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(57) Abstract

The, wavelength of a light source
(e.g., laser) is stabilized by introducing a
collimated beam from the source into a
"wedged" etalon, i.e., an etalon having a
Fabry-Perot cavity that continuously de-
creases in width along at least one axis
that is normal to the axis of beam propa-
gation. A pair of photodetectors at the out-
put side of the etalon detect respective por-
tions of the beam traversing different cavity
widths. The respective output signals of the
photodetectors are employed in a feedback
loop, whereby the wavelength of the light
source is controlled so as to minimize the
amplitude difference between the two pho-
todetector signals. The wavelength of the
light source can be tuned by varying the ra-
tio of the amplitudes of the photodetector
output signals. The wedged ctalon can also
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be used as a multi-channel optical receiver,
wherein a multi-wavelength collimated inci-
dent beam is introduced into the etalon. An
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array of photodetectors is disposed at the
output side of the etalon, each located at a
position corresponding to a different cavity
width, so that cach photodetector receives
one of the component wavelengths of the
incident beam.
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LASER STABILIZATION AND TUNING WITH WEDGED ETALON
Background of the Invention

This invention relates generally to the field of
apparatus and methods for controlling the output of a
light source having an optical output signal of tunable
wavelength. More specifically, this invention relates
to apparatus and methods for stabilizing and tuning the
wavelength of the optical output signal from a coherent
light source, such as a laser, used in a fiber optic
system.

Wavelength stability in the optical output signal
of the light source is necessary in many sensor systems
and telecommunication systems using optical fibers,
whether the light source is a superluminescent diode
(SLD) or a laser (either a solid state laser or a
semiconductor diode laser), especially when the scale
factor of the system depends upon the source
wavelength. For example, high precision, navigation
grade fiber optic rotation sensors usually require a
wavelength stability of about one part per million
(ppm). A high degree of stabilization is also
necessary in the lasers used in fiber optic
telecommunication systems.

The wavelength of the light emitted from many
types of lasers varies as a function of the operating
temperature, and of the current applied to the energy
source for excitation. Therefore, wavelength
stabilization means must be employed to compensate for
the effects of temperature and current variations, so
that the suitable degree of stabilization is obtained.

A number of approaches to such light source
stabilization have been developed, and are exemplified
in several U.S. patents. For example, U.S. Patent No.

[TARN
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4,842,358 - Hall discloses optical signal source
stabilization using an interferometer to form optical
beams. The interferometer comprises a pair of
birefringent crystals that are placed in the optical
path of a light beam from an optical signal source.
The crystals, having polarization-dependent refractive
indices, produce a first beam having an intensity Io(1
+ cos¢) and a second beam having an intensity I(1 -
cos¢). At the desired source frequency, the two
intensities are equal. The difference between the two
intensities is used to generate an error signal that is
applied to servo the drive current of the source so as
to produce an optical output signal from the source
that minimizes the error signal. Alternatively, a
fiber optic Mach-Zehnder interferometer may be used
instead of the crystal interferometer.

U.S. Patent No. 5,167,444 - Hall discloses optical
signal source stabilization, wherein the optical output
signal from the source is stabilized by adjusting its
frequency to maintain a selected optical transmission
through a Fabry-Perot interferometer (or, more
properly, an etalon). The interferometer or etalon has
a "split level" gap; that is, the gap is split into two
discrete portions of different widths. A photodetector
associated with each portion generates an electric
signal indicative of the beanm intensity or power
transmitted through that portion of the gap. At a
desired wavelength of the optical signal incident on
the interferometer, the transmission of light through
the gap will be approximately equal in both gap
portions, resulting in substantially equal amplitudes
of the electrical signals from the two photodetectors.
The two photodetector signals are fed into a
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differential amplifier, producing an error signal that
is used, in a closed-loop servo, to control the drive
current of the optical source so as to minimize the
amplitude of the error signal. This minimum will occur
at the desired wavelength.

While the above-described systems are capable of
yielding satisfactory results, they exhibit some
limitations. For example, manufacturing costs tend to
be high: The system of U.S. Patent No. 4,842,358,
supra, requires relatively expensive components, such
as birefringent crystals made to precisely controlled
tolerances; while the fabrication of the "split level"
gap of the system of U.S. Patent No. 5,167,444, supra,
is relatively difficult and and is not easily adapted
to multiple light source applications. Moreover, the
above-described systems lack a suitable tuning
capability, which may be desired in some applications.

There has been an unsatisfied need, therefore, for
a system of light source wavelength stabilization that
is more easily and economically fabricated than the
prior art systems, and that also has a convenient and
accurate tuning capability.

ven

Broadly, the present invention is a system for
stabilizing, to a stability on the order of 0.1 ppm or
better, the wavelength of an optical output signal from
an optical source, comprising a Fabry-Perot
interferometer or etalon with a fixed, slightly wedged
gap, through which a pair of substantially parallel
collimated optical beams from the source are
propagated; photodetection means for generating an
electrical signal in response to each of the beams
propagated through the gap; and servo means for (a)
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generating an error signal in response to the
difference in amplitudes of the two electrical signals
generated by the photodetection means, and (b) feeding
the error signal to the optical source to control the
output wavelength so as to minimize the amplitude of
the error signal. Advantageously, tuning means are
also provided, whereby the ratio of the amplitudes of
the photodetection means electrical signals can be
adjustably varied, so as to vary adjustably the
wavelength of the optical output signal that minimizes
the amplitude of the error signal.

