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This tutorial paper defines the function of a crossover network and then explores
methods of meeting this function. For moderately priced two-way loudspeakers, a
passive network at about 800-1600 Hz will continue to dominate the designs of the
future. However, the use of active filters (electronic crossover networks) and buffer
amplifiers offers the most significant means of loudspeaker improvement in the next
decade. As one typical factor, crossover frequencies need to be lowered and crossover
slopes increased, and the active filter is the only economical method of doing this.

INTRODUCTION: The crossover or frequency divid- a stone wall at a'certain magic point in the frequency
ing network plays a most important role in the perform- spectrum with tones to the left and to the right of this
ance of high-quality loudspeaker systems. To date, indi- stone wall obediently marching off to their respective driv-
vidual drivers have not been capable of reproducing all ers. It seems a shame to destroy this illusion by noting that
frequencies present in music that are detectable by the a filter with a stop band defined by a square corner and
human ear. The crossover network is a particular type of infinite slope is a classic example of a physically non-
filter that allows various drivers, each suited to a particu- realizable filter.
lar range of frequencies in the audio spectrum, to be
combined into a system capable of wide frequency cover-
age. The function of the crossover network then is simply +,o
to divide the frequency spectrum so that signals of the
appropriate frequency range are directed to the appropri- _bl_
ate driver of a multidriver loudspeaker system. A o

We have noted in the past a strong tendency to sepa-

rate the filter problem from the overall loudspeaker sys- _ -Lo
tern problem; consequently, some rather poor systems §
have been designed. As a symptom of the general ignor-

ance of the system aspects of the crossover problem, con- = -2o
sider the fact that most networks marketed separately do
not specify the slope of the system transfer characteristic
in the stop band. Asaresult, the novice tends to visualize -,0 , , ! /_L,I , , _ I_,,,I , , , ! .... !

,02 .05 .I .5 I.O 5.0 [O 20

FREQUIFNCY (kHz)

* Presented October 12, 1970, at the 39th Convention of
the Audio Engineering Society, New York. Fig. 1. Typical transfer characteristics. (a) 10-inch woofer;

? Formerly with Rectilinear Research Corp., Bronx, N.Y. (b) 3-inch tweeter.
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The purpose of this paper is to study active and pas- a. /_ LOWPASSI_ WOOFERsive filter networks for use as loudspeaker crossover net- FILTER I U"4
works. We discuss the problem from a total system stand- SIGNAL J 'POWER

point and point out the need for overlap in the responses INPUT c, [AMPLIFIER j [1_]
of the drivers, the effect of driver impedance variations, HIGHPASS TWEETERFILTER J-lb4the need to consider phase shift in the drivers and filter
networks, etc. To keep the results from becoming too
abstract, we use, as a typical example, the two-way direct

radiator loudspeaker system which is a mainstay of the ,_ POWER

present audio equipment market. Such a loudspeaker, _ AMPLIFIERJ LF_ WOOFER

with a 10-inch woofer and a 3-inch tweeter in a 1.5-ft a SIGNAL J FILTER

closed box seems to have the blend of price, size, and INPUT 1> J (NETWORKAcTIVE)' POWER J fi/_TWEE1;ER
performance which best satisfies the present market. By AMPLIFIER _
simple shifts of the frequency axes, the results we pre- b.

sent can be applied to systems using different driver sizes. Fig. 2. a. Passive filter, b. Active filter.

DIRECT RADIATOR LOUDSPEAKER coil of the tweeter. Second, since the direct radiator
RESPONSE tweeter is also operating in an acceleration mode, its dis-

placement (for constant acoustic power output) must in-
Before we can consider the filter design aspect of the crease rapidly (12 db per octave) as frequency decreases.

crossover problem, we must have a good idea of what The tweeter cone does not have room to move more than

the capabilities of the direct radiator loudspeaker are. a couple of millimeters; consequently, the crossover net-
Beranek gives an excellent general discussion of this work must protect the tweeter from low tones to prevent
problem [1, ch. 7]. Applying this theory to a 10-inch the generation of gross harmonic distortion.
woofer with a correctly designed magnet [2] yields a The driver considerations detailed above define the
driver with a transfer characteristic similar to that shown function of the crossover network and indicate that the

in Fig. 1, curve (a). The low frequency fall-off is caused role it plays is critical to proper overall loudspeaker sys-
by the failure of the system to maintain a constant accel- tern performance. From the standpoint of the drivers
eration characteristic below the resonant frequency. The alone, the crossover network should have the highest

