CHAPTERY4
Summation

: B inolos by division into two types. The spectral acoustic crossover has equal levels at
rency range. the summation of drivers covering different frequency ranges fed by a frequency
(section 2.4.4). The spatial acoustic crossover has equal levels at a location in the space. It is
f sources covering a common frequency range fed by a spatial divider (separate speakers and
). Asingle language is used for the analogous features of both types and the related solutions

are common to both types. A primary goal is to place the acoustic crossover in the coupling
goal comes into play when coupling can no longer be maintained: Reach the isolation zone
le. Filters accomplish this for spectral crossovers, whereas directional control, splay angle and
ﬂ;e spatial crossover. In both cases we strive to minimize the combing and transition zones.

zone progressions
wes follow several standard crossover progressions (Fig. 4.22). Let’s add A + B and follow them.

(AB)): Speakers with little or no directional control are in extremely close proximity,

fer arrays.
ipling (AB) to cancellation (AB)): coupling on the front side, cancellation in the rear. This is used in

n (A) to coupling (AB) to isolation (B)): Very achievable in a spectral crossover, but much
-range spatial crossovers. As frequency rises we can expect to see more areas fall into the combing
zones, with the realistic goal being minimization, not elimination.
jon (A) to transition (AB) to coupling (AB) to transition (BA) to isolation (B)): Practically
in closely coupled arrays if the coverage angle provides enough isolation to prevent combing.
ation (A) to transition (AB) to combing (AB) to coupling (AB) to combing (BA) to transition (BA)
(B)): the full progression. This results when isolation is unachievable before combing begins. In 45
s is often the only practical option. Success can be viewed in terms of the share of the progression
combing zone. A progression with more combing zone than coupling and/or isolation zone would

. Acoustical crossover progressions Spatial

Coupling Subwoofer arrays
Zone (no isolation zone)

lati Coupling Isolati Coupled arrays
Zone Zone Zone (LF and MF ranges)
Is;lation Transition Coupling Transition Isolation (L? ‘;:Z':‘d;;z:s)

it Zone Zons Zore Zone Uncoupled arrays (LF)

Isolati Coupled arrays

Transition Combing Coupling Combing Transition Isolation (MF and HF ranges)
Zone Zone Zone Zone Zone Zone Uncoupled arrays
— ! (all ranges)

Progressions, spectral and spatial
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Overlap class crossover.
Coupling zone since the phase
responses are within 120°.
Transitions to isolation zone.

Spectral crossover region
(Couplina zone)

i HF only (Isolation -
I v ( Crossover slopes are the result of
1

Y4.3.3 Crossover classifications

4331 CLASS )
We first classify crossover by the three possible level outcomes to the summation: The crossover ra
greater than or less than the isolated ranges of the individual elements (Fig. 4.23).

combined acoustical and electronic
responses.

Crossover class
=« Unity: Level through crossover matches the isolated levels (A + B = 0 dB @XAB).
= Overlapped: Level through crossover is higher than the isolated levels (A + B > 0 dB @XAB).
= Gapped: Level through crossover is lower than the isolated levels (A + B < 0 dB @XAB).

Matched phase at crossover is the
result of combined mechanical,
acoustical and electronic responses.

Phase responses are unmatched

43.3.2 SLOPE g e b ot
Crossover slopes are rated by filter order: first order, second order, etc. The slope steepens as order » ‘ Tespories.
spectral crossovers this refers to filters, whereas for spatial crossovers the separation is related to sp 500 1.0k 2.0k

. : i F ency (Hz)
pattern (tighter coverage being higher order). requ

4.3.3.3 SYMMETRY Spectral acoustic crossover: Combined acoustic response

We classify crossover symmetry by two possible outcomes: symmetric or asymmetric. Spectral cross
asymmetric filter slopes or filter topologies. Spatial crossovers can be asymmetric by speaker model, s
level and more. ;

Coupling zone: substantial addition
above the component levels in
............... 2 crossover area.
- Isolation zone: Minimal change.

Spectral crossover region

Peaked amplitude response around
crossover due to overlap.
This can be equalized.

HF only (Isolation

4.3.4 Spectral dividers and spectral crossovers

Let’s get practical about the types of spectral crossovers we're likely to find in a modern speaker sys
either marrying two drivers that already live together in the same box, or arranging one for speakers
now meeting.

14e Matched phase responses at
crossover combine to create a single
seamless response. The spectral

crossover point is not easily detected.

DRIVER (A AND B) PHYSICAL CONFIGURATION

= Fixed combination: fixed ratio of A and B drivers, known positions, same box.

Phase responses above and below
= Variable combination: variable ratio of A and B drivers, unknown positions, separate boxes.

spectral crossover are isolated and
retain their original character.

500 1.0k
Frequency (Hz)

With fixed combinations we encounter varying levels of manufacturer support.

Crossover classes Crossover slope Asymmetric slope and level

Spectral acoustic crossover: Component electronic responses

Overlap: A+ B> 0 dB @ XAB

. The electronic "crossover” point is
found 2/3rd octave above the spectral
Wei, acoustic crossover shown previously.

This frequency range has 10 dB o
isolation in the acoustic response due

to asymmetry between the drivers.

First-order (6 dB) Asymmetric slope : : Acoustic crossover Electronic crossover
3 ; b (900 Hz) (1600 Hz)

% B AY-B A B

Unity: A+B=0dB @ XAB Second-order (12 dB) Asymmetric level

Third-order (18 dB) Asymmetric slope and level

HF only (Isolation

Slope responses and levels are
asymmetric to compensate for the
driver asymmetry.

The unmatched electronic phase
responses at 900 Hz create the
matched phase responses seen in the
previous acoustic measurement.

Gap: A+B<0dB @ XAB

A B A Matched phase responses at the
electronic "crossover" area will not
ensure an acoustic match.The acoustic
response is the combination of
mechanical, acoustical and electronic

responses.

500 1.0k 2.0k 4.0k 8.0k 16k
Frequency (Hz)

FIGURE 4.23
Spectral crossover classes, slope and asymmetry

i€ Showin indivi :
g individual ang combined acoustical and electrical responses
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LPF or HPF inkwitz-Ri
No Linkwitz-Riley 24 dB/octave @ 100 Hz

xfOVR%. ! i th iy = Uﬂ%‘iy AUVR \

ELECTRONIC CONFIGURATION OF A AND B CHANNELS FOR FIXED COMBINATIONS

» Fixed: Settings are not user settable.
» Programmed: Factory presets are loa
= Suggested: Factory settings are programimm
» Figure it out yourself: cowboy time!

ded into the crossover (hopefully correctly).
ed by user into the processor (6 dB more hope requi o

e N =X
¢ combinations can be simply a verification process when Fact . e - 6 dB/div |
d. Wh id is gi d to evaluate the indivi 40 Hz 3 Hz 100Hz 160 Hz 25 Hz 40 Hz
ed. en no guidance is given we need to evaluate the indiv . 63 Hz 100 Hz 160 Hz
: f i e Phase

Spectral crossover analysis of fixed drive
programmed or suggested settings are us
and make choices (Fig. 4.24). E B
1t with variable combinations, but there are i A
will use a typical example, the combination ¢

We also encounter several levels of manufacturer suppo
unknowns, leaving us with more need to customize. We
full-range boxes with a manufacturer-suggested setting of 100 Hz (Fig. 4.25).

- 1=/ N % “\ { ‘ ;
/ " | ~

| eoviav || |/ NN R B

ectral crossover examples

SIDERATIONS FOR VARIABLE DRIVER COMBINATIONS

frequency (e.g. might be two subs with one top or vice versa
raises the crossover and the latter lowers it. Level can be adjusted to match at 100 Hz.

