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High Performance OAM Communication
Exploiting Port-Azimuth Effect of Loop Antennas
Hiroto OTSUKA† , Ryohei YAMAGISHI† , Student Members, Akira SAITOU† , Member,
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SUMMARY In this paper, we show that the orbital angular momentum
(OAM) communication performance with a circular loop antenna array can
be drastically improved by exploiting the port azimuth effect at the 5-GHz
band. The received signal and interference powers are analytically derived
with generalized Z-matrices and the perturbation method for short-range
OAM communication. The resulting formulas show that the interference
power can be drastically suppressed by selecting the proper combination
of port azimuths. We also explain the mechanism behind the reduction in
interference power. For the obtained port azimuth combination, the simulated and measured transmission isolations at 1 cm are better than 24.0 and
23.6 dB at 5.3 GHz, respectively. Furthermore, to estimate performance
in 2 × 2 MIMO communication, constellations for 64-QAM are estimated.
Measured EVMs are less than 3% where signals are clearly discriminated
without any signal processing. For long-range OAM communication using
paraboloids, the optimum port azimuth combination is estimated by monitoring the current distribution. For the obtained combination of the port
azimuths, simulated and measured transmission isolations at 125 cm are
better than 15.7 and 12.0 dB at 5.3 GHz, respectively. The measured isolation for short and long ranges are improved by 9.2 and 4.5 dB, respectively,
compared with the data for the combination of the identical port azimuth.
key words: loop antenna, orbital angular momentum, multiplexing

1.

Introduction

In order to improve the speed of or capacity for data transmission, various multiplexing methods have been investigated
to improve the efficiency of frequency usage because the
available frequency bands are valuable and finite resources.
However, although efficiency is improved within the scope
of the Shannon-Hartley theorem, exploiting those methods
comes at the cost of exponential increases in power consumed. The multiple-input multiple-output (MIMO) communication method greatly reduces the power demands, but
it requires complex signal processing for signal separation
procedures. On the other hand, the orbital angular momentum (OAM) communication method also reduces the
processing complexity by exploiting the orthogonality of the
electromagnetic fields [1]–[7], where the carriers are spatially orthogonal because of their different orbital angular
momentum. The angular momentum is represented by the
rotating phase-front peculiar to OAM signaling. From the
spatial orthogonality, multiplexing in the same frequency
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band is enabled, and the eigenmode transmission feature
lessens both the power demands and signal processing complexity. Although applications for OAM communication
are limited to fixed communication to maintain its spatial
distribution of the OAM wave, OAM communication is anticipated to provide a novel dimension for multiplexing.
Thus, various methods have been proposed to generate
the rather unique rotating phase front, such as array antennas
with phase shifters [8]–[10] or phase-front transformation
with spiral phase plates [11]–[15]. The former generates
the rotating phase front by controlling the array factor with
discretely shifted phase shifters. Signal processing is essential because all the transmitted carriers are received, but
the complexity of the signal processing is expected to be
somewhat mitigated. For the latter method, various pieces
of equipment to receive only the desired carrier have been
proposed, but these require a lot of space for items such as a
beam splitter or a prism. Thus, a compact and simple configuration for OAM communication is desired, where only the
desired carrier is received, as in eigenmode transmission.
A method to generate waves with a rotating phase
front has been proposed by exploiting circular loop antennas
[16], [17], where fairly pure single-mode waves are directly
radiated from the antennas by setting the loop perimeter to
be around an integral multiple of the wavelength. Due to the
reciprocity for the transmitting and receiving antennas, the
receiving antenna generally receives only the unique carrier
of the mode. Thus, this method requires neither phasetransforming devices nor signal processing. The received
power from the transmitting antenna of the same radius corresponds to the signal, and it is significantly larger than that
from the transmitting antenna of a different radius caused
by imperfect mode uniqueness. However, the latter substantially affects OAM communication performance, because it
corresponds to the interference wave. Thus, to suppress undesired power, improvement of the mode uniqueness through
the addition of a reflector plane was proposed [18]. Although that method is effective, the input impedances of the
antennas must be drastically decreased in order to obtain
excellent uniqueness. On the other hand, another method
has been proposed to suppress undesired power by controlling the combination of port azimuths even where the mode
uniqueness is rather poor [19]. This method can also be applied to a configuration with a reflector. However, although
the obtained values of the azimuths have been explained,
the mechanism regarding how the suppression is realized
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has not been reported, and applications to different configurations have proven difficult. Moreover, although the improvement of the signal-to-interference ratio (transmission
isolation) has been explained, any relation to an index for
actual communication, such as the signal-to-noise ratio or
error-vector magnitude (EVM), remains to be explained.
In this paper, signal and interference powers are analytically clarified with the perturbation method for short-range
OAM communication. With numerical calculation of the
obtained formulas, the mechanism behind the suppression
of undesired power is explained. In addition, the relation
between the transmission isolation and EVM is measured
with the fabricated arrays. Furthermore, it is demonstrated
that signals for 64-quadrature amplitude modulation (QAM)
are clearly discriminated without any signal processing for
2 × 2 MIMO communication.
2.
2.1

