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Tech. Letter No. 264A

Using Thiele-Small Parameters

by Rex Sinclair

in order to properly design an enclosure for a
loudspeaker, certain parameters of the loudspeaker
should be known. The important parameters for
enclosure design are:

1) the free air resonant frequency (fg),

2) the total Q (Qy),

3) the equivalent volume (V,g), (not the actual
physical volume).

Calculator program CP-22A is available as an alterna-
tive or as a supplement to some of the design
methods given here.

Maximally flat alignments

The combination of enclosure volume and tuning (the
alignment) chosen for a given loudspeaker is fre-
quently of the kind first given by Thiele [1] which are
usually called maximally flat alignments. The enclo-
sure volume (Vg) for alignments of this kind can be
found from the graph shown in Figure 1. The physical
volume of the loudspeaker should be added to this.
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Figure 1. The dependence of V,, on Q.

The frequency (fg) to which the enclosure 'should be
tuned is given in Figure 2 and the frequency (f5) for 3
dB below the assymptotic level is given in Figure 3.
Once Vg and fg are known, the port area A in a 0.75
in. baffle can be found from Figure 4.
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Figure 2. The dependence of fy, on Q; for V,, given in
Figure 1.
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Figure 3. The dependence of f3 on Q, for enclosures
designed according to Figures 1 and 2.



CU. FT. 20 1614 112 10 l

w [y

i
W
Z

0 20 40 80 80 100
ENCLOSURE FREQUENCY (H2)

]

/]

7

[ ]]
/,
7 )

/|

PORT AREA (SQ. IN.)
3 3
\\
-

I\

Figure 4. The dependence of A, on Vy, and fy,.

If the required port is too large to be on the graph or to
fit in the baffle without undermining the strength, mul-
tiple ports having a smaller total area can be used.
Supposing that in a given instance it is decided to use
n ports, then the area of each can be found by using
Figure 4 with Vg/n for the volume. If on the other hand
it is decided that the area is too smali and will cause
whistling or distortion, it can be converted into a
larger area duct. The volume lost to the duct is given
in Figure 5 and should be added to Vg (along with the
volume occupied by the loudspeaker). The duct iength
can be found from Figure 6. By the combined use of
Figures 4, 5 and 6, any configuration of equal sized
ports can be converted to any other number of equal
ducts and vice versa. If a duct has excessive length
for the cabinet depth, a smaller duct area and/or a
smaller number of ducts should be used. Examples
are given later. Typical loudspeaker physical volumes
and Thiele-Small parameters for a selection of Altec
Lansing loudspeakers are given in Tech Letter 267.
The equations used to create Figures 1, 2, 3, 4 and 6
are given in the Appendix.
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Figure 5. The dependence of duct volume on duct
area and equivalent port area (Ap) in a 0.75 in. baffte.
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Figure 6. The dependence of duct length on duct area
and A,

Non-Thiele alignments

Frequently it is desired to use a loudspeaker in an
existing cabinet and to port it for the best perfor-
mance available for that size. In which case the port
area must be found. It is also desirable to know the
— 3 dB frequency and the smoothness of response. Ir.
order to characterize the smoothness, the height of
the bump in the response curve has been calculated.
Some values of the bump in dB are given as negative.
In cases having a negative bump, an auxiliary positive
bump is always present at a lower frequency. The dif-
ference between positive and negative bumps is
shown in Figure 7.
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Figure 7. Diagramatic illustration of response curves
for volumes a) smaller than maximally flat, b) max-
imally flat and c) larger than maximally flat.

The frequency to which a given enclosure should be
tuned for a loudspeaker of known parameters can be
found from Figure 8 where a family of lines is given for
different values of Q. Tunings for intermediate values
can be found by interpolation. The required port area
can then be found from Figure 4 after subtracting the
loudspeaker physical volume.

—o—



20 %%

/

fplfy
-
=]

TTTY

0.1 Ll Liil [ 1ill 1.1 diaal
00T 002 605 01 02 o5 16 20 50 100

VbiVas

Figure 8. The Dependence of Enclosure Tuning Fre-
quency on Volume for Different Values of Qr.

