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Measurement and Estimation of Large Loudspeaker 
Array Performance* 

MARK R. GANDER AND JOHN M. EARGLE 

IBL Incorporated, Northridge, CA 91329, USA 

While the individual elements used in large loudspeaker arrays may be well docu
mented, the performance characteristics of the complete arrays themselves have not 
generally been measured in detail. Measurements on limited arrays, in conjunction 
with array theory and advanced modeling techniques, correlate well with observations 
made of large arrays and thus form the basis for accurate estimation of the performance 
of arbitrary arrays in large spaces. 

o INTRODUCTION 

Concert-sound reinforcement systems are generally 
composed of multiple full-range loudspeaker systems, 
often supplemented below 50-100 Hz by large sub
woofer arrays. The reasons for this are flexibility in 
system logistics and layout and, above all, ease in as
sembly and teardown. 

Traditional sound reinforcement has stressed the ne
cessity of tight clustering of like elements and the 
alignment of acoustical centers in overlap zones. Such 
considerations are often of secondary importance how
ever, when the primary requirements are for flat power 
bandwidth at very high levels for all patrons. 

High-level music reinforcement has developed em
pirically, and there is little in the way of general doc
umentation that will enable the performance of a large 
system to be accurately estimated beforehand. This 
paper is concerned with the degree to which measure
ments on relatively small arrays can be extrapolated 
to provide guidelines for the specification of larger 
arrays. 

* Presented at the 87th Convention of the Audio Engineering 
Society, New York, 1989 October 18-21; revised 1990 J an
uary 22. 
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1 MEASUREMENT METHODS 

Fig. 1 shows a typical use of the class of components 
measured in these tests. Ground plane conditions were 
used [1] , and plan and section views of the testing 
environment are shown in Fig. 2. The ground surface 
was smoothly graded packed gravel. Gently sloping 
edges of the plane provide a "soft" boundary, mini
mizing reflections back toward the measurement mi
crophone. 

The decision was made early in the testing procedure 
to limit measurements to on- and off-axis angles on 
the ground plane itself, inasmuch as such measurements 
would correspond to the actual listening plane in large 
outdoor venues, taking scale factors into account. The 
measurement distance was 10 m for off-axis measure
ments on all arrays of three or more elements. Care 
was taken to minimize frequency response aberrations 
due to thermal gradients over the large measurement 
distance. 

1.1 Polar Data 

While small arrays can easily be mounted on a polar 
turntable, arrays of the size targeted for study here 
would be extremely difficult to be so mounted. As an 
example of the kind of detail that polar measurements 
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provide, we present the data shown in Figs. 3 -8, fo
cusing only on high-frequency horn interaction. The 
devices measured here were small-format horns with 
nominal horizontal coverage angles of 60° (Flat Front 
Bi-Radial' model 2385A). They were mounted in in
tegral enclosures (JBL Concert Series model 4862), 
with side relief angles of 15°, creating a splay angle 
between horns of 30°. Spacing between horns was ap
proximately 0. 7 m (28 in), and the horns were offset 
from the center of the enclosure by approximately 0.1 
m (4 in). 

Fig. 3 shows the polar response of two horns mounted 

I Bi-Radial is a registered trademark of JBL Incorporated. 
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as described. The input signal is an 8-kHz sine wave. 
In many ways, a pair of loudspeakers represents the 
worst interference case, since the pair can easily produce 
peaks of 6 dB and nulls of 20 dB or more. The data 
are, if anything, too detailed. 

Fig. 4 shows the same loudspeakers, this time with 
a one-third-octave band of pink noise centered at 8 
kHz. Here it is clear that too much data have been lost. 
When the applied signal is a one-octave noise band 
centered at 8 kHz, the loss of detail is even greater, as 
shown in Fig. 5. 

Figs. 6-8 show sine wave, one-third-octave, and 
octave wide pink noise polars for a side-by-side array 
of three units of the same type measured in Figs. 3-

Fig. I. Typical application of full-range loudspeakers as array elements for high-level music reinforcement. 
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5. The driving signals are again at 8 kHz. Since the 
splay angles between enclosures are 30°, we note that 
there are effectively two sets of lobes, each occurring 
when the microphone is in line with adjacent pairs of 
loudspeakers. 

