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Abstract – In this paper, a planar millimeter wave radar
array antenna with flat-top pattern is proposed for wide
detection angle. Firstly, the Chebyshev synthesis method
is used to design the linear array with high gain and low
sidelobe pattern which works in the 24 GHz frequency
band. The maximum gain of the linear array is roughly
15 dBi, and the main-sidelobe ratio is close to 20 dB.
By setting the excitations and phases distribution of the
planar array feeding network, a 5×4 antenna array with a
flat-top pattern is obtained. The simulated and measured
results show that the radar antenna array has a wide half-
power beamwidth of 88 degrees, which can ensure that
the automotive radar has a longer detection range and a
larger monitoring angle.

Index Terms –Chebyshev synthesis method, flat-top pat-
tern, low sidelobe, millimeter wave radar antenna.

I. INTRODUCTION

Millimeter wave radar array antennas play an impor-
tant role in unmanned driving and automobile colli-
sion avoidance radar systems due to their short wave-
length, low sidelobe, high gain and other advantages.
The 24 GHz vehicle-mounted radar can be used to detect
obstacles around the vehicle and the driving environment

in front. In order to meet the needs of speed, distance and
angle measurement, the vehicle-mounted radar has cer-
tain requirements for the designed antenna. Firstly, the
antenna needs to have higher gain in order to obtain a
greater detection distance. Secondly, the antenna needs
to have a suitable beamwidth in order to avoid interfer-
ence from vehicles in other lanes, and at the same time,
the antenna also needs to meet the characteristics of low
sidelobes [1, 2].

The design of antenna array is one of the main meth-
ods to improve the performance of the antenna [3, 4]. For
instance, we can use optimization algorithms to design a
shaped radiation pattern of the antenna array according
to a specific application scenario [5–7], which quickly
can save time and effort. Different array synthesis meth-
ods can also be used to achieve the goal [1, 8–10].
For example, antenna arrays with a sector beam pat-
tern are designed on the premise of maintaining con-
trollable excitation amplitude and phase according to the
Woodward-Lawson array synthesis method [8]. The Tay-
lor synthesis method [9] and the Chebyshev synthesis
method [1, 10] are used to design antenna arrays with
low sidelobes and high gain patterns. C. Wang, Y. Chen
and S. Yang propose a planar antenna array with flat-top
and sharp cut-off radiation patterns and the half-power
beamwidth (HPBW) of the array in both the H-plane and
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E-plane exceeds 45◦, but its gain is low [11]. R. Chopra
and G. Kumar design a 9×9 high-gain planar antenna
array by using two different feeding methods at the linear
arrays’ edges of the E-plane and H-plane, which are U-
series and angular feeding, respectively [12]. The cross-
polarization of the array is low, but its beamwidth is nar-
row. The performance of these antennas cannot meet the
application requirements of millimeter wave automotive
radar antennas perfectly.

In this paper, a millimeter wave radar antenna array
with high gain, low sidelobe and wide beam is designed
according to the application requirements of 24 GHz
vehicle radars. The antenna array structures are designed
and described in Section II, and the simulated and mea-
sured results are shown in Section III. Finally, the con-
clusion is given at the last section.

II. ANTENNA DESIGN
A. Design of series-fed antenna

The microstrip patch antenna is a commonly used
radar antenna structure, which has the advantages of
efficient processing, small size, and a flexible structure.
However, the gain of a single microstrip antenna is rela-
tively low, only 6 dBi-8 dBi [1, 2]. Therefore, we arrange
the single microstrip antennas in a certain way to form a
five-element series-fed linear array, and use MATLAB
to obtain the current amplitude when N = 5 and side-
lobe level (SLL) = 20 dB according to the Chebyshev
synthesis method. The current amplitude is shown in
Table 1.

The center frequency f 0 of the series-fed antenna
designed in this paper is 24 GHz, and we use Rogers
5880 dielectric substrate with a dielectric constant of 2.2,
a loss tangent of 0.0009, and a thickness of 0.508 mm,
which is one of the commonly used radio frequency
and microwave circuit boards, with high coverage fre-
quency and low loss. Since the current amplitude value is
related to the impedance of the patch, and the impedance
changes with the change of the patch size, we can change
the current amplitude value by adjusting the size of the
patch to make it meet our expectations. As adjacent
patches are coupled with each other and then change the
amplitude and phase of each other’s currents, it is nec-
essary to optimize the parameters by using the simula-
tion software HFSS to determine the optimal size of each
patch. In addition, as the width of the patch changes, the
length of the feeder connecting the microstrip patch also
needs to be optimized to ensure that the distance between
adjacent patches is approximately λg (λg is the guided
wavelength at f 0), so that the array elements are in phase
to achieve edge-fire characteristics.

The model of the series-fed linear array is shown
in Fig. 1. The main feeder of the antenna (0.5 mm line
width) and the 50-ohm port feeder (1.5 mm line width)

Fig. 1. The structure of the series-fed five-element patch
linear array.

Table 1: Current amplitude coefficient calculated by
Chebyshev synthesis method
Element Number Coefficient

Lowercase
Normalized
Coefficient

1 1 0.5176
2 1.6085 0.8326
3 1.9319 1
4 1.6085 0.8326
5 1 0.5176

Table 2: Values of the patches parameters
Patch Number WA(mm) LA(mm) LT(mm)

1 2.2 4.1 4.6
2 4.1 3.9 4.7
3 5.1 4.1 4.5
4 4 4 4.6
5 2.2 3.7 4.5

are transitioned using a gradual structure to achieve
good impedance matching, where L1 = 2 mm, L2 =
2.5 mm, and other optimized parameter values are shown
in Table 2.

B. Design of the planar array antenna

Based on the series-fed linear array designed by
the Chebyshev synthesis method, we designed a mil-
limeter wave radar antenna array with a wider beam
to identify and track multiple targets at the same time.
A 5×4 area array is simulated and the model structure
and physical figure are shown in Figs. 2 and 3, respec-
tively. D=6.25 mm, which is 0.5λ0 (λ0 is the free space
wavelength at f 0). Furthermore, by using a deep learn-
ing parameter optimization algorithm, the excitations
and phases distribution of the feeding network when
N = 4, HPBW >80◦ are obtained quickly, as shown
in Table 3. The feeding network is composed of cas-
caded multi-level T-type networks, the first-level T-type
power distribution network is an equal power distribution
network, and the one-to-four power distribution feeding
network realizes the power distribution ratio and phase
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Fig. 2. The structure of the 5×4 planar array antenna.

Fig. 3. The fabricated planar array antenna photograph.

difference that meet the requirements of the flat-top pat-
tern. The simulated results are shown in Figs. 4 and 5,
respectively.

Fig. 4. The simulated power distribution ratio of the feed-
ing network.

Fig. 5. The simulated phase difference of the feeding net-
work.

Table 3: Distributions of excitations and phases
Port Number Optimized

Excitations
Excitations of
Feeding Network

1 1∠0 1∠0
2 2∠−102 1.99∠−103.78
3 2∠−102 1.99∠−103.78
4 1∠0 1∠0

III. RESULTS
A. Results of series-fed antenna

The simulated reflection coefficients and radiation
patterns results of the series-fed linear array are shown
in Figs. 6 and 7, respectively. Its working bandwidth
is 23.983-24.36 GHz, so the absolute bandwidth is
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0.377 GHz, and the relative bandwidth is 1.57%. The
maximum gain of the E-plane pattern is about 15 dBi,
and the SLL is nearly 20 dB. The microstrip antenna unit
forms a series-fed array only in the X direction. There-
fore, compared with the patterns of a single rectangular
microstrip patch antenna [1, 2], the SLL and beamwidth
of the E-plane (XOZ plane) are significantly reduced,
while the SLL and beam width of the H plane pattern
(YOZ plane) are almost unchanged.

Fig. 6. The simulated reflection coefficients of the series-
fed five-element patch linear array.

Fig. 7. The simulated radiation patterns of the series-fed
five-element patch linear array.

B. Results of the planar array antenna

Figure 8 shows the simulated and measured S-
parameters of the radar antenna array. Its bandwidth
covers the working frequency band of a 24 GHz vehi-
cle radar (24-24.25 GHz), and the return loss is greater

Fig. 8. The simulated and measured reflection coeffi-
cients of the planar array antenna.

than 10 dB within the required bandwidth. The anechoic
chamber can be used to test the antenna patterns in the
low frequency band [13]. In this paper, the near-field
anechoic chamber test method is used to test them. The
comparison between the simulated and measured radi-
ation patterns are shown in Figs. 9 and 10. The maxi-
mum gain is roughly 12.7 dBi, and the SLL of the E-
plane pattern is close to 13 dB. Furthermore, the HPBW
of the H-plane is approximately 88 degrees, the SLL is
greater than 17 dB, the average gain is about 12.3 dBi,
and the fluctuation range is less than ±0.5 dB in the
beam range from −25◦ to +25◦. Compared with the uni-
formly excited array, the antenna array has a lower max-
imum gain, which is a compromise between the gain and
beamwidth [14]. There are some errors between all the

Fig. 9. The simulated and measured E-plane of the planar
array antenna.
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Fig. 10. The simulated and measured H-plane of the pla-
nar array antenna.

measured and simulated results, which may be caused
by the actual plate loss and machining accuracy, but the
trend of the two is the same, and the measured results are
fundamentally consistent with the simulation results.

IV. CONCLUSION

In this paper, a millimeter wave radar antenna array
with the flat-top pattern is designed for the application
requirements of 24 GHz vehicle radars. The Chebyshev
synthesis method is used to design the series-fed lin-
ear array, and the appropriate excitation and phase dis-
tribution of the array elements are obtained by using
a deep learning parameter optimization algorithm. The
radar antenna array bandwidth covers the working fre-
quency (24-24.25 GHz) band of a 24 GHz vehicle radar,
the maximum gain is roughly 12.7 dBi, and the SLL of
the E-plane pattern is nearly 13 dB. The HPBW of the
H-plane is approximately 88 degrees, and the average
gain is about 12.3 dBi and the fluctuation range is less
than ±0.5 dB in the beam range of −25◦ to +25◦, and
the SLL is greater than 17 dB. In summary, the radar
antenna array has high gain, appropriate lobe width, and
at the same time satisfies the characteristics of low side-
lobes, so it has a good performance.
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Optimal Antenna Pattern Design for the Instantaneous MIMO Channel
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Abstract – Due to the rapid attenuation of the mil-
limeter wave, it is necessary to use very large-scale
antenna arrays in millimeter wave communications to
get ultra-high directivity which improves the transmis-
sion distance and the signal-to-noise ratio. Considering
the cost of large-scale RF links, analog beamforming
plays an important role in large-scale MIMO commu-
nications. This paper discusses the calculation method
of the antenna pattern that best matches the instanta-
neous MIMO channel in analog beamforming. By giv-
ing piecewise modeling on the antenna pattern, singular
value decomposition and the water-filling algorithm are
used to obtain the antenna pattern and the power distri-
bution among antennas. The optimal antenna pattern can
provide the target pattern for antenna synthesis to get the
maximum capacity. The simulation results show that the
method is effective.

Index Terms – maximum capacity, MIMO, optimal
antenna pattern, spatial cluster model.

I. INTRODUCTION

With commercial use of the 5th generation mobile
communication technology and the layout of 6th genera-
tion mobile communication technology, the communica-
tion system is developing toward ultra-large bandwidth
and ultra-low delay. Ultra-large-scale antenna technol-
ogy and millimeter wave communication have received
extensive attention [1-4]. Due to the rapid attenuation of
the millimeter wave, beamforming technology of very
large-scale antenna arrays is proposed [5]. Considering
the high cost of large-scale RF links, analog beamform-
ing plays an important role in large-scale MIMO com-
munications. Analog beamforming based on the statisti-
cal channel model has been used to guide antenna design
[6-8]. There is also hybrid beamforming based on new
antenna structures [9], including hybrid beamforming on
smart antennas [10], reconfigurable intelligent surface
antennas [11, 12], and holographic antennas [13, 14].

However, the above methods use models in which
the antenna parameters are included in the performance
measurement of the communication system. The antenna
design parameters are obtained first through optimization

algorithms and then the antenna pattern is obtained indi-
rectly. All these methods require the designers to have
knowledge both in antenna and communication fields,
and different antenna structures need to be remodeled
and reanalyzed, and the algorithm complexity is high.

Due to the cluster sparsity of millimeter wave chan-
nels, the complexity of beamforming methods using
the deterministic and semi-deterministic spatial cluster
channel model is reduced. In this paper, for the instan-
taneous MIMO channel which is modeled by the spatial
cluster channel model, the antenna pattern best match-
ing the wireless propagation environment is directly
obtained. Without the antenna parameters involved, only
the piecewise modeling and power constraints of the
antenna pattern are carried out. The closed-form of the
optimal antenna pattern can be obtained by using singu-
lar value decomposition. The optimal pattern can be used
as the target pattern in antenna synthesis methods, such
as the genetic algorithm [15], particle swarm optimiza-
tion algorithm [16, 17], and other intelligence algorithms
[18, 19], to further obtain the antenna parameters.

Antenna mutual coupling is a very important param-
eter that will greatly affect the performance of a tight
array. There is literature on how to reduce mutual cou-
pling in MIMO systems [20, 21]. In this paper, the
antenna spacing is set to half wavelength, when the effect
of mutual coupling is small. To focus on the optimal pat-
tern design, the mutual coupling is not considered in this
paper. It will be considered in further work.

II. OPTIMAL ANTENNA DESIGN OF
MIMO-SU

TR 38.901 [22] studies a channel model for frequen-
cies from 0.5 to 100 GHz in the fifth generation mobile
communication system. It is widely used in the research
in the communication field. According to the channel
description in 3GPP TR 38.901 [22], the antenna radi-
ation characteristic is an important factor of the wire-
less channel. The antenna radiation characteristic and the
wireless propagation environment jointly determine the
wireless channel [23]. If the wireless propagation envi-
ronment is full rank, such as a rich multi-path environ-
ment, the rank loss of the antenna radiation characteristic
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will lead to rank loss of the transmission channel, which
will result in the reduction of the multiplexing gain. On
the contrary, a suitable antenna radiation characteristic
not only ensures the full rank of the transmission chan-
nel but also has a good condition number in terms of
diversity gain and multiplexing gain [24]. Therefore, it
is valuable to find out the most suitable antenna pattern
for the wireless propagation environment.

A. System model

3GPP TR 38.901 is the specification that studies on
channel model for frequencies from 0.5 to 100 GHz use,
in which the channel is modeled as some spatial clusters.
The channel coefficients without polarization in consid-
eration are given by (1) when the transmitting antenna
array and receiving antenna array are both linear arrays,
and both aligned with the x-axis, as shown in Fig. 1.

Fig. 1. Channel with 3 clusters.

Hm,k =∑N
n=1 ( hn f rm (AoAn,ZoAn)∗ f tk (AoDn,ZoDn)

∗ e j(m−1)∗κdr∗cos(AoAn) cos(ZoAn)

∗ e j(k−1)∗κdt∗cos(AoDn) cos(ZoDn) ), (1. a)
αn = κdr ∗ cos(AoAn) ∗cos(ZoAn), (1. b)
βn = κdt ∗ cos(AoDn) ∗cos(ZoDn). (1. c)

The channel coefficients can be written in matrix
form (2), which is shown at the bottom of this page,
where K and M are the numbers of transmitting and
receiving antennas and N is the number of clusters. αn
is the phase difference caused by the nth cluster on

two adjacent receiving antennas, βn is the phase differ-
ence caused by the nth cluster on two adjacent transmit-
ting antennas. ftk (θ ,ϕ) is the kth Tx antenna pattern.
frm (θ ,ϕ) is the mth Rx antenna pattern. H̃M×N shows
the joint effect of the wireless propagation environment
and the receiving antenna on the channel. FN×K shows
the effect of the directivity of the transmission antenna
on the channel.

Assuming that the receiving antenna is omnidirec-
tional, the numbers of transmitting and receiving anten-
nas are both 2, the antenna spacing is half a wavelength,
and the propagation environment has 3 clusters as shown
in Fig. 1, then the channel matrix H is given by (3), which
is shown on the next page.

B. Problem formulation

The capacity for MIMO channels is given by (4),
[25].

C=log2det(IM+
P
σ2

HM×K∗Rss∗HM×K
H)

=log2det(IM+
P
σ2

H̃M×N∗FN×K∗Rss∗FH
K×N∗H̃H

N×M),

(4. a)

Rss=

⎡
⎢⎣

p1 . . . 0
...
. . .

...
0 . . . pK

⎤
⎥⎦ , (4. b)

where Rss is the covariance matrix of the transmission
data streams, representing the transmission power distri-
bution. The normalized pk satisfies,

∑k pk= 1, (5)
the optimal antenna pattern can be obtained by the fol-
lowing optimization problem,

maximize
(F, Rss)

C , (6. a)

subject to
Tr (Rss)= 1. (6. b)

To solve the above problem, the power constraint of
Rss is not enough, the constraint about the antenna pat-
tern matrix F is needed too. The antenna pattern matrix
F needs to be modeled first.

HM×K=

⎡
⎢⎢⎢⎣

h1 fr1 (AoA1,ZoA1)
h1 fr2 (AoA1,ZoA1)e jα1

h2 fr1 (AoA2,ZoA2)
h2 fr2 (AoA2,ZoA2)e jα2

· · ·
· · ·

hN fr1 (AoAN ,ZoAN)
hN fr2 (AoAN ,ZoAN)e jαN

...
...

