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Introduction

In a previous article [1] I examined the effect on driver motion on wave for distortion. The approach taken there was based on the compression and expansion of the radiated wave length in the usually Doppler sense. While such an analysis is on firm ground, the result is an overly complex analysis that is rather hard to follow and which introduces simplifying assumptions where necessary. Here I reexamine the phenomena based on the variation in propagation delay to an observer as a result of the time dependent position of the driver’s radiating surface. While the results are fundamentally the same, the analysis is much more straight forward and easier to follow. Additionally, some further interesting results are obtained. Since much of the basic information is the same, much of this paper is cut and pasted form the original.

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,

u = (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 (4-7) we see that we can write
xmax = (a0/(2)









(8)

and 

Umax = (a0/()









(9)

thus 

xmax = Umax /(









(10)

Distortion in a Driver Resulting from Motion of the Radiating Surface
With some basics of sound propagation and driver dynamics under our belt let’s proceed to examining what happens when a driver is radiating while in motion. We begin by returning to Eq (2b) and noting that since P0 is constant we can write
(P(x,t) =(Pm sin(((t-x/c0))







(11)

Now we must consider the value for x. Assuming that when the driver is at rest the distance from an observer to the driver is x0, then

x = x0 - ∫ u dt 









(12)

for a driver moving with velocity, u. Thus we may write,
(P(x,t) = (Pm sin(((t - (x0 - ∫ u dt) /c0))





(13)

And since x0 is constant for a given observation point, 
(P(x,t) = (Pm sin(((t + ∫ u dt /c0) - φ)





(14)
where 

φ = ω x0/c0 









(15)
φ simply represents the phase shift associated with the time of flight from x0 to the observation point and does not effect our result. Thus we can drop if from the analysis. 
If u is a constant, as if the driver were mounted on a vehicle moving at constant velocity, we find that 

(P(x,t) = (Pm sin((t (1 +  u /c0))






(16)

which says that the radiated tone is actually observed as a frequency

ω’ = ( (1 +  u /c0) = ω + ω u/c0  = ω + Δω





(15)

which in nothing more than a Doppler shift. (For the moment we have neglected the motion of the driver which actually produces the sound. This will be considered later.) 
But what happens when the driver is moving at other than a constant velocity? Suppose the cone moving with some periodic motion at a frequency ωL. In this case we can write 
u = Um cos (ωL t)








(16)

Integrating,

 ∫ u dt = (Um/ωL)sin (ωL t)







(17)

Substituting this expression into Eq (14) and again neglecting φ, 

(P(x,t) = (Pm sin((t + (ωUm/ωLc0) sin (ωL t))




(18)







Note that ωUm/c0 = Δω, the incremental frequency shift due to Doppler effects when the driver is moving with velocity Um. Thus,

(P(x,t) = (Pm sin((t + (Δω /ωL) sin (ωL t))





(19)
The result of Eq (19) is the expression for a frequency modulated signal where Δω /ωL is the modulation index and is the ωL modulation frequency. The argument of the outer sine function,
(t + (Δω /ωL) sin (ωL t) = Φ(t)






(20)
is the instantaneous phase of the signal and 

dΦ/dt = ( + Δω cos (ωL t) = ω’(t)






(21)

is the instantaneous frequency. From examination of Eq (16) we note that the maximum frequency shift occurs at the point of maximum velocity, as would be expected for a Doppler shift, while the maximum deviation in phase occurs at the point where the velocity goes through zero, or the position of max/min displacement. In [2] Rod Elliott performed a number of experiments and demonstrated that the phase shift for such a case did indeed have a maximum deviation at the points of max/min displacement (zero velocity) which lead him to mistakenly conclude that the observed shift was not Doppler related. However, as shown here, it is apparent the Elliott failed to recognize the 90 degree phase shift between maximum frequency shift and maximum phase deviation. In fact, rather than demonstrate that the observed shifts are not Doppler related, (Elliott’s conclusion), his results provide experimental verification that the observed frequency shifts and frequency modulation in drivers are indeed due to Doppler shifts. 
Moving forward, Eq (19) can be expressed as
S(t) = sin{(ht + ((h/ωL sin((lt)}


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


(22)
Again, 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 (22)  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}]

(23)

where the summation is over k = 1 to infinity and x= (((h/(l). The important thing to notice here is that the radiated signal includes the fundamental high frequency term, given by the first term on the RHS of Eq (23) 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,  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/2(L = ωUm/2ωLc0