« Driver efficiency affects crossover frequency (e.g. sub might be less (or more) efficient at 100
lowers the crossover and the latter raises it. Level can be adjusted. §

« Driver location affects time offset between drivers (e.g. sub might be closer (or farther)). Dela ¢

phase align the crossover.
« Driver response differences affect pha

SPECTRAL CROSSOVER CON

« Relative quantity affects crossover = . .
ity gain crossover with L-R filters (LF + HF)

e a reference level: 0 dB.

he LF and HF channel cutoffs to the target frequency (e.g. 1 kHz)

‘;pm.ker and observe the acoustic response of each individual ch.annel

B t§ve levels until they match at the crossover target (turn down the l'oud

elative phase until they match at the crossover target (delay the earlier ong onel

se offset at crossover. Phase align the crossover with delay.

a Driver ranges affect the overlap at crossover. (e.g. sub and full range share 60 Hz to 120 Hz). ;
us the summation peak in the overlap area or LPF and HPF filters can reduce the overlap to createt
CTOSSOVer. -

b | 49
k. orfegzlitrecileosrii of ;he L-R filter order precisely because the cutoff frequency is the -6 dB point i
h er here changes the amplitude response around the crossover frequency bput notn

G

4341 UNITY SPECTRAL CROSSOVER (LF+HF)
The standard unity crossover brings LF and HF sections together at -6 dB, 0° phase offset (Fig. 4.26).
variety of filter slope and topology combinations that can achieve this. The most straightforward (a1
topology is the Linkwitz-Riley (L-R). The straightforward feature is that the cutoff frequency spe€
point (most other filters use the -3 dB point). If the crossover frequency has already been selected ¢

six steps.

ologies (stan

R sfped g:;SOLfFAI:I;f;FBesseL Butterworth, Chebyshev, etc.) require extra work because they
o e 'differ specified at 100 Hz bas the same -3 dB point for a first-order slope

ow 100 Hz, the exart locatei:)l; f6 dB gocll:lt. .To achieve -6 dB at 100 Hz we will need to set the LPF
B oo or tw}xlf ich will vary (closer to 100 Hz as filter order rises). The HPF has
o XSgSﬁ 1 at would.appear to create a gap, such as 80 Hz (LPF) and 125 Hz
B e 1ri _ ter order rises, the gap between the electronic settings shrinks but
e pologies and/or filter orders are used we must be mindful of where each

]
T

effects on crossover frequency

Quantity

XOVR = 100, 140, 170, 200 Hz

A

i
\ A

TV

'Y gain crossover with i
E other filter topologi
' areference level: () dB. it msl i

¥ 1€ LF and HF ¢y

3 toffs to an octave b

¥ : his | ave beyond the target frequency (e.g. 2 kH

! , . ves the crossover area free of filter effects for referencec.y 8 AHeEIETou sad GU0 RalGr

°Peaker and obse

Lo | A X

) e, (i et v Vi |

s i

b ] Full range speaker

L NN i

i /] 1
BV AREr R 14, 3 3,1~ 4 §ub\yoqf§rs LIRREEE \7‘ relative levels untirlveh the acoustic response of each individual channel.
N/ EERIHERERE 1 \;f& L bbb ‘ 6 dB/div ¥ cutoff frequen s ‘;Osznmatc'h at the crossover target (turn down the louder one).

32 Hz 125Hz  B500Hz  2KHz 8 kHz IF cUtoff frequency |, until the response drops 6 dB at the crossover target.

elative phse , q{ p until the response drops 6 dB at the crossover target
FIGURE 4.25 | channels tpge t}?u they match at the crossover target (delay the earlier one')
gether. The summed response should match the nominal level a.nd be +6 dB above the

& O nSeS at CIOSSOVel‘,

Quantity effects on crossover frequency (subwoofers vs. mains)




150

PARTI
Sound systems

CHAPTERY
Summation

0SSOVER AUDIBILITY

sk to suppres> clues that alert audiences to the presence of speakers. Violins do not have crossover

. A multi-way e reproduce the full range of the violin, but we must carefully handle the

2 to ensure a listener does not notice the transition between drivers. One mechanism that can expose

sition is displacement. The probability of distinct localization increases as drivers move apart. This is

7 vy e ot hedror for integral multi-way enclosures but can be for subwoofers, which are often a large distance apart from
eocond factor is overlap, which can expose the crossover transition by having too much or too little

= Overlap increases efficiency and headroom in the affected range (drivers working the same rang
> eavers with extremely steep filters can transition in a single note of the musical scale. This becomes

= Overlap narrows the coverage pattern (whether this is desirable is situation dependent). _ S0
» Overlap may cause increased combing in some locations (more so if the speakers are far apart e if the transition moves between elements with large differences in pattern control, e.g. a front-loaded

» Overlap helps the sound image remain spectrally linked (subs not separated apart from mains! [iiartow hom. The reverberation character can suddenly change with the transition. On the other

» Operating a speaker into the overlap range may reduce the headroom of the individual drivers." excessive R e iGon usolale enoag thio priventicom Hing Sound srossoves Thisfeaves t s
o [l et ey g o the summation in the overlap S posed by the presence of dips in the response above or below the crossover frequency. A final example

4.3.4.2 Overlapped spectral crossover (LF +HF)
Overlap-class spectral crossovers are often used to combine subwoofers and full-range enclosures,
share the 60 Hz to 120 Hz range (again Fig. 4.26). The decision of when and where to use an ove

instead of unity is not clear-cut.

The process is close to the unity crossover with an added equalization step.
Spectral acoustic crossover: Symmetric levels

Spectral crossover region Vel i
) ry low order crossover with
(Coupling zone) octave of overlap. Coupling zirfxlg|
............ ¥ occurs over this large area since the
- ’ phase responses are within 120°.
Transitions to isolation zone above
and below.

Creating an overlapped crossover
= Determine a reference level: 0 dB. A
« Set both the LF and HF cutoffs to create the target overlap range (e.g. 60-120 Hz). This may beu
the natural roll-offs give the desired response. E - 3 ~ o-u
» Drive each speaker and observe the individual channel acoustic response. i L~ LFonly(Isolation zone) L.l i \__HF only (Isolation zone)
» Adjust relative levels until they match in the crossover target range (turn down the louder one
» Adjust relative phase to match as much of the crossover range as possible (delay the earlier on
» Driving both channels together should create a +6 dB peak centered in the target range. :
» Add a parametric filter (-6 dB at the center of the overlap) to both channels. Adjust bandwidth

normalize the response.

Overall LF and HF responses are
matched, creating a flat line through
the crossover.

Sufficiently matched phase responses
over the crossover region are
maintained but fall out above and
below the spectral crossover.

Phase responses are 180° apart at
350 Hz but this is unimportantpsince it
is in the isolation zone.

4.3.4.3 SELECTING THE CROSSOVER FREQUENCY
It is increasingly rare to encounter systems requiring field selection of the crossover frequency. This s
happen, but it does. Extensive R&D should go into the selection process, an unlikely scenario in the ! 500 1.0k

. Frequency (Hz)

minutes ticking down until show time.

Spectral acoustic crossover: Asymmetric levels (LF turned down -6dB)

Crossover frequency selection considerations

» Optimal frequency range for each driver. Affects power capability, headroom, excursion and mo

» Polar responses of HF and LF components change over frequency. The rate of polar change '
may be affected. For example, HF horns tend to become wider as the cutoff frequency is 1o
drivers narrow as the cutoff rises.

» Cutoff frequency selection has a significant impact on HF driver excursion. It's beyond the scop
but basically amounts to this: Excursion rises exponentially as frequency drops. Halving the fi
quadrupling the excursion to produce the same acoustic power.

» Lowering a crossover frequency may cause the device to operate below the cou
efficiency and requiring still more excursion to achieve the demanded SPL.

The overlap is reduced by the level
_asymmetry. Most of the area
previously in the coupling zone is now
in the isolation zone leaving the HF

i dgyerdalsogf above l800 Hz. The
mbined capability is reduced 6
dB in the mpldfrangt:;ye area.

Spectral crossover point
has shifted down to 800 Hz

€r Is reduced in level

._I:’.:only s HF only (Isolation zone)
solation

zone) Overall LF and HF responses are

unmatched, creating a tilted line

through the crossover.

pling range of the

Spectral crossover point has 120° of
phase offset. No coupling zone
addition.

It's generally safer to run drivers above their operational range than below. Therefore a good starting
observe the upper limits of the raw LF response. The crossover must be below LF limit and see hOW_
If we start the HF driver with an HPF set an octave below the prospective target we can see if the drive
meeting point. Then begins an iterative trial and error in the target range. Different slopes and topol€
tried until the best fit is found. After aligning the crossover in the on-axis area it is suggested to move
how well the LF and HF patterns match. There’s no way to practically perform a thorough R&D Proce
but this roughs things in when that is all we can do. ks

_ Phase alignment point is in the
isolation zone (about 10 dB of level
offset), an octave above the spectral
crossover.

