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(57) Abstract

Prior to performing a centroid calculation on a A
waveform that is discretely sampled at a limited number
of sample points, the last sample point (VN, AN) is
eliminated if the magnitude of the amplitude at the
first sample point (A)) is greater than the last sample
point (An), and the difference in magnitude between
the first and last sample points (A1—AN) is greater than
the difference in magnitude between the second to last
sample point and the first sample point (An_1—A1). The
first sample point (Vi, A1) is eliminated prior to the
centroid calculation if the magnitude of the amplitude
at the last sample point (AN) is greater than the first
sample point (A7), and the difference in magnitude
between the last and first sample points (AN-A1) is
greater than the difference in magnitude between the
second sample point and the last sample point (A2—-AN).
In a second embodiment of the invention, a first
centroid calculation is performed using a set of samples
in which one side of the waveform has the lowest
amplitude value sample. Sample values on the side
of the waveform initially having the lowest amplitude
value are then eliminated until the opposing side of
the waveform has the lowest amplitude value sample.
A second centroid calculation is then performed and
the two centroid calculations are averaged together
to arrive at an average centroid calculation. In a
third embodiment of the invention, the amplitude
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components of the waveform sample values are normalized to the lowest amplitude value sample point and a first centroid calculation
is performed on the normalized waveform. Next, the waveform is normalized to the lowest amplitude value sample point on the other side
of the waveform and a second centroid calculation is performed. The two centroid calculations are then averaged to provide an averaged

normalized centroid calculation.
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METHOD FOR IMPROVING THE ACCURACY IN THE DETERMINATION OF
A WAVEFORM CENTER

Technical Field

The present invention relates to signal processing, and more particularly to the

determination of a center value of a waveform.

Background of Invention

Often it is necessary to determine a center value, such as a center wavelength,
of a waveform to a high precision. The degree of precision required for different
applications varies, but often precision better than 1 part in 300 of the full width at
half max (FWHM) of the waveform is required. A simple technique to determine the
center of a waveform is to use a centroid (or center of mass) calculation over an area
of interest. For a discretely, evenly sampled waveform the basic equation for the

calculation of the centroid is:

ZVN 'AN

Vo= 2 ()

where N is the total number of samples for each value (Vy), and Ay is the sampled
amplitude. As seen in the above equation each sample point is weighted by the
amplitude at that point. This calculation can be performed quickly on a sampled
waveform and is therefore useful in real-time computer algorithms. Equation 1 can be
used for example to determine the center wavelength (A.) of a waveform where a

number N of discrete power level (P,) measurements are taken for each wavelength

().

The number of sampled points in the calculation is critical when using
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Equation 1, ideally the samples should span the entire waveform of interest.

However, in practical applications this is not always possible due to factors such as
sampling rates and memory requirements. In this case, a fixed number of sample
points around the peak value of a waveform can be used. However, the locations of
the sampled points will introduce errors in the determination of the waveform center
provided the points are not perfectly symmetric around the waveform. Figs. 1-3
illustrate examples of sampled waveforms using a fixed number of points, i.e., seven
(7) points. In the example of Fig. 1, the sample points are distributed symmetrically
over the waveform. However, in Fig. 2, the sample points are shifted relative to the
symmetrical sampling locations in Fig. 1 resulting in an asymmetric distribution of
the points over the waveform and consequently an error in the determination of the
center due to the weighting of all the points in Equation 1. Fig. 3 illustrates the
extreme case, where again seven discrete sample points are shown. The first point
will effectively skew the calculation from the correct value. Fig. 4 illustrates the error
associated with asymmetric distribution of discrete sample points. In particular, Fig. 4
shows the percent error in the calculation from the FWHM versus the phase difference
between the sampled points and the waveform. For a O-degree phase difference, the
peak of the waveform coincides exactly with the center-sampled point. For a 180-

degree phase shift, the waveform peak is exactly between two sampled points.

