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DIRECT LOW-FREQUENCY DRIVER SYNTHESIS FROM SYSTEM SPECIFICATIONS

BY

D.B. (Don)Keele, Jr.
James B, Lansing Soundl Inc.

Northridge, CA 9]329

The usual procedure for direct-radiator Iow-frequency loudspeaker
system design leads to calculation of the drlver_s fundamental electro-
mechanical parameters by an intermediate specification of the Thiele/
5,nail parameters. A reformulation of the synthesis procedure to eliminate
the intermediate Thiele/Small calculation leads to a set of equations

that yield the drlver'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)_ mldband efficiency and driver slzej 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 (VB), maximum
diaphragm excursion (Xmax) and acoustic power output (PAR) 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

f3, VB, Xmax, and PAR leads to the total moving mass (MMs) depending
inversely on the sixth power of the cutoff frequency i.e. a one-thkd-

octave reduction in f3 results in a four fold increase in massl 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 mldband acoustic output and f3 i If cone area and
efficiency are held constant_ the direct-radiator system driver actually
gets less expensive as the Iow-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)

fB resonance frequency of vented enclosure

fC resonance frequency of closed-box system
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f5 resonance frequency of unenclosed driver

f3 Iow-end cutoff (half-power or -3 dB) frequency of system

h systemtuning ratio (= lB/tS)

kp power rating constant

k3 frequency ratio constant for system(= tS/f3)

kTL efficiency constant (assumes2_oin %)

I length of volce-coll conductor in magnetic gap
MMS total moving massof driver including air loads

PAR dlsplacement-lJmited acoustic power output rating (used in this paper
in a more general sense to indicate the mldband 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 _ame continuous

power levels in the system passband (PER-- PE(max) )

PER displacement-limited electrical power rating

PE(max) thermally-limited maximum input power

QB total enclosure Q at fB resulting from all enclosure and vent losses

QL enclosure Q at fB resulting from leakage losses

QT total Q of driver at fS resulting from all system resistances

QES Q of driver at fS considering electromagnetic damping only

QMS Q of driver at fS considering mechanical losses only

QTC total Q of closed-box system at fC including all system resistances

QTS t°tal Q °f driver at fs c°nslderJng all driver resistances(= QESQMS /

\ QMsJ
RE dc resistance of driver voice coil

RME electromagnetic damping factor of driver (= (BI)2/RE)

SD effective surface area of driver diaphragm

VA S volume of air having same acoustic compliance as driver suspension
(compliance equivalent volume)

V B net internal volume of enclosure

V D peak displacement volume of driver diaphragm (= SD Xmax)

Xmax peak linear displacement of driver diaphragm

04. systemcompliance ratio (= VA s/VB)

'_a reference efficiency of systemin % (half-space acoustic load)

density of air (= 1.21 kg/m3)

OJ radian Frequency (= 2 'il' f)
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1. INTRODUCTION: Traditionally (pre 1970) the design of direct-radiator loudspeaker
systemshasbeenmostly an empirical process. Quoting R.H. Small in his introduction to
his monumentalseries of paperson dlrect-radJator loudspeaker systemdesign/'[-37..

"The design of a loudspeaker system is traditionally a trial-and-error
process guided by experience: a likely driver is chosen and various
enclosuredesignsare trled until the systemperformance is found to
be satisfactory. In sharpcontrast to this empirical design processis
the synthesisof manyother englneerJngsystems. This begins wrth the
desired systemperformancespecifications and leadsdirectly to specifi-
cation of systemcomponents. Thls latter approach requires the
englneer to have precise knowledge of the relationships between system
performanceand componentspecificatlons."

