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Abstract: We describe an innovative data transmission scheme exploiting optical vortices to
multiplex and demultiplex independent data channels in a standard asynchronous laser link. We
report extensive results of the proof of concept of the method, successfully used to transmit two
parallel ASCII strings, demultiplexed and decoded in the far field of the radiation beam. A phase
locked two arms interferometer is proved to be effective even accessing a small portion of the
beam only. Results prove the robustness and reliability of the method to perform dense-code free
space transmissions over long distances even in presence of wavefront distortions. Applications
and the extension to a larger number of parallel channels are discussed.
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1. Introduction

Radiation with Orbital Angular Momentum (OAM) has been discovered [1–4] and formalized
[5] at the end of the 20th century, proving that radiation with phase screw dislocations is solution
of the Maxwell Equations. A number of experiments and applications have been conceived and
performed in different fields of fundamental research and applied sciences: a few examples are in
microscopy, to enhance the resolution limit [6,7]; in atomic physics, to increase the probability
of non-dipolar transitions [8,9]; in astrophysics, to realize broadband coronagraphy [10–12], as
well as to explore novel emission processes [13,14]. In all cases unprecedented results have
been possible thanks to the vortex nature of radiation beams. A complementary area of interest
deals with information, both in the classical [15–25] and quantum realms [26,27]. In both cases
the main benefit stems from the additional degree of freedom introduced by the orbital angular
momentum Lz = hl/(2π), where l is an integer called topological charge and h is the Planck’s
constant. Contrarily to the two orthogonal polarization states, the number of possible orthogonal
states of OAM radiation is not limited in principle, making it possible to realize dense–coding
information also in a purely classical way by exploiting the helicity of the wavefront, which
exhibits an azimuthal phase dependence lθ of the radiation field, where θ is the geometrical
azimuthal angle.

Assessing the topological charge of OAM radiation requires to map the wavefront and extract
the information about the genuine phase screw index, saying apart other phase changes such as
curvature, aberrations, distortions, etc. This usually requires to detect a substantial portion of the
beam section or the whole wavefront [28–31]. Moreover, as the distance increases, diffraction
unavoidably imposes i) a global curvature and ii) increasing beam size. A receiver exploiting a
substantial portion of the radiation wavefront will need to match the far field beam size, making
the detection difficult or even impossible at arbitrarily large distances. Effectively recognizing
OAM states by exploiting a small portion of the radiation beam will have obvious benefits in
the field of telecommunications but also in all the applications where the entire wavefront is not
accessible.
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In [32,33] we have shown the effective feasibility of local measurements of the topological
charge of OAM radiation. Nevertheless, the method adopted is ultimately inapplicable to
telecommunications simply because of the need of multi–shot measurements.

In this work we explore a novel differential detection method that exploits local interferometry
to distinguish different overlapped OAM states by accessing a small portion of the radiation
wavefront only. A constant reference beam guarantees a precise monitoring of the spurious phase
distortions. This combination successfully overcomes the limits discussed above, paving the way
to a completely new approach for high dense data transmission. Moreover, the detection region
does not need to include the OAM singularity and, depending on the instrument sensibility, the
baseline needed to perform the local detection can be arbitrarily reduced, thus making the method
very flexible. Finally, the number of overlapped states can be arbitrarily extended.

A multiplexed standard asynchronous laser link has been effectively realized in our laboratory.
The link has been established between a transmission unit that modulates, multiplexes and shapes
the composite vortex beam, and a receiver detecting a small fraction of the diffracted wavefront
in the far field of the beam. A dense-code transmission has been realized by overlapping two
simultaneous channels. An active feedback has been introduced to compensate the pointing
instabilities and the wavefront perturbations specifically introduced by forcing air turbulence,
through thermal instabilities. It is caused by free convection generated by imposing a temperature
gradient. For the sake of simplicity this proof of principle has been done with two data strings
transmitted in parallel at 1.2 kb/s. No loss of generality is introduced with this choice: faster
transmission rates with arbitrary bandwidth can be similarly realized, provided that a balanced
interferometer is adopted.

We stress that despite OAM transmissions of hundreds of Gb/s have been recently reported
[34,35], the advantage we explore in this work is focused on achieving dense coding by using local
detection. The proposed method has been verified at low transmission rate, however extension at
higher transmission rates will be discussed for future developments.

