Cables, Amplifiers and Speaker interactions. part 1.

Final version.
Cyril Bateman investigates a cause of audible distortion and amplifier failures.  In confidence, not yet published.

Many people claim to hear audible differences with change of speaker cable, so having five quite
different cables to hand, covering a range of self capacitance, inductance and RF impedance, | dec
see whether any measurable change in distortion did occur when changing cable types while drivin
a representative loudspeaker load. | have two quite different distortion meters, one which measures
conventional 1kHz second and third harmonic distortion, down to 1ppm or -120dB, see reference 1,
other, intermodulation distortion as a 4kHz amplitude, using test frequencies of 8kHz and 11.95kHz
TDFD or Total Difference-Frequency Distortion method proposed by A. N. Thiele in 1975.

For test amplifiers, | had pairs of the D. Self “Blameless” bi-polar 50 watt class B amplifier and the

popular Maplin 50 watt Hitachi lateral mosfet designs. My usual listening system comprises an Acol
Research 40 watt bi-polar amplifier driving a pair of two way horn loaded cabinets with crossover

around 250Hz, via very low resistance QOBF impedance cables. To minimise man-handling of these
weighty cabinets into my workroom, | assembled a “replica” of the published ESP two way crossove
using a Kef T27 tweeter and bass driver. This ESP schematic was chosen because it had previousl
simulated using Spice standard L, C, R components and the results published on web sites. | wante
clarify the true behaviour of my cables with this crossover network using measurements of an actua

assembly, to compare with values also measused) my horn loaded speakers. Fig 1.
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These distortion tests would require several quite noisy hours so to save my ears, | measured this
ESP_replica assembly, for impedance and phase angle from 1kHz to 10MHz. At 1kHz this speaker
system measured as 4B8npedance with an inductive +11.8hase angle. To approximate this 1kHz
impedance | decided to use a@.@uminium clad power wirewound resistor in series with a suitable
aircored inductor, a value of 15p8 would produce that phase angle. | had available a range of airco
inductors, 2fH, 54uH, 11QH and 25@H manufactured by Falcon Electronics, as supplied to UK
speaker makers. For the initial experimental measurements, used a less reactive, more easily drive
load, the 2fH inductor with the 4.@ resistor, resulting in a modest +1°3thase angle at 1kHz.

To ensure the amplifier and test rig performed correctly and obtain a baseline distortion reference u
D. Self amplifier, | measured distortion driving 1kHz at 3 volts into m@&an-inductive test load,

direct, no speaker cable. Second harmonic distortion was -95dB and third harmonic -98dB, while u
the TDFD method, intermodulation distortion measured -87.1dB, or 0.004%. Using each test cable
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turn to connect this 8 resistive load, produced almost identical results. Less than 1dB distortion
difference between the “with cable” and the “no cable” results.

At 3v with no cable the 4€2/25uH reactive test load measured rather worse, -89.5dB second -97.3dE
third harmonic. Connected via 4.9metres (15ft) of 79 Strand zip-wire cable, my lowest capacitance 1
cable with 71pF/metre, similar distortions were measured, -89.5dB second -97.5dB third harmonic,
while 4.9metres of the medium capacitance, 203pF/metre, Supra 2.0 cable, produced identical resL
89.6dB second and -97.5 dB third harmonic. The TDFD analyser intermodulation distortions measu
82dB, -81.6dB respectively for these two commercial cables. With no measurable distortion differen
for these commercial cables, time now to measure using a rather higher capacitanc®pedvidix 1.

| had available three 4.9metre long development cables having nominal RF impedan€gsliél3and
14Q. | selected the Xa impedance, my highest capacitance cable, labelled as #55 made using Raycl
55A0111 wire. With 440pF/metre, it has slightly more than double the Supra 2.0 capacitance, perhe
that might produce a measurable distortion difference. This 440pF/metre presents a very modest
capacitance compared to some commercially available cables which have more than 1500pF/metre

With this cable and 3 volts 1kHz drive into the@/Z5uH test load, something was clearly wrong.
Distortions increased almost 30 fold to now measure some -60dB second and third harmonic, so
immediately switched off the power supply, but too late, both power supply rail 4A fuses blew as the
amplifier disappeared in smoke. The output devices, several small signal devices, PCB tracks and 1
the small signal section resistors were destroyed. The 100nF capacito€aresisdor in the Zobel
network and the output inductor, when removed and measured, were undamaged.

