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Abstract

The low-frequency performance of a
driver for usein adirect-radiator loud-
speaker system is characterized by its
Thiele-Small parameters. Two imped-
ance measurements are required for the
calculation of these parameters. A fast
technique for performing the imped-
ance measurements is presented and
the calculation of the basic parameters
is reviewed. Computer implementation
for numerical calculation and control of
the analyzer is discussed and the results
for atypical driver are shown.

Introduction

The parameters introduced by Mr.
Neville Thiele and Dr. Richard H.
Small have become an industry stan-
dard in the analysis and design of both
closed and ported loudspeaker enclo-
sures. Since thefirst publishing of Dr.
Small’ swork, the sophistication of
€lectronic measuring equipment has
advanced tremendously, most notably
with the introduction of the FFT ana
lyzer. Digita microprocessor technol-
ogy has increased the speed and preci-
sion of |aboratory measurements and
has enabled the user of this equip-
ment to perform avariety of tasks not
possiblefifteen years ago.

Two-channel FFT analysisinvolves
the measurement of theinput and
output of alinear system to determine
its frequency response or transfer
function. By using the method de-
scribed by Small,™ in which an imped-
ance measurement is made on afree-
standing driver, followed by a second
measurement on the same driver
placed in asedled, unlined test enclo-
sure of known volume, a great deal of
information about the driver’ s charac-
teristics can be determined. The fol-

lowing isalist of parametersthis
method will determine;

R DC resistance of driver*

Fq resonant frequency of driver
mox  IMpedance at resonance

Q ms  hon-electrica driver Q

Qes  ©lectrical driver Q

Qrs  tota Qof driver

V,s  compliance equivalent volume

Cps  acoustic compliance of driver
suspension

M,s acoustic massof driver dia-
phragm assembly (including
ar load)

Ras  acoustic resistance of driver
suspension losses

BL megnetic flux density - cail
length product
, acoustic reference efficiency

* The DC resistance is typicaly measured with
an ohm-meter

Test Set-up

The circuit configuration for theim-
pedance measurementsis shown in
Fig. 1. All measurementsin this note
were made using B& K Dua Channel
Signa Analyzer Type 2032. The volt-
age V, acrossthedriver istheinput to
channel B of the analyzer, while the
generator voltage V, istheinput to
channdl A. The analyzer calculates the
transfer function by dividing the spec-
trum of channel B by the spectrum of
Channd A (V,u/Vin) and displaying
the result.

Thel kQ resistor that appears be-
tween the generator and driver makes

the generator appear asa constant-
current source to the driver.”) For
| Z | << 1000.
| =V,/1000  then
|1Z| =V,/I
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Fig. 1. Circuit configuration for impedance measurement



The scaling factor of 1000 iseasily
incorporated into the measurement
viathe front panel of the anayzer.
Alternatively, a V to | converter
(transconductance amplifier) could be
used. For most drivers, however, the
resistor circuit is quite sufficient.

The output resistance of the genera
tor can aso affect the impedance mea-
surement, asthisresistanceisin series
withthe 1 k@ resistor and the voice
cail resistance. If the output voltage of
the generator does not drop under load
conditions, then the generator output
resistance may be considered to be
zero with respect to its effect on the
impedance measurement.!.

Input Source

Traditionally, swept-sine measure-
ments have been used to determine
the response versus frequency of alin-
ear system. This method, while accu-
rete, isvery dow. The Dud Channel
Signa Analyzer Type 2032 used in
these measurements has the option of
abuilt-in random noise generator. A
choiceis available of either Gaussian
white noise, or pseudo-random noise.
One advantage of using arandom sig-
nal at theinput isthat it can be fil-
tered to suit the particular frequency
range of interest. Therefore, it will not
excite the system outside the andysis
bandwidth. This, in turn, increases the
dynamicrangeof the  measurement.’)

When using white noise as an input
excitation, a Hanning weighting func-
tion is required, due to the continuous
nature of the signd. A pseudo-random
signal can be used in conjunction with
arectangular weighting to speed up
the anaysis. The pseudo-random sig-
nal consists of arandom signa of fi-
nite period that is synchronized with
the record time of the analyzer. It
yields discrete frequency components
coincident with the frequency linesin
the analyzer. An advantage of using
thissignal and weighting liesin the
fact that fewer averages are required
inthe analysis. However, the random
white-noise excitation, while some-
what slower, should be used for non-
linear systems, asiit provides the opti-
mum linear approximation for the re-
sponse function.’!

In addition to the speed advantage
gained in using an FFT analyzer, the
result appearsin aformat that can be
interpreted immediately by the user.
The analyzer can be scaled to read out
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Fig. 2. Impedance plot for free-standing driver. Plot made with Graphics Plotter Type 2319
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Fig. 3. Impedance plot for driver mounted in test box. Plot made with Graphics Plotter Type

2319

directly in ohms and Hertz, linearly or
logarithmically. Hard copy is available
with adigital plotter viathe IEEE 488
bus.