2. Experimental setup

The composite beam is generated by overlapping a multiplexed, modulated He–Ne laser beam
(λ = 632.8 nm) and a solid state laser (λ′ = 635 nm) as the constant reference. The experimental
setup to generate the OAM states and to match the curvatures of the two beams is schematically
shown in Fig. 1.

Here a 10 mW He–Ne laser (λ = 632.8 nm) is modulated and multiplexed to encode the
asynchronous data strings. The modulation exploits the On-Off Keying (OOK) technique, while
two OAM states l = 4 and l = −4 are multiplexed. This is obtained by diffraction of the collimated,
spatially filtered beam impinging onto specific CGHs realized through the SLM, constituted
by a commercial Digital Micromirror Device (DMD). DMD is a high definition (1920 x 1080
pixels) orthogonal micromirror array (0.65” array diagonal) with 7.6 µm pixel pitch. CGHs as
described in [36] are adopted to impose proper phase modulation on the diffracted beams, the
vortex index being proportional to the diffraction order. The method used in Ref. [36] exploits
transmissive SLM while we use a reflective SLM, in both cases the holograms are binarized from
a grey scale to black and white. Among the many beams diffracted in both directions, the first
order is collected along the optical path, with a relevant loss of light power.

After modulation and multiplexing, the beam is overlapped to the reference through a beam
splitter and the composite vortex is generated. The reference is obtained by spatially filtering and
collimating a solid state laser (λ′ = 635 nm). The two beams have almost the same curvature at
the receiver. It has been realized by positioning the waists of the reference and modulated beams
of the spatial filters at similar distances from the beam splitter. By focusing the composite beam
through the positive lens ahead the interferometer we further reduce the waists distance dw below
1 mm. Since the beam is measured at a distance zw ≈ 575 mm from the waists in the far field of
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Fig. 1. Experimental setup. The composite beam is realized by overlapping a He–Ne
laser (λ = 632.8 nm) (after modulation and multiplexing) and a solid state laser (λ′ = 635
nm). The beam is expanded through a positive lens in such a way that the interferometer
is illuminated by a small portion within an angular range ∆θ ≈ 30◦ (see inset). The
interferometer is localized in the upper part of the beam, far from the singularity as shown in
the inset.

both the reference and modulated beams we write CR ≈ 1/zw and CM ≈ 1/(zw + dw), where CM
and CR are the curvatures of the modulated and reference beam, respectively, thus the matching
discrepancy is (CM − CR)/CR<1%. The whole modulation and multiplexing system is mounted
onto a stable granite optical bench.

The composite beam propagates a couple of meters far towards three mirrors and a focusing
lens (focal length f = 60 mm), imposing a beam waist w0 ≃ 7 µm at the focal plane. The detection
system is placed in the far field, at a distance z = 575 mm from the beam waist corresponding to
2500 times the Rayleigh distance zR = πw2

0/λ ≃ 0.23 mm. The beam transversal size is ≈48 mm.
The detection, demultiplexing and decoding is finally performed by a two-arms compact

interferometer composed by a piezo-mirror and a beam splitter fixed on a rigid metal slab (see
Fig. 1). It is mounted on an independent, movable diagnostic unit remotely controlled. The
piezo-mirror and the beam splitter axes are separated by 15 mm, both at approximately 25 mm
from the vortex singularity. Being the beam size 48 mm in diameter, we collect a remarkable
small portion of the transverse beam section only (see inset in Fig. 1).

The reference beam is exploited to lock the interferometer at the given phase ϕlock. The intensity
of the interference pattern is detected by a silicon photodiode (PD1) and the corresponding
photocurrent used as a feedback for locking the interferometer after a proper amplification. Since
the reference beam intensity is about 100 times higher than the main beam intensity it prevails as
reference signal to lock the interferometer. Moreover the intensity fluctuations of the main beam
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during modulation are faster compared to the intensity variations due to pointing instability or air
refractive index change and are filtered out by the feedback parameters. These conditions make
the use of a laser line filter centered at 635 nm unnecessary.

A 1 nm bandwidth dichroic filter centered on the He–Ne laser line (632.8 nm) selects the
signal–bearing light at the output of the interferometer after the beam splitter. The silicon
photodiode (PD2) connected to a transimpedence amplifier reads the intensity level of the
interferogram central fringe which directly depends on the adopted holograms used in transmission
and codified as described here below.

