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A method for characterizing the phase response of spatial light modulators (SLMs) by using a Sagnac
interferometer is proposed and demonstrated. The method represents an improvement over conventional
diffraction-based or interferometric techniques by providing a simple and accurate phase measurement
while taking advantage of the inherent phase stability of a Sagnac interferometer. As a demonstration,
the phase response of a commercial liquid crystal on a silicon SLM is characterized and then linearized
by using a programmable lookup table. The transverse phase profile over the SLM surface is also

measured. © 2009 Optical Society of America
OCIS codes:

1. Introduction

Spatial light modulators (SLMs) are becoming more
commonplace both in the optics laboratory and else-
where. Their use extends from optical pulse shaping
[1,2], computer generated holography [3-5], optical
metrology [6,7], generating programmable lenses
or diffractive optical elements [8-10], and optical
tweezers [11,12] to medical applications in optical
coherence tomography [13] and even atom optics
[14,15]. Such a modulator is capable of modifying
the phase of light, allowing the spatial mode proper-
ties to be changed almost arbitrarily.

It is important to characterize the phase shift im-
parted by the SLM as a function of steerable para-
meters such as voltage, and due to manufacturing
imperfections such as silicon backplane curvature,
before the SLM is used in an experiment. This phase
response is determined most commonly by using dif-
fraction-based techniques [16-18] or interferometry
[3,19-22]. Diffraction-based techniques use the
SLM configured as a diffractive grating and measure
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the distribution of the light in the far field by using a
CCD camera. An advantage of diffraction-based
methods over interferometers is that they naturally
characterize the phase difference between spatially
separate components of the SLM; i.e., they do not re-
quire a stable reference. However these techniques
usually involve a complex theoretical model that con-
tains several unknown parameters to match the
measured data. These parameters need to be found
by collecting large sets of data with different config-
urations (such as grating depth) or prior knowledge
such as pixel-to-pixel phase variations. Therefore the
disadvantage of these techniques include ambigu-
ities due to the underdefined nature of these para-
meters, the large number of measurements needed
to obtain them, and the limited bandwidth due to
the requirement of using a CCD. Many methods also
involve measuring the intensity in the zeroth diffrac-
tion order, which adds to the ambiguity, as this is
strongly influenced by the “dead zones,” or gaps
between pixels [18].

Interferometer-based measurements overcome
most of these limitations by measuring the phase dif-
ference directly between the reference and the signal
arms of an interferometer. Measurements made are



simple to interpret, are unambiguous, and allow fast
photodiode-based detectors to be used. However,
most interferometers are disadvantaged by environ-
mental factors affecting the optical path length
between the two arms, such as air turbulence, me-
chanical vibrations, and drift. A stable reference is
crucial for precision, as the phase measurements
are made relative to this. Interferometers also tend
to require elements such as piezoelectric transducers
and active control electronics to maintain path
length or provide a phase reference.

We present here a novel way of measuring the
phase response of an SLM by using a Sagnac inter-
ferometer. This method combines the advantages of
interferometric and diffraction-based schemes. In a
Sagnac interferometer, an input field is split into
two counterpropagating fields traveling along the
same optical path, which are then recombined at a
beam splitter. In typical use, all the light traveling
in a Sagnac interferometer is returned along the
path from which it entered. However, we show that
if a phase shift about the normal of the interfero-
meter plane is introduced, light is coupled out the
dark port and can then be detected. This property al-
lows us to use a Sagnac interferometer to character-
ize the phase response of an SLM with none of the
drawbacks from the methods mentioned above.
The method proposed is simple, is quick, and does
not need an external reference [21,22]. As the beams
travel the same path within it, this type of interfe-
rometer is also insensitive to factors that change
the optical path length, giving a strong advantage
over other forms of interferometry.

This method builds on results from the quantum
optics community where Mach—Zehnder interfero-
meters are utilized to spatially filter [23] or combine
beams [24,25] with asymmetric transverse beam pro-
files. Sagnac interferometers are renowned for en-
abling ultraprecise rotation measurements; this
paper extends their sensing capabilities to the char-
acterization of spatially structured phase elements.

As a demonstration we characterize a commercial
liquid crystal on silicon SLM and linearize its re-
sponse with steerable beam parameter, using a pro-
grammable lookup table (LUT). The use of an
interferometric technique with high bandwidth de-
tection enabled the fast flicker due to the electrical
characteristics of the device to be detected and quan-
tified. The liquid crystal within an SLM in general
varies in thickness, giving rise to a transversely vary-
ing phase response. Diffraction-based methods are
typically unable to measure this transverse profile.
Here we use our method to experimentally character-
ize the transverse phase profile of the SLM surface.