In a specific preferred embodiment, the optical
output signal is fed, via an optical fiber, through a
first optical coupler, by means of which a sampled
portion of the signal is directed, through another
optical fiber, through a second optical coupler that
divides the sampled signal portion into two optical
input beams of approximately equal amplitude. These
two input beams are optically coupled to the input side
of the etalon by means of a suitable collimating lens,
such as a rod-shaped graded index lens ("GRIN lens").

The interferometer or etalon is of the Fabry-Perot
type, comprising two flat mirror substrates optically
contacted to opposite sides of an annular spacer. The
etalon used in the present invention differs from the
conventional Fabry-Perot design, in that the spacer is
slightly wedged to provide a gap or cavity between the
substrates that continuously decreases in width along
at least one axis that is normal to the axis of
propagation. 1In addition, the components of the etalon
are fabricated of a glass or glass/ceramic composition
having a very low coefficient of thermal expansion,
thereby providing maximum thermal stability.
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The width of the cavity at its center is an
integral number of wavelengths of the incident beams at
the nominal or desired wavelength of the optical output
signal of the source. Thus, the Fabry-Perot
transmission through the cavity is at its maximum at
the cavity center at the nominal or desired wavelength.
The collimated input beams are propagated through the
cavity on opposite sides of the center, on the axis
along which the gap width is a function of the linear
distance from the center, at points at which the
transmission is less than the maximum. Assuming input
beams of equal power, the power of the beams exiting
the cavity will be equal if they pass through points on
either side of the cavity center of equal Fabry-Perot
transmission. If the wavelength of the input beams
changes, the point of maximum transmission (the
resonant peak) shifts linearly from the center point.
As a result of the linear shift in the cavity of the
resonant peak, the input beams now pass through points
of unequal transmission. Therefore, the exiting beams
are now of unequal amplitude or power.

Each of the two beams exiting from the cavity is
detected by a corresponding photodetector located
adjacent the output side of the etalon. When the input
beams are at the desired (nominal) wavelength, the
photodetectors generate electrical output signals of
equal amplitude. If the wavelength of the input beams
shifts from the nominal value, the electrical output
signals from the photodetectors become unequal in
amplitude.

The electrical output signals from the
two photodetectors are fed into a differencing circuit,

such as a differential amplifier, which produces an
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error signal, the amplitude of which is proportional to
the magnitude of the wavelength shift, and the sign of
which is indicative of the direction of the shift.

This error signal is then employed as a servo signal to
control the optical source so as to minimize or null
the error signal amplitude, which occurs when the
optical output signal from the source is at the nominal
wavelength.

A wavelength tuning capability is added by
providing a variable gain amplifier between each
photodetector and the differencing circuit. By varying
the gain ratio of the two photodetectors, the
wavelength required to minimize or null the error
signal amplitude (i.e., the nominal wavelength) is
adjustably varied, the direction of the wavelength
shift being determined by whether the gain ratio is
greater than or less than one.

There is a trade-off, however, between stability
and tunability: Wavelength stabilization is
proportional to cavity width, while the effective
tuning range is inversely proportional to cavity width.

The above-described system is readily adaptable
for stabilizing and/or tuning a plurality of optical
sources, particularly lasers. Specifically, from one
to a hundred or more laser sources can be accommodated,
given a cavity of sufficient lateral dimensions. The
sampled portion of the optical output signal of each
laser source is coupled to the input side of the etalon
via a pair of GRIN lenses, as described above. Also,
as described above, for each laser source there are two
photodetectors at the output side of the etalon, with
each pair of photodetectors feeding their electrical
output signals into a differencing circuit to produce
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an error signal that is used to servo the laser
wavelength. Tuning of each laser can be accomplished
by varying the gain applied to the photodetector output
signals, as described above.

The wedged etalon employed in the present
invention can be configured for use as a multi-channel
optical receiver. 1In this configuration, a multi-
frequency optical source is coupled, optimally via a
plurality GRIN lenses, to the input side of the etalon.
For each frequency desired to be received, a
photodetector is placed adjacent the output side of the
etalon, each photodetector being receptive to the input
beam propagated through the cavity from one of the GRIN
lenses. The number of frequencies capable of being
received is thus equal to the number of GRIN
lens/photodetector pairs. The wedged etalon, with the
cavity having a width that continuously decreases along
at least one axis that is normal to the axis of
propagation of the input beams, acts as a frequency-
selective optical filter, with a unique pass band for
each GRIN lens/photodetector pair. Thus, the
electrical output signal from each photodetector
corresponds to a single selected frequency present in
the multi-channel source beam.

As will be more readily appreciated from the
detailed description that follows, the present
invention offers a number of advantages not previously
achieved in the prior art. For example, the present
invention offers both wavelength stabilization and
tuning, with the capability of having either function
optimized (by selecting the proper cavity dimensions
and configuration). Moreover, multiple optical sources
(particularly lasers) can be stabilized and/or tuned
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with a single etalon. 1In addition, the multiple source
configuration can be readily adapted for use as a
multi-channel optical receiver. All of these functions
can be performed with an apparatus that employs
off-the-shelf components, without the need for
expensive fabrication techniques.

