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We experimentally demonstrate turbulence effect 
mitigation in a 100-m round-trip orbital-angular-
momentum (OAM)-multiplexed free-space optical (FSO) 
communication link between a ground transmitter and a 
ground receiver via a retro-reflecting hovering 
unmanned-aerial-vehicle (UAV) using multiple-input-
multiple-output (MIMO) equalization. In our 
demonstration, two OAM beams at 1550 nm are 
transmitted to the UAV through emulated atmospheric 
turbulence, each carrying a 20-Gbit/s signal. 2×2 MIMO 
equalization is used to mitigate turbulence-induced 
crosstalk between the two OAM channels. Bit error rates 
(BERs) below the 7% overhead forward error correction 
(FEC) limit of 3.8×10-3 are achieved for both channels. © 
2019 Optical Society of America 

OCIS codes: (060.2605) Free-space optical communications; (050.4865) 
Optical vortices.  
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The communications capacity needs of manned and unmanned aerial platforms as well as their ground stations have kept increasing over recent years [1]. Compared to radio frequency links, FSO communications can potentially provide higher link 

capacity and lower probability of detection due to its higher optical carrier frequency and its lower diffraction properties [2,3].  Moreover, space-division-multiplexing (SDM) has gained interest to further increase link capacity in FSO communications, in which multiple independent data-carrying beams are transmitted over the same spatial medium [4,5]. One subset of SDM is mode-division-multiplexing (MDM), in which each beam uses a different mode from a modal basis set [4,5]. One example of MDM is multiplexing multiple OAM beams [6-7]. An OAM-carrying beam has a phase-front “twisting” in a helical fashion and its OAM order is defined by the number of 2π phase shifts in the azimuthal direction and represented by an integer ℓ [8]. OAM beams with different orders are orthogonal with each other, such that multiple beams can be (de)multiplexed with low inherent crosstalk [9].  In general, atmospheric turbulence is one of the key challenges for FSO communications that degrade link performance [10]. The level of turbulence strength is characterized by the atmospheric structure constant C୬ଶ , typical values of which vary from 10ିଵ଻ mିଶ/ଷ (weak) to 10ିଵଶ mିଶ/ଷ (strong) [11,12].This issue is of greater concern for OAM-multiplexed links, since turbulence can cause phase distortions to OAM beams and increased crosstalk among different OAM channels [13,14]. There have been reports of turbulence effect mitigation for OAM-multiplexed FSO links between fixed transmitters and receivers using: (i) adaptive optics with a wavefront sensor to detect the beam profile and then correct the phase distortion in 



optical domain [15]; and (ii) MIMO digital signal processing (DSP) algorithm to mitigate OAM channel crosstalk: such electronic approach does not require additional optical elements for sensing and correcting the distortions [16]. Moreover, there have been reports of using MIMO equalization to mitigate turbulence effects in an OAM-multiplexed link in a lab environment either in free-space or through underwater over roughly a 1-m distance [16,17]. Recently, a 100-m round-trip OAM-multiplexed link between a ground station and a retro-reflecting flying UAV has been reported [18], but the turbulence issue was not addressed in that work. In this Letter, we experimentally demonstrate MIMO equalization to mitigate emulated turbulence in a 40-Gbit/s retro-reflected FSO link multiplexing 2 OAM modes between a ground transmitter and a ground receiver, connected via a flying retro-reflecting UAV over 100-m round-trip distance [19]. The receiver is co-located with the transmitter on the ground station. A rotatable phase plate with a pseudo-random phase distribution, obeying Kolmogorov spectrum statistics is used at the transmitter to emulate atmospheric turbulence [14]. Results indicate that MIMO equalization could help mitigate the crosstalk caused by turbulence, and improve both error vector magnitude (EVM) and BER of the signal in an OAM-multiplexed link for flying platforms. In our experiment, MIMO equalization helps achieve BER values mostly below 3.8×10-3 under the emulated turbulence.  

