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Title: Scanning wavelength system and method calibrating such a system

Field of the invention

The invention relates to a scanning wavelength optical system and a

wavelength tracking and reference unit for such a system..

Background

Figure 1 shows a known setup for characterizing or calibrating the
wavelength response an optical system (DUT) by means of a narrow-band
scanning source. Examples of optical systems are spectrometers, assemblies of
lenses, mirrors, prisms, gratings, etc., but also single optical components such
as Fiber Bragg Gratings can be considered as optical systems. Examples of
scanning sources are tunable lasers, and broadband sources with a tunable
filter. A broadband source 1s for example a (superluminescent) LED, or an
Amplified Spontaneous Emission (ASE) source. A tunable filter is for example
a Fabry Perot filter, the cavity length of which 1s controlled by means of a
piezo-electric device. The set up of this figure and the other figures 1s
connected to electronics, but the connections to the electronics have been
omitted for the sake of clarity.

Figure 2a-c show data for characterization by means of a scanning
source. The scanning source provides an optical probe signal, the wavelength
of which 1s scanned from A1 to A2 over a timeframe t1 — t2 (Figure 2a). During
the scan, the response of a Device Under Test (DUT) 1s measured as a function
of time (Figure 2b). The DUT can be any optical system as previously
mentioned. The relation A (t) 1s known to a certain accuracy from the design or
calibration of the system, and we can obtain the response of the DUT as a
function of wavelength (Figure 2¢). The DUT may be reflective or transmissive,
for example a Fabry Perot filter or FBG may be characterized by means of its

reflection, or by means of its transmission. The DUT may have an optical
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output that needs to be converted to an electrical signal by means of an optical-
electrical (o/e) converter, as is the case if the DUT 1s an assembly of optical
components such as lenses, mirrors, prisms and/or gratings. An o/e converter is
for example a photodiode. Alternatively, the DUT may provide an electrical
signal by itself, for example if the DUT 1s a photodiode with unknown
wavelength dependent response, or if it 1s a system with a built-in o/e
converter.

Figure 3 shows a set up with an added wavelength reference. For
accurate results, the wavelength of the source has to be accurately known
throughout the scan. To improve the wavelength accuracy, a fraction of the
probe signal 1s applied to a reference device of which the wavelength response
1s accurately known. The response of this reference device to the scanning
wavelength provides accurate information on the wavelength during the scan.
The reference device can be implemented as a wavelength filter, an
interferometer, or any other suitable device. In particular the use of an
interferometer with a periodic wavelength response enables high accuracy,
since the wavelength period can be chosen (much) smaller than the actual scan
range. The wavelength is obtained by counting interferometer fringes
(periods), and from interpolation within fringes. Even more particular, the
devices as described in EP1549904B1 and WO2004033987A are attractive
options.

Figure 4 shows a further improved set-up with an absolute
wavelength reference. Figure 5 shows wavelength vs. time. During the
wavelength scan, a signal 1s provided at t=tref, indicating the event that the
scan wavelength equals the reference wavelength. This improves the absolute
wavelength accuracy, as well as robustness against hysteresis and drift. It is
known that the wavelength of the scanning source 1s equal to the reference
wavelength at the time point t indicated by the signal. This may be used to
select one of a plurality of possible assignments of wavelengths to successive

periods of the periodic wavelength response of the reference device, the
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assignment being selected that is consistent with the scanning source having
the reference wavelength at the time of the event. Similarly, it may be used to
apply a time shift to the known relation relation A (t) of the wavelength of the
scanning source as a function of time, a time shift value being selected that 1s
consistent with the scanning source having the reference wavelength at the
time of the event.

An attractive option for an absolute wavelength reference is the
Fiber Bragg Grating (FBG), as described in WO 98/17969, US 005838437A, US
006115122A, US 005892582A, US006327036B1 and US006449047B1. An
alternative approach using two non-equal interferometers is described in

US20040091002A1 and US006498800B1.

Problem(s) of the Art

The absolute system accuracy is determined by the accuracy of the
absolute reference. In state of the art systems, an FBG 1s applied as absolute
reference. The Full Width Half Max (FWHM) of the FBG 1s typically 50 pm or
more, which limits the absolute accuracy of the FBG reflection wavelength to
the order of a pm.

Therefore, also the absolute system accuracy in the order of a pm.
This 1s not always sufficient, for example if the DUT 1s a sensor based on a
ring resonator or Fabry Perot resonator, and is meant to be interrogated at

sub-pm level.

