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We present a novel optical device to encode and decode two bits of information into different
Orbital Angular Momentum (OAM) states of a paraxial optical beam. Our device generates the four
angular momentum states of order ±2 and ±4 by Spin-To-Orbital angular momentum Conversion
(STOC) in a triangular optical loop arrangement. The switching among the four OAM states is
obtained by changing the polarization state of the circulating beam by two quarter wave plates and
the two-bit information is transferred to the beam OAM exploiting a single q-plate. The polarization
of the exit beam is left free for additional one bit of information. The transmission bandwidth of
the device may be as large as several megahertz if electro-optical switches are used to change the
beam polarization. This may be particularly useful in communication system based on light OAM.

INTRODUCTION

Dots, dashes and spaces remind the Morse code which
were used by sailors, soldiers and postmen in nineteenth
century. The electromagnetic waves have been recog-
nized as the fastest way of communication process since
Samuel Morse invention, i.e. telegraph. There has been
much effort to find a secure and high channel capac-
ity communication process during last two centuries.
Most of these links rely on modulation of intensity (or
photon number), frequency, or polarization of the light.
Especially, the polarization of an electromagnetic wave
associated to the vectorial property of the optical field
has been recognized as related to the Spin Angular
Momentum (SAM) of a photon and is often proposed as
a good candidate for telecommunication and quantum
communication protocols [1]. The photon SAM is
inherently binary, so only one bit (in the quantum
regime - one qubit) can be encoded over a single photon.
Of course, this fact poses limitations to the formulation
of quantum communication protocols. Recently, an
additional photon degree of freedom associated to the
beam phase-front, known as the light orbital angular
momentum (OAM), received a great deal of attention
for various applications in classical and quantum op-
tics [2, 3]. Each photon of the beam whose state has
an azimuthal phase dependance exp(imϕ) (m integer)
carries a definite amount of OAM equal to m~ per
photon. In contrast to the SAM, the OAM is inherently
multidimensional, and much more information can
be encoded into the OAM of a single photon. Such
higher-dimension space can be used for expanding the
alphabet used in classical and quantum communica-
tion [4] and opens a wide road to many novel protocols
not usable for the binary polarization space [5]. In the
quantum regime, such high order qubits are generally
called qudits (with a special case of qutrit for three-level

quantum system). Photon qudits have been so far
mainly implemented using multi-photon systems or
multi-path encoding and the alternative of using OAM
encoding has been investigated only in recent times. Up
to now, single-photon OAM qudits with dimension d = 3
and d = 4 have been generated [6, 7] and employed
in quantum communication [8], quantum bit commit-
ment [9], and quantum key distribution. However, the
difficulty and low efficiency of OAM manipulation has
so far represented a serious limitation. In particular,
current sources of optical OAM are either very rigid
(only one OAM value is generated, with no switching
or modulation capability) or very inefficient (typi-
cally less than 40% of the input photons is converted
into the desired OAM modes) and fairly expensive;
electro-optical fast manipulation of OAM is virtually
non-existent, while the OAM control flexibility currently
provided by spatial light modulators (SLM) comes at
the expense of a slow response (∼ 1 kHz) and a high cost.

In this paper, we report a fast, reliable, and low-cost
device to encode classical (or quantum) information into
different OAM states of a light beam. The switching
among the OAM states can be realized by electro-optical
devices, thus ensuring very fast commutation rate. The
beam polarization state is not affected and can be further
manipulated to store more information. If also the SAM
is considered, our device may encode three classical (or
quantum qu-) bits of information into a single photon.

THE OPTICAL LOOP DEVICE

The heart of our device is a q-plate, a novel optical
element made of birefringent liquid crystal spatially ori-
ented in the transverse plane so that it can transfer a
well-defined value of topological charge into the output
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beam depending on the polarization state of the input
beam [10]. The q-plate is characterized by its topological
charge q that defines the orientation pattern of the op-
tical axis and its phase retardation δ. When δ = π, the
q-plate is said to be tuned. After tuning, the main effect
of the q-plate is to convert the SAM of the incident pho-
tons into OAM, a process called Spin-To-Orbital angular
momentum Conversion (STOC) [10]. The action of the

