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This invention relates to a method of calibrating a time-interleaved analogue-to-digital sampler (10) and to a method of performing
analogue-to-digital conversion with a sampler (10) so calibrated. The Invention provides a method of calibrating a sampler (10)
comprising N time-interleaved ADCs (12a-d), the method comprising the steps of: (a) injecting Iin turn N calibration signals (13) into
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one of the N calibration frequencies (13); (¢) measuring in the frequency domain the output at each of the N related frequencies for
each one of the N calibration frequencies; and (d) determining the relationship that relates the input signal to the output at each of
the N related frequencies for each one of the N calibration frequencies.
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IMPROVEMENTS RELATING TO TIME-INTERLEAVED SAMPLERS

This invention relates to a method of calibrating a time-interleaved
analogue-to-digital sampler and to a method of performing analogue-to-digital
conversion with a sampler so calibrated. The invention also extends to a

calibration apparatus and to a channel equaliser.

A commonly employed method of building high-speed samplers is to
time-interleave multiple channels, each channel having its own analogue-to-
digital converter (ADC). Each ADC takes it in turn to sample the analogue
signal according to a sampling sequence, thereby producing its own digital
signal that follows the shape of the analogue signal but at the sampling rate of
the ADC. The digital signals from the ADCs can then be interleaved according
to their sampling sequence to produce an output signal that follows the shape of
the analogue signal, but at a faster effective sampling rate (for N channels, the

sampling rate is N times the sampling rate of each ADC).

A problem with this approach is that the channels are not identical and
sampling is not performed at exactly equally-spaced intervals, thereby
degrading the performance of the sampler. This degradation can most simply
be seen in the frequency spectrum of the time-interleaved digital output signal
nroduced in response to a tone input: such a spectrum will contain spurious
signals at specific frequencies in addition to the wanted signal at the frequency
of the tone input. It is known that if a tone is injected into an N-channel time-
interleaved sampler, mismatches between the N channels will lead to the
generation of N frequency spikes in the range from zero to half the overall
sampling frequency of the sampler (the N spikes comprising N-1 spurious
spikes plus the wanted signal at the frequency of the tone input). Hence,
signals are observed in the frequency spectrum at N related frequencies. The
N frequencies are mixed by mismatches without affecting output across the rest
of the frequency spectrum. Moreover, if a tone is input at any one of the N

related frequencies, only those same N frequencies are affected.
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The method described herein corrects for both frequency independent
and frequency dependent amplitude and phase mismatches between channels.
In correcting for frequency dependent phase mismatches it also inherently
corrects for time delay errors between channels since a time delay is equivalent
to a linear change of phase with frequency. Mismatches in any cross-talk (i.e.

coupling) between channels is also inherently corrected for.

The actual frequencies at which signals in the output spectrum appear
are related to N, to the input tone frequency fi, and to the overall sampling rate

of the sampler fs, such that the frequencies can be found from the formula:

ﬁﬁ’(%, where k=0,1,2, ..., N-1

At face value, this would lead to frequencies greater than half the overall
sampling frequency of the sampler which is in contradiction to the position
stated above. However, as is well know in the art, all values greater than half
the overall sampling frequency are aliased into the range zero to half the overall
sampling frequency of the sampler. For further explanation of this effect, see
for example page 163 of ‘An Introduction to the Analysis and Processing of
Signals’ by Paul A. Lynn, Third Edition, published by Macmillan. Hence, by ‘N
related frequencies’ we mean the frequencies given by the formula above as

modified by aliasing into the range zero to half the overall sampling frequency.

From a first aspect, the present invention resides in a method of
calibrating a sampler comprising N time-interleaved ADCs, the methoa
comprising the steps of: (a) injecting in turn N calibration signals into the
sampler such that each calibration signal occupies one of N related frequencies;
(b) determining the input signal for each one of the N calibration frequencies; (C)
measuring in the frequency domain the output at each of the N related
frequencies for each one of the N calibration frequencies; and (d) determining
the relationship that relates the input signal to the output at each of the N

related frequencies for each one of the N calibration frequencies.

Optionally, step (a) comprises injecting in turn N tones. This simplifies

matters in that only a single frequency, corresponding to a desired one of the N
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related frequencies, is injected into the sampler at any one time. This Is In
contrast to the broader embodiment of the invention where a calibration signal
comprising multiple frequencies, including the desired one of the N related
frequencies, is injected into the sampler. Where this latter option is empioyed,
the calibration signal should only contain one of the N related frequencies
because introducing signals at two or more of the N related frequencies at one
time will result in unwanted mixing of frequencies, although multiple sets of N

related frequencies can be calibrated at the same time in this way.