For conversion to multiple ports and ducts, the proce-
dure is the same as that given above for maximally
flat alignments. Where it is considered desirable to
convert ports into ducts, the duct area is selected and
its volume found from Figure 5. This volume is then
subtracted from the enclosure volume and a new port
area found. This can be repeated until there is no
significant change in the effective enclosure volume.
The duct length can now be found from Figure 6.

Expected performance of such a system can also be
predicted. The value of f; can be found from Figure 9
with interpolation where necessary. The size of any
bump present can be found from Figure 10. For the
higher Q values with larger volumes, the auxiliary
positive bump may exceed the assymptotic SPL (0 dB)
in which case its value can also be found from Figure
10. An estimate of frequency at which the main bump
occurs can be found from Figure 11 and the fre-
quency (fag) of the auxiliary positive bump when
greater than 0 dB can be found from Figure 12. Equa-
tions for Figures 8 and 9 are given in the Appendix.
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Figure 9. The Dependence of f; on Enclosure Volume
Tuned According to Figure 8.
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Figure 10. The Dependence of Response Curve
Bump Magnitude on Enclosure Volume Tuned Accord-
ing to Figure 8.
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Figure 11. The Dependence of Bump Frequency on
Enclosure Volume Tuned According to Figure 8.
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Figure 12. The Dependence of the Frequency of the
Auxiliary Positive Bump, when Present and Greater
than Zero, on Enclosure Volume Tuned According to
Figure 8.

Another design technique is to specify the — 3 dB fre-
quency required and find the required enclosure vol-
ume from Figure 9. The response curve bumps and
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their frequencies can be found from Figures 10, 11
and 12. A decision can then be made whether or not
the design is acceptable. If the response is con-
sidered acceptabie, the port area can be found from
Figure 4. The number of ports and any duct conver-
sion can be accomplished in the manner given above.
Any duct volume should be added to the enclosure
volume along with the loudspeaker physical volume.

Another design technique is to specify the value of a
negative bump acceptable for an extended bass or a
positive bump required for a false bass effect. The
enclosure volume can be found from Figure 10. The
rest of the design follows the methods outlined above.

Yet another design technique is to use a new set of
extended bass (X BASS) alignments. These align-
ments give a slower low frequency initial roll-off than
Thiele alignments and hence lower values of f; and fg
usually with less acoustical masking at f5 and fg. The
design parameters for these alignments are given by

Vg/Vas = 7.95 Q722! (1)
and fglfs = 0.471 Q; ~ 0677 )
The predicted value of f5 is given by,

falfs = 0.21Q; " O forQr<0.366  (3)
and falig = 0.33Q; "0 forQ; > 0366 (4)

These relationships are shown graphically in Figure
13.
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Figure 13. The Dependence of Enclosure Volume and
Tuning Frequency on Q; and the Predicted f; for a
System of Extended Bass (Non-Thiele) Alignments.

For Q; values up to 0.4, these alignments give no
ripple. For higher Q; values there is a slight ripple

similar to that of the Thiele alignments at higher Qr
values. As Qy is increased, these alignments become
closer to being Thiele alignments.

Sixth order alignments

Another completely different family of alignments is
available wherein the frequency response of the sys-
tem is equalized by an auxiliary filter which is nor-
mally in the amplifier input circuit to yield a smooth
extended bass. The possibilities are infinite. Discus-
sion here is restricted to filters giving a single pass
band of additional boost, namely sixth order systems.
In order to provide protection from cone excusion
damage, discussion is further limited to peak boost
frequencies in the vicinity of fg where cone excusion
is low and to boosts of 6 dB. In the interests of simpli-
city the auxiliary filter is restricted to a quality factor
(Qp) value of 2.

An approximation to a maximally flat sixth order align-
ment can be obtained by using an enclosure volume
(Vgg) given by Keele [2] i.e.,

VBG = 4.1 VAS OT2 (5)
tuned to a frequency given by

The port area can be found from Figure 4. Any port
and duct manipulations are the same as before. The
auxiliary filter has 6 dB boost centered at fp and a Q,
of 2. The peaking frequency frequency (fp) is given by

fp = 1.07 fgg (7)

and the — 3 dB frequency is given by
f3 = fp. 8)

These relationships are shown graphically in Figure
14.

