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Executive Summary 
An audio engineering company has sought after the Product Development Team(PDT) for a 2-way 

domestic loudspeaker design. This design must exhibit accurate (flat) sound reproduction, have visual 

appeal and cover a wide range of directionality and frequency. After extensive background research on 

different speaker cabinet types, as well as acoustic performance optimisation of speakers, concepts were 

drafted for a ported (bass reflex) speaker type. Construction cost considerations, and theoretical 

calculations of speaker parameters (via online calculators, MATLAB  and acoustic theory) allowed the 

team to narrow down to what was believed to be the optimal design. From there, steps were taken to 

model, manufacture and assemble a working product as proof of concept. The frequency response 

characteristics of the loudspeaker were tested in the University Of Auckland anechoic sound chamber, 

and necessary adjustments were made to the output signal via a Digital Signal Processer (DSP). The 

adjustments made enabled response manipulation such that a flat (+-3dB) frequency response could be 

achieved between 70-18,000 Hz. In essence, a well performing loudspeaker with acoustic excellence 

was designed and constructed. Not only does it exhibit great functionality, but it is also aesthetically 

pleasing, affordable and, most importantly, a viable model for the domestic market. 

1 Design Goals 
 A number of performance and manufacturing requirements for the loudspeaker (L/S) were identified 

between the PDT and audio engineering company. It was decided that the loudspeaker (L/S) be intended 

for recreational domestic use, in reproducing sound from recordings and broadcasts. The target audience 

for the L/S was to be household residents such as adults, kids and teenagers. Inevitably, a loudspeaker 

that could produce optimal subjective sound for listeners was one of the key goals.  

 The performance requirements for the L/S is such that it must exhibit at least ±60 degree directionality 

relative to the centre line of the woofer. It must be tonally flat such that its response is within a just 

noticeable difference (jnd) of ±3dB. The L/S must also have a dynamic range to suit music of all genres 

ï particularly pop, as it is the music most listened to by the general population. It has been found that 

pop generally comes between 150 Hz and 5,000 Hz (Elowsson & Friberg, 2017). However, Figure 1 

below identifies that frequency ranges of instruments and voices to be between 30 Hz to 5000 Hz (psb 

Speakers, 2005), therefore to make the speaker more versatile, the desired frequency range is 

determined is 70dB to 18000dB.  
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Figure 1: Ranges of frequencies for instruments and voices 

 When considering the mode of listening to sound, the speaker must be being designed for narrowband 

(or music) mode. This is an important factor to consider, as it is essential to be able to discriminate 

between individual notes in a chord. Therefore, the response must be more flat, with low harmonic 

distortion/colouration ï else the hearing system will pick up discrepancies in the subjective sound. 

When designing the L/S, the enclosure must be built to inhibit a build-up of resonances and must be 

adequately insulated to achieve the same.  

 The manufacturing requirements for the L/S is that it must be made from either or a combination of  

8mm acrylic and 18mm MDF. Any features for the L/S should be able to be cut using the laser cutter 

(for acrylic) or CNC router (for MDF). The pieces forming the enclosure can either be glued or secured 

using screws. The speaker design must also make use of two resources provided to the team: a 6.5 inch 

woofer driver (for low frequencies) and 1 inch tweeter (for high frequencies). Both must be used, 

producing a 2-way speaker system.  

1.1 Design Rationale 
 A woofer driver whose backside is not sealed causes sound waves to generate either side of the 

diaphragm. The sound waves emitted from the front of the woofer and of interest to the listener will  be 
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of opposite polarity to the waves unintentionally created at the back. This 180 degree difference in phase 

can be understood by examining the production of a sound wave. When the diaphragm of the driver 

moves outwards, air is compressed at the front - while a rarefaction occurs at the back by the same 

diaphragm movement. Opposite polarity raises the concern of destructive interference and loss of low 

frequency sound. Thus, a cabinet must be produced to prevent sound waves of inverted polarity from 

crossing paths with any sound waves emitted from the front, see Figure 2. It is for this reason that the 

team is required to develop a cabinet design to go with the provided drivers.  

 

Figure 2: ñDipoleò Effect of Isolated Woofer vs in an Enclosure (ht-audio, 2018) 

 It is noted that the tweeter has a sealed back, and therefore does not raise a destructive interference 

threat. Instead, one must be cautious of the short wavelength possessed by the high frequency sound 

waves emanated. By being attached to a baffle (i.e. the front face of the cabinet), the waves are 

potentially restricted from travelling to the back of the cabinet, preventing the speaker from achieving 

omni-directionality of sound. However, given the teamôs specification of limited directionality, this is 

less of an issue. Instead, it can simply be understood during the design process that the directionality 

range can be increased with a small cabinet width in proximity of the tweeter. 