The sample error can be reduced by increasing the number of sample points.
However, as indicated above, the number of sample points, and therefore the accuracy
of centroid determination, is limited by the sampling rate and the available memory.
There therefore exists a need for an improved method of determining a center
wavelength of an arbitrary waveform, particularly where the waveform is discretely

sampled at a limited number of sample points.

Summary of the Invention

Objects of the present invention include improved accuracy of the centroid

calculation of a waveform.
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According to a first embodiment of the present invention, a waveform is
discretely sampled at a limited number of sample points, each sample point being a set
(Vy Ay including a sample value (V) and an amplitude (Ay), and N being the
number of non-eliminated sample points. Prior to performing a centroid calculation
on the waveform, the last sample point (Vy, Ay) is eliminated if the magnitude of the
amplitude at the first sample point (A,) is greater than the last sample point (Ay), and
the difference in magnitude between the first and last sample points (A;-Ay) is greater
than the difference in magnitude between the second to last sample point and the first
sample point (Ay,-A,). The first sample point (V,, A) is eliminated prior to the
centroid calculation if the magnitude of the amplitude at the last sample point (Ay) is
greater than the first sample point (A,), and the difference in magnitude between the
last and first sample points (Ay-A,) is greater than the difference in magnitude

between the second sample point and the last sample point (A,-Ay).

In accordance with a second embodiment of the invention, a first centroid
calculation is found using a set of samples in which one side of the waveform has the
lowest amplitude value sample. Sample values on the side of the waveform initially
having the lowest amplitude value are then eliminated until the opposing side of the
waveform has the lowest amplitude value sample. A second centroid calculation is
then performed and the two centroid calculations are averaged together to arrive at an

average centroid calculation.

In accordance with a third embodiment of the invention, the amplitude
components of the waveform sample values are normalized to the lowest amplitude
value sample point and a first centroid calculation is performed on the normalized
waveform. Next, the waveform is normalized to the lowest amplitude value sample
point on the other side of the waveform and a second centroid calculation is
performed. The two centroid calculations are then averaged to provide an averaged

normalized centroid calculation.
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The foregoing and other objects, features and advantages of the present
invention will become more apparent in light of the following detailed description of

exemplary embodiments thereof, as illustrated in the accompanying drawings.

Brief Description of the Drawings

Fig. 1 is a diagram of a discretely sampled waveform wherein the sample
values are symmetrically distributed over the waveform;

Fig. 2 is a diagram of the discretely sampled waveform of Fig. 1 wherein the
sample values are asymmetrically distributed over the waveform,;

Fig. 3 is a diagram of the discretely sampled waveform Fig. 1 wherein the
sample values are asymmetrically distributed over the waveform and wherein the peak
of the waveform is exactly between two sample points;

Fig. 4 is a diagram showing the percent error in the calculation from the
FWHM versus the phase difference between the sample points and the waveform of
Figs. 1-3;

Fig. 5 is a diagram of a discretely sampled waveform wherein the sample
values are asymmetrically distributed over the waveform, and showing the
determination of whether one of the sample points should be eliminated prior to
calculating the centroid of the waveform,;

Fig. 6 is a flowchart of a subroutine for determining whether one of the sample
points should be eliminated prior to calculating the centroid of the waveform of Fig.
5;

Fig. 7 is a diagram showing the percent error in the calculation from the
FWHM versus the phase difference between the sample points and the waveform
using the flowchart of Fig. 6 for determining the centroid of the waveform;

Fig. 8 is a diagram of a discretely sampled waveform wherein the sample
values are asymmetrically distributed over the waveform;

Fig. 9 is a diagram of the discretely sampled waveform of Fig. 8 with the
sample having the lowest magnitude amplitude eliminated,

Fig. 10 is a diagram showing the percent error in the calculation from the
4
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FWHM versus the phase difference between the sample points and the waveform
wherein the centroid calculations of the diagrams of Fig. 8 and Fig. 9 are averaged to
determine a centroid of the waveform in accordance with a second embodiment of the
invention;

Fig. 11 is a diagram of a discretely sampled waveform wherein the sample
values are asymmetrically distributed over the waveform and wherein the waveform is
offset in amplitude;

Fig. 12 is a diagram showing the percent error in the calculation from the
FWHM versus the phase difference between the sample points and the waveform of
Fig. 11, wherein the waveform is normalized prior to determination of its centroid;
and

Fig. 13 is a diagram of a discretely sampled waveform wherein the sample
values are asymmetrically distributed over the waveform and wherein a portion of the

waveform is not sampled.

