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1  Supplementary Note 1

We here describe in detail the theoretical framework of our SPDPSK protocol. As an example, each vector

vortex beam can be formed by a superposition of two Laguerre-Gaussian (LG) beams that possess OAM

charges of opposite signs in the two circular polarization bases along with a relative phase difference of 0 or

7. Such a LG vector vortex beam can be expressed as follows:

Em,i(raeaz) = éfEé,m,i(Taeaz) +é7‘Er,m,i(raeaz)

= &LGom(r,0,2) £ é LGy _n(r0,z2),

where LG, denotes the spatial field profile of a Laguerre-Gaussian beam
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and where p and [ denote the radial and azimuthal index, respectively, LLZ ‘() is the generalized Laguerre

polynomial, w(z) = wo/1+ (2/2gr)? is the beam waist, zr = mw3/\ is the Rayleigh range and R(z) =



2[1+ (zr/2)?] is the radius of curvature of the beam. If m takes N different values, we have a total number
of 2N orthogonal vector vortex beams to represent 2/N information levels.

Since the spatial polarization profile is determined by the relative phase (and amplitude) of the two
orthogonal polarization components, the information encoded in the spatial polarization profiles is essentially
encoded as the difference of the spatially-varying phase profiles between the two polarization components.
Thus, analogously to the well-known differential phase shift keying (DPSK) protocol in which the information
is encoded in the relative phase between neighboring pulses in the time domain, we name our protocol spatial
polarization differential phase shift keying (SPDPSK), indicating that the information is encoded in the
relative phase between the two polarization components of a vector beam. In theory, the spatial polarization
profiles can span a Hilbert space of infinitely large dimensions, indicating the number of information levels
that can be encoded is infinitely large. In practice, the number of usable information levels is determined
by the spatial-bandwidth product (Fresnel number) of the free-space optical link as well as the turbulence
strength.

When the free-space optical channel is turbulence-free, the two polarization components of each vector
vortex beam would pick up the same phase as the beam propagates through the channel; therefore the spatial
polarization profile of the beam remains invariant upon propagation. Consequently, the spatially dependent
phase difference between the two polarization components is independent of the propagation distance, which

can be shown as follows:

Ay 1 (r,0,2) = arg|Ei(r,0,z)] —arg[E(r,0,2)]

= 2mbf+ (0.5F0.5)7. (S3)

In order to decode the information at the receiver end, we first split the received vector vortex beam
into N equal copies (see Fig. 1 in the manuscript). Each copy then passes through a decoding channel
designed for the identification of the nth order vector modes. In each decoding channel, the beam first
passes through an anisotropic decoding phase plate that has a polarization-dependent transmission function.
The transmission function of the nth-order decoding phase plate can be written in the left- and right-handed

circular polarization (LCP and RCP, respectively) bases as follows:

) 1 0
T, (r,0) = e'?("?) : (S4)
0 eiAqﬁn(r,@)

where €*?¢("9) is some transmission function for the left-handed circularly polarized light, and A, (r,0) =



2nf is the difference between the phase responses for the right- and left-handed circular polarization com-
ponents. When a mth order vector vortex beam passes through such a nth order decoding phase plate, the

transmitted field becomes

n,out in
Em,:i: - Tn m,+

= ¢LGome™ +¢,LGq _me'?te. (S5)

When the output beam passes through a polarizing beam splitter (PBS), the intensity of the field exiting

the two output ports becomes

I8 = [LGom|? cos®[(m —n)f — (1 + 1)%]
Y = [LGo,m|? sin®[(m — n)f — (111)%1 (S6)
The normalized power of the two separated H- and V- components are given as follows:
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The final nth order detection signal is obtained by taking the difference between the two above outputs,

which is given by

n _ n,h n,v 1 n=m
m,+ — Pm’.,:i: - Pm,:l: = : (88)

0 n#m
As one sees, for the nth order decoding channel, an incoming nth order vector beam would result in a
detection signal of 1 or -1 depending upon the relative phase between the LCP and RCP components. On

the other hand, an incoming mth order vector vortex beam would result in a detection signal of 0 if m # n

in the absence of turbulence.

2 Supplementary Note 2

To represent the 5-bit gray-scale information of each pixel in the picture, we use 32 vector vortex beams

with order index, m = —8,—7,... —1,1,...7,8. The relation between each gray scale and the corresponding



vector vortex mode index is listed in table S1.

Table S1: 5-bit data encoding look-up table

gray level 0 1 ‘ 2 ‘ 3 4 ‘ 5 ‘
mode index | (8,4) | (-8,+) ‘ (8,) ‘ (-8,-) ‘ (7, +) ‘ (-7, +) ‘
gray level 6 7 ‘ 8 ‘ 9 ‘ 10 ‘ 11 ‘
mode index | (7,-) | (-7,-) ‘ (6, +) ‘ (-6, +)‘ (6, -) ‘ (-6, -) ‘
gray level 12 13 ‘ 14 ‘ 15 ‘ 16 ‘ 17 ‘
mode index | (5, +) | (-5, +) ‘ (5, -) ‘ (-5, -) ‘ (4, +) ‘ (-4, +) ‘
gray level 18 19 ‘ 20 ‘ 21 ‘ 22 ‘ 23 ‘
mode index | (4,-) | (-4, -) ‘ (3, +) ‘ (-3, +)‘ (3,-) ‘ (-3,-) ‘
gray level 24 25 ‘ 26 ‘ 27 ‘ 28 ‘ 29 ‘
mode index | (2, +) | (-2, +)‘ (2, -) ‘ (-2, -) ‘ (1, +) ‘(-1,+)‘
gray level 30 31 ‘ ‘ ‘ ‘ ‘
mode index | (1,-) | (-1,-) ‘ ‘ ‘ ‘ ‘