Another sixth order approximate design method [2]
yielding systems which are not maximally flat is to
take any existing alignment (e.g. Thiele or X BASS)
and to retune the enclosure to the frequency given by
(6) or Figure 14.

The amplifier peaking frequency (fp) is given by (7) and
f is given approximately this time by (8). Alternatively,
fp and the approximate value of f; can be found from
Figure 14. Using this technique it is possible to design
dual purpose enclosures, i.e. a Thiele or X BASS align-
ment with an alternative duct for sixth order applica-
tions. The reverse design philosophy can also be
applied.
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Figure 14. The Dependence of Enclosure Volume,
Tuning Frequency, Auxiliary Filter Peaking Frequency
and f; on Q; for Maximally Flat Sixth Order Systems.

For maximally flat systems designed according to (5)
and (6), the sixth order enclosure is smaller than a
Thiele enclosure for Q values greater than 0.338 and
larger for Q values less than 0.338.

Examples
1) To design a maximally flat enclosure for a 15 in.
loudspeaker having fg = 25.3 Hz, Qr = 0.21, Vxg =
17.9 cu. ft. and physical volume = 0.17 cu. ft.
From Figure 1,

Vg/Vag = 0.137, )
therefore Vg = 2.45 ft.3 (10)
and from Figure 2,

fglfs = 1.73 (11)
therefore fg = 43.72Hz. (12)

The —3 dB frequency can be found from Figure 3
which yields

falfg = 2.26, (13)
therefore fy = 57.08 Hz. (14)

From Figure 4, for 43.72 Hz and 2.45 cu. ft., the port
area

Ap = 5.20in.2 (15)
ina 0.75 in. thick baffle. It is now decided that this port

is too small for a 15 in. loudspeaker and that a duct
should be used. Choosing a duct of 12.568 sq. in.

cross sectional area, Figure 5 gives a duct volume of
0.03 cu. ft. The total volume (V) is now given by

Vy = 2.45 + 0.17 + 0.031t3 (16)
= 265ft3 (17)

From Figure 6, the duct length is 3.75 in.
2) To tune a 5.0 cu. ft. enclosure for use with a 15 in.
loudspeaker using two ducts of 7 in.2 each. The loud-

speaker parameters are fg = 24.1 Hz, Q; = 0.24, Vg
= 17.0 and the physical volume is 0.17 cu. ft.

Available box volume Vg = 5.0 — 0.17

= 4.83 cu. ft. (18)
therefore Vg/Vpg = 0.284 (19)
From Figure 8,
fglfg = 1.40 (20)
therefore fg = 1.40 X 24.1 (21)
= 33.74 Hz.
From Figure 4,
Ap = 7.0in2 (22)

For two ports, i.e. 2.50 ft.2 per port, Figure 4 gives a
new port area

Apy = 2.00in.2 (23)

From Figure 5, the volume of each duct will be 0.025
cu. ft. A new value of Vg is given by
Vg = 5.00 — 0.050 — 0.17 ft.3 (24)

= 4.781t3 (25)

As this is not significantly different from the original
value of 4.83 cu. ft. the duct iength can now be found
from Figure 6 and is in fact 3.1 in. The —3 dB
frequency and the bump are given by Figures 9 and
10.

By interpolation
f3 = 43.4 Hz. (26)

and Bump = 0dB. (27)
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From Figure 11, if there were a bump it would occur at
fg = 58.6 Hz.

3) To design an X BASS enclosure for the loudspeaker
of Example 1 using a 12.568 in.? duct.

From Figure 13,

Vg/Vpg = 0.27 (28)
Vg = 4.83ft3 (29)
fg = 1.35 X 25.3 (30)
= 34.16
and f3 = 51.36 Hz. (31)

From Figure 4,

Ap =70in? (32)
The bump is of course 0 dB.
From Figure 5, the duct volume is 0.021 cu. ft.

The total enclosure volume is now 4.83 + 0.021 +
0.17 cu. ft. i.e.