 Calculations deliberated in Section 2.1.3 also reveals that the woofer alone cannot produce very high 

frequencies due to the acoustic lobing and radiation impedance saturation with a finite driver size. This 

is the motivation behind seeking a 2-way loudspeaker with two drivers, as it will cover a wider range 

and allow higher frequencies to be reproduced as well.  

2 Design Approach 
Three common enclosure types for loudspeakers were considered: Sealed, Ported and Transmission 

Line. Open baffle speakers were dismissed altogether due to them being inefficient in regards to 

mechanical movement, which is needed in order to provide a given level of sound (Linkwitzlab, 2019).  

 
Figure 3: Common Enclosure types for L/S (Audio Judgement, 2015) 

 The sealed design, much like its name, involves a fully enclosed cabinet with holes only for the drivers 

to sit in. Commonly known features of a sealed cabinet include impressive transient response (i.e. 
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excellent reproduction of quick sounds without lingering resonance), simplicity and insensitivity to 

mistuning - albeit a higher power requirement, lack of efficiency and limited bass. 

 The ported cabinet has an extra vent, in which a section of tubing is attached. Also known as the ñbass 

reflexò design, this cabinetôs extra port feature forms a Helmholtz resonator with the cabinet, which is 

used to extend low frequency range of the response. The ported cabinet, when correctly designed, can 

boost low frequencies - but is larger, requires more construction effort, and is more prone to mistuning.  

 The transmission line design has an acoustical labyrinth within which the rearward acoustic waves 

(outlined in Section 1.1) travel. The transmission line is also designed to boost low frequencies, and 

gradually attenuate unwanted reflections to restrict destructive interference.  

2.1 Ported vs Sealed Enclosure 
 Despite being more expensive than the traditional sealed enclosures, the ported cabinet offers certain 

performance specifications that make it more suitable for the purpose/context it is being designed for. 

Ported speakers increase the sound pressure level (SPL) and extend the base range. 

 Material and labour costs rise with increased cabinet size, which is proportional to a speakerôs design 

complexity; a sealed cabinet is the smallest, ported cabinet is relatively larger and transmission line is 

the largest. Although the ported enclosure design is more expensive and labour intensive than a sealed 

enclosure, this higher initial cost is counteracted by the increased efficiency in the driver usage. The 

efficiency of sealed cabinets is lower relative to both ported and transmission line enclosures due to 

inward radiating energy not being utilized to boost output. The higher SPL of ported speakerôs means 

that less amperage is required to reach a certain power. In turn, this leads to less power usage over time. 

The ported design also produces less distortion as there is less movement of the speaker cone. Given 

the accuracy that can be achieved in the manufacturing facilities at a standard audio engineering 

company, the sealed cabinet does not pose much gain despite it being known for its insensitivity to 

mistuning from construction errors. In essence, the ported cabinet design is a much more appealing 

choice compared to sealed, considering all the above.  

2.1.1 Efficiency Bandwidth Product (EBP) 
 The Efficiency Bandwidth Product (EBP) is another parameter which influenced the decision to select 

a ported enclosure, as opposed to a sealed enclosure. Given the driver information (woofer), the EBP is 

as follows: 

ὗ πȢυχ 

Ὂ τωȢυτ Hz 

Ὁὄὖ
Ὂ

ὗ
 ψφȢψψ 

 Where ὗ  is the quality factor (inversely related to damping) due to electrical components, and Ὂ is 

the resonant frequency of the woofer. It is to be noted that the tweeterôs high frequencies do not 

contribute to cabinet volume and porting decisions, so was not considered in any calculations.   

 From research, it was found that a ported design is better suited for EBP values closer to 100, while a 

sealed design is better suited for an EBP value closer to 50. Since 86.9 is closer to 100, this provides 

further evidence that a ported enclosure is better suited for the application. Refer to Section 2.1.3 for 

further supporting evidence towards the ported speakerôs extending frequency response.  

2.1.2 Online Calculator 
 Online calculation through HiFi Loudspeaker Design (2019) was used to compute optimal cabinet 

volumes for each of the three enclosure types put forward for consideration. The parameters of the 

woofer were used as input values;  

& τωȢυς (Úȟ 1 πȢττσȟ6 ρω ,ȟ$ÉÁ  ρσπÍÍ 
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 See Figure 4 for variablesô definitions. The optimal desired volume for the ported enclosure was thus 

determined to be 27.54L (0.02754m³). For the sealed enclosure, the optimal volume is less than half: 

12.28L (0.01228m³). Nonetheless, Section 5.2 illustrates that the volume reduction benefit falls short 

in comparison to the extended bass offered by ported enclosures. 

 

Figure 4 - Online Calculator Output for Ported Enclosure. 

2.1.3 Speaker Cabinet Modelling 
 The ported and sealed speaker systems can be modelled as a circular piston (driver) in a baffle. 

Assumptions for this model are that electrical effects, the finite driver size and driver cone resonance 

have negligible effect on the derived model.  

