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Description

SUMMARY

[0001] The present disclosure is directed to measuring path delay through a liquid-crystal variable retarder at non-
uniform retardance intervals. In one embodiment a voltage is applied to a liquid-crystal variable retarder that monotonically
changes a retardance and changes a first derivative with respect to time of the retardance of the liquid-crystal variable
retarder over a time period. An interferogram of light passing through the liquid-crystal variable retarder is measured
during the time period.
[0002] In another embodiment, a voltage is applied to a liquid-crystal variable retarder that monotonically changes a
retardance of the liquid-crystal variable retarder over a time period. An interferogram of light passing through the liquid-
crystal variable retarder is sampled at non-uniform intervals of retardance during the time period.
[0003] These and other features and aspects of various embodiments may be understood in view of the following
detailed discussion and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The discussion below makes reference to the following figures, wherein the same reference number may be
used to identify the similar/same component in multiple figures. The drawings are not necessarily to scale.

FIG. 1 is a plot of normalized interferograms measured through a liquid-crystal variable retarder according to an
example embodiment;
FIG. 2 is a plot of a retardance response curve of a liquid-crystal variable retarder according to an example embod-
iment;
FIGS. 3 and 4 are plots showing how various retardance response curves can affect interferograms measured via
a polarization interferometer according to an example embodiment;
FIG. 5 is a plot of retardance response curves of a liquid-crystal variable retarder according to another example
embodiment;
FIG. 6 is a plot of voltage waveforms and retardance response of a liquid-crystal variable retarder according to an
example embodiment;
FIG. 7 is a diagram of an apparatus according to an example embodiment;
FIGS. 8 and 9 are flowcharts of methods according to example embodiments; and
FIG. 10 is a plot showing different interferogram sampling intervals for a liquid-crystal variable retarder according
to an example embodiment.

DETAILED DESCRIPTION

[0005] The present disclosure relates to control of optical devices that utilize interferometers. An interferometer is
configured to introduce an optical path delay between components of light that pass through the interferometer. One
type of interferometer is a polarization interferometer that uses a variable optical retarder placed between two polarizers.
The variable optical retarder causes a selectable path delay between first rays in an incident polarization direction and
second rays in an orthogonal polarization (e.g., ordinary and extraordinary rays). This path delay causes a wavelength-
dependent phase shift between the first and second rays such that light exiting the polarization interferometer creates
interferograms that are detected via an optical sensor, e.g., a focal-plane array. Such interferometers can be used for
high spectral bandwidth optical applications such as hyperspectral imaging. Hyperspectral imaging refers to methods
and devices for acquiring hyperspectral datasets or data-cubes, which may include images where densely sampled,
finely resolved spectral information is provided at each pixel.
[0006] A polarization interferometer can use one or more liquid-crystal (LC) cells as a variable optical retarder. Such
a device is referred to herein as a liquid-crystal variable retarder (LCVR). Generally, liquid-crystal (LC) materials are
liquids having some crystalline properties (e.g., orientation of internal structures, such as the LC director that indicates
the local average alignment of LC molecules) that can be selectably altered by applying an external stimulus, such as
an electric field or a magnetic field. A change in orientation of the LC director alters the optical properties of the LC
materials, e.g., changing the optical axis of the LC birefringence.
[0007] An LCVR generates a variable optical path delay (also referred to as a variable retardance) between two
orthogonal polarizations of light that travel through the liquid crystal. One or more liquid-crystal cells within the LCVR
function as electrically tunable birefringent elements. By varying the voltage across the electrodes of the liquid-crystal
cell, the cell molecules change their orientation, and it is possible to controllably change the optical path delay over a
period of time.
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[0008] To create a polarization interferometer with an LCVR, the LCVR is placed between a first polarizer and a second
polarizer with nominally parallel or perpendicular polarization axes. The slow axis of the LCVR (the polarization axis with
the variable optical path delay) is oriented nominally 45 degrees with respect to the polarization direction of the first
polarizer. Incoming light is polarized to an incident polarization direction by the first polarizer. Because the slow axis of
the LCVR is at 45 degrees with respect to this incident polarization direction, the polarized incident light can be described
in terms of a portion of light polarized parallel to the slow axis of the LCVR and a portion of light polarized perpendicular
to this axis.
[0009] As the light passes through the LCVR, it acquires a wavelength-dependent relative phase shift between the
first and second polarizations, thereby leading to a wavelength-dependent change in the polarization state. The second
polarizer, or analyzer, oriented either parallel or perpendicular to the first polarizer, interferes the portion of light polarized
parallel to the slow axis of the LCVR with the portion of light polarized perpendicular, changing the wavelength-dependent
polarization state at the output of the LCVR into a wavelength-dependent intensity pattern that can be sensed by an
optical detector (e.g., a focal plane array). By sensing this intensity pattern while varying the retardance of the LCVR, it
is possible to measure an interferogram of the incoming light, which can be used to ascertain spectral properties of the
incoming light. These spectral properties can be used for hyperspectral imaging.
[0010] A hyperspectral imager scans retardance of the interferometer while a spatially-resolving optical detector records
the instantaneous interferogram intensity. The interferograms are simultaneously recorded at each point in an image
and the interferograms are Fourier-transformed with respect to retardance to obtain a hyperspectral data-cube. There
are a number of performance factors (e.g., sensitivity, spectral resolution) that can be improved by proper consideration
of the variable optical retarder’s retardance vs. time trajectory (or similarly, a variation of the interferogram sampling
interval). For example, a linear retardance vs. time trajectory (or respectively, uniform interferogram sampling intervals)
may not be optimal for all applications.
[0011] It is known within the art of interferometry that the spectral resolution afforded by an interferometer is effectively
equal (depending on how it is defined) to the inverse of the interferometer’s maximum optical path delay or maximum
retardance Γmax, as shown in Equations (1a) and (1b) below. Equation (1a) defines resolution Δk in terms of wavenumbers
and Equation (1b) defines resolution Δλ in terms of wavelength. Therefore, for a given maximum path delay, the spectral
resolution bins will be much more densely spaced (in wavelength) for shorter wavelengths than for longer wavelengths. 

