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DIRECT LOW-FREQUENCY DRIVER SYNTHESIS FROM SYSTEM SPECIFICATIONS
BY

D.B. (Don) Keele, Jr.
James B, lansing Sound, Inc.
Northridge, CA 91329

The usual procedure for direct-radiator low-frequency loudspeaker

system design leads to calculation of the driver's fundamental electro-
mechanical parameters by an intermediate specification of the Thiele/
Small parameters. A reformulation of the synthesis procedure to eliminate
the intermediate Thiele/Small calculation leads to a set of equations

that yield the driver's electromechanical parameters directly from the
system specifications.

These equations reveal some moderately surprising relationships when
the different system types (closed-box, fourth-order vented-box,
sixth~order vented-box) are compared. For example, for a specified
LF cutoff (f3), midband efficiency and driver size, the fourth-order
vented~box driver is found to be roughly three times more expensive
{judged on the amount of magnet energy required) than the closed-box
driver, Conversely for a given f3, enclosure volume (Vg), maximum
diaphragm excursion (x,q,) and acoustic power output (PpR) the
fourth-order vented-box driver is some five times cheaper than the
closed-box driver!

It is also found that for direct-radiator systems in general, a specified
3, VB, Xmaxs and PpR leads to the total moving mass (Mpys) depending
inversely on the sixth power of the cutoff frequency i.e, a one-third-
octave reduction in f3 results in a four fold increase in mass! Further-
more, the same conditions reveal that the sixth~order vented-box

driver moving mass is some 42 times lighter than the closed-box driver
providing the same midband acoustic output and f3! If cone area and
efficiency are held constant, the direct-radiator system driver actually
gets less expensive as the low-frequency limit is extended.

GLOSSARY OF SYMBOLS

B magnetic flux density in driver air gap

c velocity of sound in air (= 345 m/s)

Cms compliance of driver diaphragm suspension
f frequency (Hz)

fg resonance frequency of vented enclosure

fc resonance frequency of closed~box system
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resonance frequency of unenclosed driver

low-end cutoff (half-power or -3 dB) frequency of system
system funing ratio (= fB/fs)

power rating constant

frequency ratio constant for system (= fg/f4)

efficiercy constant (assumes 77, in %)

length of voice~coil conductor in magnetic gap

total moving mass of driver including air loads

displacement-limited acoustic power output rating (used in this paper

in a more general sense to indicate the midband maximum acoustic output
of a system; drivers designed from the equations in this paper will reach
their displacement and thermally limited input limits at the same continuous
power levels in the system passband (PER = PE(

max))

displacement-limited electrical power rating

thermally-limited maximum input power

tofal enclosure Q at f resulting from all enclosure and vent losses

enclosure Q at fB resulting from leakage losses

total Q of driver at fg resulting from all system resistances

Q of driver at f considering electromagnetic damping only

Q of driver at f¢ considering mechanical losses only

total Q of closed-box system at fe including all system resistances

total Q of driver at fg considering all driver resistances/ = QES QMS
Qes+ Qs

de resistance of driver voice coil

electromagnetic damping factor of driver (= (B )2/RE)

effective surface area of driver diaphragm

volume of air having sume acoustic compliance as driver suspension
(compliance equivalent volume)
net internal volume of enclosure

peak displacement volume of driver diaphragm (= Sp x4.)
peak linear displacement of driver diaphragm

system compliance ratio (= V, yVB)

reference efficiency of system in % (half-space acoustic load)
density of air (= 1,21 kg/m3)

radian frequency (= 2 T f)



1. INTRODUCTION: Traditionally (pre 1970) the design of direct-radiator loudspeaker
systems has been mostly an empirical process. Quoting R.H. Small in his introduction to
his monumental series of papers on direct-radiator loudspeaker system design /T-3/:

"The design of a loudspeaker system is traditionally a trial~and-error
process guided by experience: a likely driver is chosen and various
enclosure designs are iried until the system performance is found to

be satisfactory. In sharp contrast to this empirical design process is
the synthesis of many other engineering systems, This begins with the
desired system performance specifications and leads directly to specifi~
cation of system components. This latter approach requires the
engineer fo have precise knowledge of the relationships between system
performance and component specifications, "

Small's synthesis techniques for closed-box /2/ and vented~box [5/ system design
start from the desired system specifications such as midband reference efficiency (77,),
net internal enclosure volume (Vp), low frequency cutoff point (f3), midband maximum
acoustic output power (P ) and leads to specification of the required driver in terms of
the basic design parameters called the Thiele/Small parameters fs, Vp s» Qes, Qms:
%, » Vpond PE(,mu ) These Thiele/Small driver parameters are then used with a
selected driver dlapﬁmgm area (Sp) or maximum diaphragm excursion value (xpqy), and
desired voice-coil resistance (Rp) to compute the drivers fundamental elecfromecﬁunicql
parameters: total moving mass MMS), suspension compliance (Cpys), Bl product, and
electromagnetic damping factor (Rypg), which being roughly preportional to magnet
assembly weight is also proportional to magnet cost .

Even though the concept of the Thiele/Small driver parameters has contributed greatly
to the analysis, synthesis, design, and measurement of direct~radiator loudspeaker systems,
the intermediate calculation of these parameters somewhat disguises the imporiant relation-
ships between the driver's mechanical parameters and the farget system specifications. In
this paper, equations are developed which yield the driver's fundamental electromechanical
parameters directly from the desired system specifications. Important relationships are
derived which show how the driver's electromagnetic damping factor (and hence magnet
cost) depends on system type (closed-box vs vented-box vs equalized vented~box) and
specifications,

2, DRIVER DESIGN VIA INTERMEDIATE THIELE /SMALL PARAMETERS

Small's design techniques for direct-radiator loudspeaker systems start from a specifi-
cation of the desired performance required which includes:

fq fow~frequency half-power (-3 dB) cutoff point,
VB net internal volume of enclosure,

o midband reference efficiency (half-space load),
Response shape: i.e, system type and alignment information, and
PAR maximum midband acoustic output power



(note that only two of the three specifications f3, V3, and %
can be selected, the third depends ory the first two through
the efficiency equation: 7]°= k'l fq Vp)

Once the system type (closed, vented or vented plus EQ, etc.)and frequency
response shape have been selected, values for the system parameters k3 (= fg/f3),
& (=Vag'Vp), Qp, h (= fa/Fs), and kp are fixed and can be determined by a
number of different means (Small /2,37, Thiele /47, and Keele /5/. Knowledge of
the systems large~signal target specifications along with the system parameters allows
calculation of the drivers Thiele/Small basic design parameters fs, Qgg, Qps, Qrsr
Vase VD' and PE(max) as follows:

fg  =kafy 1)
Vas =XVg @)
Qs =9 @)
QMS = Selected,

QES = QMS QTS/ (QMS - QTS)’ and 4)
Ne =kp f3° Ve (5)

Small's relationship for the displacement limited acoustic output power /2, eq. 407:
4., 2
PaR=kpf3" Vp ®)

can be solved for Vp yielding:

VPAR, and 7)

1
Vp= 7.
0" iy T

Per = PAR /7o ®)

The physical specification of the driver may now be completed by selecting arbitrarily
the driver cone area Spand voice coil resistance Rg, and then calculating the driver's
electromechanical parameters as outlined in /2, sec. 107. The required value of peak
displacement volume (Vp) for the driver must be divided into acceptable values of Sp
and xpqy (Sp may be arlaifmrily selected or may be computed knowing the desired value
of Xpax 1+€+ Sp = Vb MXmax)*

The driver's electromechanical parameters are given by /2, eqs, 61 - 657

C, .= Vas 9)