Summary

Among others, a method of characterizing or calibrating a scanning

wavelength system and a system that uses such a method that provides for

high accuracy.
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A method of characterizing or calibrating a scanning wavelength
system 1s provided that comprises
- scanning a wavelength of an optical probe signal from a scanning source;

- supplying a first fraction of the optical probe signal to a device under test;

supplying a second fraction of the optical probe signal to a reference device;

supplying a third fraction of the optical probe signal to detector;

supplying light at a reference wavelength from a reference source to the

detector together with the third fraction or to a further detector;
- processing a detector signal by electronics and/or software to identify an
event that a wavelength of the scanning source substantially equals the
reference wavelength.

This makes it possible to monitor relative drift. In an embodiment
the method comprises
- supplying light from a further reference source to the said reference element
together with said fraction of light from the reference source;
- monitoring a drift of the reference element with the light from the further
reference source;
- determining a relative drift of the reference source with respect to the
reference element;
- determining drift of the reference source based on the drift of the reference
element and the relative drift of the reference source with respect to the
reference element. In an embodiment a fraction of light 1s supplied from the
reference source to a reference element which 1s said reference device or a
further reference device. If only a single reference element 1s used, a reference
fraction of the optical probe signal, which is the second fraction or a further
fraction may be supplied to the reference source together with the light from
the further reference source.

A scanning wavelength system is provided that comprises
- a scanning source configured to scan a wavelength of an optical probe signal

from the scanning source
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- a reference source;

- a reference device configured to receive a fraction of the optical probe signal,
and, in an improved embodiment, light from the reference source;

- a detector configured to receive a further fraction of the optical probe signal,
and further light from the reference source;

- electronics and/or software configured to process a detector signal from said
detector to 1identify an event that a wavelength of the scanning source

substantially equals the reference wavelength.

Brief description of the drawing

These and other aspects will become apparent from a description of
embodiments, using the following figures

Figure 1 shows a known setup for characterizing or calibrating the
wavelength response an optical system

Figure 2a-c show data for characterization by means of a scanning source
Figure 3 shows a set up with an added wavelength reference

Figure 4 shows an improved set-up with an absolute wavelength reference
Figure 5 shows wavelength vs. time

Figure 6 shows a set-up for using input from a reference source and a
scanning source

Figure 7 shows in- and output signals

Figure 8 shows a basic embodiment.

Figures 9 and 10 show improved embodiments for monitoring relative and

absolute drift.

Description of embodiments
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The invention is used in a setup for characterizing or calibrating the
wavelength response an optical system (DUT) by means of a narrow-band
scanning source. The scanning source provides an optical probe signal, the
wavelength of which 1s scanned from Al to A2 over a timeframe t1 — t2 (Figure
2a). During the scan, the response of a Device Under Test (DUT) 1s measured
as a function of time (Figure 2b). A response of the DUT as a function of
wavelength 1s obtained (Figure 2c). An optical-electrical (o/e) converter may be
provided to convert an optical output of the DUT to an electrical signal. The o/e
converter may for example be a photodiode. Alternatively, the DUT may
provide an electrical signal by itself.

In addition to the DUT, an added wavelength reference 1s used. A
fraction of the probe signal is applied to a reference device that has a known
response as a function of wavelength. The response of this reference device to
the scanning wavelength provides accurate information on the wavelength
during the scan.

In an embodiment the reference device is a wavelength filter, an
interferometer, or any other suitable device. In particular the use of an
interferometer with a periodic wavelength response enables high accuracy,
since the wavelength period can be chosen (much) smaller than the actual scan
range. The wavelength is obtained by counting interferometer fringes
(periods), and from interpolation within fringes. Even more particular, the
devices as described in EP1549904B1 and WO2004033987A are attractive
options.

An absolute wavelength reference 1s used to provide an indication of
a time point of the event that the scan wavelength equals the reference
wavelength. This signal is used to improve the absolute wavelength accuracy,
and/or to compensate hysteresis and drift as in the prior art. But instead of the
filters used as absolute wavelength reference in the prior art, a reference

source 1s used that supplies light at an accurately defined wavelength.
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Figure 6 shows a set-up for using input from a reference source and
a scanning source. The proposed method is based on the use of a reference
laser rather than a reference FBG. The linewidth of the reference laser 1s
much narrower than the FWHM of the FBG reflection peak. Fractions of the
scanning source and reference source outputs are both incident on a single
detector, thereby creating an electrical signal with a beat frequency equal to
the difference in optical frequencies.