This dramatic amplifier failure, driving less than 2 watts into this representative speaker test load,
reminded me of a past failure of my Acoustic Research amplifier while auditioning several speaker
cables. Comparing my standard @inpedance cable in the left channel with this “#55 cable” in the
right hand channel, the right channel of that amplifier too had overheated and failed.

| had failed to find any difference in amplifier/cable distortion driving into mp8esistive load, but
having now broken two quite different amplifiers, driving into an inductive load, time to revise my ple

Failed Amplifier Investigation.

Using my HP4815A impedance meter, | measured thi®/251H load for impedance and phase angle
from 500kHz to 10MHz direct, no cable. Impedance increased up to resonance at 5.7MHz, reducin¢
475Q and -86 at 10MHz. | also measured the @/110uH and 4.12/250uH loads over the same
frequencies. The 4¥/110QuH resonant frequency mimicked that measured for the ESP_replica assen
and the 4.@/250uH matched my two way horn loaded speaker resonance.

Measured via the 79 Strand cable the resonant impedance peak of the cabl@&tg.lbad became
360 at 1.8MHz, then reduced to a 8.8w at 8.5MHz. With Supra cable this load measured Q600
at 1.185MHz falling to a 4Q low at 7.8MHz. With my #55 cable, peak impedance was Q410

720kHz falling to a very low 1Q at 7.65MHz, clear illustrations of how a cable can transform a
mismatched, terminating load impedance. Similar resonant frequencies and high impedances coulc
reasonably be expected when driving many speaker systems using 4.9metre long speaker cables.

To minimise the risk of damaging my sole remaining D. Self “Blameless” bipolar amplifier, | decided
monitor inside the amplifier using a pair of very high impedance, very low capacitance differential
oscilloscope probes to input Channel B set at 20mV/cm, to observe any difference between the inpi
feed back differential input pair transistor base voltages. Channel A would monitor the amplifier outy
waveform using a conventional oscilloscope probe. | would again measure 1kHz output distortion b
now using amplifier output voltages from 1v to 5v, in 1v steps.
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Driving into this 4.12/25uH test load using 4.9metre lengths of the 79 Strand, Supra and®gB0

impedance, 164pF/metre PTFE cable, made with 19*0.45mm PTFE insulated wire, these combinat
all supported a 5 volts amplifier output with almost identical distortions and no sign of any amplifier
distress, either on the differential input bases, output voltage oscilloscope traces or measured disto

Changing now to my second lowest impedance, t6eRB impedance, 406pF/metre #44 cable, made
with Raychem 44A0111 wire. With 1 and 2 volts output all was well, with almost identical distortions
those of the previous cables. At 2.5 volts amplifier output, high frequency RF bursts of voltage beca
visible on channel B, monitoring the amplifier input/feedback pair transistor bases. Commencing sli¢
later than the output positive signal peak, this initial RF burst lasted for somg. 20 further, small
increase in drive level produced much larger amplitude, longer duration, bursts of RF. The output tr.
then exhibited similar high frequency bursts, with rapidly increasing distortion measurements.

Selecting an oscilloscope sweep speed pSlénd using 10 times X trace width expansion, 2.5 cycles
of RF occupied 1 cm of screen width, suggesting a 2.5MHz RF frequency.

Figure 2.
Replacing this
#44 cable by
my #55 cable,
the same high
frequency
bursts were
seen, but now
occurring at
lower voltage,
at just 2.1 volts
drive.

Channel B
sensitivity was
20mV/cm.

| Asfaras|
could measure,
. these RF
oscillations
occurred at
2.5MHz with
both cables.

With small increases in drive voltage these RF oscillations increased in amplitude and remained vis
for more of the cycle. With this particular amplifier, oscillations always initiated slightly after the peal
of the positive output waveform but with increased drive then also appeared near the negative outp
peak, eventually becoming near continuous throughout the waveform. Compared with the Supra ca
my #44 and #55 cables were both low impedance types but were not identical, so | had hoped to fir
measurable difference in RF oscillation frequency, with change of cable.