 Fig. 1. Concept of (a) an OAM-multiplexed FSO communication link between a ground station and a retro-reflecting UAV through atmospheric turbulence; (b) an OAM beam distorted by turbulence; and (c) mitigation for turbulence effect in an OAM-multiplexed link using multiple-input-multiple-output (MIMO) equalization. Figure 1(a) shows the concept of an OAM-multiplexed FSO link between a ground station and a retro-reflecting UAV. Multiple independent data-carrying OAM beams are multiplexed and transmitted from the ground station to the UAV, and retro-reflected back to the same ground station. Due to atmospheric 

turbulence, the OAM beams may be distorted during their free-space propagation, such that signal power on each particular OAM mode may be coupled to its neighbouring modes, as shown in Fig. 1(b). Therefore, the received signal at a particular mode may also contain crosstalk from its neighbours. MIMO equalization could help reduce crosstalk among channels by applying the inverse channel matrix to the received signals, thus mitigating performance degradation in a coherent optical communications link, as shown in Fig. 1(c) [16,17].  

 Fig. 2.  Experimental setup. BS: beamsplitter; DeMUX: demultiplexer; EDFA: erbium-doped fiber amplifier; FSM: fast steering mirror; LO: local oscillator; MUX: multiplexer; PD: photodetector; PSD: position sensitive detector; QPSK: quadrature phase-shift keying. The experimental setup is shown in Fig. 2. During the measurement, the UAV is either on the ground, hovering, or moving at a maximum speed of ~0.1 m/s, ~50-m away from the ground station. A 20-Gbit/s quadrature phase-shift keying (QPSK) signal at 1550 nm is generated and split into two branches. One branch is relatively delayed using a ~10-m single-mode fiber to decorrelate the data sequences. The two branches are fed to two input ports of a custom-designed OAM generator/multiplexer, generating multiplexed OAM beams [20]. Another 1530-nm beacon for beam tracking is sent to the ℓ = 0 input port of the OAM multiplexer. These co-axially propagating beams then pass through a thin phase plate mounted on a rotation stage. This phase plate is designed to generate a pseudo-random phase distribution obeying the Kolmogorov spectrum statistics with a Fried parameter r0 of 1 mm [14]. Then the beams are expanded and propagate to the gimbal-mounted retro-reflector carried by the UAV. The beam diameters after expansion are ~ 6.0 cm and ~ 4.2 cm for OAM -3 and +1 beams. The retro-reflector reverses the beam’s OAM order from +ℓ to -ℓ. After the tenfold beam expansion, the effective r0 is ~ 10 mm, which corresponds to atmospheric structure constant C୬ଶ~3 × 10ିଵଶ mିଶ/ଷ (strong) for emulated 100-m propagation distance [11], based on the relation r଴ = ሾ0.423kଶC୬ଶLሿିଷ/ହ  where k and L are wave number and emulated propagation length, respectively [14]. At the receiver and after diameter reduction, the beams are coupled into the OAM demultiplexer for heterodyne detection and MIMO equalization based on a constant modulus algorithm (CMA): multiple signals are received simultaneously from different OAM modes and then the CMA utilized all the signals to mitigate channel crosstalk by applying a linear equalizer [16]. In our demonstration, the signal at the transmitter and the local oscillator (LO) at the receiver are co-

Ground station

T
ra

ck
in

g 
sy

st
em

OAM 
transmitter

OAM 
receiver

UAV carrying a 
retro-reflector

Transmitted and reflected 

OAM beams

…

Atmospheric turbulence

Multiplexed data-carrying 
OAM beams

(a)

ℓ1

P
ow

er

OAM 
order

Transmitted 
OAM beam

Distorted 
OAM beam

P
ow

er

OAM 
orderℓ1

Crosstalk to 
other channels

(b)