Detailed Description of the Invention

The present invention is particularly well suited for determining the center
value (centroid) of a waveform. The present invention is particularly suitable for use
with a waveform having a generally symmetrical distribution, e.g., a Gaussian or
Lorentz relationship. However, the present invention is also suitable for use with

waveforms having a generally asymmetrical distribution, such as a Rayleigh function.

The present invention will be described with respect to a waveform where the
value of interest is wavelength and the amplitude of interest is the power. However, it
will be understood by those skilled in the art that the present inventions may be used

with any waveform representing a value and amplitude of interest.

As illustrated in Figs. 3 and 4, with a 180 degree phase shift (the waveform
peak is exactly between two sampled points), one of the sample points (in this case

the first point) effectively skews the calculation from the correct value. In accordance
5
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with a first embodiment of the invention, by eliminating one of the sample points
under certain situations, thereby switching between an even and an odd number of
sample points, the error in the calculation of center wavelength is significantly

reduced.

Fig. 5 illustrates a waveform having an asymmetric distribution of seven
sample points. The determination of whether or not a sample point should be
eliminated can be performed using the subroutine of Fig. 6. Referring to Figs. 5 and
6, the subroutine is entered in a step 100, and in a step 101, the waveform of interest is
sampled and the sample values (Vy, Ay) are stored in memory. In the present
example, seven (7) samples are taken of the waveform. However, as described in
greater detail herein, any number of samples may be used. Next, a test 105 is
performed wherein the amplitude of the first sample (A,) is compared to the amplitude
of the last sample (A,). If A, is less than A,, steps 110 and 111 are consecutively
performed wherein the difference in amplitude between A, and A, is determined
(DA,) and the difference in amplitude between the amplitude of the second sample
(A,) and A, is determined (DA,). Next a test 115 is performed wherein the magnitude
of DA, is compared to the magnitude of DA,. If DA, is greater than DA,, a step 117
is performed wherein the first sample point is eliminated. The centroid calculation of
Equation 1 is then performed on the remaining points in step 120. If DA, is less than
DA,, the centroid calculation is performed on all of the sample points in step 120.

The subroutine then returns to step 101 wherein discrete samples of a new waveform

are taken and stored in memory.

If A, is greater than A, the results of the step 105 are positive, and the discrete
samples are skewed to the other side of the waveform. In this case, steps 130 and 131
are performed wherein the difference in amplitude between A, and A, is determined
(DA,) and the difference in amplitude between the amplitude of the sixth sample (A,)
and A, is determined (DA,). Next a test 135 is performed wherein the magnitude of
DA, is compared to the magnitude of DA,. If DA, is greater than DA,, a step 137 is

performed wherein the last sample point is eliminated. The centroid calculation of
6
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Equation 1 is then performed on the remaining points in step 120. If DA, is less than
DA,, the centroid calculation is performed on all of the sample points in step 120.
The subroutine then returns to step 101 wherein discrete samples of a new waveform

are taken in stored in memory.

The centroid calculation of Figs. 5 and 6 provides a significant improvement
over the prior art. Fig. 7 shows the reduction in centroid calculation error when the
centroid is determined in accordance with the first embodiment of the invention. As
can be seen from Fig. 7, the maximum percent error in the calculation from the
FWHM versus the phase difference between the sampled points and the waveform
using the first embodiment of the invention (as illustrated by curve 150) is cut in half
with respect to the percent error if the centroid determination in accordance with the

first embodiment of the invention is not used (as illustrated by curve 155).

