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METHOD AND APPARATUS FOR REDUCING SKEW IN A REAL-TIME CENTROID CALCULATION

FIELD OF THE INVENTION

B

The pre

processing,

determinatio

sent invention relates to real-time signal

and more particularly to the real-time

n of a center value (centroid) of a waveform.

BACKGROUND OF THE LNVENTION

Often 1

value of a waveform, such as the wavelength value at which a

t is necessary to determine precisely a center

peak of a waveform occurs in a signal representing light

energy over

a range of wavelengths, and to do so in a way

that involves a small computational burden, so as to perform

the calculation in “real-time” (i.e. performing the

calculation

F
p—

at a rate su:

ficient to keep pace with the

g

arrival of each new set of calculation inputs). For example,

in many situations, it is necessary to determined the center

e

value of a waveform in a signal of light reflected from a

Bragg grating inscribed in an optical fiber. An optical

fiber in which a Bragg grating 1s inscribed can be used as a

'

component of a pressure sensor or as a component of an

optical add/drop multiplexer. The wavelength of the light

reflected by the Bragg grating (i.e. the center value of the

peak in a signal corresponding to the reflected light)

conveys information of use in the sensor and add/drop

multiplexer

applications.

The precision required for different applications

varies, but

a precision of better than 1 part in 300 of the

full width at half maximum (FWHM) of a waveform i1s often

required. A simple technique to determine the center of a

waveform (i.e. e.g. the position of a peak in the waveform)

uses a centroid (or center of mass) calculation over an area

of interest. For an evenly sampled waveform having n sampled

-1 -
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the

points, the basic egquation for the calculation of

‘)

the waveform 1g:

centroid of

(1)

where A; is the sampled amplitude at wavelength V; (or some

other parameter, besides wavelength). As seen in equation

(1), each sample point is weighted by the amplitude at the
sample point.
A centroid calculation according to equation (1) can be

performed quickly is therefore useful as a real-time computer -

can be used for example to determine

algorithm. Equation (1)

the center wavelength Ve of a waveform where n measurements Aj

of power level are taken at n different wavelengths V;.

gu—

The number n of

sampled points 1in

the calculs

tion 1s

(1) . Ideally,

the entire waveform of interest.

critical when using equation the samples span

However, 1n practical

applications this is not always possible due to factors such

as sampling rates and memory requirements. When the samples

11

do not spa

the entire wave:

‘orm, a fixed number of sample

points around the peak value of a waveform are used.

However,

de

points are not perfectly symmetric about

gy
=

termination of

the waveform center,

egpecially when

the locations of the sampled points affect the

the

~ual waveform

the aci

peak.

In a typical real-time application in which a centroid

is determined, only a small number of sampled points of a

the centroid

from which to determine

waveform are available

of the waveform, sometimes as few as seven points and

aometimes even fewer. EBEven with such a small numbgr of

sampled points however, if the sampled points are symmetric

the calculation according

with respect to the true centroid,

iy
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to equation (1) will provide the true centroid. lOn the other
hand, if the sampled points are unevenly distributed with
regpect te the true centrceid, the calculation according to
equation (1) will in general be skewead. 'kThe use of equation
(1) for some uneven digtributions could still vield the
correct centroid, as long as the sum of the moment arms
(amplitude times wavelength) on one side of the true centroid

balances the corresponding sum on the other sgide.)

U.S5S. Patent 6,529,923 whiech was filed May

28, 1988, entitled METHOD FOR IMPROVING THE
ACCURACY IN THE DETERMINATION CF A WAVEFORM CENTER, discloses

a method of correcting for skew in a calculation of a
centreold of a waveform baged on eliminating Some of the
sample points used in the calculation according to equatioﬁ
(1). In some situations, especlally when the number of
sample peoints ig already a very small number, ignoring scme
of the sample points tends to increase error in the

calculation of the centroid.

What i1s needed is a method for reducing skew in the
calculation of the centroid of a waveform nct based on only
eliminating any of the sampled points, but rather based on

adding pointa to be used in the calculation of the centroid.

