular to the ninor axis. By contrast, FIG 11 depicts

m cr opho
design i

¥ioi

stalled in base 33 of a handset. Here, a nore conpact
|| y AT=Y=Ye -V B VoYY 2 [ aVal VAR a2 Wad 4 nnhnnn 22 s sinmlar

to the microphone of R{&S. 8:and 9.

conpri si

differenti al

Lh design

it 110- dains: 1. Appar at us
ng: a) a housing; b) nDunted Mnihln the houSiﬁg -y Tlrst ‘order
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5 having a diaphragm the diaphragmhaving a front side and a rear side; c)
defined within the housing, a front cavity j acent the front side of the
di aphragm and a rear cavity adjacent the r side of the diaphragm d) a
first and a second front conduit for conducting acoustic energy from
respective first and second front ports to the front cavity; and 10

e) a first and a second rear conduit for conducting acoustic energy from
respective first and second rear ports to the rear cavity, wherein: f) each
of said ports has equival ent cross-sectional area, each of said cavities
has equival ent FdGume9a@nd each of said conduits haf'Jgqui g3 ent | ength and
cross-sectional area and neets its respective cavity in an acoustically
equi val ent 15 manner, such that each of said conduits has an equi val ent
acoustic transfer function fromits respective port to the diaphragm
CHARACI ERI ZED I N THAT g) the cavity volume, the conduit |ength and

cross-sectional area, d the port cross-sectional area are adapted such
that the acousti cal ﬁ st em consi sting of 20 the m crophone, c i es,
conduits, and ports haN¥ rjo ngre than jone acoustic resonant f erjcy | ess
t han 3500 Hz, and no nholrz\iéson nt frequency |ess than 3590

21 14
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Hz: h5 the first and second front ports the first and second rear ports
are all substantially collinear along an s to be referred to as the
ntnor axis; and 25 i) said ports are arranged such that the
rear ports are internediate the front ports or the front ports are
intermedi ate the rear ports, and each front port is separated an equal

di stance fromthe adjacent rear port, whereby the m crophone response wl |
be approxi mately proportional to the second spatial derivative, along the
m nor axis, of a sanpled acoustic pressure field. 30 2.
Appar at us of clpqual,fxzerein the m crophone is anpyﬁectzqt m crophone. 3.
Apparatus of clairm1, erein the acoustical system has frequency-
dependent response function, and the apparatus further conprises an

el ectronic filter for nodifying said response function in a predeterm ned
manner . -11-




_4. Apparatus of claim1, wherein: a mnor dig ter d is defined as the
“average*of the distance between the front po and the di stance between
the rear ports; a major radius is defined as a |ine segnent extending a
predeterm ned 5 opti num di stance a between a speaker's |lips and the

m dpoi nt between the front or rear ports; the apparatus further conprises
support neans for maintaining said m dpoint a distance of approximately a
froma speaker's |ips when the apparatus is in use, and for maintaining the
m nor axi s appr oxj el égerpendicular to the major 10 radius; and the

di stance d is ada that the ratio [err] is near the value that
optim zes the theoretical sensitivity, to the speaker's voice, of the

m crophone in conbination with the conduits and ports, relative to a

hypot heti cal, equival ent m croplpne suspended in free space and oriented
for maxinumsensitivity. 15 5. Apparatus of claim4, wherein the
ratio [err] is approximately 1.4. 6. Apparatus of claiml1l, wherein the
housi ng conprises a body of acogstically ri.gid naterlal and each of said
conduits is an el ongated, holl oy region




defined by inner surfaces of said body. 7. Apparatus of clal m6 v\zhefm n»‘ 1
20 the body conprises a top |ayer having a substantlal Y I?ﬁ&ﬂﬁgﬁ
| ower surface and a bottom | ayer having a substantially pl ar!,ar; uppe}

surface; at |east one of the conduits conprises a channel formed iA- the - =
bottom | ayer, said channel extending in one or twoi.ongitudinal dinensions
substantially parallel to said upper surface and having a total length in

t he | ongi ]'Eudi n?I di aect | QINGIZE DIAPHRAGM SECONDORDEREX! endsdf rom said
upper surface to a dep re 0 sai d upper
surface, that is small éﬁ%ﬁgﬁﬁm&hﬁﬂmﬁéﬁﬂ@%p | ayer overlies
the bottom | Mtra‘éthh that said upper and | ower surfaces are in contact and
the top layer fo

