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Continuous-Aperture OAM Communication Systems: An Electromagnetic
Information Theory Perspective

Young-Seok Lee , Student Member, IEEE, Young Dam Kim , and Bang Chul Jung , Senior Member, IEEE

Abstract—We present a novel continuous-aperture orbital
angular momentum (CAP-OAM) communication system, which
can be regarded as an asymptotic generalization of existing (dis-
crete) uniform circular array-based OAM (UCA-OAM) systems.
We first derive the current distribution that generates OAM
mode in the CAP-OAM transmitter and specify the resulting
radiated electric field. We characterize a closed-form equivalent
discrete wireless channel model of the CAP-OAM system, which
rigorously captures the effect of various system parameters,
including path loss, carrier frequency, antenna aperture size,
transmission distance, polarization interferences, etc. We also
define the effective degrees of freedom (DoF) and mathematically
analyze the achievable rate of CAP-OAM systems. Through
computer simulations, we confirm that the CAP-OAM system
significantly outperforms the classical UCA-OAM system in
terms of achievable rates and effective DoF. To the best of our
knowledge, CAP-OAM communication systems have not been
investigated from the perspective of electromagnetic information
theory.

Index Terms—6G, orbital angular momentum (OAM),
continuous-aperture MIMO (CAP-MIMO), electromagnetic
information theory, equivalent channel model, achievable rate.

I. INTRODUCTION

RECENTLY, continuous-aperture MIMO (CAP-MIMO),
also known as holographic MIMO where the transceiver

consists of spatially-continuous antennas such as a lens-based
array, meta-surface antennas, large intelligent surfaces (LISs),
etc, has been actively investigated to enhance the communi-
cation performance of LoS-MIMO systems [1], [2], [3], [4].
Unlike the classical MIMO systems with discrete antennas,
CAP-MIMO systems assume that arbitrary current distribu-
tions can be generated with continuous aperture antennas
at both transmitter and receiver and adopt electromagnetic
theory to model the wireless channel between them. Thus,
electromagnetic information theory (EIT) has been developed
to theoretically analyze ultimate communication performance
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and derive the fundamental design principles of CAP-MIMO
systems [4], [5].

On the other hand, orbital angular momentum (OAM)-
based communication has attracted much attention as a
promising solution that achieves high spatial multiplexing
gain even in a LoS-MIMO environment over high-frequency
bands. OAM can be generated with spatially continuous
antenna systems such as spiral phase plate (SPP), but SPP
is not appropriate to generate multiple modes simultane-
ously [6]. To address this, an OAM-based communication
system with discrete uniform circular array (UCA) anten-
nas was proposed, and a multi-mode OAM transmission
technique with UCA was investigated in [7]. Thanks to
the development of metamaterial technology, an OAM-based
communication system using a transmissive metasurface for
the terahertz band has been proposed in [8]. Moreover, the
OAM techniques have been recognized as promising solu-
tions for wireless backhaul networks or satellite-to-vehicle
communication systems [9], [10]. In [11], the angle of arrival
estimation and transceiver alignment of OAM beams for
wireless backhaul were studied. In [12], a holographic OAM
system was presented where both transmitter and receiver
have spatially continuous antennas again, identifying the
relationship between OAM and communication modes when
considering LISs in the transceiver. To the best of our knowl-
edge, continuous aperture-based OAM (CAP-OAM) systems
from an EIT perspective have not been investigated in the
literature.1

In this letter, we present a novel CAP-OAM communica-
tion architecture with a one-dimensional metamaterial-based
continuous aperture transceiver to generate arbitrary current
distributions at both transmitter and receiver for OAM mode-
division multiplexing (MDM) that conveys information via
multiple orthogonal OAM modes [8], [14]. We also rigorously
analyze the CAP-OAM communication system based on elec-
tromagnetic (EM) wave theory.

II. SYSTEM MODEL OF CAP-OAM

As illustrated in Fig. 1, we consider an origin-centered
continuous ring antenna-based OAM transmitter with a radius
of ρ on the x–y plane and a continuous ring antenna-based
OAM receiver with a radius of η separated by a transmission
distance D along the z-axis. It is assumed that the OAM
transmitter and receiver are perfectly aligned as in many
relevant studies [3], [4], [12] and neither external source nor
multipath signal is considered to focus on the fundamental
analysis of CAP-OAM systems. A source point s(∈ R

3) on the

1The discrete UCA-based OAM system was analyzed based on electromag-
netic theory by considering several transmit polarizations in [13].
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Fig. 1. System model of CAP-OAM systems with continuous ring antenna-
based transceiver.