unit matrix for the identical port azimuth. The generalized
Y-matrices, Yn and ξ n , are obtained by the inverse matrix of
Zn and ζ n , as shown in (9). When Y±n is defined by (10),
its matrix element is found with the generalized Y-matrix
element for the identical port azimuth and the relative port
azimuth for the i th and j th antennas, as shown in (11). As
the i th port current I pi is found by the sum for the expansion coefficients, the usual Y-matrix (Ytotal ), which relates
the voltage and current at the ports, is obtained as shown in
(12). The S-matrix is obtained by the matrix transformation, as shown in (13), where E denotes the unit matrix. To
suppress the interference, the S-matrix could be controlled
by selecting the proper combination of the port azimuths,
considering (10), (11) and (12).
Ii (φ) =

n=−∞
n  −1

Suppression of Undesired Transmission by Controlling Port-Azimuth

Zn = A
ζ i,n j = ζ −n
i, j

S-Matrices for Transmitting and Receiving Arrays

=jπη 0

To suppress the interference by exploiting the port azimuth
effect, the S-matrices for the loop antennas were analyzed
with the generalized Z-matrix where the port azimuths were
controlled. Figure 1 shows a configuration of analyzed transmitting and receiving arrays consisting of four-element loop
antennas where their port azimuths are controlled. ai , bi , and
φei denote the loop radius, the conductor radius and the port
azimuth for the i th antenna, respectively. d i, j denotes the Zcomponent of the distance between the i th and j th antennas.
The loop radii, the conductor radii, and the port azimuths are
identical for the transmitting and receiving arrays. The port
numbers are defined as 1 to 4 for the transmitting array, and
5 to 8 for the receiving array. Each port impedance (Rp ) is
assumed to be identical.
The current distribution for the i th loop antenna can
generally be Fourier-expanded, as shown in (1), where Iin denotes the current expansion coefficient for the nth expansion
order. Where the port azimuths are different, the nth -order
generalized Z-matrix Zn is found as shown in (2), where ζ n
is the generalized Z-matrix for the identical port azimuth. ζ n
is given by (3)–(7) [17]. An is a matrix given by (8), which
explains the effect of the port azimuth [20], [21]. An is the
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Fig. 1 Configuration of calculation for the shifted-port generalized Zmatrix.
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Analysis for Port Currents