Selection of the measurement signal is critical. Oc
tave-band pink noise does not provide sufficient res
olution, and one-third-octave noise bands, while in
formative in a general sense, tend to mask the degree 
of signal interference and cancellation which is inherent 
in all large arrays. We therefore decided to make all 
measurements on the limited arrays using swept sine 
wave signals. 

Polar graphs present great detail as a function of 
angular variation, and they are essential in describing 
the fine directional response of individual horns and 
transducers. If we were to use polar graphs to describe 
the performance of a large array, we would need many 
of them, and the task would be a difficult one. 

1.2 Data Measured at Discrete Angles 

By comparison, off-axis frequency response curves 
present great detail as a function of frequency, and the 
angular interval can be chosen for the need at hand. It 
is possible to combine up to five or six curves on a 
single graph if color coding is used. The directional 
performance of a large array, over the normal listening 
angle, can often be fairly well described in a single 
graph, as shown in Fig. 9. Here we have measured a 
pair of loudspeaker systems using the same horns as 
were measured in Figs. 3-8, with the addition of two 
300-mm (12-in) low-frequency transducers ( JBL Con
cert Series model 4852). Frontal dimensions of the 
trapezoidally shaped enclosures are 1.0 m (39 in) by 

� Ups�peanddownsrop.conrou,as ,equ;,ed � 
I � B � I ---«c 

�12It r. A 1 121t� 
�q.,�� 1 : 3 Gradient (typical) 

Fig. 2. Plan and section views of ground plane measuring 
environment. A = 148 ft (45 m); B = lOO ft (30.5 m); C = 

8 ft (2.4 m). 
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0. 6 m (24 in). Angular increments were taken every 
7.5° from 0 to 30°, covering an included angle of 60°. 
Studying the data shown in Fig. 9, we note that there 
are three main areas in frequency response. We can 
see that in the region below about 200 Hz there is little 
response difference between the various off-axis curves. 

Fig. 3. Polar response; two loudspeakers (8-kHz sine wave 
input). 

Fig. 4. Polar response; two loudspeakers (8-kHz one-third
octave-band noise input). 

Fig. 5. Polar response; two loudspeakers (octave-band noise 
at 8 kHz). 
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In the region from 200 Hz to about 8 kHz the response 
clearly shows combing effects in the off-axis curves, 
while above 8 kHz the response variations are less and 
the combing intervals small. 

Fig. 10 shows a similar set of curves from an array 
of nine (three by three) of the same loudspeakers. Note 

Fig. 6. Polar response; three loudspeakers (S-kHz sine wave 
input). 

Fig. 7. Polar response; three loudspeakers (S-kHz one-third
octave-band noise input). 

Fig. S. Polar response; three loudspeakers (octave-band noise 
at S kHz). 
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that the frequency above which lobing becomes apparent 
has been scaled downward due to the increased size of 
the array. Further, the frequency above which the 
combing interval has become small has moved down 
to about 5 kHz. Note further that the overall high
frequency response has decreased relative to the mid
and low-frequency response as a consequence of a mu
tual coupling and directivity increase at low frequencies, 
and interference effects at middle and high frequencies. 

2 DETAI LED MEASUREMENTS ON FULL· 
RANGE ELEMENTS 

2.1 Flat Arrays 

In this section we present off-axis measurements on 
groups of two, four (two by two), and nine (three by 
three) loudspeaker systems in various array configu
rations. Both flat and curved profiles were measured, 
since both details are used in array design. We assess 
the various measurements in terms of midrange lobing, 
drawing relative conclusions about the effectiveness 
of the various design options. 

2.1.1 Two-Loudspeaker Arrays 
Fig. l 1(a) shows an array with both high-frequency 

elements located at the top. The off-axis measurements 
are shown in Fig. l l (b). The data here are the same as 
those presented in Fig. 9. For clarity in black and white 
presentation, the data are presented with no more than 

Fig. 9. Off-axis curves for two loudspeakers (0, 7.5, 15, 
22.5, and 30°). 
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Fig. 10. Off-axis curves for nine loudspeakers (0, 7.5, 15, 
22.5, and 30°). 
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three curves per graph. Note the pronounced lobing in 
the range from 400 Hz to 6 kHz. 