As will be readily understood, choice of one of the N related calibration
frequencies determines the remaining N related calibration frequencies

according to the formula above (taking aliasing into account).

For each calibration signal, the frequency spectrum is measured in such
a way as to allow the outputs at each of the N related frequencies to be
measured. Optionally, to determine the frequency spectrum, step (c) further
comprises performing a Fast Fourier Transform (FFT) of the digital outputs of
the ADCs thereby to aliow measurement in the frequency domain of the output
at each of the N related frequencies. In general, the transform results in an
output stored in a series of frequency bins, each frequency bin covering a small
part of the frequency range of the overall range of the FFT. Optionally, the
method further comprises the step of choosing the first of the N related
frequencies such that all the resulting N related frequencies are substantially
centred on bins of the FFT. This is of particular benefit where the calibration

signals are tones, which otherwise have some of their signal spread into the

surrounding bins.

As will be readily appreciated, the above method of calibration will lead to
a calibration for signals in the output frequency spectrum at the N related
frequencies only. Where an FFT has been used, there are likely to be many
more than N frequency bins. Hence, only N of these frequency bins will be
calibrated. Optionally, the step of repeating steps (a) to (d), injecting in turn N
calibration frequencies into the sampler at a different set of N related
frequencies, may be repeated until calibration frequencies corresponding to all

frequency bins of the FFT have been injected. In this way, all frequency bins of
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the FFT can be calibrated by repeating the calibration method described above
one or more times, choosing a different set of N related frequencies for each
calibration iteration until all of the frequency bins of the FFIT have been

calibrated.

Optionally, adjacent bins of the FFT are grouped together and a single
calibration frequency is used for each group. Moreover, the step of choosing
the first of the N related frequencies maybe made such that all the resuiting N
related frequencies have frequencies substantially centred on the central
frequency of the frequency range covered by the group of bins. Grouping bins
together is advantageous as a calibration need not be performed for each and
every bin of the FFT. The number of calibration iterations that are necessary
will depend on the specific architecture of the sampler, how well the channels

are matched and the required accuracy.

in addition, the input signal parameters, magnitude and/or phase, for
each one of the N calibration frequencies is determined. The magnitude and
phase together may be equivalently represented by a complex amplitude (i.e.
a+ib). The magnitude and/or phase of the input signal may be determined
directly from the calibration signal source, or measured independently from the
sampler, or it may be estimated from a measurement of the output signal of the

sampler.

In step (d), the relationship between the input signal and the output at
each of the N related frequencies is determined. The magnitude and phase of
the output at any of the N related frequencies will be dependent upon the
magnitude and phase of the calibration frequency. The relationship between
the input and output is that part of the transformation from input to output that is
independent of the input. A correction factor may be determined from this
relationship for each output at the N related frequencies generated by each of

the N calibration frequencies.

Optionally, step (b) may comprise determining the magnitude and phase
of the input signal for each one of the N calibration frequencies, step (c)

comprises measuring in the frequency domain the magnitude and phase of the
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output at each of the N related frequencies for each one of the calibration
frequencies and step (d) comprises determining correction factors from the
relationship that relates magnitude and phase of the output at the N related
frequencies to the magnitude and phase of the input signal. In a currently
preferred embodiment, step (d) comprises determining N x N complex scaling
factors that each give the contribution to the output of one of the N related
frequencies due tc; the input at one of the N related frequencies and solving the
equations represented by the scaling factors to determine the N x N correction
factors that each give the contribution to the correction of the N related
frequencies applied to the output at each of the N related frequencies in order to

equalise the sampler at these frequencies.

Optionally, the N x N scaling factors relating the input to the output may
be stored in the rows and columns of an N by N matrix referred to here as a
‘relationship matrix’. Similarly, the N x N correction factors may be stored in an
N by N matrix referred to here as a ‘correction matrix'. A correction matrix may

be formed for each iteration of the calibration process.