MS é—cz?[;z

Mus = 1 (10)
@7fs) Cps



Bl :‘}w (ny
QEs

2 21rFS "’NS
Rame = (BI)/Re = (12)
ME E ——Q——ES

3. DIRECT DRIVER SYNTHESIS
Method

The design method outlined in the previous section can be streamlined by eliminating
the infermediate calculation of Thiele/Small parameters and proceeding directly from the
system specifications to the driver's mechanical parameters. In general, substitutions
are made in eqgs, (9) = (12) for the Thiele/Small parameters in terms of the system specifi~
cations and a set of equations are derived yielding the desired driver mechanical parameters.

System Specifications Required

The derived equations can be organized in several different ways depending on which
of the independent system specifications are chosen. | have chosen to derive three complete
sets of equations each using as variables two of the three parameters of the efficiency-volume-
cutoff set (7,, Vg, f3). Within each of the three setsa further division is made on roughly
small-signal/large-signal considerations, in the first small-signal category, Sp is chosen
arbitrarily and appears explicitly in the equations while x,, is allowed to float so that Vp
is satisfied. In the second category, the values for PAR, X, and kp appear explicitly
with the cone area Sp allowed to float.

Derivation Example

To illustrate the derivations of the equations, one example will be worked out for
one pair of specifications (f3, V) to yield the equations for the total moving mass M pg

From a knowledge of the system parameters k3, X, Q1, H, ky, , and kp derived
from knowing the desired system type and response function (see Sec. 2) the following
derivation can be worked out. From the knowledge that

Vas =0t Vp (13)
eq. (?) can be transformed into:
: \Y
Cps=-2_ - _B_ (14)
/5) C2 SDZ

This value of CMS along with

fg= k3 f3 (15)



when substituted into eq. (10) yields:
2 2
R b (16)

= fe €
4 Mgt i2 vy

Mpms

which is the desired result with mostly small-signal specifications evident and Sp
appearing explicitly.

To convert to the large-signal format, Small's relationship for the displacement limited
acoustic output power eq. (6) must be used along with

VD = SD ch‘x (]7)

to yield a value for Spyin terms of mostly large-signal specifications:

P

o= ——— (18)

D X f 4
maxX kp 3

This value for Sp can inturn be used with eq. (16) to give Mps in terms of mostly large-

signal system specifications:

e C2 . PAR

5 (19)
4T k3 (X|<P x f

Mms

This equation illustrates the very strong dependence of My,¢ on fy (inversely on the
sixth power of f3!) for a specified Pyp, x . 0p and V3. Observations on the whole set of
derived equations will be deferred until after all the equations are shown.

4, DIRECT SYNTHESIS EQUATIONS

Following the procedure as outlined in Sec. 3, the equations can be derived for all
the driver's mechanical parameters. These equations are shown in the following listing.

From Small-Signal Specifications

Combinations

Total Moving Mass

2 2
f &7, My = oot . s (20)
Pl )
2
fa &V, - R & .o @1)
B 42 k5 £.2 v
L SO(g/ 3 VB
2,73 52
7?, &VB = R € kn . D (22)

72 2 N3 vg/?
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From Small-Signal Specificaﬁons‘ (continued)

Combinations

f3&77°

f3 & 72‘0
&V

f3 &V

72“ &Vy

Suspension Compliance

C = X . 7?0
MS 2 73
R <k [
5 n b3
= X . V3
RE
= 0( . VB
Y4 Z
[+]
R S
Bl Product
Bl SDf
R
. S

Electro-magnetic Damping

< p)
Ryg = B S kn . o fa
2 QpgkyX Y
2
[~ Q Cz . SD
27 Qegkyx  f3Vy

2

2 13
f5c kn .

