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Analyses and Full-Duplex Applications of
Circularly Polarized OAM Arrays Using

Sequentially Rotated Configuration
Yi-Ming Zhang , Student Member, IEEE, and Jia-Lin Li

Abstract— This paper presents the analyses of circularly
polarized orbital angular momentum (OAM) ring arrays using
sequentially rotated configurations. For the studied OAM-based
microstrip antenna arrays, the relationship between the excitation
settings and the generated OAM modes are studied together
with the axial ratio (AR) bandwidths at the beam maximums.
Furthermore, a dual-OAM-mode circularly polarized array is
proposed for full-duplex applications. Based on the presented
OAM-mode selection method, the self-interference due to the
strong mutual coupling within the array can be well canceled,
leading to a high interport isolation. A demonstrator centered
at 15 GHz with OAM modes of +1 and +2 is developed and
fabricated for verification purposes. The demonstrator uses a
sharing antenna scheme for the two OAM modes to realize
a compact architecture. Measured results indicate that the
demonstrator characterizes good interport isolation within a wide
bandwidth from 13.92 to 16.38 GHz referring to a 45 dB level
as well as wide AR bandwidths at the beam maximums.

Index Terms— Full duplex, orbital angular momentum (OAM),
self-interference suppression, sequentially rotated configuration.

I. INTRODUCTION

W ITH the ever-decreasing available spectrum for future
wireless communications, the study of full-duplex

architectures has drawn increasing attention. For a full-duplex
system, a single channel is employed for bidirectional com-
munications simultaneously, leading to a doubled spectrum
efficiency compared to half-duplex operations theoreti-
cally [1]–[4]. To realize a full-duplex system, a key challenge
lies in the suppression of the strong self-interference leakage
from the transmitter (Tx) to the local receiver (Rx), where
the leakage mainly arises from the coupling at the antenna
level [1], [2]. Otherwise, the received signals would drown in
the self-interference noise, making it difficult even impossible
work for the Rx. For a single-antenna scenario, high isolations
between the local Tx and Rx can be readily achieved by
using dual-polarized schemes [3], [4], but they could not
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approach to suppress the self-interference with antenna-array-
based systems due to the complicated mutual coupling among
antenna elements.

Recently, orbital angular momentum (OAM) waves, featur-
ing helical phase fronts and amplitude nulls at beam center,
as well as orthogonality among different OAM modes, have
attracted lots of interest for improving the spectrum utiliza-
tion [5]–[16]. Based on some recent studies [11]–[13], it is
believed that the OAM-based wireless communication is a
specified subset of the multiple-in multiple-out-based tech-
nique. Particularly, several studies indicate that the OAM wave
presents a potential insight to deal with the self-interference
suppression for full-duplex applications [6]–[8]. Moreover,
it is potential and attractive to further improve the spectrum
efficiency and data rate of a full-duplex system by using
multi-OAM-mode configurations for both uplink and down-
link. In [6], OAM-based multiplexing experiments verified
that the system capacity and spectrum efficiency of wireless
communication links were increased by transmitting multiple
coaxial data streams, where the achieved link isolations were
of 16–26 dB. In [7], a dual-polarized microstrip antenna
array was proposed for dual-OAM-mode applications with
an interport isolation of 25 dB. These studies reveal that
for full-duplex applications, self-interference suppression can
benefit from the utilization of OAM-based schemes. How-
ever, the achieved suppressions are generally low since the
self-interference owing to the mutual coupling among antennas
is not well suppressed.

As for the self-interference suppression of an OAM-based
full-duplex system, its basic and important issue is the gener-
ation of the OAM-based carriers. To generate OAM in radio
beams, a common method is the use of uniform circular
arrays (UCAs) [10], [11], [14]–[19]. In [14], a circular horn
array was developed to generate OAM beams with three
polarizations, two orthogonally linear polarizations (LPs), and
one circular polarization (CP). In [15], an array consisting
of eight CP patch antennas was designed under multi-OAM
modes. In these studies, all antenna elements were positioned
around a ring and excited under the arranged phases in a step
of 2πl/N , where N was the total element number and l was
the excitation mode. As studied in [10], [11], and [14]–[16],
the excitation mode l was defined as the OAM mode of the
generated OAM waves. This is incontestable for the UCAs
using nonsequentially rotated configurations. But for those

0018-926X © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-9127-7915
https://orcid.org/0000-0002-0409-4097


ZHANG AND LI: ANALYSES AND FULL-DUPLEX APPLICATIONS OF CIRCULARLY POLARIZED OAM ARRAYS 7011

with sequentially rotated schemes, where each element is
rotated around its own phase center with a phase step of 2π /N
in ϕ-coordinate, the excitation mode l is not consequentially
the OAM mode since the spatial phase distributions may be
different for different antenna types [17]–[19]. For instance,
OAM waves were generated using circular Vivaldi antenna
array with the sequentially rotated configuration in [17], where
the excitation mode l was the OAM mode. However, the study
in [18] verified that for a sequentially rotated array composed
of LP microstrip antennas, the excitation mode l was not
the OAM mode. In [19], mechanically reconfigurable single-
arm spiral antenna array was presented to generate CP OAM
waves without using any phase shifting components (l = 0).
On the other hand, for OAM-based wireless communications,
a large aperture is generally required to effectively receive
and demultiplex signals [20]–[23]. Recently, many efforts
have been devoted to reduce the receiving aperture [24]–[27].
Studies indicate that a small receiving aperture located around
the direction of maximal beams is feasible. This further
indicates the radiation response, including the axial ratio (AR)
performance of CP arrays at the beam maximum, is important.

