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despite loudspeaker impedance or phase angle. The loudspeaker and cable resistive and reactive components
cable electrical response was measured using two corn- together. The cable is modeled at each frequency as a
mercial loudspeakers as a load. resistance in series with an inductive reactance using

A constant amplifier output of 1 V (0.00 dBV) was the measured values of resistance and inductance. The
used at each frequency to remove any variations due skin effect was calculated and applied to the resistance
to amplifier or signal source. The amplitude of the where appropriate. The capacitive component of the
voltage at the loudspeaker terminals was measured in cable is too small to have much influence at audible
dBV and recorded, frequencies, and is thus omitted from the model. The

The low-inductance multiconductor cables show the loudspeaker is modeled at each frequency as a resistance
most linear response (Fig. 9, Litz, 16LPC, and 138- in series with a reactance that can be either inductive
064; Fig. 10, aLPC, 4PR, and 191-036). Also note the or capacitive. The expression for the cable response at
relatively flat response of the 12 AWG cable with both the loudspeaker terminals for a given frequency is
loudspeakers (Figs. 10 and 1 1, 9718) when compared
to other two-wire cables (Figs. 9 and 11, HFIOC and V'R2 + X_

Krell). Another common effect is the high-frequency Vs(f) = Va(f) N/(R w + Rs)2 + (Xw + Xs)2
loss with the higher inductance two-conductor cables.

Fig. 9 also shows the interaction of a cable's inductive where
reactance with loudspeaker A's capacitive reactance
where the level rises above 0 dBV in the 1-kHz to 10- Vs(f) = voltage at loudspeaker terminals at fre-

kHz region. At this point the loudspeaker terminal quencyf
voltage has exceeded the amplifier's output. The cause Va(f) -- voltage at amplifier output at frequencyf
of this will become apparent with the loudspeaker cable Rw = cable resistance, including skin effect, at
modelintroducedin Sec. 6. frequencyf

Four cables representing a variety of types were tested Xw -- cable inductive reactance at frequencyf
with loudspeaker B (Fig, 1 1). Loudspeaker B shows Rs = loudspeaker resistance
inductive reactance and low impedance between 300 -+Xs = loudspeaker reactance at frequency f, in-

Hz and 3 kHz and the response dips. When the reactance ductive (+) or capacitive (-).

of loudspeaker B becomes capacitive around 8 kHz, it The response in dBV was found by taking the log-
shows the same rise with the more inductive cables

(HF10C and Krell).
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Fig. 9. Measured cable response with loudspeaker A for cable Fig. 11. Measured cable response with loudspeaker B for
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arithm of the ratio of the response at a test frequency phase shifts due to capacitive loads from causing in-
and the 1-kHz response, stability in the feedback loop. Both amplifiers A and

B include this network. Obviously, this inductance is
V_(f) in series with the cable inductance, and in some cases

Vs(f)dBV = 20 log
V_(1 kHz) can exceed the cable inductance.

The damping factor of an amplifier can also shape
Three different styles of cables are modeled and the frequency response. The damping factor (and the

compared to measured values in Fig. 12. The model output impedance of the amplifier) is controlled by the
gives a very good approximation to the measured re- frequency-dependent loop gain of the amplifier, the de-
sponses (coefficient of correlation = 0.999, 0.948, and gree of negative feedback, the impedance of the output
0.997 for HF10C, 16LPC, and 19123, respectively), devices, and any other components in series between
The results are for the full 3.1-m length of the cable the amplifier output and the output terminals. The am-
since they are not directly scalable to other lengths, plifier output voltage will be lower where the damping

The rise above 0 dBV in the measured responses factor is lower or where the load impedance is lower.
occurs when the combined magnitude of the impedance An amplifier with low damping factor is less able to
of loudspeaker and cable (as seen by the amplifier) is control back EMF and reactive effects of the loud-
lower than the loudspeaker's impedance alone. This speaker.
results when the reactance of the loudspeaker is ca- The responses of all cables were tested with the same
pacitive and subtracts from the cable's inductive re- loudspeaker, but using two different amplifiers. Figs.
actance. The result is a lower total reactive component, 13 and 14 present the responses of loudspeaker A and
which reduces the magnitude of the impedance seen amplifier A, while Figs. 15 and 16 present the responses
by the amplifier. Since the amplifier output is held at of loudspeaker A with amplifier B. These graphs il-
a constant voltage for the cable impedance test, the lustrate the combined responses of loudspeaker, cable,
current through the loop is higher than the loudspeaker's and amplifier. Immediately obvious is that the response
impedance alone would require. This higher current of amplifier A overwhelms the individual cable effects
results in a voltage across the loudspeaker terminals (Figs. !3 and !4). The damping factor for amplifier A
that is higher than the amplifier output. Low-inductance and the impedance of loudspeaker A both drop in the
cables will provide a more ideal response since cables same frequency range, which exacerbates their inter-
whose inductive reactance is much less than the loud-

speaker's capacitive reactance will reduce this "hump"

effect and present little more than the loudspeaker's Response (dBV per 3.1 meters)
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when Xcabl e = --Xspeake r. The impedance will then be Frequency (hertz)

limited by the resistive components of both cable and -+- 1.moc moae_ -- 5.18LPCmode, --_ 12.19,23mo0e_
loudspeaker. For example, loudspeaker A would require -0- 1.HFlOCtacos. _ 5.16LPCreeds. --+- 12.19123tacos.