. . .
...

h1 frM (AoA1,ZoA1)e j(M−1)α1 h2 frM (AoA2,ZoA2)e j(M−1)α2 · · · hN frM (AoAN ,ZoAN)e j(M−1)αN

⎤
⎥⎥⎥⎦∗

⎡
⎢⎢⎢⎢⎣

ft1 (AoD1,ZoD1)
ft1 (AoD2,ZoD2)

ft2 (AoD1,ZoD1)e jβ1

ft2 (AoD2,ZoD2)e jβ2
· · ·
· · ·

ftK (AoD1,ZoD1)e j(K−1)β1
ftK (AoD2,ZoD2)e j(K−1)β2

...
...

. . .
...

ft1 (AoDN ,ZoDN) ft2 (AoDN ,ZoDN)e jβN · · · ftK (AoDN ,ZoDN)e j(K−1)βN

⎤
⎥⎥⎥⎥⎦=H̃M×N ∗FN×K , (2)
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H2×2=
[

h1 h2 h3
h1e jπ∗cos(AoA1) ∗cos(ZoA1) h2e jπ∗cos(AoA2) ∗cos(ZoA2) h3e jπ∗cos(AoA3) ∗cos(ZoA3)

]
∗

⎡
⎣ ft1 (AoD1,ZoD1) ft2 (AoD1,ZoD1)e jπ∗cos(AoD1) ∗cos(ZoD1)

ft1 (AoD2,ZoD2) ft2 (AoD2,ZoD2)e jπ∗cos(AoD2) ∗cos(ZoD2)

ft1 (AoD3,ZoD3) ft2 (AoD3,ZoD3)e jπ∗cos(AoD3) ∗cos(ZoD3)

⎤
⎦ . (3)

C. Piecewise modeling and constraints on antenna
patterns

To solve the above problem, the antenna pattern is
piecewise modeled. A sphere can be divided into equal
S parts, in each part, radiation characteristics, such as
the electric field, are equal. The description in two-
dimensional space is shown in Fig. 2, where the solid
line represents the actual pattern, and the dotted line rep-
resents the piecewise pattern. To ensure equal power, the
integration of the dotted line and solid line are equal.
The difference between them will be smaller with the
increase of S.

Fig. 2. Piecewise model on antenna pattern.

With the piecewise model, the power constraint is
given by (7)

4πr2

S ∑s Ws=P, (7)
whereWs is the power flow density. Therefore, the sum of
Wn representing the antenna radiation power flow density
at the angle where the nth cluster is located is given by
(8)

∑n Wn≤ P
4πr2

∗S, (8)
more precisely,

∑n Wsn=
P
4πr2

∗S∗γ, (9)

where γ is the ratio of the sum of the power in the angle
of the channel clusters to the total power, which depends

on the ability of the antenna to depress the beam at an
uninterest angle.

In (1), the distance attenuation factor 1
4πr2 has been

included in hn as the path loss factor, and P has been
picked in the capacity expression of (4.a), so the power
constraint of F is given by (10),

∑n | ftm (AoDn,ZoDn)|2=S∗γ≤S, (10)
here, the beam convergence factor is defined as (11)

ρ=S∗γ, (11)
which represents the ability of the antenna to converge
beams in the spatial clusters of interest, and is affected
by actual antenna parameters. In the subsequent calcu-
lation, the beam convergence factor is given as known.
The calculation results below show that the beam con-
vergence factor does not change the shape of the pattern,
but only affects the power distribution in Rss.

D. Problem solving

After the constraint shown in (10), (6) is rewritten
by (12),

maximize
(F, Rss)

log2det(IM+
P
σ2

H̃M×N∗FN×K∗Rss

∗FH
K×N∗H̃H

N×M), (12.a)
subject to

Tr (Rss)= 1, (12.b)

∑n | ftm (AoDn,ZoDn)|2=S∗γ, for m= 1, . . .,M, (12.c)

Under the constraint in F, FN×K∗Rss∗FH
K×N is a

symmetric positive definite matrix. Therefore, the opti-
mal solution of F is the right singular matrix of H̃M×N
[25] and Rss can be obtained by the water-filling algo-
rithm [25].

The singular value matrix is a unitary matrix, and
any two columns of it are orthogonal. Therefore, the pat-
terns of different transmitting antennas are orthogonal to
each other in the clusters’ direction. Meanwhile, in order
to ensure a higher signal-to-noise ratio at the receiver, the
beam convergence factor should be greater, that means
the smaller the gain in the angles except the spatial clus-
ters’ direction, the better.

III. OPTIMAL ANTENNA DESIGN OF
MIMO-MU

In the MIMO-MU channel, shown in Fig. 3, the
wireless propagation environment matrix for user 1 and
user 2 are given by (13) and (14). F matrix for user 1 and
user 2 are given by (15) and (16).



1195 ACES JOURNAL, Vol. 37, No. 12, December 2022

H̃user1
2×3 =

[
h11 h12 h13

h11e
jπ∗cos(AoA11) ∗cos(ZoA11) h12e

jπ∗cos(AoA12) ∗cos(ZoA12) h13e
jπ∗cos(AoA13) ∗cos(ZoA13)

]
, (13)

H̃user2
2×3 =

[
h21 h22 h23

h21e
jπ∗cos(AoA21) ∗cos(ZoA11) h22e

jπ∗cos(AoA22) ∗cos(ZoA22) h13e
jπ∗cos(AoA23) ∗cos(ZoA23)

]
, (14)

Fuser1
3×4

=

⎡
⎢⎢⎢⎣

ft1
(
AoD1

1,ZoD1
1
)

ft2
(
AoD1

1,ZoD1
1
)

e jπ∗cos
(

AoD11

)
∗cos

(
ZoD11

)

ft1
(
AoD1

2,ZoD1
2
)

ft2
(
AoD1

2,ZoD1
2
)

e jπ∗cos
(

AoD12

)
∗cos

(
ZoD12

)

ft1
(
AoD1

3,ZoD1
3
)

ft2
(
AoD1

3,ZoD1
3
)

e jπ∗cos
(

AoD13

)
∗cos

(
ZoD13

)
ft3
(
AoD1

1,ZoD1
1
)

e j2π∗cos
(

AoD11

)
∗cos

(
ZoD11

)
ft4
(
AoD1

1,ZoD1
1
)

e j3π∗cos
(

AoD11

)
∗cos

(
ZoD11

)

ft3
(
AoD1

2,ZoD1
2
)

e j2π∗cos
(

AoD12

)
∗cos

(
ZoD12

)
ft4
(
AoD1

2,ZoD1
2
)

e j3π∗cos
(

AoD12

)
∗cos

(
ZoD12

)

ft3
(
AoD1

3,ZoD1
3
)

e j2π∗cos
(

AoD13

)
∗cos

(
ZoD13

)
ft4
(
AoD1

3,ZoD1
3
)

e j3π∗cos
(

AoD13

)
∗cos

(
ZoD13

)

⎤
⎥⎥⎥⎦
(15)

Fuser2
3×4

=

⎡
⎢⎢⎢⎣

ft1
(
AoD2

1,ZoD2
1
)

ft2
(
AoD2

1,ZoD2
1
)

e jπ∗cos
(

AoD21

)
∗cos

(
ZoD21

)

ft1
(
AoD2

2,ZoD2
2
)

ft2
(
AoD2

2,ZoD2
2
)

e jπ∗cos
(

AoD22

)
∗cos

(
ZoD22

)

ft1
(
AoD2

3,ZoD2
3
)

ft2
(
AoD2

3,ZoD2
3
)

e jπ∗cos
(

AoD23

)
∗cos

(
ZoD23

)
ft3
(
AoD2

1,ZoD2
1
)

e j2π∗cos
(

AoD21

)
∗cos

(
ZoD21

)
ft4
(
AoD2

1,ZoD2
1
)

e j3π∗cos
(

AoD21

)
∗cos

(
ZoD21

)

ft3
(
AoD2

2,ZoD2
2
)

e j2π∗cos
(

AoD22

)
∗cos

(
ZoD22

)
ft4
(
AoD2

2,ZoD2
2
)

e j3π∗cos
(

AoD22

)
∗cos

(
ZoD22

)

ft3
(
AoD2

3,ZoD2
3
)

e j2π∗cos
(

AoD23

)
∗cos

(
ZoD23

)
ft4
(
AoD2

3,ZoD2
3
)

e j3π∗cos
(

AoD23

)
∗cos

(
ZoD23

)

⎤
⎥⎥⎥⎦
(16)

F6×4 =

[
Fuser1
3×4

Fuser2
3×4

]

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ft1
(
AoD1

1,ZoD1
1
)

ft2
(
AoD1

1,ZoD1
1
)

e jπ∗cos
(

AoD11

)
∗cos

(
ZoD11

)

ft1
(
AoD1

2,ZoD1
2
)

ft2
(
AoD1

2,ZoD1
2
)

e jπ∗cos
(

AoD12

)
∗cos

(
ZoD12

)

ft1
(
AoD1

3,ZoD1
3
)

ft2
(
AoD1

3,ZoD1
3
)

e jπ∗cos
(

AoD13

)
∗cos

(
ZoD13

)
ft3
(
AoD1

1,ZoD1
1
)

e j2π∗cos
(

AoD11

)
∗cos

(
ZoD11

)
ft4
(
AoD1

1,ZoD1
1
)

e j3π∗cos
(

AoD11

)
∗cos

(
ZoD11

)

ft3
(
AoD1

2,ZoD1
2
)

e j2π∗cos
(

AoD12

)
∗cos

(
ZoD12

)
ft4
(
AoD1

2,ZoD1
2
)

e j3π∗cos
(

AoD12

)
∗cos

(
ZoD12

)

ft3
(
AoD1

3,ZoD1
3
)

e j2π∗cos
(

AoD13

)
∗cos

(
ZoD13

)
ft4
(
AoD1

3,ZoD1
3
)

e j3π∗cos
(

AoD13

)
∗cos

(
ZoD13

)

ft1
(
AoD2

1,ZoD2
1
)

ft2
(
AoD2

1,ZoD2
1
)

e jπ∗cos
(

AoD21

)
∗cos

(
ZoD21

)

ft1
(
AoD2

2,ZoD2
2
)

ft2
(
AoD2

2,ZoD2
2
)

e jπ∗cos
(

AoD22

)
∗cos

(
ZoD22

)

ft1
(
AoD2

3,ZoD2
3
)

ft2
(
AoD2

3,ZoD2
3
)

e jπ∗cos
(

AoD23

)
∗cos

(
ZoD23

)
ft3
(
AoD2

1,ZoD2
1
)

e j2π∗cos
(

AoD21

)
∗cos

(
ZoD21

)
ft4
(
AoD2

1,ZoD2
1
)

e j3π∗cos
(

AoD21

)
∗cos

(
ZoD21

)

ft3
(
AoD2

2,ZoD2
2
)

e j2π∗cos
(

AoD22

)
∗cos

(
ZoD22

)
ft4
(
AoD2

2,ZoD2
2
)

e j3π∗cos
(

AoD22

)
∗cos

(
ZoD22

)

ft3
(
AoD2

3,ZoD2
3
)

e j2π∗cos
(

AoD23

)
∗cos

(
ZoD23

)
ft4
(
AoD2

3,ZoD2
3
)

e j3π∗cos
(

AoD23

)
∗cos

(
ZoD23

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(17)

H̃1
2×6 =

[
H̃user1
2×3 0

]
=

[
h11 h12 h13

h11e
jπ∗cos(AoA11) ∗cos(ZoA11) h12e

jπ∗cos(AoA12) ∗cos(ZoA12) h13e
jπ∗cos(AoA13) ∗cos(ZoA13)

0 0 0
0 0 0

]
, (18)

H̃2
2×6 =

[
0 H̃user2

2×3
]
=

[
0 0 0
0 0 0

h21 h22 h23
h21e

jπ∗cos(AoA21) ∗cos(ZoA11) h22e
jπ∗cos(AoA22) ∗cos(ZoA22) h13e

jπ∗cos(AoA23) ∗cos(ZoA23)

]
, (19)

H4×4 =

[
H̃1
2×6

H̃2
2×6

]
∗
[

Fuser1
3×4

Fuser2
3×4

]
= H̃4×6 ∗F6×4

=

⎡
⎢⎢⎢⎢⎣

h11 h12 h13 0 0 0

h11e
jπ∗cos(AoA11) ∗cos(ZoA11) h12e

jπ∗cos(AoA12) ∗cos(ZoA12) h13e
jπ∗cos(AoA13) ∗cos(ZoA13) 0 0 0

0 0 0 h13 h22 h22
0 0 0 h13e

jπ∗cos(AoA13) ∗cos(ZoA13) h22e
jπ∗cos(AoA22) ∗cos(ZoA22) h22e

jπ∗cos(AoA22) ∗cos(ZoA22)

⎤
⎥⎥⎥⎥⎦

∗

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ft1
(
AoD1

1,ZoD1
1
)

ft2
(
AoD1

1,ZoD1
1
)

e jπ∗cos
(

AoD11

)
∗cos

(
ZoD11

)
ft3
(
AoD1

1,ZoD1
1
)

e j2π∗cos
(

AoD11

)
∗cos

(
ZoD11

)
ft4
(
AoD1

1,ZoD1
1
)

e j3π∗cos
(

AoD11

)
∗cos

(
ZoD11

)

ft1
(
AoD1

2,ZoD1
2
)

ft2
(
AoD1

2,ZoD1
2
)

e jπ∗cos
(

AoD12

)
∗cos

(
ZoD12

)
ft3
(
AoD1

2,ZoD1
2
)

e j2π∗cos
(

AoD12

)
∗cos

(
ZoD12

)
ft4
(
AoD1

2,ZoD1
2
)

e j3π∗cos
(

AoD12

)
∗cos

(
ZoD12

)

ft1
(
AoD1

3,ZoD1
3
)

ft2
(
AoD1

3,ZoD1
3
)

e jπ∗cos
(

AoD13

)
∗cos

(
ZoD13

)
ft3
(
AoD1

3,ZoD1
3
)

e j2π∗cos
(

AoD13

)
∗cos

(
ZoD13

)
ft4
(
AoD1

3,ZoD1
3
)

e j3π∗cos
(

AoD13

)
∗cos

(
ZoD13

)

ft1
(
AoD2

1,ZoD2
1
)

ft2
(
AoD2

1,ZoD2
1
)

e jπ∗cos
(

AoD21

)
∗cos

(
ZoD21

)
ft3
(
AoD2

1,ZoD2
1
)

e j2π∗cos
(

AoD21

)
∗cos

(
ZoD21

)
ft4
(
AoD2

1,ZoD2
1
)

e j3π∗cos
(

AoD21

)
∗cos

(
ZoD21

)

ft1
(
AoD2

2,ZoD2
2
)

ft2
(
AoD2

2,ZoD2
2
)

e jπ∗cos
(

AoD22

)
∗cos

(
ZoD22

)
ft3
(
AoD2

2,ZoD2
2
)

e j2π∗cos
(

AoD22

)
∗cos

(
ZoD22

)
ft4
(
AoD2

2,ZoD2
2
)

e j3π∗cos
(

AoD22

)
∗cos

(
ZoD22

)

ft1
(
AoD2

3,ZoD2
3
)

ft2
(
AoD2

3,ZoD2
3
)

e jπ∗cos
(

AoD23

)
∗cos

(
ZoD23

)
ft3
(
AoD2

3,ZoD2
3
)

e j2π∗cos
(

AoD23

)
∗cos

(
ZoD23

)
ft4
(
AoD2

3,ZoD2
3
)

e j3π∗cos
(

AoD23

)
∗cos

(
ZoD23

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(20)

where hu
n is the gain of nth cluster for the uth user. AoAu

n,
ZoAu

n, AoDu
n and ZoDu

n are the angles of the nth cluster
for the uth user. Rewrite F as (17), rewrite H̃user1

2×3 as H̃1
2×6

shown as (18), rewrite H̃user2
2×3 as H̃2

2×6 shown as (19). The
channel coefficients matrix between 4 receiving anten-

nas and 4 transmitting antennas for MIMO-MU is given
by (20).

Therefore, the capacity for MIMO-MU is given by
(21),

C=log2det(I4+
P
σ2

H̃4×6∗F6×4∗Rss∗FH
4×6∗H̃H

6×4) . (21)
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Fig. 3. Channel with two users.

Using the same solution in subsection D, the optimal
patterns of F is the right singular matrix of H̃4×6, and Rss
can be obtained by the water-filling algorithm.

Because H̃4×6 is block matrix, the optimal F is block
matrix too, which is given by (22),

F6×4 =

[
V 1
3×2
0

0
V 2
3×2

]
, (22.a)

H̃user1
2×3 = U1

2×3S
1
3×3V

1
3×3, (22.b)

H̃user2
2×3 = U2

2×3S
2
3×3V

2
3×3, (22.c)

where V 1
3×2 and V 2

3×2 are the two columns of V 1
3×3 and

V 2
3×3 , which is the right singular matrix of H̃user1

2×3 and
H̃user2
2×3 . There are only two singular values for H̃user1

2×3 and
H̃user2
2×3 , so the third column of V 1

3×3 and V 2
3×3 are both

zero vector.
The results in (22) show that the four antennas at

the transmitter are divided into two groups. The first two
antennas transmit beams to the spatial clusters of user 1,
and the last two antennas transmit beams to the spatial
clusters of user 2. The spatial decoupling between the
two users is realized by the directivity of the transmission
antennas.

