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We experimentally demonstrate a 10 Mbit/s free-space
quantum communication link using data encoding on
orthogonal Laguerre–Gaussian (LG) modes with the same
azimuthal index but different radial indices. Data encoding
on two LGlp modes (i.e., for l � 0, we encode [“0”, “1”]
as [p � 0, p � 1], and for l � 1, we encode [“0”, “1”] as
[p � 0, p � 1]) is demonstrated by employing directly
modulated laser diodes and helical phase holograms. The
quantum symbol error rate (QSER) of <5% is achieved
at an encoding rate of 10 Mbit/s. Moreover, the influence
of the circle radius (R) of the receiver phase pattern on reg-
istered photon rates and QSERs is investigated. Our results
show that a receiver phase pattern whose R does not match
the beam size of the LG modes would induce higher cross
talk between the two encoded quantum branches. © 2018
Optical Society of America

https://doi.org/10.1364/OL.43.005639

Quantum optical communication links have the potential for
enhanced system security [1–5]. Typically, a quantum commu-
nication link employs two orthogonal states, such as the polari-
zation of a photon for data encoding. In such a quantum qubit
system, only one bit of information is encoded on each photon.
An increase in the number of orthogonal states in a quantum
communication link could potentially improve both its security
and photon efficiency (e.g., bits/photon) [6–9].

One potential technique to achieve a larger alphabet is to em-
ploy a set of multiple orthogonal spatial modes from a modal
basis set for quantum data encoding. The orthogonality would
enable the selection of the desired mode at the receiver with little
inherent cross talk to other quantum states [10,11]. In this case,
each photon occupies only one of the d orthogonal spatial modes

at a given time slot, where d is the number of possible states that
are used for encoding. Compared with a conventional qubit sys-
tem where only two orthogonal states are available, this higher
dimensional qubit system might potentially provide a photon
efficiency of up to log2�d� bits per photon [10–14].

One example of a possible spatial basis set is Laguerre–
Gaussian (LG) modes, which can be characterized by two in-
dices: the azimuthal index l and the radial index p [15,16]. LG
modes with different l values or p values are orthogonal with
each other. In the classical domain, mode multiplexing (i.e.,
each mode carries an independent data stream) and data encod-
ing (i.e., each pulse occupies a given LG mode state) using
different l or p values have been demonstrated [17–22].

In the quantum domain, a single photon can occupy a given
quantum state; for an LG basis set, a given l and p value would
represent the state [23–25]. Previously, there have been several
demonstrations of data encoding on the same p and different l
values [13,14,24,26]. To the best of our knowledge, there have
been few reports of quantum data encoding among LG modes
with different p values [23].

In this Letter, we experimentally demonstrate a 10 Mbit/s
free-space quantum communication link by encoding data on
orthogonal LG modes with different p indices. By encoding
data on two LGlp modes (i.e., for l � 0, we encode [“0”,
“1”] as [p � 0, p � 1], and for l � 1, we encode [“0”, “1”]
as [p � 0, p � 1]), the quantum symbol error rate (QSER)
<5% is achieved at an encoding rate of 10 Mbit/s.
Moreover, we also investigate the influence of the circle radius
(R) of the receiver phase pattern on registered photon rates and
the QSER. The results show that a receiver phase pattern whose
R does not match the beam size of the LG modes would induce
higher cross talk between the two quantum branches.

Figure 1 shows the concept of quantum data encoding
based on two LGlp modal sets, each having the same l and
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different p values (LG00 and LG01 or LG10 and LG11). For
quantum data encoding, photons are encoded by converting
each photon into a specific LGlp mode from an LGlp modal
set with the same l and different p. Within each symbol period,
every single photon exists in only one of the two LGlp modes.
After the free-space transmission followed by the mode separa-
tion and detection, the data stream could be recovered with low
inherent cross talk due to the orthogonality of the different
LGlp modes.