Transmitted power

ℓ1P
ow

er

OAM ℓ1

OAM order

OAM ℓ2

OAM ℓn

…

(c) Received power

ℓ1P
ow

er

OAM ℓ1

OAM order

OAM ℓ2

OAM ℓn

…

P
ow

er

Distorted
OAM ℓ1

OAM order

Distorted 
OAM ℓ2

Distorted 
OAM ℓn

…

MIMO 
equalization

Mirror

FSM

Ground station

20 Gbit/s 
QPSK signal 
generator at 

1550 nm

50/50 
coupler

OAM 
MUX

Probe beam at 1530 nm

PSD

OAM 
DeMUX

Filter

50/50 
BS

90/10 BS

Ground 
gimbal

Mirror

Controller

EDFA

UAV

Gimbal

Retro-
reflector

Turbulence 
emulator

1:10 beam 
expansion

Beam 
reduction

EDFA

LO

PD

PD

H
et

er
od

yn
e 

d
em

od
u

la
ti

on

M
IM

O
 

eq
u

al
iz

at
io

n

F
re

q
u

en
cy

 o
ff

se
t 

es
ti

m
at

io
n

C
ar

ri
er

 p
h

as
e 

re
co

ve
ry

D
ec

is
io

n
 &

 B
E

R

Offline signal processing

EDFA

Ground 
station

Transmitted 
beams

Reflected 
beams

Fiber 
connection

Feedback 
control



locdiacretwcobereplachby0.plaσଶpobytrabebadepewhprreatAl(Csin

Fig(a)platrade+1tuplam/
paeffOA

cated at the safferent laser souchieved by digiteceiver, such as fwo-stage beam toarse tracking seams pointing toeflected beams hFirst, we meaacing the turbuharacterizes the y the turbulen56k଻/଺C୬ଶdሺL/4ate and the linଶ~1, and σଶ ൐ower scintillatioy the UAV is pansmitter/ receieam propagatesack to the receietector is used teriod. Figs. 3(a) hen the turbuleresented in theespectively. We ntmospheric strulthough our phC୬ଶ~3 × 10ିଵଶ mnce the link dista 

g. 3.  Measured p) placed in the laced in the link. Aansmitted over ~etector is used at1 beam is transmrbulence plate, (date, (e) hovering /s. (e) and (f) areThe turbulencarameter r0, whffects induced byAM beam size 

ame ground sturces. The cohertal signal procesfrequency offsettracking systemsystem controlso the UAV, and hit the centre of tasure the Rytovulence phase plreceived powerce effects, and4ሻହ/଺ where d ank distance, resp1 correspond tons, respectivelyplaced on the giver. A ~5-cm dis from the transiver. At the recto record the reand 3(b) show ence plate is rote link, and σ2 inote that the Rytucture constant hase plate emulmିଶ/ଷ), the powance is limited to

power distributiolink and rotatingA ~5-cm diamete~100 m roundtt the receiver; Memitted when the Ud) static on the grin the air, and (f)e measured in a 6ce strength ishich is fixed as y the emulated iD and Fried 

tation, but origence between thssing algorithmt and phase noism is used in thes the gimbal toa fine tracking the OAM demultv variance σ2 wlate in the link.r scintillation ofd it can be exnd L are the thpectively [14]. to weak, modey [11]. The retroground ~50 miameter 1550-nmsmitter to the rceiver, a ~1-mmeceived power the received potating at 40 rounis found to be ytov variance dept C୬ଶ and the linlates strong turwer scintillation oo 100 m.  

on when the turbg at 40 round/mer 1550-nm Gaustrip, and a ~1-measured OAM speUAV is (c) static oround without th moving at a max0-second period.s characterized0.1 mm. Howevs characterized parameter r0 

ginated from twhe LO and signalms in the coherese recovery [16]e receiver [19]:o make the OAsystem keeps thtiplexer. with and witho. Such a varianf this link inducxpressed as σଶhickness of phaTypically, σଶ ൏erate, and strono-reflector carrim away from thm Gaussian probetro-reflector anm diameter poiover a 10-minuower distributiond/minute or n0.11 and 0.00pends on both thnk distance L [14rbulence strengof this link is we

bulence emulatorminute and (b) nssian probe beammm diameter poiectrum when OAon the ground wihe turbulence phaximum speed of 0. d by the Friver, the distortioby the ratio of th[21].  Therefor

wo l is ent . A A AM the out nce ed =ase 1,  ng ed the be nd int ute ns not 03, the 4]. gth ak 

 r is not m is int AM ith ase 0.1 
ed on the re, 

differeneffects D/r0 forrespectFiguresthe OAwith anand 3(dgroundmovinggroundhoverinfluctuateffectsrepresemeasurangle wrandomincreasFigu+1 and 12 diffeangles such emwhich fvariancstructucorrespeach rebeams, a speciunwantThe UAm abovgeneralcomparthat, wproporlarger tdistorti 