In this paper, UCAs composed of CP microstrip antennas
with sequentially rotated configurations to generate CP OAM
waves are presented; the relationship between the OAM modes
and the excitation phases of the array elements are further
discussed. It is found that for the first time, using sequentially
rotated array configuration provides a potential and attractive
way to achieve a wide AR-bandwidth performance at the
beam maximum. In addition, as compared with the nonse-
quentially rotated array, the rotational symmetry of the studied
configuration could exhibit more regular mutual couplings
within the array, thus could facilitate the suppression of the
self-interference for full-duplex applications. Based on this,
a dual-OAM-mode CP UCA scenario and its OAM-mode
selection method for full-duplex applications are proposed and
discussed, where the same CPs are utilized as the carriers
for both Tx and Rx. For demonstration purposes, a prototype
centered at 15 GHz is developed and fabricated. The measured
and simulated results verify the proposed scheme behaves
high interport isolations and wide AR bandwidths at the beam
maximums.

II. ANALYSES OF OAM-BASED CIRCULARLY POLARIZED

ARRAYS USING SEQUENTIALLY ROTATED

CONFIGURATIONS

A. Analyses of the Excitation Modes and OAM Modes

Fig. 1(a) illustrates the configuration of the typically
OAM-generating UCA, consisting of several CP antenna ele-
ments that are distributed equidistantly around the perimeter
of a ring. The excitation phase of the nth element is given
by [5]

αn = (n − 1)2πl/N, n = 1, . . . , N (1)

where l is the excitation mode and N is the total element
number. It has been verified that for the scheme provided
in Fig. 1(a), the generated OAM mode lO AM equals to the
excitation mode l, as discussed in [10], [11], and [14]–[16].

Fig. 1. Configurations of (a) typical UCA and (b) UCA with the sequentially
rotated scheme.

In addition, the AR bandwidth is mainly determined by the
performance of the antenna elements. Fig. 1(b) illustrates the
configuration of the studied UCA with sequentially rotated CP
elements; they are developed based on microstrip lines in this
paper. The excitation phase in (1) is still applicable to the
studied array. As discussed in Section I that for the studied
scheme, the value of OAM mode, lOAM, for the generated
OAM wave is no longer consequentially equal to that of the
excitation mode l. To further analyze the relationship between
the values of l and lOAM, numerical calculations are performed.

For a single CP microstrip element, it can be viewed
as an array consisting of two orthogonal linearly polarized
elements with a difference of excitation phase being π /2.
Here, a numerical model for a linearly polarized microstrip
antenna reported in [28] is employed. By multiplying with
the array factor of the two-element array, the far-field compo-
nents of the single CP microstrip antenna can be calculated,
given as

Eθ (θ, ϕ) = E0 cos ϕ f (θ, ϕ)

+ E0 cos(ϕ − π/2) f (θ, ϕ − π/2)e jϕ0 (2a)

Eϕ(θ, ϕ) = −E0 cos θ sin ϕ f (θ, ϕ)

− E0 cos θ sin(ϕ − π/2) f (θ, ϕ − π/2)e jϕ0 (2b)

f (θ, ϕ) = sin[βL sin θ sin ϕ/2]
βL sin θ sin ϕ/2

cos(βL sin θ cos ϕ/2) (2c)

L ≈ 0.5λ0/
√

εr , −π/2≤θ ≤π/2, 0≤ϕ ≤2π (2d)

where ϕ0 = −π /2 and ϕ0 = +π /2 correspond to the
right-hand circular polarization (RHCP) and left-hand circular
polarization (LHCP), respectively; β is the phase constant in
free space, λ0 is the free-space wavelength at center frequency,
L and εr are the side length of the square patch and the
relative permittivity of the substrate, respectively. For the
studied configuration shown in Fig. 1(b), the array factor is

S(θ, ϕ) =
N∑

n=1

E(θ, ϕen)e
j [β R sin θ cos ϕen+αn ] (3a)

ϕen = ϕ − ϕn, ϕn = (n − 1)2π/N (3b)

where αn is the excitation phase given in (1). By substituting
(2) in (3), the total electric fields of the studied array consisting
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of CP microstrip elements are given as

ET ,θ (θ, ϕ) =
N∑

n=1

Eθ (θ, ϕen)e
j [β R sin θ cos ϕen+αn ] (4a)