Vy = 5.021t3 (33)
From Figure 6, the duct length is 2.6 in.
A frequency response curve is shown for this align-

ment in Figure 15 along with the standard Thiele
alignment of Example 1.
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Figure 15. A comparison of Frequency Response of a
Maximally Flat Alignment and an X BASS System
using the Same Loudspeaker.

EXTENDED BASS ALIGNMENT

4) To design a maximally flat sixth order system using
the loudspeaker of Example 1.

From Figure 14,

Vgg/Vag = 0.18 (34)
therefore Vgg = 3.22 cu. ft. (35)
fgg = 36.05 Hz. (36)
fy = fp = 38.58 Hz (37)

From Figure 4,
Ap = 4.5in.2 (38)

To convert the small port into a duct of 12.568 in.2
area, Figure 5 gives a duct volume of 0.034 cu. ft.
From Figure 6, the duct length is 4.3 in. This system of
course has zero bump when used with an amplifier
giving 6 dB boost at 38.58 Hz with a Q4 of 2.

Vi =322 + 0.034 + 0.17 (39)
= 3.42cu. ft. (40)

5) To design an alternative turning for the enclosure of
Example 3 to give a sixth order system using the same
loudspeaker.

Vg = 4.83cu.ft. (41)

From (6) or Figure 14,

fgg = 36.05 Hz. (42)
and from (7) and (8) or Figure 14

fp = 38.58 Hz. (43)

and f3 = 38.58 Hz. (44)

From Figure 4, a frequency of 36.05 Hz requires a
port of 4.5 in.2. For a duct of 12.568 in.2, Figure 5
gives a duct volume of 0.034 cu. ft. The duct length
from Figure 6 is 4.3 in.

As the difference in the volume of this duct and that in
Example 3 is not significant when compared to the
total enclosure volume of 4.83 cu. ft.,, no changes
need be made in the design. This system is to be used
with an amplifier giving 6 dB boost at 38.58 Hz. Fre-
quency response curves of the unassisted enclosure
and loudspeaker are shown in Figure 16 along with
the filter on its own and the combined system. Al-
though ripple is present, this should be a good sound-
ing system. The value of f; can be seen to be slightly
lower than the approximation given in (44). The
response of this particular system would be flatter
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and f; lower if the filter were to peak at a lower fre-
quency, e.g. at fg or lower. This is usually true for
enclosures larger than required for a maximally flat
sixth order alignment. The effect on this system of
lowering fp to 30 Hz is shown in Figure 17. This kind of
manipulation is difficult to predict in a general manner
and may lead to systems susceptible to excursion
damage as in this case with fp < fg.
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Figure 16. A Sixth Order System using the Same
Loudspeaker as The Systems in Figure 15.
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Figure 17. The Sixth Order System of Figure 15 with a
Different (and Probably Dangerous) fp.
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Appendix

Equations used to generate Figures 1, 2, 3, 4, 6, 8 and

9 are given below.
Vg/Vag = a Q72
talfs = c Q9
foffs = EQrY,

where a = 6.096,

b = 2.432,
for Qy<0.313.
¢ = 0.3985,
d = 0.940,
E = 0.379,
g = 1.143,
for Qy< 0.259.
c = 0.428,
d = 0.883.
E =0.218,
g = 0.586,
for 0.259<Qr<0.383.
a = 18.029,
b = 3.365,
for 0.313< Q< 0.49.
¢ = 0.397,
d = 0.963,
E = 0.233,
g = 1.494,

(A1)
(A2)
(A3)

(A4)

(A10)

(A11)
(A12)
(A13)
(A14)

(A15)

(A16)

(A17)

(A18)

(A19)
(A20)
(A21)
(A22)

(A23)

for 0.383< Q< 0.49. (A24)
a = 6.427, (A25)
b = 1.943, (A26)
¢ = 0.457, (A27)
d = 0.766, (A28)
E = 0.353, (A29)
g = 0.902, (A30)
for Q> 0.49. (A31)

Equations for Figure 4 follow

Ap = (R=B)2X2in.2, (A32)
where R =B? - 422 (A33)
B = 2t + 0.9216 (A34)
and X = 4.5755 x 108/(123x Vg x fg?).  (A35)

Vg and fg are the volume in cubic ft. and the enclosure
tuning frequency in Hz. Also, t is the baffle thickness
in inches.