Brief Description of the Drawings

Figure 1 is schematic diagram of a system for
laser stabilization and tuning, in accordance with a
preferred embodiment of the present invention;

Figure 2 is a simplified cross-sectional view of a
wedged etalon, of the type used in the system of Figure
1;

Figure 3 is graph of incident beam power as a
function of linear displacement in the etalon cavity on
the x axis along which the cavity width decreases;

Figure 4 is a graph of Fabry-Perot transmission
through the etalon cavity, as a function of location on
the x axis;

Figure 5 is a graph of the difference signal
outputted from the differential amplifier of the system
of Figure 1, as a function of scale factor deviation:

Figure 6 is a graph of the first derivative of the
difference signal (the "discriminant"), as a function
of scale factor deviation;

Figure 7 is an enlarged view of the graph of
Figure 5, showing the region of the graph corresponding
to values of scale factor deviation near zero:

Figure 8 is a graph similar to that of Figure 7,
but showing the effect of asymmetrical spacing of the
incident beams relative to the center of the cavity;

Figure 9 is a graph similar to that of Figure 7,
but showing the effect of incident beams of unequal
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power:;

Figure 10, is a simplified, cross-sectional view,
similar to that of Figure 2, showing an alternative
embodiment of the wedged etalon used in the present
invention;

Figure 11 is a semi-schematic view of a multi-
channel optical receiver, using a wedged etalon in
accordance with the present invention, the etalon being
shown simplified and in cross-section, as in Figure 2;

Figure 12 is a cross-sectional view, taken along
line 12-12 of Figure 11, showing the exit plate of the
etalon configured for an x-y array of photodetectors;

Figure 13 is a cross-sectional view, similar to
that of Figure 12, showing an alternative embodiment of
the exit plate configured for an x-y array of
photodetectors; and

Figure 14 is a cross-sectional view taken along
line 14-14 of Figure 13.

Detajled Des tion of th nvention

Figure 1 illustrates a system for stabilizing and
tuning the optical output of a light source 10, in
accordance with a preferred embodiment of the present
invention. The light source 10 in most applications of
interest will be a semiconductor diode laser or a solid
state laser; for convenience in this description, it
will be referred to as a laser. In other applications,
however, the light source 10 may be a superluminescent
diode or the like.

The optical output signal from the laser 10 is
conducted, via a first optical fiber 12, to a first
optical coupler 14, of a type well known in the art.
The first optical coupler 14 is designed to tap or
sample only a relatively small portion of the laser's
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output power. Thus, for example, a 13 db coupler would
divide the output beam into a sampled beam, of about 5
per cent of the laser's total output power that would
be conducted, via a second optical fiber 16, into the
stabilization and tuning apparatus to be described
below. The remaining 95 per cent of the laser's output
power is conducted, via a third optical fiber 18, to
the sensor system or the like (not shown) employing the
laser 10 as a light source.

The sampled beam is then fed into a second optical
coupler 20, which is a 3 db coupler that divides the
sampled beam into two beams of approximately equal
power. Each of these two beams is then fed (via one of
a pair of optical fibers 22a, 22b) into one of a pair
of rod-shaped graded index lenses ("GRIN lenses") 24a,
24b. The GRIN lenses 24a, 24b are commercially
available items, marketed by, for example, NSG America,
Inc., Somerset, NJ, under the trademark "SELFOC". They
function as collimating lenses that produce a pair of
substantially parallel, collimated light beams. These
two collimated beams are optically coupled, by the GRIN
lenses 24a, 24b, as optical input signals to the input
side of an interferometer 26.

As shown in Figure 2, the interferometer 26 is,
essentially, a Fabry-Perot etalon, comprising a first,
or entrance plate 28 and a second, or exit plate 30,
fixed to opposite sides of a hollow centered spacer 32.
The first plate 28, the second plate 30, and the spacer
32 are made of a suitable, optical quality material
having a very low coefficient of thermal expansion.
Examples of such material are the titanium silicate
glass marketed by Corning, Inc., Corning, NY under the
trademark "CORNING ULE"; and the very low expansion
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glass/ceramic composition marketed by Schott
Glasswerke, Mainz, Germany under the trademark
WZERODUR". Optimally, the material should not expand
or contract by more than about 0.02 ppm per degree
Celsius at ambient temperatures in the range of about
20°C to about 25°C.

The entrance plate 28 has a first interior optical
surface 34 that is spaced from an opposing second
interior optical surface 36 on the exit plate 30. The
space between the first optical surface 34 and the
second optical surface 36, created by the spacer 32,
defines a gap or cavity 38, through which the
collimated beams described above propagate. The
reflectivity of the optical surfaces 34, 36 is
increased by applying an optical coating 39, comprising
several alternating quarter wave layers of high and low
refractive index materials to each surface. For
example, a reflectivity of 75 per cent (0.75) can be
achieved with three layers of titanium dioxide
alternating with two layers of silicon dioxide on each
surface. This will yield a fairly low finesse
interferometer, with a finesse F of about 12, obtained
by the equation:

F=a/R/(1 - R);

(1)
where R is the reflectivity.

The spacer 32 is formed so that, in cross-section
(as shown in Figure 2), it is shaped as a wedge
defining an angle in the range of about 2 arc-seconds
to about 2 arc-minutes (about 1.0 X 10~ to 6.0 X 10~%
radians), depending on the cavity width and
reflectivity. As shown in Figure 2, the spacer 32
decreases from a thickness D on the left to a smaller

BNSDOCID: <WO__9604702A1_|_>
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thickness D' on the right. The wedge-shaped spacer 32
thus creates a cavity 38 that continuously decreases in
width along one axis that is normal to the axis of
propagation of the light beams through the cavity. 1In
Figure 2, if one defines the axis of propagation as the
z-axis, then the cavity continuously tapers in width
along the x-axis, decreasing from left to right in the
drawing. The cavity width along the y-axis (defined as
normal to the plane of the drawing) is constant. The
function and purpose of this wedged cavity 38 will be
explained below.

