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Introduction

This tutorial addresses distortion of acoustic signals, radiated from dynamic drivers used in loudspeakers, which arises form the very motion of the diaphragm responsible for transforming the electrical input signal to the acoustic output. Commonly referred to as Doppler distortion, I am referring to it here as waveform distortion as there is considerably more to it than a simple constant frequency shift. I will begin with a brief discussion of the propagation of an acoustic signal in the atmosphere. If is assumed that the reader will have sufficient background in physics to understand the principles presented. First, I assume that there is an acoustic signal of a given frequency, (, and amplitude, (p, such that,

P (x=0,t) = P0 + (p sin((t)







(1)

That is, at the point in space, x=0, P varies sinusoidally in time about a nominal pressure level, P0. This disturbance will propagate in space at the speed of sound, c0, such that at any point in space,

P(x,t) = P0,     t < x/c0,








(2a)

P(x,t) = P0 + (p sin(((t-x/c0)) ,   t>x/c0,





(2b)

Graphically this may be represented as shown in Figure 1. The graph shows a one- dimensional representation of space/time. The x-axis extends to the left and the time axis is vertical. The line sloping up to the left represents the propagation of the disturbance. For all values of x and t below the line the pressure is constant at P0. Above the line the pressure varies in accordance with Eq. (2a & b). Thus if we draw a vertical line at any value for x, the pressure is constant at P0 until the time is reached where the vertical line intersects the sloped line. Continuing along the same line of constant x above the sloped line, the pressure will have a sinusoidal variation.  The slope of the line separating the region where no disturbance is felt form the region where the pressure variation is felt is given by the reciprocal of the sound speed,

dt/dx = 1/c0,









(3)

This represents the ideal case of a stationary source radiating an acoustic disturbance at single frequency into an ideal medium with constant sound speed, c0, in one dimension. There is no distortion, and everywhere the pressure variation is exactly sinusoidal. 

The questions arise, when considering the reproduction of sound using dynamic drivers: What is the effect of the motion of the driver on the reproduced signal? Does it introduce distortion; and if so, in what manner and to what extent? As shall be seen, we need not consider more than one dimension or variations in sound speed at this point in order to investigate these effects.
Basics of Dynamic Driver Motion

Our dynamic driver, whether a cone, a dome, a ribbon, or a planer radiator; whether

electromechanical or electrostatic, converts an electrical input into motion which imparts a similar motion to the air in contact with the driver. This disturbance of the air results in the generation of acoustic waves that propagate into the surrounding environment at the speed of sound. The only difference between this and the case outline briefly in the introduction is that in this case the source of the disturbance is moving. Considering a single frequency applied to an ideal driver operating in the piston range, the motion of the driver is generated by the motor structure, which applies a force to the dynamic element. Given that this dynamic element has constant mass, and that the applied force is sinusoidal, Newton’s law tells us that the acceleration of the driver will be sinusoidal as well. Thus,

a = a0 sin((t)









(4)

Integration of Eq(4) yields the velocity of the radiating element,

v = -(a0/() cos((t)








(5)

and integration of Eq(5) yields the displacement of the element,

x= -(a0/(2) sin((t)








(6)

For conditions of displacement limited operation,

x = xmax sin((t)








(7)

and from Eqs(6&7) we see that 

xmax = (a0/(2)









(8)

We note here that the sound pressure level is proportional to the acceleration squared,

SPL ( 10 Log (a2)








(9)

and from Eq(8),

SPL ( 10 Log (xmax (4)







(10)

Eq(10) is the expected result and shows that SPL rises by 12dB/octave for displacement limited operation. On the other hand, under the restriction of constant SPL Eq(8) shows that

amax = xmax (2 = const.



 




(11)

Thus for a given value of xmax, the lower the value of (, the lower the max acceleration of the driver. If we were to choose some low frequency with in the piston range, (L to be the desired low frequency limit of a systems flat SPL range, then,

amax = xmax (L2  = const. 







(12)

and the driver velocity as a function of frequency, for ( above (L, would be,

v(() = xmax (L2/(








(13)

showing that the driver velocity decreases with increasing frequency as 1/(.

Distortion in a Driver Radiating Two Different Frequencies

With some basics of sound propagation and driver dynamics under our belt let’s proceed to examining what happens when a driver is attempting to reproduce two different frequencies simultaneously. Taking the lower frequency as (L and the higher frequency as (H, let the two frequencies be related as

(H = n(L









(14)

where n can be any number greater than 1. The driver motion is expressed as.

xd = -aL/(L2 sin ((Lt) + -aH/(H2 sin ((Ht)





(15)

Looking at the worst case, let’s assume that the driver is operating at the max SPL obtainable at (L within its linear range. Thus the acceleration, aL, would be given by Eq(12)  and,

aL = xmax (L2 









(16)

The high frequency signal will complete a single cycle in 1/n cycles of the low frequency signal. If we consider the displacement of the driver due only to the low frequency signal during this fraction of a low frequency cycle, we may determine how much the wavelength of the high frequency signal is altered at it propagates into the environment. We know that the period of the high frequency signal is,

TH = 1/fH = 2(/(H








(17)

We also know how far the leading edge of the high frequency signal will propagate into the environment in one period, one wavelength or,

(h = Th c0









(18)