The experimental setup of quantum encoding using two LG
modes with the same l and different p is shown in Fig. 2. Two
pseudorandom sequences, generated by an arbitrary waveform
generator (AWG), are first amplified and then used to directly
modulate two 850 nm lasers, respectively. The two branches
(branch ① and branch ②) are then coupled into two collima-
tors, each of which emits a collimated Gaussian beam with a
diameter of 3.99 mm. Two programmable spatial light mod-
ulators (SLMs) loaded with different phase holograms on the
screens are used to convert the two incoming beams into the
desired LG beams (LG00 and LG01 or LG10 and LG11). A beam
splitter (BS) is used to spatially combine the two LGlp beams.
Then the combined beams are attenuated by an attenuator to
the single-photon level. The resulting quantum channel prop-
agates in free space in the lab over ∼1 m.

After free-space transmission, the incoming quantum channel
is split into two copies by another BS and then sent to SLM-3
and SLM-4. These SLMs are loaded with the designed phase
patterns to convert the LGlp photons back into Gaussian-like
(LG00) photons simultaneously. Each of the downconverted
photons is coupled into a single-mode fiber (SMF) using two
lenses and collimators. The two branches are simultaneously

detected by single-photon detectors (SPDs) that have a deadtime
of 50 ns and an afterpulsing probability of 0.5%.When a photon
event is detected by the SPD, a 25-ns-wide pulse would be gen-
erated. All the output pulses produced by SPDs are sampled and
recorded by a real-time oscilloscope with a sampling rate of 250
Msample/s. Finally, offline digital signal processing (DSP) is used
to calculate the QSER and the registered photon rate [24].

Figure 3(a) presents the normalized waveforms of the two
branches and their combination at the transmitter. Here, the
transmitted symbol rate is 10 Mbit/s, and the signal duty ratio
is 25%. The combined waveform verifies that the photons exist
in only one of the two branches in each 100 ns period. At the
receiver side, the attenuated signals are detected by the SPDs, as
shown in Fig. 3(b). The mode set we use here is LG00 and
LG01, and we observe that only one of the two LG modes
is active in each symbol period.

Figures 4(a1) and 4(a2) show the experimental intensity
profiles of the LG00 and LG01 beams, respectively, in the
classical domain. Figures 4(a3) and 4(a4) show the specific
phase patterns loaded on the screens of SLM-3 and SLM-4,
respectively, to downconvert the incoming LG00 and LG01

photons into Gaussian-like (LG00) photons. We note that
the receiver phase pattern for the LG00 mode is an all-zero
phase pattern, while the one for the LG01 mode contains a
circle inside with a π phase difference from the outside.

Fig. 1. (a) Two LGlp modes with the same l but different p values for data encoding (case 1: LG00 and LG01; case 2: LG10 and LG11).
(b) Concept of quantum data encoding based on two LGlp modes.

Fig. 2. (a) Experimental setup of a quantum communication link
based on LGlp modes. AWG, arbitrary waveform generator; PC,
polarization controller; Col., collimator; SLM, spatial light modulator;
BS, beam splitter; FM, flip mirror; ATT, attenuator; SPD, single pho-
ton detector; DSP, digital signal processing.

Fig. 3. (a) Normalized generated waveforms of the two branches
[(a1) and (a2)] and their combination (a3) at the transmitter.
(b) Normalized waveforms of the two branches and their combination
received by SPDs using the mode set {LG00 and LG01}. The symbol
period is 100 ns.
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The radius of the circle (R) in the receiver phase pattern for the
LG01 mode might affect the power loss for LG01 mode and the
cross talk between the LG00 and LG01 modes. Therefore, in
order to achieve an optimized system performance, the R of
the receiver phase pattern is required to match the beam size
of the received LG01 mode [19]. Here, based on the quantum
measurement approach, different R values are tested, and the
normalized registered photon counts are measured by SPDs
and an oscilloscope, as shown in Fig. 4(a). Each value is mea-
sured as a ratio of the measured photon counts (power) to the
maximum photon counts (power) in this figure in a unit of dB.
We note that when receiving LG00 photons, the registered pho-
ton counts remain relatively stable. We think this is due to the
fact that the receiver pattern for LG00 photons is an all-zero
phase pattern, and may not be sensitive to the beam size.
However, when receiving LG01 photons, the lowest cross talk
between LG00 and LG01 photons (<20 dB), as well as the min-
imum photon loss for LG01 photons, is achieved when R is
0.9 mm, while the photon loss and the cross talk will become
higher for other R values.

