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D, HAND C: A NEW LOOK AT THE DEFINING PARAMETERS OF A
CURVED LINE ARRAY

Ulrich Mall d&b audiotechnik AG, Backnang, Germany

1. INTRODUCTION

Optimising a straight line array for an audience area is an impossible task, due to the far-reaching
and frequency dependent crossover between near field and far field. The effects of curving in real
world line arrays don’'t seem to be well understood. While novices are enjoying mythical 3dB
happiness and experienced practitioners are sweating through the various simulation tools, a clear
engineering methodology for setting up and optimising line arrays still seems to be missing. Our
research into the simulation of line arrays has led us to a new understanding of the relationship
between the defining parameters distance, height and curving, and the resulting quantities such as
max SPL, vertical dispersion, ripple in frequency response etc. We will visualize some of the key
results, in order to make it more obvious how the complexity of the matter can be reduced to a few
rules of thumb and a handful of do’s and don’ts. This will leave us with a very practical methodology
for setting up and optimising real line array systems. We will show a spreadsheet-based tool to
demonstrate the approach.

2. DEFINITIONS

The key characteristics of a line array are:

- Maximum sound pressure level SPL
HF loss corner frequency f.near.eqv
Vertical dispersion angle alpha.v (f) ) /
Corner frequency fc.a , defined by alpha.v (f) ~ constant for all f 3 fc.a ///
Frequency response ripple D above f.near.eqv \

Figure 1. Curved array

These characteristics depend on the following parameters: . .
with curving angle C

Distance D, listening distance in m
Curving C, the nominal vertical opening angle of the array [Fig. 1]
Height H of the (straight) array in m

D and H are self explanatory. However, it might be relevant to note that all key characteristics
actually do change with distance. C describes the curvature of the array and is defined as the
(vertical) angle between the 0° axis of the lower and upper loudspeaker. In order to reduce the
complexity we will initially only look at circular shapes of the curvature.

All results have been calculated with a point source model of a line array.

In our examples we have used a weighting function to drive the point source model in order to
achieve an optimal linear frequency response (unless otherwise noted). This way we can better
show the basic principles we want to demonstrate. However, it should be clear that a finite length
straight line array will by definition exhibit strong ripple in the near field frequency response if all
point sources are transmitting identical signals. This can not be equalized with a conventional
equalizer, as the peaks and troughs vary with listening distance — an equalizer would therefore
always be correct only for one distance.
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3. PARAMETERS

3.1. Parameter D

Frequency respense @ 0° Frequency respense @ 0°
configuration : 0=200m c=0 ° H=4m configuration : D= 100m c=0 ° H=4m

derc = "weighting function wix) = sinfx)s, % in -pi .. pi, continuous” derc = "weighting function wix) = sinfx)s, % in -pi .. pi, continuous”

SPLg=-46 B SPLr= |4 B

foar = BE00 Hz faaroqe= 13720 M h =30 m foar = 4250 Hz Tearoqe= 6863 Mmoo =31 m
Plotnear=-50 B SPlygrg. e =-56 dB Plotnear= 10 0B Plygrg =04 B
f=0 Hz ripple=2.0 4B f=0 Hz ripple=53 4B
Hppleggn = 7.7 dB Hpplsgg = 0.0 dB Hppleggn = 4.7 dB Hpplsgg = 0.0 dB
5 1o
interp(vst w2, vSFL , %) i - interp(vst w2, vSFL , %) . /..-— —
maxsPL—4 ’J/ maxsPL—4 ..4”"-
[ I T S g W s
"'b\ .
interp(vsfeq , vi2,vSFLeg ,x7) interp(vsfeq , vi2,vSFLeg ,x7) \
Fotner R B e e R e i Fotner A
FLonearoqv - FLonearoqv -
=10 -5
100 |10 et 11 100 s et 11
¥, o %, Troar s fnaar aqu ¥, o %, Troar s fnaar aqu
Figure 2. D 200m C 0° H 4m W3 Figure 3. D 100m C 0° H 4m W3
f.near = 8.5kHz, SPL.max = -4.6dB f.near = 4.25kHz, SPL.max = 1.4dB

