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The capacity of free-space optical (FSO) communication links could potentially be increased by the simultaneous
transmission of multiple orbital angular momentum (OAM) beams. For such an OAM multiplexing approach,
one requires the collection of adequate power as well as proportion of the phase front for a system with minimal
crosstalk. Here we study the design considerations for an OAM-multiplexed free-space data link, analyzing the power
loss, channel crosstalk, and power penalty of the link in the case of limited-size receiver apertures and misalignment
between the transmitter and the receiver. We describe the trade-offs for different transmitted beam sizes, receiver
aperture sizes, and mode spacing of the transmitted OAM beams under given lateral displacements or receiver angular
errors. Through simulations and some experiments, we show that (1) a system with a larger transmitted beam size and
a larger receiver aperture is more tolerant to lateral displacement but less tolerant to the receiver angular error, and
(2) a system with a larger mode spacing, which uses larger OAM charges, suffers more system power loss but less
channel crosstalk; thus, a system with a small mode spacing shows a lower system power penalty when system power
loss dominates (e.g., a small lateral displacement or receiver angular error), whereas that with a larger mode spacing
shows a lower power penalty when channel crosstalk dominates (e.g., a larger lateral displacement or receiver angular
error). This work could be beneficial to the practical implementation of OAM-multiplexed FSO links. ©2015Optical

Society of America
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1. INTRODUCTION

Free-space optical (FSO) communication links can potentially
benefit from the simultaneous transmission of multiple spatially
orthogonal beams through a single aperture pair, such that each
beam carries an independent data stream and the total capacity is
multiplied by the number of beams [1–6]. Orthogonality of the
beams enables efficient multiplexing and de-multiplexing at the
transmitter and receiver, respectively. The use of orbital angular
momentum (OAM) beams as an orthogonal modal basis set for
multiplexing has received recent interest [3,5,6]. We note that
there are other orthogonal modal basis sets, such as Hermite–
Gaussian modes [7], that could be used for multiplexing data
channels in free space. Although it is not straightforward to
say which of these approaches is necessarily “better,”OAMmodes

do offer the potential advantage of being conveniently matched to
many optical subsystems due to their circular symmetry. Previous
experimental reports [3] have included the demonstration of
Tbit/s FSO data transmission using OAM multiplexing with a
link distance of ∼1 m. On the other hand, recent experiments
have shown the feasibility of OAM beam transmission over dis-
tances of several kilometers [8]. Given the unique properties of
OAM beams coupled with the recent scientific interest and the
as-yet undetermined practical usefulness of OAM transmission,
this paper is intended to help assess the potential viability and
technical challenges of using multiple OAMmodes for enhancing
free-space communications over nontrivial distances.

With OAM, each beam has a phase front that “twists” in a
helical fashion, and the beam’s OAM order determines the
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number of 2π phase shifts across the beam [9]. Such OAM beams
have a ring-shaped intensity distribution and phase front of
exp�ilϕ�, where l is the topological charge and ϕ is the azimu-
thal angle. Important characteristics of each OAM beam include
the following: (i) intensity has a “doughnut” shape with little
power in the center and (ii) the diameter of the beam grows with
larger OAM order. Moreover, the amount of phase change
per unit area is greatest in the center of the beam, and phase
distribution is critical for ensuring modal purity and beam
orthogonality.

For a practical system, the above characteristics of an OAM
beam present several important challenges when designing an
FSO communication link, such as (i) sufficient signal power
and phase change needs to be recovered [10], and (ii) intermodal
crosstalk should be minimized [11–14]. An important goal that
has not been adequately explored in depth is to find the system
limitations, trade-offs, and design parameters for an OAM-
multiplexed FSO communication link.