If the source was not moving the beginning of the second cycle of the high frequency signal would be starting from the same point in space and the wave length of the signal would be unaltered. On the other hand, if the source were moving at a constant velocity, V, less than the speed of sound, the beginning of the second cycle would be starting from the position that was given by,

x = Th V









(19)

and the wavelength of the signal would be compressed to

(’H = (h – TH V








(20)

The frequency would be shifted higher due to the shorter wavelength,

f ’H = c0/(’H   









(21)

For this constant velocity case, this is a simple Doppler shift as given by

f ’H = fH /(1 – V/c0)








(22)

However, for the case of sound radiation from a source that is moving with other than constant velocity the problem is more complex. We still have to determine how far the cone moves over a single cycle of the high frequency signal. This is complicated by the fact that the velocity varies, and even changes direction, over the period of a single high frequency cycle, depending on at what point in the low frequency cycle the period for the high frequency starts. Remember there are n periods of high frequency to every one low frequency cycle (see Figure 2). We also have to consider that the cone is also moving simple due to the high frequency signal itself. We shall deal with the second problem first as it is quite easy. Recognizing that we are dealing with a single complete cycle of the high frequency signal, examination of Eq(15) shows that the contribution to the driver displacement over this single cycle is a net of zero. The high frequency motion of the driver may have some effect on the actual shape of the radiated signal, but over one complete cycle there is no net contribution to the change in position. I well address this in greater detail later. For now we shall concentrate on the wave form distortion arising only form the low frequency driver motion. 

To obtain the distance the driver moves over a single period of the high frequency cycle, we need only integrate the expression for the low frequency driver velocity over the high frequency period Th. The question is, where on the cycle do we start? The worst case result, i.e. the maximum driver displacement, will occur when the period spans the point in the low frequency cycle where the velocity is a maximum. From Eq(5) we see that the maximum velocity will occur when the (t equals zero or ( as the cosine function equals +/- 1.0 at those times. Thus we should integrate the low frequency velocity function as follows to obtain the worst case result.

        (TH/2
xd  =(   a0/(L cos((Lt) dt   = 2a0/(L2 sin (TH(L/2)           



(23)

          (-TH/2
Now we also note that

TH = TL/n









(24)

Substituting this and the acceleration from Eq(16), when the low frequency is radiated at the maximum linear excursion limit of the driver, (again a worst case), into Eq(24) we obtain

xd  = 2xmax sin (TL(L/2n)   =   2xmax sin ((/n)




(25)

There are several interesting features in Eq(25). First, note that if n=1, xd is zero. This is consistent with our previous statement regarding the ignoring of the displacement from the high frequency signal since over a complete cycle the net impact on the driver position was zero. Also note that as n ( infinity, xd ( 0. 

With the driver displacement due to the low frequency motion over a single high frequency cycle known, we can now turn our attention to how this affects the frequency of the radiated high frequency signal. The wavelength of the high frequency signal will be given as,

(’H = (h –  xd









(26)

and the apparent frequency of the signal will be 

f’H = c0 / (’H = c0 /((h –  xd)  = fH/ [1 – (xdfH/c0)]




(27)

or finally,

f’H = fH/ [1 – (2xmaxfH/c0 )sin ((fL/fH)]





(28)

We also note that as n gets large the term ((fL/fH) becomes small and since the sin(() = (
For small (, Eq(28) can be expressed as

[f’H / fH] = 1/ [1 – (2(xmaxfL/c0 )]






(28a)

as n(infinity. Eq(28a) indicates the maximum frequency shift that can occur as the higher frequency becomes large.

Eq(27&28) represent the worst case, maximum frequency shift, that can occur during a single high frequency cycle when the driver is operating at it’s excursion limited low frequency SPL and driver velocity. To consider lower excursions, one need only replace xmax with the appropriate excursion. The lower excursion will lower the degree of frequency shift. It should also be noted that if the driver velocity were integrated over a different portion of the low frequency cycle, the value for xd will also be less. In fact, as might be obvious to some, if the integral of Eq(23) were evaluated over the interval (/2 – TH/2 to (/2 + TH/2, xd would come out zero and there would not be any frequency shift during that cycle. While not exact, this indicates that over one complete low frequency cycle, the modulated frequency of the high frequency signal would vary approximately as

f’H = =fH + (fH sin((Lt)







(29)

with 

(fH = fH – f ’Hmax








(30)

and f ’Hmax given by Eq (27) or (28). Thus there would be a warble tone to the high frequency sound. Obviously, whether this is audible or not would depend on the magnitude of the (fH and the SPL of the high frequency signal relative to the level of the low frequency signal. I also emphasize that the degree of frequency shift is totally independent  of the high frequency SPL. Additionally since the worst case occurs when the low frequency is reproduced at the highest SPLs, the question arises if the effect would be audible at all. Certainly in two way system, where there is a possibility of sever modulation in woofers by subsonic frequencies, particularly when listening to older, possibly warped LPs, such effects would not be masked by a low frequency that was in the audible range. 