 The parameter of importance is the sound radiation from the speaker driver, i.e. how loudly sound can 

be emitted from the loudspeaker. Also termed as the sound pressure per unit force on the driver (P/F), 

it is given by the product of radiation impedance () and mobility ( ): 

ὖ

Ὂ
  
ὖ

ὗ
  
ὗ

Ὂ
 

 Where P is the sound pressure, F the force on the driver and Q the volume velocity of air in the cabinet.  

 By analysing these enclosures as vibration systems, it can be proven with theory that the ported cabinet 

indeed is able to extend the low frequency response if implemented correctly.  

2.1.3.1 Mobility 

 The mobility can be calculated by taking the ratio between volume velocity Q and force F, as given by 

the following equation: 



10 
 

ὗ

Ὂ
Ὥύ
Ὓὢ

Ὂ
 
Ὓὢ

Ὂ
 

 Which can be computed by analysing a 2DOF vibration system (Figure 5) given by: 

ά ὼ  ὧὼ  ‖ὼ ‖ ὼ
Ὓ

Ὓ
ὼ ὊὩ  

ά ὼ ὧὼ ‖
Ὓ

Ὓ
ὼ

Ὓ

Ὓ
ὼ π 

ὼ ὢὩ  

ὼ ὢὩ  

 Where ά  is the mass, ὼ displacement, ὧ damping coefficient, ‖ air spring stiffness, Ὓ area, ὢ the 

displacement amplitude and Ὂ the force. The subscript Ὠ represents the driver and ὴ the port.  

 

Figure 5: 2DOF system used to Model Ported Speaker System. 

 The sealed cabinet was modelled in the same way, only with the port area Ὓ defined as infinitesimally 

small.  

 Figure 6 is a plot of mobility with respect to normalised frequency, using the cabinet volumes computed 

from online calculators in Section 2.1.2. Resonance is seen to be shifted to the left for the ported 

enclosure. In other words, peak mobility is achieved at a lower normalised frequency for the ported 

enclosure than for sealed. Because of this shift, the ported enclosure is theoretically expected to provide 

an extra 55Hz extension to the low frequencies, see Appendix 7.1 for assisting code. 
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Figure 6: Plot of mobility vs normalised frequency 

2.1.3.2 Radiation Impedance 

 For a circular piston in a baffle (Figure 7), the sound pressure within the speaker system is given by:  

ὴὶȟὸ Ὥ
ὗ”ὧὯ

ς“ὶ
Ὡ

ςὐὯὥÓÉÎ—

ὯὥÓÉÎ—
 

ὯὥO πȟ ὐὯὥÓÉÎ—ᴼ 
ὯὥÓÉÎ—

ς
 

 Where ὴὶȟὸ is the sound pressure, ὶ the distance between the loudspeaker and a microphone or 

listener, ὧ the speed of sound, ” air density, ύ angular frequency, Ὧ the wave number (),  ὥ the 

piston (driver) radius and ὗ the volume velocity (surface area times surface velocity). The exponential 

section is the time-dependency of the sound pressure. As only amplitudes of variables are of key 

interest, all time-dependent terms were omitted from the computation.  

 

Figure 7 - Circular Piston/Driver in Baffle Model 
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 Figure 8 depicts the radiation impedance of the speaker system, ignoring the effect of the driver being 

of finite size. 1.2m was taken as the distance from the microphone/listener and speaker system, and 30 

degrees was taken as an arbitrary angle between the two. It can be seen that the impedance exhibits a 

steady linear increase with rise in frequency, regardless of the angle chosen for measurement, see 

Appendix 7.1 for a range of theta value experimentations. It can also be observed from line congruence 

in Figure 8 that this impedance is independent of whether or not a port is present in the cabinet.  

 
Figure 8: Ratio between Sound Pressure and Volume Velocity (Radiation Impedance) 

2.1.3.3 Sound Pressure per Unit Force 

 While radiation impedance increases with frequency, mobility decreases, giving a flat-ish response for 

sound pressure per unit force on the driver. Having a flat response is key to undistorted sound 

reproduction, and the aim is to have the largest possible range of frequency about which the flat response 

holds.  

 Multiplying the increasing radiation impedance with decreasing mobility, sound pressure per unit force 

is produced. Figure 9 plots the sound pressure per unit force on the driver, for an arbitrary 30 degrees 

(—) that the microphone or listener is positioned relative to the speaker. In all angles of positioning, it 

is clear that the ported cabinet reaches a flat response - as required - at a much lower frequency than for 

sealed. This clear extension in low frequencies reinforces a ported cabinet designôs superiority over 

sealed. 



13 
 

 

Figure 9 - Sound Pressure per unit Force for Speaker Systems 

 It was found from computation of resonances in driver mobility that a 55 Hz frequency extension can 

be achieved with a ported design. This is because a lower frequency peak in mobility corresponds to an 

earlier flat response; a lower limit of 126 Hz was calculated for the sealed design, while a 71 Hz limit 

was calculated for the ported design, see Appendix 7.1 for assisting code output.  

