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A weekly fact about Salford..!

Did you know...

• Broughton Suspension Bridge was an iron chain suspension bridge built in 1826 to

span the River Irwell between Broughton and Pendleton, now in Salford, Greater

Manchester, England. On 12 April 1831, the bridge collapsed, reportedly due to

mechanical resonance induced by troops marching in step. As a result of the

incident, the British Army issued an order that troops should ”break step” when

crossing a bridge.
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What are we covering today?

1. Infinite baffle loudspeaker

2. Q-Factor

3. Electrical impedance

4. Loudspeaker parameters
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Infinite baffle loudspeaker



Infinite baffle: equivalent circuit acoustic loading

• We are ready to consider our first loudspeaker

system - an infinite baffle

• When placed in an infinite baffle the diaphragm

is loaded by the acoustic free space only

• We have derived this loading for a piston:

Zrad ≈ 1

2
ρ0c(ka)

2 + jω
8

3π
ρ0Sa (1)

• How might we include this in our equivalent

circuit model?

MAD, CAD, RAD

MAf , RAf MAb, RAb

UD

Figure 1: Infinite baffle loudspeaker.
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Infinite baffle: equivalent circuit acoustic loading

• Infinite baffle acoustic loading: ZAf = ZA,b = RA + jωMA + 1
jωCA

RA =
1

2
ρ0c(ka)

2, MA =
8

3π
ρ0Sa, CA = ∞

(
CA =

V

ρ0c2

)
(2)

• Series resistor and inductor!

ZAb

ZAf

RAb MAb

RAf

MAf

Figure 2: Equiv. circuit acoustic load for infinite baffle.
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Infinite baffle: complete equivalent circuit

• We now have an equivalent circuit for a loudspeaker in an infinite baffle.
• What happens if we consider very low frequencies?

- Parallel capacitor impedance gets very large, circuit only sees the resistor.

V BL
SD(RE+jωLE)

U

RAD MAD

CAD
RAb MAb

RAf

MAf

(BL)2

S2
DRE

S2
DLE

(BL)2 p

Figure 3: Equiv. impedance circuit for infinite baffle.
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Infinite baffle: complete equivalent circuit (very low freq.)

• Now we have a nice simple series circuit! Very easy to analyses.

• Lets group terms...

MAT = MAD+2MAf = MAS , CAT = CAD, RAT =
(BL)2

S2RE
+RAD+2RAf (3)

V BL
SD(RE)

U

(BL)2

S2
DRE RAD MAD

CAD
RAb MAb

RAf

MAf

p

Figure 4: Equiv. impedance circuit for infinite baffle (very low freq. approx.).
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Infinite baffle: simple low frequency model

• Solve circuit for the volume velocity U - use to drive piston radiation model.

• Recall impedance analogy: V = IZT → P = UZT

V ∼ P =
V BL

SDRE
ZT = jωMAT +

1

jωCAT
+RAT (4)

V BL
SDRE

U RAT CAT

MAT

Figure 5: Equiv. impedance circuit for infinite baffle (very low freq. approx.).
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Infinite baffle: volume velocity

• Diaphragm volume velocity:

U =
V BL

SDRE

1(
jωMAT + 1

jωCAT
+RAT

) (5)

• Factor out jωMAT

U =
V BL

SDREjωMAT

E(jω)︷ ︸︸ ︷
1(

1 + 1
(jω)2MATCAT

+ RAT
jωMAT

) (6)

• Re-parametrise E(jω) in terms of:

ω2
s =

1

MATCAT
QTS =

ωsMAT

RAT
(7)
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Infinite baffle: volume velocity

• Diaphragm volume velocity made up

of two parts:

U =
V BL

SDREjωMAT︸ ︷︷ ︸
First order LPF

E(jω) (8)

E(jω) =

Second order HPF︷ ︸︸ ︷
1(

1 + ωs
jω

1
QTS

− ω2
s

ω2

) (9)

• What about the radiated pressure?
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Figure 6: First and second order LPF/HPF
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Infinite baffle: radiated pressure

• Recall piston radiation:

p(r, t) =
jρ0ck

4πr
U(ω)× DF( ) (10)

• What if we substitute in U :

U =
V BL

SDREjωMAT
E(jω) (11)

• CANCELLATION

p(r, t) = ��jωρ0
4πr

V BL

SDRE��jωMAT
E(jω)

(12)
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Figure 7: Radiated pressure terms
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Infinite baffle: radiated pressure

• Radiated pressure response

p(r, t) =
ρ0V BL

4πrSDREMAT
E(jω) (13)

• Freq. dependence dictated by E(jω):

E(jω) =
1(

1 + ωs
jω

1
QTS

− ω2
s

ω2

) (14)

- Controlled by ωs and QTS .