Whereas the interference wave is expressed using port azimuths, the formulas are quite complicated, and it is difficult
to find an effective combination of port azimuths. To obtain
simpler formulas, the generalized Z-matrices ζ n for the arrays of the identical port azimuth, all of which port-azimuths
are zero, were numerically estimated with MathematicaTM .
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The conductor width was fixed at 0.4 mm. The distance between the transmitting and receiving arrays was selected to
be 1 cm for the transmissions of the signal waves to be large
enough. Return losses are determined mainly by loop radii.
However, the transmission isolation is relatively independent
of loop radii, where the return losses are good. Thus, loop
radii were determined on condition that the port-azimuths
are identical. Each order for the dominant current expansion
coefficient was designed to be 1st , 2nd , 3rd and 4th for both the
transmitting and receiving antennas. The target frequency
was determined arbitrarily around 5.3 GHz. However, a substrate is not included for the numerical calculation, and the
target frequency was increased by 10% for the loop radii to
be similar to the fabricated ones. Thus, each loop radius
was determined to be 8.57, 16.64, 24.67 and 32.68 mm, respectively, which adjusts the self-admittance such that each
expansion order is almost a whole real number at 5.85 GHz,
as explained in [17].
Table 1 shows the calculated absolute values of the
normalized Y-matrix (Ytotal ), where the normalizing port
impedance (Rp ) is 100 Ω. The calculated return losses were
better than 10.3 dB at 5.85 GHz for all the antennas. The
most dominant elements are self-admittances Yi,itotal and mutotal , and they are about 10 times larger
tual admittances Yi,i+4
than the other elements, as shown in Table 1. In addition,
whereas their adjacent matrix elements are smaller than the
most dominant elements, these are fairly larger than the other
elements. In this case, the perturbation method can be exploited, where the most dominant elements and the adjacent
elements correspond to the 0th order and the 1st order infinitesimals, respectively. In addition, the Yi,itotal are similar
and around 1 because the port impedance was properly setotal ,
lected for the impedance matching. In addition, for Yi,i+4
they are also similar. Furthermore, whereas Ytotal is given
by the sum of Y±n , the dominant contribution to Yi,total
j generally consists of the generalized Y-matrices for the dominant
orders for both the i th and j th antennas. Since the dominant
order for both the i th and (i + 4) th antennas is designed to
total , are almost identical to Y ±i and
be identical, Yi,itotal and Yi,i+4
i,i
±i , as shown in Table 2.
Yi,i+4
Explained in physical terms, the current is almost that
of the dominant order on the stimulated antenna, and the
induced current is almost only on the antenna of the same
radius. With the approximation, the induced port current on
the receiving antenna for the adjacent order was analyzed,
because the maximum undesired transmission has been that
for the antenna [17]. Let the i th antenna be stimulated by
Vi . Where 1st order infinitesimals or more are neglected, the
relations among the voltages and current can be concisely
expressed as follows:
"

# " i
#"
#
i
Yi,i Yi,i+4
I pi
Vi
= i
.
i
I pi+4
−Rp I pi+4
Yi+4,i Yi+4,i+4

(14)

The induced current is only at the port i and i + 4, and the
induced current is found as follows:
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Table 1 Absolute values of normalized Ytotal for identical port azimuths
(R p = 100 Ω, f = 5.85 GHz).
total | to |Y total |
(a) |Y11
48

1
2
3
4
5
6
7
8

1
5.8×10−1
8.9×10−2
2.3×10−2
9.6×10−3
6.0×10−1
1.7×10−2
5.8×10−3
2.9×10−3

2
8.9×10−2
7.0×10−1
1.0×10−1
2.5×10−2
1.7×10−2
6.8×10−1
3.9×10−2
1.9×10−3

3
2.3×10−2
1.0×10−1
1.0
1.2×10−1
5.8×10−3
3.9×10−2
9.2×10−1
6.7×10−2

4
9.6×10−3
2.5×10−2
1.2×10−1
1.3
2.9×10−3
1.9×10−3
6.7×10−2
1.2

total | to |Y total |
(b) |Y15
88

1
2
3
4
5
6
7
8

5
6.0×10−1
1.7×10−2
5.8×10−3
2.9×10−3
5.8×10−1
8.9×10−2
2.3×10−2
9.6×10−3

6
1.7×10−2
6.8×10−1
3.9×10−2
1.9×10−3
8.9×10−2
7.0×10−1
1.0×10−1
2.5×10−2

7
5.8×10−3
3.9×10−2
9.2×10−1
6.7×10−2
2.3×10−2
1.0×10−1
1.0
1.2×10−1

8
2.9×10−3
1.9×10−3
6.7×10−2
1.2
9.6×10−3
2.5×10−2
1.2×10−1
1.3

Table 2 Absolute values of normalized Yi,±n
(R p = 100 Ω, f =
i+4
5.85 GHz).
(a) 0th to ±2nd
±n |
|Y15
±n |
|Y26
±n |
|Y37
±n |
|Y48

