Do-It-Yourself

“Low frequencies are ommdirectional ™ Seems we've
heard that age-cld wisdom since we were infants bounec-
ilg on mama’s knee. We kmow the laws of physics cannot
be broken. To control large waves tequires large devices. 4
small londspeaker cannot provide low frequency directional
control, right?

Not quite; to produce directivity by wave inferference
does indeed require dimensions comparable to the wave-
length. However to produce directivity by pressure differ-
ence need only involve dimensions of a small fraction of a
wavelength. This does come with 1t's own set of drawbacks,
but when properly understood and applied, it can be a very
usefl tool for the andio system designer. I speak of the pra-
dient array londspealker, sometimes called the cardicid sub,
after the shape of one of the polar patterns available. Scaled
appropriately. the principle can be used at any frequency, but
we usually need it the most at the lowest frequencies. The
cardioid sub can produce increased level in the audience and
reduced level at the microphone.

Polar Patterns

For convenience we'll vefer to cardioid subs through-
out this arficle, but there are in fact a whole famsly of polar
patterns available, sub-cardioid. cardioid, supercardioad,
hypercardioid. and bidifectional. The cardioid pattermn is
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Figure I - The cardioid sub can pmdu.m - %
creased level in the audience and reduced
lzvel ar the micraphone (fiom CATT-A).
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patticulatly useful for low fequency radiation (Frgee 1).
Have you never wonderad how a Ye-inch microphone can
be directional for a 20-foot wave? Gradient microphones
and gradient array loudspeakers operate the very same way.
In fact. in just the same way that some microphones offer
electrically controllable directivity patterns, the gradient
array loudspeaker’s polar patterns can be adjusted simply by
making changes in the digital processing nsed.

Lest vou think that this 15 some new thing, made possible
only by the latest DSP magic, I must point out that tlus was
wittten about extensively by Harry Olson and others, many
decades ago.

The Method

Let’s look at how this works, and how you can implement
it using crdinary londspealcers. The basic first order gradient
array 15 best implemented using two sealed or reflex boxes,
that are relatively small compared to the wavelengths we are
inferested in controlling. For the sake of dizcussion let’s con-
sidet a cardioid polar pattern with a design frequency of 140
Hz. This means that the polar pattern will remain constant
for frequencies below 140Hz, but start to get peculiar above
140Hz. This will need to be ocwr low-pass crossover fre-
quency as well. The speakers will be placed 1/4 wavelength
apart, one behind the other. For 140Hz, this 1s two feet.
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Figure 2 - A digital signal processor can be used fo produce
the drive signals to the two loudspeakers.
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We'll run them with the processing shown in Figure 2.
Both loudspealers get the same crossover and the same over- s AT —_ auT
all EQ, including an additional single pole low pass filter

The back loudspeaker also gets a delay. a polarity inversion,
and perhaps another EQ). The delay is set to equal the acous-
tic time-of-flight between the lovdspeakers. In our example
using two-foot spacing, the delay 13 1.78 mulliseconds,

Figure 3a is a snapshot in time showing the progression
of the waves from each loudspeaker m the forward direc-
tion. Notice that the wave from the unprocessed front loud-
speaker matches up with the delayved, wverted wave from
the rear londspeaker, at the design frequency, 140Hz, The
rear loudspeaker has 1/4-wavelength of electrical delay, and
1/4 wavelength of time-of-flight delay. The inverted nega-
tive peak from the rear lowdspeaker, matches the positive
peak: from the front londspealeer. It 13 180 degrees out of
phase, plus out of polanty. They support each other fully,
and add for a combined level 6 dB greater than each indi-
vidual wave.

Now lock at Figure 3b, which is the same thing in the
reverse direction. Here the electrical delav applied to the rear
loudspeaker, exactly equals the time-cf-flight delay from the
front lowdspeaker This leaves the waves exactly in phase.
but opposite polarity. Thus the waves will cancel each other
for a deep null at a distant point.
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Fig. 3a - Front wave progression

Fig. 3b -

What happens at other frequencies? Well, the rear case is
easy. All frequencies amive in phase and opposite polatity:
They will always cancel. The front wave is a little more dif-
ficult. For frequencies either lower or higher than the design
frequency. there is a different phase relationship between
the two arrivals. As frequency lowers they become more in
phase, having less than 120 degrees of phase shift (Stay with
me here). Because they are still opposite polarity, the closer
they come to each other in phase, the more they cancel.

