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ABSTRACT

The Linear Array Transducer (LAT) is a tubular form-factor loudspeaker driver technology which, to a good first
approximation, can be modeled by the standard linear time invariant small signal parameter (SSP) loudspeaker
circuit model. However, to understand the behavior of a LAT to a greater level of detail, the SSP model can be
extended with the addition of eight additional mechanical parameters. In this paper the nature of these additional
parameters in the model are explained. Further, an extended blocked impedance model is introduced that may be
used with LATs or conventional loudspeakers. Additionally, the model is correlated to measurements of currently
available LATs. Finally, it is shown how the LAT extended SSP model is approximated by the standard loudspeaker

SSP model.

1. INTRODUCTION

1.1. Description of the Linear Array
Transducer (LAT)

The LAT is an electro-dynamic loudspeaker typically
employing a tubular form factor and two motors driving
multiple opposing diaphragms. The motors are wired so
that their voice coils move toward each other with
positive voltages and away from each other with
negative voltages. The motor on the left drives half of

the diaphragms which are interleaved with those driven
by the other motor. Thus adjacent diaphragms move in
opposition to each other to generate sound. The
arrangement of the moving masses leads to a design that
results in a chassis that is nearly free of mechanically-
induced vibration [1, 2]. The design is shown in Figure
1. Unlike conventional loudspeaker drivers, radiation is
not direct. Therefore, we will introduce additional
acoustical model elements to describe this behavior.
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Fig. 1 Simplified diagram of the Linear Array
Transducer (LAT), showing motors, front and rear
ports, and direction of air flow for indicated diaphragm

motion for three modular sections.

1.2. Objectives

The work described in this paper was performed with
the goal of creating a linear, low frequency lumped
parameter model of the LAT. In addition, the model is
presented in a way that should be familiar to
electroacoustic engineers. It should be usable by
loudspeaker system designers using traditional software,
and, of course, it should accurately describe the
behavior of the LAT.

2. OBSERVED LAT BEHAVIOR
2.1. Electrical Impedance

Figure 2 shows the measured electrical impedance of a
LAT having six diaphragms whose effective radiating
area totals 525 cm®. The impedance curve matches that
of typical loudspeaker behavior, starting low near DC,
increasing to a maximum near resonance, dropping
down nearly to its DC value at a frequency labeled fi,
and then increasing again at high frequencies. As is
typical of loudspeakers, the increase in impedance at
very high frequencies is close to 3dB/octave rather than
6 dB/octave as would be expected if the high frequency
impedance were dominated by a purely inductive load.
This behavior is described as “semi-inductance” [3].
Another observed consequence of this behavior is that
the impedance at fj,y is somewhat higher than would be
expected without the semi-inductance. It should be
emphasized that the effects of semi-inductance are

typical of electrodynamic loudspeakers and not specific
to the LAT.

LAT Impedance Response
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Fig. 2 Measured electrical impedance of a LAT
2.2. Frequency Response

Figure 3 shows the measured frequency response of the
same LAT whose impedance response is shown in
Figure 2. The infinite baffle frequency response was
created by splicing a near field measurement (used at
low frequencies) to a gated 2n measurement (used at
high frequencies) with the LAT mounted into a standard
baffle and box configuration [4]. The frequency
response shown might be considered typical of a
standard 12 inch woofer, although it does display a
rather steep roll off in response above 1000 Hz.

Loudspeaker Driver Frequency Response
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Fig. 3 Measured frequency response of a LAT
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2.3. Air Leakage

The LATs used in this study incorporate holes in the
diaphragms through which the drive rods pass.
Alternating diaphragms are attached to a drive rod [1,
2]. Although the tolerances in the LAT are held very
tight, there is still a small air gap, and therefore there is
some amount of leakage between the front and rear
chambers. The amount of leakage is dependent upon
the design of the LAT and of the enclosure and typically
results in a slight decrease in the device’s output at low
frequencies.