From a second aspect, the present invention resides in a method of
nerforming an analogue to digital conversion using a sampler comprising N
time-interleaved ADCs, wherein the sampler has been calibrated in accordance
with the method described herein above, the method of performing an analogue
to digital conversion comprising the steps of (i) injecting an analogue signal into
the sampler; (ii) measuring in the frequency domain the resuiting spectrum
produced by the sampler; and (iii) adjusting the measured frequency spectrum

in response to the relationships determined during calibration thereby to

produce a channel-equalised spectrum.

Where the method of calibration included the optional step of forming
one Or more correction matrices, step (iii) may comprise muitiplying the
measured frequency spectrum by one or more correction matrices. Where an
FFT is used to obtain the frequency spectrum of the output during calibration
and channel equalisation, the correction matrices can conveniently be used {o

correct the outputs in the corresponding bins of the FFT.
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As a final step, if required, a time domain output signal can be generated

by performing the inverse of the FFT.

The present invention also extends to a computer for use with the
methods described herein above when programmed to perform the steps of:
(1) receiving the measurements of the output at each of the N calibration
frequencies for each one of the N calibration frequencies; (2) receiving the
determination of the input signal for each one of the N calibration frequencies;
and (3) determining the relationship that relates the input signal to the output at
each of the N related frequencies for each one of the N calibration frequencies.
Furthermore, the present invention extends to a computer program product
comprising program instructions for causing a computer to operate in

accordance with method described immediately above.

In order that the invention can be more readily understood, reference will

now be made, by way of example only, to the accompanying drawings in which:
Figure 1 is a simplified sketch of the method of the present invention; and

Figures 2a-d illustrate frequency spectra measured at the output of the

A-D sampler.

Figure 1 shows a sampler 10 comprising four time-interleaved ADCs
12a-d (and hence four channels). As will be readily apparent, extension of the
present invention to samplers comprising different numbers of channels is
straightforward.  In this instance, the sampler 10 1is largely software
implemented such that the interleaving, the FFT, the calculation of the
correction matrices and the channel equalisation operation are all performed by
a computer processor (not shown). However, the invention could just as easily

be implemented in electronic or part-electronic form.

Operation of the sampler 10 is performed in three stages, as IS shown

generally in Figure 1.

During the first stage, calibration tones 13 covering the frequency range
of the FFT 15 are injected one at a time into the sampler 10 at 14. The

calibration tones 13 are sampled by the ADCs 12a-d at 16 and their outputs
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17a-d are interleaved at 18. The frequency spectrum 19 of the interleaved
output 21 for each calibration tone 13 is obtained using an FFT 15 at 20. The
complex amplitudes of the spikes 23 in the frequency spectrum 19 at the four
output frequencies are measured at 22 (remembering that in this instance we

have a four channel sampler and so N = 4).

For the second stage, a 4 x 4 relationship matrix is calculated from the
measured complex amplitudes of the spikes 23 in the frequency spectrum 19 at
each of the four related frequencies for each set of four calibration tones 13.
The inverse of each relationship matrix is then calculated to determine the
correction matrix. Thus, each set of four related frequencies produces a single
correction matrix that can be used to equalise a group of four frequency bins of
the FFT 15. Enough sets of four calibration tones 13 are used so that every
one of the frequency bins are calibrated. In this example, the FFT 15 has 1024
frequency bins and so 256 sets of four calibration tones 13 are required and

256 correction matrices are produced.

The third stage is during normal operation of the sampler 10 where an
analogue signal 24 is injected into the sampler 10 at 26. The analogue signal
24 is then sampled by the four ADCs at 16, as per the preceding calibration
stage. In common with the calibration stage, the outputs from the ADCs 17a-d
are interleaved at 18 and the frequency spectrum 19 of the interleaved output
21 is obtained by the FFT 15 at 20. The method of normal operation now differs
from the method of calibration in that channel equalisation is performed at 28 by
multiplying the contents of each group of four frequency bins of the FFT 15 by

the corresponding correction matrix.

In more detail, the four-channel sampler 10 is calibrated over a number
of repeated iterations, each iteration using four calibration tones 13 that will
produce outputs in the frequency spectrum 19 of the output of the sampler 10 at
four related frequencies according to the equation given above and as subject
to aliasing. Hence, for each iteration, calibration tones 13 are injected at each
of the four related frequencies and the outputs 21 at each of the four relatea
frequencies for each calibration tone 13 are measured making a total of sixteen

measurements per iteration.
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The output spectra 19 in response to four calibration tones 13 are
illustrated in Figure 2. For each spectrum 19 of Figure 2, frequency is plotted
over the range zero to half the overall sampling frequency of the sampler 10
against magnitude. The sixteen frequency domain measurements of the
complex amplitudes (shown in Figure 2) are the result of the convolution in the
frequency domain of the frequency spectrum of the input signal and the
frequency spectrum of the interleaved channel responses at that frequency.
The channel response in the time domain repeats every four samples and
consequently the frequency spectrum consists of four spikes 23 In the

frequency domain.