2. Theoretical Analysis

We begin by describing the Sagnac interferometer as
shown in Fig. 1. We have defined the z axis in the
direction of propagation of the laser beam, y as nor-
mal to the plane of the interferometer, and x =y x z.
As we will see in the theory that follows, Sagnac in-
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Fig. 1. (Color online) Schematic of a three-mirror Sagnac inter-
ferometer. One of the mirrors has been replaced with a transver-

sely asymmetric element that introduces a phase shift between its
two halves. BS, beam splitter.

terferometers with an odd number of mirrors are sen-
sitive to phase variations that are asymmetric about
the normal of the interferometer plane, y.

The beam entering the Sagnac via the 50/50 beam
splitter can be described as

Ein(xvy) = AU(x,y),

where A is the input field amplitude and U(x,y) is
its normalized transverse field profile with
J 2 Ulx,y)dady = 1.

One of the mirrors is replaced with a transversely
asymmetric phase element, such as an SLM, which
imparts a spatially dependant phase shift, ¢(x,y), to
the field. The beam entering the interferometer gets
split into two paths, one traveling clockwise and the
other anticlockwise through the interferometer. For
each field, reflection off a mirror causes its trans-
verse profile to be reflected about the y axis. Since
the clockwise propagating field experiences an addi-
tional reflection after the phase element, the phase
encoded on it is reflected an additional time. In
the ideal case where we have perfect spatial mode
overlap, the two fields after complete propagation
through the interferometer are found to be described
by

1 Lo
Eq(x,y) = 7§AU(_x’y>elkLel¢(—xy)7

1 S
Ex(x,y) = \/—gAU(—x, y)eikLeitxy),

where the field traveling clockwise has been marked
with subscript C, the field traveling anticlockwise
with subscript A, & is the wave vector, and L is the
round-trip length of the interferometer. Since both
beams travel along the same path, the Sagnac inter-
ferometer is unaffected by the mechanical instability,
drift, or local air turbulence that plagues most inter-
ferometer setups.

The two fields recombine at the beam splitter
and interfere, with the field at the dark port of the
interferometer given by
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The intensity at the dark port of the interferometer,
I,(x,y), is then

c€E
Iout(xvy) = ?O |Eout(xay)‘2

1
:Elin(_xay)[l_cos Aqb(x,y)], (2)
where c is the speed of light, € is the permittivity of
free space, I;,(x,y) is the intensity of the light enter-
ing the interferometer, and A¢(x,y) is the phase dif-
ference between two points spaced equally apart
about the y axis, ie., A¢(x,y) = d(x,y) — d(-x,y).
We see that the output light intensity from a Sagnac
interferometer at position (x,y) is dependent on the
difference in phase between two correspond-
ing points on the phase element at positions (x,y)
and (—x,y). The measurement is therefore self-
referenced, similar to measurements done by using
diffraction-based methods, and there is no need for
a reference arm as in other interferometer-based
methods. If no asymmetric phase shift were present,
ie., ¢(x,y) = ¢(—x,y), there would be complete de-
structive interference at the dark port as expected
and Iout<x7y) =0.

Using Eq. (2) we can directly determine the phase
difference (modulo 27) as a ratio of input and output
intensity, given by

A¢(x,y) = cos™ {1 - 2II°“t( ))]

This equation provides a clear interpretation that al-
lows us to derive the phase response of an SLM in a
simple manner compared with diffraction-based
methods.

In practice, the signal measured is the power P,
exiting the dark port and impinging on a detector of
area A,

Pout = Alout(xvy)dA

- %Alin(—x,y)[l = cos Agh(x, y)|dA

= lPin[l

2 — cos Ag], (3)

where the power entering the Sagnac interferometer

in = Jalin(%,¥)dA = [, [1n(~x,y)dA and Ad(x,y) =
A¢, which is assumed to be constant over the area
of the detector. This assumption is valid for a small
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enough detector and is justified in our case by the ex-
perimentally observed phase fluctuations across the
entire SLM of 8% (see Fig. 7 below). A¢ can now be
interpreted as the averaged phase difference be-
tween two sections of the SLM surface located sym-
metrically on either side of the y axis. Equation (3)
can be rearranged for A¢ to give

- P
_ -1 _ out
A¢ = cos [1 2 Pin:| : (4)

In nonideal cases where there is imperfect spatial
overlap between the clockwise and counterclockwise

propagating fields, it is relatively straightforward to
show that Eq. (4) becomes

1 Py,
A¢p = cos™? [VIS (1 2 Pmt)] (5)

where VIS is the interferometer visibility defined as

Pmax_Pmin

Pmax+Pmin’

VIS =
with P, . and P;, being the maximum and mini-
mum powers observed at the dark port as A¢ is
swept through 27.

