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OPTICAL FILTER CONTROL

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims benefit of U.S.
Provisicnal Application No. 61/168,770, filed April 13 2009,
the disclosure of which 1is hereby incorporated by reference
herein.

GCVERNMENT LICENSE RIGHTS

[0002] The U.S8. Government hags a paid-up license in this
invention and the right in limited circumstances to reguire
the patent owner to license others on reasonable terms as
provided for by the terms of HRO011-08-C-0026 awarded by
DARPA. '

BACKGROUND OF THE INVENTION

[0003] Optical interference filters are often based upon
coherent interference between 1light from a multiple of
optical paths. Such filters are highly sensitive to changes
in optical path length due to the sghort wavelengths
corresponding to optical freguencies. That 1s, a small
change in one c¢f the optical paths of an optical
interference £filter gives rise to a large change in the
phase of the signal exiting the path because the small
change gives rise to a large phase difference, thereby
significantly affecting the how the shifted signal
interferes with a signal exiting a different path. When the
paths of an optical filter are provided by multiple
interfering waveguides, such as in an integrated optical
filter, it is difficult to maintain filter stability in the
presence of varying environmental conditions because the
varying environmental conditions give rise to variationg in
the optical path lengths and thus give rise to significant
variations in how the waveguide signals interfere. Further,
the difficulty of maintaining stability in an optical filter

system increases as the number of optical pathe in the
1
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gsystem increases.

SUMMARY OF THE INVENTION

[0004] In view of the difficulties asscclated with
maintaining stability in optical filters having multiple
interfering waveguides, a system and method for controlling
an optical filter 1g provided. The system and method
includes dithering a delay of an optical path within an
optical filter unit cell, measuring a position of a filter
zero, measuring a position of a filter pole, or measuring
positions of both a filter =zerc and a filter pole by
observing an output of the unit cell when the delay is
dithered, and usging the measurement as feedback for
maintaining the position c¢f the filter =zero at a desired
position, maintaining the position of the filter pole at a
desired posgition, or maintaining the positions of both the
filter zero and the filter pole at desired positions.

[0005] The closed-loop control provided by the system and
method allows filter =zero and filter pole positions to be
maintained despite environmental changes which may affect
optical path lengths within the filter.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[0006] The fcllowing detailed descripticon given by way of
example, but not intended to limit the invention solely to
the sgpecific embodiments described, may best be understoccd
in conjunction with the accompanving drawings wherein like
reference numerals denote like elements and parts, in which:

[0007] Fig. 1A is an illustrative plot of filter zeros
and poles as shown on the complex Z-plane.

[0008] Fig. 1B 1is a Dblock diagram of an optical
interference £filter composed of multiple individual unit
cells that may bke used to implement a £ilter having the
zeros and poleg shown in the plot of Fig. 1A.

[0003] Fig. 1C is a representation of a unit cell of the

optical interference filter of Fig. 1B.
2
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[0010] Fig. 2 is a Dblock diagram depicting an optical
interference Zfilter compeosed of multiple individual unit
cells and associated control system in accordance with an
embodiment.

[00111 Fig. 3A 18 a block diagram showing a control
system for measuring the posgsition of a filter zero
asgociated with a sgingle unit c¢ell and maintaining the
pogition of the zero at a desired position.

[0012] Fig. 3B i1s a graph showing plots of the signalg
denoted as signal 1, signal 2, and signal 3 in Fig. 3A.
[0013] Fig. 3C is a graph showing the measured value of ¢
depicted in Fig. 3A.

[0014] Fig. 4 1s a plot showing how the freguency
regponge of a unit cell having a single zerc can be shifted
through control of the phase shifter of-Fig. 3Aa.

[0015] Fig. 5& is a graph sghowing plots of a transfer
function of a single pocle unit cell of an embodiment, the
plots corresponding to respective Q values of the unit.cell,
and the pole being centered at the middle of a differential
phase range.

{0016] Fig. 5B is a graph showing the control response
plots corresponding to respesctlve plote in Fig. 5A, the
control response cofresponding to the wvalueg of ¢ that would
be obtained in the control system of Fig. 32 if such control
aygstem were being used to contrxol the gingle pole unit cell
described by the graph of Fig. EBA.

[0017] Fig. 6A 1is a schematic diagram of a hybrid unit
cell capable of simultaneously providing a pole and zero
regponse according to an embodiment, including phase
shifters A, B, and C.