12-dB per octave fall-off above 1 kHz is caused by the possible slope in the stop band regions. We will see that
radiation resistance reaching a constant value for this this is more easily said than done when the total problem
size cone [2]. The "spike" in the response is quite typical is considered.
of the woofers we have measured and is caused by a

standing wave along the cone as shown in [1, Fig. 7.9]. PASSIVE AND ACTIVE FILTERS
(Most woofers for closed-box systems have heavier
(thicker) cones than the one referenced by Beranek and Networks that achieve the frequency division desirable
this accounts for a slight increase in the frequency of the for crossover action in a multidriver loudspeaker
spike.) In addition to these factors, the direct radiator system fall into two general categories. The type of net-
loudspeaker becomes markedly more directive above 1 work most commonly employed in commercially avail-
kHz, and the angle of the cone adds to this problem, able systems is illustrated in Fig. 2a. In this arrangement,
Thus, the crossover network nmst inhibit woofer excita- the composite signal to be reproduced is brought up to
tion above 1 kHz and direct this portion of the spectrum the level necessary to drive the transducers before any
to the tweeter, filtering is performed. The subsequent filtering, which is

The tweeter obeys the same laws of nature as the done at high level, is achieved by networks synthesized
woofer, but the lower mass, diameter, and compliance solely with passive (i.e., R, L, C) elements. Such filters

yield the curve shown in Fig. 1, curve (b). If the tweeter are popular since a system employing passive filters re-
magnet is chosen properly, the efficiency will be equal to quires only one power amplifier, and since the crossover
or slightly greater than the efficiency of the woofer be- network dissipates very little power and may be corn-
cause the mass and diameter decrease in such a way as pletely contained within the box that houses the various
to cause their individual effects to be canceled. This is drivers of the loudspeaker system. This is usually con-

desirable in a passive network system since the balance sidered to be a desirable state of affairs since most loud-
adjustment can then be made on the tweeter channel, speaker systems are presently marketed independently of
The only parameter that does not scale directly is the power amplifiers.
frequency at which standing waves appear in the cone. The second general technique for solving the crossover
Consequently, tweeters show considerable "rougkness" problem is illustrated in Fig. 2b. Here the filtering neces-
in their high-frequency response and the only reasonable sary for frequency division is performed at low level.
solution is to use a three-way system with a I-inch driver The various low-level signals are then routed through the
for the upper end of the spectrum, separate power amplifiers that service the individual

In addition to proper frequency division, the crossover drivers of the loudspeaker system. The low-level filter
network must protect the tweeter from the Iow-frequency used in the arrangement can be synthesized with either
end of the spectrum for two reasons. First, most of the passive or active (with amplifiers) networks. Since the

power in the music spectrum [3] is concentrated below active network can be synthesized with only resistors,
1 kHz and the output of a 100-watt amplifier delivering capacitors, and operational amplifiers [3], the current
the full music spectrum would be quite sufficient to de- trend is to make electronic crossover networks with ac-
stroy (by heat) the physically small and light-weight voice tive filters. Although the cost of operational amplifiers at

JUNE 1971, VOLUME 19, NUMBER 6 405



J. ROBERTASHLEY AND ALLAN I.. KAMINSKY

4o / ance of the buffer amplifier can be made any desired

t valueof pure and constantresistanceand this eliminates

the terminationimpedanceproblemfor either active or
- 3o passive realizations of the low-level crossover filters. Also,

-_ the verylowTheveninimpedanceof low-distortionpower

/ff_{ / amplifiers is more suitable for exciting variable imped-
_a 2o [\ ance driver urfits. Thus, the buyer amplifier is better for

Q_ / Ss(b} / both the filter termination and the loudspeaker driving/

I\ ,,,,,/ ,, so,rce
,o / _._...// 'y._ // The other problem caused by the loudspeaker as a ter-

,, ............... ' mination impedance is the size of capacitors. The low-
level filter can be synthesized for characteristic imped-

o , , !',,,,! , , , I,,,,I , , , I .... ! ancesof the order ofkilohms, and this reduces capacitor
.o2 .os o._ o5 Lo s.o _o 2o size to the order of tenths of a microfarad. Passive tilters