ET ,ϕ(θ, ϕ) =
N∑

n=1

Eϕ(θ, ϕen)e j [β R sin θ cos ϕen+αn]. (4b)

For the RHCP and LHCP components of the electric fields
(marked as ER HC P and EL HC P), they can be expressed as

ER HC P(θ, ϕ) = (�eθ − j �eϕ)ER (5a)

EL HC P(θ, ϕ) = (�eθ + j �eϕ)EL . (5b)

It is found that the magnitudes of the two components are√
2|ER | and

√
2|EL |, respectively. Based on (4) and (5),

we have

ER = [ET ,θ (θ, ϕ) + j ET ,ϕ(θ, ϕ)]/2 (6a)

EL = [ET ,θ (θ, ϕ) − j ET ,ϕ(θ, ϕ)]/2. (6b)

Assuming that the input power of per CP element is P0, then
the total power radiated by all antenna elements, ignoring
the mutual coupling and the transmission loss, should be
N · P0. Subsequently, the gains of the two CP components
become [28]

G(θ, ϕ)R HC P = 20 lg

[√
2|ER |

/√
N · P0η

4π

]
(7a)

G(θ, ϕ)L HC P = 20 lg

[√
2|EL |

/√
N · P0η

4π

]
(7b)

where η = 120π
. Finally, based on (1)–(7), the normalized
gain of the studied array with sequentially rotated configura-
tion can be calculated theoretically.

Here, a case study of the array including eight RHCP
elements is carried out, where the radius of the ring array is
0.7 λ0. The radiation patterns of the array using the numerical
model expressed in (1)–(7) are calculated for l = −2, −1, 0,
and +1, as illustrated in Fig. 2(a). It should be noted that as
studied in [28] and expressed in (2d), only the upper half-space
result of the numerical model described in (1)–(7) is useful.
It is found that RHCP waves are generated for these cases,
while magnitude nulls are found for the copolarization except
the case for l = −1. As for the case l = −1, the major
lobe at the beam center reveals that the OAM mode lO AM

is zero based on the well-known knowledge as to the OAM-
based waves [5]. On the other hand, a 3-D model of an array
for full-wave simulation centered at 15 GHz is employed for
phase-distribution analysis. The array consists of eight typi-
cally chamfered RHCP patches and uses same settings with
the numerical model. Fig. 2(b) and (c) depicts the full-wave
simulated radiation patterns and spatial phase distributions of
the copolarized electric fields for the 3-D model. It is found
in Fig. 2(a) and (b) that the main beams of the radiation
patterns obtained from the numerical calculation and full-wave
simulation are consistent. Moreover, spiral shapes are observed
in Fig. 2(c) except the case for l = 0. This is completely
different from the results for the array shown in Fig. 1(a) when
l = −1, where a magnitude null is observed at the beam center

Fig. 2. (a) Calculated radiation patterns of the studied array using the
numerical model illustrated in Fig. 1(b) and (1)–(7) at the xoz plane.
(b) Full-wave simulated radiation patterns of the eight-element array using
typically chamfered patch antennas at the xoz plane. (c) Full-wave simulated
spatial phase distributions of the copolarized electric fields.

Fig. 3. Spatial phase distributions of the Cartesian components of the
copolarized electric fields corresponding to the results of Fig. 2(c). (a) l = −2,
(b) l = −1, (c) l = 0, and (d) l = +1.

and the OAM mode lO AM = −1 [10], [11], [14]–[16], leading
to the fact that helical phase fronts cannot be identified from
the spiral shapes shown in Fig. 2(a) and (b). Furthermore,
the spatial phase distributions of the Cartesian components
of the electric fields around a circle perpendicular to the
propagation direction for these cases are evaluated, as depicted
in Fig. 3. It is seen that only the variations of z-components
are consistent with those shown in Fig. 2(a) and (b). For the
x- and y-components, the values of the variation periods are
one less than those illustrated in Fig. 2(a) and (b).

It is known that for electromagnetic waves, the angu-
lar momentum (AM) consists of OAM and spin angular
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TABLE I

COMPARISONS OF EXCITATION, AM, SAM, AND OAM MODES
IN THE STUDIED ARRAY CONSISTING OF CP AND LP

ELEMENTS (N = 8, 12, 16)