In the previous revision of this paper I failed to recognize an important result that lead me to several incorrect conclusions. The instantaneous frequency given by Eq(29) can be substituted into the sine function and the result view as the “effective” radiated signal. As such, the SPL radiated would take the form of

S(t) = sin{(ht + ((h sin((lt)}


       = 
sin((ht)cos(((h sin((lt) + cos((ht)sin(((h sin((lt)



(31)

This is the classic form for a frequency modulated signal where (h is the carrier frequency, ((h/(l is the modulation index, and (l the modulation frequency.  The RHS of Eq(31)  may be expanded using Bessel’s functions and the various frequency components present in the signal can be determined. The result is 

S(t) = J0 (x)sin((ht) + ( Jk(x)[sin{((h +k(l)t} + (-1)k sin{((h -k(l)t}]

(32)

where the summation is over k = 1 to infinity and x= (((h/(l). The important thing to notice here is that the radiated SPL includes the fundamental high frequency term, given by the first term on the RHS of Eq(32) and an infinite number of side bands at (sb = (h +/- k(l. Since these sidebands were not in the original signal, they must be regarded as distortion and they appear no different than ordinary IM distortion. While in theory there are an infinite number of sidebands, if x <<k, the terms for k>1 are negligible. This leaves only the fundamental and the first sidebands, at (h +/- (l, as significant. Additionally, with x<<k, J0 ( 1.0, and J1 ( x/2 = ((h/2(l is a direct indication of the level of the IM distortion associated with the first sidebands. We also note that the modulation index can be expressed as 

((h/(l = n[1./{1-(2 xd sin((/n))/(h} – 1]





(33)

Eq(33) tells us that while the maximum percent change in the higher frequency reaches an asymptotic limit for a given xmax and (h, as n gets large (Eq(28a)), the modulation index, and therefore the IM distortion, will continue to increase as n increases.

Self modulation of a Single Frequency

When a driver is radiating a single frequency what is the effect of the driver motion? It was already mentioned that there would be no effect on the wavelength of the radiated sound as the integration of the driver velocity over a complete cycle yielded a net displacement of zero, thus no wave form compression. However, recalling form the discussion accompanying Figure 1, the wave form only remains undistorted if the radiating source is truly fixed in space. This is not the case with our dynamic drivers, which are moving continuously throughout the cycle. Consider the driver motion as being broken down in to a compression portion of the cycle, when the driver is moving forward, and an expansion portion, when the driver is retreating. Now the distance the acoustic wave travels during a period of the oscillation is

xp = (T C0 dt  =  (







 
(34)

where the integral is evaluated form t=0 to t=T = 1/f = 2(/(. Likewise, the distance the driver will travel is given as the integral of the driver velocity,

 xd  = (T vd dt = (T xmax( cos((t) dt              





(35)

and as stated before, over a complete cycle xd is zero. In Eq(35) I have again taken the extreme case where the driver is operating at it excursion limit. The wave length compression is still given as 

(’ = ( - xd









(36)

Now, let’s ask ourselves what happens when we integrated only over a portion of a cycle. We can define an effective, or fractional cycle wavelength, as 

(e =  T/t (t [C0 - xmax( cos((t)] dt = ( – (T xmax/t) sin(2(t/T)



(37)

where 0 (  t ( T. The integrand in Eq(37) yields the net propagation distance during the fraction of a cycle, and the T/t multiplying factor scales the result to a full cycle. From Eq(37) the effective frequency, fe, during any part of a cycle will be given as 

fe = c0/(e









(38)

The ramifications of Eqs (37&38) may be a little difficult to see so let’s look at an example. Let  t = ¼ T, when the driver will be at it maximum forward excursion. Under such conditions (e from Eq(37) is

(e = ( - 4 xmax









(39)

This translates to 

fe = f/[1 – (4xmaxf/c0)]








(40)

and indicates that during the compression portion of the cycle the effective frequency is increased. Evaluating Eqs(37&38) for t = ¾ T shows that

(e = ( + 4 xmax









(41)

and

fe = f/[1 + (4xmaxf/c0)]








(42)

which indicates that during the expansion portion of the cycle the wave length is expanded and the effective frequency reduced. We have already shown that there is no net change in the frequency or wavelength over a complete cycle, so what do these results mean? They mean simply that during the compression portion of the cycle the waveform is distorted and that the form of this distortion is a steepening of the wave front. Conversely, during the expansion portion of the cycle the waveform is stretch out and the fall in pressure is less steep than the input signal. Thus, while there is no shift in frequency, the waveform is not a true sine wave but would appear as shown in Figure 3 (although exaggerated in Fig 3). From Eq(40) we can define a figure of merit for wave form distortion as 

( = fe/f - 1 = (1/[1 - (4xmaxf/c0)]) -1






(43)

corresponding to the worst case. 

Returning to the two-frequency case for a moment, recall that we only addressed the shift in frequency due to the total change in wavelength over a complete high frequency cycle. However, the present analysis addresses an effect that arises due to the fact that the driver velocity is not constant over a single cycle. This applies equally to the two-frequency case with the result that there will not only be a time varying frequency shift, but the wave form will also be distorted as shown in figure 3. However, due to the actual driver motion, in the two-frequency case the actual wave form distortion may be considerably more complex. The fractional cycle wavelength would be obtained from an equation similar to Eq(37), but the complete expression for the driver motion would need to be substituted in the integrand. Obviously, the analysis could be extended to include any number of frequencies and the result evaluated for any given frequency component. 