On the spatial clusters of user 2, the beam gain of
the first two transmit antennas should preferably be 0,
otherwise it will cause interference to user 2; Similarly,
on the spatial clusters of user 1, the beam gain of the last
two antennas should preferably be 0, otherwise it will
cause interference to user 1.

The above solution is only one of the most direct
results of the optimal pattern. F can also be the vector
space of the right singular vector of the wireless prop-
agation environment channel matrix H̃. But it needs to
cooperate with the digital baseband precoding to realize
the decoupling of the data flow to the two users.

That is, the optimal F matrix should meet the fol-
lowing conditions:

1. Full rank
2. All singular values are equal

The above conditions can ensure that the loss of the
condition number and the rank loss of the channel matrix

H will not occur due to the rank loss of F or the bad
condition number of F.

IV. SIMULATION
A. Simulation for MIMO-SU

In the QurdiGa channel model, the
BERLIN Uma NLOS scenario is used to generate
a wireless channel with 15 clusters, as shown in Fig. 4.
The number of Tx antennas and Rx antennas are both
2. The total power is set to 10 W . The noise power
is set to 10−12mW which is close to the noise power
of the phone 117dBm. According to the calculation
in subsection D, the optimal pattern F is shown in
Fig. 5. Corresponding to different beam convergence
factors, the power distribution and capacity are shown in
Table 1.

Fig. 4. Clusters for MIMO-SU channel.

Fig. 5. Optimal patterns for Tx1 (left) and Tx2
(right).

Simulation results show that the patterns of different
transmitting antennas are orthogonal to each other in the
clusters’ direction; The increase of beam convergence
factor will increase the gain of the transmitting antenna
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Table 1: Power distribution and capacity
Beam

Convergence

Factor

Power

Distribution

(W)

Capacity (bits/s/Hz)

ρ= 1 6.3411, 3.6589 6.7926
ρ= 2 5.6720, 4.3280 8.4427
ρ= 3 5.4468, 4.5532 9.4877
ρ= 100 5.0134, 4.9866 19.3404

Fig. 6. Clusters for MIMO-MU channel.

pattern in the direction of each transmitting cluster in
equal proportion, but will not change the shape of the
pattern; At the same time, the increase of beam conver-
gence factor will make the transmission power distribu-
tion of each transmitting antenna closer. When the beam
convergence factor is large, the capacity will be greatly
improved, and the power distribution between antennas
is close to average.

B. Simulation for MIMO-MU

In the MIMO-MU simulation, there is one sender
with 8 antennas and three users with 2 antennas
each.

The MIMO-MU channel with 3 users is shown in
Fig. 6. There are 15 clusters for each user. The right,
middle and left parts of lines represent the propagation
clusters pointing to user 1, user 2, and user 3. The lines’
direction in the figure represents the angle of the cluster,
the length represents the cluster’s gain.

The optimal patterns for the first 6 Tx antennas are
shown in Fig. 7. The power distribution is shown in
Table 2.

The simulation results show that the first six anten-
nas are exactly divided into three groups, each serving

Fig. 7. Optimal patterns for 6 Tx antennas.

Table 2: Power distribution and capacity in MIMO-MU
Beam

Convergence

Factor

Power

Distribution

(W)

Capacity(bits/s/Hz)

ρ= 1

1.9584, 1.8851,
1.8406, 1.7178,
1.6374, 0.9608,
0.0000, 0.0000.

18.0202

ρ= 2

1.8127, 1.7761,
1.7538, 1.6924,
1.6522, 1.3128,
0.0000, 0.0000.

23.2046

ρ= 3

1.7642, 1.7398,
1.7250, 1.6837,
1.6568, 1.4306,
0.0000, 0.0000.

26.4202

ρ= 100

1.6734, 1.6729,
1.6709, 1.6690,
1.6641, 1.6498,
0.0000, 0.0000.

50.2034

one user, and the last two antennas are not used, which is
consistent with the analysis in Section III.
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V. CONCLUSION

For the instantaneous MIMO channel based on the
spatial cluster model, the product form of the chan-
nel coefficient matrix from the environment cluster
matrix and transmit antenna pattern matrix has been
given. Through piecewise modeling for the transmitting
antenna pattern and power constraints, the optimization
problem of maximizing the capacity has been solved by
using singular value decomposition and the water-filling
algorithm. The closed-form of the optimal antenna pat-
tern has been achieved. The simulation results show the
solution in this paper is effective.
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Abstract – This paper proposes a field-circuit combined
decoupling method for co-polarized in-band full-duplex
multiple-input multiple-output (MIMO) antenna arrays.
The proposed field-circuit combined method is com-
posed of decoupling network and neutralization-based
decoupling. An in-band full-duplex antenna with high
isolation and low cross-polarization level is designed and
extended to a 1 × 4 linear array. The decoupling net-
work and ADS are applied for the array to alleviate the
mutual coupling by rebuilding the neutralization wave
paths in the circuit and field domains. Thus, low coupling
(< −25 dB) among the transmitting/receiving antennas
and high isolation (> 47 dB) between the transmitting
and receiving antennas are achieved at 2.6 GHz, exhibit-
ing a superior decoupling performance.

Index Terms – antenna array, decoupling, field-circuit
combined, in-band full-duplex.

I. INTRODUCTION

With the increasing demand for wireless communi-
cation systems, full-duplex communication was devel-
oped for higher spectrum efficiency [1, 2]. In-band full-
duplex antennas have been studied for base station ap-
plications [3, 4], which can transmit and receive signals
simultaneously in the same frequency band. When full-
duplex antennas are used in MIMO antenna arrays, the
antenna elements are closely arranged due to the limited
space. Signal interference is generated between the re-
ceiving and transmitting antennas, and mutual coupling
is generated between the receiving/transmitting anten-
nas, which significantly deteriorate the performances of
the wireless communication systems (including receiver
performance, error rate, dynamic range, and channel ca-
pacity) [5–7]. Notably, 100 dB isolation between the
transmitter and receiver is generally required for full-
duplex systems, which is usually achieved by combining
the antenna, analog and digital domains [8, 9]. There-
fore, the isolation at antenna level should be improved as
much as possible to reduce the order of the analog radio

frequency filters, thus facilitating the subsequent design
of the communication system. Furthermore, mutual cou-
pling (among the transmitting/receiving antennas) below
−25 dB is sufficient for MIMO arrays.

Various methods have been studied for suppressing
the mutual couplings. The first type is the field domain
decoupling method, which is classified into two cate-
gories of partition and neutralization. Decoupling res-
onator [10, 11], defected ground [12], and meta-material
structures [13, 14] are based on the partition principle.
Neutralization approaches cancel the original coupling
waves between antennas by rebuilding the additional
wave paths with equal amplitude and opposite phase,
such as decoupling grounds [15, 16], array antenna de-
coupling surface (ADS) [17], dielectric superstrate [18]
and planar path [19]. The second type is the circuit do-
main decoupling method. Decoupling networks [20–22]
construct the coupling signals through the feeding net-
work in the circuit domain, which cancel out with the
original coupling signals between the antennas. These
methods can effectively improve the isolation; however,
they are usually used for conventional antenna arrays
rather than full-duplex antenna arrays. When considering
full-duplex operation, the isolation between the trans-
mitting and receiving antennas is important. In the full-
duplex antenna array proposed in [23], only 30 dB isola-
tion can be obtained. After increasing the antenna spac-
ing, higher isolation (> 42 dB) is obtained in [24]. In
[25, 26], the interference between the transmitter and re-
ceiver is suppressed by integrating with the feeding net-
work based on antiphase feeding technique. However,
the transmitting and receiving antennas have orthogonal
polarizations in above arrays [23–26], which is not ap-
plicable for some scenarios.

In this paper, a field-circuit combined decoupling
method is proposed for co-polarized in-band full-duplex
MIMO arrays. The proposed decoupling method con-
sisting of the decoupling network and the ADS could
construct the neutralization wave paths from circuit and
field perspectives, respectively. An in-band full-duplex
antenna with high isolation and low cross-polarization
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Table 1: Performance comparison of full-duplex antenna
arrays
Ref. Pol. Ant.

Dis. (λ )
Isolation
(TX/RX-
RX/TX)

Coupling
(TX/RX-
TX/RX)

[23] cross-pol. 0.57 > 30 dB < −20 dB
[24] cross- pol. 0.67 > 42 dB < −25 dB
[25] cross-pol. 0.50 > 50 dB -
This
work

co-pol. 0.56 > 47 dB < −25 dB

level is designed and formed into a 1 × 4 linear array
with the spacing of 0.56λ (where λ is the free-space
wavelength at the working frequency). The decoupling
network could alleviate the couplings between different
antennas and the ADS could enhance the isolation in
a single antenna. The 1 × 4 full-duplex antenna array
with the field-circuit combined decoupling method is
fabricated and measured. At the working frequency of
2.6 GHz, both low coupling (< −25 dB) among the
transmitting/receiving antennas and high isolation (>
47 dB) between the transmitting and receiving antennas
are achieved. The performances of in-band full-duplex
antenna arrays are compared in Table 1.

II. FULL-DUPLEX ANTENNA ELEMENT

The configuration of the in-band full-duplex antenna
is shown in Fig. 1, which is composed of a rectangu-
lar patch, four open-ended stubs, a fence-strip resonator
(FSR), a metallic ground, and two dielectric layers. The
dielectric substrates are made of F4B with a dielectric
constant of 2.2 and a loss tangent of 0.001. The metal-
lic strip is printed on the bottom side of the dielectric 1,
and the patch and open-ended stubs are printed on the
top side. The patch and strip are connected by series of
metallic vias. The FSR structure consisting of metallic
vias and strip is utilized to enhance the isolation between
the TX and RX ports [4]. Two pairs of open-ended stubs
are loaded to reduce the H-plane cross-polarizations of
the shorted patch antennas [27]. Besides, the dimension
of the antenna is reduced by using the rectangular slots
on the patch. The TX and RX ports are excited by the
symmetrical metallic probes, exhibiting the same lin-
early polarizations. The parameters of the antenna are
listed in the caption of Fig. 1.

Figure 2 shows the simulated S-parameters of the
full-duplex antenna. The reflection coefficients (S11 and
S22) are lower than −10 dB, and the port isolation is
above 30 dB at around 2.6 GHz. The simulated E-plane
and H- plane radiation patterns for the TX and RX ports
of the full-duplex antenna are shown in Fig. 3. As ob-
served, the H-plane cross-polarization levels for both

ports maintain below −19.8 dB, and the satisfactory
broadside radiated patterns are achieved.

Fig. 1. Configuration of the full-duplex antenna. (a) Per-
spective view. (b) Side view. (c) Top view. The optimized
parameters are: h1 = 3, h2 = 0.165, l1 = 50, l2 = 40, w1
= 39, w2 = 10.4, ls1 = 12.6, ls2 = 19.2, ws1 = 0.5, ws2 =
0.3, ds1 = 11.25, ds2 = 4, d1 = 0.6, d2 = 1, s = 6, p = 2.6
(all dimensions in mm).

Fig. 2. Simulated S-parameters of the full-duplex an-
tenna.
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Fig. 3. Simulated radiation patterns of the full-duplex an-
tenna at 2.58 GHz. (a) TX port. (b) RX port.

III. FULL-DUPLEX ANTENNA ARRAY
WITH FIELD-CIRCUIT COMBINED

METHOD

A. Field-circuit combined method

The co-polarized in-band full-duplex antenna is ex-
panded to a 1 × 4 linear array with the element sep-
aration of 65 mm (0.56λ ), as shown in Fig. 4 (a). In
such an array, both the coupling among transmitting /re-
ceiving antennas (e.g., S13, S53, and S73) and the isola-
tion between transmitting and receiving antennas (e.g.,
1/S23, 1/S43, 1/S63, and 1/S83) need to be considered.
Figure 4 (b) shows the perspective view of the 1× 4 full-
duplex antenna array with decoupling network, and the
bottom view is shown in Fig. 4 (c). The microstrip trans-
mission lines are printed on the bottom side of the dielec-
tric substrate (made of 0.508 mm-thick Rogers RO4350B
substrate with εr = 3.66 and tanδ = 0.0037) below the
ground layer. The apertures are etched on the metallic
ground and placed below the patches’ edges. Figure 4 (d)
presents the array with decoupling network and ADS.
The ADS is composed of a 1 mm-thick FR4 dielectric
substrate (with εr = 4.4 and tanδ = 0.02) and four rect-
angular metal radiator patches, which is arranged above
the antenna array with a height of 3 mm. The final di-
mensions of the array and the decoupling structures are
listed in the caption of Fig. 4.

The microstrip decoupling network at the feed-
ing layer is provided for the linear array, as shown in
Figs. 4 (b) and (c). The additional coupling wave from
the feeding line of antenna element to adjacent antenna
is generated by loading the apertures on the feeding
lines [22]. The aperture coupling between the transmit-
ting/receiving port and the adjacent transmitting or re-
ceiving port in different antenna is introduced from the
circuit perspective, which is controlled by the size of
the aperture. Since the apertures and feeding points of
the radiating patches are connected by the feeding lines,
the length and width of the microstrip transmission lines
also need to be considered when decoupling. Therefore,

Fig. 4. Configuration of the 1× 4 full-duplex antenna ar-
ray with/without the decoupling structures (decoupling
network and ADS). (a) Perspective view of the array
without decoupling structures (Array 1). (b) Perspective
view of the array with decoupling network (Array 2). (c)
Perspective view of the array with decoupling network
and ADS (Array 3). (d) Bottom view of Array 3. The op-
timized dimensions are: dy = 65, l sub = 260, w sub =
65, l ads = 12, w ads = 12, la = 14, wa = 1, lc1 = 27.1,
lc2 = 12.8, lc3 = 7.7, lc4 = 7.8, lc5 = 2.7, lc6 = 28.9, wc =
1.2 (all dimensions in mm).

the original couplings among different antenna elements
can be neutralized by utilizing the aperture-loaded de-
coupling network.

Figure 5 shows the simulated S-parameters of the 1
× 4 full-duplex antenna array with and without the de-
coupling network. Due to the page limit, only the S- pa-
rameters of the middle element of the array are shown
here. As observed, after applying the decoupling net-
work, the mutual couplings among neighboring trans-
mitting /receiving antennas are effectively reduced from
−19 to −25 dB or lower (see S13, S53, and S73 in
Fig. 5 (a)), while the isolations of the transmitting and
receiving ports in different antennas (1/S23, 1/S63, and
1/S83) are improved by around 12 dB (from 35 to 47 dB)
at the working frequency of 2.6 GHz. The reflection co-
efficient of the antenna (S33) maintains below −10 dB,
and the isolation between the transmitting and receiving
ports in a single antenna (1/S43) maintains above 30 dB.
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Fig. 5. Simulated S-parameters of the 1 × 4 full-duplex
antenna array with/without the decoupling network. (a)
S13, S33, S53, and S73. (b) S23, S43, S63, and S83.

Thus, the decoupling networks can significantly suppress
the couplings among different antennas, but have little
effect on the port isolation in a single antenna. To im-
prove the isolation between the transmitting and receiv-
ing ports in a single antenna, the ADS structure is em-
ployed for the array with the decoupling network, as
electromagnetic waves radiated by the transmitting an-
tenna are reflected by the metal reflector and received
by the receiving antenna in the same element, forming
an additional coupling wave path from the field per-
spective [17]. The amplitude and phase of the additional
wave path are determined by the height and the size of
the metal reflectors. Thus, the original coupling between
transmitting and receiving ports in a single antenna can
be counteracted by employing the ADS.

Figure 6 shows the simulated S-parameters of the 1
× 4 full-duplex antenna array with and without the de-
coupling network and ADS. It is obvious that, with the
decoupling network and ADS, the isolation between the
transmitting and receiving ports in a single antenna is
significantly improved from 30 to 50 dB at the work-
ing frequency of 2.6 GHz (see 1/S43 in Fig. 6 (a)). The
couplings among neighboring transmitting/receiving an-
tennas (S13, S53, and S73) remain below −25 dB, while
the isolations of the transmitting and receiving ports in
different antennas (1/S23, 1/S63, and 1/S83) remain larger

than 47 dB. Meanwhile, the reflection coefficient of the
antenna (S33) continues below −10 dB. Therefore, af-
ter loading the ADS structure, the isolation between the
transmitting and receiving ports in a single antenna is ef-
fectively enhanced while maintaining the other high iso-
lations between different antennas. Figure 7 presents the
simulated normalized E-plane and H-plane radiation pat-
terns of TX port (P3) with and without the decoupling
network and ADS. As can be seen, the radiation patterns

Fig. 6. Simulated S-parameters of the 1 × 4 full-duplex
antenna array with/without the decoupling network and
ADS. (a) S13, S33, S53, and S73. (b) S23, S43, S63, and
S83.

Fig. 7. Simulated normalized radiation patterns of TX
port (P3) with/without the decoupling network and ADS.
(a) E-plane. (b) H-plane.



DA, YI, LI, CHEN: ISOLATION IMPROVEMENT USING THE FIELD-CIRCUIT COMBINED METHOD 1204

with the decoupling network and ADS are comparable
to the original patterns, exhibiting low cross-polarization
level (< −14.5 dB) and satisfactory radiation perfor-
mances.