Plotting the measured impedance and phase angles of this ESP_replica assembly together with val
measured for my horn loaded speakers, initially direct with no cables then with each cable type in tL
would illustrate the effect a change in cable has on load impedance with frequency. | used a Spice
port” or “Z_block”, containing tables of measured values of impedance and phase angle for my spe:
to be displayed on screen or be used with other components, in Spice simulations. Fig 3.
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Simulations would require a cable model usable from audible frequencies to say 10MHz. Cables ar
described using four frequency dependant AC parameters, series resistance R, series inductance L
R+ jal
G+ jaC
transmission line model accepts only fixed values and only three of these four parameters so cannc
used, instead we are forced to use a number of “lumped” four component model stages. Many write
to use quite small models, but to simulate to 10MHz, multiple stages are essential. | developed real
Spice models using 201 frequency dependant four component nodes or stages, for each of my test
With these and the “Z_block” model | could now simulate the affect each cable had on my speakers
. #55_|NNER_200_COMPOSITE 3.CIR . Figure 4 NOW
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The resonant peak frequencies have also been significantly lowered in frequency and halved in
impedance. The transition from inductive +ve to capacitive -ve phase angle, now occurs at a much
frequency, well within the power band of many amplifiers. TheQlBOpedance 79 Strand cable has
similar but smaller affect on both impedance and phase angle, more noticeably so with the ESP_re|
assembly than with the lower resonant frequency horn loaded cabinets. Naturally the Supra and PT
medium impedance cables produce similar but intermediate effects, between these #55 and 79 Str:
test cable extremes. Higher capacitance/lower impedance cables produce even larger changes, not
also they increase speaker/cable load impedance at 20kHz.
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Figure 5.

At 600Q full
scale, even the
modest 79
Strand zip-wire
cable affects
impedance
especially at
4MHz where
the original
minimum load
impedance of
33.XQ at 7TMHz
has been
replaced by a
new minimum
of 14.1Q.

Figure 6.

At 400Q full
scale. The
Supra cable has
less than half
the impedance,
inductance and
more than
double the
capacitance of
79 Strand Zip-
wire so speaker
impedance and
resonant
frequencies are
reduced more.

Figure 7.

This very low
loss PTFE
cable, has 3D
RF impedance
compared with
the Supra at
40Q, but less
capacitance and
inductance, so
similar speaker
impedances
and resonant
frequencies
except above
1MHz.



Cable characteristic impedance or Z0.

The characteristic impedance, Z0, of any cable is an AC parameter having a reasonably constant vi
above 1MHz, but at lower frequencies, Z0 increases rapidly, becoming near infinite near DC. At auc
frequencies, characteristic impedance Z0 of any cable is many times higher than its high frequency

Many audio writers use the much simplified equation Z\Sl%: , an approximation and only relevant at

frequencies above 1MHz if using low loss insulators and values for L and C applicable to RF cables
cannot be applied to any loudspeaker cable used at audio frequencies when values for R and G dol

/ R+ jaL
The full cableEquation 1, Z0 = m is essential and is used throughout this paper. All four

parameters are frequency dependant. R typically increases by the square root of frequency but evel
using very low loss insulators, conductance G must increase rather more than this increase in frequ

At audio frequencies, because R and G are dominant, not C or L, cable impedance is high but spea
system impedance in comparison is very low. With increase in frequency, speaker system impedan
increases to very high values, typically more thartb@0resonance, for a speaker with or without a
crossover, while speaker cable impedance reduces to a low value, typically rather lesst®han 100

Speaker impedance increases to a peak of several hundred Ohms around 1MHz before reducing tc
around 10@ by 10MHz. Between 1 and 10MHz it is usual to find at least one, lower impedance pea
Matching cable, amplifier and speaker system impedance at audible frequencies is not possible, bu
high frequency we can explore the possibility and benefit, of improved high frequency matching.

Regardless of it's actual physical length, any cable matched or terminated by its characteristic impe
at that frequency, appears infinitely long, All energy entering the cable is absorbed and none reflect

All 4.9metre long speaker cables become quarter wave resonant, between 8 and 11MHz dependan
the square root of the dielectric constant or “K” value of their insulation, which acts to slow down
propagation speed within the cable. Cables longer than 4.9metres become quarter wave resonant ¢
proportionally lower frequency. A quarter wave resonant cable acts to dramatically transform and ce
even invert the impedance of any “far end” load as measured at the cable’s “near” or source end.

At this quarter wave resonant frequency, a cable with an open circuited far end reflects all energy
arriving at this open circuit end back to the source, returning in phase with the incident energy. An c
circuit can support no current so cannot dissipate any power. At the cable source end, the input
impedance of this open circuited cable, now measures as a short circuit at that frequency.

With a short circuited far end, all energy is again reflected back to the source, but now out of phase
the incident energy, the input impedance at the source end of the cable now measures as an open

At frequencies above and below this resonance frequency, with real speaker loads, more complex
impedance transformations now occur, which must be measured or calculated. see Appendix 1.

At exactly double this quarter wave resonance frequency, no transformation occurs, so input imped.
at the source end of the cable now measures exactly the same as the terminating impedance.