In this paper, we explore the performance metrics and design
considerations for an FSO communication link using OAM mul-
tiplexing. The design issues for the transmitted beam size, receiver
aperture size, and mode spacing are given through the investiga-
tion of the system power loss, channel crosstalk, and system power
penalty. By analyzing the power loss of the desired OAM channel
due to beam divergence under a given limited-size aperture, a de-
sign consideration for the transmitted beam size is proposed.
Through studying the effects of misalignment between the trans-
mitter and the receiver (a lateral displacement or receiver angular
error) on the OAM channel crosstalk and system power penalty,
proper aperture sizes and mode spacing of the transmitted OAM
beams could be selected to reduce system performance degrada-
tion. Our simulations and some experiments indicate that (i) a
system with a larger beam size and a larger receiver aperture shows
better tolerance to lateral displacement, but is less tolerant to the
receiver angular error, and (ii) the selection of mode spacing for
such a system could be based on a trade-off between signal power
loss and crosstalk. For instance, a system with small mode spacing
shows a lower system power penalty under a small lateral displace-
ment or receiver angular error, whereas larger mode spacing shows
a lower power penalty when the lateral displacement or receiver
angular error is large.

Mode-multiplexed communication systems using other
orthogonal modal sets will also likely suffer from signal power loss
and intermodal crosstalk in a relatively similar fashion as OAM
modes but with different parameters governing the link; there-
fore, the methods in this paper can be modified and adapted
to potentially be used to determine the performance of other
mode-multiplexed systems.

2. SYSTEM MODEL

A. Concept and Simulation Model

Figure 1 shows a schematic of an FSO communication link using
OAM multiplexing. The multiplexed OAM beams diverge when
transmitted through free space. By careful choice of the transmit-
ted beam size, OAMmode spacing, and receiver aperture size, the
system power loss, channel crosstalk, and system power penalty
could be reduced.

Our simulation model of an OAM-multiplexed FSO commu-
nication link is depicted in Fig. 2. Independent data streams are

carried by different collimated Gaussian beams at the same wave-
length, each of which is coupled from a single-mode fiber to free
space by a collimator. Each collimator is followed by a spiral phase
plate (SPP) with a unique order to convert the Gaussian beam
into a data-carrying OAM beam [15] [see Fig. 2(b)]. An SPP
is defined by its thickness, which varies azimuthally according to

h�ϕ� � ϕlλ∕2π�n − 1�: (1)

Its maximum thickness difference is Δh � lλ∕�n − 1�. Here, ϕ is
the azimuthal angle varying from 0 to 2π, n is the refractive index
of the plate material, and λ is the wavelength of the laser beam.
Different orders of OAM beams are then multiplexed to form a
concentric ring shape and are coaxially transmitted through free
space. The multiplexed OAM beams are numerically propagated
by using the Kirchhoff–Fresnel diffraction integral [16] to the
receiver aperture located at a certain propagation distance. To in-
vestigate the signal power and crosstalk effects on neighboring
OAM channels, the power distribution among the different
OAM modes is analyzed through the modal decomposition ap-
proach, which corresponds to the case where the received OAM
beams are de-multiplexed without power loss and the power of a
desired OAM channel is completely collected by the receiver,
which is infinitely large and perfectly aligned with the
transmitter [12,14].

An experiment with a transmitted beam size of 2.2 mm over a
1 m link is carried out to partially validate our system model. In
the experiment, spatial light modulators (SLMs), which cause spi-
ral phase delays to the incoming beam by loading by a spiral phase
hologram, are used to function as SPPs at the transmitter. At the
receiver, the beams are de-multiplexed by another SLM loaded
with an inverse spiral phase pattern of the desired mode to be
detected and the resulting angularly flat phase front beam is then
coupled into a single-mode fiber for power measurement.

Fig. 1. Concept of an OAM-multiplexed FSO communication link.

Fig. 2. (a) Simulation schematic of an OAM-multiplexed data link.
(b) Conversion from a Gaussian beam into an OAM� 3 beam using
an SPP� 3, which causes a helical phase shift from 0 to 6π. Mod.,
modulator; Tx, transmitter; Rx, receiver; SPP, spiral phase plate.
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Assuming perfect fiber coupling, this process of OAM beam de-
tection closely corresponds to the modal decomposition approach
in our simulation model.

B. Assumptions

For convenience of analysis, the following assumptions are made:

• The wavelength of the laser source is 1550 nm. It should be
noted that specific values in the analyzed results using other wave-
lengths might be different. However, our fundamental approach
remains valid.