2.4. Effective Air Mass

A subset of the measured small signal parameters, as
measured in free air, for a LAT incorporating six
diaphragms with a total of 820 cm? of effective radiating
area is shown in Table 1. Also shown in the table are
the small signal parameters measured for the same LAT
placed in a vacuum chamber. The difference between
the two moving mass calculations must therefore be the
effective mass due to air of the LAT. Using the
standard formula [5] for calculating the effective mass
due to air for a conventional driver with the same
effective radiating area results in a mass of only 13g.
Table 2 shows the same data for a LAT with an
effective diaphragm area of 525 cm®. In a conventional
transducer with same effective radiating area, we would
only expect to see about 7 grams of air mass.

In Vacuum In Free Air
Bl 16.62 T'm 16.74 T'm
Mys 408 g 474 g
Rys 17.11 kg/sec 17.22 kg/sec
Cus 0.0563 mm/N 0.0610 mm/N

Table 1. A subset of the small signal parameters in
vacuum and free air for a LAT with Sp = 820cm’.

In Vacuum In Free Air
Bl 13.28 T'm 13.23 T'm
Mys 174 g 200 g
Ruys 3.93 kg/sec 4.15 kg/sec
Cus 0.159 mm/N 0.164 mm/N

Table 2. A subset of the small signal parameters in
vacuum and in free air for a LAT with Sp = 525cm’.

3. PROPOSED MODEL
3.1. Electrical Model

Previous work by Vanderkooy [3] showed that the
blocked impedance of electrodynamic drivers is often

dominated by a 4/ j&® component.

showing the blocked impedance of the LAT is
represented in the sub-circuit shown in Figure 4.

The elements

AR

K

Fig. 4 Electrical equivalent sub-circuit model for the
LAT.

The definitions of the terms in this sub-circuit are:
Ve applied open circuit voltage

Rpc DC resistance of the voice coil
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Bl motor force constant

Lig inductance of the part of the voice coil outside
the motor gap

Kg “semi-inductance” term related to eddy current
and skin depth behavior in the motor, with the
impedance of this element represented

mathematically by K./ jo [3, 6]

Lg inductance of the part of the voice coil located
inside the motor gap

Ly inductance representing the coupling of the coil
to the motor [6]

AR eddy current losses in the motor [6]

Together, L, and AR represent that part of the low
frequency behavior of the motor, in which the voice coil
couples to the motor as if the motor were a single-turn
resistive coil, and in which the skin depth is large. The
K term, on the other hand, represents the higher
frequency behavior of the motor, in which the skin
depth is small.

However, the details of this blocked impedance model
are beyond the scope of this paper. This may be
addressed in a future paper. Here, we focus primarily on
LAT-specific aspects of the model.

The total electrical impedance is
2
ZE,Tatal = ZE,Blacked +(Bl) Zm (2)

where z,, is the mechanical mobility of the transducer,
representing all of the circuit load to the right of the
transformer shown in Figure 4.

3.2. Mechanical Model

The mechanical impedance model of the LAT is
identical to that of conventional electrodynamic drivers.
M,yp represents the combined mass of the diaphragms,
voice coils, rods, and some portion of the suspension.
Cys represents the combined compliance of the
suspension elements. Rys represents the total
mechanical viscous losses. Sp represents the total
radiating area of the diaphragms.

BI:1 1:Sp

/Ry % Cus = Mup

Fig. 5 Mechanical equivalent sub-circuit model for the
LAT.

The equivalent sub-circuit representing the mechanical
mobility of the LAT is shown in Figure 5.

The mechanical impedance is

Zup =S5 My +Rys+ | 3)
MD mp T Ly % 5-Cs )

The mechanical mobility is

1
Zup = 7 S
MD

3.3. Acoustic Model

Figures 6 and 7 show a schematic representation of a
LAT and a simplified version of the LAT used for
model development with the analogous elements
labeled. Note that while the electrical and mechanical
models of the LAT are completely isomorphic with a
conventional loudspeaker, it is necessary for the
acoustic model to incorporate several extra elements.
The front and rear cavities of the LAT represent the
volumes of air between the diaphragms’ front and rear
surfaces, respectively. The respective front and rear
ports represent the front and rear facing orifices of the
LAT while the mesh hole in the diaphragm represents
the leakage path in the LAT. Acoustically, the LAT can
be represented by a transducer where the front and back
of the diaphragm is connected by a small leak through
the diaphragm and the diaphragms radiate into
Helmbholtz resonators.
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Fig. 6 Schematic representation of the mechanical and
acoustical parameters of the LAT.
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Fig. 7 Mobility model of the mechanical and acoustical
parameters of the LAT.