3. String coding method

Information is multiplexed using OAM states with topological charges l = 4, l = −4 and
modulated using the On-Off Keying (OOK) modulation. The binary information of the two OAM
states gives origin to four possible combinations (0, 0), (0, 1), (1, 0), (1, 1) (D-bits), where the
first and second bit of the pair are related to the OAM state l = 4, l = −4, respectively. Here the
state "1" refers to "ON" while the state 0 refers to "OFF". Strings "UNIMI" and "O/A/M" are
codified with standard ASCII codes. The asynchronous transmission (1.2 kb/s) has the format: 1

Fig. 2. Top. Holograms imposed on the SLM to codify the D-bit states (0, 0), (0, 1), (1, 0),
(1, 1). Bottom. The complete sequence of the holograms to codify the overlapped strings
"UNIMI" and "O/A/M" used in the asynchronous transmission.
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bit star (LOW), 8 bit ASCII code, 1 bit parity (even parity), 2 bit stops (HIGH). The coding of the
strings into the D-bit states are shown in Table 1. The number of D-bits for a pair of characters
is 12, while the number of D-bits for a pair of strings (5 characters each) is 60. The four D-bit
states are imposed on the radiation beam through the SLM, by using the computer generated
holograms reported in Fig. 2 (top).

Table 1. String coding table. It is shown the bit-coding of each single character, the corresponding
OAM states and the D-bit states. The "mix" state refers to the overlapping between the states with

charges l = 4 and l = −4, while the "off" state corresponds to no transmitted light.

ASCII CODES CHARACTERS START Bit 0 Bit 1 Bit 2 Bit 3 Bit 4 Bit 5 Bit 6 Bit 7 PARITY STOP STOP

55 U 0 1 0 1 0 1 0 1 0 1 1 1

4F O 0 1 1 1 1 0 0 1 0 0 1 1

OAM STATE OFF MIX −4 MIX −4 +4 OFF MIX OFF +4 MIX MIX

D-BIT (0,0) (1,1) (0,1) (1,1) (0,1) (1,0) (0,0) (1,1) (0,0) (1,0) (1,1) (1,1)

4E N 0 0 1 1 1 0 0 1 0 1 1 1

2F / 0 1 1 1 1 0 1 0 0 0 1 1

OAM STATE OFF −4 MIX MIX MIX OFF −4 +4 OFF +4 MIX MIX

D-BIT (0,0) (0,1) (1,1) (1,1) (1,1) (0,0) (0,1) (1,0) (0,0) (1,0) (1,1) (1,1)

49 I 0 1 0 0 1 0 0 1 0 0 1 1

41 A 0 1 0 0 0 0 0 1 0 1 1 1

OAM STATE OFF MIX OFF OFF +4 OFF OFF MIX OFF −4 MIX MIX

D-BIT (0,0) (1,1) (0,0) (0,0) (1,0) (0,0) (0,0) (1,1) (0,0) (0,1) (1,1) (1,1)

4D M 0 1 0 1 1 0 0 1 0 1 1 1

2F / 0 1 1 1 1 0 1 0 0 0 1 1

OAM STATE OFF MIX −4 MIX MIX OFF −4 +4 OFF +4 MIX MIX

D-BIT (0,0) (1,1) (0,1) (1,1) (1,1) (0,0) (0,1) (1,0) (0,0) (1,0) (1,1) (1,1)

49 I 0 1 0 0 1 0 0 1 0 0 1 1

4D M 0 1 0 1 1 0 0 1 0 1 1 1

OAM STATE OFF MIX OFF −4 MIX OFF OFF MIX OFF −4 MIX MIX

D-BIT (0,0) (1,1) (0,0) (0,1) (1,1) (0,0) (0,0) (1,1) (0,0) (0,1) (1,1) (1,1)

The (0,0) state is realized by setting all the micromirrors in such a way the light is deflected
out of the transmission path. The (1,0) and (0,1) states are generated with digital holograms
of the corresponding pure OAM states l = 4 and l = −4, respectively and computed as
Hl=4 = |Em=4 + Em=0 |

2, Hl=−4 = |Em=−4 + Em=0 |
2, where m is the topological charge of the

fields used in calculations, Em=4 = exp (i4θ) and Em=−4 = exp (−i4θ) are the complex fields
of the OAM states depending on the azimuthal phase θ measured on a plane transverse to the
propagation axis and Em=0 is the complex field of a tilted plane wave (not collinear to Em=4 and
Em=−4) that acts as a reference field to compute the holograms. The (1,1) state is generated with
the hologram of the overlapped states computed as Hmix = |Em=4 + Em=−4 + Em=0 |

2, where Em=4
and Em=−4 are collinear, while Em=0 is not collinear to Em=4 and Em=−4. The sequence of the
states (as reported in Table 1) is temporized by using the internal clock of the DMD control board.
The exposure time of the each hologram is 833 µs. In Fig. 2 (bottom) the complete sequence of
holograms used to codify the overlapped strings "UNIMI" and "O/A/M" is shown.
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4. Results and discussion

The 4-states of the modulated, composed beam with two OAM states (l = 4, l = −4) are converted
by the interferometer in four corresponding intensity levels (see Eq. (2) below).

