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Remotely sensing an object with light is essential for burgeoning technologies, such as autonomous vehicles.
Here, an object’s rotational orientation is remotely sensed using light’s orbital angular momentum. An object
is illuminated by and partially obstructs a Gaussian light beam. Using an SLM, the phase differences between the
partially obstructed Gaussian light beam’s constituent OAM modes are measured analogous to Stokes polar-
imetry. It is shown that the phase differences are directly proportional to the object’s rotational orientation.
Comparison to the use of a pixelated camera and implementation in the millimeter wave regime are discussed.
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Remotely sensing an object with light comprises illuminat-
ing the object with light, and then, measuring the trans-
mitted, reflected, or scattered light. The facet of the object
that is sensed depends on the facet of light that is mea-
sured. For example, an object’s chemical composition can
be sensed by measuring light’s wavelength (e.g., hyper-
spectral imaging)Y.

Remotely sensing an object with light is essential for
burgeoning technologies, such as autonomous vehicles.
Of importance is remotely sensing an object’s rotational
orientation, which enables navigation functionalities, such
as determining the pose. Conventional methods to do this
include capturing an image of the object using a pixelated
camera?.

There is interest in a facet of light referred to as orbital
angular momentum (OAM). A light beam that propagates
in the z direction and has a phase of exp(i£¢) is referred to
as an OAM mode, where (7, ¢, z) are cylindrical coordi-
nates. An OAM mode has an OAM of A per photon
(¢=0,£1,42,.....) where £ is Planck’s reduced constant!.
OAM modes make up a complete orthogonal set. An
arbitrary light beam’s amplitude is a superposition of
OAM modes given by

u(r, ) =Y _ce(r) exp(itp), (1)
4

where ¢, (r) are complex coefficients, and the summation
is over all £. The OAM modes’ powers and phases are
given by

P, = /m Td?”|0f|27 (2)
0
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0, = arg ( /0 ” rdrcf(r))7 (3)

where

ce(r) = /Ooo rdr/{fﬂ dou(r, P) exp(—if ). (4)

The powers of the OAM modes that make up a light
beam are referred to as its spiral spectrum.

OAM modes and other modes are used for optical com-
munication®2¥, Like other facets of light, OAM modes can
be used for remote sensing. By illuminating an object with
light, and then measuring the transmitted, reflected, or
scattered light’s spiral spectrum [Eq. (2)], an object’s
structure, rotational velocity, and lateral motion were
remotely sensed 2, However, in these works, the phases
of a light beam’s constituent OAM modes [Eq. (3)] are not
measured and an object’s rotational orientation is not
remotely sensed.

The phase differences between a light beam’s constitu-
ent OAM modes are proportional to the light beam’s
rotational orientation?2. This is analogous to the phase
differences between a light beam’s right and left circular
polarization states being proportional to its state of the
polarization’s rotational orientation. As such, it may be
possible to remotely sense an object’s rotational orienta-
tion by measuring the phase differences between a light
beam’s constituent OAM modes.

Here, an object’s rotational orientation is remotely
sensed using light’s OAM. An object is illuminated by
and partially obstructs a Gaussian light beam. Using a spa-
tial light modulator (SLM), the phase differences between
the partially obstructed Gaussian light beam’s constituent
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OAM modes are measured analogous to Stokes polarim-
etry. It is shown that the phase differences are directly
proportional to the object’s rotational orientation. Com-
parison to the use of a pixelated camera and implementa-
tion in the millimeter wave regime are discussed.
Consider a Gaussian light beam that propagates in
the z direction. It’s amplitude is u(r, ¢) « exp(—r2/w?).
w, is the waist size. For simplicity, the divergence is
neglected. The Gaussian light beam is partially obstructed
by an object in the z—y plane (r—¢-plane). The object is
larger than w,. (x,y) are Cartesian coordinates
(r’ = 2% + y*; ¢ = tan"!(y/z)). Because the Gaussian
light beam is partially obstructed, it has a rotational ori-
entation in the z—y plane. It is defined by the angle ¢,. ¢,
is the angle the object’s edge makes with respect to the x
axis. Figures 1(al), 1(bl), and 1(cl) schematically show
three orientations, ¢, = 0,7/4, and z/2, respectively (half
of the Gaussian light beam is obstructed). For each orien-
tation, the partially obstructed Gaussian light beam’s
spiral spectrum and the phase differences between its
constituent OAM modes were theoretically calculated
using Egs. (1)—(4). The results are shown in Figs. 1(a2),
1(b2), and 1(c2), respectively. Note that the OAM spectra
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Fig. 1. Schematics of a Gaussian light beam that is partially ob-
structed by an object that has a rotational orientation (¢,) and
theoretically calculated spiral spectra and phase differences of
the partially obstructed Gaussian light beam’s constituent
OAM modes as described in the text. The spiral spectra are
normalized with respect to the sum of the powers of OAM modes
from £ = —10 to £ = +10. The phase differences are relative to
the phase of the # =0 OAM mode.