Figure 7 shows in- and output signals of the set-up: reference and
scan inputs (a) and resulting electrical spectrum of the detector signal (b) with
the spectrum for Aref = Ascan shown as a dashed curve. For small d}, the beat

frequency 1s given by:

f=—dd with dd =

<7

~
& — &

s EL O

RO rey

As an indication, for dA = 1 pm and A ~ 1550 nm, the beat frequency
1s 125 MHz, 1.e. a frequency that can be processed electrically. The detector
response 1s analyzed, for example by means of electronics and/or software. The
beat frequency 1s minimum if the scan wavelength equals the reference
wavelength (a narrow spectrum remains due to the finite linewidth of the two
optical spectra). The system in Figure 6 generates a signal if this event occurs,
thereby providing an absolute wavelength reference. The system accuracy 1s
determined by the accuracy of the reference source wavelength, which 1s much
better than achievable with FBGs. A suitable reference source 1s for example a
Distributed Feed Back laser (DFB laser).

Further improvement of the accuracy can be achieved by monitoring
the reference source by the same (or an additional representative) reference
device, to monitor drift of the reference source relative to the reference
device(s). Even further improvement of the accuracy is achieved by monitoring
the reference device(s) by another ultra-stable reference source, such as a

source based on a gas emission line, or the like. The wavelength of this ultra-
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stable reference 1s not necessarily inside or even close to the wavelength scan
range. This approach allows transformation of the absolute accuracy of an
ultra-stable source to the wavelength range of interest.

The development provides an accurate absolute wavelength
reference for use in wavelength-scanning interrogation / characterization
systems. In particular, this development improves the accuracy and sensitivity
for sensor systems in which a wavelength-scanning source 1s applied to detect
the wavelength shift of sensors which are based on ring resonators or Fabry
Perot resonators.

Figure 8 shows a basic embodiment. The output of the scanning
source 1s split in three fractions (at any suitable split ratio):

1. A fraction that characterizes the Device Under Test

2. A fraction that measures the wavelength of the scanning source
by means of a suitable reference device. In practice this reference device 1s
thermally and vibrationally isolated to improve accuracy.

3. A fraction that 1s incident on a detector, on which also the
reference source 1s incident. The detector signal is processed by electronics and
/ or software to identify the event that the scan wavelength equals the
reference wavelength.

Figure 9 shows an improved embodiment for monitoring relative
drift between a reference source and reference devices. As compared to the
situation in Figure 8, the reference source 1s split in two fractions

1. A fraction that in incident on the detector on which also the
scanning source 1s incident.

2. A fraction that 1s monitored by a reference device. This may be the
same reference device that monitors the wavelength of the scanning source.
The signals of the reference source and the scanning source can be i1dentified
by means of time division multiplexing, wavelength filtering, modulation, or

any other suitable technique. Alternatively, the reference source 1s monitored
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by an additional reference device which is representative for the first reference
device (for example concerning temperature).

The benefit 1s improved accuracy if the reference device(s) is (are)
more stable than the reference source.

This 1s a condition that 1s valid for example if (but not only if) the
reference device 1s a highly stable interferometer, while the reference source is
a semiconductor laser that dissipates heat and 1s subject to drift and aging.

Figure 10 shows another improvement for monitoring absolute drift.
As compared to Figure 9, we now have two reference sources:

. Reference source B is the one as discussed previously. A fraction of its
output 1s incident on the detector on which also a fraction of the scanning
source 1s 1ncident. The wavelength of reference source B 1s in the scan interval
[Al ... A2], so that the event that this reference wavelength equals the
scanning source wavelength occurs at a time tref within [t1... t2] (see Figure
5).

. The additional reference source A has a better stability and absolute
accuracy than reference source B. Reference source A 1s for example (but not
limited to) a gas laser or Hg lamp, the wavelength of which 1s dominated by
the physical properties of the source, rather than by its design parameters.

This highly stable reference source A allows accurate monitoring of
the drift of the reference device(s). Knowing the drift of the reference device(s),
as well as the drift of reference source B with respect to the reference device(s),
we obtain the actual drift of reference source B. We can use knowledge of this
drift to correct the wavelength scan for the drift of reference source B, to
1improve the accuracy of the system. Note that the wavelength of reference
source A 1s not necessarily inside the scan interval [A1 ... A2]. If no highly
stable source is available in the wavelength range of interest, we can apply the
implementation according to Figure 10 to transfer the high accuracy of
reference source A to the wavelength range of interest. As previously

mentioned, reference source A may monitor the same reference device(s) that
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monitor(s) the reference source B and the scanning source, or it may monitor
an additional representative reference device. Again time division
multiplexing, wavelength filtering, modulation, or any other suitable
technique 1s applied to distinguish between the sources in case these share
reference devices.