Frequency respense @ 0°

Frequency response @ 0°
canfiguration : D=25m c=0 * H=4m

configuresiont: D-50m  C-0 °* H-4m
desc = "wreighting function wix) = sin(x)k, x in -pi . pi, continuous”

Plog=7T4 B

dere = "weighting function wi(x) = sin(x)x, x in pi .. pi, continuous"

IPLgf = 13.4 dB

frear=2125  Hz Teareqe= 3432 Hz hoqe=31 m frgar= 1063 Hz frcareqe= 1718 He Pegy=31 m

Plotnear=70 B Plygooon =64 dB Flofnear= 120 B Plograpeq =124 d&

f= 12252 4z ripple=B.1  dB = G137 Hr ripple= |11 dB

rippleggy = 1.8 db ripplegg = 0.0 dB rippleggy = 0.0 d8 ripplegg = - 1.7 18
] R 15
P S A o = o
interp(yst w2, vSPL ) . i interp(yet , ¥, vSPL , 1) i
maSPL—f ‘ maxSPL=6
maxsFL-6 ) P 1 I R EB A1 \?\\ maxsFL—6 5
@

interp(usteq , V12, vSPLeq , xf)

interp(ysteq , vi2, vSPLeq , x7)

T E Lo near
oo i P near aqy =
o5 -0
100 )\ﬁ]}fﬂ,m B 1ot I-10° 100 )\«\xtfﬂx” N 1ot I-10°
Figure 4. D50m C 0° H 4m W3 Figure 5. D 25m C 0° H 4m W3
f.near = 2.12kHz, SPL.max = 7.4dB f.near = 1.1kHz, SPL.max = 13.4dB

D describes the distance from the array. In the examples above the blue curve is the frequency
response at 0° vertical without EQ. The pink curve is the frequency response with an optimal EQ.
Optimal in this example means an EQ that is set for linear response in 35m distance.

The light blue line shows f.near, the crossover point between near- and far-field according to the
well known formula cited in every line array article. The green line f.near.eqv is an empirical,
calculated value for the crossover point between near- and far-field. It denotes the —1dB point in the
frequency response. The —1dB value is quite arbitrary, and in actual fact is chosen so that in the
case of a straight array it is nearly identical to f.near. It is well worth remembering that at this
distance you are in the far field for all frequencies lower than f.near.eqv, and in the near field for all
higher frequencies. However the ‘near-field effects’ become really visible (and audible) only at about

twice f.near.eqv.

From 200m to 25m distance we can clearly see the 6dB increase per halving of distance, at and
below f.near.eqv. Above this frequency the level increase is definitely less than +6dB, in the
example you can see a level increase of only +3dB at 10kHz at 100m, 50m and 25m.
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That's the whole secret of the “3dB loss per distance doubling” — by parts of the industry still
presented as the advantage of line arrays: it's just another way of saying that the losses in the near
field are greater than in the far field, so that a 6dB increase cannot be achieved for half the
distance. The near field effect is simply a lower efficiency compared to the far field situation.

3.2. Parameter H

Frequency respense @ 0°

configuration : D=50m c=0 * H=Im

dese = "weighting function wix) = sin(x)s, x in -pi .. pi, continuous”

SPLgr= -4.8 dB

o= M000 He Ty aqe= 55930 iz
Plogner=-51 8B WPlggogneq=-58 8
d=0 Mz oripple= 0.0 B

Fipplegg, = 0.1 dB Hpplegy = 0.0 dB

Moqe=08 m

5
interp(vst w2, vSPL, %f) 5
maxsPL-4
maxsPL—6 -5 |
interpveteq , vz, vSPLeg )
Lo fnear A
Lo fnear.eqv g
=10 ¥
100 110 I-10

|
LK Fyar s Frear.equ

Figure 6. D50m C0°H 1m W3
f.near = 34kHz, SPL.max = -4.8dB

Frequency response @ 0°

configuration : D=50m C=0" 2 H=3m

derc = "wreighting function wix) = sin(x)%e, x in -pi .. pi, continuous”