Fig. 4.  beams aUAV is hFigu+1 chanFigure power 

nt-sized OAM bunder the samr OAM -3 and +tively, correspos 3(c)~3(f) showAM +1 beam is tnd without placd), the UAV is sd station; In Figg at a maximumd station and ~ng or moving, tes, due to both[18]. The shadeents the flucturement, the turwithout rotatinm turbulence rses the channel cure 4 shows the i-3 when both berent turbulenceof the turbulenmulated turbulefollows a probace of 0.11 as ure constant Cponds to strongealization, the p, resulting in diffific channels is nted modes overAV is hovering ~ve the groundlly has lower red with the OAwith the same bertional to ඥ|ℓ| ൅than that of OAMion for OAM -3 b

Measured poweare transmitted uhovering ~50-m ure 5 shows the nnels are transm5(a) shows BERwhen the UAV 

beams may expme turbulence s1 beams are meonding to strows the measuretransmitted undcing the turbulenstatic on the grogs. 3(e) and 3(m speed of ~0.1 ~5-m above thethe received ph imperfect beaed portion of eauation range orbulence phase ng when placedrealization. Rescrosstalk under ainstantaneous pbeams are simulte realizations (i.ence phase plate)ence effects induability density fumeasured in FC୬ଶ  is still ~g turbulence strphase plate wouferent levels of ddefined as the r the power rece~50-m away from. Results showpower and sufAM +1 channel. eam waist w଴, t൅ 1 [22]. TherefM +1, leading to beam. 

er and crosstalk funder 12 differenaway, ~5-m aboBER measuremmitted, each carrRs for the OAM -is static on the 

OAM+
OAM-

perience differestrength. In our easured to be ~ong distortion ed OAM spectrumder various flighnce phase plateound, ~50-m aw(f), the UAV is m/s, ~50-m awe ground. Whenpower on diffeam tracking andach bar in Figs. of received powplate is fixed ad in the link, sults show thatall flight conditiopower and crosstaneously transme., different rand. With the phasuce weak powerunction with theFig. 3(a). The ~3 × 10ିଵଶ mିଶrength [12]. Weuld randomly affdistortions. Herepower receivedeived from the dm the ground staw that the OAMffers from highThis may be duthe size of an Ofore, the D/r0 foa larger turbule

for OAM+1 and nt turbulence reaove the ground. ments when bothrying a 20-Gbit/s3 as functions oground or hov

+1 crosstalk
-3 crosstalk

ent distortion r experiment, 6.0 and ~4.2, effects [21]. m when only ht conditions . In Figs. 3(c) way from the hovering or way from the n the UAV is erent modes d turbulence 3(e) and 4(f) wer. In this at a random emulating a t turbulence ons. stalk for OAM mitted under domly chosen se plate fixed, r scintillation, e same Rytov atmospheric ଶ/ଷ , which e note that in fect the OAM e, crosstalk of d from other desired mode. ation and ~5-M -3 channel her crosstalk ue to the fact OAM beam is or OAM -3 is ence-induced 

 -3 when both alizations. The 
h OAM -3 and s QPSK signal. of transmitted vering ~50-m 



aweqcuer5(pofixdechcoar10an5(diFigrepoimrelim

Fig+1GbchwibowiTh
tulinapdeinOAtraderespexmOAov

way, with and wqualization has urve of OAM -3rror floor due t(b) shows BERsower when the xed at a randomecrease to belowhannels after onstellation diagre shown in Fig. 0 dBm. We thengles to test the s(d) shows the fferent turbuleng. 5(d) are meaealizations are dower for each mprovement of ealizations, but smit for both chan 

g. 5. Measured B1 and OAM -3 arbit/s quadraturehannel without ithout MIMO eqoth channels withith and without Mhe UAV is hoverinWe note that, wurbulent atmospnk performanceperture size [2ependent divergduced distortioAM beam [21].ansmission distesign of the traneduce link loss; pacings to rexperimentally dmitigate emulateAM-multiplexedver a 100-m ro

without the turbeen used. It is3 without MIMOo the inter-chans for both chanUAV is hoverinm angle. We obsw the 7% overhMIMO equalgrams and corres5(c). The transmn rotate the phsystem under vameasured BERnce realizations. asured in two ddifferent. For echannel is 10 dusing MIMO esuch BERs are nnels. 