• All channels have the same transmitted power.
• The collimator output at the transmitter is assumed to be

a fundamental Gaussian beam (i.e., OAM 0) and all OAM
beams are generated from Gaussian beams with the same beam
waist.

• The SPP at the transmitter is assumed to be “sufficiently
large” to encompass the whole beam.

• The transmitter aperture is considered to be of the same
size as the receiver aperture, which is reasonable in a bidirectional
link. However, the transmitter aperture in our analysis is always
larger than the transmitted beam size and we assume that it has
no effect on the transmitted beam. Both the transmitter beam
size and the receiver aperture size are parameters in the
analysis.

• The insertion loss of the multiplexer is not considered,
although it adds a constant insertion loss in a practical system.
Besides, the insertion loss of the SPP, which is assumed to be
independent of the OAM order, is also ignored.

• For calculations of spot size (beam diameter), the second
moment of the intensity of an OAM beam or Gaussian beams,
which is generally related to the beam waist, is employed, as given
by the following equation:

D � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
R
2π
0

R∞
0 r2I�r;ϕ�rdrdϕR

2π
0

R∞
0 I�r;ϕ�rdrdϕ

s
; (2)

where I�r;ϕ� is the beam intensity profile and �r;ϕ� are polar
coordinates [17].

• For the analysis of OAM carrying beams, we have consid-
ered Gaussian beams transformed into OAM beams by passing
through SPPs (i.e., SPP-based OAM beams). Most of the
OAM beams used in previously reported communication links
are similar to the SPP-based OAM beams [3,18,19]. Although
the OAM beams generated by passing Gaussian beams through
SPPs are not exactly Laguerre–Gauss beams, such beams have
similar characteristics in a communication link [20,21] (see
Supplement 1 for further discussion).

• We only analyzed the case of a single-polarized system. Since
there is no obvious crosstalk between different polarizations for
the beam transmitted through free space, most of the results could
also be applied to a dual-polarization system without further
modifications [3,22].

C. Misalignments between the Transmitter and the
Receiver

In an ideal case, the transmitter and the receiver would be per-
fectly aligned [i.e., the center of the receiver would overlap with
the center of the transmitted beam, and the receiver would be
perpendicular to the line connecting their centers, as shown in
Fig. 3(a)]. However, in a practical system, due to jitter and vibra-
tion of the transmitter/receiver platform, the transmitter and the
receiver may have lateral shifts relative to each other (i.e., lateral

displacement) or may have angular shifts (i.e., receiver angular
error), as depicted in Figs. 3(b) and 3(c), respectively [23]. Lateral
displacement and receiver angular error might occur simultane-
ously. A specific example is a pointing error at the transmitter,
which leads to both a lateral displacement and an angular error
at the receiver, as depicted in Fig. 3(d).

In general, a practical link might use a tracking system to mit-
igate the random time-varying misalignment between the trans-
mitter and the receiver due to system vibration or long-term drift.
For example, there is a commercially available tracking system
with lateral resolution below 0.1 mm and angular resolution
below 1 μrad [24].

We analyze the performance of an FSO communication
link by employing OAM multiplexing for the above scenarios.
The parameters discussed are listed in Table 1.

3. SIGNAL POWER LOSS ANALYSIS

It is generally preferred to collect as much signal power as possible
at the receiver in a communication link to ensure ample signal-to-
noise ratio (SNR). Since OAM beams diverge while propagating
in free space and available optical elements usually have limited
aperture sizes due to component cost, it would be desirable to
choose a proper transmitted beam size when designing an
OAM-multiplexed FSO communication link over a certain trans-
mission distance. In this section, we introduce approaches to de-
sign a suitable transmitted beam size by presenting our analyses of
OAM beam divergence and power loss over different transmission
distances due to limited-size apertures.

Given a fixed transmitted beam size, an OAM beam with a
higher order has a larger spot size over a given distance.
Figure 4(a) shows the divergence of different OAM beams when
they have different transmitted beam sizes over a 100 m link.

Fig. 3. Alignment between the transmitter and the receiver for (a) a
perfectly aligned system, (b) a system with lateral displacement, (c) a sys-
tem with a receiver angular error, and (d) a system with a transmitter
pointing error. Tx, transmitter; Rx, receiver; z, transmission distance;
d , lateral displacement; φ, receiver angular error; θ, pointing error.