Ply=49 B

frear= 3778 Hz Toroqe=6121  Hr
39 &

Plyfnear=H> 4B SPlggogen. =

hoge=24 m

=0 Hr ripple=57 4B
rippleggn = 1.6 2 ripplegg = 0.0 dB

1o
interp(yst w2, vPL, ) . {0 R
maFL-6 T\
maxsPL-6 o \\
interp(vsfeq ,v12, VvSPLeg )
Lo fnear ]
FLa fnaar ey -

E 3 4 i
L) |10 I-10 (1)

o, o, Tgar s Fnaar.eqv

Figure 8. D 50m C 0° H 3m W3
f.near = 3.8kHz, SPL.max = 4.9dB

Frequency respense @ 0°

D=50m c=0 *
dese = "weighting function wix) = sin(x)s, x in -pi .. pi, continuous”
SPLgr= 1.3 dB

o= B500 He Ty aqe= 13860 bz

nsar
SPLy £ near = 1.0 dB 02 dB

configuration : H=2m

Hoqe= 16 m

SPLy fnear.eqy =

= b owpphesds
ippleggn = 1.6 dB Hpplsgg = 0.0 dB
5
|t
interp(vst , w12, vSFL, %) 5 R E———
~
maxsPL-6
maxSPL-6 e &
interp(vsfeq , w2 vSFLeq 1)
Lo fnear o
Lo fnear "
! 3 4 5
100 |10 110 110

LK Fyar s Frear.equ

Figure 7. D50m C 0° H 2m W3
f.near = 8.5kHz, SPL.max = 1.3dB

Frequency response @ 0°
D=50m
derc = "wreighting function wix) = sin(x)%e, x in -pi .. pi, continuous”
$Plyg=74 B

frear=2125  H g
64 &

Plyfnear= 40 4B SFlggoaen =
= 17250 4 rpple— B  dB

ripplegg, = 1.8 dB

configuration : G # H=4m

hoge=31 m

rpplegg = 0.0 dB

10 i —
| P

interp(vst w2, vSPL ) . i
maxSPL-& ‘
e O i TN
2
interp(vsfeq ,vi2, vSFleq , x7)
Lo fnear K
E Py "

E 3 4 i

100 119 110 110

o, o, Tgar s Fnaar.eqv

Figure 9. D 50m C 0° H 4m W3
f.near = 2.1kHz, SPL.max = 7.4dB

An increase in the height of the array is simply achieved by lining up more boxes. Obviously a
higher sound pressure level can be achieved. At frequencies where coherent coupling between
cabinets is achieved the level increases by 6dB in the far field when doubling the number of
cabinets. In the near field, or — at a given distance — for frequencies above f.near.eqv only an
increase closer to 3dB is achieved. f.near.eqv changes with 1/hZ twice the height reduces

f.near.eqv to a quarter.
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3.3. Parameter C

Frequency response @ 0°

configuration : D= 100m C=0" 2 H=2m
derc = "wreighting function wix) = sin(x)%e, x in -pi .. pi, continuous”
$Plyg=-47 B
froap= 17000 Hz o= 27650 Hz b =16 m
Plofnar=-51 8B SPlygro e =-57 @

f=0 Hr ripple= 0.5 dB
rippleggy = 3.0 dB rpplegg = 0.0 dB

5
interp(vsf ¥, VSPL37) .
maxsPL-6 /,./’
Lt = L il
2 i
interp(vsfeq , 2, vSFLeq , 1)
Fotner R B e e R e i
FLo g aqy -

e 3 4 i
100 110 I-10 110

|
Figure 10. D 100m C 0° H 2m W3
f.near.eqv = 27.6kHz, SPL.max = -4.7dB

Frequency respense @ 0°
s S B D-100m  c=10° H-Zm
dese = "weighting function wix) = sin(x)s, x in -pi .. pi, continuous”

SPLgr= -4.7 dB

foap= 17000 He v =284 Hz b =48 m
Plyfear==129 4B SPLgpo g, =-57 B
d= 10181 4z ripple= 89 d&
Fipplegg, = 0.9 dB Hpplegy = 0.0 dB
5
interp(vsf w12, vPL 1) .
maxsPL-6
maSPL-§ = e i
¢
interp(vsfeq , w12, viPLeq )
Lo fnear o \
Lo fnear "
! 3 4 5
100 110 I-10 (Rl

LK Fyar s Frear.equ

Figure 12. D 100m C 10° H 2m W3
f.near.eqv = 2.85kHz, SPL.max = -4.7dB

We are using circular curving in order not to
complicate matters, and to show the effects in
principle. As can be seen in the examples above
the effect of increasing curving is an HF loss, with
appr. —3dB/octave and a corner frequency appr.
inversely proportional to the opening angle
(f.near.eqv ~ 1/C above 5° in the example).