500 1.0k 2.0k 4.0k
Frequency (Hz)

'AAND B
» SClral crossover example
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is the combination of both displacement and minimal overlap in the case of grounded subs and fly ?

. : . . . . olative level between speakers shifts the spati P gy
factors emphasize separation, which can be experienced as two distinct sources. in rel patial crossover location just as it shifts the spectral

er frequency.
_ddition from horizontal or vertical overlap in the spatial crossover is analogous to the addition from

Let's set a goal of minimum “crossover detectability”: driver transition without anyone noticing. :
J in the spectral crossover.

displacement, minimal coverage angle transition, minimal combing and more gradual filter slopes
prospects of slipping under our sonar. Our hearing mechanism clues in on abrupt changes in soni ;
between notes. Displacement causes an abrupt change in localization. Combing causes an abrupt stic crossovers are more complex than their spectral counterparts, yet are variations on th
one note disappears and the next returns. Coverage angle transition causes a change in the reverb _4.28). Place two matched speakers in any orientation and find the mid-point betwee the et
the listener to feel as if one frequency is far away in a reverberant space while the next is nearby in a ¢ oint and the coupling zone for all frequencies. The next part is a little harder. Nown SHL e
E. there to the isolation zone: the position where one speaker is 10 dB more dc;minaI::’ ? iiVe ;O i;llnd
or a single frequency by observation of the coverage patterns. The break point into the ir;ole:tei(;g Z:)Snles

1 nple as the spectral filter slopes if the speaker has the same directi .
Different filter slopes make the transition from coupling to isolation asymmetric. Asymmetric slops ely as spotting a unicorn. In the real world the low frequencies will t}cf)lraliaclaﬁ;t:)e\::rlf:; :lufcrijmu(e,lrf tehs:;m

used effectively, but their action must be anticipated. The mixing of even and odd filter orders (e.g. s 7ine us different points in the room for the borders of th ;

: e /NG e coupl i iti i :
and third order) usually requires a polarity reversal and mismatched corner frequencies to achieve at requency. pling, combing, transition and isolation
result. The most common asymmetric slope choice is a steeper high-pass than low-pass filter. The risk
excursion are reduced for the HF and usable power is shared from the LE 3

4345 CROSSOVER ASYMMETRY

: LTI-WAY SPATIAL CROSSOVER
Relative-level settings can also introduce asymmetry in the crossover range, by shifting the crossover f :

and reallocating the division of labor. Dropping the level of the LF driver adds to the burden of the.
potentially endanger it. A field example is shown in Fig. 4.27. E

yond the two-way (A + B = AB) crossover b i i
y adding a third element (C). The summation
. : rogres
m ::su:rclltzr;)lf:ialtle;ﬁ)erward. (A +b]§) + (B + C) = ABC (Fig. 4.29). The adjacent summagonirocijr
1 prog e-way combination, i.e. element A will close the i i
| - . _ gap with B before it h
and vice versa. At this stage we have two isosceles triangles, side by side. Stack a third one oenltolii Sand

e 2 D :;.‘ C+v]:ﬂ11~ 1Ck IIIolt)ice we've started a pyramid. If the AB and BC gaps closed at 1 m, then the meetin
: ikely be 2 m. The array assumes its permanent far-field shape once all elements have ’

4351 SPECTRAL VS.SPATIAL | (at the top of the pyramid)

Let's apply our knowledge of the phase-aligned spectral crossover to coverage over the space: the spat 3 s

152 The spectral divider split the spectrum and the spectral crossover joined them. The spatial divider » - e add.mons for as long as the budget and rigging allows. Each new element expands th

and the spatial crossover joins them together. i E .selllzinsmﬁimon layer. Elerpem spacing sets the foundation size of the pyramid base 1233 t;l elbase and 153
1 o e slope of the sides. Narrow elements take longer to meet their next—doo,r neighbeoerse:rllednt

that, creating steeper triangulation and pushi
; . pushing the far-field response transition i ide
4 the gap quickly and finish their shaping closer to the sources. i nto outward. Wid

3
Let's take a two-way speaker as an illustrative example. The spectral load (e.g. high and low) is spli 1
load (the coverage area) is shared equally. Now put two of these in an array. The spatial load is sp v
and floor), but the spectral load is shared equally. Our two-way, two-way array contains both specie:

crossover, and we'll use the same approach to optimize the response in the most sensitive area: the
CTOSSOVer. :

classes Crossover slope

This section illustrates how spatial division, the process of separating the listening area into covel
directly analogous to the separation of high, low and midrange drivers. A single set of principles
way crossover in a single enclosure (spectral) and a four-element array (spatial). The final piece of th
walls of the room. They are the ultimate spatial dividers and their reflections are governed by the
The revision of conventional terminology requires some time to assimilate, but the effort is worthw

mysteries of speaker and room interaction yield their secrets.

Asymmetric slope and level

First-order (6 dB)

Asymmetric slope

sreens

Common ground between spectral and spatial acoustic crossovers

Second-order (12 dB)
e

« Both interactions are governed by the properties of acoustic summation.
» Optimization strategies are rooted in the same concept: the phase-aligned crossover.

Differences between spectral and spatial acoustic crossovers
» Spatial XOVR is full range. More challenging to achieve isolation without cancellation. 4
» Phase offset in the spectral divider strongly affects only the crossover frequency range. Phase Ot
divider affects all frequencies. P

Third-order (18 dB)

)

Analogous functions

= Coupling zone location (speakers at equal level) is analogous to spectral crossover frequency-

« Directivity is analogous to filter slope. Highly directional speakers are like steep filters. E Sioe ang asymmetry. Note the analogous relationship to the spectral
_: e spectral crossover in Fig. 4.23.
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The pyramid is clearly evident when element spacing is close enough
to maintain coupling. By contrast, widely spaced elements will comb
with their many neighbors rather than couple. The upper summation
layers will look more like a fireworks finale than a pyramid. Could we
call it comb-bustion? We can't stop the upper layer combing, but we
can make it irrelevant by sending in other speakers to take over the
coverage. Every seat in the hall can see all of the frontfills. The reason
their upper-layer combing doesn’t bother us is because we pave over
them with the mains.

4.3.5.3 SPEAKER ORDER (CROSSOVER SLOPE)

A big step in transferring our spectral knowledge to the spatial
domain is to visualize speaker coverage pattern as a form of spatial
filtering (Fig. 4.30). A 360° speaker is as spatially “full range” as one
covering 20 Hz to 20 kHz is spectrally. A spectral range of 10 octaves
is analogous to a spatial range of 360°. If we straighten out the radial
circle we can lay the two shapes side-by-side. A two-way system splits
the coverage (2 x 5 octave or 2 x 180°) or we can go three-way

(3 x 3.3 octave and 3 x 120°). We can go on slicing like this forever.
We know from spectral crossover experience we need steeper filters on
a four-way system than a two-way. An eight-way? Even more. Steeper

filters isolate the more closely spaced signals. Same with spatial filters.