Table 1. Parameters in the Model

Dt Transmitted beam size (diameter)
Da Receiver aperture size (diameter)
z Transmission distance of the link
d Lateral displacement
φ Receiver angular error
θ Transmitter pointing error
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TakeOAM� 4 as an example: when the transmitted beam size is
less than 3 cm, the spot size at the receiver increases when increas-
ing the transmitted beam size. This is because smaller beams dif-
fract faster. However, when the transmitted beam size is larger
than 3 cm, further increasing the transmitted beam leads to larger
spot size at the receiver. This is because the geometrical character-
istic of the beam dominates its diffraction characteristic. Such a
trade-off needs to be considered to control the size of the received
beam at a proper range when designing a link. For a specific trans-
mission distance and OAMmode order, there exists a transmitted
beam size to achieve a minimum spot size at the receiver. The
minimum spot size at the receiver and the corresponding trans-
mitted beam sizes for different link distances as a function of
OAM mode order are shown in Figs. 4(b) and 4(c), respectively.
These results indicate that (i) OAM beams with higher orders will
have a larger minimum spot size given the same transmission dis-
tance, and (ii) the minimum spot size at the receiver grows ap-
proximately linearly with increase of the required transmitted
beam size. For system design considerations, it is desirable to
select parameters for the transmitted beam that ensure generally
a minimum spot size at the receiver for all of the modes simulta-
neously. Here, we choose 3 and 10 cm as the transmitted beam
sizes for the 100 m link, 10 and 30 cm for the 1 km link, and
30 cm for the 10 km link as examples for system performance
analysis; although we did not include larger aperture sizes for
the 10 km link simply due to the current state of practical sizes
of the optical elements, we emphasize that our analysis can be
extended to larger apertures and produce improved performance
for longer distance systems.

One of the effects caused by a limited-size receiver aperture is
signal power loss of the system, because the spot size of the di-
verged beam is too large to be fully captured. Figure 5 shows the
power loss ofOAM� 3 with different transmission distances and
transmitted beam sizes. The power loss is directly related to the
SNR of the received signal. We choose the receiver size to be 1.5
times the transmitted beam size; typically, this receiver size is large
enough to capture sufficient power from the transmitted beam
(e.g., in our case, less than 10 dB power loss for OAM� 3).
If a free-space multimode OAM system has a common single
receiver aperture for all modes, then higher-order OAM beams
that diverge more during propagation have more power loss than
lower-order OAM beams. Although we considered modes up to
�10 for which the system penalties can be significant given the

current state of practical aperture sizes, our analysis can be
extended to higher-order modes.

4. CHANNEL CROSSTALK ANALYSIS

If the transmitter and the receiver are perfectly aligned (i.e., the
received beam phase profile and the receiver aperture are concen-
tric), then the power of the transmitted OAM mode does not
spread into neighboring modes; this is due to the fact that orthog-
onality among different modes within a limited-size receiver aper-
ture is still ensured based on recovering the full OAM phase
change of the helical phase distribution [25]. However, in a prac-
tical system, the presence of a lateral displacement or a receiver
angular error between the transmitter and the receiver causes a
phase-profile mismatch between the incoming OAM beams
and the receiver. This mismatch tends to reduce the received
modal orthogonality, thereby leading to power leakage and
crosstalk from the desired mode into adjacent modes.

A. Crosstalk Analysis for the System with Lateral
Displacement

First, we investigate the effect of lateral displacement on channel
crosstalk by fixing the receiver aperture size. Figure 6(a) shows the
power distribution among different OAM modes due to a lateral
displacement between the transmitter and the receiver when only
OAM� 3 is transmitted. The transmitted beam size Dt � 3 cm
and the receiver aperture size Da � 4.5 cm. As the lateral
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Fig. 4. (a) Simulated spot sizes (diameters) of different orders of OAM
beams as a function of transmitted beam size given a link distance of
100 m. (b) Minimum spot sizes of different orders of OAM beams at
different transmission link distances. (c) Relative transmitted beam size
to achieve the minimum spot size at the receiver. Note that for the analy-
sis of this figure only, the size of the receiver aperture is not considered.
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Fig. 5. Simulated power loss as a function of receiver aperture size
(diameter) when only OAM� 3 is transmitted under perfect alignment
for (a) z � 100 m, (b) z � 1 km, and (c) z � 10 km. Dt , transmitted
beam size; z, transmission distance.