Figure 7 shows the mechanical and acoustical free body
diagram of the LAT. Figure 8 is the acoustical
equivalent circuit, derived from Figure 7, of the LAT.

The acoustic impedance, neglecting the impedance to
the room, can be calculated by inspection from Figure 8.

Fig. 8 Acoustical equivalent sub-circuit model for the
LAT.

S M ypp

§2C M pp +1 (7
S'MARP

§7C oM g +1

R S M ipp
AL 2 . C M 1
S ar M ypp t

7, =

A
-M
RAL+ - S AFP
87 C oM +1

The definitions of terms in this relation and in Figure 8
are:

s complex frequency variable

Z, acoustic impedance

R acoustic leak resistance

raL acoustic leak responsiveness (r4, = 1/ Ry;)

My acoustic mass of the air in the leak

Myrp  acoustic mass of the front port

Myzp  acoustic mass of the rear port

Cyr acoustic compliance of the front chamber

Cyr acoustic compliance of the rear chamber

Cy acoustic compliance of the enclosure into
which the LAT is mounted

r4 acoustic radiation responsiveness

M, acoustic radiation mass
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For free air operation, the enclosure compliance Cyp
would be replaced with the appropriate acoustic
impedance pairing of r, and M, [7].

The acoustic mass of the air in the leak A,; is assumed
to be negligible, due to the nature of the pass-through
clearances, but the sub-circuit diagram shows where this
element would be placed if needed.

It should also be pointed out that the acoustic model
shown here neglects any acoustic losses that might be
associated with chamber damping, port damping, and
turbulent air flow. This is in line with common linear
small signal modeling practice. Of course, more
advanced and detailed models can be derived through
modification and extension of the model shown here.

3.4. Complete Model

The complete equivalent circuit model using the
electrical, mechanical and acoustic mobility analogies is
shown in Figure 9 below. A circuit analysis program,
such as P-SPICE [8], could be used to evaluate this
model so as to predict acoustic, electric, and mechanical
performance and behavior, much the same as a standard
model for a conventional electrodynamic transducer.
Alternatively, this model can be studied mathematically
using software such as MatLab [9]. In this study,
MatLab was used to conduct much of the analysis, and
P-PSICE was used to cross-check the results and
relationships.

Transforming the acoustic impedance into the
mechanical domain, the total mechanical impedance is

Zy=Zyp+Z,S; (8)

The diaphragm velocity is

BI- 1

u, =BV 1 )
ZE,Tota/ ZM

The diaphragm volume velocity is

Uy=u,S, (10)

The volume velocity from the leak will tend to counter
the volume velocity of the diaphragm. Given that the
leak acts as a shunt between the Helmholtz resonators,
the volume velocity of the leak is

(11)

The total volume velocity is the sum of the diaphragm
and leak volume velocities,

UTotal = UD + UL (12)

Now, looking only at the front wave, the volume
velocity from the port only is

1
s-C
1
s-C,r

(13)

Up = UTotal ’

+5-M pp

The sound pressure level can easily be calculated from
this relationship for the volume velocity of the port [5].

1:Sp /R4 N%\
% Cur 1/R 4
1/Rys % Cys —— Mup My = Myrp
M,—
= Mare Cusp

Fig. 9 Complete low frequency electro- mechano- acoustical equivalent circuit model for the LAT.
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Figure 10 is useful for conceptualizing the magnitude
and phase relationships of a LAT at low frequencies in a
sealed box. For a conventional loudspeaker in a leak-
free enclosure, the sound pressure is in phase with the
acceleration of the diaphragm. The situation is identical
for a leak-free LAT, but when a leak is introduced, the
sound pressure begins to lead the diaphragm
acceleration and the sound pressure begins to drop off.
In the limit of a very large leak, the volume velocity of
the leak equals the volume velocity of the diaphragm
and no sound is produced.