transmit continuous ring denoted ST can be expressed with
respect to the radius of ρ and the positive angle ϕ(∈ (0, 2π])
about the x-axis as

s = ρ cosϕx̂+ ρ sinϕŷ, (1)

where x̂, ŷ, and ẑ denote the unit vector of x, y, and z-axis,
respectively. An observation point r(∈ R

3) on the receive
continuous ring denoted SR is expressed with respect to the
positive angle φ(∈ (0, 2π]) about the x-axis, the elevation
angle θ(∈ [ − π/2, π/2]) about the z-axis, and the distance
from origin to the r on the SR , i.e., r =

√
D2 + η2 as follows

r = r sin θ cosφx̂+ r sin θ sinφŷ + r cos θẑ. (2)

A set of OAM modes is denoted as N (⊂ Z) and the
number of OAM modes is assumed to be N, i.e., |N | = N
where | · | denotes the cardinality of a set. For example, if
N = {−1, 0, 1}, then N = 3. For a fair comparison between
the continuous aperture antenna system and classical discrete
antenna systems, the transmit current distribution of the CAP-
OAM system, J(s)(∈ C

3), should satisfy the following power
constraint,

PT =

∫

ST

|J(s)|2ds =
N∑

n=1

∫

ST

|Jn (s)xn |2ds, (3)

where Jn(s)(∈ C
3) denotes the current distribution of the n(∈

{1, . . . ,N })-th OAM mode and xn(∈ C) denotes n-th transmit
symbol. We assume the equal power allocation for each OAM
mode at the transmitter, and the n-th symbol power becomes
equal to PT /N . Thus, Jn (s) is designed to be normalized over
ST . Since OAM mode generation with y-polarization among
various polarizations with circular arrays is appropriate for
pure OAM mode propagation [13], the n-th current distribution
with power constraint (3) is designed as

Jn(s) =
ejlnϕ√
2πρ

ŷ, (4)

where ln (∈ N ) denotes the n-th OAM mode integer. As
shown in (4), since the transmit current distribution for the
OAM mode beam is related to the spatial angle of the
transmit antenna, a continuous ring-based OAM transmitter
can generate an arbitrary OAM transmit current distribution,
unlike the UCA with a discrete antenna structure. In other
words, as (4) is interpreted as a basis function, continuous ring-
based OAM systems can be regarded as CAP-OAM systems
from the point of view of CAP-MIMO or holographic MIMO.

On the other hand, the metamaterial-based antenna system
utilizes the phase and amplitude discontinuity of the EM
wave or mutual coupling between tiny meta-atoms spaced
within half a wavelength and the interface [15]. When strictly

Fig. 2. Comparison of CAP-OAM system with UCA-OAM system based
on current distributed region ST .

forming (4), the scattering matrix between each active meta-
atom element must be considered [16]. However, our main
contribution is to investigate the ultimate performance of
OAM-based communication systems with continuous-aperture
transceivers as in related studies [3], [12]. Therefore, in
this letter, we assume that a continuous ring antenna is
modeled as a complete continuum consisting of infinite tiny
antennas to derive the fundamental electromagnetic channel
and performance limits of the CAP-OAM as in [1]. In
other words, (4) can be assumed to have already considered
mutual coupling between tiny elements, assuming the entire
continuous ring as one element.

Remark 1: [CAP-OAM vs. UCA-OAM] The CAP-OAM
system can be regarded as a generalized and asymptotic
form of classical UCA-OAM systems. As shown in Fig. 2,
the current distribution must be considered over the region
where the source point s exists even in the conventional UCA
transmitter. When the effective length of each (polarized)
antenna element in the UCA is assumed to be dUCA, the power
constraint can be represented for the y-polarization as follows

PT =

NT∑

u=1

N∑

n=1

∫ dUCA

0

∣∣∣J(u)n (s)xn

∣∣∣
2
ds, (5)

where NT denotes the number of UCA elements and
J
(u)
n (s)(∈ C

3) denotes the n-th current distribution of the u(∈
{1, . . . ,NT })-th element of UCA antenna, which is defined
as

J
(u)
n (s) =

ejlnϕu

√
NT dUCA

ŷ. (6)

Assuming a single UCA antenna element with a length
of dUCA = 2πρ/NT as in [13], we model the current
distribution of the UCA-OAM system. With this setup, the
effective aperture length of the UCA-OAM system, which
is the summation of lengths of all dipole antenna elements,
becomes 2πρ. It is worth noting that if both systems have the
same size of physical antenna aperture, the CAP-OAM system
can be interpreted as the generalized and asymptotic form of
the classical UCA-OAM system without mutual coupling. We
analyze and compare both systems through a unified analytical
framework.