 Nevertheless, is it worth mentioning that neither enclosure type can reach optimality with the woofer 

alone. If finite driver size was considered, the radiation impedance would, in fact, saturate at higher 

frequencies - making for a sound pressure (per unit force on the driver) response that fails to stay flat 

in the upper range. It is for this reason that the woofer cannot operate at higher frequencies than its 

specifications. In fact, for any given driver, a óflattishô response can only be achieved over a limited 

range in frequency.  

 Another way of viewing the incompatibility between the woofer and very high frequencies is by 

revisiting the sound pressure equation in Section 2.1.3.2. The fraction  including ὐ (termed 

the Bessel function) is the directivity term (see Figure 10), while the remainder Ὥ  is the simple 

source term. It can be seen that the Bessel function is a decaying sinusoidal function, with certain 

arguments at which it is zero. Given that the argument is defined with respect to the angle a listener is 

situated relative to the speaker centre line, there will subsequently be positions where no sound will be 

heard, see Figure 11. This ólobingô effect means a woofer driver alone cannot fulfil higher frequencies 

(i.e. higher k or wavenumber) across a consistent angular range. In addition, its finite size (a) is very 

large, causing the Bessel Function and these ólobesô of sound pressure to even decay. Hence the use of 

the tweeter to deal with the higher frequencies.  
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Figure 10: Bessel Function J1 Graph (Wolfram Alpha, 2019) 

 

Figure 11: Polar Plots to Display Lobbing Phenomenon (Acoustic Frontiers, 2013). 

FRICK FORGOT TO TALK ABOUT ONE OF THE SLIDES ς varying cabinet volume and port length around 

ideal. Worst case scenario just explain the ppt 

2.2 Ported vs Transmission Line Enclosure 
 Computation using online calculators suggests that the transmission line design requires, at minimum, 

a 29.6L cabinet for classic tuning and 39.79L for low tuning. Both values are much higher in comparison 

to the ported and sealed cabinet volume computations. Needless to say, a transmission line design will 

demand substantially more material and labour in order to be constructed. In addition, although the 

transmission line is known to assist in removing unwanted sound reflections, through its gradual 

attenuation within the acoustical labyrinth, sound absorbing material lining any other speaker design 

interior is expected to have the same effect. This posed advantage of transmission line over ported is 

therefore not considered to be of great significance.  
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 Despite the transmission line design offering certain advantages such as better driver control, less 

sensitivity to positioning and removal of undesired resonances, decision was made to choose a ported 

design over transmission line for the final concept due to transmission line enclosuresô high 

material/labour cost and complexity. The advantages did not seem to be crucial to the given application 

of a domestic L/S; driver control only needs to stay within the jnd, and the speaker is generally placed 

at the edge of any room in which case positioning does not have great significance. With its complexities 

in geometry, it is also difficult to predict the performance of transmission line speakers through 

theoretical calculations; more physical alterations are likely required in order to achieve the desired 

sound output. In essence, the benefits of a transmission line speaker do not appear critical for the given 

application, and strict time restraints further emphasise this.   

 To formally determine the appropriate final design, a Mart analysis was created as shown, see Table 1. 

The Mart analysis further emphasises that a ported enclosure would match the teamôs criteria much 

more closely than either a Sealed or Transmission Line enclosure. 

Table 1: Mart Analysis used to determine type of enclosure used in final concept 

 
Total 0.275 0.45 0.28 

Rank Criteria Sealed Ported Transmission Line 

0.3 

Ease of 

manufacturing 0.5 0.5 0.1 

0.2 Ease of assembly 0.5 0.5 0.1 

0.25 Efficiency 0.05 0.7 0.6 

0.02 Cost 0.5 0.5 0.2 

0.05 Deep, defined bass 0.05 0.3 1 

 
Total 0.275 0.45 0.28 

 

2.3 Shape and Driver Positioning 
 Once the enclosure type for the L/S was confirmed, the optimal shape for the L/S was designed for 

(given its application). As cited from DIY Audio & Video (n.d.), internal reflections within a box are 

mandated by the shape of the enclosure. When these reflections are combined with vibrations of the 

box itself, spike distortions in frequency response can occur. These spikes, or fluctuations, in sound 

pressure level can be tolerated up to the jnd ( σÄ") before a listener will notice. Figure 12 outlines the 

variations in dB relative to the shape of the enclosure, and illustrates the benefits of internal bevelling 

and non-equivalent dimensions.  