[0012] This non-uniform spectral resolution has negative implications for broadband spectra that are to be measured
in situations where the sensitivity is limited by shot noise from the signal itself. If the broadband spectra have approximately
equal intensity per unit wavelength at different wavelengths, the interferogram signal will be much weaker per spectral
resolution bin at shorter wavelengths than at longer wavelengths. However, the shot noise from all wavelengths will be
equally distributed across the reconstructed spectrum, and thus the signal-to-noise will be significantly lower at shorter
wavelengths. This phenomenon effectively limits the dynamic range across the detectable optical spectrum of any shot-
noise-limited spectral measurement system utilizing interferometry, such as the hyperspectral imager of the present
embodiment.
[0013] There are additional factors that limit the sensitivity at shorter wavelengths. Detector responsivity decreases
at shorter wavelengths; this is a combined consequence of lower quantum efficiency and fewer photons (and thus fewer
photoelectrons generated) per unit energy. Material absorption tends to increase at shorter wavelengths. Path delay
inhomogeneities across the clear aperture of the variable optical retarder lead to larger phase uncertainties as the
wavelength gets shorter and thus there is more decoherence and less interferogram fringe contrast in the recorded
interferograms.
[0014] In FIG. 1, a stacked plot shows normalized interferograms of narrowband sources of different wavelengths,
measured through a polarization interferometer according to an example embodiment. The narrowband sources start
at 400 nm in the bottom plot and increase in 10 nm increments to 1,000 nm. The horizontal axis is time, not retardance,
but the retardance is almost linearly dependent on time. A significant characteristic of these plots is the collapse of signal
magnitude to a region around zero path delay as the wavelength decreases from the uppermost plot to the bottom. The
zero path delay point corresponds roughly to region 100, where the phase at all wavelengths coincides.
[0015] The poor short-wavelength sensitivity can be partially remedied by decreasing the maximum optical path delay
to increase the size of the resolution bins. While this may be tolerable at shorter wavelengths where the spectral resolution
is best, it would be intolerable at longer wavelengths which already have comparatively poor spectral resolution. Or, it
could be remedied by increasing total integration time, either taking more samples with the same integration time or
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integrating longer per sample, but this may not always be possible.
[0016] If the retardance of the variable optical retarder is scanned too quickly, it is harder to control and thus the path
delay interval between samples would be non-uniform, in some embodiments requiring interpolation before Fourier
transformation. However, this interpolation would also cause more signal loss at shorter wavelengths. And, the closer
the sampling rate is to the interferogram’s Nyquist frequency, the less fringe contrast there is, because the samples
represent a temporal integral of the signal over each sample interval.
If at the shortest wavelengths there are N samples per fringe, this corresponds to filtering the signal with a sinc filter,
with a first zero at a frequency where there would be only one sample per fringe. Thus, the signal will be attenuated by
sinc(π/N). At the Nyquist frequency this is 2/π ≈ 64%, but if there is an additional phase offset, the interferogram will be
further attenuated because only the interferogram’s real part can be measured.
[0017] Given the intrinsic limitations of measuring interferograms of shorter wavelengths in the presence of light at
longer wavelengths, it would be desirable to preferentially sample the shorter wavelengths at the potential expense of
signal from the longer wavelengths. This can be done by increasing the sampling density near zero path delay and/or
increasing the integration time for samples near zero path delay (e.g., near region 100 in FIG. 1) where the signal
contributing to the shorter wavelengths is mostly located. In order to keep the same total acquisition time, less time will
be spent measuring the parts of the interferogram at longer path delay, which is where signal from longer wavelengths
but not shorter wavelengths is present.
[0018] The general form of the desired retardance vs. time trajectory (also referred to herein as a "retardance response
curve") will have a slope that is shallower at smaller retardances and steeper at larger retardances, and there are multiple
ways to conveniently model this mathematically (note here that "smaller" and "larger" refer to the magnitude or absolute
value of retardance). One way to define the retardance response is as a piecewise linear curve, assigning a constant
retardance velocity (time derivative of retardance) to disparate intervals of the retardance sweep. This is shown in FIG.
2, in which retardance curve 200 includes three linear sections 200a-c. Each section 200a-c has a monotonically in-
creasing value of retardance and a greater retardance slope (which corresponds to the first derivative of retardance with
respect to time, or retardance velocity) compared to the previous section. In this figure, the zero retardance point 202
of the LCVR would likely be present somewhere in the middle of the first segment 200a.
[0019] Another way to define the retardance response curve is to apply a constant retardance acceleration (time
derivative of retardance velocity). This would impart a linear chirp to the phase at each wavelength. Assuming now a
relative time variable x ∈ {0 ... 1} wherein the relative retardance velocity increases linearly to Γ(1)/Γ(0) = a, the formula
shown in Equation (2) can be used to produce a retardance response curve that increases from a retardance of 0 at x
= 0 to Γmax at x = 1, with a constant relative acceleration of Γ(x) = 2 (a - 1)/(a + 1). Note that any constant value of
retardance can be added to the right-hand side of Equation (2) and it would still produce a retardance response curve
with the desired constant acceleration characteristic; this would be useful, for example, to create a retardance response
curve that begins at a slight negative path delay and increases through the zero path delay point to a large positive path
delay. 