agree with previous work?. As can be seen, the spiral
spectra do not depend on ¢,. However, the phase
differences between the OAM modes do. Therefore, when
an object is illuminated by and partially obstructs a Gaus-
sian light beam the objects’ rotational orientation may be
remotely sensed by measuring the phase differences
between the partially obstructed Gaussian light beam’s
constituent OAM modes.

The experimental setup is shown in Fig. 2. As shown in
Fig. 2(a), an f1 = 8 mm focal length lens (L1) was used to
expand and collimate a Gaussian light beam (4= 1550 nm)
from a single mode optical fiber (SMF1) (w,~1 mm).
The Gaussian light beam illuminated and was partially
obstructed by a razor blade (R). R served as the
object. R was much larger than w,. R’s edge was oriented
perpendicular to the lab table. The edge’s position with re-
spect to the Gaussian light beam’s center was controlled
using a translation stage. A 4f imaging system comprised
of two f2, f3 = 20 cm focal length lenses (L2, L3) imaged
the partially obstructed Gaussian light beam onto the
display of a reflective phase-only (0-2x) liquid crystal on
silicon SLM. The SLM displayed a computer generated
hologram (CGH). As shown in Fig. 2(b), the partially
obstructed Gaussian light beam back-reflected off of the
SLM display. Using the 4f imaging system (L2,L.3) and a
non-polarizing beam splitter (BS, which is not shown), the
back-reflected partially obstructed Gaussian light beam
was imaged onto the back focal plane of another
f4 =8 mm focal length lens (L4). Finally, using a non-
polarizing BS, which is not shown. Finally, the partially
obstructed Gaussian light beam was focused into another
single mode optical fiber using L4 (SMF2).
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Fig. 2. Experimental setup as described in the text.
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The phase differences between the partially obstructed
Gaussian light beam’s constituent OAM modes were
measured analogous to Stokes polarimetry. In Stokes
polarimetry, the phase difference between a light beam’s
constituent right and left circular polarization states is
measured by measuring the light beam’s power after it
propagates through a linear polarizer whose transmission
axis is oriented at 0°, 45°, 90°, and 135° with respect to the
lab table. The measured power is given by I, 145, 9o, and
I35, respectively. The phase difference between the right
and left circular polarization is given by'Z

Io—1
Hztanl(u). 5
-[45_‘[135 ( )

The phase difference between two OAM modes can be
measured analogously. For two OAM modes, I, 1,5, Ig,
and I35 can be holographically measured by displaying
corresponding CGHs on the SLM, and then measuring
the power after SMF2122), Effectively, the CGHs are plots
of the phases of the superpositions of the two OAM modes
when they have an appropriate phase difference. Iy, I 5,
Iy, and I35 correspond to the phase differences of 0,
/2, n, and 3x/2, respectively. CGHs corresponding to
Iy, 15, 1o, and I35 that are used to measure the phase
difference between the £ = —1 and £ = +1 OAM modes
are shown in Figs. 2(cl), 2(c2), 2(c3), and 2(c4), respec-
tively. CGHs corresponding to I, 45, Igg, and I35 that
are used to measure the phase difference between the
¢ =0 and ¢ = +1 OAM modes are shown in Figs. 2(d1),
2(d2), 2(d3), and 2(d4), respectively.