• Remaining terms describe sensitivity

(i.e. pass-band level)
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Figure 8: Example radiated pressure.
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Infinite baffle: sensitivity

• Radiated pressure response

p(r, t) =
ρ0V BL

4πrSDREMAT
E(jω)

ω>>ωc−−−−→ ρ0V BL

4πrSDREMAT
(15)

• Definition of sensitivity,

Sens. = 20 log10

(
p

p0

)
1m,1W

(16)

• What voltage produces 1W of electrical power?

W = V I = V
V

RE
=

V 2

RE
= 1 → V =

√
RE (17)

Sens. = 20 log10

(
ρ0
√
REBL

p04πrSDREMAT

) ∣∣∣
1m,1W

(18)
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Q-Factor



Q-factor: total

• We have the grouped terms:

MAT = MAD + 2MAf , CAT = CAD, RAT =
(BL)2

S2
DRE

+

RADA︷ ︸︸ ︷
RAD +���2RAf

(19)

• Natural frequency of diaphragm

ωs =

√
1

MATCAT
(20)

• Total Q-factor of diaphragm

QTS =
1

RAT

√
MAT

CAT
=

(
(BL)2

S2
DRE

+RAD

)−1√
MAT

CAT
(21)
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Q-factor: electrical and mechanical

• Useful to separate QTS into two parts

- Electrical Q-factor

QES =

(
(BL)2

S2
DRE

)−1√
MAT

CAT
(22)

- Mechanical Q-factor

QMS = (RAD)
−1

√
MAT

CAT
(23)

• Total Q-factor given by combination

1

QTS
=

1

QES
+

1

QMS
or QTS =

QESQMS

QES +QMS
(24)
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Electrical impedance



Infinite baffle: equivalent circuit with transformers

• We would like to know what the impedance looks like from the electrical side.

- Need to know this later when we design cross-over networks and compensation filters

BL : 1 1 : S

Vin

I

RE LE F

1
RM

MM CM

u

p

1
ZAb

1
ZAf

U

Figure 9: Equivalent circuit of a loudspeaker.

15



Removing transformers: left to right

• Last time - moved everything into the acoustic domain
• Moving onto secondary winding side:

- Scale impedances by reciprocal of turns ratio squared

- Scale voltage source by reciprocal of turns ratio

- Scale current sources by turns ratio

a : b

V1

I1

Z1 I2

V2 V2 = V1
b
a

I2

Z2 = Z1
b2

a2

I2

V2

Figure 10: Moving electrical components across a transformer - left to right 16



Removing transformers: right to left

• This time - move everything to the electrical domain
• Moving onto primary winding side:

- Scale impedances by turns ratio squared

- Scale voltage source by turns ratio

- Scale current sources by reciprocal of turns ratio

a : b

V1

I1

I2
Z2

V2 V1

I1

Z1 = Z2
a2

b2

I1

Figure 11: Moving electrical components across a transformer - left to right 17



Infinite baffle: electrical domain

• We can use this circuit to determine the electrical impedance ZE

• Split circuit into two parts: electrical and mechanical

V

I

RE LE

(BL)2

RM

MM
(BL)2

(BL)2CM
(BL)2

S2
DZAb

(BL)2

S2
DZAf

Figure 12: Equivalent circuit of a loudspeaker in the electrical domain.
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Infinite baffle: electrical domain

• Split circuit into two parts: electrical and mechanical

ZE = ZES + ZEM (25)

V

I

RE LE

(BL)2

RM

MM
(BL)2

(BL)2CM
1
2

(BL)2

S2
DZAf

Figure 13: Equivalent circuit of a loudspeaker in the electrical domain.
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Infinite baffle: electrical domain

ZES = RE + jωLE (26)

ZEM =

 1
(BL)2

jωMM

+
1

(BL)2

RM

+
1

jωCM (BL)2
+

1
1
2

(BL)2

S2
DjωMAf

+
1

1
2

(BL)2

S2
DjωRAf

−1

(27)