Coupled to the exterior of the exit plate 30 is a
matched pair of photodetectors 40a, 40b, which may be
conventional photodiodes. Each of the photodetectors
40a, 40b detects one of the two optical beams emerging
from the interferometer 26, and it generates, in
response, an electrical signal that is indicative of
the amplitude or power of its associated emergent beam.
Referring again to Figure 1, the electrical output
signals from the photodetectors 40a, 40b are fed into
amplifiers 42a, 42b, respectively. The amplifiers 42a,
42b advantageously are provided with variable gains,
for the purpose of tuning, as will be described below.
The amplified electrical signals are then fed into a
differencing circuit 44, such as a differential
amplifier, which produces an error signal output that
is integrated by an integration circuit 46, and then
fed back as a servo signal to a control mechanism 48
for the laser 10.

With proper placement of the photodetectors 40a,
40b, the 3 db coupler 20 may be omitted in certain
applications, with a single collimated beam being
introduced into the etalon 26 by a single GRIN lens.



WO 96/04702 PCT/US95/09258

10

15

20

25

30

BNSDOCID: <WO__9604702A1_I_>

13

Such an embodiment may employ a single split
photodiode, with two discrete pixels, as the
photodetector, each pixel receiving a portion of the
beam propagated through a cavity portion of a different
width. Other than the use of a wedged (rather than
stepped) etalon and the use of the variable gain
amplifiers 42a, 42b, the system resembles that
disclosed in U.S. Patent No. 5,167,444 - Hall, the
disclosure of which is incorporated herein by
reference.

The configuration of the etalon 26 described above
and shown in Figure 2 is suitable for cavities having a
minimum width of about 0.5 mm. For narrower cavity
widths, the alternative embodiment of Figure 10 may be
more easily fabricated. Figure 10 shows an etalon 50
having an entrance plate 52 and exit plate 54 attached
to opposite sides of a hollow-centered spacer 56 which
defines an internal chamber 58. The spacer 56,
however, unlike that of the Figure 2 embodiment, is not
wedged; its input side surface 60 and output side
surface 62 are parallel.

Disposed within the chamber 58, and attached to
the internal surface 64 of the exit plate 54, is an
internal plate 66, formed from the same optical
material as are the entrance plate 52 and the exit
plate 54. The internal plate 66 has an exposed surface
68 that faces, and is spaced from, the internal surface
70 of the entrance plate 52, so as to define an optical
cavity or gap 72 therebetween. The exposed surface 68
is inclined at a shallow angle (from left to right in
the figure). The cavity 72 thereby defined between the
inclined surface 68 and the internal surface 70 of the

entrance plate 52 may thus be considered "wedge-
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shaped", continuously decreasing in width from left to
right, as shown in the figure. Both the internal
surface 70 of the entrance plate 52 and the inclined
surface 68 of the internal plate 66 are treated with an
optical coating 74, of the type described above with
respect to the Figure 2 embodiment.

Operation

The operation of the invention is now described in
conjunction with the etalon embodiment of Figure 2.

The operational description would be equally applicable
to the embodiment of Figure 10.

Let us assume that the laser 10 has a nominal or
desired wavelength o+ Let us also assume that two
incident optical beams enter the interferometer cavity
38 along the z-axis, with the following normalized
power functions:

A -2 5 j
Pijn(x,y) = expl—, \(x=%1)° + (y-y,) (2): and
Yo

-

2=A -2 2 2-1
Prin(x,y) = - EXP — (x-%5)¢ + (y-Y5) (3):
o

where w, is the 1/e squared beam power radius, and A is
a normalization factor that varies between 0.00 and
2.00 (providing for beams of equal power when A =
1.00). The integrated power of both beams over x and Y
is normalized to unity. Beam 1 is centered at X1, Y1,
and Beam 2 is centered at Xo, Yoo

Figure 3 is a graph showing a representative curve
of incident beam power for balanced incident beams as a
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function of x, with beam 1 centered at x; = -1 mm and
Y, = 0; and beam 2 centered at x; = 1 mm and y, = 0.
The Fabry-Perot transmission factor T(x) for the

cavity 38 at the nominal wavelength»)\is:
(]

T(x) = _(1-R)? (4):

4rg(x)
1+R2 - 2Rcos ?“b

where g(x) is the cavity width as a function of x for a
cavity that tapers in width along the x-axis. The

equation for g(x) is:

g(x) = g, + ax (5)
where g, is the width (in mm) at the center of the
cavity 38 (x = 0), and a is the wedge angle in radians.
The cavity width g, at x = 0 is selected to be an
integral multiple of the nominal wavelength’}_e.

Figure 4 is a graph showing a representative curve
of the transmission factor T(x) as a function of x.
Maximum transmission occurs at x = 0, where the cavity
width is g,. A comparison of Figures 3 and 4 reveals
that the incident beam centers coincide with the points
on the x-axis at which the slope of the transmission
factor curve is steepest.

The normalized power distributions for the two
beams exiting the cavity 38 are:

Piout (X:Y) = T(X)Pyin(x,Y) (6): and

Prout (X:Y) = T(X)Pyin(x,Y) (7)

Assuming that each of the photodetectors 40a, 40b
has a diameter or width that is considerably larger
than the diameter of the beam impinging upon it, the
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total power (P, and P,, respectively) of each of the
two beams impinging on the photodetectors 40a, 40b is
given by:

- PC
P, = P (x,y)dxdy (8):; and
1 v//p lout (X/
[. /.