Az frequency decreases the combined output in the for-
ward direction is reduced. As frequency increases, the com-
bined output in the forward direction also reduces, however
at other angles. with less time-of-flight delay, there will be
strong, full output lobes, With higher frequencies still, there
will be more peaks and nulls. The result will be the comb
filtering and lobes expected from multiple sources offset in
space and time_ I don’t know of a practical uze for the amray
much above it’s design frequency. However the important
aspect, the one we wish to utilize, 15 that from the design
frequency down, the polar pattern holds constant, to as low a
frequency as one wishes to go.

4 -=—— Rearward
{ i

Back wave progression.



So we have a constant polar pattern. but a falling low
frequency respense. Let's equalize it: A first order low fre-
gquency shelving boost filter, with the upper frequency et
to the design frequency. and the lower frequency set to the
lowest frequency we want to use, will give us a 6dB-per-
octave low frequency boost. This will equalize the combined
forward output of the array. Since the rear output is a oull
to begin with, the increased drive really malkes little diffes-
ence.

Herein lies the trade-off. The amplifier power required
will tncrease as frequency decreases. The maximum output
of the atray will also decrease as frequency decreases. Two
octaves below fthe desizn frequency, the output capability
of the array will be 6 dB lower than the output of a single
box by itself. Obviously this is not for an application where
every last ounce of cutput available is needed. However, for
small rooms: where low frequency control may be needed
most, and where high output is oot needed. this is cerfainly
a viable option.

By adjusting the delay applied to the rear diiver, we
can also produce other polar pattemns that may be useful
By mtroducing less electrical defay than the diiver spacing
would suggest, we can get supercardicid, hypercardioid, and
bidirectional polar patterns. These will of course have a rear
lobe, which. incidentally is cppostte polarity from the front
lobe.

These gradient arrays also exhubit proximity effect as
well, just like a cardioid mucrophone. This 1s the result of
the cancellation in the near field, being less than expected
in the far field. In the far field condition, we are expecting
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egual levels from both loudspeakers, being essentially equal
distance from both. As we get closet. there will be slight dif-
ferences i level from the two speakers, as the difference in
distance between them becomes sigmificant. To the extent
that this cavses less cancellation than expected. there is a
level boost. I"ve not found this to be significant in any instal-
lation I've done.

Array Behavior Prediction

How does one go about designing and setting up such
an array? The design 15 best done with modeling software,
such as EV's ArmayShow™, or EAW’s F-Chart™ (Figure 6).
This will quickly show what patterns are available and over
what frequency range they will work for a given loudspeaker
spacing. The closer together the spealeers are, the higher the
frequency the array can be used. However, the larger the fre-
quency range it is infended to operate over, the more low
frequency cancellation will need to be compensated. Careful
attention should be given to the whether the design can meet
the required output at the lowest frequency of interest, con-
sidering the extra amplifier power needed and the acoustic
output that is lost by the cancellation. Coverage mapping in
arpom can be done in EASE, CATT-A and similar programs,
by entering the appropnate microphone directivity balloon
at the sub array location. The supercardioid is particularly
usefil as part of an overhead cluster. as shown in Figure 4.

Calibration
Tuning the array in the field 13 accomplished in two steps.
First place a measuting microphone at the location where
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Figure 4 - A supercardicid
LF can be combined with a
comventional HF system to
provide the reguired pattern
control across the spectrim.
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Figure 5- A nested arvay can
covar a broadsr frequency
range with less lavel lost in
cancellation.
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you want maximnun cancellation, typically at the podivm.
Then measure the cutput of the front woofer only. Either set
it as a reference or fum on overlay. Now measuze the rear
woofer only, with normal polarity. and adjust delay. level
and the individual EQ for the tear woofer, so that both mag-
nitwde and phase response overlay as closely as possible.
When this is done. invert the polarity to the rear woofer. This
will create the deepest null possible at that point.

Second, place the measurement mucrophone out in the
audience area, and adjust the overall equalizer as needed for

the proper low frequency response in the room. Remember,

near field measurements of a gradient array are not valid,
due to proximity effect.

e more trick that can yield additional output, is tousea
nested pair of cardioid arrays (Figwee 3). In this array woef-
ers 1 and 4 form a pradient array operating from 30 Hz to
60 Hz, and woofers 2 and 3 form & gradient array opetating
from 60 Hz to 170 Hz. The outer pair of londspeakers canbe
larger. Since they are farther apart, and since each pair caly
operates over an octave ot so, less level is lost in cancellz-
tion ds
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