The relationship matrix for any set of N related frequencies is denoted

here by E and is determined during the calibration method described herein.

The values of the complex amplitudes (denoted here by A) for each
combination of calibration tone 13 and output 21 at each of the N related
frequencies can be expressed in terms of the complex amplitude of the input
signal, and the frequency response of the interleaved channel responses,
denoted here by e, that result from the convolution described previously. The
digital input signal is the digital equivalent of the complex amplitude of the
calibration tone 13 in the frequency domain and is denoted here by s. The

expressions are as follows:

j~o,o =Sy "€op Aoy = S; €1 10,2 =Sp €4 Aoz = S(; €2
Ao = S; €4 ’11,1 =87 €40 /11,2 = S; €42 /11,3 =8, €4,
)‘2,0 = S; ‘e;n /12,1 - S; €52 /12,2 =8, €59 12,3 = S; 'e;n
’13,0 = S:; €32 Asq = S; 'e:;n Ayp = 3; 'e;n Ayz =S5 €3

where €,, =€,,, €y3 = e,, and so on due to aliasing. The subscripts for

A and e are the input frequency number followed by output frequency number;
the subscript for s is the input frequency number. An asterisk denotes a
complex conjugate. The complex conjugates occur because the implicit
convolution in the frequency domain described previously has contributions

from both the positive and the negative parts of the spectrum (for example, see
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page 31 of ‘An Introduction to the Analysis and Processing of Signals’ by Paul
A. Lynn, Third Edition, published by Macmillan).

Determining the complex amplitude of each of the digital input signals s
and measuring the outputs A allows the relationship matrix E to be calculated for
each calibration tone 13 using the above equations. Using an independent
measurement of the calibration tones 13 ensures a normalisation which, to
within the accuracy of the independent measurement, provides a flat amplitude
frequency response and linear phase during the later equalisation process.

This is as well as ensuring that the channels are equalised.

During normal operation, where channel equalisation is being performed
rather than calibration, the output in a particular frequency bin of the FFT 15 will
consist of a contribution from the input signal component of that frequency and
the spurious contributions due to channel mismatch and timing errors from the
related frequencies. One must remember that in a four-channel sampler,
injection of a calibration tone leads to four spikes in the output frequency
spectrum and, conversely, each spike in the output frequency spectrum IS
derived from any inputs at the four related frequencies. During normal
operation, it is the real inputs y (akin to s for the calibration process) and not the
measured outputs x in the frequency bins (akin to A for the calibration process)
that are to be calculated, thereby allowing removal of the spurious contributions
in the frequency bins. The four measured outputs (labelled as xp to x3) in the

frequency bins of the FFT for each calibration iteration can be written as:

Xo = Yo "€op '*'y; €1 T Yo 'e;n '*'y; €32
X, =y; €51 T Y41 €40 '*'y; €52 T V3 'e;n
X, =Yo "€ +y; €12 T Y2 €2 +y; 'e;,1
X3 =y; €o2 T Y184, +y; 'e;n + Y3 €39

Re-arranging by taking the complex conjugate of each alternate row:

Xo = Yo "©o0 +y; €@ty 'e;,1+y;°es,2
X; =Y 'e(;n '*'y; 'e;.o+Y2 'e;,z +y;'ea.1
X2 =Yoo +y; €42 T Y2 €y +y;'e:;.1
X3 = Yo ’e;,z +Y, 'e;,1+Y2 €54 +y;'e;.o
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This expression can now be written in matrix form (where a dash denotes that

alternate rows have been conjugated):

y h 4
/eo,o €., €31 €3; ) (X 0 Yo )
e.. €., €,, € X, ,
Er — 0,1 1,0 2,2 ?,1 xr — 1 l y — y1
| €01 €42 €20 €3 Xy | B2
\eo.z €1 €21 E3p y LX 3/ Y3 )

such thatx' =E'y’.