Small's synthesistechniques for closed-box/_/and vented-box Z_./tsystemdesign
start from the desired systemspecifications suchas midband reference efficiency (97o),
net internal enclosure volume (VB), Iow frequency cutoff point (f3), mldband maximum
acoustic output power (PAR) and leads to specification of the required driver in terms of
the basic design parameterscalled the Thlele/Small parametersts, VA S' QES, QMS,

Oo_, VD and PF(ma_l'...... TheseThiele/Small driver parametersare then usedwith a
selected driver cha_t_ragmarea (SD)or maximumdiaphragm excursion value (x a ), and
desired voice-coil resistance (RE} to compute the drivers fundamental electrommec_anlcal
parameters: total moving mass(MMs), suspensioncompliance (CMS), BI product, and
electromagnetic damping factor (I_j_E), which being roughly proportional to magnet
assemblyweight is also proportional to magnet cost .

Eventhough the concept of the Thiele/Small dr[ver parametershascontributed greatly
to the analysis, synthesis, design, and measurementof dJrect-radlator loudspeakersystems,
the Jntermedlatecalculation of these parameterssomewhatdrsgulsesthe important relation-
ships between the driver's mechanical parametersand the target systemspecifications. In
this paper, equations are developed which yield the driver's fundamentalelectromechanical
parametersdirectly from the desired systemspecifications. Important relationshipsare
derived which show how the driver's electromagnetic dampingfactor (and hence magnet
cost) dependson systemtype (closed-box vs vented-box vs equalized vented-box) and
specJficatlons.

2. DRIVERDESIGN VIA INTERMEDIATETHIELE/SMALL PARAMETERS

Small's design techniques for direct-radiator loudspeakersystemsstart froma specifi-
cation of the desired performance required which includes:

f3 Iow-frequency half-power (-3 db) cutoff point,
VB net internal volume of enclosure,
'_o midband reference efficiency (half-space load),
Responseshape: i.e. systemtype and alignment information, and
PAR maximummldband acoustic output power
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(note that only two of the three specifications f3, VB, and 7o
can be selected, the third dependso%the first two through
the efficiency equation: To-- kl_ r3 VB)'

Once the systemtype (closed, vented or vented plus EQ, etc.)and frequency
responseshapehave been selected, values for the systemparametersk3 (= ts/f3),
C:_(= VA s/V_), QT, h (= fB/fS), and kpare fixed and can be determined by a
numberof dlf_'erent means(Smallz'_,3_, ThJeleZ'2[.._,and Keelez_..,7. Knowledge of
the systemslarge-signal target specifications a long with the systemparametersallows
calculaHon of the drivers Thlele/Small basic design parameterstS, QES' QMS, QTS'

VAS' VD' and PE(max)as follows:

fs =k3f3 (1)
VAS --c_VB (2)
QTS=QT (3)

QMS = Selected,

QES = QMS QTS/ (QMs- QTS)' and (4)

7_0 -- k/j f33 VB. (5)

Small's relationship for the displacement limited acoustic output powerZ_, eq. 407:

PAR= kp f34 VD2 (6)

can be solved for VD yielding:

i P_A R, and (7)

v0=- 7
PER= PAR/To (8)

The physical specification of the driver may now be completed by selecting arbitrarily
the driver cone area Sgand voice call resistance RE,and then calculating the drJverls

electromechanical parametersas outlined Jn L_, sec, JO00_,The required value of peak
displacement volume (VD) for the driver mustbe divided into acceptable values of SD
and x_.v (St, may be arbitrarily selected or may be computedknowing the desired value
of Xma'"x'J.e.'"SD = VD/Xmax).

The driver's electromechanical parametersare given by Z'_, eqs. 61 - 657:

vAS
CMS _:o_-S-S_ (9)

MMS= i (i0)

(2_'fS_'zCMS
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_/2_ fsP_MMs I1BI i)
V QES

RME= (BI)2/RE= 2_'fs MMS (12)
QES

3. DIRECTDRIVERSYNTHESIS

Method

The design method outlined in the previous section can be streamlined by eliminating
the intermediate calculation of ThJele/Small parametersand proceeding directly from the
systemspecifications to the driver's mechanical parameters. In general, substitutions
are made in eqs. (9) - (12) for the Thlele/Small parametersin termsof the systemspecJfi-
cations and a set of equaHons are derived yielding the desired driver mechanical parameters.