The intensity levels, as shown in Fig. 3, are measured with the photodiode PD2.

Fig. 3. Amplitude of the signal of the OAM states (0, 0), (0, 1), (1, 0), (1, 1), measured by
the photodiode PD2.

The phase difference ∆P of the modulated radiation field at the input ports of the interferometer
is proportional to the orbital angular momentum Lz =

hl
2π (see [32]) as

∆P ∝

[︃
2πLz

h
−

k
k′

l0
]︃
∆θ +

k∆R
k′
+ ∆ϕ , (1)

that in terms of the average intensity on the photodiode PD2 reads as

<I>=2
√︁

IP1IP2 cos∆P + IP1 + IP2 , (2)

where k = 2π/λ, k′ = 2π/λ′, λ is the wavelength of modulated beam, λ′ is the wavelength of
the reference beam, l0 = 0 is the topological charge of the reference beam, ∆θ is the azimuthal
angle between the piezo-mirror and the beam-splitter axes measured on a plane transverse to the
propagation axis (as shown in Fig. 1); ∆R is the phase difference of the reference beam due to the
incident wavefront tilt on the detection plane; ∆ϕ is a constant phase depending on the optical
path difference between the interferometer arms, IP1 and IP2 are the intensities of the modulated
beam through the interferometer arms measured on the photodiode PD2. ∆R = ϕlock + cost is
locked at a constant value by using the reference beam and a moveable piezo-mirror to cancel
out any arbitrary phase due to the wavefront tilt of the incident radiation on the detection plane.
Here cost is a phase constant that can be freely set (by using the feedback parameters) to change
the working point. The setpoint is regulated to fix the phase ϕlock of the reference beam and to
increase the intensity separation of the levels corresponding to the OAM states.

A standard link 1.2 kb/s has been implemented to send strings codified with ASCII codes.
The strings are been simultaneously transferred by overlapping the OAM states l = 4, l = −4.
Transmission is realized with a sequence (frame) of holograms produced by the SLM. Each



Research Article Vol. 29, No. 10 / 10 May 2021 / Optics Express 14418

hologram reproduces a pair of overlapped bits (D-bit) as reported in section 3 and each pair of
overlapped characters is codified with the standard frame 1 D-Bit START, 8 D-Bit DATA, 1
D-Bit PARITY, 2 D-bit STOP.

The OAM states are converted in four intensity states by the interferometer, as discussed
previously. The signals of the received strings are shown in Fig. 4. Here the four intensity
states (0, 0) = 4.5 mV (black line), (0, 1) = 18 mV (green line), (1, 0) = 62.5 mV (yellow line)
and (1, 1) = 31.5 mV (red line) are well separated and distinguishable, thus the transmitted
strings "UNIMI" and "O/A/M" are effectively received as shown by the comparison between the
transmitted an received codes in Table 2.

Fig. 4. Received signal of the asynchronous transmission at 1.2 kb/s affected by external
perturbations as in Fig. 5. The signal distortions are suppressed by the reference beam.
Signal is measured with the second photodiode PD2. The strings "UNIMI" and "O/A/M"
have been transmitted simultaneously.

Table 2. Test table of the transmitted and received codes.
The decoding process compares the amplitudes of the

received signals (sampled at the D-bit center) with the fixed
state levels (straight lines in Fig. 4). The received signals

should be in the range [Vstate + ∆V/2, Vstate − ∆V/2], where
Vstate is the corresponding fixed state level and ∆V the

amplitude difference of the closest state.