If we're slicing coverage in 20° segments, they need to be steep to
prevent excess overlap into neighboring areas. We don't always need
to cover 360° any more than we always need to cover 20 Hz-20 kHz,

XABC
Overlap

XABC
Unity

XBC
Overlap

XBC
Unity

XAC
Unity

XAC
Gap {

FIGURE 4.29
Multi-way spatial crossover

Relating spectral and spatial crossovers

1 x 360° radial element
360° of radial range
Comparable to full range spectrum

360° of radial range

4 x 90° radial elements (first-order)

Comparable to 4-way spectrum

o N

4 x 90° lateral elements (first-order)
360° of lateral range
Comparable to 4-way spectrum

YR i

360° of lateral range

12 x 30° lateral elements (second-order)

Comparable to 12-way spectrum

/ XOXOXKXOXKAEXKXN

FIGURE 4.30
Linking the spectral and spatial orders: 1x 360°, 4 x 90°, 12 x 30°

E'E
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Relating spectral and spatial crossovers
Speaker order: Loss over angle
90° (quadrant) ===First-order
. ===Second-order
..................... SERIOIRR, S| Lc

-order: -6dB in 90° (x 45°)

nd-order: - 12 dB in 90° ( 45°)
d-order: -18 dB in 90° (x 45°)

90
Angular span (degrees)
Speaker order slopes in dB/quadrant (approximated)
On axis frequency response vs. +/- 45° off axis (90° quadrant)
First-order slope: = 6 dB/quadrant ‘

nd-order slope: = 12 dB/quadrant .

d-order slope: =18 dB/quadrant . ‘
B 155
125 250 500 1k 2 & 8 16k
Frequency

Spatial crossovers: first order, second order, third order

‘ ;‘;l:h;i:l}llrll?éf Iirgltcooflrlrll):;lrigl?lts, then steep filters are the most effective means of getting to the

, ;?Veiztetr;ea;ly more than we use a single driver to cover 20 Hz-20 kHz. For purposes of

et i}:ic;::;tg qlfliadrant slices (90°) and classify coverage from there (Fig. 4.31). A speaker

P e c1a rst-order spe'ak.er (analogous to. -6 dB/octave). One that falls at a rate of

- Bioist, o0 discuan. SO ofn. By classifying t}.le.speakers u.no first, second and third order (as we

e e ssion o speakers, emphasizing the bas1§ shapes they make rather than whether
, atibbon, or a retro-encabulator waveguide.

:‘ classification

f"" 180° to 360°
'€r: 60° to 180°
der: 2(0°
rder: 6

(<6 dBloss in a 90° quadrant).
(around 6 dB loss in 90°).
1 ;8 o60" (around 12 dB loss in 90°).

(around 18 dB loss in 90°).

\C ]
~Imay have d; . .
know (1 ifferent coverage patterns in the vertical and horizontal planes, hence different orders. In

at cove i i i
Tage patterns widen in the LF range, so a single classification will not represent the full
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range of speaker behavior. We use speaker-order classifications to separate the HF response. In short, w
that every speaker will end up omni at the bottom end. The disparity between LF coverage and HF cov,
greatest in the third-order speakers.

4.3.5.4 UNITY SPATIAL CROSSOVER (A +B)

The unity gain spatial crossover is a mainstay of design and optimization, a principal connection poi i
speakers in an array and combinations of subsystems (Fig. 4.32). Three main types are found in the

Three typical forms of the unity gain spatial crossover (A + B)
= Unity splay angle: -6 dB point is created by angular separation (e.g. a coupled point-source array
= Unity spacing: -6 dB point is created by lateral or vertical separation (e.g. frontfill spacing).
= Unity distance (forward): -6 dB point is created by doubling distance (e.g. main and delay).

These can be used singly or in combination to create a unity crossover (e.g. frontfills on a curved
splay and spacing to create a unity summation).

The standard unity crossover adds A (-6 dB, 0°) + B (-6 dB, 0°) at XAB and sums to 0 dB. The cause
individual losses may be axial, distance or the combination of both. Summation gain is greatest at X/
weakens away from there. Individual speakers become stronger as summation gain weakens, creating
level while moving off center. The summed coverage pattern is twice as wide as each individual and
using crossover as the center reference. 4

If the crossover location has already been selected the process takes five steps.

Creating a unity gain spatial crossover with A and B speakers

= Determine a nominal reference standard: 0 dB. :
= Drive A (solo). Observe the acoustic response and find the -6 dB location. This is crossover XAB.
» Drive B (solo). Adjust B until it creates -6 dB at same location (e.g. splay, spacing, level adjust).
= Adjust relative phase until matched at XAB (delay the earlier one). '
= Drive A + B. Summed response at crossover should match the nominal individual levels.

Spatial crossover: Unity splay and spacing ®0NAXA &

AB unity splay

M W L :

AB unity splay AREERERE
32 Hz 125 Hz 500 Hz 2kHz

Amplitude (6 dB/div)

= T TEEE

% B - e B

e AWIESEYL VNS

o \ Vi | e

E YT B T

° B B E |

£ | ABunityspacing | | | | REERD i
32 Hz 125 Hz 500 Hz 2 kHz 8l

Unity spacing for a symmetric coupled point

FIGURE 4.32
The unity spatial crossover
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LAPPED SPATIAL CROSSOVER (A +B)
ver adds A (>-6dB, 0°) + B (>-6 dB, 0°) at XAB and sums to >0 dB (+6 dB max). Summation

st at XAB and lessens off center (Fig. 4.33). The summed coverage pattern is re-evaluated using

center reference. The combination is wider, narrower or the same as individual elements, depending
tage (majority overlap narrows, majority isolation widens). Highly overlapped systems might
isolation zone (level offset doesn’t reach 10 dB).

erlap spatial crossover with A and B speakers

a nominal reference standard: 0 dB.
soloing A and B to find the equal-level location (matched at >-6 dB from the reference level). This is

er location XAB (e.g. if the A and B levels are -2 dB then the summation will be +4 dB).
relative phase until they match at XAB (delay the earlier one).

channels together. Summed response should exceed the individual levels by +6 dB.
encies are overlapped and others are not, then equalization can be applied to the overlapped
e procedure as overlapped spectral crossovers).

: ED SPATIAL CROSSOVER (A+B)

adds A (<-6 dB, 0°) + B (<-6 dB, 0°) at XAB and sums to <0 dB (Fig. 4.33 again). Summation

st at crossover and lessens off center (whereas individual levels get stronger). The gapped zone is

¢ area where levels are below the 0 dB reference. Gaps of 6 dB or more are equivalent to off-axis
crossovers are used to avoid areas such as balcony fronts.

_ATION BY ANGLE

at bringing speakers together. Now we'll evaluate getting them apart. The first way is angular isolation,
as splay. This method is implemented in the point source array by aiming the speakers apart in
netric pair will have a centered crossover, which may be overlapped, unity or gapped. The road to
| offset >= 10 dB) begins at crossover and heads toward the outer edge of the coverage. We reach it
splay, second in a unity splay and last (if at all) in an overlap splay. The coupled point source has a
ble isolation zone: A given frequency has a certain angle at which isolation occurs, an angle that holds

& onaxa Q) xas

: ~ Spatial crossover: Overlap and gap, spacing and splay

A
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over distance. For example, if isolation at 8 kHz begins at 20° away from crossover, it will (a) hold ‘

: < i . lignment made on th
isolation over distance and (b) be more isolated at angles further away from crossover. Flumo &0 b

axis changes over distance

Phase alignment made on the
equidistant axis holds over distance

4

4.3.5.8 ISOLATION BY DISPLACEMENT

The next avenue toward isolation is separation/displacement. Move speakers far apart and they m:
of ground before they can connect. This is an uncoupled array configuration, and therefore will mor
different summation zones over distance. A simple example: Two speakers are placed 10 m apart. If w
straight line from the front of A (at 1 m) to the front of B (at 1 m) we will move from isolation (A)
to isolation (B). The same path at 20 m in front of the speakers will be constant overlap (and combit
distance between we can walk a line and go from isolation (A) to unity (XAB) to isolation {B). In frc
line is too close (pre-coverage), and past it is too far (post-coverage). Our goal will be to close th
place, and conduct damage control on the overlap. Wide spacing of narrow elements would mai
longest, and close spacing of wide elements the least.

 second dimension to the quest for combing-free crossover performance. The goal is to stay in the
ne until we are out of the angular coverage, i.e. spectral coupling until spatial isolation. We return to the
angle (our representative of the spatial coupling zone and target for phase alignment). We can view the

5p: tial crossover and align the spectral level and phase by the unity spatial crossover procedure outlined
(4.3.5.4).

4.3.5.9 ISOLATION BY LEVEL

We can shift the summation zone balance by leaving speakers in position and turning one down. T
location will move toward the lesser speaker (B). Think of the level reduction as the B speaker yield
A, an asymmetric-level distribution. On the A side we'll see isolation arrive sooner (because B will

10 dB behind), whereas the inverse is true for the B side. ility is evaluated by measuring off center of the crossover (above and below or side to side). Observe the

7‘ cy range and see if the response holds out long enough to reach the spatial coverage edge. This is
a distance long enough to represent real-world applications. This allows the time offsets to settle into

there the speaker will actually be used. Measuring too close can make a perfectly functional spectral/
sover appear troubled.