Example Calculation for  Single and Two Frequency Cases

Here I wish to simply give an indication of the degree of waveform and IM distortion possible in typical drivers. The first case is for a typical 5” bass/midbass unit, the Focal 5NV4211. This driver has an xmax of 3.25 mm and in a sealed box application with suitable equalization might be designed to operated as low as 70 Hz. The maximum percent frequency shift, (fH/fH, for the higher frequency is shown as a function of the frequency ratio in Figure 4. The frequency shift rises rapidly and asymptotes to a value of approximately 0.42%. Thus, for frequencies greater than those shown on the figure the frequency shift would not exceed 0.42%. A 1000 Hz signal would therefore warble at most between 1000 Hz +/- 4.2 Hz. In Figure 5 I show the variation of the maximum frequency shift as a function of fL assuming that the driver is operating at its xmax limit, 3.25 mm, regardless of the value of fL. While interesting, it should be noted that above approximately 100 Hz the power required to push the driver to its xmax limits exceeds the rated power limits of the driver. While the curve in Figure 5 appears to be a straight line the actual behavior is as fL/(1-fL). It appears straight because we are in the range where, in affect, fL is small and the denominator is close to 1.0. Finally, we should note that if xmax were increased we would again see an increase in the percent shift in frequency. Returning to Eq(28a) we see that xmax plays a similar role as fL. Thus, if xmax were doubled we would expect an approximate doubling in the frequency shift. For example, the shifts shown in Figure 4 for xmax = 3.25mm would approximately double if xmax were increased to 6.5 mm. 

The IM distortion corresponding to a driver excursion of xd = 3.25mm and fl = 70 Hz is shown vs. the frequency ratio in Figure 6. As noted, the distortion level continues to rise with increasing frequency ratio. This is for the case of holding fl and xd constant and varying fh. One would naturally ask. What would happen for a fixed high frequency and excursion and different low frequencies? This result is shown in Figure 7. Interestingly, while the sideband frequencies change, as would be expected, the amplitude of the sidebands remains relatively constant until the ratio of the fh /fl becomes less than approximately 4. For example, as shown in Figure 7, for fh = 1000 and xd = 2 mm, the level of the sidebands remains in the -35 dB range until fl rises above 250 Hz. At fl = 500 Hz the level drops to –38 dB. Obviously, as the low fl and fh converge, the sidebands disappear altogether. 

Now let’s turn from the frequency shift phenomena when two frequencies are reproduced simultaneously to the wave form distortion for a single frequency. Here I would like to consider a woofer such as the Shiva. Assuming the woofer is operating at its xmax limit, (16mm), at 30 Hz, what would the worst case waveform distortion parameter be? From Eq(40) it  is found to be  0.0056 or 0.56%. What this means is that during the compression part of the 30 Hz cycle, the fractional cycle wavelength would be reduced by 0.56%. This would mean the apparent frequency for the compression cycle would be 30.16 Hz, a very insignificant distortion. But what of the new generation of woofer with excursion limits in the 2” range? These are gaining popularity in compact, high-powered subwoofer systems. In this case the figure of merit is roughly 0.0182, or in terms of frequency, 30.55 Hz, still not much in the way of distortion. 

Concluding Remarks

While a number of simplifications have been applied in the present analysis, the effort does serve to show how different frequencies produced simultaneously by a single driver can affect each other. The analysis clearly showed that there is no qualitative difference between this motion-induced distortion and ordinary IM distortion. The analysis also showed that for a fixed excursion and low frequency signal, the degree of frequency shifting, expressed as a fraction of the high frequency fundamental, quickly reached a maximum value as the frequency ratio increased. Conversely, the level of the IM distortion continued to rise as the frequency ratio increased. On the other hand, if the higher frequency and low frequency driver excursion were fixed, it was found that the level of the sideband distortion components was relatively insensitive to the specific frequency of the lower frequency signal until that frequency approached the same value at the higher frequency. 

Waveform distortion of a single frequency as the result of driver motion was also analyzed. While the results showed that such waveform distortion did occur, it remains an open question as to whether this effect is audible. In fact, this kind of distortion occurs naturally in sound propagation. We noted that during a compression cycle of the driver, the effective wavelength of the radiated signal was shortened. During the expansion portion of the cycle it is lengthened. While neglected in most acoustics work, this same effect occurs naturally with the propagation of pressure signals in the atmosphere. As the pressure rises behind a propagating pressure wave, the air is compressed slightly resulting in a slight rise in temperature and a corresponding rise in the speed of sound. This result in a steepening of the leading edge of pressure waves associated with a compression. Similarly, as the pressure drops behind the wave, the speed of sound decreases and the expansion part of the wave flattens out. While beyond the acoustics phenomena, it is this effect that results in the coalescence of compression waves, of sufficient magnitude, into a singe shock wave. 