Fig. 6. (a) Simulated power distribution among different OAMmodes
as a function of lateral displacement over a 100 m link for which only the
OAM� 3 mode is transmitted; the transmitted beam size Dt � 3 cm
and the receiver aperture size Da is 4.5 cm. (b, c) XT-1 and XT-2, re-
spectively, as a function of lateral displacement for different transmission
distances with different transmitted beam sizes. The receiver size is 1.5
times the transmitted beam size. XT-1, relative crosstalk to the nearest-
neighboring mode (OAM� 4). XT-2, relative crosstalk to the second-
nearest-neighboring mode �OAM� 5�.
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displacement increases, the power leaked into the other modes
increases whereas the power on OAM� 3 decreases. This is be-
cause a larger displacement causes a larger mismatch between the
received OAM beams and the receiver. The power leaked into
OAM� 2 and OAM� 4 is greater than that of OAM� 1
and OAM� 5 due to their smaller mode spacing with respect
to OAM� 3. One of the most important concerns is the power
leaked into the nearest- and second-nearest-neighboring modes.
Here we define the relative crosstalk to the nearest-neighboring
mode XT-1 as the ratio of the power leaked into the nearest-
neighboring mode (in our simulation, we examine OAM� 4)
to the power on the desired mode (OAM� 3). Furthermore,
XT-2 is defined as the relative crosstalk to the second-nearest-
neighboring mode (OAM� 5 in our case). Figures 6(b) and 6(c)
show the relative crosstalks XT-1 and XT-2, respectively, for
different link distances with various transmitted beam sizes.
The results indicate that (i) a larger transmitted beam size and
longer transmission distances result in smaller XT-1 and XT-2,
and (ii) a system with larger mode spacing is more tolerant to
lateral displacement. Here, we use OAM� 3 as an example to
analyze the power leakage into neighboring modes. However,
it is expected that other modes would have similar performance
trends.

B. Crosstalk Analysis for the System with a Receiver
Angular Error

Besides lateral displacement, angular errors might also occur at the
receiver. In the presence of a receiver angular error of magnitude
φ, the incoming phase front hitting the receiver has an additional
tilt-related term and its values on the edges of the beam form
lϕ� φD∕2, where l is the topological charge and ϕ is the azi-
muthal angle, and D is the spot size at the receiver. Clearly, these
phase deviations from pure helicity are bound to introduce power
leakage.

Figure 7(a) shows the power distribution among different
OAM modes under different receiver angular errors when only
OAM� 3 is transmitted with Dt � 3 cm and Da � 4.5 cm.
With a fixed receiver aperture size, a larger receiver angular error
causes a higher power leakage into the other modes. Figures 7(b)
and 7(c) show that the system with a larger transmitted beam size
and a longer range has higher XT-1 and XT-2, respectively.

C. Specific Example of a Combination of Displacement
and Receiver Angular Error: Transmitter Pointing Error

In a practical system, lateral displacement and receiver angular
error might occur simultaneously, and the amounts of lateral
displacement and receiver angular error might be random.
Transmitter pointing error is an important parameter that deter-
mines the performance of a free-space OAM link. For our analy-
sis, we consider transmitter pointing error to be a functional
combination of both lateral displacement and receiver angular
error. A transmitter pointing error of θ could be considered as
a combination of a lateral displacement of d � tan�θ� × z and
a receiver angular error of φ � θ, where z is the link distance.

Figure 8(a) shows the power distribution among different
OAM modes under different transmitter pointing errors
when only OAM� 3 is transmitted with Dt � 3 cm and
Da � 4.5 cm. Given a fixed transmitter pointing error or receiver
angular error, the power leakage in Fig. 8(a) is higher than that in
Fig. 7(a) because a transmitter pointing error includes a lateral
displacement in addition to the receiver angular error.
Figures 8(b) and 8(c) show the XT-1 and XT-2, respectively,
for a system with different transmission distances and transmitted
beam sizes; we note that the trends of the results are similar to
those shown in Figs. 7(b) and 7(c), respectively. This trend ap-
pears because the receiver angular error becomes the dominated
factor that affects the system given a specific transmitter pointing
error and transmitted beam size.