SystemSpecifications Required

The derived equations can be organized ;n several different ways depending on which
of the _ndependentsystemspecifications are chosen. I have chosen to derive three complete
sets of equations each using as variables two of the three parameters of the efficiency-volume-
cutoff set (_o, VB, f3)' Within each of the three setsa further division is madeon roughly
small-signaI/large-slgnal considerations. In the first small-slgnal category, SD is chosen
arbitrarily and appears explicitly in the equations while Xma x is allowed to float so that VD
is satisfied. In the secondcategory, the values for PAR, Xmax, and kp appear explicitly
with the cone area SD allowed to float.

Derivation Example

To illustrate the derivations of the equations, one example will beworked out for
one pair of speclficattons (f3, VB) to yield the equations for the total moving mass MMS.

Froma knowledge of the systemparametersk3, CK, QT, H, kyL , and kp derived
from knowing the desired systemtype and responsefunction (seeSec. 2) the following
derivation can be worked out. From the knowledge that

VAS = 0/. VB (13)

eqo (9) can be transformed into:

CMs= cx vB (14)
c2 SD2

This value of CMS along with

fs=k3f3 (15)
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when substitutedinto eq. (10) yields: 2

MMS= _ c2 SI) (16)
4 _2 k320_ f32 VB

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

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

VD--SDXmax (17)

to yield a value for SD in termsof mostly large-signal specifications:

PAR (18)
SD-

Xmax2 J_pf34 ·

Thisvalue for SD can Jnturnbe usedwith eq. (16) to give MMS in termsof mostly large-
signal system specifications:

C2 PAR (19)

MMS = 4-'_32_kp Xma x f36VB

This equation illustrates the very strong dependence of MMS on f3 (inversely on the
sixth power of f3 !) for a specified PAR' x max' and VB, O_servations 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 Jn Sec. 3, the equations can be derived for all
the drlver_s mechanical parameters. These equaHons are shown Jn the following listing.

From Small- $Jgnal SpecificatJons

Combinations

Total Moving Mass

SD% (20)f3 &_o MMS= _6

f3 & Vi5 = _ c2 SD2 (21)
4 _.2 k32 f32 VB

2

'_0 & VB = _ c2 *n '_' SD (22)

4'/r 2 k320( '_Jo2/3 VB!/3
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From Small- Signal Specifications (continued)

CombJnations

Suspension Compliance

f &_, = C_ _, (23)
3 CMS 2

c k_ sg-_3

= O( VB (24)

f3&VB _ SD'2

= (X VB (25)
'_0 & VB _ '

/_o c SD

BI Product

Bi = /_ C2k7_ ('1_ E 'f3 & _* ¥ _o_J_- "_e [(3l)_ SD f3 _-a (26)

J_ 7 ' SD t f3VBRI: (27)f3 & VB = /J_-_-_ES k3m

/ 2 I/3 r

//_o c' k_ _ RE (28)')_e & VB = _J21},QEsk3 C_ ' sD  01/3VB2/3

Electro-magnetic Damping

_ SD2c2 k_ . f32 (29)

f3 & _'0 RME 2,11.,QESk3C>( 7'_,

2

f3&VB = _ c_ ' SD (30)
2 1TQEs k3IX f3 VB

?_, & VB - ¢ c2 k)_1/3 SD2 (31)

2'11'QESk3 y- 2]01/3 VB2/3
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From Large-SignalSpecifications

CombTnafions

Total Moving Mass

Poc'2k_ . PAR (32)
f3 & To MMS -

4_ '2 k32_( kp Xmax2 f337_o

,2

f3&VB _ c . PAR (33)
= ' 2 f36 V41TZ k3_ kp Xmax B

c2k_ vBPAR (34)'_o & VB = 2 2

4"/t'z 1<3Z04kp Xmax "_,0

Suspension Compliance

2
C/.,kp _f3 Xrnax (35)f3 & 2'_o CMS =

/°ooC2 k?L PAR

f3 &VB = 0/,,kp · 2Xrnax f34 VB (36)