It is concluded that all the isolations of the co-
polarized in-band full-duplex antenna array can be sig-
nificantly enhanced by employing the decoupling net-
work and ADS. The proposed field-circuit combined de-
coupling method combines the circuit domain decou-
pling network and the field domain ADS structure to si-
multaneously obtain lower coupling between the trans-
mitting/receiving antennas and higher isolation between
transmitting and receiving antennas.

B. Measurement results

Figure 8 shows the prototype photos of the 1 × 4
full-duplex antenna array with the field-circuit combined
method. The decoupling network and the ADS structure
are employed in the array. The ADS and the substrate
layers are fixed together using Nylon screws.

The simulated and measured S-parameters of the 1
× 4 full-duplex antenna array using the field-circuit com-
bined method are presented in Fig. 9. It is clear that, at
the working frequency of 2.6 GHz, the coupling between
the transmitting/receiving antennas is about −25 dB or
lower, while the coupling between the transmitting and
receiving antennas is lower than −47 dB. The measure-
ment results are comparable to the simulation results.
The small discrepancies are caused by imperfect solder-
ing, manufacturing tolerance, and measurement errors.
Figure 10 shows the simulated and measured E- plane
and H-plane radiation patterns of TX port (P3) using the
field-circuit combined method. Low cross-polarization
level (< −14.5 dB) and satisfactory radiation perfor-

Fig. 8. Photographs of the prototype. (a) Top view. (b)
Bottom view.

Fig. 9. Simulated and measured S-parameters of the 1×
4 full-duplex antenna array using the field-circuit com-
bined method (decoupling network and ADS). (a) S13,
S33, S53, and S73. (b) S23, S43, S63, and S83.

Fig. 10. Simulated and measured radiation patterns of
TX port (P3) using the field-circuit combined method
(decoupling network and ADS). (a) E-plane. (b) H-plane.

mances are obtained. Meanwhile, the simulated and mea-
sured radiation patterns are in good agreement.

IV. CONCLUSION

A field-circuit combined decoupling method con-
sisting of the decoupling network and ADS was pre-
sented in this paper. The additional coupling waves
in the circuit and field domains were generated to
cancel the original couplings. An in-band full-duplex
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antenna with the same polarization was designed and
formed into a 1 × 4 linear array. The coupling between
different antennas could be suppressed by the decoupling
network, and the isolation in a single antenna could be
enhanced by the ADS. The 1 × 4 array, together with
the decoupling network and the ADS, have been manu-
factured and experimented. The simulated and measured
results were in reasonable consistent. Low coupling
(< −25 dB) among the transmitting/receiving antennas
and high isolation (> 47 dB) between the transmit-
ting and receiving antennas were achieved at 2.6 GHz.
Therefore, the proposed field-circuit combined decou-
pling method could be used for enhancing the isolations
of co-polarized in-band full-duplex MIMO arrays.
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Abstract – A broadband decoupled dual antenna pair
suitable for sub-6G mobile terminal application is pro-
posed and designed. The multiple input multiple output
(MIMO) antenna pair is arranged on the metal frame of
the mobile phone, with two antenna pairs on each metal
frame. The slotted antenna element structure and defect
ground decoupling structure are used to achieve wide
band and high isolation. Based on the decoupled antenna
pair, an eight-element MIMO antenna is designed. Sim-
ilarly, the coupling between antenna pairs is effectively
reduced by etching the decoupled defect structure of a
zigzag shape on the system surface. The prototype of
the antenna array is successfully fabricated and tested.
Simulation and experimental results show that the pro-
posed eight-element MIMO antenna can fully cover the
n77/n78/n79 band of 5G New Radio and 5 GHz band
of WLAN. The overall efficiency of the antenna is 50%-
75%, the envelope correlation coefficient (ECC) is below
0.08, and the isolation between any two ports is better
than 11 dB.

Index Terms – 5G New Radio (5G NR), metal-frame
smartphone, multiple-input–multiple-output (MIMO)
antenna, slot antenna, WLAN 5 GHz band.

I. INTRODUCTION

Multiple input multiple output (MIMO) technology,
as one of the core technologies of future fifth generation
(5G) communication systems, can significantly improve
spectral efficiency without increasing power and spec-
trum. Therefore, it is widely used in the design of ter-
minal antennas to improve performance and adapt to
5G communication. The fourth generation (4G) mobile
communication system, also known as LTE (Long Term
Evolution), introduces MIMO technology to improve the
transceiver efficiency of wireless mobile communication
networks, and can effectively improve channel capacity
and spectrum efficiency. As (5G) mobile communica-
tions enter the commercial phase, there will be greater
data capacity, higher data transmission rates and lower

delays. In order to achieve these difficult goals, more
challenging requirements are put on the corresponding
antenna design.

According to technical specification 38.101 of the
3G Partner Program, FR1 is the 5G NR band operat-
ing below 6 GHz (or less), while FR2 is the 5G NR
band operating in millimeter-wave [1]. The design of
millimeter-wave antenna is mainly faced with the serious
problem of spatial attenuation, which is not discussed
here [2]. In bands below 6 GHz, 3G/4G mobile com-
munication systems now use bands below 3 GHz, while
bands between 5 and 6 GHz are now used in WLAN
5 GHz bands (5150-5825 MHz). For 5G networks,
5G NR bands for n77 (3300-4200 MHz), n78 (3300-
3800 MHz) and n79 (4400-5000 MHz) are planned. At
present, 5G antenna design in the band below 6 GHz
faces the bottleneck of limited bandwidth and needs to
be expanded. For mobile terminal applications, early
antenna designs below 6 GHz were concentrated in 3.4-
3.6 GHz or 3.3-3.8 GHz, with relatively limited band-
width [3–7]. Dual-band antennas covering 3.3-3.8 GHz
and other bands below 6 GHz are studied in [8–11].
Recently, [12–14] antennas have been proposed to fully
cover 5G NR bands n77 (3300-4200 MHz), n78 (3300-
3800MHz), and n79 (4400-5000MHz). Still, their band-
width is expected to expand further.

A simple design scheme for 5G MIMO smartphone
antennas is to place 4 or 8 antenna units in different areas
of the smartphone [2–26]. Due to the limited space, the
coupling effect between elements is usually the focus
of attention, and it is difficult to achieve decoupling
between them. In recent years, there has been much
research on terminal antenna decoupling. For example,
neutralization line [15] is a common decoupling tech-
nique, but it tends to work only in narrow bands. In
[8], spatial orthogonal decoupling is achieved by placing
units at four corners of the substrate. In addition, some
other decoupling technologies, such as defective ground
structure [16–17], decoupling unit [18] and self-isolation
unit [19–22], lumped element loading [23], and differ-
ential feed [24], are also studied to further improve the
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isolation performance. Although these various decou-
pling technologies improve the isolation performance
of antenna elements, they also occupy a lot of space
resources. Therefore, how to simplify the design of
the decoupling structure so as to improve the isolation
degree between units and reduce the occupation of space
resources has become a topic worthy of study.

This paper proposes a decoupled dual antenna pair
for sub-6G smartphone applications. According to the
design requirements of the combination of modern smart
phone antenna and metal frame, four antenna pairs are
gathered on the mobile terminal to form a broadband
eight-element MIMO antenna array. The prototype of
MIMO antenna array is fabricated and tested. In addition
to covering 5GNR n77/n78/n79 bands, the array can also
work in the 5 GHz (5170-5835 MHz) band of WLAN.
The isolation performance in the whole working band is
better than 11 dB, which can well meet the requirements
of 5G terminal antenna. The measured results agree well
with the simulation results.

II. ANTENNA DESIGN AND GEOMETRY
A. Geometry of proposed antenna

Figure 1 is a schematic diagram of an eight-element
MIMO mobile phone antenna proposed in this paper. All
antenna elements are located on the two long frames
of the mobile phone. The size of the main substrate of
the system adopts the general specifications of mobile
phones in the contemporary market, and the size is
150 mm x 75 mm. The size of the two small substrates is
150 mm x 7 mm, they are placed vertically on both sides
of the main substrate, and four antenna units are placed

Fig. 1. Schematic diagram of eight-element MIMO
mobile phone antenna.

Fig. 2. Structure diagram of compact antenna pair.

on each small substrate. The material used for the main
substrate and the small substrate are FR-4, the substrate
thickness is 0.8 mm, the relative dielectric constant εr is
4.3, and the loss angle tangent tan δ is 0.025. Figure 2
shows the structure diagram of the antenna pair in the
mobile phone antenna. It can be seen from the figure that
the antenna unit consists of an open slot in a small sub-
strate and a slot in the floor. The antenna structure is fed
by coupling L-shaped feeder branches on the substrate.
The two antenna elements in the antenna pair are also
arranged with respect to the decoupled structure. The
decoupling between the compact antenna pairs is real-
ized by a slotted structure designed with a zigzag shape.
The values of each structural parameter in the antenna
structure are given in Table 1. Each antenna is fed from
the back of the substrate by an SMA connector through
a hole connected to the microstrip line.

Table 1: Antenna element size / mm
W1 W2 W3 Ws Wf L1 L2
2 1.5 2 2.5 1 10 2.5
Ls1 Ls2 Lf t
5.5 3 4.5 0.5

B. Design process and analysis

The structural design comparison of MIMO mobile
phone antenna designed in this paper is shown in Fig. 3.
In order to clearly show the performance advantages
brought by the antenna structure that we finally designed,
Fig. 4 shows the comparison of S parameters under three
different antenna design forms. Compared with the struc-
ture of antenna 1, the proposed antenna structure has one
more rectangular slot on the side small substrate, and the
antenna unit is an L-shaped slot when viewed from the
side. Antenna 2 does not have a zigzag slot between two
compact antenna pairs. As can be seen from the com-
parison of S parameters of the three antenna designs in
Fig. 4, the −6 dB impedance bandwidth of antenna 1
is relatively narrow, mainly reflected by the fact that the
coverage range of the frequency band just covers the crit-
ical value of the low frequency band. Moreover, due to
the existence of the decoupling structure in its design,
the element isolation degree of antenna 1 is relatively
ideal. The −6 dB impedance bandwidth of antenna 2 is
relatively wide, especially in the lower frequency band.
However, due to the absence of a decoupling structure,
the isolation degree between elements is relatively low,
which is also a reason for its wide impedance bandwidth
in the lower frequency band. It can be seen from the sim-
ulation results of S parameters that the−6 dB impedance
bandwidth of the proposed antenna is wider than that of
antenna 1 without a rectangular slot on the small sub-
strate. Compared with antenna 2 without the decoupling
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structure, the isolation degree between elements of the
proposed antenna is higher than 10 dB, which is about
5 dB higher.

Fig. 3. Design evolution process of antenna structure.

Fig. 4. Comparison of S parameters in structural design
of antenna pairs.

III. RESULTS AND DISCUSSION
A. Current distribution

In order to understand the decoupling principle of
the proposed antenna more intuitively, Figs. 5 (a) and
(b) show the electric field and current distribution of the
open slot antenna at the resonant frequency 3.78 GHz
and 5.85 GHz, respectively. It can be seen from Fig. 5
that there is a maximum electric field at the open end
of the open slot antenna and a null electric field at the
shorted end of the open slot antenna. It is obvious that a
quarter-wavelength slot mode is excited within the open
slot. At the two different resonant frequencies, the elec-
tric field direction in the open slot is opposite, and the
current distribution is different. The current distribution
at resonant frequency f2=5.85 GHz has a current null
point, so different resonances are generated.

Figure 6 shows the comparison of surface current
distribution between antenna pairs at 3.78 GHz with or
without a decoupling structure. Similarly, the decoupling
effect also exists in the whole operating frequency band
of the antenna. As can be seen from Fig. 6, when there
is no designed decoupling structure between compact
antenna pairs, the current fed from one port will be cou-
pled from antenna 1 to antenna 2, resulting in a large cur-
rent flowing on antenna 2. However, when the designed
decoupling structure exists, the coupling current basi-
cally flows through the designed decoupling structure

Fig. 5. Electric field distribution and current distribu-
tion of antenna element at (a) f1=3.78 GHz and (b)
f2=5.85 GHz.

with a zigzag shape, making the coupling current on
antenna 2 virtually absent, so as to achieve a better isola-
tion effect between antenna pairs.
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Fig. 6. Comparison of surface current distribution of
antenna pairs at 3.78GHz. (a) There is no decoupling
structure. (b) There are decoupling structures.

Fig. 7. The return loss of antenna unit varies with (a) L1
and (b) Lf.

B. Parameter analysis

In this section, the effects of some important param-
eters on the performance of the antenna are analyzed.
The influence results of the length L1 of antenna unit
slot and L-type coupling feed branch length Lf on the
return loss of the antenna unit are shown in Figs. 7 (a)
and (b) respectively. As can be seen from the figure,
with the increase of the length L1 of the antenna unit
slot, the corresponding lower resonant frequency point
moves to the high frequency, and the −6 dB impedance
bandwidth is also reduced at this time. However, with
the increase of L-type coupling feed branch length Lf,
the overall resonant depth of the antenna decreases, that
is, the Q value decreases, and the resonance point at
the low frequency also moves to the lower frequency
band. Therefore, L1=10 mm and Lf=4.5 mm are taken
in combination with the effects of the two parameters
on the overall performance of the antenna. Figures 8 (a)
and (b) respectively show the influence of two key
parameters Ls1 and Ls2 in the decoupling structure of

antenna pair on the return loss of antenna unit itself
and the isolation degree between units. As can be seen
from the figure, the impedance bandwidth of the corre-
sponding low frequency band becomes wider with the
increase of the length Ls1 of the zigzag shape decoupling
slot, but the isolation degree between the corresponding
antenna pairs also decreases. Similarly, with the increase
of the length Ls2 of the zigzag shape decoupling slot,
the impedance bandwidth of the corresponding low fre-
quency band also becomes wider, while the isolation
degree between the corresponding antenna pairs also
decreases. Therefore, Ls1=5.5 mm and Ls2=3 mm in
combination with the effects of the two parameters on
the overall performance of the antenna.

Fig. 8. The return loss of antenna unit varies with (a) Ls1
and (b) Ls2.

C. Test results

In order to better analyze the performance of the
sub-6G MIMO mobile phone antenna proposed in this
paper, according to the specific size of the antenna model
given in Table 1, physical production and testing of the
antenna model were carried out. Figure 9 is a physical
picture of the antenna. The test results were compared
with the simulation results, the comparison of simulation
and test results of reflection coefficient S11 and transmis-
sion coefficient S21 of this eight-element MIMO antenna
is shown in Figs. 10 and 11 respectively. Due to the sym-
metry of the antenna structure, only necessary results are
given in the figure. As can be seen from Fig. 10, the
antenna system can well cover the sub-6G (3.3-6 GHz)
full frequency band, and the simulation results are in
good agreement with the measured results. As can be
seen from Fig. 11, the isolation degree between the eight
antennas is all better than 10 dB, which basically meets
the requirements of the antenna unit isolation degree of
MIMO mobile phone antennas. The isolation degree of
antenna units mainly depends on the isolation degree
between antenna pairs and antenna pairs on the same
frame small substrate and the isolation degree between
antenna pairs.

Figure 12 shows the simulation and measured com-
parison results of the total efficiency of MIMO mobile
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Fig. 9. Photograph of the fabricated prototype.

Fig. 10. Reflection coefficients of Ants1-4. (a) Simu-
lated. (b) Measured.

Fig. 11. Isolation levels between two antenna units. (a)
Simulated. (b) Measured.

Fig. 12. Total antenna efficiencies of Ants1-4. (a) Simu-
lated. (b) Measured.

phone antenna. The simulation results show that the total
efficiency of the antenna is more than 60% in 3.3-6GHz

band, and the maximum efficiency reaches 80%. The
measured results show that the total efficiency of the
antenna is more than 50% in 3.3-6GHz band, and the
maximum efficiency is 75%. Figures 13 and 14 show
the 2D pattern of antenna 1 and antenna 2 at three dif-
ferent frequency points in xoy plane respectively. The
results are obtained by CST simulation. It can be seen
from the figure that the antenna unit has a certain direc-
tivity according to the position of distribution, and the
results of simulation and measurement also have good
consistency. The result of comprehensive testing shows
that the eight-element antenna system has good radiation
receiving performance.

Fig. 13. Simulated and measured radiation patterns
across the xy plane for Ant1. (a) at 3.6 GHz, (b) at
4.8 GHz, (c) at 5.6 GHz.

Fig. 14. Simulated and measured radiation patterns
across the xy plane for Ant2, (a) at 3.6 GHz, (b) at
4.8 GHz, (c) at 5.6 GHz.

Figure 15 shows the Envelope Correlation Coeffi-
cient (ECC) simulation results of the antenna system
[25–26]. Note that only necessary results are given in
the figure. As can be seen from the figure, the ECC
of the antenna system is all less than 0.08, indicating
that each antenna unit of the antenna system has good
channel independence. Table 2 compares the proposed
eight-element MIMO array with some recently reported
antenna designs. As can be seen, most designs cover only
one or two narrow bands, and many broadband anten-
nas are inefficient. In the antenna design proposed by us,
on the premise that the isolation degree basically meets
the requirements, not only the broadband design of the



1213 ACES JOURNAL, Vol. 37, No. 12, December 2022

antenna is realized, but also the overall efficiency and
ECC of the antenna are ideal.