-0 R
P, =/”:Iw Pyout (X, Y) dxdy (9)
The output powers P; and P, are functions of the

wave-length by virtue of the transmission factor T(x)
which is a function of wavelength (Equation 4), and
which determines P, ,¢ and P,o,¢ (Equations 6 and 7).
At the nominal wavelength’;% , the values of Pl and P2
will be equal. Therefore, if the laser wavelength
drifts from its nominal value, there will be a finite
difference AP between the values of P, and P,. By
minimizing this difference (i.e., by driving AP toward
zero), the laser wavelength can be driven toward the
nominal wavelength.

It may be assumed, for example, that the actual
wavelength}gf the laser output beam at a given point in
time can be expressed as the product of a fixed
wavelength (i.e., the nominal wavelength:lo) and a
tunable scale factor that deviates from unity by the
amount of a small deviation, expressed as €. This
relationship can be expressed by the following
equation:

'1 = ;Lo(l + €) (10)

For a gap having a center width go ©of 4.0001 mm,
and a nominal wavelength;\o of 1300 nm, the
transmission factor T(x) of Equation 4 above goes
through one complete cycle when € varies by;l o/294:
which equals 162 ppm.

Figure 5 is a graph of AP as a function of the
scale factor deviation € for the incident beam profiles
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illustrated in Figure 3, while Figure 6 is a graph of
the discriminant (first derivative) of the function
illustrated in the graph of Figure 5. Both figures are
based on beam power in both incident beams normalized
to one. Figure 5 shows that AP = zero at € = zero ppm
(point 2;), while Figure 6 shows a maximum discriminant
of .078 (7.8 per cent) per ppm at € = zero ppm (point
M;).

Suppose that detection of the incident beams,
before they enter the etalon 26, would produce an
output voltage of one volt each (after a suitable
transimpedance gain). Then, as shown in Figure 5 (and
more clearly in Figure 7, which is an enlarged view of
the central portion of Figure 5, showing the region
near € = 0), P can vary from -350 mV to 350 mV,
corresponding to € = -7 ppm to € = 7 ppm, respectively.
As best shown in Figures 6 and 7, to achieve a
wavelength stability of +0.1 ppm, a voltage difference
within the range of +7.8 mV needs to be maintained.

It is routine for those of ordinary skill in the
pertinent arts to create a servo control system that
meets the above-described specifications. For example,
referring once again to Figure 1, the laser controller
mechanism 48 that receives the integrated difference or
error signal outputted by the integrator 46 may
(depending on the application and the type of laser
used) vary the laser's operating temperature, drive
current, output power, or a combination of two or more
of these parameters, so as to drive the error signal
amplitude to within the required range about zero.

The performance of the above-described system is a
function of a number of parameters, including cavity
width, wedge angle, etalon reflectivity, photodetector

BNSDOCID: <WO___9604702A1_i_>
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separation, incident beam diameter, and the ratio of
the powers of the incident beams.

A starting point in designing the system might be,
for example, to determine the maximum central cavity
width for a given nominal wavelength and wedge angle.
The Fabry-Perot transmission factor T(x) is valid under
the following condition:

do € 0.3757 o/ (n3a?) (11);
where n is the number of round trips that a light ray
makes within the cavity. For a multiple beam
interferometer, the contribution to the output beam
power that the ray makes on the nth round trip is
proportional to RB. 1If we assume a reflectivity R of
0.75, a contribution of about 1.0 per cent is provided
by the 16th round trip; the contributions of the 17th
and higher round trips being disregarded as negligible.
Thus, we may assume a value of n of 16. For a laser
with a nominal wavelength7 , of 1300 nm, and for a
wedge angle a of 2.42 X 10”2 radians, the maximum
central cavity width g, would be about 200 mm, which is
well beyond the cavity widths contemplated for this
system.

By way of specific example, for a laser with a
nominal wavelength ) o of 1300 nm, and with incident
beams emerging from the GRIN lenses 24a, 24b each
having a beam radius W, of 0.300 mm, the degree of
stability described above can be achieved with an
etalon having a central cavity width go of 4.0001 mm, a
wedge angle a of 2.42 X 102 radians, and a
reflectivity R of 0.75 (assuming a properly designed
servo system). Also, as mentioned above, the ratio of
incident beam powers is 1, and photodetector separation
is 2 mm (beam 1 being at X; = -1 mm, beam 2 being at x,
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=.1 mm). It is noted that twice the central cavity
width g, (equal to the round trip distance traveled by
a light ray in the cavity) is equal to an integral
multiple (6144) of the nominal wavelength;Lo.

For a given central cavity width and wedge angle,
there are two major criteria that are useful in
estimating the overall stabilization ability of the
subject invention: (1) The sensitivity of the laser
wavelength to detector misalignment:; and (2) the
sensitivity of the laser wavelength to the ratio of the
powers of the two incident beams. Figures 7, 8, and 9
illustrate the effects of these criteria.

Specifically, Figure 7, as discussed above, shows
a curve of P vs. scale factor deviation € for a beam
power ratio of 1, and for beams incident on
photodetectors located at X7 = -1 mm and X, = 1 mm,
respectively. The value of AP is zero when € is zero:
that is, the AP zero crossing 2, is at (0,0).

In Figure 8, the photodetector locations are
shifted 0.5 mm to the right (x; = -0.5 mm; X; = 1.5
mm) . The AP zero crossing is at the point 2, at which
€ = 3 ppm; that is, at the point (3,0). Therefore, to
maintain a 0.1 ppm stability for the laser wavelength,
a lateral positional stability for the photodetectors
of about 0.015 mm must be maintained. With suitably
rigid mounting of the GRIN lenses 24a, 24b and of the
photodetectors 40a, 40b, this degree of positional
stability can be easily met if the ambient temperature
is kept within a range of about %5 degrees C.