Cable Reflections.
At much lower frequencies reflections do still occur with mismatched terminations, but produce less
dramatic impedance changes. Reflections at 10kHz using the Supra cable driving the ESP_replica
are easily measured using a reflection bridge, the basic tool of all RF measurements. The figure she
some 40% of the incident signal has been reflected, equivalent to a VSWR of 2.2:1 and returned ot
phase to the source. For this measurement | used BB 721A reflection bridges. Fig 8
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Figure 8.
Open and short
Forward Wave. circuit
terminations are
extreme
conditions.
_ Any non-Z0
Reflected Wave. ™ termination

Out of Phase. impedance even
at audio
frequencies as
shown here at
10kHz, results
in a reflected
wave having an
amplitude and
polarity
dependant on
the degree of

mismatch.
The ratio of this reflection to the incident si nav_weﬂection is called the reflection coefficient and
g incident
7L -2Z0 . .
calculated as (rho) @r= [4 L +7 OE where Z0 is the cable characteristic impedance at that frequency.

10kHz Supra Z0 is 498, ESP_replica speaker approximate<X%.A8t audio frequencies, cable/speaker
mismatch results in a negative value foRegardless of cable length, reflections are returned out of
phase with the forward signal. It is not possible to reduce these audio frequency mismatch reflectior

With increasing frequency, as speaker impedance increases and cable Z0 reduces, we reach a cro
point with no reflections at that frequency while both impedances remain equal. At higher frequenci
speaker impedance then exceeds cable Z0 so reflections are now returned in phase, have the sam:
polarity, as the forward signal at the cable far end. A mismatch of 2:1 or reflection coefficient of 0.3
generally considered the maximum acceptable level for RF designs.

Ideally our amplifier will not produce any power at these in phase frequencies, otherwise strong
oscillations may result. However since the loudspeaker load impedance now exceeds the cable’s
characteristic impedance, improved matching becomes possible, to minimise high frequency reflect

We can use Spice to calculate and plot the cable Z0 by frequency, either by inserting the cable’s
measured parameters irEquation 1 or by using my frequency dependant, 200/01 nodes, lumped cak
model. We can then model the impedance of both cable and speaker to calculate and display reflec
coefficients using the above equation@oiJnity indicates a 100% reflection, a positiwvgalue

indicates reflection in phase/same polarity with the forward signal, a negatalee indicates a
reflection returned out of phase/opposite polarity with the forward signal, at the cable far end.

Starting with the #55 cable we find large, nearly 100%, in phase, same polarity reflections do occur
between 700kHz and 3MHz, changing from negative to positive phasing at high audio frequencies.
Should the amplifier produce any unwanted higher frequency signals the speaker cable end mismat
will produce an in phase reflected voltage at the amplifier terminals, with amplitude determined by c
losses and reflection coefficient, delayed only by the cable end, load phase angles and cable transit
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Figure 9.
Using 60@

full scale, the
5750
ESP_replica
peak impedance
at 1.5MHz with
#55 cable,
results in a
reflection
coefficient of
0.95, reflecting
95% of any
incident signal
over many
frequencies, in
phase back to
the amplifier.

Figure 10.
Looking now at
the 10@
impedance 79
Strand cable we
see this cable is
much better
behaved with
both our
speakers.
Maximum in
phase
reflections are
less than 80%
and over fewer
frequencies.

Figure 11.
With the
medium
impedance
Supra cable we
find reflection
coefficients
midway
between these
two cable
extremes.
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After allowing for the two way cable losses and transit delays, a large, near 100% in phase signal
reflection will appear at the amplifier output terminals. It remains to be seen later, how well or badly
amplifier Zobel network, output inductor and amplifier output impedance at 1MHz and above, comb
to prevent these undesired reflections from entering inside the amplifier.

So far we have only simulated these in phase RF reflections and not proven them by measurement
accepting that these reflections do occur, can anything be done to minimise in phase reflections. Le
now see how we may improve the high frequency cable speaker matching, to reduce in phase refle:
at high frequencies. At 1MHz self inductance of resistors and capacitors matters and cannot be igne

We could add a resistor across the speaker terminals to set a limit on the speaker maximum imped
but to be effective that resistor would have to absorb significant audio frequency power and be non-
inductive at high frequency, a difficult almost impossible choice, wirewound types exhibit far too mu
self inductance. Using a small value series capacitor to reject the audio power allows using a 1-2 w
low inductance, film resistor. We can explore the effect of using terminating resistance slightly large

and smaller than the cable RF impedance, using the Spice “stepping” function. Fig 13
50.00 ! #55 INMER_ 2I]I] COMPOSITE ZCIR’ R’1313—1D 1IJI]KR'13I]E 1I] WDDKI?’WZEI_SH:.L[‘:I:EE e pa[ametervames : USIng a 33n|;
e Cable Empedamem : 15::?!;'5523902*"&5‘12;:5rzs:ﬂaresﬂromnimﬁ capamtor an
U T S SN S BT o resistor to
L : —_— L Genimter 98017 ®) | h remove these
Y megmmeosmon | highfrequency
T 10K 100K T Tou reflections we