SUMMARY OF THE INVENTION

Accordingly, the present invention pfovides a method and
corresponding apparatus for determining the centroid (Ve) of a
- waveform gsignal indicating how the éutput of 2 system, such
as the light reflected by a Bragg grating inscribed in an
optical fiber, responds to an input signai, such as il1ncident
light, as the value of a characteristic of the input signal,
such as the wavelength of the ineident light, is varied over
a predetermined range, the waveform being sampled at a get of
parameter values (V;, i=1l, ..., n} yielding a corresponding

set Of sampled amplitudes (A;, i=1, ..., n), each parameter

-3 -
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value and corresponding amplitude forming a sampled point (Vj,

A;), the method including the steps of: selecting an amplitude

at which to create an interpolated point; interpolating a

first parameter value corresponding to the amplitude selected

in the step of selecting an amplitude; and performing a

centroid calculation using only the sampled points with an

amplitude greater than a predetermined threshold.

F
-

In a further aspect of the invention, the amplitude

g

selected in the step of selecting an amplitude is less than

approximately twenty per cent of the maximum sampled

amplitude.

In another further aspect of the invention, the centroid

(Vo) 18 calculated using as a formula:

In yet another further aspect of the invention, the

waveform is sampled i1n the presence of background noise, and

the method also includes the steps of: estimating the

background (B;) for each value in the set of parameter values

at which sampling is performed; and reducing the amplitude

gr—

(A;) of each sampled amplitude by the background (B;) so

estimated.

In still yet another further aspect of the invention,

there is, among the sampled amplitudes, a maximum sampled

amplitude, and, in addition, the method also includes the

step of interpolating a second parameter value to correspond

to the amplitude selected in the step of selecting an

amplitude, the second value on the opposite side from the

first interpolated wvalue of the maximum sampled amplitude.
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BRIEF DESCRIPTION OF THE DRAWINGS

'

The above and other objects, features and advantages o:

[ -

~he invention will become apparent from a consideration of

the subsequent detailed description presented in connection

with accompanying drawings, in which:

Fig. 1 is a graph of the sampled points of a waveform

shown superimposed on a waveform that 1s sampled would

vield the sampled points, and showing the addition of a new

point to the set of sampled points;

pr— pre—

Fig. 2 is a graph of some of the sampled points of Fig.

—

1 and the added sampled point, with an amplitude of each

F
—

ficient to eliminate

sampled point reduced by an amount su:

"

the smallest amplitude sampled point of the original set of

sampled points;

Fig. 3 is a graph of all of the original sampled points

of Fig. 1, and showing the addition of two new points to be

used in the calculation of the centroid of the waveform;

p— g

Fig 4 is a graph of some of the sampled points of Fig.

3, as well as the points added to the original set of

sampled points, with the amplitude of each of the sampled
points and that of the added points reduced by an amount

p— p—

sufficient to eliminate use of several of the original

sampled points in the calculation of the centroid of the

waveform; and

Fig. 5 is a flow chart of the method of the present

invention.

BesT MODE For CARRYING OUT THE INVENTION

In order to reduce sgskew in a real-time calculation of

the centroid V. of a waveform sampled at a set of wavelengths

V; (or some other physical parameters on which the waveform

depends) and so observed to have corresponding amplitudes A;,

I~
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the present invention involves adding to the set of sample

points (wavelength-amplitude pairs) of the waveform either

one or two interpolated points having an amplitude equal to a

predetermined amplitude that is typically a small fraction

p—

(ugually 20% or less) of the maximum sampled amplitude.

Whether one or two points are added depends on whether an

existing sample point has an amplitude approximately equal to

the predetermined amplitude.

Referring now to Fig. 5, the method begins with a step

51 of providing a predetermined amplitude at which one or two

points are to be interpolated. Next, in a step 52, a search

g

of the existing sample points is made to determine whether

any such point has an amplitude approximately equal to the

predetermined amplitude and if so to identify such a point.

Adding only a single interpolated point

Referring still to Fig. 5, i1f the sampled points include

a point having an amplitude that is approximately equal to

the predetermined amplitude, then only a single interpolated

point is added to the set of points used in the centroid

calculation. But first, in a step 54 (optional), the

predetermined amplitude 1is adjus:ed to equal more precisely

the amplitude of the identified existing sample point.