Another interesting observation that stems form the analysis presented here is that such distortions must necessarily be present in any instrument that generates sound through mechanical vibration. Be it a drum skin or the string on a piano. An exception might be those instruments that generate sound through the establishment of resonance such as in an organ pipe. In that sense it is possible to question whether these effects are appropriately called distortion. In the sense that they represent a departure of the output signal form the precise form of the input they obviously are distortion. In any regard, the effect can be minimized by using drivers with large surface area and minimal displacement, although other compromises may be introduced. It is, perhaps in part, for this reason that large panel radiators, such as large electrostatic speakers, sound a little more natural that the majority of cone or dome type loudspeaker system. 
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Figure 1. Time space plot showing an acoustic disturbance at x=0, and 

                propagation of the disturbance into free space.
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           Figure 2. Sine wave disturbances at a frequency ( and n(.
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Figure 3. Distortion of sine wave due to motion of driver during  

                         the reproduction of the signal. The distortion is exaggerated.
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   Figure 4. Maximum frequency shift for a typical 5” driver with 

                  Xmax =  3.25 mm and fL = 70 Hz.
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with a Low Frequency  Excursion of 2 mm and a High Frequency of 1000Hz. 
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    Figure 5. Maximum percent shift in fH as a function of fL for a typical 5”  

                  driver operating at the xmax limit at fL. 
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Figure 6. Sideband, or IM distortion level vs. frequency ration for xd = 3.25 mm and FL = 70 Hz.
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Figure 7. Distortion level for a 1000Hz high frequency signal and a fixed 

               low frequency excursion of 2 mm as a function of the low        

               frequency signal frequency.
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[image: image9.wmf]Max % shift in F high vs F low for a constant Xmax = 3.25mm
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[image: image11.wmf]Resulting IM Distortion  for 5" driver with Xmax = 3.25mm, Fl = 70 Hz
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[image: image12.wmf]IM Distortion Level as a Functiion of the Frequency of the  Low Frequency Signal 

with a Low Frequency  Excursion of 2 mm and a High Frequency of 1000Hz. 
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		0.0106627297		Xd, ft						wave high		16.0714285714		8.0357142857		5.3571428571		4.0178571429		3.2142857143		2.6785714286		2.2959183673		2.0089285714		1.7857142857		1.6071428571		0.0001125

		16.0287776528		effective wave length						w eff		16.0714285148		8.0143888264		5.3386744771		4.002777776		3.201750933		2.6679087071		2.2866656046		2.000767678		1.778420555		1.6005529332		0

		70.1862627562		Fe						f eff		70.0000002465		140.3725255124		210.726464937		281.0548231668		351.3702419573		421.6785968029		491.9827357945		562.2841734065		632.5837816346		702.8820957285		10041860.8087538

		1.0026608965		Fe/F						fe/f		1.0000000035		1.0026608965		1.0034593568		1.0037672256		1.003914977		1.0039966591		1.0040463996		1.0040788811		1.0041012407		1.0041172796		1.0041860809

		0.2660896517		%

		70		F-low						%		0.0000003521		0.2660896517		0.3459356843		0.3767225596		0.3914977021		0.3996659055		0.4046399581		0.4078881083		0.410124069		0.4117279612		0.4186080875

		3.25		Xmax
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Frequency Ratio Fh/Fl,

IM Distortion Level, dB

Resulting IM Distortion  for 5" driver with Xmax = 3.25mm, Fl = 70 Hz
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Frequency Ratio Fh/Fl,

Maximum percent high frequency shift

Frequency shift for 5" driver with Xmax = 3.25mm, Fl = 70 Hz
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F low, Hz

Percent shift in F high

Max % shift in F high vs F low for a constant Xmax = 3.25mm
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		30		F						F low		100		100		100		100		100		100		100		100		100		100		100		100		100				0		100		200		300		400		500		600		700		800

		1125		Co						F hgh		100		200		300		400		500		600		700		800		900		1000		1500		2000		10000000				10000000		10000000		10000000		10000000		10000000		10000000		10000000		10000000		10000000

		37.5		wave length						Xmax, mm		5		5		5		5		5		5		5		5		5		5		5		5		5				3.25		3.25		3.25		3.25		3.25		3.25		3.25		3.25		3.25

		0.0333333333		T						Xmax, ft		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995				0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297

		0.0083333333		t						n		1		2		3		4		5		6		7		8		9		10		15		20		0

		51		Xd, mm						Xd		0.0000000871		0.032808399		0.0284128924		0.023199026		0.019284279		0.0164041869		0.0142350196		0.0125552207		0.0112211242		0.0101383446		0.006821244		0.00513236		0

		0.1673228346		Xd, ft						wave high		11.25		5.625		3.75		2.8125		2.25		1.875		1.6071428571		1.40625		1.25		1.125		0.75		0.5625		0.0001125				0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125

		36.8307086614		effective wave length						w eff		11.2499999129		5.592191601		3.7215871076		2.789300974		2.230715721		1.8585958131		1.5929078375		1.3936947793		1.2387788758		1.1148616554		0.743178756		0.55736764		0

		30.5451630144		Fe						f eff		100.0000007739		201.1733646231		302.2903851193		403.3268587655		504.3224420722		605.2956711062		706.2555494354		807.2068695974		908.1523926478		1009.0938140211		1513.7677052123		2018.4164263269		10092465.4079939				10000000		10059908.6335276		10120539.402142		10181905.4418735		10244020.2092979		10306897.4913743		10370551.415647		10434996.4608275		10500247.4677745

		1.0181721005		Fe/F						fe/f		1.0000000077		1.0058668231		1.0076346171		1.0083171469		1.0086448841		1.0088261185		1.0089364992		1.009008587		1.0090582141		1.009093814		1.0091784701		1.0092082132		1.0092465408				1		1.0059908634		1.0120539402		1.0181905442		1.0244020209		1.0306897491		1.0370551416		1.0434996461		1.0500247468