Measurement

Thefirst measurement is taken with
the driver free-standing. The imped-

ance plots obtained will have the char-
acteristic shape seenin Fig. 2. Care
must be taken to avoid blocking the
ventsin the rear of the magnet struc-
ture, if the driver is so equipped. Dur-
ing the measurement, the driver may
be placed face-up on awork bench or
test table, provided thisstructureis
rigid and massive enough not to con-
tribute to the mechanical resonance of
the driver.




The resonant frequency, Fg, of the
driver isfound where theimpedanceis
amaximum  (Z,,,,).If RgistheDC
resistance of the driver, then according
to Small,’® theratio of the maximum
voice-coil impedanceto the DC resis-
tanceis defined as

T = Zmax/RE (2)

Two frequencies, F,g< Fqand
Fy5 > Fg, can befound on theimped-
ance plot where

|Z| =Vr,Rg 3)
then
Fs \r,
Yo (4)
Qs T Fs
and
QEs -%Af (5)

The measurement procedure isthen
repeated with the driver mounted in a
sedled, unlined test box, in order to
add a known compliance to the sys-
tem. An upward shift in the resonant
frequency is observed as shown in
Fig. 3. The new resonant frequency is
designated F'¢7, and the corresponding
frequencies Fcp and Fyep are obtained
using the same procedure described
above. Then,

Fer \r,

_ _— 6
QMCT_ Foor— 107 ©
and
Qo —2 o
Cdlculations

The remaining parameters can be
calculated from the previoudy mea-

sured data. From  Small 'k
= QMS QES (8)
Qs Qums+ QEs

and

- Fcr Qect _
vs =V [EE%E] @

where VT istheinternal volume of the
testbox. Vyand V,qaregenerdly ex-
pressed in liters. From this, the acous-
tic compliance of the driver can be
determined

Vas P
C _— (10)
A 27000 4, ¢
where p,isthedensity of air and cis
the velocity of sound, the factor of
1000 converts V4 from litersto cubic
meters. So

B wels (11)
1,41 x 10°

The units are meters’/Newton. The
acoustic mass of the driver can bere-

lated to the compliance with the reso-

nant frequency!

1
MAS_ 47r2FS2CAS (12)
Here, the units are kilograms/meter?.
The BL product can aso be calculated
from these parameters. First, we cal-
culate the acoustic mass of the driver
in the test box,

F¢? V
Macr = MASTSTQ[L*'V_AS] (13)
T

Then, let So be the effective surface
area of thedriver. Thisis calculated

by measuring the diameter, d, of the
driver from the middle of the surround

to the middle of the surround. Then

2
S, =7rdT (14)
and
BL =‘/27"FCTREMACTSD2 (15)
QECT

measured in  Webers/meter. The
acoustic resistance of the driver sus-
pension losses can be found

2712
Qwms ReSp

Theunitsare Newton-seconds/meter®.

The acoustic reference efficiency is
also eadily determined

7o =— X (17)

For V,sinliters

770 = 9,6 X 10_10 e

This number isusualy multiplied by
100 and expressed in percent.

Application

A tuned closed or ported box system
can be designed using these parame-
ters. The low-frequency response can
be predicted by varying the volume of
the box to be designed to obtain the
desired dignment.  1®) The reference ef-
ficiency is used to match drivers of
smilar efficiency in amulti-way sys-
tem. Cug5, M4gand R,q can be used for
equivalent circuit modelling. The BL
product is used in the design and qual-
ity control of drivers.

Computer Implementa-
tion

Even with ahand calculator, the
caculationsinvolved in thisanalysis
can become tedious. Computer imple-
mentation is attractive for several rea-
sons. The calculations can be per-
formed much more rapidly. If the
1000 € resistor isused in the measure-
ment, a correction can be applied to
the impedance measurement to obtain
exact valuesfor the caculations. A
printer can provide hard-copy for the
results, or the results can be stored on
afloppy disc for use at alater date.
The computer can act asacontrol de-
vice viathe IEEE 488 bus to automate
the test procedure. A plotter can be
used in conjunction with the analyzer
to obtain very fast impedance plots. A
flow-chart for the control/calculation
program appearsin Fig. 4. Parameters
for the test driver were calculated us-
ing the impedance plotsin Figs.

3. A diagram of the measurement set-
upisshownin Fig. 5. The resulting
output appearsin Fig. 6.

2 and

Conclusion

Two-channd FFT analysis provides
afast method of measuring driver im-
pedance. If two measurements are tak-
en, one with the driver free-standing
and a second with the driver in atest
enclosure, enough information can be
obtained to calculate the Thiele-Small

parameters. The speed of this tech-



nique can be increased by using a
computer in conjunction with the ana-
lyzer to automate the measurement
and perform the calculations.
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Fig. 4. Flow chart for control/calculation
program.
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Fig. 5. Diagram of FFT-based measurement system for measuring Thiele-Small parameters
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Fig. 6. Computer output of Thiele-Small parameters for

4-inch test driver
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