[0018] Fig. 6B 1s a graph is showing a plot o©f a
frequency transfer function of a hybrid pcle/zerc unit cell
of an embodiment.

{00191 Fig. 6C is a graph showing how wvariation of phase
3
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shifter A affects the positions of the pole and zero of the
unit cell of Fig. 6A.

L0020] Fig. 6D ig a graph showing how wvariation of phase
gshifter B affects the positions of the pole and zero of the
unit cell of Fig. 6A.

[0021] Fig. 6E ig a graph showing how variation of phase
shifter C affects the positions of the pole and zero of the
unit cell of Fig. 6GA.

DETAILED DESCRIPTION

[0022] In one embodiment a system and method is provided
for controlling the position of =zerogs and poles of an
optical filter made up of a multiple of filter wunit cells.
An illustrative plot of such filter zeros and poles in the
Z-plane 1is shown in Fig. 1A. Each =zero in the plot is
denoted by an "0O", and each pole in the plot is denoted by
an "X", The zercs and poles are plotted in the complex
plane, having an abscissa that represents the real part "Re
z" of the filter frequency response in the Z-domain and an
ordinate "Im z" that represents the imaginary part of the
filter frequency response in the Z-deomain. The depiction of
filter =zercs and poles on a complex plane is provided to
facilitate an understanding of how changes to the filter
transfer function impact the filter's frequency response.
[0023] Fig. 1B 1is a block diagram o¢f an optical
interference filter 5 that may be used to implement a filter
having the zerog and poles shown in the plot of Fig. 1A. As
can be seen from the figure, the optical filter has one or
more light source inputs 10 ("x" representing position, and
"t repregenting time)and one or more photo-detector outputs
15, and is made up of a multiple of unit c¢ells such asg unit
cell 20.

[0024] Each of the unit cellsg may be used to impart one
of the following to the overall filter transfer function: a

zero, a pole, and a zero and a pole. Thus, the unit cell 20
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may be used to contribute a zero, a pocle, or a zerc and a
pole to the transfer function of optical filter 5.
Accordingly, the multiple of unit cells making up optical
filter 5 may be used to realize a filter transfer function
having rultiple zeros and/or multiple poles.

[0025] The unit cell 20 of Fig. 1B is shown in more
detail in Fig. 1C. The unit cell has two optical inputs 25a
and 25b and two optical outputs 30a and 30b. Each of the
inputs can accept one or more optical signals from other
unit cells, and each of the outputs can provide an optical
signal to one or more other unit cells.

[0026] Referring now to Fig. 2, there is shown a block
diagram depicting an optical interference filter placed
within a Radio Frequency (RF} photonic 1link 40 and
associated contrel system 45 in  accordance with @ an
embodiment. The optical-£fiiter RF photonic link 40 is made
up of an RF input section 50, an optical filter subsystem
55, and an IF output section 60. The RF input section
includes a modulation subsystem 65 and an optical carrier
gsignal generator 70. The modulation subsystem receives an RF
input signal and usges the RF signal to modulate an optical
carrier signal supplied from generatoxr 70. The output of the
modulation subsystem 1is a modulated optical signal. The

modulated cptical signal 1is passed to the optical filter

subsystem.
[00271 The optical filter subsystem includes a multiple
of unit cellg 75A, 75B .. 75N. The unit cells are coupled

together in sgeries, with unit cell 75A receiving the
modulated optical signal f£rom the RF input gection and unit
cell 75N providing input to the IF output section. Each of
The unit cells contributes one of a zero, a pole, or a zero
and a pole to the transfer function of the optical filter
gubsystem. The unit cells are respectively controllied

through control signals 80A, 80B .. 80N provided by control
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gubgystem 45. For each unit cell, the corresponding control
gignal sets the posifion of zero and/or pole associated with
the cell. The contrel signals are, in turn, set by the
control sgubgsystem in response to one or more filter
configuration signals 85.

(00281 One possible embodiment of the unit cells of Fig.
2 1s shown by way of reference to unit cell 75B. The other
unit cells may have the same structure as that shown in
reference te unit cell 75B, or may have_.different
structures. Moreover, unit cell 75B may have a different
structure than that shown in Fig. 2. Indeed, after reviewing
this disclosure one sgkilled in the art will readily discern
alternative unit cell structures.