		1.8172100481		%

		30		F-low						%		0.0000007739		0.5866823115		0.7634617064		0.8317146914		0.8644884144		0.882611851		0.8936499193		0.9008586997		0.9058214053		0.9093814021		0.9178470142		0.9208213163		0.9246540799				0		0.5990863353		1.2053940214		1.8190544187		2.440202093		3.0689749137		3.7055141565		4.3499646083		5.0024746777

		51		Xmax

										Mod index		0.0000000077		0.0117336462		0.0229038512		0.0332685877		0.0432244207		0.0529567111		0.0625554944		0.072068696		0.0815239265		0.0909381402		0.1376770521		0.1841642633

										%IM		0		0.0034419613		0.01311466		0.0276699731		0.0467087637		0.0701103312		0.0978297468		0.1298474235		0.1661537647		0.2067436336		0.473874267		0.8479118966

										Im, dB		-168.2472738351		-44.6319401113		-38.8224296452		-35.5799126286		-33.3060162786		-31.5421798152		-30.0952907029		-28.865666635		-27.7948981404		-26.8456785504		-23.2433687431		-20.7164927132

										F low		100		100		100		100		100		100		100		100		100		100		100		100

										F hgh		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000

										Xmax, mm		0.025		0.05		0.1		0.2		0.3		0.4		0.6		0.8		1		2		3		5.5

										Xmax, ft		0.000082021		0.000164042		0.000328084		0.000656168		0.000984252		0.001312336		0.0019685039		0.0026246719		0.0032808399		0.0065616798		0.0098425197		0.0180446194

										n		10		10		10		10		10		10		10		10		10		10		10		10

										Xd		0.0000506917		0.0001013834		0.0002027669		0.0004055338		0.0006083007		0.0008110676		0.0012166013		0.0016221351		0.0020276689		0.0040553378		0.0060830067		0.011152179

										wave high		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125

										w eff		1.1249493083		1.1248986166		1.1247972331		1.1245944662		1.1243916993		1.1241889324		1.1237833987		1.1233778649		1.1229723311		1.1209446622		1.1189169933		1.113847821

										f eff		1000.0450613396		1000.0901267404		1000.1802697278		1000.3606044617		1000.5410042369		1000.7214690884		1001.0825941618		1001.4439799638		1001.805626777		1003.617785925		1005.4365129576		1010.012300423

										fe/f		1.0000450613		1.0000901267		1.0001802697		1.0003606045		1.0005410042		1.0007214691		1.0010825942		1.00144398		1.0018056268		1.0036177859		1.005436513		1.0100123004

										%		0.004506134		0.009012674		0.0180269728		0.0360604462		0.0541004237		0.0721469088		0.1082594162		0.1443979964		0.1805626777		0.3617785925		0.5436512958		1.0012300423

										Mod index		0.0004506134		0.0009012674		0.0018026973		0.0036060446		0.0054100424		0.0072146909		0.0108259416		0.0144397996		0.0180562678		0.0361778593		0.0543651296		0.1001230042

										%IM		0.0000050763		0.0000203071		0.0000812429		0.0003250889		0.000731714		0.0013012941		0.0029300253		0.0052126953		0.0081507201		0.0327209375		0.0738891828		0.2506153994

										Im, dB		-72.9445179518		-66.9235266319		-60.9021438524		-54.879977995		-51.3565865874		-48.8562453463		-45.3312862995		-42.8293765705		-40.8880401816		-34.8517426171		-31.3141913636		-26.0099224671
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Frequency Ratio Fh/Fl,

IM Distortion Level, dB

Resulting IM Distortion  for 5" driver with Xmax = 3.25mm, Fl = 70 Hz
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Frequency Ratio Fh/Fl,

Maximum percent high frequency shift

Frequency shift for 5" driver with Xmax = 3.25mm, Fl = 70 Hz
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F low, Hz

Percent shift in F high

Max % shift in F high vs F low for a constant Xmax = 3.25mm
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Driver Excursion, mm.

IM Distortion Level, dB

IM Distortion Level vs. Low Frequency Driver excursion for 100 and 1000 Hz tones.
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Frequency of Low Frequency Signal, Hz

IM Distortion Level, dB

IM Distortion Level as a Functiion of the Frequency of the  Low Frequency Signal with a Low Frequency  Excursion of 2 mm and a High Frequency of 1000Hz.
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		30		F						F low		2		2		2		2		2		2		2		2		2		2		2		2		2				0		100		200		300		400		500		600		700		800

		1125		Co						F hgh		100		200		300		400		500		600		700		800		900		1000		1500		2000		10000000				10000000		10000000		10000000		10000000		10000000		10000000		10000000		10000000		10000000

		37.5		wave length						Xmax, mm		5		5		5		5		5		5		5		5		5		5		5		5		5				3.25		3.25		3.25		3.25		3.25		3.25		3.25		3.25		3.25

		0.0333333333		T						Xmax, ft		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995		0.0164041995				0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297

		0.0083333333		t						n		50		100		150		200		250		300		350		400		450		500		750		1000		0