To reiterate the key points, a larger beam size at the receiver
will result in two opposing effects: (i) a smaller lateral displace-
ment-induced crosstalk because the differential phase change
per unit area is smaller, and (ii) a larger tilt phase error-induced
crosstalk because the phase error scales with a larger optical
path delay.

5. POWER PENALTY ANALYSIS

Effects that are critical to determining proper system performance
and design criteria include the power loss due to beam divergence
and the channel crosstalk due to both lateral displacement and
angular error. A consequence of signal power loss and channel
crosstalk analyzed in the previous sections is an increase in system
power penalty, which is the SNR difference needed to achieve a

Fig. 7. (a) Simulated power distribution among different OAMmodes
as a function of receiver angular error over a 100 m link for which only
the OAM� 3 is transmitted; the transmitted beam size Dt is 3 cm and
the receiver aperture size Da is 4.5 cm. (b, c) XT-1 and XT-2, respec-
tively, as a function of receiver angular error for different transmission
distances and transmitted beam sizes. The receiver size is 1.5 times
the transmitted beam size. XT-1, relative crosstalk to the nearest-
neighboring mode �OAM� 4�. XT-2, relative crosstalk to the second-
nearest-neighboring mode �OAM� 5�.

Fig. 8. (a) Simulated power distribution among different OAMmodes
as a function of transmitter pointing error over a 100 m link for which
only OAM� 3 is transmitted; the transmitted beam size Dt is 3 cm and
the receiver aperture size Da is 4.5 cm. (b, c) XT-1 and XT-2, respec-
tively, as a function of transmitter pointing error for different transmis-
sion distances and transmitted beam sizes. The receiver size is 1.5 times
the transmitted beam size. XT-1, relative crosstalk to the nearest-
neighboring mode �OAM� 4�. XT-2, relative crosstalk to the second-
nearest-neighboring mode (OAM� 5).
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certain bit error rate (BER) by an OAM channel and an ideal
channel. It is used as a metric to evaluate the system performance
degradation. Signal power loss resulting from limited-size receiver
apertures and channel crosstalk due to lateral displacement or
receiver angular error degrade the signal-to-interference-
plus-noise ratio of each channel, thus affecting the BER or power
penalty performance. We simulated a four-channel OAM FSO
communication link, with each channel transmitting a 16-QAM
signal.

With the background noise assumed to follow the Gaussian
model, the error probability of a 16-QAM signal is [26]

Pe;16-QAM � 3Q

 ffiffiffiffiffiffiffiffiffiffiffi
4

5

E avg

N 0

s !"
1 −

3

4
Q

 ffiffiffiffiffiffiffiffiffiffiffi
4

5

E avg

N 0

s !#
; (3)

where E avg∕N 0 is the average SNR per bit. E avg is the average
signal power per bit and N 0 is the power density of Gaussian
white noise, and Q�·� is the complementary error function
[26]. Equation (3) allows the calculation of the minimum re-
quired transmitted power Prq for a single channel (no crosstalk)
to achieve a certain BER, given a Gaussian background noise N 0.
In our simulation, we choose a forward error correction (FEC)
limit of 3.8 × 10−3 as the BER threshold [27].

We assume that: (i) all channels have the same transmitted
power; (ii) channel crosstalk interferes with the signal in a similar
way as noise at our BER threshold [28]. Considering crosstalk
effects in a mode-multiplexed system, the required transmitted
power Prq;m for channel m can be expressed as

Prq;m � Prq

�
α − β ·

Prq

N 0

�
−1

; (4)

where α is the normalized signal power of the desired mode and β
is the total crosstalk from all undesired modes. The power penalty
is defined as

Ppenalty � 10 · log10

�
Prq;m

Prq

�
dB: (5)

To explore the influence of limited-size receiver aperture and
lateral displacement on power penalty, four channels are simu-
lated in a 100 m OAM-multiplexed FSO communication link.
A similar approach also applies to other link distances. Power pen-
alties for all four channels might be different due to different
OAM orders having different spots sizes. To ensure that every
channel works, the largest power penalty among all channels is
defined as the system power penalty.