 

Figure 12: Variation in dB respective to the shape of the enclosure 



16 
 

 It can be taken from Figure 12 that, in order to meet the jnd specification, any shape apart from a 

perfect cube would suffice. It is seen that a spherical design is the optimal shape ï but given the materials 

and manufacturing techniques at hand, the sphere would be time-consuming and unnecessarily difficult 

to construct. Geometries that closely resembled bevelled rectangles or cubes seemed most ideal for the 

application. In addition, as demonstrated at the University of Aucklandôs Acoustic Laboratory, having 

non-parallel faces reduces the resonances within an enclosure. However, the front and back faces must 

be ideally placed parallel and perfectly vertical so that the waves propagate exactly horizontal. Angling 

the front baffle would affect the directionality of the waves (especially from the tweeter).  

 An outgoing sound wave experiences diffraction at the edges of the baffle (Figure 13). When these 

diffracted waves coincide with the outgoing waves, an interference pattern is produced. A speaker 

becomes directional because of this effect. This can be mitigated somewhat by way of rounding or 

bevelling the speakerôs exterior edges. By reducing the effects of interference, the directionality range 

can be widened.  

 

Figure 13 - Edge Diffraction Phenomena (heissmann-acoustics, 2015) 

 Regarding the relative placement of the woofer and tweeter, offsetting the tweeter from the centre line 

of the baffle is believed to reduce the variations in amplitude response caused by diffraction phenomena 

in Figure 13 (DIY Audio, 2011), and reduce clashing of natural frequencies. However, when testing the 

subjective sound for the L/S, the microphone is placed at a point in far field, therefore the relative 

distance between the tweeter and woofer should have negligible effect. It is assumed that a subjective 

listener will generally be in far field also, and experience equivalent sound from this testing scenario. 

Thus, this offset was not considered in the final design.  

 Higher frequencies from the tweeter, given their short wavelength, diffract less around the enclosure. 

In fact, the optimal width of the cabinet (where the tweeter is located) must be ~2cm for omni-

directionality: 

Ö Æʇ Ḉ ʇ  
Ö

Æ
 
στσ ÍȾÓ

ςπË(Ú
ρȢχÃÍ 

 Such a value is less than the diameter of the tweeter itself, which poses ludicrous dimension suggestions 

for the cabinet. Nonetheless, given the teamôs specification is for a directional speaker, this is not an 

issue. The key aim is simply to minimise the distance between the edge of the tweeter and the edge of 

the speaker baffle. That way, the directional range of the speaker can be maximised. 

 The decision was made to implement a circular port as opposed to a rectangular port. A rectangular 

(flat) port would restrict the directional range on the design as the waves are radiated in a line as opposed 

to from a point (Roemer, 2005). The diameter of the port was also chosen specifically such that it is 
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small compared to the wavelength, allowing for the wave to travel up and down the port like a plane 

wave. In addition, it was found that horns/flaring the port helps to reduce the noise of air rushing out, 

minimising distortion (Audio Judgement, 2016). 

2.4 Evolutional Design Process 
 A number of concepts were drafted and analysed by the PDT before coming up with the final design. 

Advantages and disadvantages of each were determined, and weighed up against one another, to obtain 

the best possible final design. Design development of the speaker enclosure design is as follows. 

 

1. Figure 14 consists of a standard rectangular shaped enclosure. There 

is no variation in width, specifically surrounding the Tweeter, 

making for a speaker that covers a limited directionality range. A 

design is implemented on the front baffle for aesthetic purposes, and 

to minimise edge diffraction and interference effects. 

 

 

 

2. The first concept (Figure 14) was further developed to a more 

complex design as shown in Figure 15. In this new design, the width 

of the enclosure is significantly less around the tweeter, allowing the 

speaker to have a wider angle of directionality relative to the initial 

concept. This concept, however, is not as aesthetically pleasing as 

one would want in a recreational household area. It appears bulky 

and fairly simplistic. 

 

 

 

 

3. The next developed concept had to goal to improve the aesthetics of 

the concept in Figure 15. It maintains the small width around the 

tweeter to obtain a larger degree of directionality. Although the 

angles provide an improvement in the aesthetics of the enclosure, 

difficulty is likely to arise during the assembly process. The angles 

may also result in internal reflections, which will affect the quality 

of the subjective sound from the speaker.  

 

 

 

 

 

 

Figure 14: Conceptual 

design 1 

Figure 15: Conceptual 

design 2 

Figure 16: Conceptual 

design 3 
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4. In concept shown in Figure 17, the tweeter was placed at the top of the 

enclosure, with the top cross section being significantly smaller than 

other areas of the enclosure. This is, again, to obtain a large range of 

directionality. The idea gave rise to a pyramid shaped enclosure. This 

concept appears to be relatively easy to manufacture and assemble, 

and is also relatively aesthetic and different to other speaker designs 

currently on the market. 

 

 

 

 Another Mart analysis (Table 2) was performed by the team to discover which concept matched the 

criteria the most ï and, in turn, to determine the final concept for the speaker enclosure. The concepts 

used were 1, 3 and 4. 