FREQUENCY(kHz) which require inductors would be unwieldy as tens of
Fig. 3. Impedance characteristics of typical direct radiator henries would be required; however, the whole idea of

driver loudspeakers. (a) 10-inch woofer; (b) 3-inch tweeter, active filter synthesis is to avoid the use of inductors, so

this is ,not a significant problem. Thus, the inclusion of
one time made synthesis of active crossover networks a

buffer power amplifiers allows the use of active tilters
strictly academic problem, recent advances in solid-state
technology have increased the viability of active filters, synthesized with only resistors, capacitors, and operational

amplifiers. The cost is much less than the cost of a good
passive tilter network at the 10-ohm level; furthermore,

FILTER TERMINATIONS the availability of inexpensive 5-watt integrated-circuit

It is most enlightening to study some of the problems power amplifiers alters the economic consideration re-
inherent in the design of a passive crossover network, garding buffer amplifiers. If a high-slope crossover net-
Most networks of this type are synthesized on the as- work is desired, it is actually less expensive to use oper-
sumption that the network is terminated by a pure and ational amplifiers in active filters and integrated-circuit
constant resistance. The validity of this assumption, how- power amplifiers rather than a single power amplifier and
ever, is questionable. Beranek [1] and Small [4] note that a passive filter. Regarding marketing and compatibility
the impedance of the direct radiator loudspeaker is any- problems, we will retreat to our ivory tower and offer no
thing but a pure and constant resistance. As shown in comments.

curve (a) of Fig. 3, the impedance versus frequency char- In the following sections we discuss several types of
acteristic of our typical 10-inch woofer has two signifi- passive filters suitable for insertion between a single power
cant deviations from constant resistance behavior. The amplifier and the driver loudspeakers. We will use the

low-frequency peak is caused by the mechanical redo- assumption of constant terminating impedance with the
nance employed to achieve satisfactory low-frequency advice that a fair proficiency with computers is required
response in a direct radiator loudspeaker. The rise at the to do otherwise. Then we summarize the use of active
high-frequency end of the range is caused by the voice filter techniques with buffer power amplifiers for each of
coil inductance. If the woofer is not designed for "long the driver loudspeakers.

throw," this rise will occur above the frequency where
other considerations have significantly decreased the BUTTERWORTH PASSIVE FILTERS
woofer response. However, most small-box woofers are

"long throw" to allow the motion required in the low Various classes of filters may be employed in crossover
bass region. The long-throw voice coil is usually double design. A review of the approximation problem of mod-
wound and some three centimeters long. This much wire ern .network synthesis [5] gives a worthwhile comparison

near the soft iron of the pole piece will have a very big- of modern fil,ters. Bessel tilters may be used since they
niticant inductance. Typically, the voice coil inductance have excellent phase and transient response characteris-

tics. However, the frequency response change in the cross-of a long-throw woofer will give an automatic 6-dB per
octave crossover at 600-800 Hz. In passive networks this over region is too gradual for most loudspeakers. The
inductance can be included as part of the inductor con- Chebyshev equal-ripple tilters achieve excellent frequency
nected in series with the woofer if and only if the cross- division with attendant wide fluctuations in input ira-
over frequency is lower than 600 Hz. pedance. The best compromise between frequency re-

It is also interesting to note that the driver impedance sponse and input impedance seems to be the Butterworth

of some 10 ohms causes passive filter elements (especially characteristic. As pointed out by Ashley [7], the well-
known 6- and 12-dB per octave constant resistance cross-

the capacitors) to be rather large. Intuitively we expect
this since capactive reactances of tens of ohms can only over networks are actually first- and second-order Butter-

worth tilter networks.be attained with tens or hundreds of microfarads at cross-

over frequencies less than 1 kHz. The Butterworth low-pass characteristic

The use of an activefilter with separate buffer ampli- 1
tiers to energize the various drivers alleviates most of T[j(o_/o_o)]T* [j(,o/(oo)] -- (1)
these problems. With respect to the termination imped- 1+ (o_/oj0) 2,_

ance of the tilter, it is obvious that the buffer power ampli- where
tier isolates the driving point impedance of the loud-

speaker from the output of the filter. The input imped- (o0 = 2_r/_. (2)
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t. ¢ over region whichcan be both measuredand heard.
: _ ,_ ;! The obvious solution to this overlap problem is to in-

I t [ t I I crease the attenuation of the crossoverfilters i.n their

v Ri_ vi. v RH ¥_! stop-band region. That is to say, use a higher order But-
' terworth filter such as the second-order or 12-dB per

o O
octave constant resistance crossover network.