4.3.5.10 ISOLATION BY COMMITTEE
All the isolation mechanisms just listed can be brought together to create the desired shaping. We
apart, splay them apart and turn one down. The transition to isolation comes quickly for the domi
158 the smaller one, welcome to life as a fill speaker.

159
ER ARRAYS

P s‘tiudy of sum'mation and the acoustic crossover to the practical construction of speaker arrays. Add

IS an the sum will depend on their level and phase offsets. Add ten speakers and they will behave

P atlon of th.e surpmaﬂons. The individual element coverage patterns, their displacement, relative
s drive the spatial distribution. If we successfully merge the systems at the spatial crossovers, the rest

4.3.5.11 CROSSOVER DETECTABILITY

Hiding spatial dividers is challenging because the crossover frequency range extends to the upper
impossible to transition through crossover without some HF combing. Spatial crossovers can have
physical displacement, which makes the combing zone volatile. Transitions between high-order sy
angular slopes may be easily detectable but only in a very small portion of the space, whereas low:
will be less detectable, yet spread over a wider space. A classic tradeoff.

The most salient contrast to spectral crossovers is that spatial crossovers are detectable only in spe
Detectable spectral dividers may be obvious over large areas. Spatial crossovers can be placed on 2

fronts and other places that render their deficiencies academic. Not so the spectral divider. €rarray types
P trade news would lead us to believe there are hundreds of different speaker array types, with various

= Names. Others believe that there is onl i i
e is only one array type, the line array, and all other configurations

The spatial divider gives itself away by shifts in angular position. Our ears can pick up localization clt
become easier to spot as angular offset rises. Other clues could be mismatched responses in the crosst
most obvious is when one speaker has HF range extension well above the other. This must be care

b

when combining small-format fill speakers with extended VHF with large-format main systems. 1€

terms we classify arrays into two families of th i
: ree types. First we separate coupled fr
hear the VHF in the frontfills but the first row surely will. ’ ediom e

ON 10 angular orientation.

Another clue comes in the form of the relative distance. Close speakers have superior direct-to-reve DY

distant ones. The level of close delay speakers must be minimized so they don't stand out above the ‘. Configuration

SRS . gl

Ne

speaker. 4 ; in:(:.l:;:e Speakers together in parallel

- - Bt des:icrfati Speakers together with outward splay angles

- : on Speakers t ith i
4.3.6 The spectral/spatial crossover €d line soyrce Sp PpbEs w.“h iogrd splayiangles
i ed poin, peakers separated in parallel

Most of the two-way loudspeakers in the world have displaced drivers: HF next to LF or centered b€ B t source Speakers separated with outward splay angles
woofers. The spectral crossover is also a spatial crossover. LF and HF have a crossover frequency and Point destination Speakers separated with inward splay angles

location (Fig. 4.34). The exception is the coaxial design, where the HF driver is centered inside the
which case the displacement is in the depth plane rather than horizontal or vertical).
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How do we separate coupled from uncoupled? It's harder than you think. The 600:1 ratio of wavel
arrays transmit makes the gray become grayer. The easiest way to clarify is by function.

Coupled array functions Uncoupled array functions
Power gain Radial coverage expansion
Radial coverage expansion Lateral coverage expansion
Radial coverage reduction Forward coverage expansion

Power gain requires coupling zone summation, as does radial coverage narrowing. Radial and lateral ¢

expansions require isolation zone summation. The transition zone is the preferred bridge between
isolation whereas the combing zone is to be avoided as much as possible.

Let's return now to the coupled/uncoupled question. As an example we have a straight line of eight
spaced 1 m apart. On top of each is a small full-range frontfill. We have both a coupled and uncouple

quantity of eight subwoofers adds power gain and narrows coverage. The quantity of eight frontfills a
coverage expansion. If we need more LF power we add subs. If we need more frontfill coverage we
we need more frontfill power we get a bigger frontfill. Coupled vs. uncoupled.

Any speaker array can create a coupling zone along the coverage centerline (the isosceles triangle). Cl

arrays can maintain the coupling for a substantial portion of the spectrum and the room. Adding spac

elements lessens coupling in both. We can rescale our arrays, but not the size of 500 Hz. We concl
Coupled arrays have superior coupling zone behavior. Duh!

Once we run out of coupling capability we seek isolation, which we can get by angle, spacing or |
most effective and long lasting. Isolation by displacement is effective, but as advertisers love to say “f
time only!” Level tapering, on its own, is the most limited, and should be considered more as an adc
isolation than a primary means. We can use them together to great effect.

Which arrays can isolate? The point source is the master of angular isolation. The line source has
destination can provide angular isolation after its beams have passed through the center. This gives I
applicability. The uncoupled arrays are the winners for displacement isolation. Any array can taper e
not much help without a head start from angle or displacement.

Let's look at the scorecard (Fig. 4.35). One array configuration provides extensive coupling and Io
isolation: the coupled point source. It's no coincidence that this is the main array used in most sO
systems. The coupled point destination can also provide both but runs into mechanical challenges
blocking other speakers from crossing through to the opposite side. The coupled line source has no
isolation mechanism. The result is a concentrated beam focused at infinity. 5

Array summation properties
Array type Isolation method Summation zones :
Angle | Distance | Level LF MF | HF
Coupled line source 0 0 Limited oupling oupling oup
Coupled pt. source e 0 2 1 [)s8 Transition ola
Coupled pt. destination Limited 0 e WI[sB8 Transition olatio
Uncoupled line source 0 - e ombing Transition a
Uncoupled pt. source e e & Transition olatio ola
Uncoupled pt. destination 0 e e ombing ombing ola :
FIGURE 4.35 f'i

Array summation properties

3 Summation

4 Speaker array types
o Uncoupled

Line source (0°)
b All units oriented in parallel

No point of virtual origin or
destination

Point source (>0°)

All units splayed outward
to make virtual point
source behind the
speakers

Point destination (<0°)

All units splayed inward to
make virtual destination
point ahead of the
speakers

pled arrays where the point source isolates by a combination of displacement and angle. This gives
2 usable range (both spectral and spatial). The uncoupled point destination is a tug-of-war between
ent and de-isolating inward angle. This is the most limited in range of the uncoupled arrays. The
source falls in the middle between the point source and destination. .

be a spatial distribution study of the six array types (Fig. 4.36).

le?; :; the far-field response, .wher? the combination of multiple elements is fully matured. Long
fmwardsdr_nay show n?ar-ﬁeld isolation d.ue to displacement until the gap closes and all elements
- istance required to reach maturity will vary with frequency (ranges with wider coverage
an those with narrow coverage). The response is shown in the 100 Hz, 1 kHz and 10 kHz

is

contexfor .the rest of t:hls chapter. This series brings together the summation icons presented earlier
with the spatial crossover locations.

DLINE SOURCE

‘ dma}l')f:YSNZHOW lunlimi‘ted element quantity at the most limited angle quantity: one. There’s no
dOngate;i strangh e details, only element coverage pattern, quantity and displacement. The virtual
-y that, etched over the array lengtl.l rather than a single point. The consistent feature of the

overlap class behavior comprises virtually the entirety of the system'’s response. This is

.ve and ost Omi . o .
\ m nous feature. The iti
i overlap gives it the maximum power addition, but at the

S series s Fj
e "ll"gh 4.37, whe.re‘ we see the results of a pair of first-order speakers arrayed as a coupled line
- the only position to enjoy a ripple-free frequency response is the exact centerline: the
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=== Zone Progression Summation zones: Coupled line source array ¢ the result of excessive overlap and displacement. The summation zone progressions move from
2 x first-order @ 0° right. The combing zone dominates in the 10 kHz range, both near and f:
ses-. Crossover Ling Speaker order effect: First-order speakers @ 0° 12x 12 i ling zone dominates the LF range due to close Proximit}% e e
Zone key

_order elements is seen in Fig. 4.38. The individual high-frequency coverage is so narrow that the ga
e can be seen in the near field. This quickly gives way to overlap coverage where three beams can beg g
in lobe and two side lobes). Notice the lack of uniformity over frequency, with extremely narrow HF

y wide LF response (just like the solo element).