Total Sound
Pressure Level

up

Sound Pressure
Level due to
Leaks

Direction of Dark
Curved Arrows
Indicates Larger leak

Fig. 10. Nyquist diagram of LAT complex impedance.
3.5. Model Predictions

Using this model, a LAT was simulated in MATLAB
[7] with the following parameters:

MMD =400 g
CMS =0.1 mm/N
RMS =10 kg/S
Sp =820 cm®
lFP =8.3 cm

lRP =8.3 cm

Spp =240 cm’
Sgp = 240 cm?
R,y =00

V4= 1.85 liters
V4 = 1.85 liters

BI=18.88 T'm

RDC: 2.5

LE =50 mH
Kr=0.280 semi-Henry
Ly=9mH

AR=0.2

Where lrp , Spp and Izp , Sgp are the effective lengths and
surface areas, and V,r and V,z are the equivalent
compliance volumes, of the front and rear ports,
respectively.

LAT Impedance

©Ohm:
8
—
———
Lt

Impedance,

/ A
5

10 100 1000
Frequency, Hz

Fig. 11. Calculated electrical impedance of a LAT.

An interesting feature of the impedance curve shown in
Figure 11 is the ‘blip’ just above 700 Hz. It was
hypothesized that this feature is due to the Helmholtz
resonance formed between the compliance of the air in
the front and rear chambers and the mass of the air in
the ports.

The resonance frequency of a Helmholtz resonator [4] is
given by

f=l |2
22 NV iplpp

Here Ip is the effective length of the front port, and ¢ is
the velocity of sound in air. Using the numbers above,
the Helmholtz frequency is 685 Hz. This is close to the
frequency of the observed ‘blip’ in the impedance
curve. A portion of the calculated motional impedance
is shown in Figure 12. The impedance has been
converted to 20 log)|Z| for convenience.

(14)

AES 121st Convention, San Francisco, CA, USA, 2006 October 5-8
Page 7 of 13



Unruh et. al. Extended SSP LAT Model
LAT Mechanical Impedance LAT Mechanical Impedance
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Fig. 12. Calculated mechanical impedance of a LAT in
free air.

As shown in Figure 12, the peak in the mechanical
impedance corresponds with the Helmholtz resonance,
as it should. The peak in the electrical impedance is due
to the dip in the mechanical impedance just after the
Helmholtz resonance corresponding to a peak in the
mechanical mobility of the unit.

An obvious question to ask is what happens to the
mechanical impedance when the LAT is mounted in a
sealed enclosure. One might expect to see two peaks,
each associated with a different Helmholtz resonance.
The first Helmholtz resonance would be expected to be
at the same frequency as when the LAT is operated in
free air and the second associated with the resonance of
the air in the rear chamber trapped between the
compliance of the trapped air in the LAT and the air in
the enclosure.

Figure 13 shows the calculated mechanical impedance
of the same LAT mounted in a 10 liter sealed enclosure.
As expected, the two peaks are seen in the mechanical
impedance. Likewise, there is an increase in the
primary resonance of the system compared to the LAT
operating in free air.

The peak in the electrical impedance just above 700 Hz
shown in figure 11 corresponds with the minimum in
mechanical impedance shown in figure 12. The small
dip in electrical impedance just after the peak is due to
the phase relationship between the blocked and
motional impedance.

10 100 1000 10000
Frequency, Hz

Fig. 13. Calculated mechanical impedance of a LAT
mounted in a 10 liter sealed enclosure.

Mass produced LATs do not exhibit anything as
obvious as the effect shown in Figure 12. A major
difference between the simulated LAT in Figures 12
through 14 and production LATs, is that the mass
produced LATSs have the previously-mentioned small air
leak, whereas the modeled results neglect the air leak.
Since the air leak acts as a resistive shunt connecting the
two Helmholtz resonators, it is reasonable to expect that
the air leak acts to damp the peaks in the mechanical
impedance.