BERs as functionsre simultaneousle phase-shift keMIMO equalizatqualization; (c) Rh and without MIMIMO equalizationg ~ 50-m away, with longer tranphere, beam dife including: (i) 23]; (ii) mode-gence effects [22n effects caused. To scale our tance, one maynsmitted beam sand (ii) the selduce channel demonstrated thed turbulence ed FSO link betwund-trip distanc

rbulence phases shown that thO equalization nnel crosstalk. nnels as functionng ~50-m awayserve that the Bhead FEC limit lization. The sponding EVMs mitted power fohase plate randarious turbulencRs for both chNote that the redifferent runs, aneach realizationdBm. We obserequalization vamostly kept be

s of transmitted ly transmitted, eeying (QPSK) sigtion; (b) both cRecovered QPSKIMO equalizationon under 12 turbu~5-m above the nsmission distanffraction effects extra link los-dependent loss2] ; and (iii) strod by larger sizeexperimental ry need to conssize and receivelection of OAM crosstalk. Inhe use of MIMOeffects in a 2-cween ground stce. The results 

e plate. No MIMhe measured BEexhibits a seveFurthermore, Fns of transmitty with phase plaBERs dramaticaof 3.8×10-3 for received QPSfor both channeor both channelsdomly to differece realizations. Fhannels under 1esults in Fig. 4 annd the turbulenn, the transmittrve that the BEaries for differeelow 3.8×10-3 FE

power when OAach carrying a 2gnal: (a) OAM channels with anK constellations fn; (d) both channeulence realizationground. nces (> 100 m) might also affess due to limits due to modonger turbulence of the diffractresults for longider [23]: (i) ther aperture size orders and OAn summary, wO equalization channel 20-Gbittations via a UAshow that MIM

MO ER ere Fig. ted ate ally all SK els s is ent Fig. 12 nd nce ed ER ent EC 

 AM 20--3 nd for els ns. 
in ect ted de-ce-ed ger the to AM we to t/s AV MO 

equalizperform
 
Fundin(FA955150996programSecretaand fun2813).
Refere
1. W. S. 

Ferra
Suite

2. A. Kaa
3. A. Gle
4. G. Gib

and S
5. D. Ric
6. A. Tri

Zgha
7. J. Wan

Dolin
8. L. Alle

Rev. 
9. A. Yao
10. Z. Qu
11. L. C. 

229 (
12. S. M
13. B. Ro

L. Ma
0330

14. Y. R
Chan
Neife
Lett. 

15. Y. Re
Tur, 
376 (

16. H. Hu
J. Do

17. Y. Re
Cao, 
and A

18. L. Li, 
Labro
Rep. 

19. L. Li,
Pang
A. E. 
(ECO

20. G. La
Opt. 

21. B. Ro
D. J. 

22. M. J.
New

23. G. Xi
Ashr
2, 35

zation can mitigamance below the
ng.  Air Force50-16-C-0008); 65, IIP-162277m sponsored byary of Defense (nded by the Off
ences 
Rabinovich, C. I. 

aro, J. L. Murphy, L
e, Appl. Opt. 54, F1
adan, H. Refai, and
enn, IEEE Comm. M
bson, J. Courtial, M
S. Franke-Arnold, O
hardson, J. Fini, an
chili, C. Rosales-G

al, and A. Forbes, Sc
ng, J.-Y. Yang, I. Fa

nar, M. Tur, and A. 
en, M. W. Beijersbe
A 45, 8185 (1992).