We simulate various sets of OAM beams to analyze system
power penalty with different mode spacing. Figure 9(a) shows
the case of 3 cm transmitted beam size. When lateral displace-
ment is larger than 0.75 mm, the system with mode spacing
of 2 (OAM� 1, �3, �5, �7 transmitted) shows a lower power
penalty than with mode spacing of 1 (OAM� 1, �2, �3, �4
transmitted). This is because the channel crosstalk between adja-
cent OAM modes is higher than that between the OAM modes
with spacing of 2. When the lateral displacement is less than
0.75 mm, the system with mode spacing of 1 shows less power
penalty than that with mode spacing of 2. This is because the
system with mode spacing of 2 has a larger power loss due to
the larger beam size at the receiver. Figure 9(b) shows the case
when Dt � 10 cm andDa � 15 cm. A comparison to the results
in Fig. 9(a) shows that a larger transmitted beam size, which leads

to a larger beam size at the receiver, could help reduce the system
power penalty caused by lateral displacement.

Similarly, the influence of receiver angular error on the system
power penalty is also explored. Figure 10(a) shows the results
when different sets of four OAM beams are transmitted over a
100 m link with Dt � 3 cm and Da � 4.5 cm. Mode spacing
of 2 has better performance than mode spacing of 1 when the
receiver angular error is larger than 6 μrad. In Fig. 10(b), where
Dt � 10 cm and Da � 15 cm, the power penalty is slightly
larger than that in Fig. 10(a). Figure 11 shows the system power
penalty when there is a transmitter pointing error. Figure 11(a)
shows a higher power penalty than does Fig. 10(a) because the
transmitter pointing error contains extra lateral displacement be-
sides the receiver angular error. In addition, Fig. 11(b) shows a
trend similar to Fig. 10(b) because when the transmitted beam
size and receiver aperture size are large, the power penalty is
mostly caused by the receiver angular error rather than the lateral
displacement.

The power penalty analysis indicates some selection rules for
mode spacing: (i) a larger transmitted beam size and receiver aper-
ture could increase the system tolerance to lateral displacement,
but decrease its tolerance to receiver angular error, and (ii) systems
with larger mode spacing have higher-order OAM beams, which
leads to higher signal power loss due to beam divergence;
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however, such systems also suffer less channel crosstalk. As a
trade-off between signal power loss and crosstalk, a system with
small mode spacing shows a lower system power penalty under a
small lateral displacement or receiver angular error, whereas larger
mode spacing shows a lower power penalty when the lateral
displacement or receiver angular error is large.

6. SYSTEM PERFORMANCE IN THE PRESENCE
OF BOTH LATERAL DISPLACEMENT AND
RECEIVER ANGULAR ERROR

In a practical system, lateral displacement and receiver angular
error might occur simultaneously. It has been shown in the pre-
vious section that when the transmitted beam size and receiver
aperture size are larger, the system exhibits greater tolerance to
lateral displacement but lower tolerance to angular error. Given
certain lateral displacements and receiver angular errors, how to
select the transmitted beam size and receiver aperture size to re-
duce the total power penalty would be an interesting question. In
the section, we fix the mode spacing to two. Different transmitted
beam sizes of 5, 6, 8, 10, and 15 cm with corresponding receiver
aperture sizes of 7.5, 9, 12, 15, and 22.5 cm are considered.

Figure 12 shows the system power penalty for different trans-
mitted beam sizes considering lateral displacement or receiver an-
gular error. When the lateral displacement is 3 mm, a system with
a transmitted beam size of 10 cm suffers ∼6 dB less power penalty
than that with a transmitted beam size of 6 cm [see Fig. 12(a)].
However, the former suffers 3 dB more power penalty than the

latter when the receiver angular error is 10 μrad [see Fig. 12(b)].
There exists a trade-off between the effects of lateral displacement
and receiver angular error. For the parameter design of a practical
system, one might need to select a proper beam size to reduce the
system performance degradation considering this trade-off.