In a second embodiment of the invention, further reduction in the errors
associated with a centroid calculation can be achieved by averaging two centroid
calculations for a given asymmetrically sampled waveform. Referring to Fig. 8, the
first centroid calculation is found using a set of samples in which one side of the
waveform has the lowest amplitude value sample. In this case, because of the
asymmetry of the discrete samples, the centroid calculated is slightly below the true
center. Referring now to Fig. 9, for the same set of samples, sample values on the
side of the waveform initially having the lowest amplitude value are eliminated until
the opposing side of the waveform has the lowest amplitude value sample. A second
centroid calculation is then performed using Equation 1. The two centroid
calculations are then averaged together to arrive at an average centroid calculation.
Since the centroid calculated for the sample values of Fig. 9 are slightly high, due to
the asymmetry, the average of the two centroid calculations greatly reduces the errors
in the calculation when the sample points are not exactly symmetrically located
around the waveform. Figure 10 shows an example of the reduction in centroid
calculation error achieved using this averaging technique. Curve 160 is the percent

error using the second embodiment of the invention and curve 165 is the percent error

7



10

15

20

25

30

WO 99/61925 PCT/US99/11836

using no correction in accordance with the present invention.

Referring now to Fig. 11, under certain circumstances, the samples may not
span the entire waveform, or the amplitude values may not return to zero. In this case,
an additional error may be introduced in the centroid calculation associated with the
offset of the waveform from zero. In particular, the centroid calculation will be biased
towards the centroid of the offset area. For a large offset area, this biasing effect can
negate the effects of the waveform shape itself. A third embodiment of the invention
is particularly useful for reducing errors in the calculation of the centroid of the
waveform of interest, especially when the waveform contains a fixed offset. In
accordance with the third embodiment of the invention, the amplitude components of
the waveform sample values are normalized to the lowest amplitude value sample
point. Fig. 11 shows that an offset sampled waveform is equivalent to the actual
waveform of interest on top of a fixed offset, or an offset “box” 170. Elimination of
this “box” by normalization of the waveform amplitude to the lowest amplitude value
sampled point will minimize the offset associated errors in the calculation. After
normalization, a centroid calculation is performed on the normalized waveform.

Next, sample values on the side of the waveform initially having the lowest amplitude
value are eliminated until the opposing side of the waveform has the new lowest
amplitude value sample. The waveform is then normalized to the new lowest
amplitude value sample point and a second offset box 175 is eliminated prior to a
second centroid calculation being performed. The two centroid calculations are then
averaged to provide an averaged normalized centroid calculation. Figure 12 shows an
example of the reduction in centroid calculation error achieved with an averaged

normalized centroid calculation.

Although the third embodiment of the invention is described herein as
eliminating an “offset box”, it will be understood by those skilled in the art that the
amplitude values of each of the discrete sample points are simply normalized to the
value of the smallest magnitude amplitude value. In effect, this smallest value

amplitude value is simply subtracted from all of the other amplitude values.

8
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Rather than performing two normalizations of the waveform in accordance
with the third embodiment of the invention, either the first embodiment of the
invention, wherein sample points are eliminated under certain circumstance, or the
second embodiment of the invention, wherein two centroid calculations are averaged,
may be used to determine the center value or centroid of the waveform of interest after

the initial normalization of the waveform.

The present invention has been described thus far wherein the number and
distribution of sample points on either side of a waveform are generally evenly
distributed, with an error in the centroid determination of the waveform being
introduced by a generally asymmetric distribution of sample points over the waveform
of interest. However, under certain circumstances, there may be an extremely skewed
distribution of sample points on one side of a waveform as compared to the other.
Referring now to Fig. 13, this situation may occur where the sample values do not
span the entire waveform or where samples are lost or unusable. Alternatively, if the
waveform is extremely asymmetric, the distribution of sample points on the waveform
may be extremely skewed. In this case, it may be desirable to delete certain sample
values. For example, sample values on both sides of the waveform are compared, and
sample values are eliminated on the side of the waveform having the lowest amplitude
values until there is only one sample value on one side of the waveform having a
smaller amplitude than the smallest amplitude value on the other side of the
waveform. In the example of Fig. 13, sample values 9, 10 and 11 are eliminated.
After elimination of the sample points, the centroid of the waveform may be
determined in accordance with the first, second or third embodiments of the mvention
as described above. Additionally, as described above with respect to the third
embodiment of the invention, all of the sample values may be normalized, either

before or after elimination of sample points.