0
6.5×10−3
5.8×10−3
4.1×10−3
3.5×10−3

±1
5.9×10−1
8.1×10−3
8.0×10−3
7.4×10−3

±2
2.7×10−4
6.7×10−1
6.1×10−3
8.2×10−3

(b) 3rd to ±5th
±n |
|Y15
±n |
|Y26
±n |
|Y37
±n |
|Y48

±3
1.8×10−4
5.5×10−4
9.1×10−1
8.4×10−3

±4
3.9×10−5
6.6×10−4
1.6×10−3
1.2

±5
8.9×10−6
2.4×10−4
1.1×10−3
6.1×10−3

(c) ±6th , ±7th and total
±n |
|Y15
±n |
|Y26
±n |
|Y37
±n |
|Y48

±6
2.2×10−6
9.1×10−5
4.8×10−4
1.7×10−3

±7
5.6×10−7
3.7×10−5
2.2×10−4
7.7×10−4


2
i
Rp Yi,i+4
*.
+/ Vi
i
I pi = . Rp Yi,i −
/R
1 + Rp Yi,ii
p
,
i
Rp Yi,i+4
Vi
I pi+4 =
.
i
1 + Rp Yi,i Rp

Total
6.0×10−1
6.8×10−1
9.2×10−1
1.2

(15)

(16)

With (15) and (16), the relations among the voltages and
current can be concisely expressed as follows for the 1st
order infinitesimals, where 2nd order infinitesimals or more
are neglected:
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 i
 I pi   Yi,i
total
 I p  Yj,i
 j  =  i
 I pi+4  Yi+4,i
 I p j+4  Y total
 j+4,i

Yi,total
j

i
Yi,i+4

j
Yj, j
total
Yi+4,
j
j
Yj+4, j

total
Yj,i+4
i
Yi+4,i+4
total
Yj+4,i+4

( j = i ± 1).


Yi,total
j+4 

Vi

j
Yj, j+4  −Rp I p j 


total  −R I p
Yi+4,
p i+4 
j+4 

 −R I p 
j
Yj+4, j+4  p j+4 

(17)

The induced currents of the 1st order infinitesimal are found
as follows:
Vi

I p j+4 =

f

*
j
Rp ..1 + Rp Yj, j −

2

j
Rp Yj, j+4
j
1 + Rp Yj, j



Fig. 2

Terms of (18).

Rp Yi,total
j+4

+/
/
j
Yj, j+4

,
i


Yi,i+4
+/
2 total *
− Rp Yi, j .
−
j
i
1 + Rp Yi,i 1 + Rp Yj, j

 ,

 j
i
total
Rp Yi,i+4 Rp Yi, j+4 Rp Yj, j+4 
 .



+
j
1 + Rp Yi,ii 1 + Rp Yj, j


(18)

Fig. 3 Values of each term in (18) for I p8 , when . (a) All port azimuths
are identical. (b) Receiving port azimuths are 180◦ .

The received power for the k th receiving antenna (Pk ) is
given as follows:
Pk =

1
Rp |I pk | 2
2

(k = 5, 6, 7, 8).

(19)

Thus, each power for the signal and interference can be estimated with (16) and (18). For the interference, the induced
current consists of four terms, which may be interpreted to
correspond to the paths shown in Fig. 2.
Whereas the induced current for the interference can
be reduced by estimating various combinations of the port
azimuths, we estimated a promising combination considering the features of (18). Figure 3(a) shows the contributions
of the four terms for I p8 when the 3rd port was stimulated,
where all the port azimuths are identical. The 4th term is
much smaller than the other three terms. Since the phases
for the 2nd and 3rd terms are similar, the sum shown in pink
intensifies. As a result, when the phase difference of the 2nd
and 3rd term is controlled to be π, these mutually negate,
±j
because the absolute values of Yi,i±i and Yj, j are similar. For
i and j, one is odd and the other is even. Thus, with (11),
the differences for their port azimuths are determined to be
π for the 2nd and 3rd terms to mutually negate. In this case,
the combination of the port azimuths, defined as DEG-A, is
as follows:
φei = 0◦ (i = 1, 2, 3, 4),
φe j = 180◦ ( j = 5, 6, 7, 8).