momentum (SAM), such that the AM mode jAM = lOAM + s,
where s is the SAM mode. The SAM is associated with the
polarization, and its mode is −1, 0, or +1 for RHCP, LP,
or LHCP [5]. Based on this, it is reasonable to conclude
that the difference between the z-component and the others
described in Fig. 3 is due to the SAM, that is, the CPs. This
means that the phase distributions of x- and y-components do
not involve the SAM information and are only determined
by the OAM. Hence, the OAM mode can be calculated
on the basis of the definition that the OAM mode equals
to the periodicity number of the spatial phase distribution
of the electric fields when the SAM information has been
removed [5]. Therefore, the OAM modes shown in Fig. 3 are
lO AM = −1, 0, +1, and +2 when l = −2, −1, 0, and +1,
respectively. By involving the SAM mode information with
the OAM modes, the AM modes are found to be jAM = −2,
−1, 0, and +1. That is to say, zero-OAM-mode waves are
excited in spite of the helical shape observed from Fig. 2(a)
and (b) for l = −1. Table I presents a comparison of the
excitation mode l, AM mode jAM, SAM mode s, OAM mode
lOAM, and spatial polarizations by using both the numerical
and full-wave models. Note that three array models consisting
of 8, 12, and 16 CP elements are analyzed, respectively, where
the derived results are similar and summarized in Table I.
It is matched with the typically nonsequentially rotated array
that the same relationship for the OAM mode lO AM and the
element number N is observed, that is, |lO AM | < (N /2). The
values of the excitation mode l equal to those of the AM
mode jAM, showing a simple difference compared with typical
UCAs, where the excitation mode l is identified as the OAM
mode lOAM as described before. In Table I, the results of the
array consisting of LP microstrip antennas with sequentially
rotated configuration are also calculated and analyzed. For the
LP-based array, only LHCP carrier can be generated when the

excitation mode l > 0, and RHCP for l < 0. Attractively,
such restrictions do not exist when using the CP elements as
listed in Table I, where polarizations and OAM modes are still
independent.

Consequently, the helical phase fronts cannot be identified
based on the observed spiral-shaped phase distributions for the
CP radiations. When using the studied UCAs to generate OAM
waves with the desired OAM modes lO AM and CP radiations,
the excitation mode should be set as l = lO AM + 1 and
l = lO AM − 1 for LHCP and RHCP, respectively. In addition,
it is found that for the studied scheme, nonzero-OAM-mode
radiations can be obtained when all antenna elements are
of the same excitation phases. Specifically, OAM modes of
lO AM = −1 and lO AM = +1 are generated for LHCP and
RHCP arrays, respectively. This means that there would be no
extra phase shifters, resulting in simpler and potentially more
compact configurations for the feeding networks compared
with those of the typical UCAs. On the other hand, for
the cases of the RHCP beams with OAM mode lO AM =
+2,+3, . . ., the phase shifters are essential based on the
results. Note that the feeding networks of the sequentially
rotated and nonsequentially rotated schemes have the same
complexity when the state of lO AM = 0 is considered. It is
due to the fact that there would be no phase shifters for
lO AM = 0 in the nonsequentially rotated scheme. At this
point, the phase shifters are essential in the sequentially rotated
scheme. Therefore, the sequentially rotated scheme provides
a potential way to simplify the feeding network for some
specified OAM modes such as lO AM = +1 for RHCP beams,
but not for all OAM modes.

B. AR Bandwidths of the Studied Configuration

As for the studied UCAs, it is necessary to investigate
the AR bandwidth at the beam maximum since phase fronts
are different from those of the typical UCAs, as discussed
earlier. Here, full-wave simulations are performed to show
the AR bandwidths of the studied arrays. A typical circu-
larly polarized microstrip antenna with a chamfered corner
is considered as the array element. Several UCAs using the
studied configuration shown in Fig. 1(b) with some different
element numbers are constructed. The simulated radiation
patterns and spatial phase distributions of these arrays agree
well with the analyses presented earlier, thus not shown
here for brevity. For the cases with different OAM modes,
the maximal radiation directions should be different, thus
here the AR performance for each case is calculated at
the corresponding divergence angle. Note that in this paper,
we focus on the comparisons among the cases using the
sequentially and nonsequentially rotated configurations with
the same OAM modes. There is no comparison between the
cases with different OAM modes since the divergence angles
are different. Fig. 4 illustrates the simulated AR bandwidths
at the beam maximums against some element numbers N and
excitation modes l. It is seen that the element number has little
effect on AR bandwidth. Although the elements feature narrow
AR bandwidths, the wide ones are found for the arrays except
for the cases l = 0, as illustrated in Fig. 4(b). For performance
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Fig. 4. Simulated ARs of the studied UCA consisting of chamfered RHCP
microstrip antennas, where (a) l = −1, (b) l = 0, (c) l = 1, and (d) l = 2.
Simulated results obtained from the typical arrays shown in Fig. 1(a), where
(e) N = 8 and (f) N = 16.

Fig. 5. (a) Configuration of an RHCP subarray using the sequentially rotated
technique. (b) Simulated ARs of the sequentially rotated array using eight
subarrays against with some excitation modes.

comparisons, Fig. 4(e) and (f) plot some simulated results
at the beam maximums obtained from the arrays consisting
of the chamfered patch antennas with nonsequentially rotated
configuration, where narrow AR bandwidths are observed, and
they are independent of the element number and excitation
mode. Furthermore, an RHCP subarray shown in Fig. 5(a)
is introduced as a single element of the studied UCA. The
subarray radiates zero-OAM-mode RHCP waves with a wide
AR bandwidth [29]. Fig. 5(b) presents the simulated ARs
of the sequentially rotated array consisting of eight RHCP
subarrays against some excitation modes. We can see that wide
AR bandwidth is obtained including the case for l = 0. Also,
similar performance can be observed by using LHCP elements
and subarrays. From these discussions and compared with the
nonsequentially rotated UCA, the studied sequentially rotated

Fig. 6. Configurations of (a) proposed OAM-based CP array scenario for
full-duplex applications and (b) its feeding network.