-

Coupling

Combing =

om=3

44

more boxes. An additional third-order element is added in Fig. 4.39, extending the ga

into two sections. It does little to address the discrepancy between the HE MF and LF shapis The
f the triangulation geometry increases with the addition of the third element. There are now mt;lti le
ked together, which increases the overlap with distance, narrowing the coverage angle. ’

moment to address the cqupled line source’s fundamental property: the pyramid-shaped series
summations. The pyrar'm'd.effec.t comes from the cascading summations (Fig. 4.40). The phase

b three elements converge initially into two zones of addition (and one of cancellation). As we

away the three phase responses converge to form a single beam, the pyramid peak. Once the pyramid

T;r:;::tt.f: nplete, the c.oupled array will assume the characteristics of a single speaker: a definable ONAX, a
ation” per doubling and a consistent coverage angle over distance. These milestones aren’t found urlltil

i coupled (the pyramid top), which will make it challenging to place mics for optimization.
Off axis, Xover
FIGURE 4.37

Summation zone progression factors for the coupled line source array, first-order speakers

soucll'cteh pyrami(.i is shov.vn in Fig. 4.41. The foundation begins with the isolated elements (the
er) an 1 en continues with seven twoway overlapping crossovers until it eventually converges into
ay overlapped coupling zone summation. The distance to the first pyramid step (the two-way

162

== Zone Progression Summation zones: Coupled line source ¢ x:rl\izrzm;ti‘ : Summation zones: Coupled line source array 1/24th Oct
eese Crossover Line Speaker order effect: Third-order speakers @ 0° 12 x 12 meters Speaker quantity effect: 3 x 3 third-order speakers @ 0° y ﬁ;h:i-gr:‘::;e,?sw
Zone key
=
Coupling
0.1ms

1.0ms

e

Combing

Il us

0.1 ms

1.0ms v

10ms

L]

Transition, ' % g : B4 7 : : - ‘ &
isolation i : 3 LR

|
\ A A J

Off axis, Xover

FIGURE 4.38
Summation zone progression factors for the coupled line source array, third-order speakers

#00ression f .
actors for the coupled ling source array, change of quantity
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1 kHz, 3 x third-
order speaker

1 x 3-way
overlapping
crossover

2 x 2-way
overlapping
crossovers

3 x singles

1 kHz, 4\ spacing,

Pyramid zones  Phase contours ~ Pyramid zones

" ntrolled by the same factors discussed earlier: element coverage angle and displacement. The

ch successive step is the same, so the total height is found by multiplying the step height by one less

—ent total (e.g. an eight-element pyramid height = distance to first crossover x 7). As elements become
or displacement increases, the step height multiplier extends. Because directionality is variable

v, the pyramid step height will vary over frequency, which when multiplied can create vast differences

j’ over frequency.

Coupled line source array: The parallel pyramid

D11d

ide speakers yields less width. Combining narrow speakers yields more narrowing. The more the
element starts with wide LF and narrow HE, the array response will end up the same way (relatively
The combination will be proportionally narrower than the single element at every frequency. The

, source is an equal opportunity squeezer.

R

— = - es

- . he definition of “coupled line source” we have a one-step summation zone progression: coupling.
ea (the coupling line) gets the maximum and the sides (non-coupling line) get the minimum.
somebody gets out of line. I mean out of phase. Real loudspeakers take up space(s). Keeping
set under 120° becomes increasingly challenging as frequency rises. Because there’s no road to
u displacements over 120° push us into the combing zone. It's a race. If we finish the coverage
begins we win (i.e. we reach -6 dB off axis before the phase offset is >120°). Let’s start with two
1 ms apart. Start with F = 33 Hz (T = 30 ms). The phase offset is 1/30 A (12°). We win. Next:
=3 ms). The phase offset is 1/3 A (120°). It’s a tie. Things don’t look good for 3333 Hz do they?
phase offset, which maxes out at 1200°. How about level? Bear in mind that our maximum
0°) is along the non-coupling line, which is 90° off axis from crossover. If our speaker has less

Wi
R

R

)

Pyramid zon
add/subtract & phase & level

FIGURE W40

Parallel pyramid for three elements

 coverage it won't make it to the 90° finish line with enough level to win. The critical location is the
at corresponds to 120° phase offset. The answer for 3333 Hz is +10° as shown back on Fig. 4.21.
nt of 3 A creates 120° phase offset at the radial 10° mark (relative to center between the elements).
Juency an octave and we have only +5° to work with. The same thing happens if we double the

1 x 8-way
crossover

2 x 7-way
Crossovers

3 x 6-way
crossovers

4 x 5-way
crossovers

5 x 4-way
crossovers

6 x 3-way
crossovers

7 x 2-way
Crossovers

. We've established a sliding scale. For a given displacement we can neutralize the combing zone
oportional reduction of the coverage pattern. We maintain our position if we halve the coverage

2 frequency. It should be obvious that the advantage in combing suppression is balanced by a
ifect: radically different coverage over frequency. But this is the fate of the coupled line source if it
velengths too hot to handle. If we keep it on the down low, in the heart of the coupling zone, we

e out of the equation. But if we keep wide coverage all the way to the top end in a coupled line
| pay the price.

]

s0urce conclusions

{réquency limit is set by element displacement (F*™ = 0.33 x T) where T is the displacement in ms.
18 displacement (about 1 m), F¥ = (0.33 x 0.003). F™ = 110 Hz.
€ombing effects can be reduced if the coverage pattern narrows as phase offset rises (due to

1ent). The maximum comb-free coverage angle = 60°/A displacement. Example: Two sources 4 A apart
um coverage angle of 15° (60°/4).

Pe works for subwoofers but has severe limitations above that range.

"\
I\ ,
E c‘)-nClUSion that eliminates first- and second-order speakers from contention in the coupled line
; lVe combing we saw in Figure 4.37 should help to alleviate any doubts. First-order elements
o :°t exceed 1 % displacement. Second-order speakers range down to 20° wide, which corresponds
= . e S at 1.8 kHz (as long as these six words). These elements must be very closely spaced small
Pyramid zones Level contours Pyramid zones Level contours Pyram g '!:. " Us with proportional beamwidth third-order speakers with their ever-narrowing coverage
(1st 5 zones) & level (Top 3 zones) . Y 1ises. There are no rooms that get narrower as frequency rises so this will not provide uniform

FIGURE U411
Parallel pyramid for ei

. ncy. The third-order proportional beamwidth element does have two things going for it: lots of
8ain) and the highest tolerance to overlap. We'll soon put it to use by adding some splay.

ght elements
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4.4.2.2 COUPLED POINT SOURCE
The coupled point source approaches arrays from an entirely different angle (one that's not 0°). A
to the equation enables an isolation mechanism that opens up many possibilities for variable a Iz
mix speaker orders, splay angles and levels for shaping. The coupled point source has one feature
type can duplicate: maintaining a unity class crossover over extended distance. It's not automatic,
over frequency, but no other array can duplicate this for even a single frequency. The coupled poin

steady long-distance runner. If the coverage angle remains constant over frequency, so will the un ty
That's what we call uniformity of coverage. The gap, unity and overlap areas are all angularly defi ned

their character over distance.

Let's begin with a first-order pair (90°) at unity splay (Fig. 4.42). The summation zone progressic
XOVR (coupling zone) and reaches isolation after a brief stay in the combing zone. The progressi
angular qualities over distance. Isolation zone behavior is visible in the HF response. The displa
enough to limit the MF disturbance to a single -9 dB null before breaking into isolation. The small
keeps the LF range entirely in the coupling zone. Note the overall resemblance of the HE MF and 0

indicative of a similar frequency response across the 180° coverage arc.