Figure 12(c) shows power penalty as a function of transmitter
pointing error. A system withDt � 6 cm shows the lowest power
penalty than the others for different transmitting pointing errors.
In terms of power penalty, a larger beam size at the receiver is
more sensitive to the receiver angular error and less sensitive
to lateral displacement. In addition, the effects of lateral displace-
ment and receiver angular error are related to the transmitter
pointing error and link distance. Therefore, for a given transmit-
ter pointing error and link distance, trade-offs exist when consid-
ering different deleterious effects and choosing a beam size at the
transmitter that minimizes the power penalty.

7. EXPERIMENTAL VALIDATION OF THE MODEL

As a partial validation of our link model, an experiment without
misalignment between the transmitter and the receiver is first
introduced. Figure 13(a) shows that the experimental results of
the power loss of different OAM modes due to a limited-size
receiver aperture are in good agreement with the simulation
results.

Another validation of the simulation model considering a lat-
eral displacement is shown in Fig. 13(b). Over the 1 m link and
with a transmitted beam size of 2.2 mm,OAM� 3 is transmitted
with a lateral displacement of 0.2 mm. Measured and simulated
power distributions with different receiver apertures show similar
trends.

8. ADDITIONAL CONSIDERATIONS

The following points are worth mentioning:

• We only consider the use of OAM beams with plus charges
for data transmission. Our design approach could be similarly ap-
plied to systems in which OAM beams with both plus and minus
charges are used for multiplexing [3,6,23].

• Atmospheric turbulence might result in beam distortions in
an OAM-multiplexed FSO link [29–32]. Of all the effects caused
by turbulence, beam wandering and arrival angle fluctuation
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could be considered as the lateral displacement and receiver
angular error, respectively, discussed in our design approach.
However, the intensity and phase fluctuation of the received
beam caused by atmospheric turbulence might lead to severe sig-
nal fading at the receiver [30]. Such effects are not considered in
our approach, but may need further exploration.

• Digital signal-processing algorithms, such as multiple
input–multiple output equalization, which can be included in
our simulations. The effects of lateral displacement and receiver
angular error could be reduced if using such algorithms [33,34].

• In real-world systems, lateral displacement and receiver an-
gular error are generally time-varying random processes that are
typically described as beam jitter and beam wandering [30]. Our
approach may help provide the analysis of the upper and lower
bounds of system performance given a specific dynamic range of
beam jitter and beam wandering.

• In a practical system, we might need to couple the beam into
a receiving optics (e.g., a single-mode fiber) for signal detection.
The angular error caused by beam deviation at the focal plane of
such receiving optics has already been taken into account by mode
decomposition.

• The link analysis and design criteria of this paper are pro-
vided for systems operating in the optical region of 1550 nm. We
note that our general approach can also be applied to systems op-
erating at other frequencies (e.g., millimeter wave [6,35,36]).
Systems operating in other spectral ranges may have changes
in dimensions as well as potential changes in performance trends.

• We focused on link distances of 100 m, 1 km, and 10 km.
For a longer link distance, larger transmitter and receiver aperture
sizes might be needed. For example, aperture size greater than 1 m
might be needed for a link over several tens of kilometers.

• Our approach considered a system that uses collimated
beams at the transmitter. However, there are beam-forming tech-
niques at the transmitter that might prove beneficial for improved
system performance [37].

• Although one can consider the tight alignment and
aperture-size tolerances of the free-space OAM-multiplexed
system to be technical challenges, one can also envision these
added requirements as potentially providing an added benefit
of increasing the difficulty of eavesdropping by any off-axis
receivers.

9. SUMMARY

We have explored performance metrics and design parameters for
OAM-multiplexed FSO communication links. The link distance,
transmitted beam size, transmitter and receiver aperture sizes, and
OAM mode spacing were studied holistically. By analyzing the
system power loss, channel crosstalk, and system power penalty,
a proper transmitted beam size, receiver aperture size, and OAM
mode spacing could be selected for the system to handle lateral
displacement, receiver angular error, or transmitter pointing error
between the transmitter and the receiver.
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