It is important to note, however, that the HF loss
above f.near.eqv is not the same as in the near
field HF loss in [fig. 2 ... 9]. [Fig. 13] and [Fig. 14]
show the same array at distances 100m and 25m
resp.: the level increase at 10kHz is 11dB, close to
the theoretical 12dB in the far field.

The biggest benefit of this situation can be seen in
the pink curves: this type of HF loss can easily be
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Frequency response @ 0°

configuration : D= 100m C=b 2 H=2m
derc = "wreighting function wix) = sin(x)%e, x in -pi .. pi, continuous”
$Plyg=-47 B
froap= 17000 He franeqe= 5170 Hz b =36 m
Plotner=-104 &8 SPlygoo o0 =-57 &
= 1B458 42 ripple=6.3  dB

rippleggn= 1.5 d8 ripplegy = 0.0 5

5
interp(vst w2, vSPL ) .
maxSPL-&
maxsPL-4 -
interp(vsfeq ,vi2, vSFleq , x7)
Lo fnear kL
E Py s

20
100 g gt 110

|
o, o, Tgar s Fnaar.eqv

Figure 11. 1 D 100m C 5° H 2m W3
f.near.eqv = 5.2kHz, SPL.max = -4.7dB

Frequency respense @ 0°

s S B D-100m  C=20° H-Zm
dese = "weighting function wix) = sin(x)s, x in -pi .. pi, continuous”
SPLgr= -4.7 dB
o= 17000 He faraq= M98 2 b =67 m
SPLy fhear == 157 dB 3PLy f.nmr.eqv:_S 7 odB
F2BIST Hr rpples 117 db

rippleggn= 0.5 dB Hipplegy = 0.0 dB

5
interp(vst w2, vSPL, %f) 5
maxsPL-4
maxsPL—6 -5
interpveteq , vz, vSPLeg )
Lo fnear £
Lo fnear.eqv e /\
* -13dB @ 10kHz

|

100 s et 110
xfxf ol X, Thear s fnear eqe

Figure 13. D 100m C 20° H 2m W3
f.near.eqv = 1.50kHz, SPL.max = -4.7dB

Frequency response @ 0°

configuration : D=25m C=20" H=2m
dere = "weighting function wix) = sinfx)ix, x in -pi .. pi, continuous”
PLy-74  dB

frear= 4250 Hz £ 1291 He h =36 m

near = near.eqy —
SPlofnr= |6 dB SPlygnereq =54 4B
A=4613 Hz ripple= 124 dB
Hpplzggn = 0.0 2 Hpplegg = ~0.3 18
10
interp(est w2, vSPL, ) .
maxSPL-4
maxsPL-6 o
interp(¥sfeq , 2, vSFLeq , x7)
Lo fnear =
atnenragy -0 |.2dB @ 10kHz
s |
100 11 1ot 11®

o
K, Frar s Fraar. aqu

Figure 14. D 25m C 20° H 2m W3
f.near.eqv = 1.30kHz, SPL.max = 7.4dB
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compensated with an equaliser, as it does not change with distance. The optimal EQ for 35m
distance is also optimal for 200m distance.

In larger arrays, with a lower f.near, curving and near field effects overlay each other. In actual
examples it can be shown that curving still very much helps in “linearising” a frequency response, in
the sense that the frequency response of the array doesn’'t change as much with distance any
more.

Of course, the real reason to use curving is the fact that the very small vertical dispersion angles
that are achieved with straight line arrays are very seldom really desirable. A sub 5° vertical
dispersion is easily blown away by the smallest air movement. Typical coverage angles required are
more in the region of 15° - 80° for typical applications, depending on the distance of the speakers
from the first rows of the audience.