In order to realize the design of eight-element
MIMO terminal antenna, reasonable spatial layout of
the designed antenna pair is carried out, as shown in
Fig. 16 (a). Since the two elements in the antenna pair
are affected differently by the ground, the size of each
element is fine-tuned to optimize the antenna pair. In
addition, in order to reduce the coupling between antenna
pairs on the same side, a zigzag-shaped decoupling gap is
also designed between them. The size of the decoupling
gap is given in Fig. 16 (a). Figure 16 (b) shows the com-
parison results of S32 antenna with or without the decou-
pling structure. As can be seen from the figure, after

Fig. 15. The envelope correlation coefficient (ECC) of
MIMO antenna.

Table 2: Performance comparison of the 5G MIMO ter-
minal antennas
Design AP WB

(GHz)
Isolation
(dB)

Eff (%) ECC

[5] Y 3.4-3.6 >17 22-50 <0.1
[24] Y 3.33-3.6 >14 52-65 <0.1
[9] N 3.3-4.2

4.8-5
>12.5 LB

53-76
HB
62-79

<0.1

[10] Y 3.3-3.6
4.8-5

>17.5 LB
49-68
HB
49-70

<0.1

[12] Y 3.3-5 >12 31-88 <0.1
[21] Y 3.3-7.5 >10 15-70 <0.0

Proposed Y 3.3-6 >11 50-75 <0.8
Abbreviations: AP=Antenna Pair, WB=Working Band,
Eff=Efficiency, LB=Low Band, HB=High Band.

Fig. 16. Overall optimization design of antenna. (a) Spa-
tial layout dimensions of antenna pairs. (b) Influence of
decoupling structure on S32.

the decoupling structure is added, the isolation degree
between antenna 2 and antenna 3 is improved to more
than 10 dB.

IV. CONCLUSION

This paper presents an eight-element MIMO array
for 5G terminals. The working bandwidth of the antenna
ranges from 3.3 to 5.95 GHz (57.3%), fully covering
n77/n78/n79 and WLAN 5 GHz band. According to the
real antenna made and tested, the measured results are
in good agreement with the simulation results. The iso-
lation performance of the system is better than 11 dB,
the total efficiency is higher than 50%, and the ECC is
lower than 0.08. It has good MIMO performance and
meets the performance requirements of modern mobile
terminal antennas. It is a good MIMO antenna solution
for 5G mobile terminals.
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Abstract – A simple single-feeding circular polariza-
tion (CP) antenna with controlled left/right-hand char-
acteristics is proposed and investigated for GPS L2 band
applications. To achieve the CP characteristics, four arc-
shaped cutting corners with different sizes are removed
from a circular patch to give 90◦ phase difference to
implement CP. By adjusting the radius of the four arc-
shaped cutting corners, the antenna can be controlled
to get left/right-hand circular polarization (L/RHCP).
The proposed CP antenna is modeled, simulated, fab-
ricated and measured, and the results demonstrate that
the antenna provides an axial ratio beamwidth over
180 MHz, and impedance bandwidth of 20 MHz for
L/RHCP. Additionally, the devised CP antennas have
good directional radiating patterns, making them suitable
for GPS L2 band applications.

Index Terms – arc-shaped slots, GPS, left/right-hand cir-
cular polarization antenna, L2 band.

I. INTRODUCTION

Circularly polarized (CP) antennas have been
widely used in recent years due to their stable sig-
nal transmission and reception characteristics in bad
weather,polarization rotation and flexible directionality
between transmitter and receiver [1–19]. For satellite
and global positioning system (GPS) applications, to
improve the accuracy and flexibility of GPS systems,
there is a high demand to get thin, lightweight and high
gain CP antennas [5, 20, 21]. In the past few decades,
a lot of research on various CP antennas including
microstrip antennas, horn antennas and spiral antennas
has been done [22, 23]. Microstrip antennas have been
widely used in military and civil fields due to their advan-
tages of small size, low cost, easy manufacturing and
easy expansion into arrays [24, 25]. For developing patch
antennas, a simple way to achieve CP operation is to feed

the patch in two orthogonal directions to excite two reso-
nant modes [26]. The dual feed mechanism increases the
antenna size, the geometric complexity of the antenna,
and leads to additional losses that reduce the gain [27].
In order to overcome the complexity of double feed, the
patch antenna with single feed is studied [28]. Single-
fed microstrip antenna is the simplest structure to realize
CP radiation. With the development of microstrip anten-
nas, various single-fed CP microstrip antennas have been
reported by adjusting the physical size of the patch or
etching the slot [29, 30].

In [31], an antenna is fed by two L-shaped probes in
the feed network with a 90◦ broadband balun. By insert-
ing a small metal sheet between two probes, the cur-
rent distribution on the patch is changed, and axial ratio
(AR) can be adjusted flexibly and the bandwidth could
be broadened. A single-fed high-gain CP antenna with
loading of shorting pins is proposed in [32]. Two sets of
pins are first symmetrically introduced and moved out-
ward along the diagonals of a square patch. After that,
two degenerate modes are properly split to produce CP
radiation by means of perturbing the position of one pair
of the pins.

The characteristics of broadband CP are studied
by using the topological structure of antenna in [33].
Impedance and AR bandwidth are achieved by using a
new vertically coupled resonator structure and inherent
90◦ phase difference between the two coupling paths.
The neutralization line is then used to improve the isola-
tion between the two polarities. The antenna can achieve
CP characteristics due to the U-shaped slots etched on
metal patches [34–36].

A microstrip CP antenna loaded with arc-shaped
cutting corners is proposed with single feed, which uses
four unequal arc-shaped cutting corners in its diagonal.
The CP antenna can be used as left/right-hand circular
polarization (L/RHCP) antenna by controlling the size
of each of the arc-like cutting corners. The proposed
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antenna is modeled, created, simulated and analyzed, and
the results show that the modeled antenna has good CP
characteristics, directional radiation patterns, which is
suitable for GPS L2 band.

II. ANTENNA GEOMETRY AND DESIGN
A. Geometries of the proposed microstrip antenna

The geometry of the proposed CP microstrip
antenna is drawn in Fig. 1, where the designed CP
antenna resonates at the center frequency of 1.228 GHz.
The circular patch is printed on RO5880 substrate with a
dielectric constant of 2.2, height of 1.575 mm, and loss
tangent of 0.0009. In addition, the circular patch is fed by
a coaxial probe, which has the distance of x0 away from
the center of the patch. Four arc-like cutting corners are
loaded around the radiating patch, and their radius are
r1, r2, r3 and r4 respectively. By slightly changing the
radius of the four arc-like cutting corners, the proposed
antenna can not only generate CP radiation, but also real-
ize polarization for L/RHCP. The antenna has a radius of
67.5 mm, and the other parameters are listed in Table 1.

Table 1: Dimensions of the antenna (UNIT: mm)

Parameter

Polarization
LHCP RHCP

r1 13.4 9.7
r2 9.7 13.4
r3 8.45 13.55
r4 13.55 8.45

B. Operating principle of CP radiation

In order to understand the principle of CP antenna
design, Fig. 2 shows the surface current on the radiat-
ing patch at 1.228 GHz. Before the arc-shaped corners
are etched, there is only current vector in the horizon-
tal direction. When the arc-shaped cutting corners are
etched, the new current vector is observed in the ver-
tical direction, as shown in Figs. 2 (a) and 2 (d). This
clearly shows that due to the asymmetric arc-shaped
corner structures, a second resonant mode is generated,
which helps to achieve the CP design. In addition, the
surface current vector rotates clockwise, which means
that the proposed microstrip antenna is LHCP. By chang-
ing the radius of the arc-shaped corners, the CP of the
antenna can be converted from LHCP to RHCP, as shown
in Fig. 3.

For left-handed circular polarization, we have:
r4> r1> r2> r3. (1)

For right-handed circular polarization, we use:
r3> r2> r1> r4. (2)

Fig. 1. Model of the CP antenna. (a) Top view. (b) 3-D
view.

Fig. 2. Surface current distribution for the LHCP antenna
at 1.228 GHz.

In the design, degeneracy mode can be eliminated
by introducing appropriate asymmetry into antenna
structure, where a mode increases with frequency and
an orthogonal mode decreases by the same amount.
Because the frequencies of the two modes are slightly
different, with proper design, the field of one mode
can produce a 90◦ phase difference required for circu-
lar polarization (CP). Herein, the asymmetric arc-shaped
cutting corner helps to generate a second resonant mode,
which has a slightly different frequency from the original
resonant mode, with a phase difference of 90◦. There-
fore, CP radiation of the antenna is realized.

C. 3-dB AR beamwidth

The 3 dB AR beamwidth of the two main planes
(XOZ and YOZ planes) of the antenna at 1.228 GHz
are plotted in Fig. 4, where the AR beamwidth is more
than 180◦. Therefore, the proposed antenna can cover
the whole upper hemisphere and has a good application
prospect.



MENG, LI, HUANG: A SIMPLE SINGLE-FED LEFT/RIGHT-HAND CIRCULAR POLARIZATION ANTENNA FOR GPS APPLICATIONS 1218

Fig. 3. Surface current distribution for the RHCP antenna
at 1.228 GHz.

Fig. 4. AR beam-width for the L/RHCP antenna at XOZ
and YOZ planes.

III. ANTENNA PARAMETRIC ANALYSIS

In order to better explain how to realize CP oper-
ation of the antenna, the dimensions of arc-like cutting
corners are studied. Only one parameter is changed each
time, and the other parameters remain unchanged.

A. Different r1

Figure 5 shows the S11 and AR of the designed CP
antenna with different r1, where the CP antenna is real-
ized by the arc-like corners to get two resonant modes.
As r1 increases, the working bandwidth becomes nar-

rower. By optimizing the radius, the two orthogonal res-
onant modes achieve the same amplitude and 90◦ phase
difference to implement CP radiation of antenna. When
the radius r1 is 13.4 mm, the antenna has the best CP
performance.

Fig. 5. S11 and AR with variation of r1.

B. Different r2

S11 and AR of the CP antenna is presented in
Fig. 6 with different r2. When r2 varies from 7.35 mm
to 11.35 mm, the bandwidth gradually decreases. When
r2 =10.35 mm, the antenna achieves the widest work-
ing bandwidth, but the AR bandwidth does not meet
the requirements. For good balance, r2 =9.7 mm was
selected. This time, the impedance bandwidth of the
antenna is 20 MHz, and the 3 dB beam-width is about
180◦.

C. Different r3

The effects on S11 and AR with varying r3 are
studied, and the results are presented in Fig. 7 for r1
=11.5 mm, r2 = 9.35 mm, and r4 =13.55 mm. From
Fig. 7, it can be seen that once r3 increases, the antenna
bandwidth gradually decreases. When r3 =8 mm and
9 mm, the impedance bandwidth and AR meet the
requirements. However, when r3 =8.45 mm, the antenna
has better resonance and axial ratio performance.

D. Different r4

R4 changes from 11.55 mm to 15.55 mm to opti-
mize the antenna bandwidth, and the result is presented
in Fig. 8. With the increase of r4, the bandwidth grad-
ually increases. For r4 =13.55 mm, the antenna has the
widest operating bandwidth and is able to generate two
orthogonal modes for providing CP radiation.
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Fig. 6. S11 and AR with variation of r2.

Fig. 7. S11 and AR with variation of r3.

IV. SIMULATION AND MEASUREMENT
RESULTS

A. Simulation comparisons with and without arc-like
corners

S11 and AR of the antennas with and without arc-
like corners are plotted in Fig. 9 for comparison. Before
the addition of the arc-like slots, the bandwidth of the
linearly polarized (LP) antenna is 10 MHz, and the AR is
much larger than 3 dB. The antenna polarization changes
from LP to CP and the AR is 0.18 dB at 1.228 GHz after
the arc-like slots are added. In addition, the bandwidth
of CP antennas extends to 20 MHz, which is wider than
that of the LP antennas without arc-like slots. This shows
that the added arc-like corners can effectively introduce

Fig. 8. S11 and AR with variation of r4.

Fig. 9. The antenna S11 with and without the arc-like
slots.

the second resonance to form CP radiation and expand
the antenna bandwidth.

B. Simulation and measurement comparisons

The prototypes of the devised CP antennas and the
measurement setup are shown in Fig. 10. Figure 11
shows the simulated and measured S11 of the designed
L/RHCP antenna, and the measured results are in good
agreement with the simulation results. Simulation and
measurement results show that the bandwidth of the
designed antenna is 20 MHz, and mechanical errors in
manufacture may lead to slight differences between the
measurement and simulation results.

The proposed L/RHCP antenna has a peak gain of
about 7.3 dBi and a 3-dB beam width of about 180◦. The
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Fig. 10. Photographs of fabricated antennas.

Fig. 11. The simulated and measured S11 of the L/RHCP
microstrip antenna.

Fig. 12. The simulated and measured AR and gain of the
antenna. (a) LHCP antenna. (b) RHCP antenna.

Fig. 13. Measured and simulated radiation patterns of
LHCP antenna at the (a) phi=0deg, and (b) phi=90deg
planes.

Fig. 14. Measured and simulated radiation patterns of
RHCP antenna at the (a) phi=0deg, and (b) phi=90deg
planes.

simulated and measured ARs and CP gains of L/RHCP
antenna in relation to frequency are given in Fig. 12. The
AR are in good agreement with the measurement results,
while the measured gain is about 2 dB less than the sim-
ulated gain due to the feedline effects.

The proposed L/RHCP antenna is simulated and
measured in XOZ and YOZ planes as placed in Figs. 13
and 14. The results show that the simulated radiation pat-
tern is in good agreement with the measured radiation
patterns. It is also clear that the antenna presents a good
transverse radiation pattern. In the future, the proposed
antenna can be used for MIMO system developments.
Also, the size of the proposed antenna can be reduced
using high dielectric constant substrate, and the antenna
can be modeled to construct antenna array or MIMO
antennas [37–44].

V. CONCLUSION

Four arc-like corners are used to develop a circu-
lar polarized antenna using single feed. The antenna is
modeled, simulated, and briefly discussed for GPS L2
band application. The antenna can be used as LHCP and
RHCP applications by controlling the dimensions of the
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four arc-like corners. The results show that the antenna
has a good AR and, directional radiating, which is con-
sidered a good candidate for GPS applications.
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Abstract – It is challenging to design a compact antenna
pair with isolation better than 20 db and with robustness
to antenna position. In this paper, a T-shaped dummy
antenna is adopted to decouple the tightly arranged
antenna pair for 5G mobile devices. Working in the
3.8 GHz of N77 band, the proposed antenna pair is
with an impedance bandwidth of 280 MHz. Isolation of
the proposed antenna pair is enhanced from 13 db to
30 db by adding the T-shaped dummy antenna, and it is
with high robustness even though the antenna position is
altered. The calculation process of the loading require-
ment of T-shaped dummy antenna is shown. By dupli-
cating the proposed antenna pair, a 4×4 MIMO antenna
with high isolation is proposed. The measured results
show the MIMO antenna with isolation better than 31 db,
and the average total efficiency is about 49%, and the
Envelope Correlation Coefficient (ECC) is lower than
0.05 in the -6 db pass band. To the best of the authors’
knowledge, compared to most of the reported antenna
pairs, the proposed 4×4 MIMO antenna is with the high-
est isolation while keeping a compact size.

Index Terms – compact antenna pair, decoupling, 5G,
high isolation, T-shaped dummy antenna.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) technology
is one of the most promising technologies in upcom-
ing 5G mobile communication. One of the mid-bands of
sub-6G, N77 (3.3-4.2 GHz), is a good candidate for 5G
mobile devices. Recently, many researchers have focused
on the MIMO antenna for 5G mobile devices, such as
smartphones and tablets. In [1]-[10], many researchers
have proposed MIMO antenna with isolation of about
10 db. However, due to the space limitation of the termi-
nal devices, it is challenging to design a MIMO antenna
with high isolation level and low envelope correlation
coefficient (ECC). In [11], the isolation of the multi-
band/UWB-MIMO antenna has been enhanced by insert-

ing an RSLR loaded T-shaped stub between two identical
triple notch band antennas. But its isolation is only 15 db,
which is not enough for high isolation equipment.

The techniques to enhance the isolation of MIMO
antenna are varied, including defected ground struc-
ture (DGS) [14], electromagnetic band gap (EBG) [15],
dielectric block (DB) [16], decoupling network [17], and
neutralization line (NL) [18]. However, it is not recom-
mended to introduce a sizable dielectric block into 5G
mobile devices or disrupt the system’s ground integrity.
Utilizing the intrinsic high isolation between two antenna
elements is a good choice for 5G mobile devices [19]-
[22]. In [19], orthogonal-mode dual antenna pair with
isolation of 20 db is proposed under the size of 0.18
λ × 0.08 λ ; in [20], a dipole antenna pair is designed
with an isolation of 24 db under the size of 0.33 λ ×
0.06 λ by using the differential/common mode; in [21],
a tightly arranged orthogonal-mode pair is realized with
isolation of 20 db under the size of 0.14 λ× 0.08 λ ;
in [22], two asymmetrically mirrored gap-coupled loop
antennas are proposed with isolation of 10 db under the
size of 0.12 λ× 0.08 λ . However, controlling the orthog-
onal modes of the antenna is a very complex task, if not
controlled, then the isolation of the antenna pair is only
10 db [22]. Another way to decouple the MIMO antenna
is by adding the planar microstrip structure [23], [24]. In
[23], by adding a series of microstrip lines, the isolation
of the antenna pair is enhanced to 21 db under the vol-
ume 0.80 λ × 0.07 λ with independent tuning character-
istics; in [16], neutralization line is adopted to decouple
the adjacent antenna and the antenna pair is with isola-
tion of 11.5 db under the volume of 0.53 λ × 0.08 λ .
However, these MIMO antennas have occupied a large
region along the two long side edges of the system cir-
cuit board, which may not be suitable for a smartphone
with widescreen size.