III. CHANNEL MODELING OF CAP-OAM SYSTEMS:
FROM CONTINUOUS CHANNEL TO DISCRETE CHANNEL

Using the current distribution and definition of dyadic
Green’s function, the electric field E(r)(∈ C

3) is given by

E(r) =

∫

ST

G(r, s)J(s) ds, (7)
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where dyadic Green’s function G(r, s)(∈ C
3×3) is defined as

G(r, s) = jkZ0

{
I+

1

k2
∇∇T

}
ejk‖r−s‖
4π‖r− s‖ ,

(a)≈ jkZ0
ejk‖r−s‖
4π‖r− s‖

(
I− p̂p̂T

)
, (8)

where k denotes wavenumber, Z0 denotes intrinsic impedance
(≈ 377Ω), ∇ � [ ∂

∂x ,
∂
∂y ,

∂
∂z ]

T indicates del operator, and
p̂ = r−s/‖r−s‖. Here, (a) represents an approximation of the
dyadic Green’s function using Taylor series expansion [17].
The term ‖r−s‖ in the denominator of (8) can be approximated
by r, but the exponent cannot be approximated that way since
it is the ratio of ‖r−s‖ to wavelength. Hence, assuming that the
transmission distance is greater than the radius of the transmit
continuous ring, i.e., r � ρ [3], the distance between an
observation point and a source point can be approximated as

‖r− s‖ ≈ r − ρ sin θ cos(φ− ϕ). (9)

Similarly, through the same assumption, r � ρ, p̂p̂T can also
be approximated as

p̂p̂T ≈

⎡
⎢⎣

sin2 θ cos2 φ sin2 θ cosφ sinφ sin θ cos θ cosφ

sin2 θ cosφ sinφ sin2 θ sin2 φ sin θ cos θ sinφ

sin θ cos θ cosφ sin θ cos θ sinφ cos2 θ

⎤
⎥⎦.

(10)

By applying (4) and (8)-(10) to (7), the electric field of
CAP-OAM is derived as (11) at the bottom of the page.
In (11), Jln (·) denotes the Bessel function of the first kind
for integer order ln . We can observe that when the ln OAM
mode propagates, not only the pure ln mode but also several
inter-mode interference signals occur in (11). For example, the
ln+2 and ln−2 modes emerge for both x- and y-polarizations,
and the ln+1 and ln−1 modes for z-polarization. In particular,
it can be seen from (11) that right-hand circular polariza-
tion (RHCP) and left-hand circular polarization (LHCP) are
generated for ln + 2 mode and ln − 2 mode, respectively. As
a result, the ln -mode OAM propagated with y-polarized wave
has a pure ln -mode OAM propagation component only in the
y-polarization.

In order to retrieve pure OAM modes included in the
y-polarization, the m(∈ {1, . . . ,N })-th receive current distri-
bution Ψm(r)(∈ C

3) of the CAP-OAM is designed as

Ψm (r) =
ejlmφ

√
2πη

ŷ, (12)

where lm(∈ N ) denotes the m-th receive OAM mode. Then,
by matched-filtering the m-th receive current distribution into
(11) for effectively receiving the entire OAM waves arriving
at the receive continuous ring, the received signal of the m-th
OAM mode ym (∈ C) is given by

ym =

∫

SR

ΨH
m (r)E(r)dr+ wm , (13)

where wm(∈ C) represents the noise component when receiv-
ing the m-th OAM mode, and it is assumed to follow identical
and independently distributed complex Gaussian distribution
with zero-mean and variance of σ2.

Finally, we derive an equivalent discrete channel coefficient,
called the coupling coefficient, for the CAP-OAM-MDM
system. Using (4) and (7), (13) can be expressed as follows

ym =
N∑

n=1

∫

SR

∫

ST

ΨH
m(r)G(r, s)Jn (s)dsdrxn + wm . (14)

We define an equivalent discrete channel matrix H(∈ C
N×N )

where the element Hmn denotes the equivalent channel coef-
ficient from the n-th transmit OAM mode to the m-th receive
OAM mode as follows

Hmn �
∫

SR

∫

ST

ΨH
mG(r, s)Jn (s)dsdr. (15)

In terms of the OAM mode, if (14) is expressed as a received
signal vector y(∈ C

N ), a channel matrix H, a transmitted
symbol vector x(∈ C

N ), and a noise vector w(∈ C
N ), then

it can be equivalently regarded as the received signal of the
classical MIMO channels, i.e.,

y = Hx+ w. (16)

The most important part in information theory is to set
up the mathematical model of the channel effect between
communication nodes. We will exploit (15) and (16) as the
channel model of the CAP-OAM-MDM system to investigate
its (information-theoretic) achievable rate performance.