[0020] In FIGS. 3 and 4, plots show how an interferogram of a 445 nm (blue) LED changes as a result of switching
from a linear retardance response curve with a = 1 to a chirped curve with a = 6. Data include interferograms of a
reference light source used to characterize the retardance response curve. Plots 300, 301 are the measurements for a
linear retardance response curve and plots and 400, 401 are the measurements of the chirped curve. Plots 300, 400
are spatially averaged interferograms of the blue LED and plots 301, 401 are interferograms of the reference source.
The chirped curve increases the measured signal of the blue LED by ≈ 31% relative to the linear curve as measured by
the interferogram standard deviation.
[0021] The measured retardance versus frame number (e.g., interferogram sample number) is shown in FIG. 5 for
normal 500 and chirped 502 acquisitions. The retardance was obtained based on measuring phase delay of a reference
laser. The phase velocity was increased, with constant acceleration, by a factor of a = 6 from start to finish, using Equation
(2). Phase delay is obtained from reference laser interferograms (e.g., interferograms 301, 401) using the Takeda method,
but it could also be measured more directly through a capacitance measurement of one or more cells of the LCVR.
[0022] The instantaneous retardance velocity could also be scaled with the instantaneous retardance to yield an
exponential retardance versus time curve. This curve would arise from treating each wavelength in an unbiased way
from the following perspective: when a given wavelength reaches N oscillations, the phase velocity of that wavelength
should be independent of wavelength. The phase velocity for a given wavelength at a given point in time is φ(t, λ) =
2πΓ(t)/λ. The phase velocity can be the same value for each wavelength when the retardance is equal to N wavelengths,
thus Γ = Nλ. If this phase velocity value is parameterized as 2π/ntexp, where n is the number of frames per fringe at that
wavelength and texp is the time per frame, this results in Equations (3) and (4) below, where i = at/texpÌ is the frame number. 