(20)

To verify the obtained results, the transmission characteristics were numerically estimated for a distance of 1 cm, as
shown in Fig. 4. Except the combination of the port azimuth,
the dimensions of the loop antenna arrays are identical. As
expected, undesired transmission to the adjacent receiving
antenna is sharply reduced around the designed 5.85 GHz.

Fig. 4 Calculated transmission characteristics where port azimuths for
the receiving array are rotated by 180 degrees. (a) 1st port is stimulated.
(b) 2nd port is stimulated. (c) 3rd port is stimulated. And (d) 4th port is
stimulated.

For example, S61 was remarkably reduced from −23.0 to
−34.4 dB by controlling the combination. For the performance index, the transmission isolation IT has been defined
as follows [17]:
IT [dB] = min{min (Si+4,i [dB] − S j,i [dB])}
i

j

(i = 1, 2, 3, 4

j = 5, 6, 7, 8).

(21)

Si+4,i and S j,i correspond to the transmissions for the signal
and interference waves, respectively, where antenna i is stimulated. Thus, the transmission isolation corresponds to the
worst value of signal to interference ratio for the four communication channels, which is defined at each frequency. The
calculated IT for DEG-A is more than 28.4 dB at 5.85 GHz,
which is improved by 11.1 dB compared to the arrays for
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Fig. 6 Configuration of shortrange simulation.
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Fig. 7 Return losses of simulated
loop antennas.

Fig. 5 Calculated transmission coefficients where . (a) All port azimuths
are identical. (b) DEG-A. (c) DEG-B.

the identical port azimuth [17]. This result demonstrates
that port azimuth control is quite effective at improving the
OAM communication performance.
Since the Y-matrix values change by the distance between the arrays, the effects of the communication distance
on the transmissions were also estimated. Another combination for long-range OAM communication (DEG-B), explained in Sect. 3, was included. The dimensions of the loop
antenna arrays are identical. The combination of DEG-B is
as follows:
φe1 = φe5 = 0◦,
φe3 = φe7 = 96◦,

φe2 = φe6 = 60◦,
φe4 = φe8 = 121◦ .

(22)

The communication distances were varied, from 1 to 9 cm.
Figure 5 shows the calculated transmission, where the 3rd
port was stimulated at 5.85 GHz. The maximum transmission is always S73 , which corresponds to the signal. For the
arrays of the identical port azimuths, the second largest transmissions are S83 and S63 , up to 5 cm, as shown in Fig. 5(a).
These are undesired transmissions, and the dominant orders
(2nd and 4th ) for the 6th and 8th receiving antennas are adjacent to that (3rd ) of the transmitting antenna. However,
at the greater distance, the undesired transmission to the
smallest receiving antenna (S53 ) becomes the largest. This
can be explained by the fact that the smallest antenna effectively receives the 1st -order radiation mode generated by
the 1st -order current expansion coefficient, and the 1st -order
radiation mode expands the least. On the other hand, for
the combination of DEG-A, whereas S53 is almost identical,
undesired transmissions to the antenna of the adjacent orders
are drastically reduced, up to 9 cm, as shown in Fig. 5(b). As
a result, the combination of DEG-A is superior to that of the
identical azimuths, over which S53 becomes the largest for
that of the identical azimuths. For the combination of DEGB, whereas S83 and S63 are similar to that of the identical
azimuths, S53 is remarkably reduced, as shown in Fig. 5(c),
and the combination of DEG-B may be said to be more
suitable for distances greater than 5 cm.

Fig. 8 Simulated transmission characteristics where port azimuths are
DEG-A. (a) 1st port is stimulated. (b) 2nd port is stimulated. (c) 3rd port is
stimulated. And (d) 4th port is stimulated.