L0W PASS HIOH PASS The schematic diagram of a second-order filter appears
in Fig. 5. Here,

Fig. 4. First-order filter.

VL/V = (WOL)2/{$24-2_LtoOLS'{-(tOOL)2} (10)

and /c is the crossover frequency, is realized by imple- where
menting the low-pass transfer operator

(tooL)2 = 1/LLCL
1 (11)

T(p/to o) -- (3) and
B_(p/_o) _f_= (1/2R,,)V£_/cL.

where Also,

p = d/dt = jto (4) VH/V = S2/{S2--[.2_ltO)OHS--}-(OJOti)2} (12)

S = P/toO (5) where

and B,(p/too) is a Butterworth polynomial of order n. (to0u) 2 = 1/LHC_
Thesearegivenin TableI forreference. (13)

Table I. Butterworth polynomials. _n _ (1/2R_) _/Lu/Cu.

,, Bn(s) Now,if

1 s+l toOL. _ ('J01t/' _ tOo

2 _2.42_+i (14)

_+_+_+_ _;_= _;. = _ = 1/V_
4 $4+2. 6131259s3+3 - 414213652+2. 6131259s+1

5 s5*3.2360680s4+5.2360680sB+5.2360680s2+B.2360680s+t then this second-order crossover network is a second-
order Butterworth filter. Note, in this case, that

Consider now the first-order filter of Fig. 4. Clearly, (V_+ V u)/V = (15)

VL RL/L (s2q-too2)/(s2+ '_/'2to0s + to02)
-- -- -- (6)
V s+RL/L and observe that at the crossover frequency,

V H __ s (7) s = Jtoo (16)
V s-t- 1/RuC so that

It is apparent that if (VL+Vn)/VJ_=i % = 0. (17)
R n 1

o_0 -- -- (8) This indicates a severe problem in the form of a "hole"

L RuC in the frequency response at the crossover frequency.
then Ashley [6] demonstratedto the 13th Conventionof the

V_+Vj_ = V (9) Audio Engineering Society that this "hole" can be heard.
One common solution to this problem that is currently

that is, if this first-order network is used, the sum of the employed by a number of loudspeaker manufacturers is
outputs is a perfect replica of the input. This would seem to invert the polarity of, say, the woofer in the loudspeaker
to be a desirable property for a crossover network to system. The information then received by the listener is
have. Note that this first-order constant resistance filter actually
is .a Butterworth filter, with a stop-band slope of 6 dB per
octave on both channels. Now the usual slope of a tone (V_--VL)/V: (S2--tOo2)/(J2-J-'\/'_'tooS-J-to02). (18)

control circuit with the control in a maximum position is

6 dB per octave; thus, it is easy to observe how little the This eliminates the hole at the crossover point as far
signals are actually attenuated in the stop-ba_d region of as magnitude is concerned; however, a somewhat extra-
this type of filter. The obvious consequence of this is that ordinary phase characteristic is then produced.
the two drivers must overlap in frequency response for For either the inverted or noninverted driver connec-

about a 4-octave range; that is, the woofer must have
nearly flat response through two octaves above crossover Lc e.

frequency and the tweeter must have nearly flatresponSetwo J ° C_lvL vi° I: ( tlrfor octavesbelow crossover frequency. The curves v, c, RM nwe have presented for our typical 104nch woofer and
3-inchtweeter do not meet this requirement, and we have °

found very few commercially available units where this cow PAss .mM Pass

requirement is met. The result is "roughness" in the cross- Fig. 5. Second-order filter.
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L i La that the third-order Butterworth filter crossover network
has flat voltage and power frequency response with a

V WOOFER gradual change in phase across the band. As demonstrated

INPU Gl RD at the 38th Convention of the Audio Engineering Society,
this change in phase across the band cannot be heard.

_ This means that the third-order Butterworthfilter must

11z receive serious consideration as a high-level crossover

C3 network.