STRINGS Transmitted Received Parity error Code error

U, O 55, 4F 55, 4F none none

N, / 4E, 2F 4E, 2F none none

I, A 49, 41 49, 41 none none

M, / 4D, 2F 4D, 2F none none

I, M 49, 4D 49, 4D none none

The signal-to-noise ratio of the transmission is ≈ 7, where the signal is 6.75 mV, i.e. half of
the amplitude differences of the closest states [V(0,1) − V(0,0)]/2 = [V(1,1) − V(0,1)]/2. Assuming
that additive noise is the dominant cause of erroneous decisions, the corresponding Bit Error
Rate (BER) is <10−11. The BER has been evaluated as erfc[(S/N)/

√
2].
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4.1. Decoding in presence of beam pointing instabilities

The robustness against external disturbances has been verified by perturbing the position of the
positive lens through an impulsive external force that acts on the lens mount, fixed on a bridge
structure. This simply introduces pointing instabilities induced by mechanical vibrations. A
periodic change of the wavefront tilt and position of the incident beam with respect to the plane
of the interferometer input ports is introduced due to the structural resonances of the bridge.
This effect is quantified by removing the reference beam and measuring the fluctuations of the
photodiode signal during transmission. The results are shown in Fig. 5. The perturbation gives a
modulation of the signals with oscillation period τp ≈ 55 ms, and 7 mV peak amplitude. This
spurious modulation heavily affects the state decoding, the change being larger than half the state
level difference. On the contrary, by exploiting the reference beam the spurious modulation is
prevented, as shown in Fig. 4 and Table 2.

Fig. 5. Received signal of the asynchronous transmission at 1.2 kb/s corrupted by external
perturbations (without the reference beam). Signal is measured with the photodiode PD2.
The reference beam has been removed. Mechanical vibrations act as additional unwanted
amplitude modulations.

4.2. Decoding signals perturbed by air turbulence

Transmission through the atmosphere will be heavily affected by air turbulence, introducing
fluctuations of the air refractive index in space and time. We have stressed our link by imposing
(quasi) stochastic wavefront distortions by means of air density fluctuations generated along
the beam path by means of thermal free convection. A circular heater 155 mm in diameter is
positioned 185 mm below the optical path of the composite beam in free propagation. The heater
was then stabilized at a temperature of 70◦C.

The effects of the refractive index changes are quantified by means of the mean-square-roots
σV of the PD2 signal amplitude, in absence of the reference beam. Results obtained during
time intervals one second long are shown in Fig. 6 as a function of the OAM states. They are
compared to the same results obtained by introducing the reference beam. The corresponding
S/N ratios are S/N(1,0) = 2.3, S/N(1,1) = 1.1, S/N(0,1) = 0.8, S/N(0,0) = 6.2, without the reference
beam and S/N(1,0) = 5.7, S/N(1,1) = 4.6, S/N(0,1) = 4.6, S/N(0,0) = 10.2 with the reference beam.
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Fig. 6. Mean–square–root of the amplitude signal measured with the photodiode PD2 of
the OAM states (0, 0), (0, 1), (1, 0), (1, 1), under wavefront perturbations induced by changes
in the air refractive index forced by convection. Measurements are performed with the
reference beam (blue squares) and without the reference beam (red triangles).

To evaluate the crosstalk of the states upon wavefront perturbation, a time sequence composed
by the 4-states has been transmitted through the turbulent medium with and without the reference
beam. The results are reported in Fig. 7 for single frame acquisition (single trace of the
oscilloscope in a 60 ms time window) and in Fig. 8 for multi–frame acquisition (200 traces of the

Fig. 7. Received signal of the OAM states (0, 0), (0, 1), (1, 0), (1, 1) measured with the
photodiode PD2 under wavefront perturbations induced by changes in the air refractive index
forced by convection. Measurements are performed without the reference beam (top) and
with the reference beam (bottom).
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oscilloscope each 50 ms long overlapped and visualized through the oscilloscope persistence
map). Both cases show that OAM state levels are often overlapped and become indistinguishable
in absence of the reference beam, making the transmission channel strongly unstable. On the
contrary, the reference beam effectively prevents any overlapping.

Fig. 8. Persistence map of the received signal measured with the photodiode PD2 of the
OAM states (0, 0), (0, 1), (1, 0), (1, 1), under wavefront perturbations induced by changes
in the air refractive index. Measurements are performed with the reference beam (up) and
without the reference beam (bottom). The yellow regions are due to signal state transitions.
The state levels in absence of the reference beam are overlapped and undistinguishable.

5. Conclusions

The differential method for the detection of the OAM radiation represents a unique strategy to
overcome several standard issues in realizing long distance data transmission laser links. An
optical transmission link based on a OOK modulation as a proof of concept of high density
data transmission in free space propagation is effectively realized by using the composition
of two beams in different frequency bands, matched in curvature. The standard asynchronous
transmission with OAM multiplexing and demultiplexing has been implemented successfully
with a BER <10−11 (under stable air conditions).

