Piano 1 interconnects with actual testing results and the dreaded SKIN EFFECT
Hi guys,

As an avid audiophile, and long term fiddler and modifier, I have read and re-read many articles on TNT for years, but after a recent find and a heap of experimentation, this is my first attempt at contacting / publishing.

As an Electronics Engineer with a 20 year background in radar, sonar and audio engineering (live and studio), I think I have a vague understanding of how sound and electricity works. I have always been greatly amused at the claims made by Original Equipment Manufacturers (OEM’s) as to the benefits of their gear – especially cables, one of my “pet” projects.

I have tried dozens of different combinations of cables, made from all different types of cable, even some mega-expensive ($2k per meter / up to 67 GHz – yes, Giga) Gore® coax cable that accidently came into my possession (and which I still use for my CD interconnects).
My current front speaker cables are UBYTE variants and I have tried FFRC, Triple-T, and Triple-T + (my own twist using a total of 9 – 3 x 3 braided – Cat6 plenum cables) cable configurations for speakers and interconnects. Also many different COAX interconnects, and Piano 1 interconnects.
Having recently moved house and now having a dedicated theatre and music room, I thought I’d try a different approach to all my home theatre speakers, leaving my dedicated music speakers connected with UBYTE’s.

Recently I came across a roll of Belden 82688 IBM Type 1A cable, and as I was (and still am) impressed with my Piano1 interconnects, I thought I’d give it a go as speaker cable.

Lets face it, this configuration makes it pretty easy and pretty obvious how to do it.  1 pair positive and 1 pair negative for each speaker, with the shield earthed (I suppose you could earth the shield to the negative side, but I use a completely separated earth “bus” that all my gear [equipment chassis, rack metal components, turntable earth and now speaker cables] is connected to. In theory this may create some earth loop issues and “hum” but it hasn’t so far, so I’m sticking to it.) Alternatively, you don’t have to earth the shield at all – in theory this may make it act as an antenna though, depending on your EMI. In all honesty, I can’t tell the difference with the earth connected or not. 

I have also tried black with red, and orange with green (cross-connected) and can’t tell the difference.

The actual wire colours are Black/Orange & Red/Green.
As the individual pairs are shielded from each other there is no cross talk, and no external interference gets through the outer shield. At 2 x 22AWG (effectively giving a 19AWG) there is plenty of meat to avoid high resistance issues.
On a 9 meter run (longest run to the rear speakers);

Measured Capacitance: 183pF @ 1kHz
Measured Inductance: 4.4uH @ 1kHz
Measured Resistance: 47mΩ
Calculated Resonant Freq: 5.7MHz (Hey, that’s a bit higher than I can hear)
· Tektronix AFG3022B Sig Gen

· Fluke PM 6303A RCL meter
The results are pretty amazing. Listening to DVD-A, the sound was a little harsh initially, but burnt in nicely after about 10 hours – and seems to keep getting better.
With the remaining Type1A cable, I’m going to make up Piano1 interconnects for my DVD to receiver multi channel connections.

Testing the theories
As to testing in the extreme; as I am no longer in the military, my access to mega-expensive test equipment is limited, but when I was there I tested the Piano 1 interconnects I made. 

The interconnects were all 25cm long and terminated with Eichmann RCA’s using Cardas Tri-Eutectic solder (free plug for Cardas) – except for the fibre optic and the Gore (SMA’s)
Sweeping the Piano1’s from DC to 100MHz I found the 3dB point was at about 87Mhz, and power dropped off quite quickly after that. Through the “AUDIO” range of 20Hz to 60kHz, the variation was less than 0.001%. I also tested a set of Audioquest Copperheads® I had (and still use for my phono pre-amp to amp). They tested within 0.003%. The reference cable used was one of those magic Gore cables.
Then, just out of curiosity, I tested the Piano1’s (and the Audioquest) as a digital cable, using a single mode glass fibre optical cable as the reference.

CD:
16-bits/44.1 kHz
DVD:
24-bits/192 kHz 

BD:
54 Mbit/s at up to 340MHz
Guess what? No difference was detected. No jitter issues, no lost bits???? No lost bits or noise. Admittedly it was only a 25cm length of cable we were testing, but proves a point.