Summation zones: Coupled point source 1/24th octa
ve

2 ¥ o
Speaker order effect: Second-order speakers @ 40° 2 s:z;(:(ng Zorfeet;r(? =

Next is a second-order (40°) pair at unity splay (Fig. 4.43). The zone progression is more angu.larly
the first-order pair. Isolation arrives more quickly due to the steeper spatial filter slope of the seco
The 40° splay angle results in 0% overlap (unity) @10 kHz, creating a combined shape of 80°.
overlapped at 1 kHz (100° elements at 40° splay), creating more combing and a much wider com
angle of around 140°. The LF response is similar to the first-order scenario. 4

Next is a third-order proportional beamwidth element with an HF unity splay of 8° (Fig. 4.44).An
highly directional element is the visible gap in the near-field HF response. Farther away the crossover
which will hold out for an extended range. Recall that the third-order system has the highest LE/ME,
differential, which reduces the unity splay range to a small minority of the spectrum. The overlap p

'7 : gssion factors for the coupled point source array, second-order

166
167

«s= Zone Progression Summation zones: Coupled point source array 1/24th octave Summation zones: Coupled point sourc
e
2 x first-order @ 9 1/24th octave
se++ Crossover Line Speaker order effect: First-order speakers @ 90° ; Speaker order effect: Third-order speakers @ 8° 2x1t; im{g"’e’ @&
X 12 meters
Zone key
Coupling

Combing

0.1 ms

1.0ms

10ms .

L

Transition,
isolation

Off axis, Xover

FIGURE L.U2
Summation zone progression factors for the coupled point source array, first-order

Tession facto .
3 1S for the coupled point source array, third-order
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=== Zone Progression Summation zones: Coupled point source 1/24th octave oint destination are .mechanical and practical. There isn't a vortex disturbance in front of the speakers
e BN . 2 x first-order ht believe. This array 1s selected only under duress, like an I-beam is blocking the horn of a point source
Overlap effects: 0%, 50% & 75 % overlap (first-order) . the welding torch or invert things and make i . L. ’
 fire up gs e it a point destination that can reach the audience.
Zone key

pled point destination array

nally equivalent to the coupled point source (splay angle, frequency, etc.).

flecting off neighboring elements rises with quantity and overall splay.

ble to array beyond 90° because elements are aimed through other elements.

iver placement at the cabinet rear creates unfavorable geometry. Point destination arrays usually h
isplacement than their comparably angled point source counterpart. " e
only when physical logistics win over the point source counterpart.

Coupling

vled arrays

the sn.zcond isol.ajd.on mechanism: spacing the speakers apart, i.e. uncoupling. We pay a price in powe

n ping capablllFles not present in the coupled arrays: lateral and forward extension. Uncou leIc)l arr. X
ated in progressive stages over distance. The elements begin as clear soloists and the.n make}:iu U?YS

sruses. As we'll see, sweet harmony often ends at the trio and gets worse from there. e

TE;::::?: RE.SSIONS FOR AN EXTENDED SERIES OF UNCOUPLED ELEMENTS
— B \ = : N / age lSO!ation (A) to gap (XAB) to isolation (B) and onward.
—_— ) : B < e iaolat.lon (A) to unity (XAB) to isolation (B) and onward.
Off axis, Xover ; - g isolation (A) to overlap (AB) to overlap (ABC) to overlap (BCD) and onward
Sy rage: overlap (AB) to overlap (ABC) to overlap (ABCD) and onward. .

Summation zone progression factors for the coupled point source array, overlap effects 3 i
unt’«;ltlygil ;s S:zigsicc); iirll ;ﬁ::ili(;ri 1ln su.lgu!ar areas. The unit}r line maintains consistent coverage by the 169
Qe oo A it line indicates wher.e multiple paths with differing time offsets give
a jority. The most uniform coverage area lies between the unity and limit lines. In practice

90% @1 kHz, resulting in a null depth greater than 20 dB. The presence of midrange combing does n
array from consideration. We will see, later, that an increased quantity of elements will have strong efi¢
overlapped arrays. For now we return to the ratio of LF/MF/HF coverage, where we find that the two-e
decreased the disparity over frequency. The combined coverage shape widens the HF (dominant zone
and narrows the LF (dominant zone is coupling). The combined ratio can be represented by this ap

for these milestones are influen
: ced by element coverage (speak i
ME/2 x HE As we will see in Chapter 9, this will be the guiding principle in third-order speaker app ge (speaker order), spacing and splay. Narrow

the start poi . .

. thep;)rl(r)lgtiei:i?er’ as does wider spacing and outward splay. Wide speakers, closer spacing and
: 5 n.

We now focus on the percentage overlap effects in the HF range of a first-order speaker (Fig. 4.4 o

(0% overlap) version from Fig. 4.42 is included for reference. The other panels show the respor Biessions show a clear favoritism for speaker order. There's advantage to having all i
- equencies

(45° splay) and 75% overlap (22° splay). The trend is obvious: The overlap percentage is equal ¥ J:iltlse tzho BB e vie don't want the LE and MF ranges to be in post- coverage ! ben (h
4 foge ‘ - combing when
. € unity line. The ideal uncoupled array element would have a flat beamwidth overg the en’(iree

of the coverage that is in the combing zone, with the remainder being in the isolation zone. O B i
must be carefully controlled whenever displacement is large relative to wavelength. Overlap is 1 3¢ 108 1s unrealistic but we can dream, eh? In practical terms, we seek the longest b “dth bl
s A ) ngest beamwidth plateau

coupling is maintained via small displacements and angular control. 818 standard operating procedure for first-order speakers. They are, by far, the favored uncoupled
Ny 7 7 e

ge and smal
. . larlgzolll'l(:l;ts.\,\slecoyd-order speakers have a greater challenge. A long beamwidth plateau at a
- - We might see these as festival frontfills that have several meters of open security

Summation zone progression hi
- Detore hittin th . ;
g the audience. Don't expect to see them at Wicked. Third-order speakers are a non-

It's possible to make the run from coupling to isolation without combing, but we shouldn't ad
the full seven-step summation zone progression. We can minimize the combing near crossover bt
eliminate it. The isolation zone is largest with a unity splay crossover. As speaker order rises, the s|
steepens, increasing the percentage of coverage in the desired zones (coupling and isolation). It's
angular isolation provides level offset relief when we get in phase offset trouble. We can use any s|
choosing to divide the pizza into large or small slices.

LED LINE SOURCE
*Hi0e source differs

: 't scale. e o fiiom 1tfs coupled cousin in. scal'e only. That's not a small detail, however, because
Bice above (11 inng of the parallel pyramid will be restricted to the LF range. Expect highly
quency falls and . gncoupled array has a continuum of behavior, with tendencies toward

. nd isolation and combing as frequency rises.

4Y4.2.3 COUPLED POINT DESTINATION =
.. of

We don't need to spend much time on the coupled point destination array. Its acoustical behavior ¥
similar to the point source, but with a forward focal point. The location where the speakers cross (
destination) becomes the substitute point source. It's the same principle as a concave mirror. The d

five first-ord
- -order ele i i i :
es but is - ments with 3 m spacing (Fig. 4.46). Notice that the response has repeating

Point source oy y diffeirent over depth, a standard feature of all uncoupled arrays. This contrasts
ay, which held its angular shape over distance. The gap zone is visible in the
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i Summation zones: Uncoupled line source 1/24th octave 2
Zone Progression P 5 x first-order @ 0° Summation Zones: Uncoupled line source
e*e* Crossover Line Distance effects: First-order speakers @ 3 m spacing 12 x 12 meters Distance effects: Second-order spaakers @ 3
. ers m spacing

1/24th octave
5 x second-order @ 0°
12 x 12 meters

10 kHz ny

Combing

=

Transition,
isolation

Off axis, Xover "

FIGURE 4.6

Summation zone progression factors for the uncou led line source array, first-order speaker i )
prog p Y p ession factors for the uncoupled line source array, second-order speaker

near-field HF response. The first summation zone progression is the unity class crossover line,

between isolation at ONAX and coupling at XOVR, with transitions into combing between. Positio
line enjoy the highest uniformity and immunity from ripple. We lose the isolation zone as we M\
the shared coverage of two or more (or more again) speakers. The multiple paths created a cascad