Beam point instabilities, external vibrations, wavefront distortions induced by strong fluc-
tuations in the air refractive index have been used to stress the link, providing the proof of a
remarkable robustness. Indeed, since the wavefront perturbations are very similar in both the
reference and main beams, the differential detection method effectively rejects the common
mode phase changes. The method reveals a substantial improvement of the S/N ratios when
compared to the single beam transmission, providing BERs of 2 · 10−6 (with air convection)
with the reference beam and ≈ 2 · 10−1 without. The rejection is optimized since the wavelength
difference is very small, λ − λ′ = 2.2 nm.

Although relying on a laboratory mockup, the case of realistic laser beams obtained with
conventional collimators and delivered over distances of tens of km is well reproduced in terms
of power, size and interferometric detection of the composed wavefront. Of course, in the actual
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case of ground based long–range transmission the propagation is critical, air turbulence and
fog introduce wavefront distortions and spreads the OAM modes over a wide spectral range.
This problem is completely prevented for in space communications. Nevertheless, pointing
instabilities and relative motions between the receiver and transmitter pose important challenges
for practical applications.

The local approach limits the efficiency and also the transmission distance, since only a small
portion of the entire wavefront, and therefore power, is detected. For example, in our apparatus
the received power (relative to the incident portion on the beam splitter and mirror) was 6% of
the transmitted beam power (measurement performed with a photometer). By scaling the beam
geometry, we find that with highly collimated beams with waist of, e.g., ten millimeters, at a
distance of hundreds of km the beam size is a few meters. A receiver with a detection area of
hundreds of cm2 will collect a few percent of the transmitter power.

In this view the strictly local detection method plays a fundamental role in making the
system independent of the wavefront tilt perturbations that are intrinsically compensated. The
dependence of ∆P and <I> on the azimuthal angle ∆θ shown in Eq. (1) and Eq. (2) represents a
much less critical issue: in fact the relative change of the ∆θ implies a relative change of the
same order for ∆P. For example, undesired displacement of the beam singularity due to pointing
instabilities can occur but in this case to double erroneously the measured topological charge, the
distance between the singularity and the interferometer should also double. This represents an
unlikely condition. On the contrary, small inclinations between the wavefront and the detection
plane generate large errors. In the current configuration an inclination between the wavefront
and the detection plane of only 4 µ rad would produce an erroneous estimate of the topological
charge by a factor of 2, without the reference beam compensation.

Extensions to devices operating more parallel channels and much higher bandwidths are
possible with existing technologies. In our case, the transmission rate is currently limited by
the used SLM to generate the holograms: it allows modulation and multiplexing by exploiting a
single device but on the other hand limits the commutation frequency between the states. At
Gb/s transmission faster modulation systems, e.g. electro-optical modulators, are necessary. In
that case, the laser beam should be split in two paths, modulated separately and recombined after
the spatial modulation of the OAM states. 10 mW output power lasers are compatible for kbit/s
transmissions. For higher transmission bandwidths (GHz) the S/N of the receiver should be
increased and lasers in the watt power range will be necessary. Another important factor that
decreases the beam intensity reducing the S/N at the receiver is the power loss due to the spatial
modulator. In the current setup this loss is very large due to the high number of diffraction orders
generated by the micromirror array. The use of refractive elements such as spiral phase plates or
sinusoidal holograms would be preferable.

Finally, the interferometer adopted in our proof of principle is characterized by two optical
elements: the piezo-mirror and the beam splitter. This simple realization is less sensitive to
external vibrations but the interferometer arms are unbalanced, limiting the maximum receiving
band to ≈ 20 GHz in the current geometry. The interferometer will need to be balanced at
hundreds GHz transmission rates. The receiver sensibility can be increased by increasing the
distance between the piezo-mirror and the beam-splitter, the input phase difference ∆P being
proportional to the azimuthal angle ∆θ. As it is evident, all these issues are related to limitations
imposed by our laboratory realization. They can be overcome by conventional technologies
pushing the data transfer rates up to the maximum. The proof of concept we provide here can
therefore be adapted to work with conventional technologies to multiply the amount of transferred
data.

It represents a breakthrough with respect to previous local measurements (see [32], since a
rigorous single shot measurement is possible and proved to be effective enough to transfer data.
Acknowledgments. The authors acknowledge support from the University of Milan through the APC initiative.
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