[0029] Ag can be geen from Fig. 2, a schematic diagram of
an embodiment of unit cell 75B is shown. The cell includes
tunable directionazal couple:s 90A, 90B, and 90C, tunable
phase ghifters $5A, 95B, and 95C, and optical delay 100.
Further, each tunable optical coupler includes a phase
shifter in a feed-forward path of directional coupler 903,
such as phase shifter 90A' and a second feed~fbrward path
90A'' of directiconal coupler 20A. Through contrcl of one or
more of the phase shifters, the zero and/or pole position{s)
of the unit éell can be controlled. In one émbodiment, the
optical éhift'applied by phase shifters 95A, 95B, and $5C is
controlled for purposes of posgitioning the relative phase
angle of the zero and/or pole associated with the unit cell.

{00301 There are many forms of phase ghifters that are
gsuitable for use in the unit cells. In one embodiment, the
phasershifters take the form of thermo-optic phase shifters.
Such phase shifters include a resistance heater thermally
coupled to a high index core of a silica waveguide. Heat
changes the temperature of the core and thereby the
refractive index since it is temperature dependent. This

changes the integrated product o©f index and distance
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(optical path length) and hence changes the time required
for the passage of the light.

[0031] In any event, each unit cell is supplied with an
optical input signal 105 and supplies an optical output
signal 110. The input sgignal is modified according to the
transfer function of the unit cell and the modified signal
appeérs ag the output. Each unit cell of the optical filter
subsystem contributes to the overall transfer function of
the subsystem such that the transfer function of the
subsystem is equal to the multiplied transfer functions: of
the unit cells. The output of the subsystem is coupled to
the IF output system 60.

[0032] The IF output system includes a demodulation
subsystem 115 and one or more photodetectors, e.g.
photodetectors 1202 and. 120B. The use ofl two o©r more
photodeteétors can provide improved performance depending
upon the type o©¢f noise present in the system. The
demodulation subsystem provides a mechanism for perforﬁing
an optical-domain recovery of a desired signal from the
output of the optical filter subsystém. The recovered éignal
is then passed to photodetectors 12CA and 12B for conversion
to the electrical domain. The output of the demodulation
subgsystem is an Intermediate Freguency (L) gignal
repregentative of the RF gignal i1input to the modulation
gsubsystem as modified by the optical filter subsystem.

[0033] Referring now to Fig. 3A, setting and control of a
gimplified unit cell 125, providing a zero response only,
will be described in detail. Fig. 3A is a block diagram
showing a control system 130 for measuring the position of a
Filter zero and maintaining the pogition of thes zero at a
desired position. For purposeg of brevity of description,
the unit c¢ell under consideration in Fig. 3A ig a Mach
Zehnder Finite Impulse Response (FIR) Filter, which 1s a

type of unit cell that is capable only of providing a zero.
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As can be seen from Fig. 3A, the unit cell includes an input
135, a first tunable coupler 140, a phase shifter 145, a
delay 150, a gecend tunable coupler 152, a first output 155,
and a second output 160. In an embodiment, each of couplers
140 and 152 take the form of a tunable directional coupler
as gshown in Fig. 2. For each of tunable couplers 140 and 152
one c¢an control_the relative division of the coupler's input
between the coupler's two outputs. For example, the phése
shifter of coupler 140 may be set to evenly divide input 135
between the tunable coupler's outputs. For the remaindef of
this description, it will be assumed that both of tunable
couplers 140 and 152 are set to evenly divide their inputs
between their outputs.

[0034] It should be ncted that tunable couplers 140 and
152 each introduce a 90 degree relative phase shift to the
"cross-coupled" signal compared to the “through-coupled”
gignal. That ig, tunable coupler 140 shifts light entering
input 135 and traveling the delay path by 90 degrees
relative to light traveling the phase shifter path, and
tunable coupler 152 ghifts light traveling the delay path
and exiting output 155 by 90 degrees relative toc light
traveling the phase shifter path.

[0035] Referring back to the unit cell 125 in general,
the cell can provide a zero output, or "nulled output," for
a given optical freguency through adjustment of phase
shifter 145. That 1ig, by adjusting phase shifter 145 such
that the gignal traveling the phase shifter path is 1890
degrees out ¢ phase with the signal traveling the delay
path, when the two exit coupler 152, the two signals will
cancel each other, 'and the regulting output 135 will De
zero, or substantially zero. Further, if the phase shifter
is then adijusted from this dinitial "zero" phasge-shift
getting to a new getting, the unit cell may gtill provide a

zero, although such zero will occur at a frequency for which
8
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the new phase-shift setting xesults in a 180 degree
difference between the gignal pathg. Thus, the "differential
phase" Dbetween the phase shifter path and the delay path
corresponds to the position <f the unit ¢ell zero. The
differential phase can be controlled through adjustment of
phase ghifter 145, and therefore the position of the zexo
with resgpect to frequency can be controlled through control
of phase shifter 145

F0036] By tracking the differential phase of the unit
cell one can track the position of the unit cell zero. Also,
if tracking reveals that the zero has moved from a desired
position, one can return the zero to the desired posgition by
adjusting phase shifter 145 go as to sget the necessary
differential phase.