FIG. 1: The q-plate sandwiched between two QWPs (Q1

and Q2) inserted in the triangular optical loop. The beam
trajectory inside the loop device for the case of (45◦, 45◦),
(−45◦,−45◦) where the beam passes once (inset a), and
(−45◦, 45◦) and (45◦,−45◦) where the beam passes twice in-
side the cavity (inset b). The solid green and red lines show
the first and second trip, respectively. Legend: M-mirror,
PBS-polarizing beam splitter, Q-quarter wave plate, QP-q-
plate.

tuned q-plate on the incident photon state is described
by [11, 12]

Q̂P · |L,m〉 = |R,m+ 2〉

Q̂P · |R,m〉 = |L,m− 2〉 (1)

where |L〉, |R〉, and |m〉 denote the left-circular, the right-
circular polarization and the OAM eigenstate with eigen-
value m, respectively, and Q̂P is the operator represent-
ing the action of the q-plate. It is worth nothing that we
can change the OAM value of the output photons just
by switching the input polarization state, which can be
accomplished with frequencies restricted only by electro-
optical speed limitations (several MHz).
In our device, the q-plate is inserted into a triangular

optical loop, as shown in Fig. 1. A polarizing beam-
splitter (PBS) is used as the input and output gate, so
that only the horizontally polarized light can enter and
exit from the loop, the vertically polarized light being di-
rectly reflected by the PBS. The tuned q-plate was sand-
wiched between two quarter wave plates (QWPs) and
inserted in the loop, as shown in Fig. 1. As it will be
shown below, our loop device can

1. generate the four OAM eigenstates |±2〉, |±4〉; the
switch among these four states is made acting on

the light polarization so that very fast commutation
rate can be achieved;

2. generate qubits formed by any pair sorted from the
four OAM eigenstates above; the relative ampli-
tudes of the two states forming the qubit is con-
trolled by acting on the light polarization only;

3. generate a state made of the superposition of all
OAM eigenstates with even m; the power spectrum
of the superposition is controlled by acting on the
light polarization only.

PURE OAM EIGENSTATES GENERATION

Let us consider a TEM00 laser beam with OAM m = 0
entering in the optical loop. The output beam is a pure
state of order |m| = 2, 4 when the QWPs in the loop
are set at ±45◦. Let us consider, for example, the case
where the two QWPs were set at 45◦. The first QWP
changes the polarization of the beam circulating in the
loop from the horizontal (|H〉) to the left circular (|L〉).
The q-plate coherently transfers Spin-to-OAM, switches
the polarization into the right circular (|R〉) and provides
the beam with an OAM value m = +2. The second
QWP switches back the right-circular polarization into
the horizontal one (|H〉), so that the light was led out
from the loop. Because of the even number of reflections
by mirrors, the OAM of the output beam is left to m =
+2. The full sequence of changes of the photon state is

|H, 0〉
Q@45

◦

1−→ |L, 0〉
QP
−→ |R, 2〉

Q@45
◦

2−→ |H, 2〉 (2)

The same process occurs with the two QWPs set at−45◦.
In this case, however, the output beam is left with m =
−2. The full sequence is

|H, 0〉
Q

@−45
◦

1−→ |R, 0〉
QP
−→ |L,−2〉

Q
@−45

◦

2−→ |H,−2〉 (3)

Figure 1-(a) shows the ray trajectory inside the optical
loop for these two cases.

When the two QWPs are set at opposite angles
(45◦,−45◦) or (−45◦, 45◦), the output beam is left with
m = ±4, respectively. Let us consider, for example, the
case where the first QWP is set at +45◦ and the second at
−45◦, respectively. The horizontal polarized beam circu-
lating in the optical loop is changed into the left-circular
polarization by the first QWP. The q-plate, then, coher-
ently transfers the spin into OAM and the state changes
into |R, 2〉. The second QWP switches back the polar-
ization into the vertical polarization state, so that the
beam is reflected back into the loop by the PBS. How-
ever, the sign of the OAM changes due to the odd num-
ber of reflections by mirrors and PBS. In the second trip,
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the first QWP changes the vertical polarization into the
right-circular polarization and the q-plate transfers the
polarization state into the left-circular polarization and
subtracts 2 to the the beam OAM leading tom = −4. Af-
ter that, the second QWP changes back the left-circular
polarization into the horizontal polarization so that the
beam with m = −4 can leave the loop after an even num-
ber of reflections by mirrors and PBS. For the (−45◦, 45◦)
configuration the same process takes place, but the sign
of the output OAM is reversed. Inset (b) in Fig. 1-(b)
shows the ray trajectory inside the optical loop for the
last two cases. The full sequences of changes of the pho-
ton states are (M represents here the two mirrors)