27 Qpgk,X ,nol/s V52/3

(23)

(24)

(25)

29)

(30)

@1)



From Large-Signal Specifications

Combinations

Total Moving Mass

&7 M. _ R kq . P (32)
8- MS = ———— T 7 3
AT kg kg *max f3 N
2 P
f, &V _ R . AR (33)
P Tt 2y
L 30( P *max '3 B
2.2
M, & Va _ R Cg . Ve Par (34)
= e 7 _Z
4'17‘ k30(kP chx _no
Suspension Compliance
X k f 2
287, Cys = g . 3P’$mx (35)
R ¢ kn AR
Kk 2. .4
fy &V, _ %K  max 30 VB (36)
4
A < "AR
2 _4/3
7, &V, X kp wox Vo @7
°. = 5 473 73
B¢ ky Par VB
Bl Product
(&7 BI L] PARRE  (@38)
3 ° £
3 %max na




From Large-Signal Specifications (continued)

Combinations

Bl Product (continued)

7
A -~ R L Par RE 39)
2 Qs ™ HRp  max [ 1,7V
2, 5/3
7?0 &VB = /87 © kn . 1
T sk Xk o
Electromagnetic Damping
g 2k P
f3 & 770 RME = ° ° n . 7 AR (4])
2 Qeska®hp ¢ IX0
P c? P
f3 & VB 3 ® . AR (42)
2T Qg g* kg f35 . 2 v,
2, 58 2/3
7, &V, G . ar VB 43)
R P L -

5. SELECTION OF SYSTEM TYPE AND RESPONSE SHAPES

Three different types of direct-radiator loudspeaker systems were chosen to illustrate
the use of the derived equations:

1. C2ND: Closed-box, second-order high-pass response,
2. VATH: Vented-~box, fourth-order high«pass response, and
3. VéTH: Vented-box, sixth-order high-pass response.

The third system type (V6TH) requires the use of an external second-order high-pass
filter/equalizer which provides sub-sonic energy rejection and modest boost equalization
{+6 dB) in the lowest octave of operation (see /4, Alignment 157, /57, /%7, and /8/.

All three system types have been analyzed extensively and enjoy popularity in the market-
place /1-8/. Maximally-flat (Butterworth) or near maximally-flat response curves were
chosen for each of the three systems (0,4 dB ripple or less).



The system parameters of the three types were selected from information contained
in /2-3, 5/. Reasonable system losses were assumed with realistic attainable efficiency
constants (|< ). The system parameters were juggled so that an exact ratio of efficiency
constants befWeen the system types was maintained, i.e. a ratio of 1:2:5 (0, +3 dB, +7 dB)
for the closed-box, vented-box fourth-order, and vented-box sixth-order system types
respectively. These efficiency ratios are very close to the ratios attained by the theoretical
loss-free systems.

All parameters were derived assuming the systems are operated from amplifiers having
negligible output resistance. The closed~box type is further assumed to obtain most of it's
total damping from electromagnetic coupling and mechanical driver losses, and the effects
of any filling materials were neglected /2, Sec. 9/. The vented-box system is assumed
to have a leakage loss Q of (Qg=Q =7) /3, Sec. 11/, The selected system parameters
are shown in Table 1. Table 2 shows fhe Thiele/Small driver design data and equations
using the system parameters from Table 1 and the relationships of eqs, (1) - (8). Fig. 1
shows the small-signal response curves of the three chosen system types normalized to their
midband efficiency levels,

6. DIRECT SYNTHESIS EQUATIONS WITH EVALUATED CONSTANTS

The system information in Tables 1 and 2 was used to evaluate the constant factors
in eqs. (20) - (43) for the three system types, The resultant equations are shown in
Tables 3 - 5.

7. EQUATION OBSERVATIONS

A number of moderately surprising observations can be made about the direct synthesis
equations shown in Tables 3 - 5. Some rather interesting relationships are indicated when
the different system types are compared, A number of these relationships have been observed
before but it helps to repeat them here as an aid to the system designer for gaining insight
into system design factors and fradeoffs /2 ~ 8/, Refer to Tables 3 - 5 when reading the
following outlined observations.