[0037] Control system 130 generates a signal 165 ("g")
indicative of the differential phase (the zero position) and
an offset sgignal 170 for maintaining the differential phase
(the zero position) as desired. The offset gignal serves as
feedback generated on the basgis of differential phase sgignal
165. In order to generate the differential phase signal and
the offset gignal, the control system generates a dither
signal 175 and a reference gignal 195. The dither gignal has
a Irequency "f£" and is generated by a first signal generator
180. The reference signal has a frequency "2f" and is
generated by a second signal generator 200.

[0038] The dither signal is combined at a summer 185 with
offset signal 170 and the output of the summer serves as a
phase sghift control signal 190, which determines the phase
shift applied by optical phase shifter 145. The dither
signal is also connected to a first mixer 192.

[0039] Mixer 192 also receiveg the ocutput of an optical-
electrical converter 205. The optical-electrical converter
combines the signals from filter outputs 155 and 160 and

converts the result to an electrical signal 210. It is
9
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electrical signal 210 that is supplied to mixer 192. Mixer
182 mixes electrical signal 210 with the dither signal 175
and outputs the result to a first low pass filter 215 and a
gecond mixer 220. The gecond mixer 220 mixegs the signal
raceived from the first mixer 192 with reference signal 195
and outputs the resgult to a second low pass filter 225. The
filtering implemented by low pasgs filters 215 and 225 is
guch that the outputs c©f the filters can be amplified and
then used to compute a signal indicative of the differential
phase via an afctangent calculation.

[0040] The outputs of the first and second low pass
filters are coupled regpectively to a first amplifier 230
and a second amplifier 235. The amplifier gain coefficients
are calibrated such that maximum output amplitudes of the
amplifiers are equal, or substantially eqgual. The outputs of
the first and second amplifiers are coupled to a computation
unit 240. The computation unit uses the output of the
amplifiers 1in an arctangent calculaticn to generate the
differential phase signal 165, the unit dividing the output
of first amplifiier by the output of the second amplifier and
then computing the arctangent of the result.

[0041] The differential phase signal computed by unit 240
ig coupled to a comparison unit 245. The comparison unit
compares the differential phase to a desgsired differential
phase signal 247 {("@'" - the desired =zero position) and
generates offget signal 170 indicative of the difference
between the measured differential phase sgignal and the
desired differential phase signal.. In one embodiment the
offset gignal i1s a direct current (DC)} electrical gignal,
and in the case of phase ghifter 145 being a thermo-optic
prhase shifter, such DC signal can be used to directly
contrel the amount cf phase shift applied by shifter 145.
Further, 1t should be noted that each of the differential

phase signal and the desired differential phase sgignal may
10
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be analog signalg or digital gignals. The £full range of
suitable signal types for the differential phase and desired
differential phase signals will be apparent to one gkilled
in the art after review of this disclosure.

[0042] In one embodiment, the control gystem <¢f Fig. 3A
is selectively used to generate a gignal indicative of
differential phase and generate the offset signal. Such
system does not apply the dither signal to phase shifter 145
(through summer 185) at all times, but rather, only in a
"calibration mode." At other times, in a "normal mode," only
the offset signal is applied to phage shifter 145 (through
summer 185).

[0043] The graphs of Figs. 3B and 3C are instructive in
degcribing the operation of control system 130,

[0044] Fig. 3B is a graph showing plots of the signals
denoted as signal 1, signal 2, and signal 3 in Fig. 3A., The
relative amplitude of the signals are plotted as a function
of the differential phage. As can be seen from the graph,
the signal appearing at filter output 155 is maximized at
differential phase values of 90 degreesg and 270 degrees. The
regpective outputs of the first and second low pass filters -
are also sgshown as a function of differential phase.