When one of the loudspeakers is inverted, as shown 
in Fig. 12(a), the lobing pattern is minimized, as shown 
in Fig. 12(b). Here the lobing is only significant in the 
range from 700 Hz to about 3 kHz. 

2.1.2 Four-Loudspeaker Arrays 
Fig. 13(a) shows a four-loudspeaker array with all 

high-frequency elements in the same orientation. Fig. 
13(b) shows the off-axis response curves. Note that 
lobing is significant in the range from 400 Hz to 4 kHz. 

When two of the loudspeakers are inverted, as shown 
in Fig. 14(a), the off-axis response is as shown in Fig. 
14(b). Note here that the lobing has improved slightly. 

2.1.3 Nine-Loudspeaker Arrays 
When the array size is increased to nine, as shown 

in Fig. IS(a), the degree of lobing is as shown toFig. 
IS(b). Inverting the center loudspeakers, as shown in 
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Fig. 1 1. Two-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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Fig. 16(a), improves the lobing slightly [Fig. 16(b)]. 
In general, plane arrays benefit from alternating, or 

staggering, loudspeakers in a "checkerboard" array, 
but the effect seems to diminish somewhat as the arrays 
become larger. 

The balance between high- and low-frequency re
sponse in large arrays appears to be a function of array 
size. In the arrays measured here, the difference between 
200-Hz response and the response in the region of 10 
kHz averaged about 10 dB. With larger arrays we would 
expect to see a larger difference. 

2.2 Curved Arrays 

Curved arrays are used for wider dispersion than that 
provided by plane arrays. Accordingly, the off-axis curves 
were run at multiples of 12. So increments up to SO°, 
indicating coverage over a total included angle of 100°. 

Fig. 17(a) shows details of a curved array with the elements 
staggered. The response is shown in Fig. 17(b). 

When the elements in the array are not staggered, 
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Fig. 12. Two-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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as shown in Fig. 18(a), the response is as shown in 
Fig. 18(b). Note that there is little difference between 
the two sets of measurements. The reason for this ap
pears to be that the wide angular splay of 45° between 
adjacent systems results in less interference between 
them to begin with, hence the limited effect of staggering 
as opposed to nonstaggering. 

Fig. 19(a) shows a curved arrangement in which the 
systems are separated by small standoffs of about 100 
mm (4 in) in length. This detail is presented here since 
the technique is often used as a method to ensure safety 
in rigging. The response, shown in Fig. 19(b), produces 
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Fig. 13. Four-loudspeaker array. (a) Elevation view. (b) Off
axis response. 

J. Audio Eng. Soc., Vol. 38, No. 4, 1990 April 

LARGE LOUDSPEAKER ARRAY PERFORMANCE 

slightly more lobing at high frequencies than the array 
shown in Fig. 18 due to the increased spacing between 
elements. The tradeoff here is some degradation in 
response versus choice of rigging method for ease, 
redundancy, and safety. 

Fig. 20 shows another orientation of the curved array 
in which the 0° reference angle has been rotated by 
90°. The off-axis measurements are made at increasing 
counterclockwise angles, as seen in plan view. Since 
the array is the same as the one measured in Fig. 18, 
the data shown here provide a view of the array at even 
greater angles off the axis of symmetry. 
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Fig. 14. Four-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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Fig. 21 shows another orientation of the loudspeakers 
in which the normal 45° splay between loudspeakers 
has been changed to 22.5°. There are only slight dif
ferences in response between this orientation and that 
in Figs. 18 and 20. 
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Fig. 15. Nine-loudspeaker array. (a) Elevation view. (b) Off
axis response. 

210 

PAPERS 

2.3 Corner Transitions 

Two sets of corner transitions are shown in Figs. 
22 and 23. Corner transitions would normally be used 
at the end of a planar section, wrapping around to 

Real 

Ground Plane 

Image 

(a) 

I 
., 

" " I "''' 
=1= 1=1:1= O· 

70S" 
" . .-'- . - 15· 

=t== +_. 
- -

1= ; 
74 dB-SPL """ "1000 20000 . 

c..::�.I-

(b) 

Fig. 16. Nine-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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provide side coverage. Both the abrupt (450) and the 
gentle (22.50) splays provide a response that exhibits 
significant lobing up to 5 kHz. With more side ele
ments, the response would probably be smoother, 
however. 
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Fig. 17. Nine-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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2.4 Natural Splay Angle with Enclosure 
Separation 

Fig. 24 shows details of an array in which adjacent 
enclosures are splayed at an angle of 600, which is the 
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Fig. 18. Nine-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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normal splay angle for 60° horns. Note that there are 
wide gaps between the adjacent enclosures and that 
they result in severe lobing out to the highest frequen
cies. 