'_ _'[ Straightforward application of the methods of modern
TWEETER network synthesis [5] yields the third-order Butterworth

L 3 RD crossover network of Fig. 6. This filter will have 3-dB

attenuation at the crossover frequency (as do all Butter-
worth filters) and a slope of 18 dB per octave in the
stop band. Listening to the individual channels when this
filter is used, it becomes evident that a much higher at-

DESIGN EQUATIONS tenuation exists in the stop band than when a first-order

LOWPASS $FCTION .HIGHPASS steTsoN filter is used; indeed, this filter is not a bad approxima-
tion to the "stone wall" effect previously described.

s RD I We note in passing that a fourth-order Butterworth
= C2:

Li 4 W% S _ fc RD crossover network will have the same problem as a sec-
ond-order filter and is not to be recommended. However,

i the fifth-order filter does have the same properties as the
RD cs = third-order filter, except for a total phase shift change of

L2 : 41'I fc l'l'fc RO
720 ° instead of 360 °. Weinberg [5] gives all the infor-
mation needed to synthesize all of the Butterworth filters,

2 L$ = S_° and his tables will quickly yield the fifth-order filter. Since
ca = 3 tl f¢ "o e lX fe the third-order filter seems to be of considerable impor-

tance, we have used a computer to generate Table II giv-
Fig. 6. Third-order Butterworth filters as an 18-dB per

octave constant-resistance frequency dividing network, ing the element values for 8-ohm drivers.

tion, the total power (without regard to cancellation be- QUASI-SECOND-ORDER PASSIVE
cause of phase) delivered by the loudspeakers is con- CROSSOVER NETWORKS

stant with frequency. Furthermore, the response of each In the previous section, we described the frequency

filter output is down 3 dB at the crossover frequency and response problem with second-order constant-resistance
the slope is 12 dB per octave in the stop band. The re- filters that led Ashley [6] to suggest a buffered crossover
quirement for more components is the usual reason for network which forced the phasor voltages applied to the

rejecting this kind of filter, but we feel that the actual drivers to add up to the applied voltage. The use of
decrease in sound quality (caused by the hole or extra- buffer amplifiers makes possible a true 12 dB/octave
ordinary phase characteristic) is the more significant rea- slope in the high-pass filter. (See the second order curves
son for not using this type of network, of Fig. 14). This basic idea has been generalized for

Seeing the trouble that occurs in going from a first- to passive filters by Small's development of what he has
a second-order Butterworth filter might tend to make us termed a "constant voltage crossover network." [4] Work-

ignore the third-order Butterworth in spite of its 18-dB ing independently on a commercially available loud-
per octave slope ha the stop band. One author [7] was speaker system, Kaminsky generalized the series con-
convinced that the hole at crossover frequency would be nected first-order Butterworth filter by relaxing the con-

such a problem that the Butterworth filters above first- stant input impedance constraint and obtained the quasi-
order would not be very useful for crossover networks, second-order filter shown in Fig. 7. Here
Then, Henne demonstrated with an analog computer [3]

VL s+ ( R:_+ Ru)oJo/2RL_
-- (19)

Table II. Element values for third order Butterworth filters V RitC(s2-t-2;_tooSq-6_o 2)
with 8 ohm drivers.

VH s(s+ 2_Rlttoo/[RL + RJ_])
F {HZ) L,l fM") I (MH) C (UF) C (IJF) C (IJF) L (MH) -- (20)
c _ 1 _ 3 3 V 52+ 2_o_oS+ to02

100.00' 19.10 6.37 265,26 i32.63 307.80 0.55 where
125.69 1_.17 5.06 210,70 105.35 316.05 7.59
158.49 12.05 _.02 167.37 83.68 251.05 6.03

]_.53 9.57 3.19 132.o4 66.4? lo9.42 _.7o too2 = I/LC251.19 7.60 2.53 195.60 52.80 158.60 3,80
316._3 6,0& _.01 83,88 4.1,94. 125.82 3.02

3_8.1, ,.so 1.6o 66.63 33.31 oo.94 2.40 _ = (RL+R,,)/(2RrRh:)VL/C. (21)501 · 19 3.{Bi 1.27 52.93 26.66 79.30 1.0l ·
630.96, 3.03 1.01 42.04 21.0_' 63,06 1.51

7Q6.33 2.4-0 .I)0 33.30 16.70 50.09 1.20 Observe that
IO00.OQ , 1.91 .,66 26.53 13.26 39.79 .95
] 25_.q3 1,57- ' .5l 21.07 10.54 31.61 .76