General Observations

The following comments apply to all the analyzed system types.

A. Small-Signal
1. The total driver moving mass (MpS) and R ME (cost) are proportional
to the square of the cone area (Sp) or cone diameter to the fourth
power (o strong dependencel). Large cones mean lots of mass to
move around and lots of magnet to move them! If possible, it would
be more economical to reduce Mpyg and Ryp by trading Sp for x

so that Vpy is maintained (Vp = Sp ;.40

2, Bl is directly proportional Sp.

4
3, Suspension compliance (Cpyq) goesas 1/Sp or 1/dia”. Large cones
imply not only high mass but also require hlgh stiffness for control.
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B. Large-signal

1.

3.

Mpms cr&i R%F. (cost) are proportional to PAR and inversely proportional
10 Xy oINS shows the magnet cost rising in direct proportion to the
desired acoustic output power and decreasing with the square of the drivers
excursion capabilities, You will pay for high power output ! Any
allowable increase in x, . will pay for itself in decreased driver cost,

Compliance goesas 1/P, n. High driver suspension stiffness goes along with
high power drivers. MY igh-power musical instrument and professional
loudspeakers have suspensions which are quite stiff.

Bl goes as I/xmox and the square root of Pyp

Specific Observations

These observations apply only to the specific system types and particular parameters

specified.

A, For Specified Cutoff Frequency and Efficiency (Table 3)

I.

If you are forced into using a particular driver size, the closed-box system

is cheaper! This is because Mg is higher for the vented systems at the

same time the box size is smaller, The following table shows the approximate
ratios if Sy is held constant.

Type Mpsé Bl R pe (cost)
C2ND x 1 . x 1

V4TH x 1.8 x 3.1
V6TH x 2,2 x 4.9

The vented-box system is cost effective only if the driver size can be
allowed to decrease. The fable shows approximate cost break~even
points for driver size specifications.

Type Area Ratio Diameter Ratio
C2ND 1 1

V4TH 0.56 0.75

V6TH 0.45 0.67

This means that a sixth-order vented system driver must be two-thirds
the diameter of the closed-box system or smaller to be cost effective.

Small-Signal (specified f5, %, , and Sp)

a. Mygand Bl are proportional to f3. This is true for a fixed Sp
anﬁA 7, because as f3 goes up the box size grows smaller,
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b. R E (cost) varies as F32. In this case the driver actually gets
{;Aeoper as the system's response is extended lower (normally it's
the other way around if the box size is maintained constant !, see
Sec, B.3.d further on for behavior under specified f3 and Va )
This is due to the box size getting larger as fq is decreused

C. MMS and RME (cost) varies as ]/nn . High efficiency costs less!

4. large-Signal (specified f3, M, , PAR , and Xyqy (Sp float))

a. Fora specified Xmeix and Py p the vented-box drivers are cheaper
because the cone size is smaller,

Type R Mg (cost) Ratio
C2ND 1

VATH 0.39 (1/2.6)
V6TH 0.26 (1/3.8

b, Vented-box drivers are lighter.

Type M ppsRatio
C2ND 1 ‘
V4TH 0.22 (1/4.6)
V6TH 0.12 ]/8 5)

B. For Specified Cutoff Frequency and Box Volume (Table 4)
1. Mygand Ry (cost) proportionat to I/VB. Drivers for small boxes

are more expensive |

2, Small~Signal (specified fq, V_, and S
a, For the sime S, the cloged-box cmd sixth-order vented-box
drivers are nearly the same cost with the fourth-order vented-box
driver more expensive,

Type RME (cost) Ratio
C2ND |

VATH 1,57

V6TH 0.98

b. Vented-box cones are lighter.

Type M pysRatio
C2ND 1

VATH 0.88 (1/1,13)
V6TH 0.44 (1/2.3)
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