Table 2: Mart analysis for determining the final conceptual design 

 It is clear from the designs explored during this conceptual design phase that the trapezium shaped 

enclosure met all the points described, and had the closest fit to the teamôs criteria for a recreational 

household speaker. Concept 4 thus became the chosen concept for development, and further 

improvements were made to arrive at the final concept. 

2.4.1 Development of Final Design 
 Figure 18 develops Concept 4 (Figure 17) with features on the front baffle in Concept 1 (Figure 14). 

Not only does this render the speaker with more aesthetic appeal for the consumer, which is necessary 

for recreational household use ï but it also helps to mitigate edge diffraction and interference effects, 

which would affect the quality of subjective sound for the listener. Another development included the 

addition of four rubber stoppers to the bottom face. This would serve to absorb sound waves and prevent 

any surface the speaker is sitting on from resonating (a natural occurrence which could adversely affect 

the overall acoustics of the speaker enclosure). 45 degree fillets were also incorporated in the internal 

joints within the enclosure. The rationale behind this that it will reduce internal reflections and the 

severity of spikes in frequency response (as mentioned in Section 2.3). This increases the overall quality 

of subjective sound, as tonal quality could be deemed unacceptable if sound pressure fluctuations 

exceed the jnd range ï in which case it would instigate a perceptible óboomyô subjective sound. The 

speaker enclosure will be lined with sound absorbing material (polyester) to further suppress any sound 

reflections within the cabinet via dissipation.  

 It is common to seek asymmetry in a speaker system, so that natural frequencies do not clash. The 

team considered this by way of avoiding cabinet dimensions that are clean multiples of each other, 

such that build-up of resonances could be mitigated (if not fully removed). Although the óGolden Ratioô 

Rank Criteria Concept 1 Concept 2 Concept 3 

0.4 Wide-Range Directionality 0.1 0.8 0.9 

0.35 

Aesthetically pleasing to the 

consumer 0.4 0.6 0.7 

0.1 Ease of manufacturing 0.8 0.5 0.7 

0.1 Innovative 0.2 0.5 0.7 

0.05 Ease of assembly 0.8 0.3 0.5 

 
Total 0.32 0.645 0.77 

Figure 17: Conceptual 

design 4 
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is often used in speaker dimensioning, it was not implemented into this design despite it being contrary 

to popular belief. While the volume of the cabinet closely followed online calculations (27.54L), the 

dimensions themselves sticking to a fixed ratio were not deemed to be of huge concern; a cabinet 

interior fully lined with sound absorbing material is expected to remove remaining unwanted 

resonances and coinciding natural frequencies. The main drivers for dimensioning were, instead, the 

minimisation of cabinet width by the tweeter and search for ratios that yielded aesthetic appeal.  

 A well braced cabinet must be designed to avoid acoustic and structural resonances. MDF thus serves 

as a better insulating material than the acrylic alternative because it is thicker - therefore stiffer, and 

more suited to preventing sound transmission out of the cabinet. From an aesthetics point of view, the 

team also went after a more matte finish that would blend well within a (rather vintage) furniture setting 

- a look that acrylic (shiny if spray painted) wouldnôt be able to accomplish. Acrylic is also denser and 

more brittle, which would make construction and transport of the speaker less desirable. Therefore, of 

the two available materials, the decision was made to use MDF as opposed to acrylic. 

 The final concept has rebates in the front baffle, such that the tweeter and woofer sit flush. From a 

sound performance point of view, recessing drivers flush in the baffle helps to widen the range of 

directionality the speaker can achieve. It is also visually more attractive than having the drivers stick 

out.  

 The enclosure baffle will be varnished, while the rest of the faces will be painted in black. Figure 19 is 

a CAD render of the final design.   

 

Figure 18  -  Final design of the speaker enclosure  
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Figure 19 : Render of final design  

 During the detailed design phase, when the enclosure dimensions were determined, minimum 

dimensions were calculated initially based on the tweeter, woofer and port dimensions already 

calculated. These were then altered such that the volume of 27.54L was kept the same.  

3 Bill of Materials and Cost of Design 
 The approximate price of a sheet of 18mm MDF is given as below: 

ρψςτππρςςπÍÍΑψφȢψπ ΑπȢπππππρφυȾÍÍ  

 The total price of MDF required for the cabinet design comes to $18.86 - refer to Appendix for full 

details.  

 The total price of Woofer/Midrange Speaker Driver (6.5 Inch) is $41.90, and the 25mm Titanium Dome 

Tweeter $24.90. 