By applying (11) and (12), (15) can be derived as a closed-
form in (17) at the bottom of the page.
In (17), r =

√
D2 + η2 and θ = tan−1 η

D were considered.
From (17), it is worth noting that the channel matrix of CAP-
OAM-MDM systems does not form a unitary(or orthogonal)
matrix due to the effect of circular polarization (CP) in the y-
polarization as noted in (11). In other words, additional digital
signal processing like singular value decomposition (SVD) to
resolve inter-mode interference might be needed at the receiver
of CAP-OAM-MDM systems. However, interfering channels
due to CP do not significantly affect the desired channel
since the ratio between channel coefficients always satisfies
the following condition for a perfectly aligned transceiver:

2
(
1 + cos2

(
tan−1 η

D

))

sin2
(
tan−1 η

D

) > 1. (18)

From (18), it is confirmed that the desired channel always
yields the largest gain, and the channel matrix becomes
a quasi-orthogonal matrix since interference channel gains
converge to zero as the transmission distance increases. In the
case of two perfectly aligned continuous ring antennas, the
effect of CP is almost negligible.

E(r) =

N∑

n=1

kZ0
√

2πρ(−j )ln
ejkr

16πr
Jln (kρ sin θ)xn

{
(cos2 θ − 1)ej (ln+2)φ

(
x̂− ej

π
2 ŷ

)
+ (1− cos2 θ)ej (ln−2)φ

(
x̂+ ej

π
2 ŷ

)

+ 2j
(
1 + cos2 θ

)
ejlnφŷ − 2 sin θ cos θ

(
ej (ln+1)φ − ej (ln−1)φ

)
ẑ

}
. (11)
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In addition, we can observe other effects of various parame-
ters on the closed-form equivalent discrete CAP-OAM-MDM
channel in (17). For example, the radii of the transmit and
receive continuous ring antenna are regarded as the array
gain. The transmit OAM mode determines the order of the
Bessel function of the first kind. With well-known properties
of the Bessel function of the first kind, the channel coefficient
diminishes as the distance from the center of the receive
ring antenna increases, called beam-divergence characteris-
tics. This tendency accelerates with increasing OAM modes
and center frequency (wavenumber) as in (17). In other
words, not only the OAM mode but also the transmit/receive
antenna size, transmission distance, and carrier frequency
determine the beam-divergence of OAM radio waves. In short,
the closed-form equivalent discrete channel matrix includes
various communication-theoretic parameters of CAP-OAM-
MDM systems, and the resultant practical insight into these
parameters can be intuitively grasped. In addition, by using
each element in (17) for constructing the discrete OAM
channel matrix in (16), we can also derive a closed-form of
the achievable rate of CAP-OAM systems as

R = log2

{
det

(
IN +

GtGrγ

N
HHH

)}
, (19)

where det(·) denotes the determinant operator of a matrix, γ
denotes the transmit SNR, i.e., γ = PT /σ2, and the terms
Gt and Gr represent the transmit and receive antenna gains,
respectively.

IV. DEGREES OF FREEDOM OF CAP-OAM SYSTEMS

Defining the effective DoF of CAP-OAM systems as in [18]
is necessary for practical OAM-based communication systems.
In Section III, we observe that the equivalent discrete channel
matrix of CAP-OAM systems reflects many communication
parameters. Hence, by exploiting the well-known SVD as in
the conventional MIMO, we formally define the effective DoF
of CAP-OAM systems as the number of OAM eigenmodes in
which the received SNR is larger than a certain threshold as
follows

NDoF(γth) �
∣∣∣
{
i |γiRX ≥ γth, 1 ≤ i ≤ N

}∣∣∣, (20)

and the received SNR γiRX for i(∈{1, 2, . . . , N})-th largest
OAM eigenmode is defined as

γiRX =
GtGrσ

2
i

N
γ, i ∈ {1, 2, . . . ,N }, (21)

where σi means the i-th singular value of H. The threshold γth
can be adjusted according to system requirements or usages
of the effective DoF. For example, the effective DoF can be