Next – the actual signals transmitted. Using all my negotiation skills (and a packet of Tim Tams) I enlisted the help of one of the electronic warfare nerds to analyse the signals.

First we used a series of test tones and captured the output, and saved it to compare. Guess what? No difference was detected. The Sine wave was exactly the same in the Piano1’s, the AQ, and the Mega dollar Gore. Hmmmmmmm…..making your interconnect choice look good (or bad)??????
Then, to aid in analysis, we played a very simple single note instrument (in our case a flute) track and took a 10 second sample. Once again when all the samples were analysed – no difference.
Now please feel free to draw whatever conclusions you want from this bit of rambling I have done. All I have done is present the fact as I found them. No personal bias, no marketing bullshit.

And don’t let me change your mind as to what you have or what you use. If it sounds good to you, USE IT. If you can afford the $1000 per foot cable and think it sounds good, USE IT. If your DIY coat hanger serves your purpose and budget, USE IT.
I am more than happy to discuss anything I have said here, and please tell me if you disagree. I would love to hear other people’s findings.

Now, the dreaded skin effect…..mwah, ah, ah (evil laugh), and solid Vs. Stranded cables.
For all of you out there that are devotees of the skin effect theory in audio cables (you might want to click away now so you are not upset or offended).

Lets get some facts straight:

· Skin effect is a real phenomenon;

· Skin effect is absolute crap when it comes to audio frequencies; and

· If you believe otherwise, I have some Snake Oil and Fairy Dust treated cables to sell you really cheap.

In researching skin effect for my Masters Degree, I came across the below article from MIT that would be Massachusetts Institute of Technology – one of the most highly respected universities in the world.

Both solid and stranded (individually insulated) speaker cables have their place.

You are more than welcome to read it and come to your own conclusions, but in the table below I have summarised the calculations.

	Hz
	mm
	x 2
	AWG

	60
	11
	22
	

	240
	5.5
	11
	

	960
	2.75
	5.5
	3

	3840
	1.375
	2.75
	10

	15360
	0.6875
	1.375
	15

	61440
	0.34375
	0.6875
	19


This is assuming a 1 PIECE, SINGLE CONDUCTOR, SOLID cable - Solid being the worst case scenario for “skin effect”. 

Total migration to the “skin” of a conductor is all around, so =  X x 2
This meant that at 60Hz the signal will migrate to travel within the outer 11mm of the conductor surface (the difference between aluminium used in obtaining measurements in the study below, and copper is minimal). As this is equal around the circumference, your cable would have to be larger than 22mm in diameter for there to be any effect at all. If you have 22mm cable, good on ya….must be a bitch to get terminated.
As the frequency increases to 15kHz (about as high as anyone over 25 hearing goes – at 25 years old you are down about 25dB at 6kHz) your cable world need to be almost 1.4mm in diameter, or 15AWG. That is in one solid piece. Now that’s do-able, but unlikely. 
Now 60kHz we are starting to see some potential effect. If your cable is bigger than 0.7mm and you can hear up to 60kHz, you might have to consider options. You would be a WANKER though.
I stopped here because that’s the combined total size cable I’m using, and 60kHz is higher than I can hear. My dogs might care, but I don’t think so.
Now, the THICKEST speaker cable I could find was about 8mm (how the hell you would get that in most speakers is beyond me) and that was multi stranded, with all those lovely little strands touching and rubbing against each other.

Multi-stranded cable allows MUCH better flexibility, as each strand moves along and across the others when it’s flexed. But the signal also has multiple boundaries to cross in its travels, each one inducing noise. Also wear, conductor damage and surface oxidisation comes into play.
As seen above in my Piano1 interconnects and speaker cables, resistance is pretty bloody low. Close enough to insignificant. And the current handling capacity is 2.3 amps. Now your amplifier maximum output is probably less than 35V pp.

P=IxV, so I=P/V, so a 150W amp will drive a maximum current of about 4.2 amps at its maximum output. (I know this isn’t perfect, as we are dealing with AC, reactance, etc – but its close enough for most people to understand). Even with only 1 conductor, I’m willing to bet your amp will die before a conductor melts.

So, in conclusion:

· Solid core is best for signal transfer at audio frequencies;

· Multi-stranded is best anywhere you have continuous movement;

· All interconnects should be solid – hey, how often do you move your components around.