The invention has been described herein as using seven (7) discrete sample

points over the waveform. However, it will be understood by those skilled in the art
9
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that any number of sample points may be used with the present invention. The greater

the number of sample points, the more accurate the centroid determination will be.
Although the invention has been described and illustrated with respect to
exemplary embodiments thereof, the foregoing and various other additions and

omissions may be made therein and thereto without departing from the spirit and

scope of the present invention.

We claim:

10
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CLAIMS:

1. A method for determining the centroid (V) of a waveform discretely sampled
at a limited number of sample points, wherein each sample point is a set (Vy, Ay)
including a sample value (Vy) and an amplitude (Ay), and wherein N is the number of
non-eliminated sample points, the method comprising the steps of:

(a) eliminating the last sample point (Vy, Ay) if the magnitude of the
amplitude at the first sample point (A,) is greater than the last sample
point (Ay), and the difference in magnitude between the first and last
sample points (A,-Ay) is greater than the difference in magnitude
between the second to last sample point and the first sample point
(AnamAy);

(b) eliminating the first sample point (V,, A)) if the last sample point was
not eliminated in the previous step (a), the magnitude of the amplitude
at the last sample point (A,) is greater than the first sample point (A,),
and the difference in magnitude between the last and first sample
points (Ay-A,) is greater than the difference in magnitude between the
second sample point and the last sample point (A,-Ay); and

(c) determining the centroid (V) of the waveform using only the

remaining sample points in accordance with the following relationship:
Z VN ' AN

Ve =Hm,
c ZAN
N

2. The method of claim 1, further including the step of, prior to the step (c),
normalizing the amplitude values (Ay) of all of the sample points to the smallest

magnitude amplitude value of any of the sample points.

3. The method of claim 1, further including the steps of, prior to the step (a):
(a")  selecting the first sample point (V,,A,) if the amplitude of the first
sample point (A,) is less than the amplitude of the last sample point
(An);
11
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(¢

(d)

()
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eliminating the first sample point if the amplitude of the second sample
point (A,) is less than the amplitude of the last sample point (Ay);
repeating steps (a’) and (b’) if the first sample point is eliminated in
step (b’);

selecting the last sample point (Vy,Ay) if the amplitude of the last
sample point (Ay) is less than the amplitude of the first sample point
(A

eliminating the last sample point if the amplitude of the second to last
sample point (Ay,) is less than the amplitude of the first sample point
(A)); and

repeating steps (d’) and (e’) if the last sample point is eliminated in

step (€’).

4. The method of claim 3, further including the step of, prior to the step (c) of

determining the centroid (V) of the waveform, normalizing the amplitude values (Ay)

of all of the sample points to the smallest magnitude amplitude value of any of the

sample points.

5. A method for determining the centroid (V) of a waveform discretely sampled

at a limited number of sample points, wherein each sample point is a set (Vy, Ay)

including a sample value (V) and an amplitude (Ay), and wherein N is the number of

non-eliminated sample points, the method comprising the steps of:

(@

(b)

determining a first centroid (V) of the waveform in accordance with

the following relationship:

Ve =t Z i
N
performing the following steps if the amplitude of the first sample
point (A,) is less than the amplitude of the last sample point (Ay):
(b1) eliminating the first sample point and each successive

sample point having an amplitude that is less than the
12
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amplitude of the last sample point (Ay);
determining a second centroid (V,) of the waveform in

accordance with the following relationship:
Sy -4y
Ve, =tres——
c2 ZAN
N
determining the centroid (V) of the waveform as the

average of the first centroid (V) and the second

centroid (V,);

(c)  performing the following steps if the amplitude of the last sample point

(A,) is less than the amplitude of the first sample point (A,):

(cl)

(c2)

(c3)

eliminating the last sample point and each previous
sample point having an amplitude that is less than the
amplitude of the first sample point (A,);

determining a second centroid (V,) of the waveform in

accordance with the following relationship:

ZVN ‘AN

_ _N
VCZ— ZAN
N

determining the centroid (V) of the waveform as the
average of the first centroid (V,) and the second

centroid (V).