UCA can realize wide AR bandwidths at the beam maximum
regardless of the AR bandwidth of the element.

III. OAM-BASED UCA SCENARIO FOR FULL-DUPLEX

APPLICATIONS AND OAM-MODE SELECTION METHOD

As discussed earlier, the OAM-based communications are
attractive for full-duplex systems, in terms of the inter-
port isolation and further improvement in spectrum effi-
ciency and data rate. Nevertheless, the suppression of the
self-interference resulting from the mutual coupling among
OAM-based antennas remains a challenge in practice. In this
paper, an OAM-based CP array scenario for full-duplex
applications is proposed based on the studied UCA, where
the mutual couplings can be well suppressed, resulting in
high interport isolations. Fig. 6 presents the configuration of
the proposed scenario along with its feeding network. The
array includes N elements that are sequentially rotated and
positioned equidistantly around a ring. Each element includes
two ports, corresponding to two same CP radiations. Based
on this, a single element can be considered as a subarray
composed of two antennas marked as An and Bn , where the
subscript denotes the element number. Here, we classify all
A-type antennas as array A, and the same classification for
the array B. The feeding network includes two independent
N-way power dividers with equal divisions and specified phase
shifters for the two arrays. The feeding phases of the nth
elements in arrays A and B are, respectively

αA,n = 2πlA(n − 1)/N (8a)

αB,n = 2πlB(n − 1)/N (8b)

where lA and lB are the excitation modes of the array A and
array B, respectively.

As shown in Fig. 6(a), seeing that all elements
(A1–AN and B1–BN ) are of the same CP radiations, these
may have strong mutual couplings among the elements due to
the copolarization, especially the closer ones such as A1 and
B1, A1 and B2. As a result, strong self-interference could be
generated between subarray A and subarray B. In view of the
reciprocity of ports A and B, we define the ports A and B as
transmitting and receiving ports, respectively, to facilitate the
analyses. By ignoring the influence of the feeding network and
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considering the phase shifters to be lossless, the transmission
response from the Tx to Rx is expressed as

SRx,T x = MA MC MB (9)

where MA and MB are the feeding vectors for the Tx and Rx,
respectively; MC is an N × N coupling matrix including all
coupling responses among antenna elements, given as

MA = [e− jαA,1 , e− jαA,2 , . . . , e− jαA,n , . . . , e− jαA,N ] (10a)

MB = [e− jαB,1, e− jαB,2, . . . , e− jαB,n , . . . , e− jαB,N ]T (10b)

MC =
⎡

⎢⎣
CA1,B1 · · · CA1,B N

...
. . .

...
CAN,B1 · · · CAN,B N

⎤

⎥⎦ (10c)

where CAm,Bn denotes the coupling coefficient between the
mth element in array A and the nth element in array B. Based
on the coupling matrix, the transmission response from the Tx
to Rx can be calculated by

SRx,T x = S1 + · · · + Sn + · · · + SN (11)

where

Sn =
N−n+1∑

k=1

CAk,B(k+n−1)e
− jαA,k e− jαB,(k+n−1)

+
N∑

k=N−n+2

CAk,B(k−N+n−1)e
− jαA,k e− jαB,(k−N+n−1) .

(12)

Owing to the rotational symmetry, the relationship of the
coupling coefficients can be expressed as

CA1,Bn = CA2,B(n+1) = · · · = CA(N−n+1),B N

= CA(N−n+2),B1 =CA(N−n+3),B2 =· · ·=CAN,B(N−1).

(13)

In addition, from (8) we have

e− jαB,(k+n−1) = e− jαB,(k+n−1±N) . (14)

Consequently, (12) becomes

Sn =
N∑

k=1

CA1,Bne− jαA,k e− jαB,(k+n−1)

= CA1,Bne− j 2π
N lB (n−1) 1 − e− j2π(lA+lB )

1 − e− j 2π
N (lA+lB )

. (15)

Finally, the transmission responses from the Tx to Rx are

SRx,T x =
N∑

n=1

CA1,Bne− j 2π
N lB (n−1), lA + lB = 0 (16a)

SRx,T x = 0, lA + lB �= 0. (16b)

One can see from (16b) that SRx,T x would be zero when
lA + lB �= 0, leading to a response null for the transmis-
sion coefficient. This enables the self-interference resulting
from the mutual couplings to be ideally suppressed under
the mode-selection function of lA + lB �= 0. As for (16a),
owing to the complicated mutual coupling, it is reasonable to
conclude that SRx,T x would be nonzero when lA + lB = 0.