o, and M. Padgett, 
u, and I. Djordjevic
Andrews, R. L. Ph

(1997). 
. Augustine, N. Che
odenburg, M. Mirh
aher, N. K. Steinh

020 (2014). 
Ren, H. Huang, 
ndrasekaran, M. P
eld, M. J. Padgett, 
38, 4062 (2013).

en, G. Xie, H. Huan
M. A. Neifeld, R. W
(2014). 
uang, Y. Cao, G. Xie
linar, and A. E. Wil
en, L. Li, Z. Wang, S
N. Ahmed, Y. Yan

A. E. Willner, Sci. R
 R. Zhang, Z. Zhao
oille, P. Jian, D. St
7, 17427 (2017).

, R. Zhang, P. Liao,
g, H. Song, D. Staro
 Willner, In 2018

OC), Th2.33 (2018).
abroille, B. Denolle
Express 22, 15599

odenburg, M. P. J. 
. Robertson, M. Pa
. Padgett, F. M. M

w J. Phys. 17, 02301
ie, L. Li, Y. Ren, H. H
rafi, S. Ashrafi, R. B
57 (2015). 

ate channel croe 7% FEC limit. e Office of ScNational Scienc77); Vannevar y the Basic Res(ASD) for Reseafice of Naval Re
Moore, R. Mahon

L. M. Thomas, G. C.
89 (2015). 

d P. G. LoPresti, J. Li
Magazine 21, 26 (19
M. J. Padgett, M. Va
Opt. Express 12, 54
nd L. E. Nelson, Nat
Guzmán, A. Dudle
ci. Rep. 6, 27674 (2
azal, N. Ahmed, Y. 
E. Willner, Nat. Ph
ergen, R. J. C. Spre
. 
Adv. Opt. Photoni

c, Opt. Lett. 41, 328
illips, and A. R. We

etty, Atmósfera 27
hosseini, M. Malik, 
off, G. A. Tyler, an

G. Xie, N. Ahm
P. J. Lavery, N. K. S
 R. W. Boyd, J. H.

g, N. Ahmed, Y. Ya
W. Boyd, J. H. Sha

e, Y. Ren, Y. Yan, C
lner, Opt. Lett. 39, 
S. M. Kamali, E. Ar
n, C. Liu, A. J. Willn
ep. 6, 33306 (2016

o, G. Xie, P. Liao, K
tarodubov, R. Boc

, Y. Cao, H. Song, 
odubov, B. Lynn, R

European Confer

e, P. Jian, P. Genev
9 (2014). 

Lavery, M. Malik, 
dgett, and R. W. B

Miatto, M. P. J. Lave
11 (2015). 
Huang, Y. Yan, N. A
Bock, M. Tur, A. F. 

sstalk and help 
cientific Researce Foundation (Bush Facultyearch Office of tarch and Enginesearch (ONR) (
n, P. G. Goetz, H. 
. Gilbreath, M. Vilch

ightw. Techno. 32, 
983). 
asnetsov, V. Pas’ko
448 (2004). 
t. Photonics 7, 354 
y, B. Ndagano, A

2016). 
Yan, H. Huang, Y.

hotonics 6, 488 (20
eeuw, and J. P. Wo

cs 3, 161 (2011). 
85 (2016). 
eeks, Waves in Ran

7, 385 (2014). 
O. S. Magaña-Loai
nd R. W. Boyd, Ne

ed, Y. Yan, B. 
Steinhoff, M. Tur,
. Shapiro, and A. E

an, L. Li, C. Bao, M. 
apiro, and A. E. Wi

C. Bao, N. Ahmed, M
4360 (2014). 
babi, A. Arbabi, Z. 

ner, S. Ashrafi, M. 
6). 

K. Pang, H. Song, C
k, M. Tur, and A. 

Y. Zhao, J. Du, Z. 
R. Bock, M. Tur, A. 
rence on Optical C

vaux, N. Treps, an

M. N. O’Sullivan, M
oyd, Opt. Lett. 37, 
ery, A. Zeilinger, a

Ahmed, Z. Zhao, M
Molisch, and A. E. 

achieve BER 
rch (AFOSR) (NSF) (ECCS-y Fellowship the Assistant eering (R&E) N0014-16-1-
R. Burris, M. S. 
heck, and M. R. 