		51		Xd, mm						Xd		0.0020600547		0.0010305358		0.0006870867		0.0005153315		0.0004122713		0.0003435622		0.0002944833		0.0002576737		0.0002290438		0.0002061397		0.000137427		0.0001030704		0

		0.1673228346		Xd, ft						wave high		11.25		5.625		3.75		2.8125		2.25		1.875		1.6071428571		1.40625		1.25		1.125		0.75		0.5625		0.0001125				0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125

		36.8307086614		effective wave length						w eff		11.2479399453		5.6239694642		3.7493129133		2.8119846685		2.2495877287		1.8746564378		1.6068483738		1.4059923263		1.2497709562		1.1247938603		0.749862573		0.5623969296		0

		30.5451630144		Fe						f eff		100.0183149509		200.0366479886		300.054977008		400.0733050224		500.0916326348		600.1099600462		700.1282873427		800.1466145675		900.1649417444		1000.1832688878		1500.2749043368		2000.3665395847		10001832.7009388				10000000		10059908.6335276		10120539.402142		10181905.4418735		10244020.2092979		10306897.4913743		10370551.415647		10434996.4608275		10500247.4677745

		1.0181721005		Fe/F						fe/f		1.0001831495		1.0001832399		1.0001832567		1.0001832626		1.0001832653		1.0001832667		1.0001832676		1.0001832682		1.0001832686		1.0001832689		1.0001832696		1.0001832698		1.0001832701				1		1.0059908634		1.0120539402		1.0181905442		1.0244020209		1.0306897491		1.0370551416		1.0434996461		1.0500247468

		1.8172100481		%

		30		F-low						%		0.0183149509		0.0183239943		0.0183256693		0.0183262556		0.018326527		0.0183266744		0.0183267632		0.0183268209		0.0183268605		0.0183268888		0.0183269558		0.0183269792		0.0183270094				0		0.5990863353		1.2053940214		1.8190544187		2.440202093		3.0689749137		3.7055141565		4.3499646083		5.0024746777

		51		Xmax

										Mod index		0.0091574754		0.0183239943		0.027488504		0.0366525112		0.0458163174		0.0549800231		0.0641436714		0.0733072837		0.0824708722		0.0916344439		0.1374521684		0.1832697924

										%IM		0.0020964839		0.0083942192		0.0188904463		0.0335851644		0.0524783735		0.0755700735		0.1028602644		0.1343489463		0.170036119		0.2099217827		0.4723274648		0.8396954197

										Im, dB		-46.7850846565		-40.7601969451		-37.2375778202		-34.7385252145		-32.8001963398		-31.2165015545		-29.877523636		-28.7176573552		-27.6945881612		-26.7794249417		-23.2575680043		-20.7587821574

										F low		1		1		1		1		1		1		1		1		1		1		1		1

										F hgh		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000

										Xmax, mm		0.5		1		1.5		2		2.5		3		3.5		4		4.5		5		5.5		6

										Xmax, ft		0.0016404199		0.0032808399		0.0049212598		0.0065616798		0.0082020997		0.0098425197		0.0114829396		0.0131233596		0.0147637795		0.0164041995		0.0180446194		0.0196850394

										n		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000

										Xd		0.000010307		0.0000206141		0.0000309211		0.0000412281		0.0000515352		0.0000618422		0.0000721493		0.0000824563		0.0000927633		0.0001030704		0.0001133774		0.0001236844

										wave high		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125

										w eff		1.124989693		1.1249793859		1.1249690789		1.1249587719		1.1249484648		1.1249381578		1.1249278507		1.1249175437		1.1249072367		1.1248969296		1.1248866226		1.1248763156

										f eff		1000.0091618945		1000.0183239568		1000.0274861871		1000.0366485852		1000.0458111512		1000.0549738852		1000.064136787		1000.0732998568		1000.0824630944		1000.0916265		1000.1007900735		1000.1099538149

										fe/f		1.0000091619		1.000018324		1.0000274862		1.0000366486		1.0000458112		1.0000549739		1.0000641368		1.0000732999		1.0000824631		1.0000916265		1.0001007901		1.0001099538

										%		0.0009161894		0.0018323957		0.0027486187		0.0036648585		0.0045811151		0.0054973885		0.0064136787		0.0073299857		0.0082463094		0.00916265		0.0100790073		0.0109953815

										Mod index		0.0091618945		0.0183239568		0.0274861871		0.0366485852		0.0458111512		0.0549738852		0.064136787		0.0732998568		0.0824630944		0.0916265		0.1007900735		0.1099538149

										%IM		0.0020985078		0.0083941848		0.018887262		0.0335779699		0.0524665394		0.0755532013		0.1028381862		0.134321725		0.1700040485		0.2098853875		0.2539659729		0.3022460354

										Im, dB		-46.7808942072		-40.7602147144		-37.2383099529		-34.7394556397		-32.8011757978		-31.2174712944		-29.8784559186		-28.7185373951		-27.6954073615		-26.7801779648		-25.9522446756		-25.1963938709