It should be mentioned that the result in (16b) is applicable
to either the same or different CPs for arrays A and B, since
the derivation of (8)–(16) is independent of the polarization.
Moreover, the mutual couplings would be canceled even under
the condition of lA = lB , indicating the suppression of the
self-interference is still efficient for the Tx and Rx with the
same OAM modes. At this point, the Tx and Rx are with
the same OAM modes, leading to the same maximal beam
angle in both the uplink and downlink. This is of great
significance to improve the spectrum efficiency, and greatly
different from some recent studies [6]–[8], where different
OAM modes with same/dual polarizations are used to isolate
the local Tx and Rx. Especially compared with the dual-
polarized OAM scheme [7], the proposed architecture is more
attractive since it is independent of the polarization. In the
following, on-board prototypes at 15 GHz are developed and
examined for demonstration purposes.

IV. DESIGN DESCRIPTIONS OF THE DEMONSTRATOR

The first work is to design the two-port antenna element.
To generate two same CP radiations, a two-port subarray based
on the sequentially rotated scheme is employed as the required
two-port element. Here, dual-polarized microstrip antennas are
used to construct the two-port subarray. In order to realize
wide impedance bandwidths, the multilayer aperture-coupled
configuration is introduced as shown in Fig. 7(a). The structure
includes three stacked substrates, one patch, and one air layer.
The air layer is positioned between the substrates 2 and 3. The
patch is printed on the bottom of substrate 3. Feeding lines 1
and 2 are placed on the bottom of substrate 1 and the top of
substrate 2, respectively. For each feeding line, an open-ended
stub is loaded for impedance matching. A common ground
with H-shaped slots for couplings between the feeding lines
and the patch is inserted between the substrates 1 and 2.

Furthermore, a two-port subarray is constructed based on the
dual-polarized antenna, as illustrated in Fig. 7(b). To radiate
CP waves for the subarray, a typical feeding technique is
the use of cascaded hybrids/T-junctions at the cost of bulky
systems, as reported in [30] and [31]. In this paper, a series-fed
power division network using compact open ring is utilized as
the feeding network for each port of the subarray, as depicted
in Fig. 7(b). The relative phases at the outputs of the power
divider are anticlockwise with 0°, −90°, −180°, and −270°
to generate RHCP waves for the subarray. Fig. 7(c) depicts
the configuration of the proposed array using eight subarrays,
including 16 ports marked from A1 to A8 for array A, and B1
to B8 for array B. The geometric parameters of the antenna
element and the power divider are shown in Fig. 7(d) and (e)
and Table II. A full-wave simulation of the proposed array
is performed to show the self-interference resulting from the
couplings among the antenna elements. Some simulated results
are illustrated in Fig. 8, where the maximum coupling is
approximately −19 dB at 15 GHz, corresponding to strong
self-interference as analyzed earlier.

The feeding network, consisting of three-order power
dividers based on T-junction with stepped multiple sections
and specified phase shifters, is designed. The ideal model
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Fig. 7. (a) Geometric structure of the employed dual-polarized antenna. The
relative permittivities (εr ) and thicknesses (h) of the substrates are: εr1 = 2.2,
εr2 = 2.2, εr3 = 2.65, h1 = 0.25 mm, h2 = 0.25 mm, and h3 = 1 mm.
(b) Configurations of the two-port CP subarray with its feeding network.
(c) Configuration of the proposed array consisting of eight subarrays. The
radius of the proposed array is R = 1.8 λ0, where λ0 is the free-space
wavelength at 15 GHz. Geometric parameters of (d) dual-polarized antenna
and (e) open-ring power divider, where the values are listed in Table II.

TABLE II

GEOMETRIC PARAMETERS OF THE ANTENNA AND FEEDING NETWORK

of the three-order power divider is depicted in Fig. 9(a),
where the electric length (referring to f0 = 15 GHz) of αi

(i = 1, . . . , K ) corresponds to the required excitation phase
described in (8). The transmission coefficient from port 1 to
port (k + 1)th (k = 1, . . . , K ) in the power divider versus
frequency f can be expressed as

Sk+1,1 = (SP D)3e− jαk f/ f0 (17)

Fig. 8. Simulated couplings between some elements of array A and array B.

Fig. 9. (a) Schematic of a T-junction-based power divider with specified
phase shifters as the feeding structures for the proposed array. (b) Calculated
transmission responses between the Tx and Rx of the proposed array using
several groups of the excitation modes.

where SP D is the transmission coefficient of a single
T-junction. As shown in Fig. 9(a), the transmission response
between the Tx and Rx of the proposed OAM-based array
can be calculated on the basis of (9), (10), and (17). For the
coupling coefficients recorded in (10c), they are determined
by the full-wave simulations. The calculated results of the
transmission response with several groups of excitation modes
lA and lB are depicted in Fig. 9(b). It is clearly seen that based
on the mode-selection equation (16b), the self-interference due
to the strong mutual couplings among the antenna elements
can be well suppressed within a wide frequency band referring
to an in-port isolation of 40 dB. At the center frequency
15 GHz, response nulls are found, showing perfectly self-
interference cancelations. Particularly, for the case of lA =
lB = −3, the self-interference can be well canceled when Tx
and Rx are operated at the same OAM mode of lO AM = −2,
as discussed earlier. For performance comparisons, responses
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Fig. 10. (a) 3-D view of the demonstrator. Layouts of (b) feeding network
1 and (c) feeding network 2. The dimensions are (unit: millimeters): P1 =
0.90, P2 = 1.84, P3 = 1.87, P4 = 3.65, and P5 = 5.51.