The method of claim 5, further including the step of, prior to the step (a),

normalizing the amplitude values (Ay) of all of the sample points to the smallest

magnitude amplitude value of any of the sample points.

7.

The method of claim 5, further including the steps of, prior to the step (a):

(a)  selecting the first sample point (V,A,) if the amplitude of the first

sample point (A,) is less than the amplitude of the last sample point

(Aw);

13
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(b")  eliminating the first sample point if the amplitude of the second sample
point (A,) is less than the amplitude of the last sample point (Ay);

(c")  repeating steps (a’) and (b’) if the first sample point is eliminated in
step (b’);

(d)  selecting the last sample point (Vy,Ay) if the amplitude of the last
sample point (A) is less than the amplitude of the first sample point
(Ay);

(¢") eliminating the last sample point if the amplitude of the second to last
sample point (Ay,) is less than the amplitude of the first sample point
(A)); and

¢3) repeating steps (d’) and (e’) if the last sample point is eliminated in
step (¢’).

8. The method of claim 7, further including the step of, after step (f”) and prior to

step (a), normalizing the amplitude values (Ay) of all of the sample points to the

smallest magnitude amplitude value of any of the sample points.

9. A method for determining the centroid (V) of a waveform discretely sampled

at a limited number of sample points, wherein each sample point is a set (Vy, Ay)

including a sample value (V) and an amplitude (Ay), and wherein N is the number of

non-eliminated sample points, the method comprising the steps of:

()

(b)

(©)

normalizing the amplitude values (Ay) of all of the sample points to the
smallest magnitude amplitude value of any of the sample points;
determining a first centroid (V) of the waveform in accordance with

the following relationship:

performing the following steps if the amplitude of the first sample
point (A,) is less than the amplitude of the last sample point (A,):
(cl) eliminating the first sample point and each successive
14
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sample point having an amplitude that is less than the
amplitude of the last sample point (Ay);

normalizing the amplitude values (A,) of all of the
sample points to the smallest magnitude amplitude
value of any of the sample points;

determining a second centroid (V,) of the waveform in

accordance with the following relationship:
Z VN ) AN
Vey = Lo
c2 z AN
N
determining the centroid (V) of the waveform as the

average of the first centroid (V) and the second

centroid (V,);

(d)  performing the following steps if the amplitude of the last sample point

(Ay) is less than the amplitude of the first sample point (A,):

(c2)

5
(c3)
(c4)

10
(d1)

15
(d2)
20 (d3)
(d4)

25

eliminating the last sample point and each previous
sample point having an amplitude that is less than the
amplitude of the first sample point (A,);

normalizing the amplitude values (A) of all of the
sample points to the smallest magnitude amplitude
value of any of the sample points.

determining a second centroid (V,) of the waveform in

accordance with the following relationship:
Z Vy 'AN
Ve, = L A
2. Ay
N
determining the centroid (V) of the waveform as the

average of the first centroid (V,) and the second

centroid (V).

10. The method of claim 9, further including the steps of, prior to the step (a):

15
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(2)

(b")

(c)

(d)

()

()

PCT/US99/11836

selecting the first sample point (V,A,) if the amplitude of the first
sample point (A,) is less than the amplitude of the last sample point
(An)s

eliminating the first sample point if the amplitude of the second sample
point (A,) is less than the amplitude of the last sample point (Ay);
repeating steps (a’) and (b’) if the first sample point is eliminated in
step (b7);

selecting the last sample point (Vy,Ay) if the amplitude of the last
sample point (Ay) is less than the amplitude of the first sample point
(Ay);

eliminating the last sample point if the amplitude of the second to last
sample point (Ay.,) is less than the amplitude of the first sample point
(A)); and

repeating steps (d”) and (¢’) if the last sample point is eliminated in

step (e’).

16
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FIG. 5
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