'2' PAR_c

O( kp x 2 ?74/3 (37)
'_o&VB - max

· _ ¢2 k_/3 PARVB1/3

BI Product

f3_'7o BI -V_ha_k P faXr_xV 7,
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From La rge- Signal Specifi cations (conti nued)

Combinations

BI Product (continued)

f3&vB _- ,// _ c2 ] /PARRE I391
V2'1'FQESk3_, kP Xmax V f3_BVB

 o,v, : ,
r

, [PAR RE VB2//3 ' (40)

XmoxV
Electromagnetic Damping

c2 k/I, . PAR (41)f3 & _ RME =

2 '17'QES k3_ kp f32 Xmax2'_'

c2 PAR (42)
f3 &VD =

2 I'/'QEs k3_ kp f35 Xmax2 V8

c2 kT_5/3 . PARVB2/3 (43)')7, &V B =
2

2 11-QEsk3_ kp _,,.(05/3Xmax

5. SELECTIONOF SYSTEMTYPEAND RESPONSESHAPES

Threedifferent types of direct-radiator loudspeakersystemswere chosento illustrate
the use' of the derived equations:

1. C2ND: Closed-box, second-order high-pass response_
2. V4TH: Vented-box, fourth-order hlgh-passresponse_and
3. V6TH: Vented-box, sixth-order high-pass response.

The third systemtype (V6TH) requires the useof an external second-order high-pass
filter/equalizer which provides sub-sonic energy rejection and modestboost equalization
(+6 db)in the lowest octave of operation (seeZ'_, Alignment 157, _.,7, _6j7, and Z_,7.
All three systemtypes have been analyzed extensively and enjoy popularity in the market-
place z/'l-8J. Maxlmally-flat (Butterworth) or near maxlmally-flat responsecurveswere
chosen for each o£ the three systems(0.4 db ripple or less).
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The systemparametersof the three typeswere selected from information contained
in Z_-3_ 5/7. Reasonablesystemlosseswere assumedwith realistic attainable efficiency
constants(k_). The systemparameterswere juggled sothat an exact ratio of efficiency
constantsbetween the systemtypeswas maintalned_ 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 systemtypes
respectively. Theseefficiency ratios are very close to the ratios attained by the theoretical
loss-free systems.

All parameterswere derived assumingthe systemsare operated from amplifiers having
negligible output resistance. The closed-box type is further assumedto obtain mostof it's
total damping from electromagnetic coupling and mechanical driver losses,and the effects
of any filling materials were neglected 4'_, Sec. 97. The vented-box systemis assumed
to have a leakage lossQ of (QB = QL = 7)Z_, Sec. 11,7. The selected systemparameters
are shownin Table 1. Table 2 showsthe Thlele/Small driver design data and equations
usingthe systemparametersfrom Table I and the relationships of eqs. (1) - (8). Fig. 1
showsthe small-slgnal responsecurves of the three chosensystemtypes normalized to their
midband efficiency levels.

6. DIRECTSYNTHESISEQUATIONS WITH EVALUATEDCONSTANTS

The systeminformation in Tables ] and 2 was usedto evaluate the constant factors
in eqs. (20) - (43) for the three systemtypes. The resultant equations are shownin
Tables3 - 5.

7, EQUATION OBSERVATIONS

A numberof moderately surprising observationscan be madeabout the direct synthesis
equations shown in Tables3 - 5. Somerather interesting relationshipsare indicated when
the different systemtypesare compared. A numberof these relationships have been observed
before but it helpsto repeat them here as an aid to the systemdesigner for ga_nlng insight
into systemdesign factors and tradeoffsz_ - 8_7. Referto Tables3 - 5 when reading the
following outlined observations.