4183 (2014). 

o, S. M. Barnett, 

(2013). 
. B. Salem, M. 

 Ren, Y. Yue, S. 
12). 
oerdman, Phys. 

ndom Media 7, 

za, M. Yanakas, 
ew J. Phys. 16, 

I. Erkmen, N. 
, S. Dolinar, M. 
E. Willner, Opt. 

P. J. Lavery, M. 
illner, Optica 1, 

M. A. Neifeld, S. 

Zhao, G. Xie, Y. 
Tur, A. Faraon, 

. Liu, Y. Ren, G. 
E. Willner, Sci. 

Zhao, C. Liu, K. 
F. Molisch, and 

Communication 

d J.-F. Morizur, 

M. Mirhosseini, 
3735 (2012). 
nd R. W. Boyd, 

. P. J. Lavery, N. 
Willner, Optica 



Full References 
1. W. S. Rabinovich, C. I. Moore, R. Mahon, P. G. Goetz, H. R. Burris, M. S. 

Ferraro, J. L. Murphy, L. M. Thomas, G. C. Gilbreath, M. Vilcheck, and M. 
R. Suite, "Free-space optical communications research and 
demonstrations at the U.S. Naval Research Laboratory," Applied Optics 
54, F189 (2015). 

2. A. Kaadan, H. Refai, and P. G. LoPresti, "Multielement FSO transceivers 
alignment for inter-UAV communications," Journal of Lightwave 
Technology 32, 4183 (2014). 

3. A. Glenn, "Low probability of intercept," IEEE Communications Magazine 
21, 26 (1983). 

4. G. Gibson, J. Courtial, M. J. Padgett, M. Vasnetsov, V. Pas’ko, S. M. Barnett, 
and S. Franke-Arnold, "Free-space information transfer using light beams 
carrying orbital angular momentum," Optics Express 12, 5448 (2004). 

5. D. Richardson, J. Fini, and L. E. Nelson, "Space-division multiplexing in 
optical fibres," Nature Photonics 7, 354 (2013). 

6. A. Trichili, C. Rosales-Guzmán, A. Dudley, B. Ndagano, A. B. Salem, M. 
Zghal, and A. Forbes, "Optical communication beyond orbital angular 
momentum," Scientific Reports 6, 27674 (2016). 

7. J. Wang, J.-Y. Yang, I. Fazal, N. Ahmed, Y. Yan, H. Huang, Y. Ren, Y. Yue, S. 
Dolinar, M. Tur, and A. E. Willner, "Terabit free-space data transmission 
employing orbital angular momentum multiplexing," Nature Photonics 6, 
488 (2012). 

8. L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. P. Woerdman, 
"Orbital angular momentum of light and the transformation of Laguerre-
Gaussian laser modes," Physical Review A 45, 8185 (1992). 

9. A. Yao, M. Padgett, "Orbital angular momentum: origins, behavior and 
applications," Advances in Optics and Photonics 3, 161 (2011). 

10. Z. Qu, and I. Djordjevic, "500 Gb/s free-space optical transmission over 
strong atmospheric turbulence channels," Optics Letters 41, 3285 (2016). 

11. L. C. Andrews, R. L. Phillips, and A. R. Weeks, "Propagation of a Gaussian-
beam wave through a random phase screen," Waves in Random Media 
7, 229–244 (1997). 

12. S. M. Augustine, and N. Chetty, “Experimental verification of the 
turbulent effects on laser beam propagation in space” Atmósfera 27, 
385-401 (2014). 

13. B. Rodenburg, M. Mirhosseini, M. Malik, O. S. Magaña-Loaiza, M. Yanakas, 
L. Maher, N. K. Steinhoff, G. A. Tyler, and R. W. Boyd, "Simulating thick 
atmospheric turbulence in the lab with application to orbital angular 
momentum communication," New Journal of Physics 16, 033020 (2014). 