)58t_.89 .1.221 .t*O. 16.74. 8.37 25.10 .60 Vf,"}-V H- = V (22)
1905.26 .96 .3_ 13._9 6,65 19.06 .48
2511.89 .76 .25 10.56 5,28 15.84 .38

3162._8 .60 ._,o 8.39 _.1o 12.58 .3o as, indeed, it must if Kirchhoff is to be satisfied. If, as
3981.07 .tf6 .16 6.66 3.33 9,99 .24

5011.87 .38 .13 5.20 2.65 7.94 .1_ is usually the case,
6309.57 .30 ,lO 4.20 2.10 6,31 ,15

7963._R ,24 .0a 3.34. 1.67 .5.01 .12 R L = R s = R (23)I0000.00 .19 ,06 2,65 ] .33 3,98 .10
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o Table III. Elementvaluesfor quasi-second-orderfilters with

8ohmdrivers.

(: _ VI-
7FT_ = 1/5;OPT(2) ZETA = 1/;?

V

I F (H_) L ¢gH) C (UF)' L (HH} C .(UF)

L VH C...................................

o 1o0.00 9.00 ZBI.35 6.37 3O7.Rg
125.89 7/15 223.48 5,06 316.05
158.49 5.6B 177.52 4.07 251.05

Fig. 7. A simple quasi-second order passive crossover network. 199.53 `4.5l lz.1.0! 3.1o 1o9.42
251.19 3.5a 11_.01 2.53 158.40
316.23 2.85 88.97 2.01 125.R2

(191 and (20) reduce to 398.11 2.26 70.67 t.60 99.9.
501-19 ] ._n 58.i4 1.27 79.39

630.96 1.43 qg.sg I.OI 63.06

FL s+too/_ v0,,.33 1.,3 3_._z .80 s0.09
-- (24) 1000.00 .90 2q.13 .6a 39.79

V RC(s2-t-2_tooSq-o_o 21 ,::38.93 'TE EE.35 .51 31.61158/*. 89 -57 ]7 · 75 .60 25. }0
_96.z6 ._5 ,..lO .3_ 19.9.

3,6__8 .2s _.90 .20 12.s_
Vii _ s(s+_too) (25) _o,.o* ._3 ,.0, .16 9.9_5o_,.87 ._s _.6t .13 7.94
V 32-[- 2_to0s-[- too2 6300.q7 .1 & 4.46 ,10 6.31

7O/*'_. 20 ' I ) 3.q4 ,08 5.01

If _ = 1, then this configuration specifies a first- ,0o0o.oo .09 _.a, .06 3.98
order filter. However, suppose that _ = 0.5. Then a
straight-line Bode plot reveals the approximate behavior
of the filter to be as follows. The low-frequency channel a better solution to the crossover problem, from the stand-
cuts off at 12 dB per octave at too and 6 dB per octave point of flexibility and economics, than is a system with
above 2to0; the high-frequency channel cuts off at 12 dB passive high-level filters. In this section we survey some
per octave at too and 6 dB per octave below 0.5too. Hence, of the better techniques for synthesizing active filters with

the appellation of quasi-second-order seems appropriate high-gain operational amplifiers.
for this filter. This is illustrated in Fig. 8. First-order filters can be realized by simple R-C net-

works, but the slope of 6 dB per octave in the stop bands

+10 is not high enough to justify the systemcomplexity.A

straightforward realization of second-order high- and low-
,o pass filterswill have exactlythe same hole at the cross-
,,, over frequencythat plaguedthe second-orderButterworthtn 0
:' passive network. The third-order conventionalButter-
O

,, worth high- and low-passfilter networksdo have flattn
"' frequencyresponseand can be synthesizedwithonly twon-
>- -I0 operational amplifiers.This attractive filter is shown in
o
z Fig. 9. Application of the tables of values for Butterworth
U.J

filters,as givenin Foster[8],yieldsthe typicalcomponent
o values shown in Table IV. (This filter, with a crossovercu -20
,,"' frequency of 318 Hz, was demonstrated at the 381h Con-

vention of the Audio Engineering Society.) The values
for the high-pass filter are based on a characteristic im-