Summation zones: Uncoupled line source

Distance effects: Second-order horn speakers @ 3 m spacing

1/24th octave
5 x secnd-order @ 0°
12 x 12 meters

sone summations. Recall the multiple levels of the parallel pyramid. They are back, but in this
the response with combing rather than concentrate it with coupling. The weave becomes increa si
we go deeper, with peaks and dips that vary with frequency and location. Maximum uniformity
found in the range between the unity crossover line and the limit line (the depth where three eleme
Combing becomes increasingly dominant beyond the limit line, which means we need another sys!
the coverage. The relationship between the unity line and limit line is simple for the line source
elements and spacing): The limit line is double the distance of the unity line. If we close the gap
then we want to end the party at 4 m (the limit line). Let’s turn to the LF response where we can

pyramid, evidence that our spacing is close enough to maintain coupled line source behavior in thi
18

Let's change to a second-order element, which extends the distance to the unity line and enlarges the
for the HF range (Fig. 4.47). The MF response (and the MF unity line) is the same as previously,
transitions are now progressing at different depths. The MF range is already overlapped before the HF !
gap. The easiest way to keep the unity line consistent over frequency is to build it with elements that
frequency (i.e. a flat beamwidth over a wide range). This carries through for all of the uncoupled 2

Round three features a horn-loaded second-order system with increased HF and MF directional c@
This extends the crossover progressions in both the HF and MF regions at nearly the same rate. %
coverage area (between the unity and limit lines) starts later and has greater depth extension than

system even though the displacement is the same.

First-order elements with an extended beamwidth plateau are well suited for uncoupled line sO
Second-order systems can also work well provided their directional control extends below the HF 1
elements are unsuitable because of their inconsistent shape. 5

'©SSlon factors .
E for the uncoupled line source array, second-order horn-loaded speaker
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4.4.3.2 UNCOUPLED POINT SOURCE

The uncoupled point source utilizes both isolation mechanisms: angle and displacement. It doesn’ summation zones: Uncoupled point source array e
foremost feature of its coupled counterpart. It can’t maintain a unity class crossover over infinite dis : 3x ﬁ,s‘_or;’::a éej.,S.
Distance effects: 50% source overlap (45°), first-order 12 x 12 meters

about it. Unity splay in a coupled point source makes the edges touch, forever. Pull them apart and

forever. A 3 m displacement and a unity splay angle means they’ll never meet (always 3 m apart). 'S
handle a center aisle! If we want unity somewhere we'll need some angular overlap to compensate
displacement. Once the gap is closed, this array will have a greater working depth than a comparz
uncoupled line source, because it takes longer for the third element to reach the first (the angles a
far apart). The design process includes strategic placement and splay to achieve the desired unity

positions (covered in section 11.5).

We begin again with first-order speakers and resume our 3 m spacing. In the first scenario (Fig. 4.
elements with 75% overlap, which extends the gaps and the unity Jine depth beyond that of the
central area is the most affected because it becomes triple-covered by the middle of the panel. An
offect here is the correspondence of the LF response shape to that of the MF and HF shapes over ¢
ranges have similar overall contours at the unity line (a combination of displacement and angular
LF response narrows beyond that as it resumes its coupled pyramid behavior.

50). A large isolation zone dor ‘
angularly isolated and 6 m di

The second scenario opens the splay angle to 50% overlap (Fig. 4.
response panel. The outer elements will never meet because they are

4.4.3.3 UNCOUPLED POINT DESTINATION

The isolation roads are angle and displacement. The uncoupled point destination turns the angle
" Our countermeasure is displacement. The uncoupled point destination is th
| for us. Variability rises as we turn the angles inward, e

us “reverse isolation.
variable array type and yet a necessary too
coverage range.

gssion factors for the uncoupled point source array, 50% overlap
-y ag;“gecﬁfrllf;a’f;ggl?ss e12t1sk most urTlforn} response in the isolated pre-coverage area, where speakers 73

e that the critics always sit e ncd liigerthis, Fatt DSt il we hold oo oseian oen(es

. The most well-loved etr? ref. o_ther SISy is left and right mains (if turned inward

B e <o symmetric form is .the monitor sidefill. Will it make you feel better, or worse, to

statistically highest possible spatial variance? There is a worst-case scenario and this is it.

«s= Zone Progression Summation zones: Uncoupled point source

+++e Crossover Line Distance effects: 75% source overlap (22°), first-order

Zone key .
On asymmetric ion i i
= v H:;e;slllctntlol?) the main + delay speaker combination. The coverage patterns overlap
P e asymmetri i
-E it sym clevel (t-he delays drop off quickly due to their short doubling
E continue to be close in level only for a limited range. Other asymmetric

.Ous . . .
arrays of arrays (e.g. joining the mains to the frontfills in the third row).

Lirst-order pai i o .

nterse (mlzzzzgg:gof) I;nwta}? (Fig. 4.51). "I.‘he unity crossover (XOVR) is found where the

s o e o buﬂ,d ut is must be a different kind of unity. The other arrays have coupled

B e e o o o a ;mli(_y crossover t.o ma:(ch the isolated ONAX locations. In this array

ity crossover referenced t 263 e'r ine and the isolation zone seems to have disappeared. What is

\ the . XOVRO .Whnl?ty compared to where? The unity location (ONAX) is found half the

e - Why? We return to the inverse square law: Double the distance and lose

B

tion zon, < evel by the local speaker, is wi

OVR areq :—hf:SlIZ:;:Si/l Some familiar behaviors are present: The isolateg arear(sO()Nti;?)‘zzlill)ee;ZE‘? o
. Movement between XOVR and ONAX changes the distances between the sources

d0es

> NOt necessarily gi i i
arily give us isolation by angle (we may still be in the coverage of both speakers)

2

Combing

=
|

Transition,

isolation 4

i Ve two refe

: 3 Tence poi i

—— 18 Progress in mlll)l ﬁ;l;: g,n our map, we can begin to analyze the spatial qualities of this array. The
o) irections outward from the crossover point. Our area of principal concern

We can fi i
nd angularly related off-axis points from here that will define the coverage edges

On progression holds wh i
: en traveling betw it hi
H e Combing een ONAX and XOVR, albeit highly combed. The

Off axis, Xover

FIGURE WU9
Summation zone progression factors for the uncoupled point source array, first-order, 75% overlap

,»in.
VR is
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=== Zone Progression Summation zones: Uncoupled point destination 1/24th octave,
2 x first-order @ 45°
ee** Crossover Line Angle effects: 45° between sources 12x12meters |
Zone key
10 kHz
Coupling
0.1ms

1.0ms

10 ms 1

A}

Combing

0.1ms

1.0ms 2%

10ms §

I

L

Transition,
isolation

[

Off axis, Xover

FIGURE 4.51
Summation zone progression factors for the uncoupled point destination array, 45° angle effects
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We can increase the inward splay angle to 90° (Fig. 4.52). As we approach one speaker we are mov
perpendicular to the other. Our reference points are the same: mid-point (isolated) and crossover {
The angular change has a muted effect between our two reference points but has a very pronoun
surrounding areas. As the angle rises, the rate of response change in the peripheral areas increases p!
Additionally the proportion of areas with redundant and highly displaced MF and HF coverage ise:
case scenario combing,.

Combing becomes even more widespread with a 135° inward angle (Fig. 4.53) and finally we
inward angle of all: 180°. This array has the dubious distinction of having the most rapid mo
combing zone and the least prospect of escape. If we are within the coverage of one element, we
coverage of the other. It's guaranteed. The rate of change is the highest because a movement to

de facto a movement away from the other. E

We move on to the asymmetric version of this array. A common application is the delay speaker
the mains (Figure 4.54). The speakers are displaced, yet have the same angular orientation, sO “ona
line for both. The delayed speaker is turned down in level, which gives us a range for unity combi
ONAKX reference is forward of the delay, and depends on exactly where we want it to be for the app!
set the level so that the patrons in the delay area (XOVR) have matched combined level to those m
the hall (isolated mains coverage). Time offsets begin to accrue and combing zone interaction takes
move away from XOVR. Level asymmetry limits the range of combing zone interaction as we depart
area because the main speaker retains level dominance over most areas, due to its longer doubling ¢
combing is inevitable in any case, but, like its symmetric counterpart, rate of change is highly infl
angular relationship between the sources. Fig. 4.54 shows the relationship of angle to rate of ch
The proportion of combing zone interaction rises as angle increases.