· ·
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[0023] The constant of integration can be solved by using the fact that the maximum retardance Γmax should be
reached at the last frame, M. To summarize, this is an optimal (from one perspective) retardance trajectory for scanning
up to a retardance Γmax in M frames, where each wavelength is sampled n times per fringe after it has oscillated N times.
In other embodiments, the first derivative of the retardance with respect to time is proportional to the retardance plus a
constant offset with respect to time over a certain time interval: Γ(t) ∝ Γ + C.
[0024] Any suitable retardance trajectory can also be ran in reverse. It may be necessary, however, to start the
retardance scan from the direction where the LCVR electrodes are held generally at a higher voltage magnitude to the
direction where the electrodes are held generally at a lower voltage magnitude, and depending on the LC cell type (e.g.,
planar or vertically aligned) this may determine the sign of the retardance velocity. The general idea is to have the most
control over the LCVR retardance at lower retardances relative to higher retardances because, as mentioned before,
this is where the signals from short wavelengths are present, and the short wavelengths require greater control over
retardance to measure properly.
[0025] In FIG. 6 are plotted the voltage waveforms 600 (left scale) and phase delay of reference source 602 (right
scale) for two subsequent interferogram acquisitions, with an LCVR, of 200 frames or samples each. The left scale is
plotted in terms of the magnitude of the AC voltage across the LCVR cells multiplied by the sign of the liquid-crystal
dielectric anisotropy (which can be changed by modifying the frequency of the AC voltage). The highest voltage at
positive dielectric anisotropy corresponds to the low retardance point. Note that the minimum retardance point of curve
602 has been shifted to ∼0 rad for convenience, but the zero path delay point 604 of the LCVR occurs at ∼15 rad. The
voltage is slowly lowered to around the Freedericksz voltage 606 and maintained near that sensitive point as the re-
tardance and retardance velocity continue to increase. To further accelerate the retardance velocity, the sign of the
dielectric anisotropy is changed at point 608 and the voltage magnitude is rapidly increased until the end of the acquisition.
Then, the voltage magnitude is rapidly raised 610 at a positive dielectric anisotropy frequency to quickly reset the cell
state before the next acquisition.
[0026] The response time of a liquid-crystal cell scales as the applied voltage squared, so if the higher voltage magnitude
corresponds to lower retardance as for a planar or homogeneous cell with positive uniaxial birefringence, the cell is
faster to respond and thus easier to control at lower retardances. Alternatively, a cell with negative uniaxial birefringence
(and negative dielectric anisotropy) would produce the same result.
[0027] Another reason for sweeping from higher to lower voltage as shown in FIG. 6 is that it avoids sweeping the
liquid-crystal cells from below to above the Freedericksz transition threshold voltage 606, which is the voltage above
which liquid-crystal molecules rotate in response to an applied field. This voltage can be sensitive to external conditions,
making the retardance behavior around that point hard to control. The threshold behavior generally occurs when the
cell voltage crosses the threshold voltage in the positive direction and not when the cell is relaxing. Ideally the cell voltage
is always kept above this threshold voltage in order to maintain a slight tilt of the LC molecules toward the applied field
and thus significantly faster response to applied field.
[0028] Finally, it is desirable to rapidly repeat the retardance trajectory for subsequent image acquisitions. If the start
of the retardance trajectory corresponds to a high voltage magnitude, the cell state can much more quickly be brought
back to its initial configuration than would be possible if the initial state corresponded to a low voltage magnitude. It may
still be desirable to actively drive the cell into a high retardance state during acquisition in order to achieve the high
retardance velocities required for chirped acquisitions. In this case, using a dual-frequency LC would be beneficial. By
changing the driving frequency of the LC cell, the dielectric anisotropy would change sign, and the cell voltage could be
increased again to drive the cell into its high retardance state. Even though the cell could be reset by actively driving it
to its high retardance or "off state through a change in sign of dielectric anisotropy, this transition is not as fast as actively
driving to the "on" state because the magnitude of the negative dielectric anisotropy above the transition frequency is
generally less than the magnitude of the positive dielectric anisotropy below the transition frequency. Therefore it is still
preferable to utilize driving to the "on" state as a quick reset between image acquisitions.
[0029] In FIG. 7, a block diagram illustrates an apparatus 700 that performs image processing according to an example
embodiment. The apparatus 700 includes a device controller 702, which may include one or more processors, such as
central processing units, subprocessors, graphics processing unit, digital signal processors, etc. The controller 702 is
coupled to a memory 704 that includes functional modules that will be described in greater detail below. The memory
704 may include a combination of volatile and non-volatile memory, and may store instructions and data as known in

