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Chapter 6

Determining the acoustic
transfer function with
frequency sweep signals1

6.1 Introduction

In this chapter, data acquired from a 1.5 T scanner are reported. The acoustic noise
as a response to frequency sweep signal is recorded and analyzed as described in
chapter 4. The variation of the sweep rate and the variation of the input signal
amplitude are made to show possible differences between the responses to different
sweep rates and input signal amplitudes, respectively. As already pointed out in
chapter 5, the harmonic components are often neglected when determining transfer
functions. The contribution of these harmonic components have been studied, and
the necessity of the proposed sound pressure transfer function has been examined.

6.2 Results

In this chapter, a selection of the results for amplitudes and sweep rates from the
X-gradient data are shown. The results for other amplitudes, sweep rates, and
gradients yield similar results. Per analysis method, the transfer functions are cal-
culated for all sweep rates and input signal amplitudes. All these transfer functions
are then normalized to the highest transfer within this data set. Normalization was
performed for reasons of confidentiality.

1The measurements described in this chapter are performed together with Larry de Graaf, Magnetic
Resonance Laboratories, Eindhoven, The Netherlands.
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Figure 6.1: Frequency spectrum of the acoustic transfer function of an MR
scanner. The amplitudes of the input signals are kept constant while the
sweep rates were varied. The transfer is normalized to the highest value of
transfer at 0 dB.

6.2.1 Fourier analysis

In this section, the transfer functions are derived by the division of output and input
spectra. The transfer functions are obtained for a wide range of sweep rates (from
10 to 16384 Hz/s) and a wide range of input signal amplitudes (from 0.1 to 5.0 V,
or less if clipping occured), as explained in more detail in chapter 4. Differences
between these input signals are most prominent at frequencies of low transfer.

Figures 6.1, 6.2, and 6.3 present results for one constant input signal amplitude
(0.5 V). All sweep rates lead to equally shaped transfer functions. The differences
between the different sweep rates can mainly be found in the troughs of the transfer
functions. With increasing sweep rate, the depth of the troughs reduces, as does the
frequency resolution (figure 6.3). Due to the low frequency resolution, especially
the frequency ranges with high dynamics in transfer are influenced by the increasing
sweep rate.

The results for all different amplitudes obtained at one sweep rate (20 Hz/s) are
shown in figure 6.4. For a large part of the spectrum, the transfer is independent of
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Figure 6.2: All parameters as in figure 6.1. The frequencies between 750
and 1250 Hz are shown. For clarity, the graphs are shown in a 3D plot. The
transfer is equal at high transfer, and at low transfer, the differences can
clearly be seen.
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Figure 6.3: Frequency spectrum of the acoustic transfer function of an MR
scanner. The amplitudes of the input signals are kept constant while the
sweep rates were varied. The transfer is normalized to the highest value of
transfer between 150 and 1500 Hz at 0 dB.
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Figure 6.4: Frequency spectrum of the acoustic transfer function of an MR
scanner. The sweep rates of the input signals are kept constant at 20 Hz/s
while the amplitudes were varied. The transfer is normalized to the highest
value of transfer at 0 dB.

amplitude. Again, differences are primarily found in the troughs. Notably around
800 and 940 Hz the transfer increases with increasing input signal. For input sig-
nals with amplitudes of 2.0 V and 5.0 V, the transfer is only derived up to 1000
and 550 Hz, respectively, as the distortion due to system limits became too high for
higher frequencies. From figure 6.5, it can be seen that the transfer is not inde-
pendent of input signal amplitude. This might explain the nonlinearities as found
in Moelker et al. [2003b], with the difference that in that experiment the magnetic
field strength was changed. Both changing the magnetic field strength and keeping
the gradient currents the same, and changing the gradient current amplitudes at a
constant magnetic field strength, lead to a variation of the Lorentz forces acting on
the gradient coil structure.

6.2.2 Root-mean-square

In the previous section, the transfer functions are calculated without considering
produced harmonic distortion. By using a root-mean-square method as proposed in
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Figure 6.5: Part of the spectra as displayed in figure 6.4. The transfer is not
linear with respect to amplitude, not even at frequencies of high transfer.
This in contrast to figure 6.2, where the transfer is constant over the variable
sweep rate.
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Figure 6.6: Frequency spectrum of the acoustic transfer function of an MR
scanner determined with the rms method. The amplitudes of the input
signals are kept constant while the sweep rates were varied. The transfer is
normalized to the highest value of transfer at 0 dB.

section 3.5, all produced sound pressure is considered. Such transfer functions are
presented in this section.

The acoustic transfer of the scanner is presented in figure 6.6, for all sweep rates
between 10 and 140 Hz/s. Only results of one input amplitude (0.5 V) are pre-
sented. For the peaks, there is no significant difference between the rms method
and the Fourier method (figure 6.1); for the troughs on the other hand, the differ-
ences are prominent. The variation in transfer of over 40 dB are brought back to
only 15 dB. With increasing sweep rate, the frequency resolution drops. This is most
notable around 250 and 1430 Hz, where the dynamics of the transfer function are
decreased due to spectral smearing.

In figure 6.7, the results from one sweep rate are given for all input amplitudes.
As in figure 6.4, around 800 and 940 Hz an increase in transfer is shown with
increasing input signal amplitude. In addition to this, at frequencies below 700 Hz,
the transfer is not linear with input signal amplitude.