3. Phase Response Characterization

A. Experimental Setup

We demonstrate the phase characterization capabil-
ities of the Sagnac interferometer with a commercial
SLM (a Holoeye HEO-1080P liquid crystal on silicon
display having a resolution of 1920 x 1080 pixels)
with the experimental setup as shown in Fig. 2.
We used an Innolight Prometheus Nd:YAG laser op-
erating at 1064 nm with an optical isolator to prevent
backscattered and backreflected light reentering the
laser. The beam is expanded and collimated by ap-
propriate lenses before entering the Sagnac. The
Sagnac itself is constructed from a 50/50 beam split-
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O

Fig. 2. (Color online) Schematic of experimental setup. SLM,
spatial light modulator; BS, beam splitter; CCD, CCD camera.



ter, two mirrors, and the SLM. The interferometer is
aligned such that the beams arrive at near-normal
incidence on the SLM to avoid higher-order diffrac-
tion off the dead zones. As the beams travel along
the same path, the Sagnac interferometer is insensi-
tive to path length variations and does not require
any piezo actuators or other path length compensa-
tions. The mode overlap between counterpropagat-
ing fields was optimized by minimizing the
intensity at the dark port of the interferometer with
no signal applied to the SLM.

The SLM is connected via DVI cable to a computer
and acts as a second screen. The steerable parameter
here is the gray-scale value on the screen which cor-
responds to a voltage applied across the correspond-
ing pixel on the SLM. This voltage causes the crystal
to change in optical depth, imparting a phase shift
upon reflection of light off its active surface. Accord-
ing to the manufacturer’s specifications, when fully
on (gray-scale value of 255) the SLM induces a
near-2z phase shift for an optical wavelength of
1064 nm. The gray scale to voltage conversion is con-
trolled by an internally programmable LUT. To vary
the phase shift, a movie is used that holds the left
half of the screen at zero gray-scale value while tran-
sitioning the right half from zero (black) to 255
(white). The movie was made at 4 frames/s, with
the gray-scale value changed for each frame. The
phase response of the right half of the SLM could
then be characterized relative to the fixed left half.
To characterize the left half, a second movie with
the right half held fixed and the left half varied
can be used, thus enabling full phase response char-
acterization with just two measurements, as opposed
to several needed in diffraction-based methods.

The phase response measurements in the follow-
ing sections are made, as shown in the theory, be-
tween two sections of the SLM symmetrically
located on either side of the y axis. This allows mea-
surements to be self-referenced, removing the need
for precision optics required by conventional interfe-
rometers to produce a flat reference beam. Any inher-
ent phase difference between the two sections, for
example due to differences in polishing during man-
ufacturing, will cause the gray-scale value at which
the minimum dark port power occurs to be nonzero
(see, for example, Fig. 6 below). This phase differ-
ence can then be immediately characterized by using
Eq. (5).

B. Characterization of the Average Phase Response

To characterize the average phase response of the
SLM, the beam exiting the dark port of the Sagnac
was focused onto a high-bandwidth Thorlabs
PDA3G6A photodetector. The movie was played, caus-
ing a temporal variation in the optical thickness of
the right half of the SLM, and a consequential varia-
tion in the dark port power. The output intensity at
the dark port as a function of time is shown in Fig. 3,
part 1. Since the entire output field was incident on
the photodetector, Eq. (5) provides the average phase

difference between the optically illuminated parts of
the two halves of the SLM, where P,;, and P,,,, were
determined directly from the averaged trace in the
figure, and the power entering the interferometer
was determined in situ as Pj, = Ppax + Pmin- AS
can be seen from both Eq. (5) and Fig. 3, there is a
turning point in P, around the phase difference
A¢ = n, leading to an ambiguity in the determined
phase difference around this point. To correct for this
phase wraparound, we use P,,,, to identify the point
at which the phase difference is equal to z. As we are
confident that the phase difference continues to in-
crease after this point, the data is adjusted accord-
ingly. The resulting phase response is shown in
Fig. 3, part II. Note that the phase response of an ar-
bitrary region of the SLM can be determined by
choosing to vary the gray-scale value of that region
only. This is an important aspect of the Sagnac
characterization technique that provides additional
flexibility.