In Figure 9, the ratio of the beam powers is
changed from 1.00 to 1.63 (i.e., the normalization
factor A in Equations 2 and 3 is equal to 1.24). The

AP zero crossing is at the point 25 at which ¢ = 2 ppm;
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that is, at the point (2,0). Maintaining a 0.1 ppm
wavelength stability therefore means that the beam
power ratio can vary no more than about 2.4% from the
baseline value of 100% (+0.024 from a unity-normalized
baseline value). The incident beam power ratio is
determined by the second optical coupler 20, and the
ratio will be unity for a precisely 3 db coupler.
Optical couplers with the required degree of precision,
over fairly large temperature ranges, are commercially
available.

As mentioned above, the amplifiers 42a, 42b that
amplify the electrical output signals from the
photodetectors 40a, 40b, respectively, advantageously
are provided with variable gains. This feature allows
the nominal wavelength? o to be selectively changed or
tuned to another selected wavelength. ,

As can be appreciated from the above discussion of
Figure 9, if the ratio of the beam powers is varied,
the wavelength at which AP is zerced is likewise
varied. Similarly, if the incident beam power ratio is
maintained constant (at or near unity), the ratio of
the amplitudes of the photodetector output signals can
be changed to achieve a similar shift in the wavelength
at which AP is zeroed. The photodetector output
signal amplitude ratio can be selectively adjusted by
selectively adjusting the gain ratio of the two
amplifiers 42a, 42b. For example, referring again to
Figure 9, changing the gain ration from 1.00 to 1.63
generates a 2 ppm change in wavelength. If the
original wavelength is 1300 nm, this amounts to a shift
of 462 MHz from the baseline point determined by the
incident beam power ratio of 1.00 and the center cavity
width of 4.0001 mm.



WO 96/04702 PCT/US95/09258

10

15

20

25

30

BNSDOCID: <WO___9604702A1_|_>

21

The tuning range of the system is inversely
proportional to cavity width: reducing the cavity width
extends the tuning range. On the other hand, the
degree of stability is directly proportional to cavity
width. Thus, the tuning range can be extended only at
the expense of stability. For example, a reduction of
center cavity width by a factor of 100 (from
approximately 4.0 mm to 0.04 mm) increases the tuning
range by a factor of 100, and reduces the stability by
the same factor. Thus, a system with a tuning range of
2 ppm and a stability of 0.1 ppm would become a system
with a tuning range of 200 ppm and a stability of 10
ppm. Accordingly, a system can be designed that
optimizes either tuning range or stability, or that
achieves, by compromise, a satisfactory performance in
both respects.

Furthermore, the present invention can be used to
stabilize and/or tune more than one laser
simultaneously, conceivably up to 100 or more lasers,
with fixed wavelength spacing being maintained among
the multiple laser sources. Each laser source is
optically coupled to the etalon with a pair of GRIN
lenses, and for each laser source there is a pair of
photodetectors to receive the optical output signals
from the etalon and to generate the electrical output
signals that are then fed into a differencing circuit
to generate an error signal. Each error signal is
integrated and then used as a servo signal to control
its associated laser, in the manner described above, to
stabilize the laser wavelength. Tuning of the
individual lasers can be provided by adjustable
amplifier gains, as previously described. To the
extent that the etalon will expand or contract with
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varying temperature (which can be minimized by the
proper selection of materials, as discussed above), all
of the laser wavelengths will drift together, making
the wavelength separation of channels independent of
temperature.

Moreover, the etalon 26 of Figure 2 can be used as
a multi-channel laser receiver, with up to 10 fiber
optic inputs, each coupled, via a GRIN lens, to the
entrance plate 28. 1In such an application, the spacer
32 is slightly wedged, at an angle of about 5 to 10
arc-seconds (2.5 - 5.0 X 10~° radians). The mirror
coatings 39 are made to yield a finesse of about 100,
on the assumption that the number of channels that can
be accommocdated is approximately equal to one-tenth the
finesse value. There is one photodetector for each
GRIN lens input. 1In this configuration, the etalon 26
acts as a frequency-selective, optical band pass
filter, with a unique pass band for each GRIN
lens/photodetector pair. Thus, a multi-wavelength
(multiplexed) optical beam can be introduced into the
etalon via the GRIN lenses, and separated
(demultiplexed) into its component wavelengths, each of
which is detected by a unique photodetector, which then
generates an electrical signal representative of the
optical signal detected by that photodector.

It should be evident that the modified etalon 50
of Figure 10 can likewise be adapted for use as a
multi-channel optical receiver.

By way of a specific example, an etalon with a
central cavity width of 0.5 mm and a wedge angle of 8
arc-seconds (4.0 X 1072 radians), a free spectral range
of 300 GHz can be obtained, with inter-channel spacing
of 30 GHz (150 ppm of an optical center wavelength of
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1550 nm) for 10 channels. 1In this configuration, a
lateral displacement along the axis of decreasing
cavity width (the x-axis) produces a 30 GHz shift in
the pass band of the etalon, corresponding to one
inter-channel spacing. Thus, ten GRIN lens inputs,
with ten corresponding photodetectors, with spacing of
2 mm on center, would provide a 10 channel receiver.