[0045] Fig. 3C 1is a graph showing the wvalue of the
arctangent calculation ("¢") performed in unit 240 as a
function c¢f differential rhase. Ag can be geen from ithe
figure, the arctangent as a function of differential phase
gerves as a deterministic signal by which the differential
phase (zero position) can be determined, and thereby
controlled. Thus, for example, 1f the desgsired differential
phagse 1s 120 degreesg (corregponding to an arctan of about
0.33), and the measured differential phase 1is 144 degrees
{corresponding to an arctan of about 0.40), one would apply
an offset signal to phase shifter 145 sufficient for moving

the arctan wvalue from 0.40 to 0.33. The plot of Fig. 3C may
11
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be referred to as the "control response" of unit cell 125,
and 1t may be said that the differential phase is determined
by comparing signal 165 to the control response.

[0046] Fig. 4 18 a plot showing how the frequency
response of a unit cell having a singlerzero regpoense can be
shifted through control of the phase shifter of Fig. 3A. In
Fig. 4, the abscissa represents frequency. When the
differential phase of the unit cell is zero, the freguency
response 1s a band-pass response centered at fo cw. When the
differential phase is =get to -0.5, the response is shifted
to the left, realizing a band-pass response having a zero
positioned to the right of the band at fo cw. When the
differential phase is set to 0.5, the response is shifted to
the right, realizing a band-pass response having a zero
positioned tc the left of the band at fo_cow.

[0047] Having described control of a unit c¢ell imparting
a single zero to a filter transfer function, control of a
unit cell dmparting a single pole to a filter transfer
function will now be described.

[0048] A unit cell for imparting a sgingle pole to a
filter transfer function may be realized by modifying unit
cell 78B of Fig. 2. 8Such a single-pole cell could be
realized by removing the optical path which includes phase
ghifter 954, replacing directional coupler 90A with a gingle
path coupling input 105 to directional coupler 90B, and
replacing phase shifter 95B with a sgingle direct path. The
gingle-pole cell may be referred to as an Infinite Impulsge
Regponge (IIR) cell.

.[0049] Fig. 5A 1is a graph showing plots of a transfer
function of a single pole unit cell of an embodiment, the
plots corresponding to resgpective filter ¢ wvalues o©f the
unit cell, and the pcle being centered at the middle of the
differential phase range. The filter Q wvalues for the plots

are denoted Q1, Q2, Q3, ¢4, and Q5. Ql represents the lowest
15 .
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of the filter Q valueg, Q2 represents the next lowest of the
filter ¢ walueg, and so on to Q5 which represents the
highesgt of the filter ¢ values.

[0050] Fig. BB is a graph showing the control response
plots corresponding to respective plots in Fig. 54A. In Fig.
5A, for each filter Q value the control response plot ghows
the values of ¢ {(asg a function of differential phase)} that
would be obtained by the control system of Fig. 3A, if such
control system were being used to control the corresponding
single pole uniﬁ cell described by the graph of Fig. 5A. As
can be seen from Fig. 5B, the control regponse for the
single-pole unit cell is relatively linear and deterministic
for the low filter Q walue Ql. However, the contrecl response
is relatively linear and deterministic for only a small
portion (the "controllable region'") of the plot for Q5, such

portion being centered on a differential phase wvalue of 180

degrees. Indeed the controllable region shrinks as Q
increases.
[0051] Neverthelegs, the control responses shown in Fig.

5B can be used to determine and contrel the position of a
unit cell having a éingle pole regponse, albeit with a more
limited controllable regicn. When operating in the
controllable region, control system 130 of Fig. 3A can be
appiied to the single-pole unit cell, the arctangent
calculation determining the differential phase in accordance
witth the control response, and the differential phase being
compared to the desired differential phase.

[0052] Referring now to Fig. 6A, there 1is shown a
schematic diagram of a unit c¢ell 250 according to an
embodiment. The transfer function of unit cell 250 may
incliude both one zero and one pole simultaneously.
Accordingly, unit cell may be used to impart one zero and
one pole simultaneously to an optical filter. The cell

receives an optical input signal 255 and outputs an cptical
13
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output signal 260. The cell includes directional couplers

265A, 285B, and 265C, optical phase sghifterg "A", "B", and
ner . and optilcal delay 270. Through control of one or more
of phase ghiftexrs "A", "B", and "C" controcl of the zero

and/or pole pogitionsg of the unit cell can be realized.

[0053] Fig. 6B i1s a graph is showing a plot of an
illustrative frequency transfer function of the unit cell of
Fig. 6A. The graph showg both pole and =zero features
gimultaneougly. The abscissa represents frequency and the
ordinate represents the amplitude of the transfer function.
The amplitude peak indicates the pole and the amplitude
trough indicates the =zero. The repeating pattern of peaks
and troughs ig a result of periodic interference that occurs
in the frequency domain.