Directional Cables

As for directional cable, as far as I know all analogue audio signals are a complicated AC waveform that goes positive and negative, effectively shuffling back and forth, and thereby making your speaker move back and forth. If a cable was directional it would allow flow only in one direction – DC – and fry your speakers in a very short period.

In theory a digital cable could be directional, with the positive going signal being transmitted, but the way to do this would be with a diode, which will reduce your signal strength by 0.7V and induce noise issues as frequencies increase. I can’t see the point.

Burn in. 

Unfortunately, because insulation stores and releases energy, it is also a “dielectric.” In a cable application, all released energy is distortion. The misnomer “break-in” is often used to describe the pronounced improvement in performance as the dielectric adapts to a charged state as the cable is used. Whenever a cable does not have a charge on it, it is re-adapting to an uncharged state; it is becoming new again. (Carefully stolen from Audioquest website without their permission, but the best description of the phenomenon I have heard. And I’ve given their cables a free sales plug, so they shouldn’t complain too much)

That’s my 2c worth. But basically use what you like. It’s your money. If you are happy with your system, that is all that matters.
	10.7
Skin Effect

If the surface current source driving the conducting block of Fig. 10.6.1 is a sinusoidal function of time 
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the current density tends to circulate through the block in the neighborhood of the surface adjacent to the source. This tendency for the sinusoidal steady state current to return to the source through the thin zone or skin region nearest to the source gives another view of magnetic diffusion. 

To illustrate skin effect in specific terms we return to the one-dimensional diffusion configuration of Sec. 10.6, Fig. 10.6.1. Once again, the distributions of Hz and Jy are governed by the one-dimensional diffusion equation and Ampère's law, (10.6.1) and (10.6.2). 

The diffusion equation is linear and has coefficients that are independent of time. We can expect a sinusoidal steady state response having the same frequency as the drive, (1). The solution to the diffusion equation is therefore taken as having a product form, but with the time dependence stipulated at the outset. 
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At a given location x, the coefficient of the exponential is a complex number specifying the magnitude and phase of the field. 

Substitution of (2) into the diffusion equation, (10.6.1), shows that the complex amplitude has an x dependence governed by 
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. 

Solutions to (3) are simply exp ([image: image9.png]
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x). However, [image: image11.png]


is complex. If we note that [image: image12.png]


j = (1 + j)/[image: image13.png]


2, then it follows that 
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In terms of the skin depth [image: image15.png]


, defined by 
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One can also write (4) as 
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With C+ and C- arbitrary coefficients, solutions to (3) are therefore 
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Before considering a detailed example where these coefficients are evaluated using the boundary conditions, consider the x - t dependence of the field represented by the first solution in (7). Substitution into (2) gives 
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making it clear that the field magnitude is an exponentially decaying function of x. Within the envelope with the decay length [image: image20.png]


shown in Fig. 10.7.1, the field propagates in the x direction. That is, points of constant phase on the field distribution have [image: image21.png]


t - x/[image: image22.png]


 = constant and hence move in the x direction with the velocity [image: image23.png]
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. Although the phase propagation signifies that at a given instant, the field (and current density) are positive in one region while negative in another, the propagation is difficult to discern because the decay is very rapid. 
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Figure 10.7.1 Magnetic diffusion wave in the sinusoidal steady state, showing envelope with decay length [image: image26.png]


and instantaneous field at two different times. The point of zero phase propagates with the velocity [image: image27.png]
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The second solution in (7) represents a similar diffusion wave, but decaying and propagating in the -x rather than the +x direction. The following illustrates how the two diffusion waves combine to satisfy boundary conditions. 

Example 10.7.1. Diffusion into a Conductor of Finite Thickness

We consider once again the field distribution in a conducting material sandwiched between perfectly conducting plates, as shown in either Fig. 10.7.2 or Fig. 10.6.1. The surface current density of the drive is given by (1) and it is assumed that any transient reflecting the initial conditions has died out. How does the frequency dependence of the field distribution in the conducting block reflect the magnetic diffusion process? 
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Figure 10.7.2 (a) One-dimensional magnetic diffusion in the sinusoidal steady state in the same configuration as considered in Sec. 10.6. (b) Distribution of the magnitude of Hz in the conducting block of (a) as a function of the skin depth. Decreasing the skin depth is equivalent to raising the frequency. 