More importantly, antenna isolation is related to the
antenna position because of the ground effect, and it
can be dramatically reduced when placing the antenna
in a different position [19]. It will significantly improve
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the antenna performance if isolation is highly robust to
antenna position. So far, this problem has seldom been
studied.

In this paper, a novel antenna pair decoupled by a T-
shaped dummy antenna with high isolation and robust-
ness is proposed. The loading requirement ZL of the
T-shaped dummy antenna is calculated, and the corre-
sponding results are shown. Working in the 3.8 GHz of
N77 band, the proposed decoupled antenna pair is within
an impedance bandwidth of 280 MHz and isolation of
30 db. By duplicating the antenna pair, a 4×4 MIMO
antenna is realized, and the measured results show that
the isolation is better than 31 db. The measured aver-
age total efficiency is 49% and the Envelope Correla-
tion Coefficient (ECC) is lower than 0.05. The proposed
antenna has great potential to be applied in 5G mobile
terminals.

II. DECOUPLING PRINCIPLE AND THE
PROPOSED ANTENNA PAIR

A. Decoupling principle

In Fig. 1, the decoupling diagram of using dummy
antenna is illustrated. Port 1 and Port 2 is connected
to Antenna 1 and Antenna 2, respectively. When two
antenna are placed closely, coupling current Icouple1 (cou-
pling current is out-of-phase compared to the original
current) will exist through the coupling path#1. The per-
formance of Antenna 2 will be deteriorated due to the
out-of-phase coupling current. To counteract this cou-
pling current, we introduce an additional coupling cur-
rent by adding a dummy antenna. As shown at the
top of Fig. 1, the dummy antenna is with impedance
loading of ZL. Antenna 1 couples the dummy antenna
through path#2 and coupling current Icouple2 is created

Fig. 1. Decoupling diagram by using dummy antenna.

correspondingly. Energy is then transmitted from the
dummy antenna to Antenna 2 through path#3, result-
ing in Icouple3. It should be emphasized that Icouple1
and Icouple3 have opposite direction. If the amplitude of
Icouple1 is equal to the amplitude of Icouple3, they can can-
cel each other out.

RL = Re{ZL} = Re
{

Z12Z23
Z13

}
−R22, (1)

XL = Im{ZL} = Im
{

Z12Z23
Z13

}
−X22. (2)

It is demonstrated in [25] that the coupled antenna
can realize zero-coupling condition when adding dummy
antenna and loading the ZL of Fig. 1 calculated by (1) and
(2). The RL and XL represent the real part and imaginary
part of the ZL. When the real part and imaginary part of
the ZL is exactly the right size of (1) and (2), respec-
tively, then Antenna 1 and 2 are isolated. For brevity,
the detailed analysis will not be shown here. It should be
noted that when calculating the RL and XL, the dummy
antenna is terminated as Port 3 in CST 2021. Therefore,
in (1) and (2), the number “3” indicates the parameter
of dummy antenna, i.e., Zn3 (n �=3) represents the mutual
impedance of the dummy antenna. After calculating the
required loading impedance of the dummy antenna, a
corresponding lumped element will be connected to the
dummy antenna, so that the coupling current between
Antenna 1 and Antenna 2 will be canceled, thus obtain-
ing high isolation. This process will be shown later.

B. Configuration of the 4×4 MIMO antenna

Figure 2 shows the geometry of the 4×4 MIMO
antenna for 5G terminal devices. A 0.8-mm-thick FR4
substrate (εr = 4.4, tanδ = 0.02) is used as the main
circuit board and two 0.8-mm-thick FR4 substrates are
adopted to imitate the realistic bezels. The mainboard is
perpendicular to the two bezels. The dimension of the
mainboard is 150×75 mm2 and is with 1 mm ground
clearance. The detailed size is shown in Fig. 2 (b), where
the side plate is double-sided copper clad. Ant. 1, Ant.
2, and the T-shaped dummy antenna are etched on the
outside of the side substrate, while the feeding point A,
B, and shorting point C are etched on the inside. In the
upper part of the motherboard, an inductor and resis-
tor, which has the required ZL loading calculated by (1)
and (2), is connected to the dummy antenna through the
metallic via marked as point D. To better illustrate the
connecting relationship, the enlarged view of the fabri-
cated prototype is shown in Fig. 2 (c).

C. Performance of adding the T-shaped dummy
antenna

First, the antenna pair in Fig. 3 (a) has no T-shaped
dummy antenna, which is with the impedance bandwidth
of 230 MHz and the isolation is about 13 db. However,
this is obviously not enough for high isolation MIMO
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Fig. 2. (a) Configuration of the proposed 4×4 MIMO
antenna, (b) zoom-in view of the proposed antenna pair
and (c) photos of the fabricated substrate.

antennas [19]-[21]. The T-shaped dummy antenna is then
added above the antenna pair. Here, we use CST 2021 to
calculate the loading requirement of the dummy antenna.
In Figs. 3 (b) and (c), it is observed that the required
loading value is {XL, RL} = {0.5 nH, 50 Ω}. Shown in
Fig. 3 (d), after adding the T-shaped dummy antenna and

Fig. 3. (a) Simulated results of antenna pair without T-shaped dummy antenna; (b) and (c) is the simulated loading
requirement of the T-shaped dummy antenna, and (d) is the simulated result of antenna pair with T-shaped dummy
antenna.

Fig. 4. S-parameter of proposed antenna pair located
in different places, (a) antenna placing diagram, (b) S-
parameters of the antenna pair without T-shaped dummy
antenna and (c) S-parameters of antenna pair with T-
shaped dummy antenna.

loading the lumped elements of 0.5 nH and 49.9 Ω, the
isolation of the antenna pair is enhanced to -30 db and
the impedance bandwidth is 270 MHz (17% better than
before).

Furthermore, the T-shaped decoupled dummy
antenna is with robustness. As shown in Fig. 4, when
the antenna pair is in a different place, such as position
A and B, and C, the isolation of the antenna will change
dramatically. At position C, the isolation of the antenna
without the T-shaped dummy antenna is only 9 db. After
the decoupling of the T-shaped dummy antenna, the iso-
lation is still better than at 22 db even at different posi-
tions. It should be noted that the reflection coefficient of
Ant. 1 and 2 is almost unchanged when the antenna is in
a different place.

III. RESULTS OF THE PROPOSED 4×4
MIMO ANTENNA

A. Simulated results

By duplicating the antenna pair, a 4×4 MIMO
antenna is realized. Figure 5 shows the simulated results
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Fig. 5. Simulated results of (a) reflection coefficients, (b) transmission coefficients, (c) total efficiencies, and (d) enve-
lope correlation coefficient.

Table 1: Performance comparison of the reported antenna pair
Ref. Size/λ 2 Design Difficulty Isolation Efficiency Worst Isolation with

Different Position
[19] 0.0144 Not easy 20 db > 45% 14 db
[20] 0.0198 Not easy 24 db > 61% N.G.
[23] 0.0560 Not easy 21 db > 50% N.G.
[24] 0.0424 Easy tuning 12 db > 40% N.G.
Ours 0.0310 Easy for calculat-

ing
31 db > 45% 22 db

“N.G.” means that the data is not given.

Fig. 6. Measured results of (a) reflection coefficients, (b) transmission coefficients, (c) total efficiencies, and (d) enve-
lope correlation coefficient.

of the proposed 4×4 MIMO antenna. The impedance
bandwidth of the antenna is 270 MHz. After the decou-
pling of the T-shaped dummy antenna, the performance
of S21 and S43 are greatly improved, and the worst iso-
lation of any two antennas is 30.5 db. The average total
efficiency of the antenna is 55% and the ECC is lower
than 0.01 in the -6 db pass band. The high isolation
between two antenna blocks, such as S31 and S41, is
obtained by the characteristic of pattern diversity, which
means that the Ant. 3 and 4 is located in the radiated null
of Ant. 1 and 2.

B. Measured results

To verify the feasibility, the proposed antenna is fab-
ricated and measured by a Keysight 5071C vector net-
work analyzer. The measured data is shown in Fig. 6.
Because the antenna is symmetrical, we only show the
data of Ant. 1 and 2. As shown in Fig. 6 (a), the center

frequency of Ant. 1 and 2 is shifted by about 50 MHz,
which is mostly caused by hand-made error. The isola-
tion of the MIMO antenna in the -6 db pass band is better
than -31.1 db. The measured average total efficiency of
the antenna is 49% and the ECC is lower than 0.05. In
the illustration of Fig. 6 (d), we show the measured 3D
pattern of the antenna. The measured results are in high
agreement with the simulated ones.

The fabricated prototype and measurement setup is
shown in Fig. 7. The proposed antenna pair is connected
to a 50 Ω semi-rigid cable, where its outer side is con-
nected to ground.

C. Performance comparison

To show the superiority of the design strategy, per-
formance comparison including electrical size, design
difficulty, isolation, efficiency, and the worst isolation
with different antenna position is given in Table 1. It
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Fig. 7. Fabricated prototype and measurement setup.

is observed that the proposed antenna pair obtain the
highest isolation of 31 db in a compact size. The tun-
ing process is easy and relatively high antenna efficiency
is obtained. More importantly, the proposed antenna
pair still has high isolation when the antenna position
changes. The proposed 4×4 MIMO antenna has great
potential to be applied in 5G mobile devices.

Furthermore, in [12], a method to miniaturize the
aperture of a dual-polarized Quadruple-Folded-Dipole
(QFD) antenna by bending its arms downward or upward
is proposed. Both antennas can achieve relatively small
apertures while ensuring good matching, isolation and
radiation performances within the band of interest. In
[13], a ceramic superstrate-based decoupling method
(CSDM) is proposed to reduce the mutual coupling
between two closely packed dipole antennas while main-
taining cross-polarization suppression. However, they
have one disadvantage: the decoupled dipole is relatively
large in volume, and is placed vertically, which is suit-
able for application to base station antennas. Our design
is mainly aimed at 5G terminal equipment, with small
size, low height and high isolation. Based on practical
applications, we think our design is more suitable for 5G
terminal devices.

IV. CONCLUSION

In this paper, a compact antenna pair with high iso-
lation and robustness to antenna position for 5G mobile
devices is proposed and analyzed. The proposed antenna
pair comprises of an antenna pair with pattern diversity

characteristics and a compact T-shaped decoupling struc-
ture. By duplicating the proposed antenna pair, a 4×4
MIMO antenna is realized. The isolation and robust-
ness of the MIMO antenna are improved by introduc-
ing an impedance-loaded T-shaped decoupling dummy
antenna. The measurement results of the proposed
MIMO antenna show that it is with isolation of 31 db.
The measured average antenna efficiency is 49% and the
ECC is below 0.05. The proposed MIMO antenna has
great potential for application in 5G mobile devices.
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Abstract – A space-shared full-duplex antenna with high
isolation is proposed for universal serial bus (USB) don-
gles. A compact antenna with a compact size of 22 mm×
4 mm comprises a loop and dipole antennas, working as
a vertical monopole and a horizontal dipole, respectively.
The dipole-type is fed by a microstrip-slotline transition
with filtering characteristics of odd-mode bandpass and
even-mode bandstop, avoiding the even-mode excitation
for the loop antenna. The inherent isolation is caused by
the orthogonality of the modes and the even-mode sup-
pression (caused by the microstrip-slotline transition).
Thus, high port isolation, low envelope correlation coef-
ficients (ECC), and high efficiency are achieved across
the 5G band of 3.4-3.6 GHz.

Index Terms – even-mode suppression, full-duplex don-
gle antenna, high isolation.

I. INTRODUCTION

With the growing demands for mobile communi-
cation, the fifth-generation (5G) communication tech-
nology has become famous for its high capacity and
low latency [1]. The 5G antennas have been exten-
sively studied [2]. A universal serial bus (USB) don-
gle is an Internet access module with a USB inter-
face that can provide a network connection for lap-
tops. Full-duplex antennas could effectively multiply
the spectrum efficiency by transmitting and receiv-
ing signals within the same frequency band and time
slot [3, 4] , making them a key enabler for beyond
5G (B5G) technology. Therefore, compact full-duplex
antennas are highly desirable for USB dongles. For
reliable full-duplex communications, a 100-dB isola-
tion between the transmitter and receiver is typically

required. Such high isolation is usually achieved by
a combination of antenna isolation enhancement, ana-
log filtering, and digital interference cancellation [5].
Therefore, antennas with high isolations (> 25 db) are
desired to relieve the pressure on the sequential pro-
cessing and improve the dynamic range of the wireless
connectivity [6, 7].

Various isolation improvement methods have been
proposed for closely arranged antennas [8–26]. The
first type is the decoupling method based on partition,
such as electromagnetic bandgap structure [8, 9], decou-
pling resonators [10, 11], and defected ground struc-
tures [12, 13]. The second type is the decoupling method
based on neutralization, such as array decoupling sur-
face [14], decoupling ground [15–17], dielectric super-
strate [18, 19], and decoupling networks [20, 21]. The
partition and neutralization based decoupling methods
are combined in [22] to enhance the decoupling band-
width. In these papers, the antenna elements are sepa-
rated, and the additional decoupling structures occupy
extra specified space, making them less suitable for USB
dongles. In [23], good isolation is obtained by sharing
one common grounding branch for two adjacent anten-
nas. The orthogonal modes of the antenna pair are uti-
lized to improve the isolation in [24, 25]. Although the
self-decoupling is achieved within a compact space, spa-
tial reuse is still not well addressed, and, more impor-
tantly, the resulting isolations are insufficient for full-
duplex communications. The mode cancellation method
has been proposed to decouple the patch antenna pair
with the shared radiator [26]. However, the operating fre-
quency band is narrow. It is necessary to enhance the
port isolation further to meet the higher requirement of
full-duplex communication. Performance comparisons
of different terminal antennas are shown in Table 1.
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Table 1: Performance comparison
Ref. Freq.

(GHz)
Ant.
Size
(mm2)

Isolation Effi. ECC

[23] 3.4-3.6 20×7 17 db 58% 0.1
[25] 3.4-3.6 12×7 20 db 51%/74% 0.06
[26] 4.8-4.9 15.4×

15.5
25 db 80% 0.02

This
work

3.4-3.6 22×4 30 db 79%/64% 0.003

For fairness, the size and isolation of the compact
arranged antenna pair are compared instead of MIMO
antennas.

The microstrip-slotline transition structures are usu-
ally employed for filtering antennas, whose inherent
characteristic of common-mode suppression can sim-
plify the design procedure of the filtering antennas (only
differential-mode passband performance needs to be
studied) [27, 28]. In this paper, and different from pre-
vious papers, the microstrip-slotline transition structure
is utilized to improve the isolation of the full-duplex
antenna pair.

Here, a high-isolated full-duplex antenna for USB
dongles is proposed, which consists of a tightly arranged
loop antenna (vertical monopole mode) and dipole
antenna (horizontal dipole mode). The dipole is fed by
a Γ-shaped microstrip-slotline transition, avoiding the
even-mode excitation of the loop antenna and main-
taining the odd-mode feeding for the dipole. High
port isolation is obtained owing to the mode orthog-
onality of the elements and the even-mode suppres-
sion of the microstrip-slotline transition. Within the
operating frequency band of 3.4-3.6 GHz, high isola-
tion (> 30 db) and low envelope correlation coeffi-
cient (ECC) (< 0.003) are achieved, exhibiting superior
performances.

II. HIGH-ISOLATED FULL-DUPLEX
DONGLE ANTENNA WITH

MICROSTRIP-SLOTLINE TRANSITION
A. Array configuration

The configuration of the proposed full-duplex
antenna is shown in Fig. 1 (a), which is composed of a
loop antenna (Antenna 1) and a dipole antenna (Antenna
2). The loop antenna and the Γ-shaped microstrip feeding
line are printed on the top side of the F4B substrate (with
a relative permittivity of 4.4, a loss tangent of 0.002,
and a thickness of 1 mm), while the dipole-type antenna
and the ground plane are printed on the bottom side of
the F4B substrate. The arms of the dipole are bent to
reduce the antenna size. The two independent elements
are tightly arranged in a single board of 22 mm× 4 mm,

simultaneously serving as the receiving and transmitting
antennas. As shown in Fig. 1 (b), one end of the loop
antenna is shorted to the ground plane, and a coaxial
cable directly feeds the other end (Port 1). A Γ-shaped
microstrip-slotline transition feeds the dipole antenna.
The slotline on the ground plane of the FR4 substrate
intersects orthogonally with the Γ-shaped microstrip line
on the opposite interface, forming a transition from the
microstrip feeding line to the slotline.