[0054] Fig. &8C is a graph showing how wvariation of phase
shifter A affects the positions of the pole and zero of the
unit cell of Fig. 6A. Each horizontal 1line of the graph
represents a unigue pesition of phage shifter A. The
position of the pole is indicated by darkened regions 275,
and the posgition of the zero is indicated by darkened
regiong 280. Thus, for example, when phase shifter A is set
to 0.25 {90 degrees) the position of the peole iz
approximately egual to the center carrier optical fregquency
(or ™0") and the position of the zero is located at a
relative optical fLreguency offset corresponding to a 189
degree phase offget (or "0.5"}) on the complex Z-plane. As
can be geen from the L[igure, as the phasgse shift applied by
phage shifter A is increased the pole posgition remains fixed
and the zero posgition shifts to the left.

[0055] Fig. 6D ig a graph showing how variation of phase
gshifter B affects the pcositions of the pole and zero of the
unit cell of Fig. SA. Ag can be sgseen from the figure, ag the
phage shift applied by phase shifter B ig increased the pole

position shifts to the right and the zero position shifts to
| 14



WO 2011/008318 PCT/US2010/030840

the left.

[0056] Fig. 8E 1is a graph showing how variation of phase
shifter C affects the positions of the pole and zerc of the
unit cell of Fig. 6A. Ag can be seen from the figure, as the
phase shift applied by phasge shifter C ig increaged the pole
position shifts to the right and the zero pogition shifts to
the right, tracking each other in relative fregquency offset.

[0057] The position shifting properties depicted in Fig.
6E allow for a controllable unit cell that contributes both
a pole and zero to an optical filter. The unit cell of Fig.
6RA can be used in combination with control gystem 130 of
Fig. 34 such that the offset sgignal 170 controls the
pogition of the pole and zero. In one embodiment,_the'unit
cell of Fig. 6A can be controlled as follows. First a dither
signal is applied only to phase shifter B for purposes of
pogitioning the pole at or near the center carrier optical
frequency (or "0"), thereby pesitioning the pole at or near
the center of the controllable region. Next, a dither signal
ig applied only tc phase shifter A for purposes of
positioning the zero at a freqﬁency that is offset from the
pole position by a predetermined amount. Finally, using only
phase shifter C the pcle and zero positions are moved in
tandem to their desired positions. In this embodiment, once
the pole and zero have been initially sget to thelr degired
pogitions, one can maintain the pole and zero at their
degired positibns by applying a dither signal only to phase
ghifter A and generating an indication of differential phase
bagsed on such dither signal. The indication of differential
phase 1is then compared to an indication o©f desired
differential phase énd an offset gignal is generated. The
offget signal is applied only to phase shifter C, and thus
both the pole and zero are maintained at the desired
position because the positions of the pole and zero track

each other when movement is effected through phage shifter
15 '
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C.

[0058] Particular embodiments of the gystem and method
described in reference to Figs. 1lA-6E include the following.

[0059] A method for controlling an optical filter,
compriging dithering a delay of an optical path within an
optical filter unit cell; measuring a position of a filter
zero, a position of a filter pole, or positions of both a
fiilter zero and a filter pole by cobserving an output of the
unit c¢ell when the delay is dithered; and wusing the
meagurement ag feedback for maintaining the position of the
filter zero at a desired position, maintaining the position
of the filter pole at a desired position, or maintaining the
positions o©f both the filter =zero and the filter pole at
desired positions.

[0060] The method as described in paragraph [00591,
wherein dithering a delay of an optical path comprises
dithering an optical phase shifter associated with the
optical path.

[0061] The method as c¢laimed in paragraph [0059], wherein
meaguring comprises generating a differential phase sigﬁal
indicative of a differential phase beﬁween the optical path
within the optical filter and a sgecond optical path within
the optical filter.

[06062] The methocd as described 1in paragraph [0061],
wherein using comprises generating an offset signal by
comparing the differential phase ‘gsignal to a degired
differential phase gignal indicative of a desired
differential phasgse between the optical path within the
optical filter and a second optical path within the cptical
filter. _

[0063] The method as degcribed in paragraph [0062],
wherein the offset gignal 1s a direct current signal.

[0064] The method ag desgcribed in paragraph [0062],

wherein the offset signal is a digital signal.