t [ f |
8. Apparatus of cla| ﬁgfgc "?rlgﬁga gé‘@ﬁggf(hpﬂ)e}%f)gé‘% ?Fggsg%gd?hannel

formed in thdifferentiah(FOID3 microphone element installed in a housing. A pair of front sound
conduits extend from respective ports to a chamber on the front side of the
microphone diaphragm, and a pair of rear sound conduits extend from respective
ports to a chamber on the rear side of the microphone diaphragm. The two front
ports and the two rear ports are all substantially collinear along a minor axis, with
the rear ports intermediate the front ports or the front ports intermediate the rear
ports. ‘The respective acoustic transfer functions from each port to the microphone
diaphragm are equivalenf. The microphone response is approximately proportional

to the second spatial derivative, along the minor axis, of a sampled acoustic pressure

field.

Fig. 1
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“12 - 9. Appératds of claim 7, wherein each of the condui'sﬂgghﬁngggé?? — ‘7
channel fornmed in the top layer interconnected to a channgl fdrngd;.ﬁ'_ﬁe“T
| cower § Bor- B30 ]

bottom | ayer, the top layer forns an acoustically sealing
channels forned in the bottomlayer, and the botton1|ayer&£ﬁ£ﬁ£:@h """""""""""
acoustically. sealing cover for the 5 channels formed in the top layer. 10.
Apparatus conprising a first-order differential m crophone having front and
~rear faces, wherein the front face is in agfystic comunication with first
“and second front acoustic conduits through ‘a front cavity, the rear face is
. in acoustic conmmunication with first and second rear acoustic conduits
“through a rear cavity, 10 each conduit is termnated by a respective port

for adm ssion of acoustic—energy. the ports are so _arranged that the
response of the microphg HH—berapprpri-retery-frepertonp—id @second
spatial derivative of a [Sanpried acpustiE prepsuye| e, ERI ZED | N
~THAT: a) the apparatus fljurther conprisep a s -T|Ke DRSeé cpnprrijsing an 15
~acoustically rigid materji al and hapi ng S tant |y al 1yfprangar surface, to
‘be referred to as 't héat o Dasg—suTface, [ >~
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b) a pattern of channels is forned in the base, wherein therattern”
defined by interior surfaces of the base, the channels are gpen at-
base surface, and the channels extend in at |east one Iongltudlnai FE
direction substantially parallel to 20 the top base surfacé Dey ﬁ

pattern conprises four channels of equal |ength and cross seetrional area
and each of said four channels is identified wwth a respective one of the

‘acoustic conduits, so that the channels will be referred to, respectively,
as the first and second front channels and,first and second rear channels;
25 d) the pattern further co Pises a central cavity having a

front end joined to the front channels and a rear end joined to the rear
channels; e) the mcrophone is nmounted in the central cavity such that the
portion of the central cavity unoccupi ed by the m crophone i s subdivided
into nmutual ly acoustically isolated front and rear portions of egeal

vol unes, wherein: the fr U T Dol L an adtormsTha troTenanngl £ and t he
m crophone front face, apd—is—ijdentiftided with the fliogy cavity: tand the
rear portion adjoins thefeat—echaffretg—aRd—t-Re—Ai-c+ Hea+—Hace and is
identified with the rear-eav++y¥—++—e{ch PSft—i—5 ' ' surface of
. —

_the base; o //f
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- 13- g) the ports are arranged substantially along a strgrght |ine—the-......
rear ports are internediate the front ports or the front porﬁ’mare.>EMT$HEET
internediate the rear ports, and each front port is distantib tP Egge |
‘anmount fromits adjacent rear port, such that the second sd ﬁ%&r-ge-hnaﬁﬂ@e;.

——

——

to be represented by the microphone response is a 5 uniaxial dertvatryer=s=—

T
)

——

h) the apparatus further conprises a cover having a substantially planar
surface, to be referred to as the bottom cover surface; and i) the bottom
cover surface is affixed in contact with theg/pp base surface such that the
cover forms an acoustically sealing closure for the channel pattern.
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