LAT Mechanical Impedance

Ry = 10,000 kg/sec
L — M‘L ‘ 9

Ry = 100 kg/sec
| [ e

20 log10(Mechanical Impedance)

70 l
e é f ﬁﬂ
/ Ry = 1,000 kg/sec

100 300 500 700 900 1100 1300 1500 1700 1900 2100

Frequency, Hz

Fig. 14. Helmholtz resonances in the calculated
mechanical impedance of a LAT in a 10 liter enclosure.

Figure 14 is an expanded view of Figure 13 around the
Helmbholtz resonance frequencies for various values of
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Ry, which is just Ry; reflected through the acoustic
transformer into the mechanical domain.

From this, it can be seen that R, is highly effective in
damping the Helmholtz resonance.

It is also reasonable to question what effect leakage has
on the shape of the mechanical impedance at the lower
frequencies. Let us again consider the LAT mounted in
a sealed enclosure. One should expect that if the leak
were large enough, the primary resonance frequency
would decrease, approaching that of the free air
resonance of the driver. This is because the leak
represents a short-circuiting of the box’s acoustic
loading on the back side of the LAT. Figure 15 shows
that this is indeed what happens.

LAT Mechanical Impedance

\ Ry, = 100 kg/sec
‘\ / Ry = 1,000 kg/sec

—~ L___
~N

\v/ NS

20 \ \/ Ry = 10,000 kg/sec

Ry = 10 kg/sec

al Impedance)

20 log10(Mechanic:

0 20 40 60 80 100 120 140
Frequency, Hz

Fig. 15. Calculated mechanical impedance of a LAT at
low frequencies.

With very high R,;, the resonance’s inflection point is
sharp. This is expected, as the system resembles that of
a leak-free sealed box. As the leak gets a little larger,
the primary resonance is much more damped. With
very large leaks, the resonance frequency shifts towards
the free air resonance of the driver and is very damped.
At the limit, the leak becomes so large that it offers
almost no resistance at all and the LAT behaves as if it
were in free air.

4, EXPERIMENTAL VERIFICATION OF THE
MODEL

4.1. Electrical Impedance

Two observations were made about the electrical
impedance of the LAT. The first was that at frequencies
above fin, the impedance rises at a much lower rate
than the 6 dB/octave predicted by the typical
loudspeaker impedance model. The second was that the
measured impedance at f3;y was somewhat higher than
Rpc. It should be re-emphasized that these behaviours

are common in most electrodynamic loudspeakers and
are not exclusive to the LAT.

Figure 16 shows the excellent agreement between the
measured and calculated electrical impedance of a six
diaphragm LAT having an effective diaphragm area of
820 cm’. The only significant deviation between the
measured and calculated values of the electrical
impedance is the bump around 400 Hz. The impedance
increases from 16.6 Q at 5 kHz to 23.3 Q at 10 kHz —a
rise of almost exactly 3 dB over one octave.

LAT Electrical Impedance

nce, Ohms

. /|

20
Measured m———! /

15 <
10 Calculated
=y

10 100 1000
Frequency, Hz

Impeda

Fig. 16. Measured electrical impedance of an actual
LAT and electrical impedance calculated using the LAT
model.

4.2. Increase in Effective Air Mass

Section 2 makes note of the significant difference
between the moving mass of the LAT as measured in
free air versus the moving mass of the LAT measured in
a vacuum. Figure 6 provides a helpful clue as to where
this extra air mass might come from. The front and rear
orifices are assumed to work as ports. Thus the
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effective mechanical mass inside the ports on the front
2
side is increased by a factor of (SDJ , where Sgp is
SFP
the total radiating area of the ports on front side; the rear
ports would be multiplied by the same factor. This is
the standard factor associated with bringing this
acoustic mass through the acoustic transformer in
Figure 9. This is the additional term you would add to
M,,p in the standard calculation of M, in addition to
the contribution from the radiation impedance, as was
expected from an inspection of Figure 9.