|H, 0〉
Q@45

◦

1−→ |L, 0〉
QP
−→ |R, 2〉

Q
@−45

◦

2−→ |V, 2〉
M+PBS
−→

|V,−2〉
Q@45

◦

1−→ |R,−2〉
QP
−→ |L,−4〉

Q
@−45

◦

2−→ |H,−4〉

|H, 0〉
Q

@−45
◦

1−→ |R, 0〉
QP
−→ |L,−2〉

Q
@−45

◦

2−→ |V,−2〉
M+PBS
−→

|V, 2〉
Q@45

◦

1−→ |L, 2〉
QP
−→ |R, 4〉

Q
@−45

◦

2−→ |H, 4〉 (4)

Therefore, the loop device is able to generate
−4,−2,+2,+4 values of OAM by choosing the proper an-
gles for the two QWPs. Table (I) shows the four possi-
ble combinations of QWP angles and the corresponding
OAM values of the output beam [15]. One may replace

TABLE I: Four possible combinations of QWP angles and
their corresponding beam’s OAM values.

Logical bit Q1 Q2 OAM value

00 +45◦ +45◦ +2

01 −45◦ −45◦ −2

10 +45◦ −45◦ −4

11 −45◦ +45◦ +4

the QWP with electro-optical devices so to encode the
information in the light beam with rate of the order of
several megahertz.
The optical loop setup proposed in this work can be used
for classical communications in 8D SAM-OAM space. As
we have already mentioned, an additional classical bit
can be encoded in the SAM of the output beam by in-
serting a further QWP at the exit of the optical loop.
So, Alice can transmit to Bob the eight spinorbit pho-
ton states (|L〉, |R〉) ⊗ (| − 4〉, | − 2〉, | + 2〉, | + 4〉), cor-
responding to three bit of information per photon. Bob
can use, for example, a QWP at 45◦ followed by a PBS
to select the SAM state of the received photons and the
holograms shown in Fig. (2) to discriminate the photon
OAM [4]. The communication transmitter and receiver
scheme shown in Fig. (2) can be fully realized by the
available technology. Its main advantage is that three
bits are encoded in each photon manipulating only the
polarization degree of freedom, which can be achieved

by very fast and efficient electro-optical switching. Our
apparatus has been intended for classical telecommuni-
cation, but it can be applied for single photon quantum
communication too, since the q-plate can act as a quan-
tum device [13, 14].

FIG. 2: Alice apparatus is similar to what has al-
ready shown in figure (1). In order to encode another
information bit, a third QWP (Q3) is located at the
exit face of the optical loop. Alice is able to gener-
ate (|L,−4〉, |L,−2〉, |L,+2〉, |L,+4〉, |R,−4〉, |R,−2〉, |R,+2〉
and |R,+4〉) by setting her QWPs at ±45◦. Bob measures
the photon SAM state by suitable QWP and a PBS and mea-
sures the photon OAM state by suitable holograms, as shown.

OAM QUBIT GENERATION

When the orientation angles of the QWPs are set to
values different from those reported in Table (I), a super-
position of OAM states is generated, in general. In this
case, the light is trapped inside the cavity making infi-
nite number of loops. The output state is then given by a
superposition of different OAM eigenstates made by the
portions of horizontally polarized light exiting the cavity
at each loop. In the quantum regime, the superposition
is among the probability amplitudes αN that the photon
exits the optical loop after N round trips. When the an-
gle of one of the QWPs inside the cavity is fixed at 45◦

(or −45◦), four different qubits are produced made of any
two of the four OAM states | ± 2〉, | ± 4〉.
More precisely, if the first (second) QWP is fixed at an-
gle 45◦ the generated output state up to a global phase
factor is given by

|ψ1〉 = C1(θ, ψ)[2(cos(2θ+ψ)−sinψ)|2〉−i(1−sin 2θ)|∓4〉]
(5)

where C1(θ, ψ) is a normalization factor depending on the
round trip phase delay δ and on the orientation angle θ
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of the free QWP.
If the first (second) QWP is fixed at −45◦, instead, the
output state is given by

|ψ2〉 = C2(θ, ψ)[2(cos(2θ−ψ)−sinψ)|−2〉−i(1+sin2θ)|±4〉]
(6)

where C2(θ, ψ) is a new normalization factor. It is worth
noting that the relative phase of the two OAM eigen-
states forming the qubit is fixed to be ±90◦, so that only
the relative amplitude can be changed by the control pa-
rameters θ and ψ. The possibility of exploiting the pho-
ton polarization to control qubits formed by two OAM
eigenstates with different m may be useful for quantum
computing or other quantum applications.