Fig. 11. Photographs of the fabricated demonstrator.

for the modes that are not consistent with (16b) are also
presented, where it is clearly seen the isolations are less than
20 dB at 15 GHz.

To this end, prototypes centered at 15 GHz are devel-
oped and fabricated based on the architectures shown in
Figs. 6 and 7, where the excitation modes are lA = +1 and
lB = 0. The corresponding OAM modes are, respectively,
lO AM = +2 and lO AM = +1 based on the above-mentioned
discussion. The 3-D view of the demonstrator and the layout
of its feeding networks are described in Fig. 10. The full-wave
simulated results and measurements are described as follows.

V. MEASUREMENTS OF THE DEVELOPED DEMONSTRATOR

The fabricated demonstrator is further assembled, as pic-
tured in Fig. 11, where a metal jig is used for supporting
purposes. The overall size of the demonstrator is 120 mm ×
120 mm, and the outside radius of the patch array is 45.9 mm.

Fig. 12 depicts the measured impedance matching perfor-
mance and transmission response between the two ports of

Fig. 12. Measured and simulated isolation and impedance matching
responses.

Fig. 13. Measured and simulated far-field radiation patterns of the demon-
strator.

the demonstrator. It is seen that the impedance bandwidths
referring to |S1,1| ≤ −10 dB are over 3.8 GHz (from 13.2 to
beyond 17.0 GHz) and over 4.0 GHz (from 13.0 to beyond
17.0 GHz) for ports 1 and 2, respectively. The relative isolation
bandwidth is 16.4% (13.92–16.38 GHz) referring to a 45 dB
level, exhibiting high self-interference suppressions. Hence,
the isolation bandwidths are fully covered by the impedance
bandwidths of the two ports. The far-field radiation patterns
at 14.0, 15.0, and 16.0 GHz are measured and illustrated
in Fig. 13. One can see that RHCP waves are excited, and
the central magnitude nulls are observed for all cases, which
is consistent with the analyses in Section II. For lO AM = +1
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Fig. 14. (a) Measured spatial phase distributions of the copolarized electric
fields. (b) Simulated distributions of normalized magnitude of instantaneous
near-zone electric fields.

and lO AM = +2 at 15.0 GHz, the measured peak gains are
approximately 17.3 and 13.5 dBi with the directions of 9°
and 14°, respectively. The angles of the maximal beam at
14, 15, and 16 GHz are within the range of 8° −10° when
lO AM = +1, and the corresponding 3 dB beamwidths are
approximately 10°. As for the case lO AM = +2, the corre-
sponding angles are within 13°–16°, and the 3 dB beamwidths
are approximately 11°.

The simulated spatial phase distributions for the demon-
strator are identical with those described in Fig. 2(a) and (b),
thus they are not detailed here for brevity. In order to mea-
sure the phase distributions of the copolarized electric fields,
circles across boresight directions and 20 λ0 away from the
demonstrator are employed. The measured results are shown
in Fig. 14. For the case of lO AM = +1, there are no helical
shapes, indicating the AM modes are zero due to the RHCP
radiations as discussed earlier. As for the case of lO AM = +2,
it is found that spiral phase fronts of the copolarized electric
fields are obtained corresponding to an AM mode jAM =
+1 since the spatial phase increases anticlockwisely by one
period within a circle. The simulated amplitude distributions
are also presented as shown in Fig. 14(b). Despite without
the measurements due to the lack of 3-D test environment,
good agreement between simulations and measurements for
the radiation patterns and phase distributions could make us
reasonably perceive the consistency of the amplitude distrib-
utions. On the other hand, the AR performances at the beam
maximums corresponding to 15.0 GHz are also measured,
as shown in Fig. 15. It is clearly seen that wide AR bandwidths
are observed for both ports. Note that in the light of our

Fig. 15. Measured and simulated ARs of the demonstrator at the maximal
radiation directions referring to 15.0 GHz.

TABLE III

MEASURED AND CALCULATED AZIMUTH SPECTRUM

OF THE DEVELOPED ANTENNA ARRAY

analysis, the wide AR bandwidths result from the sequentially
rotated array configuration for the case of lO AM = +2, but
for lO AM = +1, they are attributed to the 2 × 2 subarray.