MISQRTWY SHORTMRTE™ OpenlIiREZ

. find increased
i R i " Impedance of Teel Load. .,/ @ | | | | Unterminatedy, ¥ T T T 7Y
100 Horn Toads tao why Catinet AR AN A R cable/speaker

s A i _ impedance

00 Yy 42 o é’:é‘;“z%ﬁﬁiﬂ?éﬁé’ﬁéﬂmwm \./-/ | commencing at

T T SS—=——T—=——==—— | high audio
MT(V(OUtputZ)J‘I(W a07y) MO LEIYIRT 31 23) i o frequenCieS.

. mﬂmm - m P“ase - Wai Some writers

o have advocated

0.00 using a 100nF

o | T capacitor, but

4_001me eflection i DUt hasav:nDthmnm | RN 1In‘m< Lo ?3HF 20nH and 10R, qsn 20R1 V:DS that SGriOUSly
(MEY(OUtPUTZIR T 307))- MISART Y _SHORTIMIR BY*(y_Open)i (RBZIMOUoUtZMR1 307)+MESERTev_SHORTIR' 8)(v_OpenyI(RE i) d eg rades treble

(MO0 UtpUEBNERT 31 2)-MESART b _SHORTIIR 8) (v _0penifi(RE ZHMMOAOUIUEINRT 31 20 +MISQRTHY_SHORTMIRT 81 _Openil(REZ)
F

response.
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Comparing this result with figure 9, using a 33nF capacitor wifh, 18Q, 20Q resistors and self
inductance estimated at 20nH we see an immediate benefit at high frequencies. The original near u
reflection has been replaced by near zero reflections above 250kHz. However this capacitance vall
reacts with the cable and speaker impedances resulting in increased impedance and reflections at |
audio frequencies. Combined with a typical 1pHZamplifier output inductor, results in a measurable
loss of treble, especially so for my horn loaded cabinets. The effect of using any larger capacitance
such as 0/1F would be audible with many speaker systems. For some years, following my Acoustic
Research amplifier damage, | adopted a similar C/R termination on the horn loaded speakers. My e
were too old to notice, but this reduction in high end treble was remarked on by my musician son.

Can reduced high frequency reflections be obtained without impacting on audible frequency load
impedance ? Suppose we use a shunt resistor say ten times larger value than the speaker impedar
audio frequencies, we could try using sayQ0Uhat resistor would then only be subject to one tenth of
the audio power, say 5 watts maximum. On its own that would not provide sufficient improvement a
high frequency so we still need to use the C/R technique. Would we now need to use a larger value
resistor to compensate for the shunting effect of this adde@ @é0ice ?

RO.00

45.00

a0.00

16.00

0.oo

E0.00

45.00

a0.00

15.00

0.oo

#55 INNER QDD COMF’OS\TE 2.CIR

—————————————————————

-----------------------

0= (Square root onopen X Zshon)

Cable Empedance Z¢

——————————————————————————————————————————

| T.linefcable measured parameler values !
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" Lseries=0.01524 B2 6- (Zél{tfﬂ-ﬁ*‘[fﬂgﬂ](ﬁ)m
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-----------------------------------------

—~

____________
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i

Figure 14.
Including a
non-inductive
100Q resistor
with no series
capacitor has
dramatically
reduced the
impedance
peak between

20kHz and
100kHz to less
than half.
Impedance at
high audible
frequencies is
not affected.

1.00
0.67
0.33
0.00

-0.33

07 e

Efatne = reflection is O T

-1

.
Phase wr(h signal.
10K

"
Tht

100K

MO Ot UEZURT 307-MISQRT(Y_SHORTUIRT B _OpenyIREZNNMOO UpULZY (R1 3073 +M(SQRTHY_SHORTUIR 8/ _0penyil(RE2))

(MOt UUIRT 31 21)-MISQRT (M _SHORTII(R By*iv_Open)ItREZNMMA O UtpUta (R131 20 +M(SQRTHV_SHORTUIR 8/w(v_0penyi(RB2)))
F

Using the original 33nF capacitor andd gesistor with 20nH self inductance (2.5cm leadwire), togethe
with a 10@ shunt resistor having less than 100nH self inductance has eliminated high frequency
reflections with both speaker systems and halved the previous horn loaded cabinet/cable low freque
impedance hump from 1@0down to 5@ without influencing impedance at high audible frequencies o
treble response. In addition it has reduced the ESP_replica impedance hump and reflection coeffici
0.55 at 100kHz, shown in figure 13, to a near reflection coefficient of 0.33, for a 2:1 mismatch.