16
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f0065] The method as described in paragraph [0062],
wherein using further comprises adjusting a phase shifter
assoclated with the optical path according to the offset
signal.

[0066] The method as described in paragraph [0oB11,
wherein generating a differential phase sgignal compriges
performing an arctangent calculation.

[0067] A gsystem for controlling an optical filter,
comprising circuitry for receiving a dither gignal used for
dithering a delay of an optical path within an optical
filter unit cell, and for measuring a position of a filter
zero, a position of a filter pole, or positions of both a
filter zero and a filter pole by observing an output of the
unit cell when the delay i1s dithered; and a2 unit for
generating feedback based on the méasurement,.the feedback
being used for maintaining the position of the filter =zero
at & desired posgition, maintaining the pogition of the
filter pole at a desired position, or maintaining the
positions of both the filter zero and the filter pole at
desired positions.

[0068] The system ag described in paragraph [0067],
wherein the circuitry for measuring comprisgses an optical-
electrical convertexr for converting at least one output of
the unit c¢ell from an optical signal to an electrical
gignal; and a mixer for mixing the electrical signal output
From the optical-electrical converter with the dither
gsignal.

[0069] The sgsystem asg described in paragraph [0068],
further comprising a sgecond mixer for mixing an output of
the mixer with a reference signal.

[0070] The system asg described in paragraph [0069],
wherein the reference signal is a gignal of freguency that
is twice the frequency of the dither signal.

[0071] The system as  desgcribed in paragraph [0069],
' 17
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further comprising a first low pass filter for filtering an
output of the mixer; a second low pasgg filter for filtering
an output of the second mixer; a £first amplifier for
amplifying an output of the first low pass filter; a second
amplifier for amplifying an output of the second low pass
filter; and a computation unit for generating an indicaticn
of the pogition of a filter =zero, the position of a filter
pole, or the posifions of both the filter zero and the
filter pole Dbased on outputs of the fifst and second
amplifiers.

[0072] The system as described in paragraph [0071],
wherein  the computation unit performs an  arctangent
calculation. 7
[0073] The system as described 1in paragraph [0067],
wherein the circuitry for receiving generates a differential
phase signal indicative of a differential phase between the
optical path within the optical filter and a second optical
path within the optical filter, and the unit for generating
feedback comprises a comparigon unit for comparing the
differential phase signal to a desired differential phase
gignal indicative of a degired differential phage between
the optical path within the optical filter and the second
cptlcal path within the optical filter.

[0074] The system as described in paragraph [0073],
wherein comparison unit generates a direct current signal.
[0075] The gystem as described in paragraph [0073],
wherein the comparison unit generates a digital signal.

[0076] The gystem as described in paragraph [0087],
further comprising a dither gignal generator for generating
The dither signal.

[0077] A gystem for controlling an optical filter,
comprising means for recelving a dither signal used for
dithering a delay of an optical path within an optical

filter unit cell, and for measuring a position of a filter
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zero, a position of a filter pole, or positions of both a
filter zero and a filter pole by observing an output of the
unit cell whén the delay is dithered; and means £for
generating feedback basad on the measurement, the feedback
being used for maintaining the position of the filter zero
at a degired position, maintaining the posgition of the
filter pole at a desired position, or maintaining the
positiong of both the filter =zero and the filter pole at
desired positions.

[0078]. The system as degcribad in paragraph [0077],
wherein the means for receiving generates a differential
phase signal indicative of a differential phase between the
optical path within the optical filter and a second optical
path within the optical filter, and the means for generating
feedback comprises means for comparing the differential
phase signal to a desired differential phase signal
indicative of a degired differential phase between the
optical path within the optical filter and the second
optical path within the optical filter.

[0079] Ags these and other wvariations and combinations of
the features discussed above <can be wutilized without
departing from the presgent invention‘ as defined by the
claims, the foregoing description of the one embodiments
should be taken by way of illustration rather than by way of

limitation of the invention ag defined by the claims.
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CLAIMS:

1. A method for contreolling an optical filter,
comprising:

dithering a delay of an optical path within an optical
filter unit cell;

measuring a position of a filter =zero, a posgition of a
filter pole, or positions of both a filter zero and a filter
pole by observing an output of the unit cell when the delay
ig dithered; and

using the measurement as feedback for maintaining the
position of the £filter =zero at a desired pesition,
maintaining the position of the filter pecle at a desired
position, or maintaining the posgitions of both the filter

zero and the filter pole at desired posgitions.