The equation for Figure 6 is

| = (Ap x (t + 0.96./Ap)/Ap
- 096 /Ap (A36)

where | is the duct length in inches and Ap and Ap are
the required duct area and the port area in square
inches.

Equations to generate Figure 8 and to approximate 9
follow.

fglfs = c(aVg/Vg)dib, (A37)

H

folfg = E(aVg/Vg)?P (A38)

where a, b, ¢, d, E and g are given above. It can be
seen from Figure 9 that equation (A38) fails for loud-
speakers with Qp less than 0.3 and enclosures larger
than about 1.5 times the maximally flat volume.



Glossary of important Thiele-Small Symbols

system compliance ratio, = Vpg/Vg
magnetic flux density in driver air gap
velocity of sound in air (=345 m/s)
acoustic compliance of air in enclosure
acoustic compliance of driver suspension

total acoustic compliance of driver and
enclosure

electrical capacitance representing
moving mass of system (= McSp2/B2I2)

open-circuit output voltage of source
(Thevenin's equivalent generator for
amplifier output port)

natural frequency variable

resonance frequency of vented enclosure

resonance frequency of closed-box system

resonance frequency of driver in closed,
unfilled, unlined test enclosure

frequency of upper voice-coil impedance
peak

frequency of lower voice-coil impedance
peak

frequency of minimum voice-coil impe-
dance between f_and f, (fyy = fg)

resonance frequency of unenclosed driver

effective value of fg when mounted in an
enclosure (is enclosure dependant)

half-power (—3 dB) frequency of loud-
speaker system response

response function

system tuning ratio, = fg/fg
efficiency constant

power rating constant

displacement constant

Leer

Mac

length of voice-coil conductor in magnetic
gap

electrical inductance representing total
system compliance (= CarB?1%/Sp?)

acoustic mass of driver in enclosure
including air load

acoustic mass of driver diaphragm
assembly including air load

displacement-limited acoustic power rating

displacement-limited electrical power
rating

thermally-limited maximum input power
ratio of energy stored to energy dissipated
per cycle (Q = b/2a for X + 2ax + x b®x
= 0)

enclosure Q at fg resulting from absorption
losses

total enclosure Q at fg resulting from all
enclosure and vent losses

enclosure Q at fg resulting from leakage
losses

enclosure Q at fg resulting from vent
frictional losses

total driver Q at fg resulting from all system
resistances

Q of system at f; considering electrical
resistance Rg only

driver Q at fg considering electrical
resistance Rg only

Q of system at f; considering system non-
electrical resistances only

Q of system at fg considering driver non-
electrical resistances only

total Q of system at fs including all system
resistances

value of Qrc With Ry = 0



Glossary of Important Thiele-Small Symbols
(continued)

total Q of driver at fg considering all driver
resistances

acoustic resistance of enclosure losses
caused by internal energy absorption

acoustic resistance of driver suspension
losses

dc resistance of driver voice coil

electrical resistance representing driver
suspension losses (= B?12/S2R,g)

output resistance of source (Thevenin's
equivalent resistance for amplifier output
port)

complex frequency variable (= o + jw)

effective surface area of driver diaphragm

radian time period (=1/2 n f) (time per
radian)

system output volume velocity

volume of air having same acoustic
compliance as air in enclosure (=

2oC°Cpp)

Vas

Xmax

X(s)
Zyc(s)

YB

Mo

Qo

—10—

volume of air having same acoustic
compliance as driver suspension (=

20C%Cpg)

total system compliance expressed as
equivalent volume of air (= g,c%Cp7)

net internal volume of enclosure

peak displacement volume of driver
diaphragm (=SpXyax)

peak linear displacement of driver
diaphragm

displacement function

voice-coil impedance function

ratio of specific heat at constant pressure
to that at constant volume for air in
enclosure

reference efficiency

density of air (=1.18 kg/m3)

radian frequency variable (=2 n f)