When solid wedges, as shown in Fig. 25, are used 
to fill in the gaps between adjacent loudspeakers, the 
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Fig. 19. Nine-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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response improves somewhat, with lobing reduced be
low 500 Hz. Cavity resonance at 250 Hz is also elim
inated by the wedges [2]. However, the increased dis
tance between horn mouths diminishes the theoretical 
advantage of splaying to the design horizontal coverage 
angle of the horns. 
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Fig. 20. Nine-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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3 MEASUREMENTS ON SUBWOOFERS 

The low-frequency systems used in this study each 
consisted of two 480-mm (l8-in)-diameter transducers 
mounted in a ported enclosure. Frontal dimensions are 

" " 

" ID 

'or' 
� F===_ = 

1·1== '"0 
10 20 Hz  50 

Real 

Image 

0" Axis 

(a) 

o· 
12.5" t= 
25· 

(b) 

Ground Plane 

-==l 

=-== 

Fig. 2 1. Nine-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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0. 75 m (30 in) by l.25 m (49 in). There were eight 
such systems, making a total of 16 transducers. 

An interesting aspect of multiple-subwoofer per
formance is the downward shift in system resonance 
as the number of elements is increased [3]. Fig. 26 
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Fig. 22. Nine-loudspeaker array. Ca) Elevation view. (b) Off
axis response. 
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shows the shift as measured for a single unit, two units, 
and four units. The downward shift is caused by mutual 
coupling increasing the radiation reactance [4]. The 
radiation resistance portion of the complex radiation 
impedance is similarly increased for both the port and 
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Fig. 23. Nine-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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the diaphragm, increasing the efficiency of the array 
at low frequencies. 

The net result of these effects is that less power may 
be required to generate a desired low-frequency output 
level. Those system designers familiar with Thiele-
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Fig. 24. Nine-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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Small parameters will note that the low-frequency 
alignment itself may be profoundly altered, producing 
a bass-heavy or even "boomy" response. The system 
designer must take note and, if need be, design over
damped subwoofer modules, with the knowledge that 
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Fig. 25. Nine-loudspeaker array. (a) Elevation view. (b) Off
axis response. 
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in operation the ensemble will attain some desired 
alignment. Power compression effects can similarly 
affect alignment choice and shift with application [5]. 

Large subwoofer arrays are no less susceptible to 
lobing than full-range systems, as we can see in Fig. 
27. A family of off-axis curves at 12.5° increments for 
a single subwoofer module is shown in Fig. 27(a), 
while data for a group of eight is shown in Fig. 27(b). 
For the group of eight subwoofer modules, lobing can 
be seen as low as 100 Hz. 

4 ELECTRICAL INPUT POWER REQUIREMENTS 
AND ACOUSTICAL OUTPUT L EVELS 

4.1 Full-Range Units 

The basic full-range unit measured in these tests is 
intended for biamplification, and its voltage sensitivity 
(for fiat output) is determined by its low-frequency 
section. The sensitivity is 98 dB, l-W input referred 
to a distance of 1 m. At a distance of 10 m, as used in 
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Fig. 26. Impedance shift of multiple subwoofer modules. (a) 
Single unit. (b) Two units. (c) Four units. 

215 



GANDER AND EARGLE 

these tests, the output pressure level for a single unit, 
with a drive input of 1 W, would be 78 dB SPL, mea
sured under free-space conditions. With ground plane 
conditions, the measured value would be 84 dB because 
of ground plane signal doubling. 

The data shown in Fig. 16(b), for example, resulted 
from voltage input to each of the nine loudspeakers of 
10 V rms. With a nominal input impedance per low
frequency system of 4 n, 10-V input would produce a 
power of 25 W. The pressure level output for each unit 
at a distance of 1 m would then be 118 dB SPL, measured 
on the ground plane. Nine such units operating inde
pendently, but with their powers summed, would pro
duce a net level referred to 1 m of 127.5 dB SPL. 
Taking into account the measurement distance of 10 
m, this would produce a level of 107.5 dB, measured 
on the ground plane. 