-30 , I ,I,,,,I , , '!'" pedance of 20 kQ.
.I .2 3 .5 1.0 2 3 5 I0 The real advantage of the active-filterapproach is that

the constant-voltage crossovers are simple to synthesize.
NORMALIZED FREQUENCY(f/fc) Following Small [4], we consider both symmetrical and

Fig. 8. Frequency response of the quasi-second order filters, asymmetrical crossover characteristics We restrict our

The class of filters exemplified in this section (such Table IV Element values for operational amplifier filters.
filters are possible for any order) have desirable charac-
teristics that do not stop at the lack of phase error. One r . HZ CO (HF)'. C1 (OF} Ca (UF) C3 '(Ur) CS (UF
of these is that the quasi-second-order filter has half the ..... ,...................... ........ - ......
components of a conventional second-order filter. The io0.00 .07958 .37797 .`41237 ..05173 .lSgl5
other is that component tolerances are not as important _zs.89 .06321 .30023 .3z156 .04109 .12642

158.49 .0502l .23848 .26019 .03264 .10042

as in conventional crossover networks, since a slight 199.53 .03988 .18943 ._>0667 .02593 .07977
251o19 .03168 °15047 ;166.17 .02059 .06336

error in the crossover point affects both channels in a 316.23 .02516, .11952 .13040 .01636 '.05033
398,11 ,01999 ,09494 .10358 .0129g ..03q98

complementary manner. 501.19 ,0158R .07561 ,08228 ,01032 ,03176
630.96 .01261 .05990 .06536 .00820 .oesaa

Computer-generated element values for this crossover 794,33 .0100_. .0-4758 .05191 °00651 .02004
network with 8-0hm terminations are listed in Table IlL 1000.o0 °00796 .03?80 .04124 .00517 .01592

-1258.93 · 00632 .03002 .03276 .00411 .01264

1584,89 .0050_ .02385 ·02602 .00326 .01004
1995.26 .00399 .0189`4 °02067 °00259 .00798

ACTIVE FILTERS FOR CROSSOVER _511.89 .00317 .01sos .016`42 .00206 .0063.
NETWORKS 316_._ .00_5_ .01193 .0130_ .00_6`4 ..00503

3981.07 .00200 .00949 .01036 .00130 .00-400
5011.87 .00159 .00754 .00823 ,00103 .00318

In the preceding sections we have demonstrated that 6309.57 .00126 °00599 .0065-4 .00082 .00252
7943.28 .00100 .00`476 .00519 .00065 _,00200

an active filter network followed by buffer amplifiers is 10000.00 .00080 .0037_ .00-41z .ooos_ .00139
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Co. R R

II . .

__...< - HI

Co Co _._ elN _>.__ --

R2 X/ _ ertl _- c

RO _ ·
'rd Lo

elN_ C3

RO RO R: I0 kilohms (typical) s= j (*_c)
I

.r--< eLO c= 2T_Rf'_
C2 ---

T _ ertl _ s3+2s 2 eLO 2s+l

elN s3.1. ps2+ 2s+l elN sS+ 2s3+2s+[

--- · 50 Fig. 1 l. Symmetrical constant-voltage electronic crossover
RO= 10 kilohm Co= 21'1'fc jJF network with third-order Butterworth characteristic function.

RI = 8.79 kilohms Ci ._ 2.375xl02
2Tlf c ,uF

R2= 7.73 kilohms C2 = 2.591 x 102 Fig. 10. In this case, we have chosen to synthesize a low-
2Tl'fc ,uF pass filter and then derive (by subtraction) the high-

frequency output. This requires one less operational am-
R3= 61.5 kilohms C3 = .325 x I0 2 ,uF

2 l'l'fc plifier than synthesizing the high-pass filter and deriving

eH_._[=-0.5 s3 eLD = -_0.5 the low-frequency output. Observe that the damping co-

elN s3+2s2+2s+l · IN s3+2s2+2s+l efficient _ can be modified by changing only two resistors,

'_c and that the crossover frequency /c is controlled by twos * J ( ) capacitors. (The capacitor size for 10-kQ resistors is given
in column C5 of Table IV.) This network is the electronic