When the subject invention is used to stabilize
and/or tune multiple laser sources, the number of laser
sources that can be controlled depends on the lateral
dimensions of the optically active part of the etalon
cavity. Likewise, if the above-described etalon is
used as a multi-channel optical receiver, the number of
channels that can be received is similarly limited. 1If
the GRIN lenses and photodetectors are arranged only
along the x-axis, as described above, the number of
laser sources will be limited by the diameter of the
cavity. To increase the number of lasers that can be
controlled, the GRIN lenses and photodetectors can be
arranged in an x-y array. Two such arrays, in
conjunction with an etalon configured as a multi-
channel receiver, are shown in Figqures 11, 12, 13, and
14.

Referring to Figure 11 and 12, an etalon 80 is
adapted for an x-y array of GRIN lenses and
photodetectors by arranging both the GRIN lenses 24 and
the photodiodes 40 in staggered rows. The etalon 80
is, in all material respects, similar to the etalon 26
of Figure 2, having an entrance plate 82 and an exit
plate 84 attached to opposite sides of a hollow-
centered wedged spacer 86, so as to define a cavity 88
that continuously decreases in width aldng the x-axis
from a width D on the left side of Figure 11 to a
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lesser width D' on the right. The opposed internal
surfaces of the entrance plate 82 and the exit plate 84
are provided with an optically-reflective coating 90,
as previously described.

In the multi-channel optical receiver
configuration, a multiple-wavelength optical beam is
coupled to the input side of the entrance plate 82
through a plurality of GRIN lenses 24, each of which is
associated with a unique photodetector 40 at the output
side of the exit plate 84. As shown in Figure 12, the
photodetectors 40 are arranged in a planar x-y array
comprising a plurality of staggered rows; the GRIN
lenses 24 (not shown. in Figure 12) are arranged in a
corresponding array. The placement of each GRIN
lens/photodetector pair is such that each pair is
located at a different cavity width. In this manner,
many more such pairs can be employed, as compared with
a linear array solely along the x-axis.

An alternative configuration is shown in Figures
13 and 14. As shown, an etalon 100 comprises an
entrance plate 102, an exit plate 104, and a hollow-
centered wedged spacer 106, thereby defining a cavity
108 that continuously decreases in width along the x-
axis (from left to right in the Figure). A reflective
coating 110 is applied to the opposed interior surfaces
of the entrance plate 102 and the exit plate 104, as
previously described. The multi-wavelength optical
beam is coupled to the input side of the entrance plate
102 by a plurality of GRIN lenses 24, each of which is
associated with a different photodetector 40 at the
output side of the exit plate 104.

As best shown in Figure 14, the internal optical
surface of the exit plate 104 is formed in a stepped
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configuration, with a plurality of steps 112 going
upwardly (i.e., toward the entrance plate 102) along
the y-axis. As oriented in Figure 14, the steps 112 go
upwardly (thereby step-wise decreasing the cavity
width) from the bottom of the Figure toward the top.
Thus, the cavity width decreases in width continuously
along the x-axis due to the wedged spacer 106, while it
decreases discontinuously (step-wise) along the y-axis
due to the steps 112. The steps 112 can be formed in
accordance with the teachings of U.S. Patent No.
5,167,444, the disclosure of which has been
incorporated herein by reference.

Because the cavity width decreases in each of two
dimensions (i.e., along the x-axis and along the y-
axis), each location in the cavity has a different and
unique width (as long as no two locations on the same
step share the same x-coordinate). Each such location
can accommodate a unique GRIN lens/photodetector pair
(only the photodetectors 40 being shown in Figure 14).
Therefore, a much larger number of GRIN
lens/photodetector pairs can be employed, each with its
own unique cavity width, than can be employed in a
purely linear array along the x-axis.

The x-y arrays of GRIN lenses and photodetectors
employed in the embodiments of Figures 11, 12, 13, and
14 can be used in the wavelength stabilization/tuning
application, as well as in the multi-channel optical
receiver application described above. Thus it can be
seen that with the embodiments of Figures 11, 12, 13,
and 14, a large number of lasers (up to 100 or more)
can be stabilized and/or tuned. When the invention is
employed as a multi-channel optical receiver, ten or
more channels can be utilized, assuming a suitable
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finesse (i.e., on the order of about 100 or more).

In any of the above-described embodiments, whether
used in laser stabilization/tuning systems, or in
multi-channel optical receiver systems, it may be
possible or advantageous, in some applications (e.q.,
where cost savings are desired), to substitute
conventional optical lenses for the GRIN lenses to
achieve a collimated incident beam. For example, the
incident beam may be coupled, via an optical fiber, to
a diverging concave lens, from which the diverging beam
would pass through a converging convex lens to achieve
collimation prior to entry into the etalon. The result
would be a single collimated incident beam, having a
beam width sufficient to produce output signals from
all of the photodiodes. Further cost savings can be
attained by eliminating the diverging concave lens, but
this would require a greater distance between the end
of the optical fiber and the converging convex lens.