Does any 5 watt capable resistor exist which is sufficiently non-inductive - well yes. Some time ago
needed a 1D non-inductive 5 watt resistor. The solution was to use one of the new TO220 package
watt resistors which can support up to 20 watts when mounted on a suitable heat sink. When | mea
Farnell part no 551-594, its resistance value remained & a0OMHz.

Can this technique be applied to other cables, yes apart from the 79 Strand and similar high imped:
cables which need only use a 10nF capacitor with & X resistor. Reflections from the Suprac®0
impedance cable were minimised by using an 18nF capacitor WXhe&stor C/R network and this
shunt 10@ resistor, while for the PTFE 80impedance cable | choose an 18nF capacitor a@d 42
resistor, again used with the XD@hunt resistor. Figs 15, 16 17.
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Figure 15.
Because the 79
Strand cable is
100Q Z0 at RF
we need only
use the
10nF/10@

C/R network.
That works far
better than
using the 10Q
resistor on its
own and no
C/R.

No in phase
reflections at
any frequency.

Figure 16.

With medium
impedance
Supra cable, the
combination of
a parallel 10Q
resistor, with an
18nF 6& C/R
combination
provides the
desired control
of reflection
coefficient at

all frequencies.

Figure 17.

We can now
select optimum
capacitance and
resistor values
needed for high
frequencies,
without
impacting on
the above
audible
frequency
performance.

In this case
18nF/42Z) with
the 10@.
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Clearly the lowest speaker end cable reflections, best high frequency match occurs when usirfg the
shunt resistor in parallel with a C/R network, for cables having less th&hRBOmpedance, when this
network in parallel with 100 and the speaker high frequency impedance, approximates the cable hic
frequency impedance, Z0.

| said earlier that at audible frequencies, because the cable impedance was so much higher than th
speaker impedance, out of phase reflections would be returned back to the amplifier output termina
from the speaker and that nothing could be done to prevent this. Do these audible frequency reflect
matter. ?

At audible frequencies, the amplifier output impedance presents an exceptionally low load impedan
compared to the cable Z0. These out of phase reflections will not enter the amplifier but will be refle
and phase inverted, becoming in phase with and absorbed in the amplifier output signal, delayed by
twice the cable transit time plus any load phase angle.

Assuming our typical 4.9metre length cable, this two way transit time will approximate 50nS equival
to just 0.368 at 20kHz, or 0.018at 1kHz.

So much for the theory and simulations, time now in part 2, to try out these solutions in practical
measurements, using both the Self bi-polar and the Maplin mosfet amplifiers, my test cables, the
ESP_replica assembly and reactive test loads, with output voltages from 1 to 5v in 1v steps.

ref.1 Capacitor Sound, C. Batemaklectronics World July 02, September 02 thru January 03.

12



Appendix 1. Modelling Audio Cables.

/ R+ joL
Earlier when discussing the calidguation 1, when Z0 = m | stated that all four AC
parameters, G, R, L and C were required when modelling cables at audible frequencies, yet many v

L . L . .
have used the much simplified, constant value, RF expression for ZO,\/%Oai audible frequencies.

At frequencies of 1IMHz and above this simplification works pretty well provided we use low loss
dielectric cable insulation, such as PTFE or Polythene with the typical capacitances used for RF cal
e.g. 50 or 75pF/metre. At 1IMHz, L and C then dominates over the contribution made by G and R.

At low audio frequencies and especially using lossy dielectric cable insulation such as PVC and mu
larger capacitance values, this simplification does not apply. G and R now dominate over L and C g

for matrematical proof see Line

e

a simplified low audible frequency expression, Z E

Communications vol.1. p.738
N.B:- G is the cable AC conductance, measured in Siemens and not its DC insulation resistance.

Z0 is easily found for any frequency simply by measuring the cable’s impedance with far end open
circuit, for Zopen, then with far end short circuit, for Zshort, when Z)CZshort x Zopen .

Measured Z0 for my cables at 100Hz ranged from(6fa0 79Strand, 35Q for the Supra 2.0 cable to
200Q for my lowest impedance #55 cable. At 1IMHz, these three cables were measure@ag R@EP

and 13.8 respectively. At audible frequencies calculating Z0, using %/9225 clearly not valid.