										F low		0.390625		0.78125		1.5625		3.125		6.25		12.5		25		50		100		200		400		800

										F hgh		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000

										Xmax, mm		2		2		2		2		2		2		2		2		2		2		2		2

										Xmax, ft		0.0065616798		0.0065616798		0.0065616798		0.0065616798		0.0065616798		0.0065616798		0.0065616798		0.0065616798		0.0065616798		0.0065616798		0.0065616798		0.0065616798

										n		2560		1280		640		320		160		80		40		20		10		5		2.5		1.25

										Xd		0.0000161048		0.0000322095		0.0000644188		0.0001288361		0.0002576598		0.0005152202		0.0010296461		0.002052944		0.0040553378		0.0077137116		0.0124810523		0.0077137398

										wave high		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125		1.125

										w eff		1.1249838952		1.1249677905		1.1249355812		1.1248711639		1.1247423402		1.1244847798		1.1239703539		1.122947056		1.1209446622		1.1172862884		1.1125189477		1.1172862602

										f eff		1000.0143155538		1000.028631496		1000.0572644591		1000.114534097		1000.2290833902		1000.4581833864		1000.9160793735		1001.8281752508		1003.617785925		1006.9039705106		1011.2187323785		1006.9039959004

										fe/f		1.0000143156		1.0000286315		1.0000572645		1.0001145341		1.0002290834		1.0004581834		1.0009160794		1.0018281753		1.0036177859		1.0069039705		1.0112187324		1.0069039959

										%		0.0014315554		0.0028631496		0.0057264459		0.0114534097		0.022908339		0.0458183386		0.0916079373		0.1828175251		0.3617785925		0.6903970511		1.1218732378		0.69039959

										Mod index		0.0366478178		0.0366483149		0.0366492538		0.036650911		0.0366533424		0.0366546709		0.0366431749		0.036563505		0.0361778593		0.0345198526		0.0280468309		0.0086299949

										%IM		0.0335765638		0.0335774746		0.0335791952		0.033582232		0.0335866878		0.0335891225		0.0335680567		0.0334222475		0.0327209375		0.0297905055		0.0196656182		0.0018619203

										Im, dB		-34.7396375094		-34.7395197058		-34.7392971753		-34.7389044269		-34.7383282268		-34.7380134195		-34.7407379939		-34.7596434938		-34.8517426171		-35.259221273		-37.0629239778		-47.3003891567

												2.56		1.28		0.64		0.32		0.16		0.08		0.04		0.02		0.01		0.005		0.0025		0.00125
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Frequency Ratio Fh/Fl,

Maximum percent high frequency shift

Frequency shift for 5" driver with Xmax = 3.25mm, Fl = 70 Hz
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F low, Hz

Percent shift in F high

Max % shift in F high vs F low for a constant Xmax = 3.25mm
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Sheet1

		70		F						F low		70		70		70		70		70		70		70		70		70		70		70				0		100		200		300		400		500		600		700		800

		1125		Co						F hgh		70		140		210		280		350		420		490		560		630		700		10000000				10000000		10000000		10000000		10000000		10000000		10000000		10000000		10000000		10000000

		16.0714285714		wave length						Xmax, mm		3.25		3.25		3.25		3.25		3.25		3.25		3.25		3.25		3.25		3.25		3.25				3.25		3.25		3.25		3.25		3.25		3.25		3.25		3.25		3.25

		0.0142857143		T						Xmax, ft		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297				0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297		0.0106627297

		0.0035714286		t						n		1		2		3		4		5		6		7		8		9		10		0

		3.25		Xd, mm						Xd		0.0000000566		0.0213254593		0.0184683801		0.0150793669		0.0125347813		0.0106627215		0.0092527627		0.0081608934		0.0072937307		0.006589924		0

		0.0106627297		Xd, ft						wave high		16.0714285714		8.0357142857		5.3571428571		4.0178571429		3.2142857143		2.6785714286		2.2959183673		2.0089285714		1.7857142857		1.6071428571		0.0001125				0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125		0.0001125

		16.0287776528		effective wave length						w eff		16.0714285148		8.0143888264		5.3386744771		4.002777776		3.201750933		2.6679087071		2.2866656046		2.000767678		1.778420555		1.6005529332		0

		70.1862627562		Fe						f eff		70.0000002465		140.3725255124		210.726464937		281.0548231668		351.3702419573		421.6785968029		491.9827357945		562.2841734065		632.5837816346		702.8820957285		10041860.8087538				10000000		10059908.6335276		10120539.402142		10181905.4418735		10244020.2092979		10306897.4913743		10370551.415647		10434996.4608275		10500247.4677745

		1.0026608965		Fe/F						fe/f		1.0000000035		1.0026608965		1.0034593568		1.0037672256		1.003914977		1.0039966591		1.0040463996		1.0040788811		1.0041012407		1.0041172796		1.0041860809				1		1.0059908634		1.0120539402		1.0181905442		1.0244020209		1.0306897491		1.0370551416		1.0434996461		1.0500247468

		0.2660896517		%

		70		F-low						%		0.0000003521		0.2660896517		0.3459356843		0.3767225596		0.3914977021		0.3996659055		0.4046399581		0.4078881083		0.410124069		0.4117279612		0.4186080875				0		0.5990863353		1.2053940214		1.8190544187		2.440202093		3.0689749137		3.7055141565		4.3499646083		5.0024746777

		3.25		Xmax

																																				0.001		0.002		0.003		0.004		0.005		0.006

																																				0.001001001		0.002004008		0.0030090271		0.0040160643		0.0050251256		0.0060362173
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