Boundary conditions on Hz are the same as in Sec. 10.6, Hz (-b, t) = Ks(t) and Hz (0, t) = 0. These are satisfied by adjusting the complex amplitude so that 
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It follows from (7) that the second of these is satisfied if C+ = -C-. The first condition then serves to evaluate C+ and hence C-, so that 
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This expression represents the superposition of fields propagating and decaying in the [image: image32.png]


x directions, respectively. Evaluated at a given location x, it is a complex number. In accordance with (2), Hz is the real part of this number multiplied by exp (j[image: image33.png]


 t). The magnitude of Hz is the magnitude of (10), and is shown with the skin depth as a parameter by Fig. 10.7.2. 

Consider the field distribution in two limits. First, suppose that the skin depth is very large compared to the thickness b of the conducting block. This might be the limit in which the frequency is made very low compared to the reciprocal magnetic diffusion time based on the conductor thickness. 
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In this limit, the arguments of the exponentials in (10) are small. Using the approximation exp (u) [image: image35.png]


1 + u, (10) becomes 
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Substitution of this complex amplitude into (2) gives the space-time dependence. 

[image: image37.png]H. —





The field has the linear distribution expected if the current density is uniformly distributed over the length of the conductor. In this large skin depth limit, the field and current density spatial distributions are essentially the same as if the current source were time independent. 

In the opposite extreme, the skin depth is short compared to the conductor length. Perhaps this is accomplished by making the frequency very high compared to the reciprocal magnetic diffusion time based on the conductor length. 
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Then, the first term in the denominator of (10) is large compared with the second. Division of the numerator by this first term gives 
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In justifying the second of these expressions, remember that x is negative throughout the region of interest. Substitution of (15) into (2) shows that in this short skin depth limit 
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With the origin shifted from x = 0 to x = -b, this field has the x - t dependence of the diffusion wave represented by (8). So it is that in the short skin depth limit, the distribution of the field magnitude shown in Fig. 10.7.2 has the exponential decay typical of skin effect. 

The skin depth, (5), is inversely proportional to the square root of [image: image41.png]
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. Thus, an order of magnitude variation in frequency or in conductivity only changes [image: image44.png]


by about a factor of about 3. Even so, skin depths found under practical conditions are widely varying because these parameters have enormous ranges. In good conductors, such as copper or aluminum, Fig. 10.7.3 illustrates how [image: image45.png]


varies from about 1 cm at 60 Hz to less than 0.1 mm at l MHz. Of interest in determining magnetically induced currents in flesh is the curve for skin depth in materials having the "physiological" conductivity of about 0.2 S/m (Demonstration 7.9.1). 
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Figure 10.7.3 Skin depth as a function of frequency.

If the frequency is high enough so that the skin depth is small compared with the dimensions of interest, then the fields external to the conductor are essentially determined using the perfect conductivity model introduced in Sec. 8.4. In Demonstration 8.6.1, the fields around a conductor above a ground plane line were derived and the associated surface current densities deduced. If these currents are in the sinusoidal steady state, we can now picture them as actually extending into the conductors a distance that is on the order of [image: image47.png]


. 

Although skin effect determines the paths of current flow at radio frequencies, as the following demonstrates, it can be important even at 60 Hz. 




 HYPERLINK "http://web.mit.edu/6.013_book/www/Videos/10.7.1.rm" 
Demonstration 10.7.1
. Skin Effect

The core of magnetisable material shown in Fig. 10.7.4 passes through a slit cut from an aluminium block and through a winding that is driven at a frequency in the range of 60-240 Hz. The winding and the block of aluminium, respectively, comprise the primary and secondary of a transformer. In effect, the secondary is composed of one turn that is shorted on itself. 
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Figure 10.7.4 Demonstration of skin effect. Currents induced in the conducting block tend to follow paths of minimum reactance nearest to the slot. Thus, because the aluminum block is thick compared to the skin depth, the field intensity observed decreases exponentially with distance X. In the experiment, the block is 10 x 10 x 26 cm with thickness of 6 cm between the right face of the slot and the right side of the block. In aluminum at 60 Hz, [image: image50.png]


= 1.1 cm, while at 240 Hz [image: image51.png]


is half of that. To avoid distortion of the field, the yoke is placed at one end of the slot.