V

I

RE LE

(BL)2

RM

MM
(BL)2

(BL)2CM
1
2

(BL)2

S2
DZAf

Figure 14: Equivalent circuit of a loudspeaker in the electrical domain. 20



Infinite baffle: electrical domain

• Combine: MMS = MM + 2S2
DMAf , and RMM = RM + 2S2

DRAf

ZEM =

(
jωMMS

(BL)2
+

RMM

(BL)2
+

1

jωCM (BL)2

)−1

(28)

V

I

RE LE

(BL)2

RM

MM
(BL)2

(BL)2CM
1
2

(BL)2

S2
DZAf

Figure 15: Equivalent circuit of a loudspeaker in the electrical domain.
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Infinite baffle: electrical domain

• Combine: MMS = MM + 2S2
DMAf , and RMM = RM + 2S2

DRAf

ZEM =

(
jωMMS

(BL)2
+

RMM

(BL)2
+

1

jωCM (BL)2

)−1

(29)

• Re-parametrise in terms of:

ω2
c =

1

MMSCM
QMS =

ωsMMS

RMS
RES =

(BL)2

RMM
(30)

• Electrical impedance of infinite baffle loudspeaker:

ZE = RE + jωLE +RES

(
1

QMS

jω
ωs

1− ω2

ω2
s
+ 1

QMS

jω
ωs

)
(31)
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Infinite baffle: radiated pressure

• Electrical impedance of an infinite baffle loudspeaker:

ZE = RE + jωLE +RES

(
1

QMS

jω
ωs

1− ω2

ω2
s
+ 1

QMS

jω
ωs

)
(32)
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Figure 16: Electrical impedance of infinite baffle loudspeaker. 23



Loudspeaker parameters



Too many subscripts! Lets clarify.

• Lots of subscripts are popping up - gets a bit confusing.

• First subscript denotes the domain: acoustic, mechanical, or electrical
• Second subscript denotes the component: diaphragm, speaker, air, etc.

MMS - Mass of the speaker (diaphragm and air-load) in the mechanical domain

• MAD - Mass of the diaphragm in the acoustic domain

• RMD - Damping of the diaphragm suspension in the mechanical domain

• 2RMA - Damping due to air-loading in the mechanical domain

• Subscript T denotes a ‘total’ quantity that includes all parts, for example:
• MAT = MAD + 2MAA - Combined diaphragm/air load mass, in the acoustic

domain.

• RMT = RMD + 2RMA +RME - Combined damping due to suspension, air-loading,

and electrical resistance, in the mechanical domain.

• For an infinite baffle subscripts S and T are somewhat interchangeable. This is

not the case for sealed and vented cabinets.
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Loudspeaker parameters: fundamental

• Electrical impedance of an infinite baffle loudspeaker:

SD Projected area of the driver diaphragm, in square meters

MMS Mass of the diaphragm/coil, including acoustic load, in kilograms.

CMS Compliance of the driver’s suspension, in meters per newton

RMS The mechanical resistance of a driver’s suspension, including air load

LE Voice coil inductance measured in millihenries

RE DC resistance of the voice coil, measured in ohms

BL The product of magnet field strength in the voice coil gap and the length of wire in

the magnetic field

• These parameters can be quite hard to measure directly...
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Loudspeaker parameters: Thiele-Small

• A complete low-frequency model of a loudspeaker driver unit can be described by
just 6 parameters:

SD Projected area of the driver diaphragm, in square meters

RE DC resistance of the voice coil, measured in ohms

QES Electrical Q-factor

QMS Mechanical Q-factor

fs Diaphragm resonance frequency

VAS Equivalent suspension volume - volume of air having the same acoustic compliance

as the suspension

VAS = CASρ0c
2 = CMSS

2
Dρ0c

2 (33)

• These are the Thiele-Small parameters. We can use these to determine the

remaining parameters in our equivalent loudspeaker circuit!
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Loudspeaker parameters: Thiele-Small

CMS =
VAS

S2
Dρ0c

2
from VAS = CASρ0c

2 = CMSS
2
Dρ0c

2 (34)

MMS =
1

ω2
sCMS

from ωs =

√
1

MMSCMS
(35)

RMDA =
1

QMS

√
MMS

CMS
from QMS =

1

RMDA

√
MMS

CMS
(36)

BL2 =
RE

ωsQESCMS
from QES =

RE

BL2

√
MMS

CMS
and MMS =

1

ω2
sCMS

(37)

MMD = MMS − 2MMA with MMA = jω
8ρ0
3π2a

(38)
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