However, if we refer to the data of Fig. 16, we see 
that the reference level for the bottom line on the graph 
is 74 dB SPL and that the level at 200 Hz is 115 dB 
SPL, a 7.5-dB difference. The difference has resulted 
from an increase in the forward directivity index of the 
array, as compared with the directivity of a single ele
ment [6]. 

4.2 Subwoofers 

For the data shown in Fig. 27(a) the subwoofer was 
driven with 5 V and measured at a distance of 5 m. 
For the data shown in Fig. 27(b) the ensemble of eight 
modules was driven with 20 V and measured at a dis-
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Fig. 27. Off-axis response of subwoofers at 12.5° increments. 
(a) Single unit. (b) Eight units. 
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tance of 20 m. Since the drive level was 12 dB greater 
and the measuring distance accounted for 12 dB of 
inverse square loss, we can compare the two sets of 
curves directly. 

At 200 Hz there is an on-axis measured difference 
of 20 dB. With eight modules as compared to a single 
module, we would expect a difference in power level 
of 9 dB. Taking the difference between 20 and 9 dB, 
we are left with an increase in output of 11 dB. This 
is due primarily to an increase in the directivity index 
of the array along its primary axis. This increase is 
consistent with the size of the array, relative to the 
wavelength at the frequency of measurement [6]. 

At 30 Hz we note a difference of 21 dB as we go 
from one module to eight. Again, 9 dB of this difference 
is due to the eightfold increase in power, leaving us 
with a net difference of 12 dB. Most of this increase 
is due to mutual coupling between the subwoofer mod
ules, and the calculated maximum value of mutual 
coupling increase would be a 3-dB increase per doubling 
of units, or 9 dB total [7]. The remaining 3 dB can be 
accounted for by a slight increase in the array directivity 
index at 30 Hz. 

From these two exercises we can see that the com
bination of mutual coupling and array directivity can 
be taken as a significant factor in determining both 
hardware and power requirements at very low fre
quencies. In very large arrays, both factors can be quite 
substantial, with directivity increases predominant at 
higher frequencies and mutual coupling increases pre
dominant at lower frequencies. 

The benefit of mutual coupling does not extend in
definitely as the number of radiators is increased. In 

. general, the net half-space efficiency of a large array 
cannot be increased beyond 25% as a result of mutual 
coupling, and any apparent increase over this efficiency 
figure would reflect an increase in directivity of the 
array. 

5 ATTE NUATION WITH DISTANCE FROM LARGE 
ARRAYS 

Inverse square relationships hold only in the far field. 
For closer distances, the attenuation law is different. 
Rathe [8] has shown that the attenuation with distance 
from a line array is 3 dB per doubling of distances, 
but only out to a distance of Ahr, where A is the length 
of the line array. Beyond this value the attenuation 
becomes 6 dB per doubling of distance. The transition 
of course is gradual. 

With a plane array, Rathe states that there is no at
tenuation with distance, out to a distance of Ahr, where 
A is the short dimension of the plane. At that point the 
attenuation becomes 3 dB per doubling of distance, 
extending out to a point B ITr, where B is the long di
mension of the plane array. Beyond that point the at
tenuation approaches 6 dB per doubling of distance. 

The size of the subwoofer array was such that the 
value of Ahr was 0.5 m and that of Bhr was 1.5 m. Fig. 
28(a) is an elevation view of the array, and Fig. 28(b) 
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shows a set of curves measured at intervals of 2 m, 
from a distance of 2 m out to 20 m along the primary 
axis of the array. 

Rathe's observations apply to plane and line arrays 
which are evenly "illuminated" across their expanse. 
Thus it is difficult to detect clearly the presence of 
Rathe's theoretical break points in the attenuation data 
gathered here. The general trend, however, does follow 
Rathe's data, and it would be prudent to use these data 
in estimating the far- and near-field performance of 
arrays in the absence of measured data. 