While a number of preferred and alternative
embodiments of the invention have been disclosed
herein, as well as several modifications and
variations, it will be appreciated that further
variations and modifications will suggest themselves to
those skilled in the pertinent arts. Such variations
and modifications should be considered to be within the
spirit and scope of the invention, as defined in the
claims that follow.
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WHAT IS8 CLAIMED 1IS8:
1. Apparatus for stabilizing the wavelength of

an optical output signal from an optical signal source,
comprising:
5 lens means for collimating the optical output
signal into a collimated incident beam;
an interferometer disposed to receive the
incident beam, the interferometer including a
Fabry-Perot cavity that continuously decreases in
10 width along at least one axis normal to the axis
of propagation of the incident beam, whereby the
width of the cavity traversed by a first portion
of the incident beam is greater than the width of
the cavity traversed by a second portion of the
15 incident beam, the interferometer transmitting
first and second optical signals respectively
corresponding to the first and second beam

portions;
photodetection means for detecting the first
20 and second optical signals and for generating

corresponding first and second electrical signals;
and
feedback means, responsive to the first and
second electrical signals and operative on the
25 optical signal source, for adjusting the
wavelength of the optical output signal so as to
minimize the difference in amplitude between the
first and second electrical signals.
2. The apparatus of Claim 1, further comprising:
30 tuning means for selectively adjusting the
wavelength of the optical output signal that
minimizes the amplitude of the error signal.
3. The apparatus of Claim 2, wherein the tuning

BNSDOCID: <WO___9604702A1__>
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means comprises means for selectively varying the ratio
of the amplitudes of the first and second electrical
signals.

4. The apparatus of Claim 1, wherein the lens
means includes a graded index lens.

5. The apparatus of Claim 1, further comprising
beam splitting means for splitting the optical output
signal into first and second beams, and wherein the
lens means collimates the first and second beams into
first and second substantially parallel collimated
incident beams.

6. The apparatus of Claim 5, wherein the beam
splitting means comprises an optical coupler that
splits the optical output signal into first and second
beams of approximately equal optical power.

7. The apparatus of Claim 5, wherein the lens
means comprises first and second graded index lenses
that respectively collimate the first and second beams.

8. The apparatus of Claim 5, wherein the
interferometer receives the first and second incident
beams, wherein the first portion of the incident beam
comprises the first incident beam, and wherein the
second portion of the incident beam comprises the
second incident beam.

9. The apparatus of Claim 1, wherein the Fabry-
Perot cavity decreases continuously in width along a
first axis normal to the axis of propagation of the
incident beam, and decreases discontinuously step-wise
in width along a second axis normal to the first axis
and to the axis of propagation of the incident beam.

10. The apparatus of Claim 1, wherein the
feedback means comprises:

differencing circuit means, responsive to the
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first and second electrical signals, for
generating an error signal having an amplitude
proportional to the difference in amplitudes of
the first and second electrical signals; and
control means, responsive to the error
signal, for adjusting the wavelength of the
optical output signal so as to minimize the
amplitude of the error signal.
11. A method for stabilizing the wavelength of an

10 optical output signal from an optical signal source,

comprising the steps of:

15

20

25

30
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(a) collimating the optical output signal
into a substantially collimated incident beam;

(b) providing an interferometer having a
Fabry-Perot cavity that continuously decreases in
width along at least one axis normal to the axis
of propagation of the incident beam;

(¢) introducing the incident beam into the
interferometer so that the cavity width traversed
by a first portion of the incident beam is greater
than the cavity width traversed by a second
portion of the incident beam;

(d) detecting first and second optical
signals transmitted from the interferometer that
respectively correspond to the first and second
portions of the incident beam;

(e) generating first and second electrical
signals respectively in response to the first and
second optical signals;

(f) comparing the amplitudes of the first
and second electrical signals and generating an
error signal proportional to the amplitude

difference; and
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(g) adjusting the wavelength of the optical
output signal in response to the error signal so
as to minimize the amplitude of the error signal.
12. The method of Claim 11, further comprising

5 the step of:

(h) selectively adjusting the wavelength of
the optical output signal that minimizes the
amplitude of the error signal.

13. The method of Claim 12, wherein the step of

10 selectively adjusting the wavelength comprises the step
of selectively varying the ratio of the amplitudes of
the first and second electrical signals.

14. The method of Claim 11, wherein the step of
collimating comprises the steps of:

15 (a.1) splitting the optical output signal

into first and second beams; and

(a.2) collimating the first and second beams
into first and second substantially parallel
collimated incident beams.

20 15. The method of Claim 14, wherein the first
portion of the incident beam comprises the first
incident beam, and wherein the second portion of the
incident beam comprises the second incident beam.

16. Apparatus for receiving a multi-wavelength

25 optical signal and for generating a plurality of
electrical signals, each of which represents one of the
wavelengths contained in the multi-wavelength optical
signal, the apparatus comprising:

lens means for collimating the multi-

30 wavelength optical signal into a collimated

incident beam;

an interferometer having an entrance plate
disposed to receive the incident beam from the

BNSDOCID: <WO__9604702A1_|_>
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lens means, an exit plate, and a Fabry-Perot

cavity defined between the entrance plate and the

exit plate, wherein the cavity continuously
decreases in width along at least one axis normal
to the axis of propagation of the incident beanm,
whereby each of a plurality of single wavelength
optical signals is emitted from the exit plate at

a location associated with a different cavity

width; and

a plurality of photodetectors adjacent the
exit plate, each of which is located so as to
receive only one of the plurality of single
wavelength optical signals, and each of which
generates an electrical signal representative of
its received single frequency optical signal.

17. The apparatus of Claim 16, wherein the lens
means provides a plurality of collimated incident
beams, each of which is operatively associated with one
of the plurality of photodetectors.

18. The apparatus of Claim 17, wherein the lens
means comprises a plurality of GRIN lenses, each of
which is operatively associated with one of the
plurality of photodetectors.

19. The apparatus of Claim 16, wherein the
photodetectors are arranged in an array in a plane
defined by a first axis normal to the axis of
propagation of the incident beam and a second axis
normal to the first axis and to the axis of propagation
of the incident beam.

20. The apparatus of Claim 19, wherein the Fabry-
Perot cavity decreases continuously in width along the
first axis, and decreases discontinuously step-wise in

width along the second axis.
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