2.3

Simulated Performance for Short-Range OAM Communication

To verify that the combination of DEG-A is effective for
short-range OAM communication, characteristics were simulated with HFSSTM [22]. Figure 6 shows a simulated configuration. The distance between the transmitting and receiving array is 1 cm, and the conductor widths are fixed
at 0.4 mm. The obtained loop radii were 8.4, 16.5, 24.4
and 32.5 mm, respectively. The loop antenna arrays were
concentrically laid out on a 0.1-mm-thick FR-4 substrate
( r = 4.8, tan δ = 0.01). The port impedances are fixed
at 100 Ω, where the simulated return losses are better than
5.0 dB at 5.3 GHz, as shown in Fig. 7. Figure 8 shows the
simulated transmission for DEG-A. As is the case with the
numerical analysis, the transmissions between the transmitting and receiving antennas of the same radius are always the
maximum, and undesired transmissions to the receiving antennas of the adjacent order are sharply reduced around the
resonant frequency. As a result, the transmission isolation is
reduced to a maximum of 24.0 dB at 5.3 GHz.
2.4

Measured Performance for Short-Range OAM Communication

To verify the simulated results, antennas for the simulated
configuration were fabricated, as shown in Fig. 9. The distance between the arrays was 1 cm. Baluns are integrated
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Fig. 9 Fabricated loop antenna
array for short-range.

Fig. 10 Measured return loss of
DEG-A.

Fig. 12

Relation between EVM and isolation.

Fig. 13 Signal space diagrams of receiving 64-QAM signals at 5.35 GHz.
(a) At the 5th port. (b) At the 6th port.

Fig. 11 Measured transmission characteristics where port azimuths are
DEG-A. (a) 1st port is stimulated. (b) 2nd port is stimulated. (c) 3rd port is
stimulated. And (d) 4th port is stimulated.

for impedance transformation between the input impedances
of about 100 Ω and the port impedance of 50 Ω, where the
measured return losses are better than 10.9 dB at 5.3 GHz,
as shown in Fig. 10. Figure 11 shows the measured transmission. Undesired transmissions are also sharply reduced
around the resonant frequency. The measured transmission
isolation is more than 23.6 dB at 5.3 GHz, which is better by
9.2 dB than that reported in [17]. Thus, port azimuth control
is indeed effective for short-range OAM communication.
2.5

Measured Performance for Short-Range LOS-MIMO
Communication

Transmission isolation is considered the most important index of OAM communication performance, because it expresses the power ratio for the signal and interference. Nevertheless, it is not a direct performance index, such as the
signal-to-noise ratio (S/N) or the error-vector magnitude
(EVM). Thus, to examine the relations between transmission
isolation and EVM, characteristics for line-of-sight MIMO
(LOS-MIMO) communication were measured with a pair of
vector signal generators (N5172B) and a vector signal analyzer (MSOS804) from Keysight Technologies. The distance
between the arrays was 1 cm. Since only two input ports were
available, transmitting antennas 1 and 2 were connected to
the input ports, and receiving antennas 5 and 6 were connected to the analyzer. The other ports were terminated by
50 Ω. The symbol rate was 75M Symbols/s, and the roll-off

factor was 0.5. The modulation scheme was 64-QAM. No
MIMO signal processing was included. Figure 12 shows the
frequency characteristics for EVM and the isolation. The
transmission isolation is closely correlated with EVM, and
EVM becomes less than 3% where the transmission isolation is higher than 30 dB. Figure 13 shows the signal space
diagrams of the received 64-QAM signals. The signal constellations at 5.35 GHz are clearly discriminated for both
channels by virtue of the lower EVM. On the other hand,
the signal constellations were not discriminated at 5.6 GHz,
where the transmission isolation is around 20 dB.
3.
3.1

Assessment for Long-Range OAM Communication
Simulated Performance for Long-Range OAM Communication

Analysis with the perturbation method is not applied for
long-range OAM communication, as shown in Sect. 2.2. In
addition, as the paraboloids are utilized to collimate the expanding OAM wave, as shown in Fig. 14, analysis with the
generalized Z-matrices is also impossible. However, the aim
of the analysis was for undesired port currents to be suppressed, which can be estimated with a simulator. Thus,
by varying the combination of the port azimuths, undesired
port currents were repeatedly simulated for the configuration
shown in Fig. 14. The distance between the transmitting and
receiving array is 125 cm. The radius and the focal length
of the paraboloid are 30 cm and 21.5 cm, respectively. The
radius was smaller than the radius used for measurement
shown below because of the limit of the available memory
size. To confirm the potential, the transmission isolation was
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Fig. 14 Configuration of longrange simulation.

Fig. 15 Return losses of simulated loop antennas.
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Fig. 17 (a) Configuration for multi-path. (b) Time domain waveform for
multi-path.