Fig. 9. Realization of the third-order Butterworth elec-
tronic crossover network With Rauch filters, analog of the quasi-second-order passive crossover net-

work and will have the frequency response of Fig. 8.
Applying this same approach to a filter with a third-

methods to those employing high-gain operational ampli- order characteristic function yields the symmetrical net-
tiers because of the availability of inexpensive, high- work of Fig. 11. Here we have combined the function of

performance, integrated-circuit devices, the summing operational amplifier in such a way that this
The simplest approach to either symmetrical or asym- network requires only four operational amplifiers. Since

metrical electronic crossover synthesis is to use the method this is the same number required for the second-order
suggested by Ashley [6], [7] which requires only one filter network, there is considerable motivation to use this net-

network. The second-order symmetrical filter is shown in work and obtain the 12-dB per octave slope in both pass

R R

-I-I0

< __/ e_LO_ertl_

R/L_ _ ertl

--_ _ o

cO
elN C R Z

0/: e Ocov
--- O.

cO -I0R ,,,
rr

.JV -eLO )-R r,_
Z
',, -20

B/0cLay
R = I0 kilohm (typical) C R 0= _ LLJ

2_fc _ -12

= ! For Butterworth Characteristic Polynomials -302

s = i (f_:_)
'_ -40 I I I [ I'lJa[. I I I I Ill,

0.1 0.2 0.5 1.0 2 5 I0
eH._.l:$2+_s eLO: _s+l
elN s2+2_Ps+l elN s2+2[_s+l NORMALIZED FREQUENCY. (f/fc)

Fig. 10. Symmetrical constant-voltage second-order elec- Fig. 12. Frequency response of modified third-order Butter-
tronic crossovernetwork, worth electroniccrossover network.
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bands as shown in Fig. 12. Again, capacitor sizes are +lo
given in the C5 column of Table IV.

It is possible to synthesize higher order filters of this _...___'x,.
type with the cost measured in additional operational -o 0

amplifiers. Since the third-order filters offer a significant
improvement in performance as compared to presently zo
available passive filter networks, we will leave the rather o_

-10obvious details to those who can demonstrate a justifying Lo/_///er

needfor suchsystems. >_
{.)

The synthesis of asymmetrical constant-voltage net- z
LO

works can be accomplished, for up to third-order charac- _ -20 Ill

teristics functions, as shown in Fig. 13. Here the basic o 2///LO 2er
filter section is a high-pass active .network and the low- ,,

/,-//,frequency channel is derived by subtraction. The re- -30 3
sultant high-pass characteristic is desirable because the 4

frequency response shown in Fig. 14 is better matched
to the capabilities of both buffer amplifiers and driver

I I I I I [ J I I I l

units. The third-order Butterworth high-pass filter in -40
0.1 012 0.5 I,O 2 5 lO

Fig. 13 can be constructed using the capacitor values of
Table IV. This simple network is a good solution to the NORMALIZED FREQUENCY (f/fe)
crossover problem if the woofer driver has extended

response in the high-frequency range. Fig. 14. Frequency response of asymmetrical crossover
networks with Butterworth characteristic functions.

Ro provement requires a larger cabinet and a three-way sys-

2R _M"-I tern. Using a 5-ft a box, a 12-inch woofer, 5-inch mid-o W'¢ range, and 1-inch tweeter leads to a most interesting

I _ xx/, <eL0 crossover network design. Small [4] gives the network
needed for three-way constant-voltage crossover and the

J _ o i cco_3 crossover frequencies should be set at 500 and 2500Hz.

eiN > (Kaminsky has designed a similar network for a com-
merciallyavailablethree-waysystem.)

Co c Further increase in system performance will require a

_E-< · m still larger cabinet and more woofer cone area. A 10-ft a
z -- box with two 12-inch woofers is an elaborate enough

starting point to justify the active filter approach. Proper

= selection of a low-mass large-magnet 8-inch mid-range
driver will allow a 5-watt buffer amplifier to match a

Component volues ore the same os Figure-8 30-watt buffer amplifier driving the woofers. The Iow-

ertl -0.5 s3 eL____0= _05(2sZ+Zs+l) frequency electronic crossover at 316 Hz should be the-- =

elN s3+2s2+2s+ [ elN s3 +2s2+Zs+l symmetrical third-order network of Fig. 10. The cross-
over to a 2-inch tweeter at 1585 Hz can be done with a

s = j (-_-_) _ = 0.5 quasi-second-order network. Such a loudspeaker
system would be nearly the ultimate which could be

Fig. 13. Asymmetrical constant-voltage active filter cross- achieved with direct radiator drivers.
over network with third-order Butterworth characteristic
function.
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