 Therefore, the overall cost to build the speaker enclosure is $85.66. Under $100 to make, the teamôs 

design is clearly affordable ï especially for the target market of recreational household users. 
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3.1 Device Specifications 

 

4 Cabinet Construction 
 Part and assembly drawings were made for the loudspeaker design in PTC Creo. The part files were 

sent to a technician for CNC routing; 18mm was too thick for laser cutting to be utilised. Nonetheless, 

both being automated processes, this was not considered a construction inefficiency. The baffleôs 

chamfers were done by hand using a planar ï although it couldôve been just as easily done, and much 

more quickly, on a router. Internal fillets were modelled in CAD and laser cut with acrylic. MDF was 

the initial plan, however, given that polyester lining was going to cover them anyway, the material 

choice did not appear important for these fillets. This compromise also had to be made due to limited 

resources at the chosen external technical service.  

 It had seemed that tolerances were neglected by the technician in the baffle rebates. In order to sit the 

drivers flush, a significant amount of sanding was done. Nevertheless, the team is confident that this 

sanding step can be omitted or sped up had those tolerances been followed, and thus does not pose as a 

construction difficulty should manufacturers reproduce the design.  

 The decision was to glue all sides together but the back baffle; that way, the interior could be accessed 

for potential performance troubleshooting (for example, if any sound absorbing material had to be 

removed/added to improve sound quality, or if the drivers needed replacing if they become faulty). 
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Brackets had to be modelled and laser-cut out of acrylic to enable the effective use of G-clamps, in 

securing the angle filleted panels correctly while the glue dried (see Appendix 7.3). Despite being an 

extra step, little extra time was consumed as laser-cutting is a fast, automated process. The sides were 

painted and the baffle was varnished to match the teamôs colour scheme. The polyester sound-absorbing 

material was nailed in place such that it was only on the sides of the enclosure, see Figure 20.  The 

drivers were soldered to the terminals and secured on the baffle.  

 

Figure 20: Speaker lining 

 The intended purpose of lining the enclosure with sound absorbing material was to suppress standing 

waves and reflections within the enclosure (Purl, 1995). Empirical testing showed that completely lining 

the enclosure will cause the cabinet to be acoustically larger, as it alters the cabinetôs operating mode 

from adiabatic to isothermal (Purl,1995). Too much or too little was said to negatively affect the 

acoustic performance of the speaker. This further reinforces the choice to screw the back baffle; 

adjustments to the amount of polyester within the cabinet could be made if necessary to improve the 

subjective and objective sound characteristics.  

5 Testing 
 The following lists and Figure 21 outline the format and parameters for speaker testing and 

performance validation done.  
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Figure 21 : Testing of the spea ker  

Testing Parameters: 

¶ The height of the woofer centreline relative to ground (mic height): 157cm. 

¶ The distance from the speaker to microphone: 1.2m. 

Environment:  

¶ University of Aucklandôs Anechoic Sound Chamber. 

Testing Equipment: 

¶ Microphone: miniDSP UMIK-1 

¶ DSP: miniDSP 2x4 

 

5.1 Directionality 
 To test the loudspeakerôs directionality range, measurements of subjective sound were taken at 

different angles around the speaker whilst playing music. Incident sound was captured and judged by 

the team based on subjective interests. A variety of music was played, each song being familiar to each 

member of the team such that it could easily be compared to the performance of mass produced 

loudspeakers (on which these familiar songs would usually be played). 

 Sufficient clarity of sound along the centerline, normal to the front face of the speaker, with no 

noticeable distortions or frequency inadequacies was within a 60 degree range from the centerline. 

Beyond this 120 degree ranged, the incident sound was slightly muffled with high frequencies lacking. 
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However, the team still deemed the sound satisfactory at these angles, given the directionality 

requirement and application of use. It should be noted that it will sound less muffled in a domestic 

environment, as the sound would be reflected off furniture and the walls of the room. 

5.2 REW and miniDSP 
 To test the frequency response characteristics of the loudspeaker, the team made a visit to the 

University of Auckland anechoic sound chamber. This was to isolate the sound of the loudspeaker, and 

prevent any reflections from occurring in the outside environment (which may alter how the sound is 

detected). A digitally programmable Digital Signal Processor, called miniDSP 2x4, was utilized to 

manipulate the frequency response of the loudspeaker, in order to make the response as óflatô as 

possible. This will ensure, whilst audio is playing, that no specific frequency stands out relative to any 

other ï thus rendering the input signal as accurately as possible. 

 To measure the response, the team also made use of a UMIK-1, an omni-directional USB calibrated 

microphone, together with Room EQ Wizardôs REW software (REW V5.20 beta 7). A series of graphs 

were exported after having conducted the appropriate measurements for the: 

¶ Naked response of the drivers individually. 

¶ Naked response of the drivers together. 

¶ Response of the drivers together after applying a crossover frequency to the DSP. 

¶ Response of the drivers together with a crossover frequency and inverse filter applied. 

¶ Response of the drivers together with a crossover frequency, inverse filter, and fine equalizer 

adjustments applied. 

¶ Response of the drivers together with a crossover frequency, inverse filter, and fine equalizer 

adjustments applied, and port blocked using a handkerchief. 