6 COMPUTER MODELING OF LOUDSPEAKER 
COVERAGE 

JBL's central array design program (CADP) for es
timating loudspeaker coverage can be used to observe 
the complex summation of multiple radiating elements 
[9]. Fig. 29 shows the modeled coverage of a nine
element array such as measured in Fig. 16. The CADP 
plots show in plan view a portion of the area covered 
by the loudspeaker array. Vertical and horizontal 
markers are spaced at 5-m intervals (as indicated by 
the legend "5 m" in the displays), so the entire area 
covered by the plots is about 14 by 12 m. The three 
stacks of loudspeakers are shown by small circles in 
the middle of the left sides of the plots. The numbers 
shown in the plots represent calculated relative sound 
pressure levels at each readout coordinate, normalized 
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Fig. 28. Subwoofer array. (a) Elevation view. (b) Response 
at 2,4,6,8, 10, 12, 14, 16, 18, and 20 m. 
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to 0 dB as the maximum value. Ph as or summation of 
individual pressure contributions is made at frequencies 
of 7.9, 8, and 8.1 kHz, showing the effects of re
inforcement and cancellation at the respective wave
lengths. Note that the response changes markedly within 
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Fig. 29. Nine-element-array CADP phasor pattern. (a) 
Merging at 7.9 kHz. (b) Merging at 8 kHz. (c) Merging at 
8. 1 kHz. 

217 



GANDER AND EARGLE 

this small range of frequencies, which is consistent 
with the data shown in Fig. 16. 

The program can also model attenuation with dis
tance, making use of the power summation of elements 
and ignoring phasor information. In the CADP example 
illustrated in Fig. 30, eight double-stacked subwoofers 
are shown as circles spaced along the left edge of the 
plot. The pattern-merging strategy used here ignored 
phasor data, presenting the rms pressure summation 
of all radiating elements at each readout coordinate. 
Normalization is again with respect to a maximum value 
of ° dB. The attenuation along a line perpendicular to 
the array is shown in Fig. 31, along with actual measured 
values plotted from Fig. 28(b). Note that the CADP 
estimates and the actual measurements match quite well. 
Both curves follow Rathe's data fairly well. All of the 
curves presented in Fig. 31 were normalized at a distance 
of 8 m. 

7 CONCLUSIONS 

We can draw the following conclusions from our 
measurements. 

1) Sine wave input signals seldom result in smooth 
frequency response curves with large arrays. However, 
sine wave signals are preferable to noise signals, which 
mask much detail. 
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subwoofer modules. 
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2) Fine combing (less than one-third-octave band
width) on the order of ± 6 dB is observed at high fre
quencies in all array measurements. Considering critical 
band theory, it is likely that the ear finds this acceptable 
[10] . 

3) The combination of high-frequency losses due to 
interference effects and the boost of low frequencies 
due to mutual coupling and directivity increase results 
in an overall skewed frequency response, even when 
the individual elements in the system may be adjusted 
for flat on-axis response. In general, the response falls 
off approximately 6 dB per decade, but this may be a 
function of overall array size. The rolloff will require 
a careful assessment of the hardware specification as 
well as the power allotment to the system. 

4) Staggered, or "checkerboard," positioning of sys
tems in flat arrays is generally beneficial, but is of no 
apparent benefit in curved arrays. 

5) Any degree of excess spacing between adjacent 
elements in the array should be kept to a minimum. In 
addition, gaps between splayed elements in an array 
will benefit from being filled in, if practicable. 

6) When large horn spacings are necessitated by en
closure size and mounting constraints, splaying of high
frequency horns along their nominal -6-dB zones is 
of no apparent benefit. 

7) The effect of directivity increase in large arrays 
is very significant, but it is important to remember that 
the effect will be most apparent in the far field. 

8) Mutual coupling is a significant factor at fre
quencies below 100 Hz. As the array size increases, 
the frequency below which it remains effective moves 
downward, inversely proportional to the square root 
of the array area [11]. 

The specification of full-range units in constructing 
large arrays for music performance is based on the goal 
of flat power bandwidth. As we have seen, there can 
be as much as 10-dB skew in the overall frequency 
response, even in arrays of limited size. This suggests 
some rethinking of the basic design philosophy and 
clearly leads to the conclusion that relatively more high
frequency hardware is needed. Stated differently, it is 
easier to "turn down the woofers" than it is to "turn up 
the tweeters. " 

Finally we must state that our knowledge of large 
arrays is still quite limited and that more data are needed 
by way of both modeling and actual measurement. 
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