Due to the practical errors/tolerances, it might not be
possible to generate a pure OAM mode, and the desired OAM
mode could be contaminated by other parasitic OAM modes.
Therefore, the OAM mode purity of the developed antenna
array is also analyzed. Specifically, the azimuth spectrum ωm ,
representing the weight of the OAM m-mode in the OAM
beam with the desired OAM mode of lO AM , is measured.
As discussed in [11] that for the OAM beams generated by
using circular antenna arrays, the azimuth spectrum can be
obtained by

ωm = 1

2π

∫ 2π

0
S(θ, ϕ)e− jmϕdϕ (18)

where S(θ , ϕ) is the array factor described in (3). It is seen that
the azimuth spectrum is a function of θ and ϕ. As we discussed
earlier that since we focus on the performance at the maximal
radiation directions at the center frequency, the divergence
angles are set as θ = 9° and θ = 14° for the cases of
lO AM = +1 and lO AM = +2, respectively. The experimen-
tal results of the azimuth spectrum are listed in Table III.
On the other hand, the ideal results of using numerical
calculations are also provided, where the azimuth spectrum is
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TABLE IV

PERFORMANCE COMPARISONS AMONG SOME PUBLISHED
AND THE PROPOSED FULL-DUPLEX SCHEMES

Fig. 16. Photograph of the experimental installation for transmission
experiments.

expressed as [11]

ωm = 1

2π

∫ 2π

0
e− j lO AM ϕ JlO AM (2π R sin θ/λ0)e

− jmϕdϕ (19)

where JlO AM is the Bessel function of the first kind, with
the order of lO AM and the variable of (2π Rsinθ /λ0). It can
be found from Table III that the good agreement between
the measured and calculated results is observed, exhibiting a
good OAM mode purity for the developed array. Moreover,
for the cases of lO AM = +1 and lO AM = +2, the values
of the azimuth spectrum corresponding to the desired OAM
mode are approximately 0.58 and 0.47, respectively. These
values are close to those obtained from the array using non-
sequentially rotated configuration, which are correspondingly
around 0.6 and 0.5 as analyzed in [11]. The above-mentioned
discussion indicates that the OAM beams obtained from the
proposed array feature good OAM mode purity, and there is
no distinct difference for the azimuth spectrum compared with
the typically nonsequentially rotated array.

Furthermore, transmission experiments are carried out to
show the transmission characteristics between links with dif-
ferent OAM modes. As shown in Fig. 16, the experiment sce-
nario is composed of two copies of the developed demonstrator
placed face-to-face. Specifically, the transmission distance is
40 cm, shorter than the Rayleigh distance in view of the
discussion that the OAM-based transmission is feasible within
a few Rayleigh distances [6], [8], [11], [20]. The measured
transmission coefficients are shown in Fig. 17. The normalized
isolation between the matched and mismatched OAM-based

Fig. 17. Measured transmission coefficients between the two demonstrators.

links in Fig. 17 is nearly 20 dB within the frequency range
of 14–16 GHz, and higher than 25 dB around the center
frequency of 15 GHz. Referring to the recent studies on
OAM-based wireless communications, a crosstalk level of
approximately 20 dB among different OAM links could enable
the reliable communications. Based on the discussion, it can be
concluded that the measured results shown in Fig. 17 exhibit
a well-designed orthogonality between the transmission links
under different OAM modes. Note that here the received
power for lO AM = +2 is approximately 2 dB lower than
that for lO AM = +1 around 15 GHz. This is consistent
with the results reported in [8] and [11]. For performance
comparisons, Table IV summarizes the performance of the
proposed scheme in this paper and some reported studies for
full-duplex applications. As we can see that the developed
demonstrator exhibits a high interport isolation with passive
operation at Ku-band, where both Tx and Rx are of the same
CPs. Moreover, since the proposed architecture is independent
of polarizations, it exhibits the potential for multilink full-
duplex applications to further improve the spectrum efficiency
and data rate, which can be achieved by simply expanding
the proposed architecture to more rings. In short, the proposed
OAM array behaves good antiinterference ability for each link
and potential enhancement for the system capacity under the
same CP carriers as well as high interport isolations between
the local Tx and Rx.

VI. CONCLUSION

OAM-based UCA using sequentially rotated CP microstrip
antennas is studied in this paper. The relationship between
OAM modes and phase settings of the array elements are
analyzed. Results reveal that for the studied UCA, the exci-
tation mode is not the OAM mode but the AM mode for the
generated OAM waves. This is completely different from the
results for the UCAs without using the sequentially rotated
configuration, and of great significance for designing such
kinds of UCA with desired OAM modes. Based on the studied
UCA, nonzero-OAM-mode waves can be generated even all
antenna elements are excited with the same phases. It is
also found that wide AR bandwidths at the beam maximum
can be realized for the studied UCA, regardless of the AR
bandwidth of the element. Furthermore, based on the stud-
ied UCA, a dual-OAM-mode circularly polarized scenario is
proposed for full-duplex applications. Studies indicate that the
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self-interference resulting from the strong mutual couplings
among antenna elements can be ideally canceled theoretically
by using the proposed OAM-mode selection method. For
verification purposes, a Ku-band prototype by using sharing-
antenna scheme is developed, fabricated, and measured. Exper-
imental results match well with the theoretical and simulated
results.
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