The thickness b of the aluminum block is somewhat larger than a skin depth at 60 Hz. Therefore, currents circulating through the block around the leg of the magnetic circuit tend to follow the paths of least reactance closest to the slit. By making the length of the block and slit in the y direction large compared to b, we expect to see distributions of current density and associated magnetic field intensity at locations in the block well removed from the ends that have the x dependence found in Example 10.7.1. 

In the limit where [image: image52.png]


is small compared to b, the magnitude of the expected magnetic flux density Bz (normalized to its value where X = 0) has the exponential decay with distance x of the inset to Fig. 10.7.4. The curves shown are for aluminum at frequencies of 60 Hz and 240 Hz. According to (5), increasing the frequency by a factor of 4 should decrease the skin depth by a factor of 2. Provision is made for measuring this field by having a small slit milled in the block with a large enough width to permit the insertion of a magnetometer probe oriented to measure the magnetic flux density in the z direction. 

As we have seen in this and previous sections, currents induced in a conductor tend to exclude the magnetic field from some region. Conductors are commonly used as shields that isolate a region from its surroundings. Typically, the conductor is made thick compared to the skin depth based on the fields to be shielded out. However, our studies of currents induced in thin conducting shells in Secs. 10.3 and 10.4 make it clear that this can be too strict a requirement for good shielding. The thin-sheet model can now be seen to be valid if the skin depth [image: image53.png]


is large compared to the thickness [image: image54.png]


of the sheet. Yet, we found that for a cylindrical shell of radius R, provided that [image: image55.png]
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R [image: image59.png]


1, a sinusoidally varying applied field would be shielded from the interior of the shell. Apparently, under certain circumstances, even a conductor that is thin compared to a skin depth can be a good shield. 
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Figure 10.7.5 Perfectly conducting [image: image61.png]


-shaped conductors are driven by a distributed current source at the left. The magnetic field is shielded out of the region to the right enclosed by the perfect conductors by: (a) a block of conductor that fills the region and has a thickness b that is large compared to a skin depth; and (b) a sheet conductor having a thickness [image: image62.png]


that is less than the skin depth. 

To understand this seeming contradiction, consider the one-dimensional configurations shown in Fig. 10.7.5. In the first of the two, plane parallel perfectly conducting electrodes again sandwich a block of conductor in a system that is very long in a direction perpendicular to the paper. However, now the plates are shorted by a perfect conductor at the right. Thus, at very low frequencies, all of the current from the source circulates through the perfectly conducting plates, bypassing the block. As a result, the field throughout the conductor is uniform. As the frequency is raised, the electric field generated by the time-varying magnetic flux drives a current through the block much as in Example 10.7.1, with the current in the block tending to circulate through paths of least reactance near the left edge of the block. For simplicity, suppose that the skin depth [image: image63.png]


is shorter than the length of the block b, so that the decay of current density and field into the block is essentially the exponential sketched in Fig. 10.7.5a. With the frequency high enough to make the skin depth short compared to b, the field tends to be shielded from points within the block. 

In the configuration of Fig. 10.7.5b, the block is replaced by a sheet having the same [image: image64.png]


and [image: image65.png]


but a thickness [image: image66.png]


that is less than a skin depth [image: image67.png]


. Is it possible that this thin sheet could suppress the field in the region to the right as well as the thick conductor? 

The answer to this question depends on the location of the observer and the extent b of the region with which he or she is associated. In the conducting block, shielding is poor in the neighbourhood of the left edge but rapidly improves at distances into the interior that are of the order of [image: image68.png]


or more. By contrast, the sheet conductor can be represented as a current divider. The surface current, Ks, of the source is tapped off by the sheet of conductivity per unit width G = [image: image69.png]
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/h (where h is the height of the structure) connected to the inductance (assigned to unit width) L = [image: image71.png]


bh of the single-turn inductor. The current through the single-turn inductor is 

[image: image72.png]ar




This current, and the associated field, is shielded out effectively when |[image: image73.png]


 LG| = [image: image74.png]
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b[image: image77.png]
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1. With the sheet, the shielding strategy is to make equal use of all of the volume to the right for generating an electric field in the sheet conductor. The efficiency of the shielding is improved by making [image: image79.png]
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b large: The interior field is made small by making the shielded volume large. 
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