Figures 5(a1)–5(a3) show the cross talk matrices between
the LG00 and LG01 modes for R � 0.5, 0.9, and 1.3 mm, re-
spectively. We see that for R � 0.5 or 1.3 mm, the photon loss
and cross talk between the LG00 and LG01 modes are higher,
which might degrade the system performance. Figures 5(b) and
5(c) present the registered photon rates and QSERs for the vari-
ous R values as a function of average photon number per pulse
(μ) for the LG00 and LG01 modes. Due to the dead time limi-
tation of our SPDs, a transmitted data rate of 10 Mbit/s is
chosen. Results indicate that compared with the case of
R � 0.9 mm, the registered photon rate is lower, and the
QSER becomes higher when R � 0.5 or 1.3 mm. We think
this degradation is due to the higher photon loss and cross talk
caused by the mismatch between R and the beam size of the
LG01 modes. We observe even for R � 0.9 mm, the registered
photon rate at a μ of 1 is lower than the transmitted data rate
(10 Mbit/s). This is mainly due to the limited photon detection
efficiency of our SPDs (45% at 850 nm).

Besides the case of LG modes with l � 0, we also investi-
gate the orthogonality of LG modes with higher l (l � 1) and

different p (p � 0 or 1) values. Figures 6(a1) and 6(a2) present
the experimental intensity profiles of LG10 and LG11 beams,
respectively, in the classical domain. Figures 6(a3) and 6(a4)
show the receiver phase patterns, which are utilized to down-
convert LG10 and LG11 modes into Gaussian-like (LG00) pho-
tons, respectively. Here, for LG10 modes, the receiver phase
pattern is only a special spiral phase pattern. However, for
LG11 modes, the receiver phase pattern also has a circle at
the center, which is similar to the one for the LG01 mode.
Moreover, the inside and outside sections of the circle have
a π phase difference. Figure 6(a) presents the effect of R values
on the normalized registered photon counts, which shows a
trend similar to the one using the LG00 and LG01 modes.
We observe that the cross talk between LG10 and LG11 photons
also achieves its minimum value of ∼ − 14 dB at R � 0.9 mm.

Figures 7(a1)–7(a3) shows cross talk matrices between the
LG10 to LG11 modes when R � 0.5, 0.9, and 1.3 mm. The
cross talk and power loss for R � 0.9 mm are lower than
the cases of R � 0.5 or 1.3 mm. The registered photon rates
and QSERs with different R are shown in Figs. 7(b) and 7(c).

Fig. 4. Cross talk analysis between LG00 and LG01 modes as a func-
tion of the circle radius (R) of the receiver pattern using the quantum
measurement approach. (a1) and (a2) Experimental intensity profiles
of the LG00 and LG01 modes in the classical domain. (a3) and (a4)
Receiver phase patterns for LG00 and LG01 modes. Tx, LG00; Rx,
LG00. LG00 is transmitted, and LG00 is received. The optimized R
value is 0.9 mm.

Fig. 5. (a1)–(a3) Cross talk matrices between LG00 and LG01

modes for different R values. (b) Registered photon rates and
(c) QSERs with different R values with average photon number
per pulse (μ).

Fig. 6. Cross talk analysis between LG10 and LG11 modes with R of
the receiver pattern using the quantum approach. (a1) and (a2)
Experimental intensity profiles of the LG10 and LG11 modes in
classical domain. (a3) and (a4) Receiver phase patterns for the
LG10 and LG11 modes.
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When R � 0.5 or 1.3 mm, a lower registered photon rate and a
higher QSER are observed, which is consistent with cross talk
behaviors mentioned above.

We experimentally demonstrate a quantum communication
link using data encoding on orthogonal LG modes. The utiliza-
tion of LG modes with different p values could potentially pro-
vide more communication modes over systems with only p � 0
modes [18]. In our experiment, the proof-of-concept quantum
link is over a short ∼1 m in the lab. However, when considering
propagation over a longer distance, atmospheric turbulence
might affect the system performance in terms of photon loss
as well as increasing the probability of the photon coupling
to other modes and degrading the QSER [27,28]. In order to
reduce the photon loss and QSER, an adaptive optics system
might be effective in mitigating the effects of turbulence [28,29].
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