TABLE I
SIMULATION PARAMETERS

used to approximate the achievable rate of the CAP-OAM
system:

R ≈
NDoF∑

i=1

log2

(
1 + γiRX

)
. (22)

V. SIMULATION RESULTS

For validating CAP-OAM systems, we assume the complete
continuum consisting of many tiny antennas for emulating con-
tinuous aperture as in [1], [2], where small antenna elements
are assumed to be very closely attached in the transmit/receive
ring aperture. This spatially-discretized CAP-OAM system is
regarded as the virtual continuous ring with y-polarization of
Fig. 2. We set the effective length as d = 0.3mm and 0.6
mm for transmit and receive rings, respectively, which implies
that both rings are modeled with 6, 284 virtual antennas.
Then, we can form a continuous phase for OAM mode
generation so that the overall effective length of the virtual
antennas approximates the circumference of the continuous
ring. Consequently, virtual antennas are used as a simulation
methodology. Assuming a CAP-OAM system to be utilized for
wireless backhaul, the transmit SNR for each OAM is equal
to 40dB for both CAP-OAM and UCA-OAM systems [19].
The effective length of UCA antennas (dUCA) is assumed
to be equal to d of the CAP-OAM system since the UCA-
OAM system can be considered as a sampling version of the
CAP-OAM system when mutual coupling is not considered.
The number of antennas at the transmitter and receiver is
assumed to be the same in the UCA-OAM system. Simulation
parameters are summarized in Table I.

First, we examine whether the CAP-OAM system effec-
tively generates pure OAM modes by investigating the
amplitude and phase distributions of the electric field. Fig. 3
compares amplitude and phase distributions of OAM waves
with the 8-element UCA-OAM system and the CAP-OAM
system for several OAM modes. Here, the electric field of the
UCA-OAM system was calculated numerically based on [13].
In Fig. 3, the received electric fields are observed on a square
surface with a length of 2 meters. The transmission distance is
set to 75 meters, which forms the near-field radio communica-
tion channel if we consider the center frequency. It is observed
that the CAP-OAM system better generates pure OAM waves

Hmn =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

2π
√
ρηkZ0(−j )ln ejk

√
D2+η2

16π
√

D2+η2
Jln

(
kρ sin

(
tan−1 η

D

))
j2
(
1 + cos2

(
tan−1 η

D

))
, lm = ln ,

2π
√
ρηkZ0(−j )ln ejk

√
D2+η2

16π
√

D2+η2
Jln

(
kρ sin

(
tan−1 η

D

))
j sin2

(
tan−1 η

D

)
, lm = ln ± 2,

0, otherwise .

(17)
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Fig. 3. Amplitude (left two figures) and phase (right two figures) distributions
of electric-field of several OAM modes generated by both UCA-OAM and
CAP-OAM systems.

Fig. 4. Effective DoF of CAP-OAM system as a function of transmission
distance D when γth = 0dB.

than the UCA-OAM system for all OAM modes. Moreover,
ln = 5 OAM mode cannot be generated by the conventional
8-element UCA antennas due to the fundamental limitation of
discrete antenna elements. In contrast, the CAP-OAM system
generates high purity ln = 5 OAM mode. High-order OAM
beams diverge more for both antenna systems.

Figs. 4 and 5 compare the CAP-OAM and UCA-OAM
systems regarding effective DoF and achievable rate, respec-
tively. We set γth = 0dB as a minimum received SNR for
practical communication environments [20].2 As shown in
Fig. 4, the effective DoF of the CAP-OAM system is the same
or larger than that of the conventional UCA-OAM system. In
particular, the CAP-OAM system yields much higher effective
DoF than the UCA-OAM system as transmission distance
increases, even though the effective DoF of the UCA-OAM
system increases as the number of antennas of the UCA-
OAM increases. Interestingly, when the transmission distance
is 100m, the CAP-OAM system achieves 23.92% improved
achievable rate performance compared with the 128-element
UCA-OAM system, and when the transmission distance is
1000m, the performance of the CAP-OAM yields a better
achievable rate by 34.61%. This shows that the CAP-OAM
system performs better in long-distance communication envi-
ronments. In addition, as shown in Fig. 5, the achievable rate
analysis with the effective DoF well estimates or approximates
the actual performance since the effective DoF implies that the

2In practice, the threshold for elaborating the effective DoF is a design
parameter that can be determined according to various system aspects for
given communication environments.

Fig. 5. Achievable rate of CAP-OAM system as a function of transmission
distance D.

number of eigenmode beams affects performance significantly
in practical communication environments.
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