MULTIPLE OAM GENERATION

When both the angles of the QWPs are different from
±45◦, a complex superposition of even OAM eigenstates
is generated, having the general form

∑+∞
n=−∞ c|2n||2n〉,

where c|2n| depend on the angles θ1 and θ2 of the two
QWPs and on the loop delay ψ. Figure 3 shows some
examples of infinite OAM state superposition obtained
for different orientations θ1 and θ2 of the two QWPs and
for ψ = 0. Notice how the symmetry of the OAM power
spectrum of the output beam is strongly affected by θ1
and θ2. The odd OAM components are missing because
we used a q = 1 q-plate. A full OAM specrum can be
generated by using a q = 1/2 q-plate. The possibility
of exploiting the light polarization to control full spectra
of OAM eigenstates may be useful for future, yet not
identified, applications.

FIG. 3: Calculated OAM power spectrum In = |cn|
2 of the

beam emerging form the loop device for different angles θ1 and
θ2 of the two QWPs for loop delay ψ = 0. The power spec-
trum can be either symmetric (a) or not symmetric (b,c,d)
and the fundamental m = 0 component can be suppressed
(b,d).

THE EXPERIMENT

In our first experiment, we used a c.w. TEM00 laser
source at λ = 532 nm and measured the output beam
phase-front by making an interference with a plane-like
phase-front of same frequency. We used an azimuthally
oriented liquid crystal home made q-plate. The optical
retardation of the q-plate was tuned by temperature con-
troller [11] in such a way that it acted as a half-wave plate
(δ = π). Figure (4) shows the recorded interference pat-
tern of the beam exiting the optical loop for different
angles of the QWPs. The absolute value of the OAM is
deduced from the number of prongs of the interference
fork and the sign from the prongs up or down direction.
In our second experiment, we fixed the first QWP at

FIG. 4: The interference of the output beam from the loop
device and TEM00 beam for the four QWP angles shown in
Table (I).

45◦ and rotated the second one so to generate the qubit
formed by the OAM eigenstates 2 and−4 as described be-
fore. The alignment of the loop were adjusted by moving
the two mirrors so to obtain a good symmetric interfer-
ence pattern [16]. For each angle θ of the second QWP,
we measured the power flow associated to the m = 2 and
m = −4 components of the beam exiting the loop device
by suitable computer generated fork holograms displayed
onto a Spatial Light Modulator (SLM). Beyond the holo-
gram, the m = 0 component was selected by a pinhole
posed in the focal plane of a convergent lens. Finally,
the measured power flows were normalized so that their
summation returned one. The result is shown in Fig. 5.
The full curve is from Eq. (6). To fit the data we used
the loop retardation ψ as best fit parameter.
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FIG. 5: The normalized powers of the m = 2 (red) and m =
−4 (blue) components of the loop output beam as functions
of the orientation angle θ of the second QWP. The first QWP
was held fixed at 45◦. The continuous curve is the fit to
Eq. (5. The optical retardation ψ of the loop was used as
fitting parameter. In the case of the figure above we found a
best fit value ψ = 0.

CONCLUSIONS

We presented a loop device based on q-plate to gen-
erate and encode two bits information into the OAM of
a single photon. The encoding process is very efficient
(nominal efficiency is 100%) and very fast, because it
can be fully implemented by electro-optical devices. The
encoded information can be read with a computer gener-
ated hologram properly designed to detect all four OAM
states simultaneously [4]. The generation process is de-
terministic and the setup is suitable for both classical and
quantum regimes of light. Furthermore, the optical loop
can be easily modified to encode three bits of information
in a single photon by adding an additional polarization
bit. The same setup allows also the generation of qubits
made of two different OAM orders or qudits with infinite
number of OAM eigenstates. The generation process of
single OAM eigenstates, OAM qubits and OAM qudits
with d = ∞ is deterministic, has nominal 100% efficiency,
and the output OAM state can be controlled by very fast
electro-optical devices.
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