2. The method as claimed in claim 1, wherein
dithering a delay of an optical path compriges dithering an

optical phase shifter asscciated with the optical path.

3. The method ag c¢laimed in c¢laim 1, wherein
measuring comprises Jgenerating a differential phase signal
indicative of a differential phase between the optical path
within the optical filtef and a second optical path within

the optical filter.

4. The methed ag c¢laimed in c¢laim 3, wherein using
comprises generating an offset signal by comparing the
differential phase sgignal to a desired differential phase
signal indicative of a desired differential phagse between
the optical path within the optical filter and a gecond
optical path within the optical filter.

5. The methed as claimed in claim 4, wherein the

offset signal is a direct current signal.
20
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6. The methed as claimed in claim 4, wherein the

offgett signal is a digital signal.

7. The method as c¢laimed in claim 4, wherein using
further comprises adjusting a phase shifter asscciated with

the optical path according to the coffset =gignal.

8. The method as c¢laimed in ¢laim 3, wherein
generating a differential phase signal comprises performing

an arctangent calculation.

9. A system for controlling an optical filter,
comprising:

circuitry for receiving a dither signal wused for
dithering a delay c¢f an optical path within an optical
filter unit cell, and for measuring a position of a filtexr
zero, a position of a filter pole, or posgitiocns of both a
filter zero and a filter pole by observing an output of the
unit cell when the delay is dithered; and

a unit for generating feedback based on the
meagurement, the feedback being used £for maintaining the
position of the filter =zero at a desired position,
maintaining the position of the filter pole at a desired
position, or maintaining the positions of both the filter

zero and the filter pole at desired positions.

10. The gystem ag c¢laimed in claim 9, wherein the
circuitry for measuring comprises:

an optical-electrical converter for converting at least
one output of the unit cell from an optical signal to an
electrical sgignal; and

a mixer for mixing the electrical sgignal output from

the optical-electrical converter with the dither signal.
21
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11l. The system as c¢laimed in c¢laim 10, further
comprising a second mixer for mixing an output of the mixer

with a reference signal.

12. The gystem ag claimed in claim 11, wherein the
reference gignal is & signal of freguency that is twice the

fraquency of the dither signal.

13. The gystem ag claimed in c¢laim 11, further
comprising: |

a first low pass filter for filtering an output of the
mixer;

a second low pass filter for filtering an ocutput of the
gsecond mixer;

a first amplifier for amplifying an output of the first
low pags filter;

a second amplifier for amplifying an output of the
second low pass filter; and

a computation unit for generating an indication of the
pogition of a filter zero, the position of a filter pole, or
the positions of both the filter zero and the filter pole

baged on outputs of the first and second amplifiers.

14. The sgystem as claimed in claim 13, wherein the
computation unit performs an arctangent calculation.

15. The gystem as c¢laimed in c¢laim 9, wherein the
circuitry for zreceiving generateg a differential phase
gignal indicative of a differential phase between the
optical path within the optical filter and a second optical
path within the optical filter, and the unit for generating
feedback comprises a comparison unit for comparing the
differential phase signal to a desired differential phase

gignal indicative of a desired differential phase between
22



WO 2011/008318 PCT/US2010/030840

the optical path within the optical filter and the second

optical path within the optical filter.

16. The sgsystem as c¢laimed in claim 15, wherein

comparison unit generates a direct current signal.

17. The sgygtem as c¢laimed in c¢laim 15, wherein the

comparison unlt generates a digital signal,

18. The system as claimed in claim 9, further
comprising a dither signal generator for dgenerating the

dither signal.

19. A gystem for controlling an optical filter,
comprising:

means for receiving a dither signal used for dithering
a delay of an opticdl path within an optical filter unit
cell, and for measuring a pogiticn of a filter =zero, a
pogition of a filter pole, or positions of both a filter
zero and a filter pole by observing an output of the unit
cell when the delay is dithered; and

means for generating feedback based on the measurement,
the feedback being used for maintaining the position of the
filter zero at a desired pogition, maintaining the pogition
of the filter pole at a desgired position, or maintaining the
pogitions of both the filter zerc and the filter pole at

degired pogitions.

20. The sgystem ag c¢laimed in claim 19, wherein the
means for receiving generates a differential phase gignal
indicative of a differential phase between the optical path
within the optical filter and a second optical path within
the optical filter, and the means for generating feedback

comprises means for comparing the differential phase signal
23
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to a desired differential phase gignal indicative of a
desired differential phagse between the optical path within
the optical filter and the second optical path within the

optical filter.
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