A computerized testing system was used to measure the
small signal parameters of a LAT, both in vacuum and
free air. The system applies a LMS fit to impedance
data to derive most of the parameters. But because delta
mass and delta compliance measurements are
impractical with the LAT, the acceleration of one of the
diaphragms (measured with an accelerometer) was used
to gather the additional data to derive My;s.  The
measured values for M, in vacuum and in free air for
this particular LAT were 408g and 474g, respectively.

A very quick calculation can be made of the anticipated
air mass load in the LAT. The total ‘port’ area per side
of the LAT described above is 240 cm? which is
equivalent to a circular port with a diameter of 17.5 cm.
The physical length of the port in the LAT is quite
small, so the length of the port was taken to be the same
as the port end correction. The diaphragm area per side
is 820 cm’. Applying a port end correction [4] of 1.7
and assuming an air density of p,= 1.18 kg/m’, we can
calculate the air mass loading on the front side of the
LAT as:

2
S
M = SFPLFP/DO[SDJ =49.1g (15)

FP

The actual measured air mass load was 33 grams per
side suggesting an effective port end correction of 1.14.
Because the predicted Helmholtz resonance of the LAT
is fairly high in frequency, the air mass and mechanical
mass are well coupled. Therefore, this additional air
load will affect the LAT throughout the low frequency
region and will affect the M, calculation of the small
signal parameters.

The same calculation was made with a LAT with an
effective diaphragm area of 525 cm” and a port area of
168 cm” per side. Using a port end correction of 1.14,

we can calculate the air mass loading on each side of the
LAT as 16.1g; the measured value was found to be 13g.

4.3. Helmholtz Resonance

Finding evidence of the Helmholtz resonators in the
LAT proved difficult because the small leaks between
the rods and the through holes in the diaphragms damp
the resonance very effectively. In order to measure the
Helmholtz resonance, an experimental LAT was
fabricated that effectively sealed these leaks. An
accelerometer was affixed to one of the diaphragms and
the output was measured. This test was conducted both
in a vacuum (where no Helmholtz effect could be
active) and in free air. The free air result is shown in
Figure 17 where the Helmholtz frequency appears to be
centered just below 700 Hz.

For this particular LAT, Spp = 240 cm?, Ipp=9.98 cm
(with a port end correction of 1.14), and V= 2.4 liters,
leading to a calculated Helmholtz frequency of 550 Hz.
This is reasonable agreement, given the difficulty in
physically identifying some of the terms in Eq. 14 for
the LAT.

LAT Accelerometer Data

Pro

aN

-60 Vacuum

Accelerometer Output, dBV
8 a

Free Air

550 600 650 700 750 800 850 900 950 1000
Frequency, Hz

Fig. 17. Accelerometer data showing the action of the
Helmholtz resonator in free air.

Another experimental LAT was fabricated with much
more definable port areas and volumes. For this LAT,
Spp =612 cm?, Ipp = 5.0 cm (with a port end correction
of 1.14), and V,r = 1.3 liters, leading to a calculated
Helmholtz frequency of 531 Hz. This agrees closely
with the measured Helmholtz frequency of 500 Hz.
Accelerometer data for this LAT is shown in Fig. 18.
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LAT Accelerometer Data

. o,
. WM "mj P\ A A

Accelerometer Output, dBV

100 200 300 400 500 600 700 800 900 1000
Frequency, Hz

Fig. 18. Accelerometer data showing the action of the
Helmholtz resonator in free air.

4.4, Frequency Response
Figures 19 and 20 show the near-field measured and

calculated frequency responses for LATs with effective
diaphragm areas of 820 cm® and 525 cm?, respectively.

Sound Pressure Level, Measured and Calculated

Measured

LA

sPL

10 100 1000 10000
Frequency, Hz

Fig. 19. Measured and calculated magnitude response
for a LAT with Sp, = 820cn’.