Two general remarks that are relevant for the development: It
should be mentioned that monitoring the reference device(s) and absolute
references may be done during each wavelength scan. Effectively, this means
operation is as a real-time calibration unit. Alternatively, this monitoring can
be done only once, or at regular time intervals. This can be advantageous for
example if the amount of optical power is limited, since the calibration will
consume a fraction of the available optical power.

Finally, it should me mentioned that the above 1s written in terms of
wavelength scanning of optical sources. However, the concept works also for
frequency-scanning of electrical signals. The shared detector is then any
suitable component or circuit in which the difference frequency i1s generated.
All other concepts mentioned above are applicable. The reference source 1s

then for example a local oscillator.
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Claims

1. A method of characterizing or calibrating a scanning wavelength
system, comprising

- scanning a wavelength of an optical probe signal from a scanning source;
- supplying a first fraction of the optical probe signal to a device under test;

supplying a second fraction of the optical probe signal to a reference device;

- supplying a third fraction of the optical probe signal to detector;

- supplying light at a reference wavelength from a reference source to the
detector together with the third fraction;

- processing a detector signal by electronics and/or software to identify an
event that a wavelength of the scanning source substantially equals the
reference wavelength.

2. A method according to claim 1, comprising supplying a fraction of
light from the reference source to a reference element which is said reference
device or a further reference device.

3. A method according to claim 2, wherein said reference element is
said reference device, the method comprising identifying signals due to the
scanning source and the reference source by means of time division
multiplexing, wavelength filtering, or modulation.

4. A method according to claim 1 or 2, comprising

- supplying light from a further reference source to the said reference element
together with said fraction of light from the reference source and, if the
fraction of light 1s supplied from the reference source to a reference element
which 1s said reference device or a further reference device, a reference fraction
of the optical probe signal, which is the second fraction or a further fraction;
- monitoring a drift of the reference element with the light from the further

reference source;
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- determining a relative drift of the reference source with respect to the
reference element;

- determining drift of the reference source based on the drift of the reference
element and the relative drift of the reference source with respect to the
reference element;

- correcting the wavelength scan using the drift of the reference source.

5. A method according to claim 4, wherein a wavelength of the further
reference source 1s outside a scan range of the scanning source.

6. A method according to claim 4, wherein the wavelength is scanned
repeatedly and the monitoring of the reference element and absolute
references during one of the scans is used for calibration of a plurality of scans.
7. A method according to claim 4, wherein the wavelength is scanned
repeatedly and the monitoring of the reference devices and absolute references
1s done during each wavelength scan.

8. A method according to claim any one of the preceding claims,
wherein the reference source is a reference laser.

9. A method according to any one of the preceding claims, wherein the
reference device 1s a wavelength filter, an interferometer preferably having a
periodic wavelength response.

10. A method according to any one of the preceding claims, wherein the
scanning source 1s a tunable laser or a broadband source combined with a
tunable filter.

11. A method according to claim 10, wherein the broadband source 1s an
LED or an ASE source, and/or wherein the tunable filter 1s a Fabry Perot
filter, comprising a piezo-electric device configured to control a cavity length of
the Fabry Perot filter.

12. A computer program product comprising software for programmable
computer that, when executed by the computer causes the computer to execute
the method of any of the preceding claims.

13. A scanning wavelength system, comprising
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- a scanning source configured to scan a wavelength of an optical probe signal
from the scanning source

- a reference source;

- a reference device configured to receive a fraction of the optical probe signal;
- a detector configured to receive a further fraction of the optical probe signal,
and further light from the reference source;

- electronics and/or software configured to process a detector signal from said
detector to 1dentify an event that a wavelength of the scanning source
substantially equals the reference wavelength.

14. A scanning wavelength system according to claim 12, comprising a
device under test, configured to receive a yet further fraction of the optical
probe signal.

15. A scanning wavelength system according to claim 13 or 14,
comprising

- a further reference source configured to supply light to a reference element
that 1s the reference device or a further reference device, together with said
light from the reference source and a reference fraction of the optical probe
signal, which 1s the second fraction or a further fraction; wherein the
electronics and/or software are configured to

- monitor a drift of the reference element with the light from the further
reference source;

- determine a relative drift of the reference source with respect to the reference
element;

- determine drift of the reference source based on the drift of the reference
element and the relative drift of the reference source with respect to the
reference element;

- correct the wavelength scan using the drift of the reference source.
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