Most writers emphasise the affect skin resistance has on cable resistance at high audio frequencies
increasing typically according to the square root of frequency. More important however is G, which ¢
using the most perfect insulation, must increase at least by the increase in frequency. We are all far
with the use of ESR with capacitors, the small value of resistance in series with a capacitor, used tc
account for the capacitor phase angle being less than the theoretidaed0 the imperfect dielectric
insulation used. This same phase angle can also be represented as a very large value resistor in pe
with the capacitor. When calculating cable parameters it is usual to use the reciprocal value of this ¢
resistance, now called conductance G and measured in Sien@)ysri@asured at AC and not DC.

Capacitance, resistance and inductance also vary with frequency, depending on the cable insulatior
wire dimensions used. As a result to model from audible frequencies to 1MHz and above we are foi
to use all four parameters, each being frequency dependant, so cannot use the Spice3 transmissiol
model. Perhaps some example measurements made with two of my cables will clarify these points:

Supra PTFE
Freq. Gus R Cpf LpH Z0 Gus R Cpf  LpH Z0
1kHz ~ 0.298 0.0926 994 1.8 1146 0.0047 0.060 804.3 11 915
10kHz  3.76 0.0937 905.2 1.78 49.6 0.05 0.0636 8015 1.04 405
100kHz 42.7 0.17 820 1.78 456 1.67 0.123 800.0 0.88 33.3
2MHz 6515 207 780 146 41.6 87.0 0.6 820 0.72 29.5

All cable models used for these simulations used 201 R, L and 200 G, C stages, based on the abov
values divided by 201 or 200 respectively and frequency dependant equations.

While Z0 can be calculated from the above table, it is much easier to copy the cable makers methot
Measure cable impedance with far end open circuit, then short circuited, whe{ﬁzﬁort x Zopen .
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Cable measurements/models.

Cable Equations used in Spice simulations, each 201/200 nodes, in order of RF Z0.
79Strand*0.2mm Zip-wire, 84.2WDCR (Z0 178 @ 1kHz, 103.8 @ 10kHz, 97.2 @ 1MHz,)
T.Line values used for each node.

Lseries, 4.9/201*0.01*(81.7e-6-(3.799e-6*(log10(F))))

Rseries, 4.9/201*(0.0172+47e-6*sqrt(F))

Cshunt, 4.9/200*1e-6*(81.7e-6-(3.3387e-6*(log10(F))))

Rshunt, 1.6525e12/F

Supra 2.0 cable 120*0.15mm, 91.QnDCR (Z0 114.€ @ 1kHz, 49. @ 10kHz, 41. @ 1MHz)
T.Line values used for each node.

Lseries, 4.9/201*0.01*(44.5e-6-(2.878e-6*(log10(F))))

Rseries, 4.9/201*(0.01856+175e-6*sqrt(F))

Cshunt, 4.9/200*1e-6*(243.1e-6-(13.2399e-6*(log10(F))))

Rshunt, 6.1285775e11/F

PTFE cable 19*0.45mm, 51.XinDCR ( Z0 91.82 @ 1kHz, 40.8 @ 10kHz, 29.8 @ 1MHz)
T.Line values used for each node.

Lseries, 4.9/201*0.01*(29.47e-6-(2.20357e-6*(log10(F))))

Rseries, 4.9/201*(0.01043+47.55e-6*sqrt(F))

Cshunt, 4.9/200*1e-6*(165.95e-6+(0.016118e-6*(log10(F))))

Rshunt, 2.90508e12/F

PTFE cable made using commercial PTFE insulated, 19*0.45mm silver plated wires.

#44 cable 37*0.32mm, 53.8nDCR (Z0 63.82 @ 1kHz, 2% @ 10kHz, 15.8 @ 1MHz)
T.Line values used for each node.

Lseries, 4.9/201*0.01*(25.878e-6-(2.5789e-6*(log10(F))))

Rseries, 4.9/201*(0.0109796+72.6e-6*sqrt(F))

Cshunt, 4.9/200*1e-6*(412.2e-6-(2.12989e-6*(log10(F))))

Rshunt, 4.00317e11/F

#55 cable 37*0.32mm, 54.8(nDCR (Z0 61.2 @ 1kHz, 24.0 @ 10kHz, 13.9 @ 1MHz,)

T.Line values used for each node.

Lseries, 4.9/201*0.01*(24.82e-6-(2.5444e-6*(log10(F))))

Rseries, 4.9/201*(0.01118+72.5e-6*sqrt(F))

Cshunt, 4.9/200*1e-6*(439.82e-6-(0.1266e-6*(log10(F))))

Rshunt, 6.00682e11/F

#44 used Raychem 44A0111-14 and #55 Raychem 55A0111-12 same wires, different insulation.