As can be seen in Fig. 1, the spiral spectra of the
partially obstructed Gaussian light beam comprises power
predominantly from the £ = —1,7 = 0, and £ = +1 OAM
modes. Therefore, the phase differences between the
¢ =—1 and £ =41 OAM modes and the # =0 and
¢ = +1 OAM modes were measured.

Instead of physically rotating R, R’s rotational orienta-
tion (¢,) was emulated by digitally rotating the CGHs, as
shown in Fig. 2(e). Rotating the CGHs and keeping R
fixed is equivalent to rotating R and keeping the CGHs
fixed. Note that while not shown here, the CGHs were
given a linear grating, so that SMF2 was aligned to a re-
sulting first diffraction order in the L4 focal plane.

Using the experimental setup described above, the
phase differences between the 7= —1 and ¢ =+1
OAM modes of the partially obstructed Gaussian light
beam were measured as a function of ¢,. CGHs corre-
sponding to Iy, 15, Igy, and I35, as shown in Figs. 2(cl),
2(c2), 2(c3), and 2(c4), were displayed on the SLM one at
a time. The power (intensity) after SMF2 was measured
when each CGH was rotated in steps of 27/100 from
¢, = 0to ¢, = 2z. The results and theoretical calculations
that are calculated using Egs. (1)-(4) are shown in
Fig. 3(a). Using these results, the phase differences be-
tween the £ = —1 and ¢ = +1 OAM modes were calcu-
lated using Eq. (5) (6). The results and theoretical
calculations that were calculated using Eqs. (1)-(4) are

Power

Fig. 3. Measured phase differences (6) between the £ = —1 and
¢ =+1 OAM modes of the partially obstructed Gaussian light
beam as a function of the rotation angle (¢,) as described in the
text. Circles represent measured values. Solid lines represent
theoretically calculated values. Note that the error bars are
smaller than the markers.

shown in Fig. 3(b). As can be seen, ¢, is directly propor-
tional to #. However, note that the results repeat at
¢, = m. As a result, when measuring the phase differences
between the £ = —1 and £ = +1 OAM modes, the object’s
rotational orientation can be remotely sensed from ¢, = 0
to ¢, = 7.

Using the experimental setup described above, the
phase differences between the £ =0 and £ = +1 OAM
modes of the partially obstructed Gaussian light beam
were measured as a function of ¢,. CGHs corresponding
to Iy, Iy5, Igg, and I35, as shown in Fig. 2(d1), 2(d2),
2(d3), and 2(d4), were displayed on the SLM one at a

Power

¢o 2n

Fig. 4. Measured phase differences (0) between the £ =0 and
¢ = +1 OAM modes of the partially obstructed Gaussian light
beam as a function of the rotation angle (¢,) as described in the
text. Circles represent measured values. Solid lines represent
theoretically calculated values. Note that the error bars are
smaller than the markers.
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time. The power (intensity) after SMF2 was measured
when each CGH was rotated in steps of 2z/100 from ¢, =
0 to ¢p, = 2x. The results and theoretical calculations that
were calculated using Eqs. (1)—(4) are shown in Fig. 4(a).
Using these results, the phase differences between the
=0 and £=+1 OAM modes were calculated using
Eq. (5) (0). The results and theoretical calculations that
were calculated using Eqs. (1)—(4) are shown in Fig. 4(b).
As can be seen, ¢, is directly proportional to 8. In contrast
to Fig. 3, the results do not repeat at ¢, = 7. As a result,
when measuring the phase differences between the £ = 0
and £ = +1 OAM modes, the object’s rotational orienta-
tion can be remotely sensed from ¢, =0 to ¢, = 2.