Because of the high bandwidth of our detection
system, the noise on the intensity measurements
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Fig. 3. (Color online) Experimental results obtained with initial
SLM configuration and photodiode based detection. I, Evolution of
photocurrent as movie is played on SLM. Insets: A, spatial struc-
ture of movie encoded on SLM; B, spatial structure of light incident
on photodiode; C, phase flicker observable at short time scales. II,
Phase response of SLM as a function of gray scale encoded; inset D,
LUT utilized by the SLM to convert gray scale to applied voltage
across the LCD.
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caused by fast phase effects was measurable and was
found to have a characteristic time scale of around
300Hz (Fig. 3, inset C). This flicker is dependent
on the depth of phase modulation (gray-scale value)
and causes phase fluctuations as large as 1rad. The
noise is caused by the refresh process of the SLM.
Each time a pixel is refreshed, the crystal responds
to the applied voltage then relaxes as the voltage is
removed, causing a periodic fluctuation in the optical
thickness [26].

To characterize the stability of the interference
pattern, we used a movie with a fixed gray-scale dif-
ference and monitored the output intensity for sev-
eral minutes. The output intensity was stable over
this entire time and was not significantly affected
by mechanical vibrations, air turbulence, or other
factors varying the optical path length. Figure 4
shows a 22s data sample. Large intensity fluctua-
tions are observed over short time scales; however
these are due to the SLM refresh process discussed
above rather than instability in the interferometer.
Over longer time scales, where SLM refresh noise
is small, the interference is remarkably stable. We
applied a low-pass filter with a 60 Hz cutoff fre-
quency to the measured intensity data and, after de-
termining P,;, and P,., as detailed above, used
Eq. (5) to extract the phase difference. The standard
deviation of the phase difference was found to be
o = 0.01rad, which corresponds to an interferometer
relative path length stability of 2nm. Comparable
stability has been achieved in other interferometer-
based characterization techniques only by relying on
sophisticated active control electronics.

Figure 3, inset B, shows the intensity of light arriv-
ing at the photodetector as captured by the CCD
camera. Owing to the nature of the Sagnac interfe-
rometer this intensity pattern should be symmetric
about the y axis, with each half carrying identical in-
formation about the phase difference. However, some
small asymmetries are observed that are due to the
misalignment of the center of the optical beams from
the y axis. This effect only scales the total intensity
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Fig. 4. (Color online) Intensity at Sagnac dark port with fixed

nonzero gray-scale value on the right-hand side of the SLM,
and zero gray-scale value on the left. Orange (light) trace, unfil-
tered intensity with fluctuations dominated by fast flicker due
to the SLM refresh process; black trace, intensity after low-pass
filtering with a 60 Hz cutoff frequency. Insets: A, spatial structure
of movie encoded on SLM; B, spatial structure of light incident on
photodiode.
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observed on each side of the SLM, and therefore has
no bearing on the phase characterization.

Notice that the phase response in Fig. 3 is not lin-
ear with gray-scale value. This is due to the non-
linear response of the SLM to the applied voltage.
A linear response is desired in most applications
and can be achieved by modifying the LUT of the
SLM. As a demonstration, the LUT required to lin-
earize the SLM was determined (Fig. 5, inset C) by
using the measured phase response and was applied
to the SLM. The phase response of the SLM was then
confirmed to be linear, as shown in Fig. 5, part II.

It should be noted that the phase shift determined
with our technique is dependent on the optical angle
of incidence on the SLM, with larger angles of inci-
dence resulting in longer optical path lengths within
the liquid crystal, and consequently larger phase
shifts. The phase shift A¢p measured here can be ca-
librated for an arbitrary angle of incidence 0 by using

€0S(Bexp)

Ap(0) = Adp(Oexy) = o5
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Fig. 5. (Color online) Experimental results obtained with linear-
ized SLM configuration and photodiode based detection. I, Evolu-
tion of photocurrent as movie is played on SLM Insets: A, spatial
structure of movie encoded on SLM; B, spatial structure of light
incident on photodiode. II, Phase response of SLM as a function
of gray scale encoded. Inset C, LUT utilized by SLM to convert gray
scale to applied voltage across the LCD.



where 0, = 15° is the angle of incidence in our
experiment.