·
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the art.
[0030] The apparatus 700 includes an optical section 706 with an external optical interface 708 that receives light from
outside the apparatus 700. The external optical interface 708 may include windows, lenses, filters, apertures, etc.,
suitable for passing light 709 from outside the apparatus 700 to internal optical components. In this example, the external
optical interface 708 is shown coupled to an external lens 710.
[0031] A polarization interferometer 712 is located in the optical section 706 of the apparatus 700. The polarization
interferometer 712 is coupled to the controller 702, e.g., via electrical signal lines. The controller 702 applies signals to
the polarization interferometer 712 to cause a time-varying optical path delay or retardance in an LCVR 712a that is part
of the interferometer 712. This time-varying optical path delay causes a shift between different polarizations of the light
709, resulting in output light 711 forming interferograms that vary as a function of the optical path delay. The interferograms
are detected by an image sensor 714 (e.g., an array of sensor pixels, focal plane array) which is also coupled to the
controller 702. The image sensor 714 may form still images and/or video frames based on the interferograms.
[0032] A retardance controller 718 instructs the device controller 702 to apply a control signal to the LCVR 712a to
achieve a time-varying retardance trajectory. An image processor 720 (which may be wholly or partially implemented
in the apparatus 700 and/or computer 724) uses this retardance trajectory as a measure of time-varying path delay
together with interferograms detected at the image sensor 714. Each detected interferogram can be processed by
calculating a transform as a function of the path delay at a corresponding position of the LCVR 712a, and together the
processed interferograms as a function of position result in a hyperspectral data-cube. The hyperspectral data-cube
may be presented as one or both of still images and video.
[0033] In order to increase sensitivity of the measurement of a short wavelength component of the interferogram, the
controller 702 applies a voltage to electrodes 712aa of the LCVR 712a. The voltage monotonically changes a retardance
and changes a first derivative with respect to time of the retardance of the LCVR 712a over a time period. An interferogram
of light passing through the LCVR 712a during the time period is measured, e.g., via imager sensor 714. The image
processor 720 may transform the measured interferogram as a function of the retardance over the time period to spectrally
resolve the light 709.
[0034] In FIG. 8, a flowchart shows a method according to an example embodiment. The method involves applying
800 a voltage to a liquid-crystal variable retarder. The voltage monotonically changes a retardance and changes a first
derivative with respect to time of the retardance of the liquid-crystal variable retarder over a time period. An interferogram
of light passing through the liquid-crystal variable retarder is measured 801 during the time period. The method may
optionally involve transforming 802 the measured interferogram as a function of the retardance over the time period to
spectrally resolve the light.
[0035] In FIG. 9, a flowchart shows a method according to an example embodiment. The method involves applying
900 a voltage to a liquid-crystal variable retarder that monotonically changes a retardance of the liquid-crystal variable
retarder over a time period. A path delay of light passing through the liquid-crystal variable retarder is measured 901 at
non-uniform intervals of retardance during the time period.
[0036] In FIG. 10, a plot 1000 shows how an interferogram measured through an LCVR may be sampled at different
intervals corresponding to different retardance ranges according to an example embodiment. Measuring the interferogram
involves sampling the light within a first retardance range 1002 centered at a first retardance 1004 at first sampling time
1006. This range 1002 is a lower retardance range, meaning it is closer to zero path delay than second and third
retardance ranges 1010, 1018, which are higher retardance ranges with increasing path delay in the vertical direction.
A greater number of samples are taken in the first sampling time 1006 than are taken in a second sampling time 1008
used to sample the light in the second retardance range 1010 that is centered at a second retardance 1012 that is greater
in magnitude (further from zero path delay) than the first retardance 1004. This difference in the number of samples
between first and second time periods 1006, 1008 results in an interferogram of light passing through the liquid-crystal
variable retarder being sampled at non-uniform intervals of retardance during a time period that includes first and second
time periods 1006, 1008.
[0037] The first retardance range 1002 may be the same or different size as the second retardance range 1010. Note
that this can be applied to a linear retardance curve 1014 as shown, or to a retardance curve with increasing retardance
and first derivative thereof, such as a piecewise linear curve similar to curve 200 as shown in FIG. 2 or a smooth curve
similar to curve 502 as shown in FIG. 5. Differing numbers of samples taken in a given sample time can be applied to
more than two retardance ranges, as indicated by third retardance range 1018 which is sampled in sample time 1020.
[0038] The various embodiments described above may be implemented using circuitry, firmware, and/or software
modules that interact to provide particular results. One of skill in the relevant arts can readily implement such described
functionality, either at a modular level or as a whole, using knowledge generally known in the art. For example, the
flowcharts and control diagrams illustrated herein may be used to create computer-readable instructions/code for exe-
cution by a processor. Such instructions may be stored on a non-transitory computer-readable medium and transferred
to the processor for execution as is known in the art. The structures and procedures shown above are only a representative
example of embodiments that can be used to provide the functions described hereinabove.
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[0039] Unless otherwise indicated, all numbers expressing feature sizes, amounts, and physical properties used in
the specification and claims are to be understood as being modified in all instances by the term "about." Accordingly,
unless indicated to the contrary, the numerical parameters set forth in the foregoing specification and attached claims
are approximations that can vary depending upon the desired properties sought to be obtained by those skilled in the
art utilizing the teachings disclosed herein. The use of numerical ranges by endpoints includes all numbers within that
range (e.g. 1 to 5 includes 1, 1.5, 2, 2.75, 3, 3.80, 4, and 5) and any range within that range.
[0040] The foregoing description of the example embodiments has been presented for the purposes of illustration and
description. It is not intended to be exhaustive or to limit the embodiments to the precise form disclosed. Many modifi-
cations and variations are possible in light of the above teaching. Any or all features of the disclosed embodiments can
be applied individually or in any combination are not meant to be limiting, but purely illustrative. It is intended that the
scope of the invention be limited not with this detailed description, but rather determined by the claims appended hereto.