Cable A.
Supra Cable_200/01 nodes madel. Sch ti d
4.912017(0.01856+1 7 5e- GsqrHeF) cnematic use
] 4.9;20:}30.01 {44 5e-6-(2 87 8e-6=(0g 1 D)) to develop
S ysho RNy g T CTEY LR R RETTY, Ty e
ﬁ% Rig U “R1 [] RE3 | 5 RES | L4 RET | L5 RE9 | TG R71 o Lied < Res7| (200 & R459] (207 R461 Cab|e mode|S to
% 0.1 HElé CWé RE4 c2 REBG C3TR68 [} RTO c5 RTZ o] 4 R4a27T 199 | R460 CQUUT R’ L, C and G
51306776811/ measurements,
4920051 e-65243 18-8-(13.2399e-6%{log1 0(F Zo and quarter
4.92017(0.018586+1 7ae-6 sqriiF )
L020170.017(44 5e-B-(2.878e- 6 (log1 OFY)) Wavelength
= ppen  Flus iz - - - - - - - - - B - + - + - t
B ot o 0p8.7 200 7 a0, 20,7 a0 RETTR 200 e —v— | Fesonan
" RE2 L0z R4BZ| L203 R464| L204 R466 | L2045 R4BE | L206 R470| L207 R472 2 L4000 REs8| L401 REEO0| L402 REE2
SF01 ReGmooy] reesT coni | mesr T 0203 [ ReA9 T caoa] a7t T cans| RersT cond] 7 Rese 0299 [ meet T ocano | frequency.
5 1z =
6.1308776e11/F Flor Spe.aker
D1 a0 e 1660323995 (0010 T line values used for each node. simulations, use
- E] Lseries, 4.9/20170.017(44.5e6-(2.878e-6"(log10(F))))
e Az Rseries, 4.8/201%(0.01856+175e5"sqrt{F)) one only of
) 5 BE044e10F Cshunt, 4.9/20071e-5"(243.1e-6-(13.2399¢-6"(log10{F))) these two lines
- Rshunt, 6.1396776e11/F )
— DCOACH
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Spice “One Port” or “Z_block” model subcircuit as used in simulations.

& Mo amplifier zobel or cable used.

define Listval (0,0,0)
+H1000,4.89,11.3)
+2000,10.61,19)
H2300,13.1,12)
H2470,13.48 1
HAF00,13.2,-70)
H3000 10,77 -12.6)
+4000 5 48 -10.6)
+H5000,3.92 0.8)
HEOOD 4.01 9.3)
+7000,4.581,15.6)
HB000,5.20,20.4)
HO000 586,24 4)
+{10000 5.55 25.8)
+H11000,7.18 31)
+12000,7.83 33.5)
+{13000,3.41 35.2)
+14000 3.98 36.6)
+15000 9 56 38
H16000,10.11,39.6)
+H17000,10.66 40.8)
+{18000,11.20 42
H19000,11.75,43)
H20000 1231 44)

b Impedance magnitude and phase measured.
b Frequency checked using freq counters.

b ESP replica crogsover measured Direct, impedance and phase.

Outputt

Snuny

=n|d

;

ol
Toc

L

0AC

To prove this
201/200 node
model was
valid up to
10MHz, it was
initially used to
model against
4.9metre of
pre-measured
RG58U coaxial
cable, checking
for ZO by
frequency also
quarter wave
resonance
impedance and
frequency.

This Z_block
model allows a

CSV listing of
measured
frequency,
impedance and
ESP replica crossower, no cable, no zobel, measured direct phase angle
g e N Qutt g et parameters, to
PULSE (5.1@ o ?(13 be displayed on
L - 22 screen or used
Wsense Lis"t\\fglum i together with
eopy™ 1., =lrio other .
seene 1 ()7 ST 4T 100k components in
v = Spice
7 Block (Impedance_MagiPhase) simulation.

Frequency Domain Analysis ORLY.

You may wonder why | choose to use the above Z_block to represent both my test speakers, why n
simply model their schematics using Spice ? At audible frequencies that can work quite well, howev
higher frequencies every component used, whether inductor, resistor, capacitor and especially so tf
speaker drivers, for accuracy must use complex, multicomponent models, to match resonant freque
Every inductor or speaker voice coil includes significant self capacitance and resonant frequency pe
and troughs. Simplistic Spice simulation of this schematic, shows impedance continually increasing
frequency quite unlike the measured values resonant peaks and troughs, so leads to false conclusit

Accurately measuring both speaker systems and inputting measured values of impedance and phat
angle by frequency into the Z_block as shown, is quicker, simpler and most important, is error free.
Combined with my proven cable models, then produces the most accurate simulations possible, for
complex speaker with cable, behaviour. Clearly as figures 3 through 12 have shown, speaker cable
comply with established transmission line behaviour.
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