Referring now to Figs. 1, 2 and still to Fig. 5, the

1)

adding only a

method of the present invention in case O:

B

single interpolated point is shown as including the steps OIL:

(in a step 55) creating the interpolated point N1, at a
predetermined amplitude, to be used in combination with some

of the sampled points P1, P2, ..., P7; (in a step 56)

subtracting from each amplitude an offset (the same for each

amplitude) sufficient to cause the interpolated point to have
a small non-zero amplitude, but also sufficlent to cause the
sampled points outside the interpolated point (Pl in Fig. 1)

to have a negative value (see Fig. 2); and (in a step 57)

-6 -
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performing the centroid calculation using one or another

centroid formula, such as that given by equation (1), i.e.

but including in the calculation only the originally sampled

points having a positive amplitude after subtracting the

predetermined constant offset, (i.e. points P2, ..., P7 of

Fig. 1) as well as the interpolated point N1, as indicated in
Fig. 2.

—

Another example of a formula that can be used to

p—

calculate the centroid, instead of that given by equation

(1), 1s given by equation (5) below.

In a sense what 1s being done here is a reverse

-

interpolation, in that the ordinate (amplitude) or y-value of

the interpolated point is given (predetermined so as to have

the interpolated point become an endpoint) and its abscissa

(wavelength) or x-value is to be determined based on some

method of interpolation, such as linear interpolation or

cubilc spline interpolation, or based on curve fitting using

i

an assumed form of the equation for the waveform i1s known.

Still referring to Figs. 1, 2 and 5, the interpolated

point N1 is intended to even out (relative to the centroid)

the distribution of wavelength-amplitude pairs used in the

calculation of the centroid. Ideally, the resulting

distribution is symmetric about the true centroid. In such a
case, the calculation according to equation (1) will vield

the actual centroild value, 1.e. the wavelength at which the

actual maximum of the waveform occurs.

Still referring to Figs. 1, 2 and 5, according to the

invention, the interpolated point that is added is to become

an endpoint of the set of points used in the calculation of

Ly
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the centroid, as indicated in Fig. 2, and is therefore

selected (in a step 51) to have a predetermined amplitude

‘)

that is typically a small fraction (usually less than 20%) o:

the amplitude of the sampled point having the maximum

pr

amplitude (i.e. the amplitude of P4 in the case of the

gtz

waveform of Fig. 1).

There is computational burden associated with adding an

interpolated point. In some casges, as illustrated in Fig. 1,

there is an existing sample point (P7) having an amplitude at

or near the (predetermined) amplitude at which an

interpolated point (N1) is to be ‘added. In such a case, the

predetermined amplitude is adjusted to equal the amplitude of

the existing sampled point, and then only a single

interpolation need be performed to add one point on the

-

opposite side of the peak from the existing sampled point,

and at the same amplitude as the existing sampled point.

Then the offset is determined and subtracted fxrom each

sampled amplitude as well as from the amplitude of the

interpolated point so that the interpolated point (N1) and

the existing sample point (P7) become the endpoints of the

waveform, with each having the same small, non-zero

amplitude. Alternatively, the offset can be épplied before

the interpolation.

There is a significant saving of computational burden in

only having to add a single interpolated point. The burden

of adding one interpolated point, as illustrated in Fig.

where an existing sampled point is found to have

approximately the predetermined amplitude, is approximately

only one half that for adding two interpolated points,

because it turns out to be possible to determine whether an
existing sampled point has an amplitude approximately equal

to the predetermined amplitude i1n as little as a single clock

cycle.
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Referring now in particular to Fig. 2, the same waveform

ig shown in Fig. 2 as in Fig. 1 except reduced in amplitude

by the predetermined offset. The result is that point Pl has

a negative amplitude and is therefore discarded (not used 1in

the calculation of the centroid). The points used in the

gy
p—

calculation of the centroid after subtracting the

predetermined offset then include three points on either side

plnb.

of the maximum sampled amplitude P4.

Ideally an estimated background is also subtracted from

each sampled amplitude, before subtracting the constant

offset, the estimated background being in general different

for different wavelength values. A subtraction of a constant

offset from all sample points and also from the interpolated

e
p—

point has no effect on the calculation of the centroid,

except that it drives some of the sampled amplitudes to a

negative value (specifically the sampled amplitude for point

P1 in Fig. 1), so that such points are not then used in the

calculation of the centroid. On the other hand, the

subtraction of a variable background can reduce skew.