C. Characterization of the Transverse Variation in the
Phase Response

Most reflective SLMs have a nonuniform phase re-
sponse over the surface due to inherent curvature
of the silicon backplane chip caused by polishing
[16,19,26], as well as curvature of the cover glass
[18,19]. It is therefore useful to characterize the
transverse variation of phase response over the
SLM surface. We demonstrate the usefulness of
our technique in obtaining this variation by repla-
cing the photodetector with a CCD camera connected
to a video capture card (Hauppage WinTV-HVR-
1600) to record the output intensity distribution over
the SLM surface. In this case, each pixel on the CCD
can be thought of as a single detector; so A¢ now be-
comes the difference in phase between two pixels at
(x,y) and (-x,y) on the SLM screen. As a result of
magnifying lenses before the CCD camera, each pixel
on the CCD corresponds to an area of 2 x 2 pixels on
the SLM. As before, a movie with one half varying in
gray scale from O to 255 and one half held at a con-
stant gray scale was used.

Figure 6 shows the intensity profile and phase re-
sponse from a single pixel of the CCD camera. The
phase shows a similar linear response to our pre-
vious results using a photodetector rather than a
CCD camera, although here the maximum phase
shift is greater than 2z, leading to two additional
turning points in the observed power, which were ac-
counted for as detailed previously. Characterization
of the phase response of such a small area of the SLM
would be exceedingly difficult with diffractive techni-
ques and would require active electronic control with
other interferometric techniques.

To improve the signal-to-noise ratio, we averaged
the intensity over blocks of 8 x 10 pixels of the CCD
camera. We then used the same analysis as in the
previous sections to obtain the phase response of
the SLM as a function of coordinates over its active
surface. The change in gray-scale value needed to
achieve a 7 phase shift was calculated from the slope
of the phase response curve and is shown in Fig. 7. To
determine the phase response of the entire optically
illuminated part of the SLM it was necessary to run
two movies ramping the gray scale on the left and the
right half of the SLM, respectively; intensity mea-
surements then enabled characterization of the
phase response of the corresponding half of the
SLM. Some parts of the SLM were too poorly illumi-
nated to obtain reasonable measurements and are
grayed out in the figure. The transverse profile indi-
cates that the SLM surface is not optically flat,
showing a radial variation. As mentioned above, this
is caused by manufacturing limitations such as
backplane polishing and the flatness of the cover
glass. This is consistent with previous measure-
ments taken with interferometer-based techniques
[18]. The data obtained here can be used to calibrate
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Fig. 6. (Color online) Experimental results obtained for a single

pixel with linearized SLM configuration and CCD camera based

detection. I, Evolution of incident intensity as movie is played

on SLM. II, Phase response of SLM region corresponding to ob-
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Fig. 7. (Color online) Transverse phase response profile of
SLM based on CCD camera measurements. Color bar, change in
gray scale needed to achieve a = phase shift. The greyed-out
area on the periphery of the figure indicates the region over
which light intensities were too low to accurately determine the
phase.
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the movies used to control the phase, and hence cor-
rect for the spatial variation in phase response.

4. Conclusions

We have proposed and demonstrated the use of a
Sagnac interferometer to characterize spatially vary-
ing phase elements. The method has the accuracy
and nonambiguity of interferometric phase element
characterization techniques with the self phase-
referencing capabilities of diffraction based techni-
ques, combining the advantages of both methods.
As a demonstration, the overall phase response of
a commercial liquid crystal on silicon SLM was char-
acterized as a function of the gray-scale steerable
parameter. The transverse dependence of the phase
response of the SLM was also characterized and
shown to have a radial variation. The method has
significant advantages over other interferometer-
based characterization methods, as it is unaffected
by environmental factors affecting optical path
length such as mechanical vibrations, drift, or air
turbulence. It is a simple optical setup that does
not require piezo actuators or methods to keep a
stable reference. It also has advantages over diffrac-
tion-based measurements, as it is simple, is unam-
biguous, and needs a minimal number of
measurements.

This research was supported by the Marsden Fund
of New Zealand under the contract 06-UOQO-129
PSE, the New Zealand Foundation for Research
Science and Technology under the contract NERF-
UO00X0703, and the Australian Research Council
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