This equation can be solved to give the real inputs by calculating the

inverse of the relationship matrix, the correction matrix A= E’'""during
calibration, then under normal operation applying this inverse matrix A to the

measured spectrum to give the real input in the frequency domain, according to

y'=Ax".

Alternate values of x should be complex conjugated before output if the
phase of the output frequency spectrum is of interest or if an output signal in the

time domain is required (the latter can then be obtained by performing an

inverse FFT operation).

So, a single matrix multiplication equalises N of the frequency bins of the
FFT 15. As described previously, the calibration process can be repeated to
oroduce a different set of N related frequencies, thereby calibrating a further N
of the frequency bins of the FFT 15. The calibration iterations can be repeated
until all frequency bins are calibrated. During normal operation, the set of
correction matrices generated in this way must all be multiplied with the outputs
in their corresponding four frequency bins to equalise the entire frequency
spectrum. Alternatively, adjacent frequency bins may be grouped together and
a single calibration performed for that group. For example, groups of five bins
could be formed, such that bins 1 to 5 form one set, 6 to 10 the next, 11 to 15
the next and so on. The first calibration iteration could then be performed such
that the N related frequencies correspond to the centre frequencies of bin
numbers 3. 8. 13 and 18, i.e. the central frequency within each group of five

frequency bins. The same correction matrix would then be used to equalise the

5*N frequency bins by 5 matrix multiplies.
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Although not essential, better performance can be obtained during
channel equalisation if allowance is made for the following special cases.
Frequency bins at frequencies of %fs or %fs are special cases because pairs of
the related frequencies overlap, i.e. the four related frequencies appear as
spikes 23 at only two related frequencies. In these special cases, the
appropriate corrections from adjacent frequency bin can be substituted or can
be used for interpolation. Frequency bins at frequencies of 0, ’fs or Jafs are
also special cases. At these frequencies the effects of DC (i.e. 0 Hz) offsets
between the channels appear in addition to pairs of spikes 23 combining into
one. The DC offsets can be subtracted off in each channel separately. The DC
levels can be measured by taking the mean of the samples from each channel,
or by measurements independent of the sampler. For this second special case,
adjacent measurements can also be used to correct the effected frequencies as

described immediately before.

As will be readily evident, variations to the above embodiment are

nossible without departing from the scope of the invention.

For instance, whilst the above embodiment uses a measurement of each
calibration tone 13 obtained independently of the sampler 10 to determine the
complex amplitude of the digital input signal, this complex amplitude may be
derived partially or fully from the sampler output 21. If only the amplitude and
not the phase is given by independent means then a measurement of the phase
is given by the phase of the output at the input frequency in the spectrum of the
sampler output. The equalisation will then provide a flat amplitude frequency
response but not linear phase. An alternative normalisation is to use the output
measurement at the input frequency and so not use any independent
measurement of the input. The channels will still be matched but neither a flat

amplitude frequency response or linear phase Is guaranteed.

Other variations to the embodiment described above may include using
calibration signals other than single tones, e.g. injection of a band-limited noise
or a chirp waveform that occupied a portion of the bandwidth of the sampler
would allow calibration of a number of frequency bins simultaneously.

However, to be effective the calibration signal could not occupy the whole
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bandwidth since it must only affect one of the N related frequencies at any one

time.

Also, during normal processing, as opposed to calibration, it Is not
necessary to correct for all the frequency bins, instead just the largest signals

5 may be identified and just their related frequencies corrected. A window

function may be employed in conjunction with the FFT.

Rather than using an FFT, other spectral estimation algorithms can be

equally well employed.

If the ADCs 12a-d are under-sampling a particular bandwidth, then the

10 method is still applicable and the calibration frequencies can be injected at the
higher pass-band. Another possible alternative is instead of staggering the
triggers for the ADCs 12a-d to implement the interleaving, staggered delays in

the channels can be used with the ADCs 12a-d sampling simultaneously.