LAT Impedance

(. A
1~ "
had \ |\
. NRIE
\ AN

N

Measured

ce, Ohms

Impedan

10 100 1000 10000
Frequency, Hz

Fig. 20. Measured and calculated magnitude response
for a LAT with Sp, = 525¢m’.

Figures 19 and 20 indicated that for low frequencies, the
LAT model does a good job of predicting the frequency
response.

4.5. Air Leakage

The acoustic resistance of a narrow slit is given by

_12nl

£w

R, (16)

where the viscosity coefficient 7 = 1.86:10” N's/m” , [ is
the length, ¢ is the thickness, and w is the width of the
slit, [4].

Using our 820 cm’ as an example, the acoustic
resistance was calculated to be 1.78 x 10° N-s/m’ per
pass through. Since there are twelve pass through holes,
the total acoustic resistance is 1.49 X 10° N-s/m’.
Multiplying this by S’ gives us a value of 1000 kg/sec
for Ry;. The electrical and mechanical parameters of a
LAT were measured using an LMS fit to accelerometer
and impedance data. The effects of the air load were
eliminated by measuring the LAT under vacuum. The
measured parameters are shown in Table 3.
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Parameter Value Unit
Rpe 2.17 Q
Lgp 0.137 mH
K 0.257 semi-H
Ly 4.97 mH
AR 0.268 Q
Bl 16.62 T'm
Ry 17.10 kg/s
Mys 408 g
Cuys 0.0563 mm/N

Table 3. Small signal parameters measured in a

vacuum for the LAT with Sp = 820cn’.

As in section 4.3, Spp = 240 cm?, Imp = 9.98 cm (with
port end correction of 1.14), and V,r is 2.4 liters.
Recalling Figure 15, the mechanical impedance around
resonance in a sealed enclosure (and thus the electrical
impedance around the same frequency), is sensitive to
the value of Ry, taken here to be 1000 kg/sec. Figure
21 shows the measured and simulated impedance of this
LAT in a 27 liter sealed enclosure. As shown in the
figure, there is excellent agreement between the model
and the measurement.

LAT Electrical Impedance

/ Calculated

gw ’&/
5 .

____../\&/

10 100 1000

ce, Ohms

Imped

0

Frequency, Hz

Fig. 21. Measured and calculated electrical impedance
of a LAT in a small sealed enclosure.

5. DISCUSSION

Not counting the extended blocked impedance model,
eight new parameters were added to the standard
loudspeaker model in order to create the extended LAT
model — the compliances of the front and rear chambers,
the surface areas of the front and rear ports, the effective
lengths of the front and rear ports, and the leakage mass
and resistance terms. The first six of these terms
operate to create a Helmholtz resonator and increase the
air mass load on the LAT. For subwoofer applications,
the Helmholtz resonant frequency lies well above the
intended bandwidth. Since this resonance is well
damped by the leakage resistance, with careful thought,
the Helmholtz resonator could be ignored in a simplified
model without loss of accuracy at low frequencies. In
this case, the additional mass load can be included in the
M,s of the driver, leaving only one parameter not found
in conventional transducers, R,;. The need for this
parameter is specifically related to the design and
operation of this device as a LAT, as opposed to a
conventional direct-radiator transducer.

Several modern enclosure modeling programs [10, 11]
provide for a leakage term typically specified as Q;, a
term which was originally defined to describe the
effects of a leak in a ported enclosure system [12]. It is
anticipated that, with some judicious caution, this Oy
term could be used to model the effects of R,; in many
enclosure systems.
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Thus, in spite of its seeming complexity, the LAT can
easily be modeled in an enclosure using commercially
available modeling software.

6. CONCLUSION

An extended small signal parameter model of the LAT
was introduced that was found to be highly predictive of
actual LAT behavior at low frequencies. While the
model included eight parameters that are unique to the
LAT, for many applications only one new parameter is
important, the acoustic leakage resistance Ry;.

In addition, an extended blocked impedance model was
introduced. While this model proved to be highly
predictive of the LAT’s electrical impedance, it is
thought that this model is applicable to most, if not all,
electrodynamic loudspeakers.
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