(a)

(b)

(c)

Fig. 1. Configurations of (a) Proposed full-duplex dongle
antenna, (b) Loop antenna (Antenna 1), and (c) Dipole
(Antenna 2). Optimized parameters are: LD = 22, LL =
18.8, w0 = 0.5, gap1 = 2, gap2 = 1, lb1 = 2.5, lb2 = 3.9,
lb3 = 2.6, ls1 = 9, ls2 = 3, ws1 = 0.2, ws2 = 0.55, lf 1 =
3.5, lf 2 = 5, lf 3 = 2, lf 4 = 4, df 1 = 4, wf 1 = 0.5, wf 2 = 1,
wf 3 = 2, dis = 1 (all dimensions in mm).

The current distributions of Antennas 1 and 2 at the
center frequency (3.5 GHz) are shown in Figs. 2 (a) and
(b), respectively. On the dipole, the currents along the
dipole arms parallel to the ground plane edge are in the
same direction and at the feeding region are opposite
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Fig. 2. Surface current distributions at 3.5 GHz. (a) Loop
antenna excited by Port 1 (monopole mode). (b) Dipole
antenna excited by Port 2 (dipole mode).

to each other (circled), exhibiting odd-mode excitation,
while the currents flowing on the loop edges parallel to
the ground plane edge are opposite to each other and at
the feeding region are on the same direction exhibiting an
even-mode excitation. Thus, the loop antenna operates
as a vertical monopole. Therefore, the dipole antenna
works as a horizontal dipole. Due to the orthogonal cur-
rent mode of Antenna 1 (vertical monopole mode) and
Antenna 2 (horizontal dipole mode), the mutual cou-
pling between the two elements is reduced, thus, improv-
ing the port isolation of the full-duplex antenna. To fur-
ther enhance the port isolation, the Γ-shaped microstrip-
slotline transition is utilized to feed the dipole antenna,
avoiding the even-mode excitation for the loop antenna
and maintaining the odd-mode feeding for the dipole
antenna.

B. Microstrip-slotline transition

Figure 3 illustrates the electric field distributions of
the microstrip-slotline transition. Under the odd-mode
excitation, two ends of the microstrip line are excited
with equal amplitude and opposite phases. Thus, the
electric fields distributed on both sides of the slotline
are opposite, as shown in Fig. 3 (a). A virtual electric
wall is produced at the center of the slotline, and a ver-
tical electric field is generated through strong magnetic
coupling. Therefore, the odd-mode signal flowing along
the microstrip can be transformed into the slotline mode
(vertical electric field) and transmitted to the antenna
along the slot. Under the even-mode excitation, the two
ends of the microstrip line are excited with equal ampli-
tude and phase. Therefore, the directions of the elec-
tric fields on both sides of the slotline are the same,

Fig. 3. Electric field distributions of the microstrip-
slotline transition with (a) odd-mode excitation and (b)
even-mode excitation.

as shown in Fig. 3 (b). A virtual magnetic wall is pro-
duced at the center of the slotline, and the vertical electric
fields generated by the even-mode signals are canceled
by each other on the slotline. Thus, there is nearly no
vertical electric field passing through the slot, indicating
that the even-mode signals are difficult to pass through
the microstrip-slotline transition. It is concluded that the
microstrip-slotline transition has good properties of odd-
mode transmission and even-mode suppression.

To investigate the mechanism of the odd-mode
transmission, the arms of the bent dipole are excited
by odd-mode signals (Port-1), and Port-2 feeds the
Γ-shaped microstrip-slotline transition, as shown in
Fig. 4 (a). Figure 4 (b) shows the simulated reflection
coefficients (S11), and coupling (S21) of the antenna as
the length of the slotline (ls1) varies. When the length
of the slotline is around a quarter wavelength, the odd-
mode transmission coefficient of S12 will reach its maxi-
mum. Thus, the odd-mode transmission is optimal at this
point. To investigate the principle of even-mode suppres-
sion, the ends of the loop antenna are excited by even-
mode signals (Port-1), and the Γ-shaped microstrip-
slotline transition is fed through Port-2, as illustrated in
Fig. 5 (a). Figure 5 (b) shows the simulated reflection
coefficients (S11) and coupling (S21) of the antenna with
varying ls1. When the slotline’s length is about a quarter
wavelength, the curve of even-mode transmission coeffi-
cient S12 will produce a notch. Thus, the optimal even-
mode suppression is achieved at this point. Moreover,
the microstrip-slotline transition affects the reflection

Fig. 4. Investigation of odd-mode transmission. (a) Odd-
mode excitation for the dipole antenna. (b) Simulated
reflection coefficients (S11) and coupling (S21) with var-
ied ls1. (Unit: mm).
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Fig. 5. Investigation of even-mode suppression. (a) Even-
mode excitation for the loop antenna. (b) Simulated
reflection coefficients (S11) and coupling (S21) with var-
ied ls1. (Unit: mm).

coefficient of the odd-mode excited antenna while not
affecting the matching performance of the even-mode
excited antenna.

Therefore, when the tightly arranged elements of the
full-duplex antenna are excited by even-mode and odd-
mode signals, respectively, the microstrip-slotline tran-
sition can be employed to achieve optimal odd-mode
transmission and even-mode suppression. This results in
a bandpass filtering characteristic for odd-mode excita-
tion and a bandstop filtering characteristic for even-mode
excitation, further improving the port isolation, which is
different from the traditional decoupling methods based
on mode cancellation method (MCM) [26, 29, 30].

III. DESIGN PROCEDURE AND RESULTS
DISCUSSION

A. Design procedure

To obtain high isolation and good impedance match-
ing, the design parameters of the Γ-shaped microstrip-
slotline transition of the proposed full-duplex antenna
are studied. The stepped slotline helps to miniatur-
ize the size, and the stepped microstrip feeding line
contributes to impedance matching. Figure 6 shows
the simulated reflection coefficient (S22) of the dipole
and coupling (S21) of the antenna with varied ls1 and
ws1. Since the matching performance of the loop-type
antenna is not affected by the Γ-shaped microstrip-
slotline transition, the simulated reflection coefficients
(S11) of the loop antenna are omitted here for clar-
ity. As observed, the resonant frequency of the dipole-

Fig. 6. Simulated reflection coefficient (S22) and cou-
pling (S21) of the antenna with (a) varied ls1 and (b) var-
ied ws1. (Units: mm).

Fig. 7. Simulated reflection coefficient (S22) and cou-
pling (S21) of the antenna with varied L. (Unit: mm).

type antenna decreases by increasing ls1 and decreas-
ing ws1, and the port isolation also changes accord-
ingly. When the slotline’s length is about a quarter wave-
length, good impedance matching, and high isolation can
be achieved. The impedance of the microstrip line is
mainly determined by its width, and the length of the
Γ-shaped microstrip line (L = lf 1 + df 1 + lf 2) is studied
in Fig. 7. It can be seen that the length of the Γ-shaped
microstrip line mainly affects the impedance bandwidth,
but has little effect on the resonant frequency of the
dipole and the port isolation of the antenna. According
to the parametric studies, L = 12.5 mm (about a quar-
ter wavelength) is selected to obtain a wider impedance
bandwidth.

In conclusion, the matching performance (such
as the resonant frequency and the impedance band-
width) of the dipole antenna mainly depends on the
sizes of the slotline and the microstrip line. The port
isolation is determined by the even-mode suppression
of the Γ-shaped microstrip-slotline transition, which
mainly depends on the length and width of the slotline.
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The optimized dimensions of the proposed full-duplex
antenna are listed in the caption of Fig. 1.

B. Results discussion

Figure 8 shows the top and bottom views of the fab-
ricated antenna. Two 50Ω coaxial cables are used to feed
the two ports of the full-duplex antenna. The simulated
and measured S-parameters of the antenna are shown in
Fig. 9 (a). It can be seen that, across the desired fre-
quency band of 3.4 to 3.6 GHz, the reflection coefficients

(a) (b)

Fig. 8. Photographs of the prototype. (a) Top view. (b)
Bottom view.

Fig. 9. Simulated and measured (a) S-parameters and (b)
ECC of the antenna.

(S11 and S22) of the loop (Antenna 1) and the dipole
(Antenna 2) are maintained below -6 db, and the port
isolation of the antenna is above 30 db over the entire
good agreement. Figure 9 (b) illustrates the simulated
and bandwidth. The simulation and measurement results
are in measured envelope correlation coefficients (ECCs)
from the simulated and measured radiation patterns [31].
The ECCs are less than 0.003 within the operating band,
showing an excellent diversity performance. The nor-
malized simulated and measured radiation patterns of
Antenna 1 and Antenna 2 at the frequency of 3.5 GHz
are shown in Fig. 10. The measured radiation patterns
are consistent with the simulation results. In addition,
the simulated and measured efficiencies at different fre-
quencies are listed in Table 2. The simulation and mea-
surement results are about the same, and the small dis-
crepancies between them are mainly caused by manufac-
turing tolerance, imperfect soldering, and measurement
errors. As observed, good efficiencies of 79%∼ 91% are
achieved when fed through Port 1, and decent efficien-
cies of 64% ∼ 83% are achieved when fed through Port
2, indicating satisfactory radiation performances of the
proposed antenna.

Fig. 10. Simulated and measured radiation patterns at
3.5 GHz of (a) Antenna 1 and (b) Antenna 2.

Table 2: Measured and simulated efficiencies of the
antenna at different frequencies
Freq. (GHz) 3.40 3.45 3.50 3.55 3.60
Sim. Effi.
(P1)

85% 92% 95% 91% 88%

Mea. Effi.
(P1)

80% 87% 91% 85% 79%

Sim. Effi.
(P2)

70% 82% 87% 84% 75%

Mea. Effi.
(P2)

64% 80% 83% 81% 69%
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IV. CONCLUSION

This article presents a full-duplex dongle antenna
composed of a tightly arranged loop antenna and dipole
antenna. High port isolation has been obtained thanks
to the orthogonal modes of the elements and the even-
mode suppression of the microstrip-slotline transition.
The working mechanism and the design procedure of the
Γ-shaped microstrip-slotline transition were well stud-
ied. The proposed antenna has been manufactured for
experimental verification. The simulation and measure-
ment results were in reasonable agreement. High isola-
tion (>30 db), low ECC (<0.003), and high efficiency
(>79%/64%) were observed over the desired 5G fre-
quency band from 3.4 to 3.6 GHz. Therefore, the pro-
posed full-duplex dongle antenna with high isolation and
compact size is suitable for B5G communications.
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Abstract – A wideband single-fed circularly polarized
(CP) stacked patch antenna with an L-shaped stub is pre-
sented. The CP antenna is made up of the bottom gradi-
ent microstrip transmission line, middle driven patch and
top square radiation patch. The driven patch with an L-
shaped stub and opening slot can achieve a wideband CP
radiation which is different from a conventional patch.
The presented CP stacked patch antenna maintains good
directional radiation, while featuring wideband CP radi-
ation. The final tested results indicate that the presented
CP antenna has significant performance with a −10-dB
impedance bandwidth of 42.1% (4.26-6.53 GHz), a 3-
dB AR bandwidth of 26.0% (4.36-5.66 GHz) and broad-
side peak gain of 8.6 dBic. Moreover, the fifth-generation
(5G) N79 band (4.4-5.0 GHz) and 5G wireless local area
network (WLAN) band (5.15-5.35 GHz) can be cov-
ered by the operating bandwidth of the presented CP
antenna.

Index Terms – circularly polarized (CP), L-shaped stub,
patch antenna, wideband antenna.

I. INTRODUCTION

Circularly polarized (CP) stacked patch antenna
have urgent application in modern wireless communica-
tion systems [1–3]. CP patch antennas, which are char-
acterized by their compactness, ease of fabrication and
resistance to multipath fading, have become the common
schemes [4]. But the single-layer CP patch antenna has
a high Q factor, which cannot meet the requirements of
broadband. So, the study of the wideband CP patch an-
tenna is an important topic.

Using parasitic patches in CP patch antenna is
promising and is a common method to expand the ax-
ial ratio (AR) bandwidth [5–7]. In [5], the CP patch an-

tenna with capacitively coupled feed and rotated four
parasitic strips achieve a wide AR bandwidth. In [6], the
antenna composed of eight parasitic patches and feed-
ing loop, which are placed on the same plane, is pre-
sented to yield a wide AR bandwidth. Compared with
complete ground plane in [6], the ground plane with four
crown slots in [7] is utilized to further expand AR band-
width. Using stacked patches on radiation patches can
also widen the AR bandwidth[8–13]. There are different
shaped stacked patches, such as notched circular patch
[8], hexagonal microstrip patch [9] and square patch
[10], which realize 3-dB AR bandwidth of 10%, 13%
and 11%. In [11], this CP antenna is fed by a corner-
truncated ring, which can simplify the feeder structure.
The CP patch antenna in [12] contains a stacked patch
with pin-load, which can realize high gain. In addition to
the above methods, many single-fed broadband CP an-
tennas have recently been proposed [14–23]. In [14, 15],
the L-shaped probe is employed to couple the patch and
realize wide AR bandwidth. The near-field resonant par-
asitic CP patch antenna for radio frequency identification
(RFID) reader applications yields an AR bandwidth of
9% [16]. In [17], three-dimensional split-ring resonators
are used to achieve compact wideband CP antenna for
fifth-generation (5G) new radio applications.

Multi-fed is command method to expand the AR
bandwidth [24–33]. In [24], the single circular patch ex-
cited by dual capacitively coupled feeds with 90◦ phase
shift features a wide AR bandwidth of 35%. This CP
antenna array in [25], which has three centrosymmet-
ric 120◦ phase shift feeds, can realize broadband CP ra-
diation. A novel CP antenna consisting of four probes
and parasitic patches is designed for the global position-
ing system [26]. Typically, four-port feed CP antenna ar-
ray consists of four sequential rotation antenna elements
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and four-port power divider, which provide the phases of
0◦, 90◦, 180◦, 270◦. In [27], a wideband Wang-shaped
CP patch antenna array, which has unidirectional radia-
tion, is introduced and final measured results show AR
bandwidth. As mentioned above, multi-feed antenna ar-
ray can realize the advantages of high gain while main-
taining wideband AR bandwidth and unidirectional ra-
diation, but the antenna array requires complicated feed
network, which reduces the final efficiency [34].

In this article, a wideband CP stacked patch an-
tenna is introduced. For achieving the circular polariza-
tion, the opening slot and L-shaped stub are adopted to
the conventional stacked patch antenna. In the final de-
sign, the proposed CP antenna has good directional ra-
diation with front-to-back ratio of 23.48 dB at 5 GHz,
while featuring wide AR bandwidth. The final tested re-
sults indicate that the final CP antenna has significant
performances with a −10-dB impedance bandwidth of
42.1% (4.26-6.53 GHz), a 3-dB AR bandwidth of 26.0%
(4.36-5.66 GHz) and peak broadside gain of 8.6 dBic.
Moreover, the measured AR bandwidth, which achieved
good agreement with simulation results, can cover 4.4-
5.0 GHz of the 5G N79 band and 5.15-5.35 GHz band
of 5GWLAN at the same time, which can be utilized for
different applications.

II. ANTENNA DESIGN AND
PERFORMANCE

A. Antenna geometry

As shown in Fig. 1, four-layer dielectric substrates
are adopted to fabricate the proposed wideband single-
fed CP patch antenna. Three different substrates are
adopted, in which Layer 1 and Layer 3 have a dielectric
permittivity εr 3, a loss tan δ of 0.0027, and a thickness
h1 of 1 mm, Layer 2 for the driven patch has a dielectric
permittivity εr of 3.5, a loss tan δ of 0.0027, and a thick-
ness h3 of 1.5 mm, Layer 4 for the ground plane and
feeding line has a dielectric permittivity εr of 4.4, a loss
tan δ of 0.025 and a thickness h4 of 0.8 mm. Figure 1 (a)
shows the radiation patch on the top of Layer 1. The
driven patch consists of rectangular patch with opening
slot and L-shaped stub on the Layer 2, which provides
the CP mode. Figure 1 (b) shows the air gap between
Layer 1 and Layer 2 with a thickness of 4 mm. The gra-
dient feeding line, which provides the good impedance
matching, is fabricated on the bottom of Layer 4. This
antenna was optimized by CST microwave software. The
optimized antenna parameters are: Lg = 60,W1 = 17,W2
= 17, W3 =0.2, W4 = 2.0, Slotw = 6, Cpw = 7, d = 1.2, r
= 1, L1 = 3, G1 = 6, G2 = 3, s = 1,W5 = 3,W6 = 1.5, L2
= 8, L3 = 8. Unit: mm.

B. Design process

With reference to Fig. 2, three prototypes are given
for exploring the mechanism of wideband CP, which

Fig. 1. Structure of the presented CP antenna. (a)
three-dimensional view. (b) Side view. (c) Top view
of Layer 1. (d) Top view of Layer 2. (e) Top view of
Layer 4. (f) Bottom view of Layer 4.

have the same radiation patch. Ant. 1 is the conventional
stacked patch antenna, which enables wide impedanc
bandwidth and high gain. Some researchers have pro-
posed high-gain filtering antenna [35], ultra-wideband
microstrip patch antenna [36] and wideband CP antenna
[10] based on this stacked patch antenna. The L-shaped
stub is employed to realize the circular polarization in
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Fig. 2. Evolution of the presented antenna.

Ant. 2. The open slot is added to Ant. 3 when compared
with Ant. 2. The same substrate type and height is used
in all three antennas.