Using the experimental setup described above, the
phase differences between the £ = —1 and £ = +1 OAM
modes of the partially obstructed Gaussian light beam were
measured as a function of ¢, for three varying positions of
R’s edge with respect the light beam’s center. R’s position
was controlled using a translation stage. R’s position was
made to be at the light beam’s center, half a waist size
(w,/2) away from the light beam’s center, and one waist
size (w,) away from the light beam’s center, as schemati-
cally shown in Figs. 5(al), 5(b1l), and 5(c1), respectively.
For each position, CGHs corresponding to I, I, Ig,
and I35, as shown in Figs. 2(d1), 2(d2), 2(d3), and 2(d4),
were displayed on the SLM one at a time. The power
(intensity) after SMF2 was measured when each CGH
was rotated in steps of 2z/100 from ¢, =0 to ¢, = 2x.
Using these results, the phase differences between the
¢ =—1 and £ =+1 OAM modes were calculated using
Eq. (5) (0). For each position, the results and theoretical
calculations, which were calculated using Eqs. (1)-(4),
are shown in Figs. 5(bl), 5(b2), and 5(b3), respectively.
As can be seen, regardless of the position of R’s edge
with respect the light beam’s center, the phase differences
between the £ =—1 and £ =+1 OAM modes can be
measured.

In conclusion, an object’s rotational orientation is
remotely sensed using light’s OAM. An object is illumi-
nated by and partially obstructed a Gaussian light beam.
Using an SLM, the phase differences between the partially
obstructed Gaussian light beam’s constituent OAM
modes are measured analogous to Stokes polarimetry. It
is shown that the phase differences are directly propor-
tional to the object’s rotational orientation.

Remotely sensing an object with light is essential for
burgeoning technologies, such as autonomous vehicles.
Remotely sensing an object’s rotational orientation ena-
bles navigation functionalities, such as determining the
pose. Conventional methods to do this include capturing
an image of the object using a pixelated camera?. Com-
pared to using a pixelated camera, the method describe
above may not be as practical. However, for autonomous
vehicles, a millimeter wave radar is often used instead
of or in addition to pixelated cameras. This method may
be implemented in the millimeter wave regime. The
measurement of OAM in the millimeter wave regime
has been demonstrated2222,

(c1)

Fig. 5. Measured phase differences (8) between the £ = —1 and
¢ = +1 OAM modes of the partially obstructed Gaussian light
beam for three varying positions of R’s edge with respect to the
light beam’s center as described in the text. Circles represent
measured values. Solid lines represent theoretically calculated
values. Note that the error bars are smaller than the markers.

Here, the phase differences between the £ = —1 and
¢ =41 and the £ = 0 and £ = +1 OAM modes are mea-
sured. However, in principle, the phase differences be-
tween other OAM modes may be measured, e.g., £ =0
and £=42 or /=41 and £ =42 OAM modes. As
shown above, when measuring the phase differences
between the ¢ =—1 and Z=+41 OAM modes, the
object’s rotational orientation can be remotely sensed
from ¢, =0 to ¢, ==. However, when measuring the
phase differences between the £ =0 and £ = +1 OAM
modes, the object’s rotational orientation can be remotely
sensed from ¢, =0 to ¢, =2x. This is due to the
rotational symmetry of the OAM modes, which is
illustrated via the CGHs in Fig. 2. This will be similar
when measuring the phase differences between other
OAM modes.

Also, here, the phase differences between the £ = —1
and £ =41 and the =0 and ¢ =+1 OAM modes
are measured because the spiral spectra of the partially
obstructed Gaussian light beam comprised power pre-
dominantly from the £ =—1, £ =0, and £ = +1 OAM
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modes. However, if a different light beam were to illumi-
nate the object, such as an £ = +2 OAM mode or a super-
position of the OAM modes, then the corresponding spiral
spectra may comprise considerable power in other OAM
modes whose phase differences could be measured.

A combination of using a different light beam to illumi-
nate the object and measuring the phase differences be-
tween other OAM modes may be useful when remotely
sensing more complex objects.

Additionally, it may be of interest to investigate com-
parable methods of remote sensing using other modes,

such as vector beams222,
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