Creating two interpolated points

Referring now to Fig. 3 and Fig. 5, the method of the

present invention is shown in case there 1s no existing

sample point having an amplitude approximately equal to the

predetermined amplitude so that two interpolated points are

created. Fig. 3 shows the same waveform as in Fig. 1, with

the same sampled points P1 P2 ... P7, but indicates the

addition in a step 53 of two interpolated points N1 N2 on

either side of the maximum sampled amplitude P4. As

explained above, the addition of two i1interpolated points

involves nearly twice the computational burden as the

addition of one interpolated point at an amplitude for which

there is already a sampled point.
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—

Referring now to Fig. 4, the waveform of Fig. 3 with the

sampled points P3 ... P6 inside the two interpolated points

F-.
pa—
—

N1 N2 shows the reduction of amplitude (step 56) at each o:

F
o

the sampled points at an amount sufficient to eliminate all

pr—

sample points outside of the two added interpolated points N1

N2 .

Scope of the invention

It 1ig to be understood that the above-described

gui=tay
p—

arrangements are only illustrative of the application of the

principles of the present invention. In particular, it is

obvious that it is not actually necessary to subtract a

-

predetermined offset from the amplitude of each of the

sampled and interpolated points. It is enough to determine

whether a given point has an amplitude greater than the

offgset and to include it in the calculation only in such a

case, so that the offset serves as a predetermined threshold.

| -

Numerous other modifications and alternative arrangements may

be devised by those skilled in the art without departing from

the scope of the present invention, and the appended claims

are intended to cover such modifications and arrangements.

-10 -
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What is claimed is:

1. A method of performing signal processing for determining the centroid (V)
of a waveform signal reflected from a Bragg grating in an optical fiber indicating
how a system responds to an input signal as the value of the input signal is
varied over a predetermined range, the waveform being sampled at a set of
parameter values (V;, i=l,..., n) yielding a corresponding set of sampled
amplitudes (A;, i=1,..., n), each parameter value and corresponding amplitude

forming a sampled point (V;, A)), comprising the steps of:
a) selecting an amplitude at which to create an interpolated point:

b) interpolating a first parameter value corresponding to the amplitude selected in

step (a); and

c) performing a centroid calculation using only the sampled points with an

amplitude greater than a predetermined threshold.

2. The method of claim 1 wherein the amplitude selected in step (a) is less

than approximately twenty per cent of the maximum sampled amplitude.

3. The method of claim 1 wherein the centroid V. is calculated using as a

formula:

S
Ve =2

S
i=1

In which A; is an amplitude of the waveform and V; is a corresponding physical

parameter on which the amplitude of the waveform depends.

4 The method of claim 1, wherein the waveform is sampled in the presence

of background noise, and the method further comprises the steps of:

11-
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d) estimating the background (B;) for each value in the set of parameter values at

which sampling is performed ; and

e) reducing the amplitude (A)) of each sampled amplitude by the background (B))

sO estimated.

5. The method of claim 1, wherein among the sampled amplitudes there is a
maximum sampled amplitude, and wherein the method further comprises the
step of interpolating a second parameter value to correspond to the amplitude
selected in step (a), the second value on the opposite side from the first

Interpolated value of the maximum sampled amplitude.

6. An apparatus comprising an optical fiber in which a Bragg grating is
Inscribed to reflect light, the apparatus being configured for determining the
centroid (V) of a waveform signal reflected from the Bragg grating indicating how
a system responds to an input signal as the value of the input signal is varied
over a predetermined range, the waveform being sampled at a set of parameter
values (V;, 1=1,..., n) yielding a corresponding set of sampled amplitudes (A,
I=l,..., n), each parameter value and corresponding amplitude forming a sampled

point (V;, A)), the apparatus comprising:
a) means for selecting an amplitude at which to create an interpolated point;

b) means for interpolating a first parameter value corresponding to the selected

amplitude; and

c) means for performing a centroid calculation using only the sampled points with

an amplitude greater than a predetermined threshold.

7. The apparatus of claim 6, wherein the selected amplitude is less than

approximately twenty per cent of the maximum sampled amplitude.

8. The apparatus of claim 6, wherein the centroid (V) is calculated using as

a formula:

_12-
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In which A; is an amplitude of the waveform and Vi, is a corresponding physical

parameter on which the amplitude of the waveform depends.