General Observations

The following commentsapply to all the analyzed systemtypes.

A. Small-Signal
1. The total driver moving mass(MMS) and RME(cost) are proportional

to the squareof the cone area (SD)or cone diameter to the fourth
power (a strong dependencel). Large conesmean lots of massto
movearound and lots of magnet to move themI If possible, it would
be moreeconomical to reduce MMsand RMEby trading SDfor Xmax
sothat VD is maintained (VD = SD Xmax).

2. BI is directly proportional SD,

2 4
3. Suspensioncompliance (C S) goesas ]/S D or 1/dla Large conesM

imply not only high massbut also require high stiffness for control.
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B. Large-signal
1. MMKa _ RM_(cost) are proportional to PARand inversely proportional

to x'_ax% 'rK'Tsshowsthe magnetcost rising in direct proportion to the
desired acoustic output power and decreasingwith the squareof the drivers
excursion capabilities. You will pay for high power outputl Any
allowable increase in Xmax, wJll pay for itself in decreased driver cost.

2. Compliance goesas 1/P^o. High driver suspensionstiffnessgoesalong with
high power drivers. Mo_t%igh-power musical instrumentand professional
loudspeakershave suspensionswhich are quite stiff.

3. BI goesas I/Xmax and the squareroot of PAR.

Specific ObservaHons

Theseobservationsapply only to the specific systemtypesand particular parameters
specified.

A. For Specified Cutoff Frequencyand Efficiency (Table 3)
1. If you are forced into usinga particular driver slze, the closed-box system

is cheaperl This is becauseMMS _shigher for the vented systemsat the
sametime the box size is smaller. The following table showsthe approximate

ratios if SD is held constant.

Type M MS& BI RME(cost)

C2ND x 1 x 1
V4TH x 1.8 x 3. I
V6TH x 2.2 x 4.9

2, The vented-box systemis cost effective only if the driver size can be
allowed to decrease. The table showsapproximate cost break-even
points for driver size specifications.

Type AreaRatio DiameterRatio

C2ND I 1
V4TH 0.56 0,75
V6TH 0,45 0,67

Thismeansthat a sixth-order vented systemdriver mustbe two-thirds
the diameter of the closed-box systemor smaller to be cost effective.

3. Small-Signal (specified f3' _o, and SD)
a. MMsand BI are proportional to f3' This is true for a fixed SD

arfd'_e becauseas f3 goes up the-box size grows smaller.
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varies as f3 ' In this casethe driver actually getsb. RME(cost) 2
cneaper as the system'sresponseis extended lower (normally it's
the other way around if the box size is maintained constantlg see
Sec. B.3.d further on for behavior under specified f3 and VB).
This is due to the box size getting larger as f3 is decreased.-

c. MMSand RME (cost)varies as 1/_o . High efficiency costslesst

4. Large-Signal (specified f3, rio , PAR, and Xmax (SDfioat))

a. Fora specified Xmax and PARthe vented-box drivers are cheaper
becausethe cone size is smaller.

Type RME(cost) Ratio

C2ND 1
V4TH 0.39 (1/2.6)
V6TH 0.26 (1/3,8

b, Vented-box drivers are lighter.

Type MMSRatio

C2ND 1
V4TH 0.22 (I/4.6)
V6TH 0.12 (.1/8.5)

B. For Specified Cutoff Frequencyand Box Volume (Table 4)
I· MMS and RME(cost) proportlonal to i/V B, Drivers for small boxes

are more expensive 1

2. Small-Signal (specified f3, V_, and SD)
a. For the sameSD_the clo_d-box and sixth-order vented-box

drivers are nearly the samecostwith the Fourth-order vented-box
driver moreexpens;ve.

Type RME (cost) Ratio

C2ND i
V4TH i,57
V6TH 0.98

b, Vented-box conesare lighter,

Type MMsRatio

C2ND .1
V4TH 0.88 (1/I. 13)
V6TH 0.44 (i/2.3)
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