3.4. Parameter W

Frequency response @ 0° Frequency response @ 0°

configuration D=50m =15 H=3Im configuration D=50m C=15" H=3m
dere = "weighting function w(x) = |, continuous” dere = "weighting function wi(x) = sin(x)éx, x in -pi .. pi, continuou
Fles= 95 dB Fle=49  dB
froan=3770 Hz fareqy=716  Hz  h=6% m froan=3770  Hz foreqe= 140 Hz b =55 m
Flonear=07 8B SPlofneeq =B85 &8 Flonear= 09 & SFlofngeq= 3P &8
d= 1709 Hz ripple= 7.6 B F=4087 Hr ripple= 29 B
Fppleggn = .9 B pplegy =~ 1.3 1B Fppleggn = 04 B ppleg = 0.0 dB
15 ]
interp(ver, w2, wPL 57) A interp(ver, w2, wPL 57) e L

maxsPL-& maxsPL-&
maxsPL-& 0

A% ¥
maxsPL-6 5 ‘
e | eapsdeday Ry beidoatbaidin e ud ¢
interp(wsfeq , v12 , vSFLeg, xT) w interp(wsfeq , v12 , vSFLeg, xT)
=i s =i
=5

Lo fnear Lo fnear

4 Lv4
@

110t 110 100 110 110t 110
o o fgar s ear.equ

Figure 16. D 50m C 15° H 3m W3
SPL.max = 4.9dB, ripple.eq = 0.4dB

SPLo f near eqe 4
¢

100 110

Mo, o Tgar - Fgar.aqu

Figure 15. D 50m C 15° H 3m W1
SPL.max = 9.5dB, ripple.eq = 3.2dB

(Level) weighting of the sound sources in the array is not really the topic of this paper, however, one
short comment, as weighting has been used in all of the graphics. The reasons for doing this were
simply to show the principles without cluttering the picture with the frequency response ripple one
would see without weighting (W1, [Fig. 15]). sin(x)/x weighting is used unless otherwise noted,
which gives a very smooth response (W3, [Fig. 16]). However, due to the level loss of about 4.5dB,
this type of weighting is not practical for real life applications. In real life situations cos?(x) weighting
is a good compromise with a level loss of appr. 2 dB and sufficiently good smoothing
characteristics.
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3.5.  Vertical dispersion angle alpha.v.

D=200m C=0 H=2m o D=25m C=0 H=2m
Foavg ™ 1696Hz o = 0.1 ripple = 0.016 Fog= IH 0 = 2158 ripple = 1.462
domax = 16497Hz a0 = 0201 rippledh = 8.547 Aomax = 2131 Hece o = 2812 rippled% = 67.699
-6dB vertical dispersion over frequency -6dB vertical dispersion over frequency
30 30
27 27
- interp(vs, v, ve,x) o4 - interp(vs, v, ve,x) o4
% mlttel\tven(vle) 21 % mlttel\tven(vle) 21
g max(val) 18 g max(val) 18
E’ aavﬁ I3 E’ aavﬁ -
§ e 12 § e 12
B« B«
§ szx 4 § szx 4
6 6
3 3 \".-.h
0 0 L]
100 1-10° 110! 1-10° 100 1-10° 110! 1-10°
%%, %, Ay avg s Fo.maxc %%, %, Ay avg s Fo.maxc
frequency frequency
Figure 17. D 200m C 0° H 2m W1 Figure 18. D 25m C 0° H 2m W1
fc.a.avg = 17kHz, a.avg = 0.4°, ripple = 8.5% fc.a.avg = 2.8kHz, a.avg = 4.3°, ripple = 68%
o D=200m C=20 H=2m o D=25m C=20 H=2m
Foavg™ $0BHZ 0= 10072 ripple= 6361 Fovg= S196Hz o = 11844 ripple=7.083
iy max = 4883 Hz o = 12407 rippled = 63.16 Ao max = A268Hz ) = 1429 rippled% = 59.549
-6dB vertical dispersion over frequency -6dB vertical dispersion over frequency
30 30
27 27
o interp(vs ,vf, va, x) o4 - interp(vs, v, ve,x) o4
% mittelwert (v} 21 % mittelwert (va1) 21
B 5 B 5
g max(val) I g max(val) 18
e 15 ta 15
_:.QEVE 12 ’J\/\ g@avﬁ 12 I\/V\ TAV, Vo
T e A4 B /\/
£ 9 £ )
28 \/\, ge
6 6
3 3
0 0
100 1-10° 110" 1-10° 100 1-10° 110! 1-10°
%%, %, Ay avg s Tomax %%, %, Ay avg s Fo.maxc
frequency frequency
Figure 19. D 200m C 20° H 2m W1 Figure 20. D 25m C 20° H 2m W1
fc.a.avg = 610Hz, a.avg = 20°, ripple = 63% fc.a.avg = 520Hz, a.avg = 24°, ripple = 60%