9. The apparatus of claim 6, wherein the waveform is sampled in the

presence of background noise, and the apparatus further comprises:

d) means for estimating the background (B;) for each value in the set of

parameter values at which sampling is performed; and

e) means for reducing the amplitude (Aj) of each sampled amplitude by the

background (B;) so estimated.

10.  The apparatus of claim 6, wherein among the sampled amplitudes there is
a maximum sampled amplitude, and the apparatus further comprises means for
Interpolating a second parameter value to correspond to the selected amplitude,
the second value on the opposite side from the first interpolated value of the

maximum sampled amplitude.

11. A pressure sensor comprising an optical fiber in which a Bragg grating is
inscribed to reflect light, the sensor being configured to perform signal processing
on a waveform signal reflected from the Bragg grating by determining the
centroid (V) of the waveform signal reflected from the Bragg grating, the
waveform signal reflected from the Bragg grating being sampled at a set of
parameter values (V;, i=1,..., n) yielding a corresponding set of sampled
amplitudes (A;, i=l,..., n), each parameter value and corresponding amplitude

forming a sampled point (V;, Aj), the sensor comprising:

a) means for selecting an amplitude at which to create an Interpolated point;

-13-



CA 02456855 2012-11-13

b) means for interpolating a first parameter value corresponding to the selected

amplitude; and

c) means for performing a centroid calculation using only the sampled points with

an amplitude greater than a predetermined threshold.

12. The sensor of claim 11, wherein the selected amplitude is less than

approximately twenty per cent of the maximum sampled amplitude.

13. The sensor of claim 11, wherein the centroid (V) is calculated using as a

formula:

S Vidi
Ve = 2

S i
=]

In which A; is an amplitude of the waveform and V, is a corresponding physical

parameter on which the amplitude of the waveform depends.

14.  The sensor of claim 11, wherein the waveform is sampled in the presence

of background noise, and the apparatus further comprises:

d) means for estimating the background (B;) for each value in the set of

parameter values at which sampling is performed; and

e) means for reducing the amplitude (Aj) of each sampled amplitude by the

background (B;) so estimated.

15.  The sensor of claim11, wherein among the sampled amplitudes there is a
maximum sampled amplitude, and the apparatus further comprises means for
interpolating a second parameter value to correspond to the selected amplitude,
the second value on the opposite side from the first interpolated value of the

maximum sampled amplitude.
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16.  An optical add/drop multiplexer comprising an optical fiber in which a
Bragg grating is inscribed to reflect light, the sensor being configured to perform
signal processing on a waveform signal reflected from the Bragg grating by
determining the centroid (V) of the waveform signal reflected from the Bragg
grating, the waveform signal reflected from the Bragg grating being sampled at a
set of parameter values (V, i=1,..., n) yielding a corresponding set of sampled
amplitudes (A;, i=l,..., n), each parameter value and corresponding amplitude

forming a sampled point (V;, Aj), the sensor comprising:
a) means for selecting an amplitude at which to create an interpolated point:

b) means for interpolating a first parameter value corresponding to the selected

amplitude; and

c) means for performing a centroid calculation using only the sampled points with

an amplitude greater than a predetermined threshold.

7. The multiplexer of claim 16, wherein the selected amplitude is less than

approximately twenty per cent of the maximum sampled amplitude.

18.  The multiplexer of claim 16, wherein the centroid (V,) is calculated using

as a formula:

o
Ve =2

S 4
i=l

In which A; is an amplitude of the waveform and V, is a corresponding physical

parameter on which the amplitude of the waveform depends.

19.  The multiplexer of claim 16, wherein the waveform is sampled in the

presence of background noise, and the apparatus further comprises:
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d) means for estimating the background (B;) for each value in the set of

parameter values at which sampling is performed; and

e) means for reducing the amplitude (A;) of each sampled amplitude by the

background (B;) so estimated.

20.  The multiplexer of claim 16, wherein among the sampled amplitudes there
Is @ maximum sampled amplitude, and the apparatus further comprises means
for interpolating a second parameter value to correspond to the selected

amplitude, the second value on the opposite side from the first interpolated value

of the maximum sampled amplitude.
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