The methods described herein above can be applied to a wide variety of
15  multi-channel sampling architectures, for example electro-optic samplers where
the individual channels and the sampling process are partially optical. The

algorithm applies equally well for complex data input signais.
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CLAIMS:
1. A method of calibrating a sampler comprising a

plurality (N) of time-interleaved channels, each sampled by
an ADC, said sampler having an input for receiving an
analogue 1input signal and an output for providing a digital

 and
p—

output signal, and the method comprising the steps of:

(a) injecting in turn N calibration signals into
the i1nput of said sampler such that each calibration signal
occuples at least one of N related freguencies, wherein the
related freqgquencies are those for which, given an input
signal at any one of those freguencies, mismatches in the
interleaving channels affect the resultant output of the

sampler at the other related frequencies;

(b) measuring in the frequency domain of the

interleaved sampled data the output signal at each of the N

related frequencies for each one of the N calibration

frequencies; and

(c) determining the relationship that relates the

input signal to the output signal at each of the N related

frequencies for each one of the N calibration frequencies.

2 . A method according to claim 1, wherein in step (a)

each calibration signal comprises a single tone.

3. A method according to claim 1 or claim 2, wherein
step (b) further comprises performing an FFT of the
interleaved digital outputs of the ADCs thereby to allow

measurement 1n the frequency domain of the output at each of

the N related frequencies.
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4 . A method according to claim 3, further comprising the
step of choosing the first of the N related frequencies such that
all the resulting N related frequencies have frequencies

substantially centred on bins of the FFT.

5. A method according to claim 3 or claim 4, further

comprising the step of repeating steps (a) to (¢), injecting 1n

turn N calibration frequencies into the sampler at a different set

of N related frequenciles.

6 . A method according to any one of claims 3 to 5, wherein

adjacent bins of the FFT are grouped together and a single

calibration frequency used for each group.

7 . A method according to any one of claims 1 to 6, further
comprising the step of forming a relationship matrix, or a

relationship matrix for each iteration of the calibration process,

to embody the relationship that relates the input signal to the
output at each of the N related frequencies for each one of the

calibration frequencies.

8 . A method according to any one of claims 1 to 7, further
comprising the step of determining the magnitude and/or phase of
the 1nput signal elther by independent means or by measuring the

magnitude and/or phase in the output of the sampler.

9. A method according to any one of claims 1 to 8,
including 1n step (a) determining the magnitude and phase of the

input signal for each one of the N calibration frequencies, and

wherein step (b) comprises measuring in the frequency domain the
magnitude and phase of the output at each of the N related
frequencies for each one of the calibration frequencies and step
(c) comprises determining correction factors from the relationship

that relates
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magnitude and phase of the output at the N related frequencies to the

magnitude and phase of the input signal.

10. A method of performing an analogue to digital conversion using a sampler
comprising N time-interleaved ADCs, wherein the sampler has been
calibrated in accordance with the method of any of claims 1 to 9, the
method of performing an analog to digital conversion comprising the steps
of (i) injecting an analogue signal into the sampler; (il) measuring in the
frequency domain the resulting spectrum produced by the sampler; and (iii)
adjusting the measured frequency spectrum in response to the relationships

determined during calibration thereby to produce a channel-equalised

spectrum.

11. A calibration apparatus for calibrating a time interleaved analogue to digital
sampler said sampler comoprising a plurality (N) of time-interleaved channels,
each sampled by an ADC, said sampler having an input for receiving an

analogue input signal and an output for providing a digital output signal, and the
apparatus including:

(a) means for injecting in turn N calibration signals into the input of said
sampler such that each calibration signal occupies at least one of N
related frequencies, wherein the related frequencies are those for
which, given an Input signal at any one of those frequencies,

mismatches in the interleaving channels affect the resultant output of

the sampler at the other related frequencies;

(b) means for measuring in the frequency domain of the interleaved
sampled data the output signal at each of the N related frequencies

for each one of the N calibration frequencies; and

(c) means for determining the relationship that relates the input signal to

the output signal at each of the N related frequencies for each one of

the N calibration frequencies.
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12. A channel equaliser for an analogue to digital sampler, comprising the
calibration apparatus of claim 11, wherein the said means for determining the
relationship is operable to adjust a frequency domain signal derived from output
5 of the sampler according to the relationships determined during calibration

thereby to produce a channel-equalised spectrum.

13. A computer that is programmed for carrying out the method of any of the

claims 1 to 10, and to perform the steps of:

10 (1) receiving the measurements of the output at each of the N calibration

frequencies for each one of the N calibration frequencies;

(2) determining the relationship that relates the input signal to the output at
each of the N related frequencies for each one of the N calibration

frequencies.
15

14. A computer program product comprising program instructions for causing a

computer to operate in accordance with claim 13.
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Figure 2a

Figure 2b

Figure 2d /
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