Fig. 18 Fabricated loop antenna
array for long range.

Fig. 19 Measured return loss
for DEG-B.

Fig. 16 Simulated transmission characteristics where port azimuths are
DEG-B. (a) 1st port is stimulated. (b) 2nd port is stimulated. (c) 3rd port is
stimulated. (d) 4th port is stimulated.

estimated. The arrays are located in the focal plane. The loop
radii, conductor radii, and the substrate for the antennas are
identical to those for the short-range OAM communication,
shown in Sect. 2.3. The obtained combination of the port
azimuths, defined as DEG-B, is as follows:
φe1 = φe5 = 0◦,
φe3 = φe7 = 96◦,

φe2 = φe6 = 60◦,
φe4 = φe8 = 121◦ .

(23)

The simulated return losses were better than 5.5 dB at
5.3 GHz, as shown in Fig. 15. Figure 16 shows the simulated transmission characteristics for DEG-B. The transmissions between the antennas of the same radii are the maximum around 5.3 GHz. The transmission S84 is the smallest,
where the transmission is mediated by the highest 4th -order
mode fields for the magnetic quantum number. This can
be explained by the diffraction characteristics for the mode
order [17]. Undesired transmissions were reduced and the
transmission isolation was better than 15.7 dB at 5.3 GHz.
3.2

Measured Performance for Long-Range OAM Communication

When we first measured the transmission for a long range,
remarkably jagged frequency characteristics were observed.
Since interference by multiple paths was a concern, timedomain measurements were implemented. Figure 17 shows
the schematic configuration and the measured time-domain
transmission characteristics. Three peaks were confirmed.
By examining the relation between the distance and the delays, these peaks were identified to correspond to paths A,

Fig. 20 Measured transmission characteristics where port azimuths are
DEG-B. (a) 1st port is stimulated. (b) 2nd port is stimulated. (c) 3rd port is
stimulated. (d) 4th port is stimulated.

B1 , B2 and C, as shown in the figure. Since the paraboloids
are used for collimating the radiated fields, path C is the
desired path. Thus, time-gating was implemented to extract
the transmission from 11 to 18 ns to extract only the data for
path C.
The arrays of the simulated configuration were fabricated as shown in Fig. 18. The measured return losses were
better than 10.0 dB at 5.3 GHz, as shown in Fig. 19. The
distance between the transmitting and receiving arrays was
125 cm. The radius and the focal length of the paraboloid
were 60 and 43 cm, respectively. The arrays are located in the
focal plane, and the paraboloids and the arrays were carefully
aligned with a laser for the central axes to coincide. Figure 20
shows the measured transmission characteristics. Undesired
transmissions were reduced around the point where the return losses were good. The measured isolation was more
than 12.0 dB at 5.3 GHz and improved by 4.2 dB compared
with identical port azimuths [17].

IEICE TRANS. COMMUN., VOL.E102–B, NO.12 DECEMBER 2019

2274

4.

Conclusion

Performance of OAM communication with circular loop antennas was drastically improved by exploiting the port azimuth effect in the 5-GHz band. The received signal and
interference power were analytically derived with the generalized Z-matrices and the perturbation method for shortrange OAM communication. With numerical calculation of
the obtained formulas, the interference power was shown to
be markedly suppressed by selecting the proper combination
of port azimuths. The mechanism behind the suppressed
interference power was also explained. For the obtained port
azimuth combination, the simulated and measured transmission isolations at 1 cm were better than 24.0 and 23.6 dB
at 5.3 GHz, respectively. Furthermore, to estimate performance in 2 × 2 MIMO communication, constellations for
64-QAM were estimated. Measured EVMs were less than
3%, where signals were clearly discriminated without any
signal processing. For long-range OAM communication using paraboloids, the optimum port azimuth combination was
estimated by monitoring the current distribution. The obtained combination of port azimuths yielded, for the array
separation of 125 cm, simulated and measured transmission
isolations of better than 15.7 and 12.0 dB at 5.3 GHz, respectively. The measured isolation for short and long ranges
were improved by 9.2 and 4.2 dB, compared with the data
for the combination of the identical port azimuth.
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