justover 12.4mofBelden9718cabletoprovideenough Fig. 12. Modeled and measured response with loudspeaker
inductance to achieve resonance at 10 kHz, where the re- A for cable samples 1, 5, and 12.
sistance seen by the amplifier would be about 4.84 1).
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Now that the relationship between loudspeaker and -0.2s.......... ..........i. .........

cable is better understood, the effects of the amplifier -0.s l ii ii !ii ! iili i i'i_il _

will be considered. As seen with the cable model, added -o.7s

inductance will cause frequency response deviations -t
due to interactions with the loudspeaker's reactive -t.25
components. Therefore it would be desirable to min- -_.5 ..........i'""'i"'T"i'"H'i.............i'"'"i"T"i"i"_i' ..........k'"'"i'"'i"T'i"JTi...... "'_
imize reactive effects from the amplifier as well. Most to too _ooo _oooo
amplifiersincludeaddedinductance(typically0.5- 10 Frequency (hertz)

ixH) paralleled with a resistance (typically 2.7-27 Fl) --+-1.,_1o_ _ 2.J_p,, -*- 3._e,,
between the output of the amplifier (generally from the -_- 4.Litz -¢<-- 5.16LPC + 6.138-064

point that negative feedback is taken) and the amplifier's Fig. 13. Complete system response for amplifier A with
output terminals. This inductance is added to isolate loudspeaker A, cable samples 1-6,
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action. The response with amplifier B (Figs. 15 and flattest response will occur by keeping the reactapce

16) closely resembles the response of the cable and of the amplifier and cable as low as possible.

loudspeaker alone (Figs. 9 and 10). The high damping

factor of amplifier B maintains better control of reactive 8 CONCLUSIONS
effects with the more inductive cables, producing a

flatter response (Fig. 15). If loudspeakers were only simple resistance, then

The effect of the amplifier can be added to the cable large, low-resistance cables would not be a bad idea.
response model by including the additional resistance However, loudspeaker systems exhibit a frequency-

and reactance of the amplifier's output: dependent complex impedance that can interact with

the reactive components of amplifier and cable. The

Vs(f) best response was obtained with low-inductance cables
and an amplifier with low-inductance output and a high,

= frequency-independentdampingfactor.
Va(f)' X,/(Ra + Rw + Rs) 2 + (Xa + Xw --- Xs) 2 These tests have shown that the best way to achieve

adequately low resistance and inductance in a cable is

where Va(f)' -- amplifier voltage at frequency f. by using many independently insulated wires per con-
ductor rather than one large wire. Efforts to reduce the

Fig. 17 illustrates the results of this model, using skin effect (such as Litz construction) will help, but

amplifier B's voltage response with loudspeaker A's due more to the reduction of inductance than the re-

impedance and phase (converted to dBV relative to the duction of the skin effect. Inductive reactance is more

1-kHz response as before). The model fits well with significant in large cables than the skin effect. If an
the measured data (coefficient of correlation-- 1.000, amplifier does not disagree, larger capacitance in a

0.997, and 0.999 for HF10C, 16LPC, and 19123, re- cable is not significant since this component is com-

spectively). Because the model is very simple and am- paratively small and reduces amplifier and cable in-

plifier dynamic responses are more complex, it does ductive reactance effects.

not fit as closely with all amplifiers, especially the ones The best performance was measured with the multi-

that have a more complex output reactance (which may conductor cables Spectra-Strip 138-064, Kimber

include capacitive effects). The model infers that the 16LPC, and AudioQuest Litz. Smaller multiconductor
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Fig. 14. Complete system response for amplifier A with Fig. 16. Complete system response for amplifier B with
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cables such as Kimber 8LPC, Kimber 4PR, and Spectra- (1980 May).

Strip 191-036 also performed well. [2] R. A. Greiner, "Cables and the Amp/Speaker
Of the two-wire cables, 12 AWG provided the best Interface," Audio, vol. 73, pp. 46-53 (1989 Aug.).

performance with reactive loads, while both smaller [3] R. A. Greiner, "Another Look at Speaker Ca-
and larger gauges (3-7 AWG and 18 AWG) showed bles," BAS Speaker, vol. 7, no. 3, pp. 1-4 appended
greater high-frequency drop and interaction with ca- (1978 Dec.); addenda, vol. 7, no. 6, pp. 6-7 (1979
pacitive reactance in a load. 12 AWG seems more than Mar.).
adequate, even for demanding systems, high power [4] C. Ward, J. Thompson and M. Harling, "Speaker
levels, and reasonable lengths. Cables Compared," BAS Speaker, vol. 8, no. 7, pp.

The effects of 3.1-m cables are subtle, so many sit- 25-29 (1980 Apr.).

uations may not warrant the use of special cables. Low- [5] R. Warren, "Getting Wired," Stereo Rev., vol.
inductance cables will provide the best performance 55, pp. 75-79 (1990 June).
when driving reactive loads, especially with amplifiers [6] D. Olsher, "Cable Bound," Stereophile, vol. 11,
having low damping factor, and when flat response is pp. 107-118 (1988 July).
critical, when long cable lengths are required, or when [7] B. Jones, "Speaker Cable Electrical Tests,"
perfection is sought. Though not as linear as flat cables, ACSnet/UUCP: brendan@otc.otca.oz 1990; a series
12 AWG wire works well and exceeds the high-fre- of discussions and rebuttals can be found referencing

quency performance of other two-conductor cables (1857@otc.otca.oz), newsgroup: rec.audio.
tested. By the way, keep the auto jumper cables in the [8] D. Salz, "The White Paper on Audio Cables,"
garage! StraightWireInc., Hollywood,FL (1988).
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