14. Y. Ren, H. Huang, G. Xie, N. Ahmed, Y. Yan, B. I. Erkmen, N. 
Chandrasekaran, M. P. J. Lavery, N. K. Steinhoff, M. Tur, S. Dolinar, M. 
Neifeld, M. J. Padgett, R. W. Boyd, J. H. Shapiro, and A. E. Willner, 
"Atmospheric turbulence effects on the performance of a free space 
optical link employing orbital angular momentum multiplexing," Optics 
Letters 38, 4062-4065 (2013). 

15. Y. Ren, G. Xie, H. Huang, N. Ahmed, Y. Yan, L. Li, C. Bao, M. P. J. Lavery, M. 
Tur, M. A. Neifeld, R. W. Boyd, J. H. Shapiro, and A. E. Willner, "Adaptive-
optics-based simultaneous pre- and post-turbulence compensation of 
multiple orbital-angular-momentum beams in a bidirectional free-space 
optical link," Optica 1, 376-382 (2014). 

16. H. Huang, Y. Cao, G. Xie, Y. Ren, Y. Yan, C. Bao, N. Ahmed, M. A. Neifeld, S. 
J. Dolinar, and A. E. Willner, "Crosstalk mitigation in a free-space orbital 
angular momentum multiplexed communication link using 4x4 MIMO 
equalization," Optics Letters 39, 4360-4363 (2014). 

17. Y. Ren, L. Li, Z. Wang, S. M. Kamali, E. Arbabi, A. Arbabi, Z. Zhao, G. Xie, Y. 
Cao, N. Ahmed, Y. Yan, C. Liu, A. J. Willner, S. Ashrafi, M. Tur, A. Faraon, 
and A. E. Willner, "Orbital angular momentum-based space division 
multiplexing for high-capacity underwater optical communications," 
Scientific Reports 6, 33306 (2016). 

18. L. Li, R. Zhang, Z. Zhao, G. Xie, P. Liao, K. Pang, H. Song, C. Liu, Y. Ren, G. 
Labroille, P. Jian, D. Starodubov, R. Bock, M. Tur, and A. E. Willner, "High-
capacity free-space optical communications between a ground 
transmitter and a ground receiver via a UAV using multiplexing of 

multiple orbital-angular-momentum beams," Scientific Reports 7, 17427 
(2017). 

19. L. Li, R. Zhang, P. Liao, Y. Cao, H. Song, Y. Zhao, J. Du, Z. Zhao, C. Liu, K. 
Pang, H. Song, D. Starodubov, B. Lynn, R. Bock, M. Tur, A. F. Molisch, and 
A. E. Willner, "MIMO equalization to mitigate turbulence in a 2-channel 
40-Gbit/s QPSK free-space optical 100-m round-trip orbital-angular-
momentum-multiplexed link between a ground station and a retro-
reflecting UAV," In 2018 European Conference on Optical Communication 
(ECOC), Th2.33 (2018). 

20. G. Labroille, B. Denolle, P. Jian, P. Genevaux, N. Treps, and J.-F. Morizur, 
"Efficient and mode selective spatial mode multiplexer based on multi-
plane light conversion," Optics Express 22, 15599 (2014). 

21. B. Rodenburg, M. P. J. Lavery, M. Malik, M. N. O’Sullivan, M. Mirhosseini, 
D. J. Robertson, M. Padgett, and R. W. Boyd, "Influence of atmospheric 
turbulence on states of light carrying orbital angular momentum," Optics 
Letters 37, 3735-3737 (2012). 

22. M. J. Padgett, F. M. Miatto, M. P. J. Lavery, A. Zeilinger, and R. W. Boyd, 
"Divergence of an orbital-angular-momentum-carrying beam upon 
propagation," New Journal of Physics 17, 023011 (2015). 

23. G. Xie, L. Li, Y. Ren, H. Huang, Y. Yan, N. Ahmed, Z. Zhao, M. P. J. Lavery, N. 
Ashrafi, S. Ashrafi, R. Bock, M. Tur, A. F. Molisch, and A. E. Willner, 
"Performance metrics and design considerations for a free-space optical 
orbital-angular-momentum multiplexed communication link," Optica 2, 
357-365 (2015). 