Two effects are important for the latter result: first, at low signal amplitude
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Figure 6.7: Frequency spectrum of the acoustic transfer function of an MR
scanner determined with the rms method. The sweep rates of the input
signals are kept constant while the amplitudes were varied. The transfer is
normalized to the highest value of transfer at 0 dB.
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6.3. DISCUSSION

with low frequencies, the signal-to-noise ratio (SNR) is very low for the gradient
current. Secondly, there is an increase in total harmonic distortion (THD). To show
that the contribution of harmonics to the acoustic output cannot be ignored, the
total harmonic distortion (THD) for the bandwidth of interest is calculated:

THD = 20 log10

√
7∑

n=2
a2

n

a1
, (6.1)

where a1 and an are the amplitudes of the fundamental and the nth harmonic re-
spectively.

The current amplifiers produce a constant electric background hum with a broad
spectrum. For the rms transfer, this means that the denominator in the transfer
function (Irms) is fairly constant at low frequencies; with an increasing numerator
(prms), this gives an increasing transfer with increasing input signal amplitude. The
acoustic response has a much better SNR, and is therefore hardly hampered in this
analysis: the acoustic output caused by the sinusoidal gradient current is always
above the background noise. With both increasing signal amplitude and increasing
frequency, the THD of the gradient current increases. This has a distinct effect on the
acoustic output, which also shows an increase in THD with increasing input signal
amplitude. The SNR is significantly higher at these amplitudes, so the increase in
transfer with increasing signal amplitude is THD governed. If at high input signal
amplitudes the frequency becomes too high, then the gradient current displays as
a triangular signal. The THD of the gradient current then rises to almost −20 dB,
which is close to the THD of −18 dB for perfect triangular signals.

6.3 Discussion

For a system that is linear, the transfer should be independent of amplitude and
therefore the transfer functions for the different input signal amplitudes should over-
lay.

The comparison of figures 6.1 through 6.3, shows that the shape of the transfer
function is not depending on the sweep rate, except for the frequency resolution,
which decreases with increasing sweep rate (figure 6.3).

Decreasing trough depth with increasing sweep rate may be explained by the
same energy of the response signal being distributed over fewer bins, thereby in-
creasing the energy content per bin.

The results of the root-mean-square method, displayed in figure 6.6, show the
same general shape as the Fourier method, except for the deep troughs in figures 6.1
through 6.3. Here, the frequency resolution of the transfer function decreases with
increasing sweep rate due to the increasing bandwidth covered in the time used for
averaging.

55



Chapter 6

0 500 1000 1500 2000 2500
−70

−60

−50

−40

−30

−20

−10

0

10

20

Frequency (Hz)

T
ra

ns
fe

r 
(d

B
)

Figure 6.8: Total harmonic distortion for the gradient currents (black trace,
1.0 V input signal amplitude) and the sound pressure (grey trace), as a
function of frequency.
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6.4. CONCLUSIONS

For the rms method, the transfer at frequencies below 700 Hz is higher than for
the Fourier method. This can be explained by harmonic distortion, which contributes
significantly to the sound pressure level.

In figures 6.4, 6.5, and 6.7 around frequencies 780, 940, and 1340 Hz, it can
be seen that the transfer increases with increasing input signal amplitude, while
at other frequencies, within a few dBs range, the transfer does not change with
amplitude. The mentioned frequencies are probably resonance frequencies of the
scanner system, where little input energy is needed to generate a high response.

In all graphs obtained with the Fourier method (figures 6.1 through 6.5), deep
troughs are present in the transfer function. At these frequency locations, the trans-
fer is never the same for different amplitudes nor for different sweep rates. When
such low transfers are not reproduced over input signal amplitudes or sweep rate, it
is not sensible to assume that these transfers are correct, in particular because the
rms method gives consistent results over input signal amplitudes and sweep rates
alike. This effect of low transfer must be a result of taking the Fourier transform,
where harmonic distortion is neglected.

6.4 Conclusions

Frequency modulated signals give a good control of input signal amplitude and fre-
quency; therefore, these signal are suitable for determining the acoustic transfer
function.

The sweep rate is of little importance when the transfer function is determined
by dividing the Fourier transform of the output signal by the Fourier transform of
the input signal, as long as the frequencies in the signals concur with the Nyquist
theorem. The sweep rate becomes important when the transfer function is deter-
mined by the ratio of the root-mean-square values of the sound pressure and the
gradient current. With this method, the frequency resolution drops with increas-
ing sweep rate. Another downside is that this method is sensitive to background
noise present in the scanner, this negative effect disappears when the sound caused
by the changing gradient currents has a sufficiently higher SPL than the background
noise. Electric noise or hum from the gradient amplifiers may also result in incorrect
transfer for low signal amplitudes in combination with low frequencies.

If the resonance frequencies or the eigenfrequencies of the MRI scanner need to
be found, then frequency sweep signals, in combination with the root-mean-square
method, provide an easy and fast method to determine the absolute value of the
transfer function. With this method, as it is described in chapter 3, the phase infor-
mation is not obtained. As the signal, obtained by convolving the transfer function
with the current time signal, will be time-averaged as well, this phase information
is not important.

Once the eigenfrequencies are determined, these frequencies should be avoided
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in the gradient currents. Apart from these eigenfrequencies, the sound pressure can
be accurately predicted with the transfer functions as these are almost independent
of input signal amplitude.

The major advantage of a transfer function obtained with the root-mean-square
method, is that it will give a more accurate prediction of the sound pressure than
the transfer function obtained with the Fourier method. In this root-mean-square
method, all sounds present during scanning are taken into account, including har-
monic distortion and noise. This is especially relevant at frequencies of low transfer,
which is interesting to make a scanner more quiet.
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