(24)

and from Eq (10)

((h/2(L = ωXm/2c0  = π Xmfh/c0






(25)
The usually result for driver associated IM distortion and is identical to Eq (33) of [1] for large frequency ratio, n, (n= (h/(L). 
The Magic of Superposition 

Several interesting features can be examined with this more direct analysis. The first thing to note is that when a driver actually radiates more than one frequency its motion can be represented by the Fourier decomposition of the input signal. Thus,

U(t) = Σn Ancos(ωnt) 








(26)

Eq (26) can be integrated and substituted into Eq (14) with the result that any given frequency is seen to be modulated by all the others present. For example, consider a three frequency signal such that 
U(t) = U1 cos (ω1t) + U2 cos(ω2t) + U3cos(ω3t)

Integrating, 

∫U(t)dt = U1/ω1sin (ω1t) + U2/ω2 sin(ω2t) + U3/ω3sin(ω3t)
and

S(t,ω) =  sin((t +(Δω1 /ω1)sin (ω1 t) +(Δω2 /ω2)sin (ω2 t) + (Δω3 /ω3)sin (ω3 t))      (29)

where 
Δωn = ωUn/co   









(30)

and where ω can be any of the frequencies in question. That is, we can examing the effect of the complex driver motion on each frequency component seperately and sum the result later. 
Self modulation of a Single Frequency

An interesting thing happens to Eq (23) when ωh = ωL. In this case only a single frequency is present and the signal is self modulated. Examination of Eq (23) indicates that the last term on the RHS of Eq (23) will have either zero frequency for k = 1 or negative frequency for k>1. Since zero and negative frequencies are not physical this term should be dropped and only the term ((h +k(l) will be retrained in the sum. The interesting point here is that this term becomes the sum of the harmonics of ω. Thus under conditions where only a single frequency is present we would expect to see some HD introduced as a direct result of the periodic motion required to generate the acoustic signal itself. However, the magnitude of the HD components is likely much less that those generated within the motor structure. For example consider a driver radiating a 50 Hz tone with a displacement of 15mm. Form 25 we find that 
π Xmfh/c0 = C(50Hz) = π x (15/1000) x 50/345 = 0.0068, 



(31)
and the 100 Hz distortion component in Eq (23) would be on the order of 0.68%. Assuming constant SPL, the driver displacement would decrease as 1/f2 as the frequency increases. Therefore, based on the result at 50 Hz we would expect π Xmfh/c0 would decrease from the 50 Hz value as 
C(f) = C(50 Hz) (50/f) 







(32)

C(f) will be reduced by a factor of two for each octave increase in frequency. We can conclude that self modulation does not introduce significant HD. By contrast, when we consider a midwoofer driver required to span the range of say 100 to 2k Hz as in a two way speaker, the modulation index and resulting IM distortion can be significant. If we assume two frequencies of 100 and 1.5k Hz with the driver excursion at 6 mm at 100 Hz, then we would find that there is as much as 8% IMD. The SPL with a typical 7” mid woofer in a sealed box with 6mm excursion would be in the 100dB @ 1M range. Clearly the IM result is a more significant factor. 
Concluding Remarks

The present study has revisited wave form distortion in loudspeakers due to the movement of the radiating surface. The approach take has been through consideration of the changes in arrival time at an observed with fixed position rather than from the point of view of wave length compression as was done in [1]. The analysis is much more straight forward, but yields similar results, showing that the frequency and associated phase shifts that lead to wave form distortion are Doppler effects. We have also considered the self modulation result and demonstrated that the HD components generated are typically much lower than what would be expected from even a high quality driver. Furthermore, such HD effects decrease in amplitude quickly as the frequency increases. It has also been shown that the wave form distortion associated with complex drive signals, consisting of numerous Fourier components, can be analyzed in a straight forward manner by examining the effect of the complex driver motion on each radiated frequency independently and then summing the independent result to obtain the complete radiated signal. While not discussed, it should also be noted that when considering such complex signals the phase associated with frequency component of the drive signal is easily incorporated into the result. The inescapable conclusion that must be accepted is that the wave form distortion is a result of Doppler effects. No matter how you look at it, if sound is radiating from a moving object Doppler effects enter the picture even when the motion of the source is associated with the generation of the sound itself. 
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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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