[Fig. 17 ... 22] display the vertical dispersion of an array, the blue line denotes the —6dB point of ¥2
of the vertical dispersion angle (only one side shown). In [Fig. 17] and [Fig. 18] one can see the
differences of a straight line array at 200m and 25m distance. While at 200m distance the line array
exhibits something like a proportional directivity, vertical directivity is relatively constant at 25m
distance for frequencies above a certain corner frequency.

A straight line array as in [Fig. 17] and [Fig. 18] not only changes frequency response with distance
but also exhibits a rather difficult to use dispersion angle. With only a 2m array the vertical
dispersion at 200m distance could euphemistically be described as proportional directivity, and at
25m it’s still only 4° - rarely a really useable number. 20° curving as in [Fig. 19] and [Fig. 20] results
in much less change of vertical dispersion between 200m and 25m. However, without weighting the
result is not very smooth over frequency. Applying cos?(x) weighting to the line arrays of [Fig. 19]

and [Fig. 20} results in dispersion patterns as in [Fig. 21] and [Fig. 22], quite obviously an
improvement.
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D=200m C=20 H=2m D=25m C=20 H=2m
foravg = 850.1Hz a4, = 8415 ripple = 2.44 yavg=708.1HZ 0, = 10.107  ripple = 2.867
fomax = 7645Hz @0 = 2183 ripple% = 29.002 oy max = 645.6Hz o = 10916 ripple% = 28367
-6dB vertical dispersion over frequency -6dB vertical dispersion over frequency
30 30
27 27

2
=

interp(vs, vi,va,x) 94

mittelwert (va1) 21

3
2
5
@

vertical dispersion angle / 2
i
vertical dispersion angle / 2

Cavg 15
2 12 12 —
szx : \/\/“" : T~
u 3 4 5 u 3 4 5
100 1-10 I 1o 110 100 1-10 I 1o 110
%%, %, Agzavg » Fozmax %365, g avg > Aee.max
frequency frequency
Figure 21. D 200m C 20° H 2m W2 Figure 22. D 25m C 20° H 2m W2

fc.a.avg = 850Hz, alpha.v.avg = 17°, ripple = 29% fc.a.avg = 710Hz, alpha.v.avg = 20°, ripple = 28%

When comparing the examples for 0° and 20° curving one can easily see, that the relative
difference in vertical dispersion between 200m and 25m distance is much less with curving than
without (alpha.v.avg between 20° and 24° with curving, compared to 0.4° and 4.3° without). Relative
ripple is the same, with or without curving there is a pronounced narrowing appr. 20% above
f.near.eqv.

[Fig. 21] and [Fig. 22] show how weighting can reduce the ripple in the vertical dispersion. In the
examples above we have used cos?(x) weighting, which reduces the ripple from appr. 60% to less
than 30%. Sin(x)/x weighting, by the way, would only reduce the dispersion ripple to appr. 40%.

4. CONCLUSION

Line array technology has resulted in systems that exhibit plane wave fronts up to quite high
frequencies. So far, most systems were optimised for flat wave fronts. We have shown in this paper,
that curved wave fronts exhibit smoother response characteristics that appear to be a more useable
solution to covering large audience areas. In addition, common set ups actually do require vertical
coverage angles larger than those achieved by straight line arrays and flat wave fronts. As a result,
we believe that systems which allow for well defined curved wave fronts seem to be a more
interesting development path to future sound reinforcement systems.

Vol.25. Pt 8. 2003 195



	mainmenuy: 
	189: 189
	190: 190
	191: 191
	192: 192
	193: 193
	194: 194
	195: 195