5.3 Testing Measurements 

 
Figure 22 - Naked response of the drivers individually: no signal processing has been applied. 

 As shown by Figure 22,Error! Reference source not found. the point at which the tweeter and woofer 

response intersect is around 1400 Hz. This was identified as the crossover frequency. 

 Crossover frequency: 1400 Hz. 
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Figure 23: The response of both the woofer and tweeter drivers combined. 

  The red line of Figure 23 indicates the response of the loudspeaker when there is no crossover 

frequency specified within the miniDSP parameters. The green line indicates the frequency response 

of the loudspeaker after a crossover frequency of 1400 Hz was programed into the DSP. A óflatterô 

response was recorded after this crossover frequency application. The amplitude of the peak and 

trough fluctuations within the response have evidently reduced from what was recorded prior to 

applying the crossover parameter. 

 
Figure 24: Response of the drivers together with a crossover frequency and inverse filter applied. 

  An inverse filter can be automatically generated using the REW software. It is used to counteract the 

effects of unwanted environmental filtering of signals. After applying the filter, one will notice even 

further óflatteningô of the response, indicated by the blue line in Figure 24. However, the frequency 

response beyond 16 kHz deviates significantly from the neutral axis (~73dB) ï in that region, the 

response is highly varied. The amplitude of fluctuations in the response around 18 kHz was undeniably 

unfavourable. To address this issue, after the inverse filter is applied, fine parametric EQ adjustments 

were made to a narrow bandwidth across these troublesome frequencies, adjacent to 18 kHz (see Figure 

25). High Q values were used at the risk of the loudspeaker sounding ñboomyò, however, upon 

listening, this did not seem to be the case. Having those adjustments made at such high frequencies is 

a much smaller risk than if they were done at the lower end.  
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Figure 25: The parameters for the fine parametric EQ adjustments. 

 A further summary of the narrow adjustments made are as shown in Table 3. As reiteration, they were 

done in order to target the sharp peak at 17.3 KHz and trough at 16.6 KHz.  

 

Table 3: Narrow adjustments made 

EQ Band Frequency Gain Q 

EQ1 17,300 4 5 

EQ2 16,600 -6 8.2 

  

  These fine tuning adjustments were only applied to the tweeter, because the high frequencies of 

concern were beyond the effective range of the woofer. These adjustments helped to reduce the 

amplitude of the responseôs deviation from the neutral axis. This effect is well illustrated by the purple 

line in the graphs Figure 24 and Figure 26. 

 
Figure 26: The close-up response of the drivers together with a crossover frequency and inverse filter 

applied. 
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Figure 27: Response of the drivers together with a crossover frequency, inverse filter, and fine 

equaliser adjustments applied, and port blocked using a handkerchief. 

 The effect the port had on the loudspeaker was also of interest. A temporary modification to the port 

was made by stuffing it with a handkerchief. This was an attempt to reduce the óloudnessô of the 

Helmholtz resonator which the port acts as ï or, in other words, simulate the performance of a sealed 

speaker cabinet. The response of the loudspeaker was measured and is illustrated by the green line in 

the Figure 27. A repeat measurement of the initial response without the handkerchief is indicated by 

the yellow line. As expected, a significant boost in the low end frequencies, roughly between 40-170 

Hz, occurs when the port is utilised. This boost increases the lowest frequency able to be accurately 

reproduced by our loudspeaker from ~100 Hz down to ~70 Hz. It also seems to increase the gradient 

of the plot in the low frequencies, effectively increasing the overall bandwidth of the loudspeaker. 

  Physical testing of the speaker illustrates a flat response that begins at a frequency of ~70 Hz for the 

ported design, while blocking the port with a handkerchief to imitate a sealed cabinet design had the 

flat response come closer to ~100 Hz. These values were as expected from theoretical computations 

earlier in Section 2.1.3. The lowest frequency that the loudspeaker can acceptably reproduce is ~70Hz, 

which is less than 1Hz from the predicted theoretical result of 70.7Hz. The lowest frequency the 

loudspeaker can acceptably reproduce with the port blocked is ~100Hz. This is close to the calculated 

value of a sealed system, 102.1Hz (which yields a negligible difference of 2.1Hz). 

  It is noted that the value of 102.1 Hz was re-calculated using the volume of the teamôs ported system. 

In Section 2.1.3, the 126 Hz limit for sealed was found using the optimal sealed cabinet volume 

acquired through online calculation. Actually, this observation shows that a sealed cabinet is able to 

achieve a lower frequency with cabinet enlargement. Nonetheless, the improvised sealed cabinet tested 

with the ported cabinet volume still exhibited a frequency limit (~100Hz) greater than the limit for 

ported (~70Hz) by ~30Hz. In essence, for the same frequency range, the sealed cabinet would have to 

be much larger in size than if one just incorporated a port into the design. This negates the initial 

concern that the ported cabinet tends to bear greater material and labour costs. 






