Claims

1. A method comprising:

applying a voltage to a liquid-crystal variable retarder that monotonically changes a retardance and changes a
first derivative with respect to time of the retardance of the liquid-crystal variable retarder over a time period; and
measuring an interferogram of light passing through the liquid-crystal variable retarder during the time period.

2. The method of claim 1, wherein the interferogram comprises a short wavelength component and a long wavelength
component, the monotonic change of the retardance and the change of the first derivative increasing sensitivity of
the measurement of the short wavelength component of the interferogram.

3. The method of claim 1, wherein measuring the interferogram comprises sampling the light within a first retardance
range centered at a first retardance over a first sampling time that is greater than a second sampling time used to
sample the light in a second retardance range that is the same size as the first retardance range and centered at a
second retardance that is greater in magnitude than the first retardance.

4. The method of claim 1, wherein the monotonic change of the retardance and the change of the first derivative results
in transitioning through a lower retardance range for a longer time than a higher retardance range.

5. The method of claim 1, wherein the first derivative of the retardance with respect to time is proportional to the
retardance plus a constant offset with respect to time over a certain time interval.

6. The method of claim 1, wherein the first derivative is varied according to a piecewise constant function.

7. A method, comprising:

applying a voltage to a liquid-crystal variable retarder that monotonically changes a retardance of the liquid-
crystal variable retarder over a time period; and
sampling an interferogram of light passing through the liquid-crystal variable retarder at non-uniform intervals
of retardance during the time period.

8. The method of claim 7, wherein the interferogram is sampled at substantially uniform time intervals while changing
the first derivative with respect to time of the retardance.

9. An apparatus comprising:

a polarization interferometer comprising a liquid-crystal variable retarder; and
a controller coupled to the liquid-crystal variable retarder, the controller operable to:

apply a voltage to the liquid-crystal variable retarder that monotonically changes a retardance and changes
a first derivative with respect to time of the retardance of the liquid-crystal variable retarder over a time
period; and
measure an interferogram of light passing through the liquid-crystal variable retarder during the time period.
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10. The apparatus of claim 9 wherein the interferogram comprises a short wavelength component and a long wavelength
component, the monotonic change of the retardance and the change of the first derivative increasing sensitivity of
the measurement of the short wavelength component of the interferogram.
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