The driven patch is fed by a probe and has the same
width of 17 mm as the radiation patch. With reference
to Fig. 3, the Ant. 1 has two resonances near to 4.8 and
5.6 GHz and achieves linear polarization. For improving
the CP performance, the L-shaped stub is utilized in Ant.
2. In Fig. 3, the resonance frequency at high frequency
moves from 5.6 to 6 GHz, the AR of Ant. 2 is below 20
at 4 to 6 GHz and especially below 3 at 5.7 GHz. It is

Fig. 3. Simulated results of the presented antenna in dif-
ferent antennas. (a) Reflection coefficient and (b) AR.

noteworthy that the CP radiation of the original stacked
patch antenna is apparently improved because of the L-
shaped stub structure, but the 3-dB AR bandwidth is nar-
row. As shown in Fig. 2, the opening slot, which can ex-
tend the AR bandwidth, is etched on the driven patch in
Ant. 3. It is obvious that the AR of Ant. 3 decreases com-
pared to Ant. 2. In Fig. 3, the Ant. 3 has a simulated 3-
dB AR bandwidth of 27% (4.29-5.63 GHz) and −10-dB
impedance bandwidth of 37% (4.23–6.15 GHz).

Figure 4 shows the simulated surface current con-
tributions at 5 GHz, which can achieve the verification

Fig. 4. Surface current distributions on the radiation
patch and driven patch of the proposed antenna at 5 GHz
in 0◦, 90◦, 180◦, and 270◦ phase. (a) Radiation patch and
(b) Driven patch.
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of circularly polarized radiation. In Fig. 4, the surface
current contributions of the square radiation patch and
driven patch with L-shaped stub and opening slot are
provided. In Fig. 4 (a), the current of the radiation patch
flows in the direction of the black arrow at the phase of
0◦, whereas the current rotates 90◦ in a clockwise direc-
tion at the phase of 90◦. The direction of the surface cur-
rent in the driven patch is different from the direction
of the radiation because the radiation patch is fed by a
driven patch coupling. It is found that the direction of
surface current, which is represented by the black arrow,
is clockwise with a phase change. The left-hand CP radi-
ation is produced based on the direction of current rota-
tion.

Parametric studies are implemented for determining
the final dimensions. The proposed antenna performance
including the reflection coefficient and AR is influenced
by the numerous parameters. Here, two key parameters
Cpw (the L-shaped stub length) and Slotw (the open-
ing slot length) have been selected for study. Figure 5
demonstrates the effect of the L-shaped stub Cpw on the
reflection coefficient and AR. Two resonant frequency

Fig. 5. Effect of the L-shaped stub length Cpw of driven
patch on (a) reflection coefficient and (b) AR.

points are generated on the reflection coefficient curve
and two minimum points in the AR curve. The high res-
onant frequency shifts to higher frequencies as Cpw in-
creases, but when Cpw equals 9 mm the reflection coef-
ficient of 5.46 to 5.92 GHz between the two resonance
points is higher than −10 dB in Fig. 5 (a). AR is sig-
nificantly influenced by Cpw and a 3-dB AR bandwidth
of 27% is exhibited, when Cpw equals 7 mm. Figure 6
demonstrates the influence of the opening slot length
Slotw on reflection coefficient and AR. It is found that the
resonance frequencies change significantly and the min-
imum value of AR decreases and then rises with Slotw
increasing from 4 to 8 mm. So, a Slotw value of 6 mm is
chosen as the final dimension.

Fig. 6. Effect of the opening slot length Slotw of driven
patch on (a) reflection coefficient and (b) AR.

III. EXPERIMENTAL VERIFICATION

The prototype has been fabricated for achieving val-
idation of the presented antenna. Agilent N5062A Net-
work Analyzer was adopted to measure the reflection
coefficient. With reference to Fig. 7, an anechoic cham-
ber was utilized to test the radiation characteristics in-
cluding the gains and ARs. Figure 8 demonstrates the
simulated and measured results including reflection co-
efficient, AR, and gain. A −10-dB simulated impedance
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Fig. 7. (a) Photograph of the fabricated prototype. (b)
Photograph of anechoic chamber testing.

bandwidth of 37.0% (4.23-6.15 GHz) is obtained, while
the measured impedance bandwidth is 42.1% (4.26-
6.53 GHz). A 3-dB simulated AR bandwidth is 26.0%
covering 4.36 to 5.66 GHz. The measured broadside gain
at 5 GHz is 8.6 dBic and the measured gain is a little
lower than the simulated gain from 4 to 6 GHz. This is
because substrate material suffers from instability in di-
electric constant and loss.

Fig. 8. Simulated and measured results of the presented
CP patch antenna. (a) Reflection coefficient. (b) AR and
peak gain.

Fig. 9. Simulated and measured radiation patterns of the
final tested antenna. (a) At 4.5 GHz, (b) at 5 GHz, (c) at
5.5 GHz.

Figure 9 demonstrates the normalized radiation pat-
terns at the significant frequencies of 4.5, 5, and 5.5 GHz.
The normalized left-hand CP has a value of 0 dB, which
is clearly greater than the normalized right-hand CP in z-
axis direction. The measured radiation patterns maintain
a high degree of similarity to the simulated patterns. The
proposed antenna records half-power beamwidths of 53◦
and 52◦ in the two principal planes, and a front-to-back
ratio of 23.48 dB.

IV. PERFORMANCE COMPARISON

Table 1 illustrates a comparison of various param-
eters including numerous key parameters. The compact
CP patch antenna in [6] with feeding loop produced a
high gain of about 9.8 dBic, but have the narrow AR
bandwidth of 12.9. Incomplete ground plane is utilized
in [7] to expand the AR bandwidth but the radiation of
this CP patch antenna is non-directional radiation. In
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Table 1: Comparison to the performance of other CP antennas
References Size (λ 03) Freq (GHz) −10-dB

Impedance

Bandwidth (%)

3-dB AR

Bandwidth

(%)

Peak Gain

(dBic)

Ref. [6] 0.92×0.92×0.028 5.13∼6.24 19.5 12.9 9.8
Ref. [7] 1.02×1.02×0.028 5.20∼6.40 25.9 20.6 8.0
Ref. [8] /×/×0.15 3.3∼6.4 63.9 10.0 <8.0
Ref. [11] 0.65×0.65×0.066 3.6∼6.0 20.6 6.9 7.0
Ref. [13] 0.8×0.8×0.09 2.08∼2.62 22.9 17.9 8.5
Ref. [16] 0.45×0.45×0.074 0.83∼0.96 32.4 9.0 7.3
Ref. [17] 0.277×0.277×0.03 3.3∼3.8 14.1 14.2 5.1
Proposed
design

1×1×0.122 4.26∼6.53 42.1 26.0 8.6

[8, 11, 16] and [17], the peak gain of the antennas is
lower than 8 dBic. The antenna in [13] with a horizontal
L-shaped strip exhibits the peak gain of 8.5 dBic and a
3-dB AR bandwidth of 17.9%. The proposed CP stacked
patch antenna with an L-shaped stub produces a wide
operation bandwidth 26% (4.36-5.66 GHz) and a high
broadside gain of 8.6 dBic.

V. CONCLUSION

Awideband CP patch antenna with an L-shaped stub
is presented. Based on conventional stacked antenna, the
opening slot and L-shaped stub are added to expand the
AR bandwidth. The effect of length of the L-shaped stub
and the opening slot on the reflection coefficient and AR
is studied. The final measured results exhibit a −10-dB
impedance bandwidth of 42.1% (4.26-6.53 GHz), a 3-
dB AR bandwidth of 26% (4.36-5.66 GHz) and a peak
broadside gain of 8.6 dBic. This wideband CP patch
antenna has significant directional radiation with front-
to-back ratio of 23.48 dB at 5 GHz. Owing to the ad-
vantage of broadband CP radiation and high gain, the
presented CP patch antennas have a wide range of 5G
applications.
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Abstract – An aperture-loaded decoupling strategy for
1 × 8 circularly polarized (CP) patch antenna array is
presented in this article. By introducing an additional
coupling path, the mutual coupling between adjacent an-
tennas is cancelled. The result shows that more than 20-
dB isolation enhancement is obtained by applying this
strategy at the center frequency of 3.38 GHz. Mutual
coupling between both adjacent and non-adjacent ele-
ments are suppressed to less than -25 dB. Moreover, the
impedance bandwidth and axial ratio (AR) is also im-
proved with decoupling. Compared with conventional
CP antenna decoupling methods, the proposed approach
has the characteristics of low profile, compact size, and
low impact for the ground plane. It is shown that the AR
bandwidth can be enhanced using the proposed decou-
pling method.

Index Terms – array antenna, circular polarization, de-
coupling aperture, mutual coupling reduction.

I. INTRODUCTION

In the past few years, attributed to the advantages
of large system capacity and high spectral efficiency, 5G
communication systems are universally applied in wire-
less communication systems. It is generally recognized
that multiple-input multiple-output (MIMO) is a crucial
technology for 5G wireless communications since it can
significantly enhance channel capacity and spectrum ef-
ficiency [1, 2]. In a MIMO system, multiple antenna ele-
ments need to be packed in a restricted space, so that the
separations between adjacent antennas are quite limited.
However, mutual coupling effects between antenna el-
ements severely deteriorates the performance of system.
An inter-element spacing less than half a wavelength will
make the influence of mutual coupling more devastating
[3–5].

Recently, the suppression of mutual coupling in
MIMO antenna arrays has attracted great interest in
academia and industry. Typically, an in-band isolation
of -17 dB is normally sufficient for small-scale MIMO

transmission [6–9]. Nevertheless, a lower mutual cou-
pling level is critical since the efficiency of power am-
plifiers and active voltage standing wave ratio (VSWR)
of array elements would also be influenced by mutual
coupling in massive MIMO [3]. For instance, an active
VSWR of the MIMO antennas would be higher than 6
at 15 dB isolation, and if the isolation is improved to
more than 25 dB, the VSWR can be less than 2 [10–
12]. Moreover, strong coupling in communication sys-
tems impacts radiation patterns of antenna elements and
will cause nonlinear effects that decrease the amplifier
efficiency [13, 14]. Therefore, the isolation level among
massive MIMO elements is recommended to be better
than 25 dB [15–17].

In the past decade, plentiful accomplishments have
been published on the suppression of mutual coupling.
For instance, Wu et al. proposed the concept of an
antenna-array decoupling surface [12], which can intro-
duce additional reflected electromagnetic waves to coun-
teract the mutual coupling between adjacent elements.
A similar technique is the decoupling ground [18]. De-
coupling dielectric stubs can reduce mutual coupling of
dual-polarized by localizing the electromagnetic field
emitted by antenna elements, thus weakening the elec-
tromagnetic couplings to adjacent antenna elements [19].
Nevertheless, these methods inevitably increase the an-
tenna profile.

Inserting dummy elements between antenna ele-
ments is a prevalent decoupling method. Chiu et al. pro-
posed defective ground structures (DGS) to improve the
isolation between planar inverted F antennas, patches,
and monopoles [20]. However, conventional DGSs break
the ground plane, increasing backward radiation. Be-
sides, DGS is designed to be useful only for specific
coupling situations. To improve the applicability of DGS
design, Zhang et al. proposed a novel pixelated surface
ground structure which can be utilized to various antenna
designs [21]. Yang et al. introduced electromagnetic
bandgap (EBG) structures between two patch antennas
as a band-stop filter to reduce mutual coupling by 8 dB
[22]. Yu et al. proposed a 3-D meta-material structure
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(3DMMS), which prevents surface wave propagation
through negative permeability and achieves isolation en-
hancement of more than 18 dB [23]. Nevertheless, EBG
structures require large areas and therefore cannot be ap-
plied to compact arrays. Apropos of 3DMMS, its decou-
pling bandwidth is relatively limited. Neutralization lines
(NL), counteracting the original coupling wave by intro-
ducing an extra coupling path, is an efficient method for
decoupling dual-element antenna systems [24]. In [25],
Luo et al. reported a MIMO antenna array with both
metamaterial and neutralization line technology, which
achieves gain and isolation enhancement of about 3dB
and 30dB respectively. Otherwise, sparse MIMO arrays
designed with the strategy of uniform linear array fitting
principles can mitigate the mutual coupling [26]. Unfor-
tunately, their complexity increases drastically for large
antenna arrays.

More applicable for microstrip antenna than above
works, adding a decoupling structure at feeding layer has
preferences of low profile and small impact on antennas’
radiation performance. For closely coupled binary ar-
rays, lumped decoupling technologies have been investi-
gated in detail in [7] and [27]. However, LC components
may introduce parasitic effects, reducing the radiation
efficiency. Alternatively, transmission line-based decou-
pling methods are more attractive. For instance, Cheng et
al. designed a microstrip line-based decoupling network
for two strongly coupled, asymmetric and unmatched an-
tenna elements [8], where an analytical design formula
has been provided. Decoupling networks for patch an-
tenna arrays with single linear polarization were fabri-
cated in [28] and [29]. Zhang et al. first applied the trans-
mission line-based decoupling network to dual-polarized
MIMO antenna arrays, eliminating mutual coupling be-
tween the vertical, horizontal, and diagonal pairs of ele-
ments without degrading the isolation of cross-polarized
ports [10]. Furthermore, a decoupling method with filter-
ing response based on T-shaped transmission line is ap-
plied to 4 × 4 patch antenna array [30]. Despite that the
isolations in these designs are higher than 30 dB, their
network configurations are complex. Recently, a novel
aperture loading decoupling concept has been reported
in [31]. By introducing an additional coupling path be-
tween adjacent elements through the feeding line and
coupling aperture, the mutual coupling between two ad-
jacent antennas can be reduced to less than -25 dB. Since
no additional impedance matching network is required,
this method is more convenient for large-scale dual po-
larization microstrip antennas.

Circularly polarized (CP) antennas are widely ap-
plied in navigation and communication systems due
to their superior ability to suppress multipath fading
and polarization mismatch. However, studies on reduc-
ing coupling between large-scale circularly polarized

microstrip antennas are quite rare [32–34]. In general,
decoupling of CP arrays are more difficult than that for
dual-linear-polarized arrays because the former require
both linearly polarized components to be equally sup-
pressed by the decoupling technique [33].

In this paper, we apply the aperture-loaded decou-
pling concept to CP array antennas. By etching small
apertures at the ground plane, the feeding line of an el-
ement can generate additional coupling path with its ad-
jacent antenna element through an aperture. With appro-
priate dimensions, these coupling apertures will cancel
out the original coupling. Compared with existing decou-
pling methods of CP microstrip antennas, the proposed
scheme features simple structure, higher decoupling ef-
ficiency, and low profile.

II. ANALYSIS OF THE CIRCULARLY
POLARIZED DECOUPLING STRATEGY

In this section, the principle of decoupling approach
is illustrated analytically. Figure 1 indicates the proposed
CP patch antennas decoupling method, which consists
of three identical elements, labelled as Antennas 1, 2,
and 3. The operating frequency of patch antennas in this
work is 3.38 GHz. The centre distance between adjacent
patches is 0.5 λ 0, where λ 0 is the free-space wavelength
at the centre frequency. In particular, a chamfer length Lc
provides two slightly separated resonant frequencies to
achieve circular polarization with single-feed structure.
Below the edge of each antenna element, two coupling
apertures are etched into the ground layer. For compre-
hensive consideration, we take Antenna 2 as the refer-
ence antenna for analysis. The feeding line of Antenna
2 passes through the apertures loaded under Antennas 1
and 3 successively, generating extra coupling paths with

Fig. 1. Geometries of the proposed CP patch anten-
nas decoupling method. (a) Top view. (b) Lateral view.
(Lc=2.4mm, θ 3=470◦ and θ 4=860◦.)



1251 ACES JOURNAL, Vol. 37, No. 12, December 2022

its adjacent antennas. By adjusting the size of the cou-
pling aperture, the level of the new coupling path be-
tween two antennas can be optimized. When those two
couplings have similar magnitudes and opposite phases,
high isolation can be achieved.

Fig. 2. Configuration of the decoupling between Anten-
nas 1 and 2. (a) Signal flow diagram. (b) Simplified four-
port model. (θ 1=45◦, θ 2=90◦, and La = 6.8 mm, L1=4.6
mm, L3=4 mm, W1=W3=0.2 mm, Lp=22.7 mm.)

For single-feed CP antenna, each element needs to
be decoupled from the adjacent antennas on the right and
left sides through a single microstrip line. Subsequently,
the decoupling process of the CP array can be divided
into two similar and related steps, as shown in Figs. 2
and 3. The signal flow diagram for the decoupling be-
tween Antennas 1 and 2 is shown in Fig. 2 (a), where
two different coupling paths are indicated by green and
blue arrows, respectively. The corresponding simplified
four-port model is given in Fig. 2 (b). Define V3 as the
input voltage of Node 3. At Node 1, the output voltage
is determined by these two paths, which can be written
separately as:

V1,B = S1,3V3, (1.a)
V1,G = S4,3S2,4S1,2V3, (1.b)

where S1,3 indicates the coupling through the loaded
aperture, while the mutual coupling between radiation
elements is denoted as S1,2. According to transmission
line theory,

S2,4 =
2Z0Z1

2Z0Z1cosθ3 + j(Z 20+Z21
)

sinθ3
. (2)

For Nodes 3 and 1, we can write the decoupling con-
dition as:

V1 = V1,G +V1,B = 0. (3)
Combining (1)-(3), the design condition can be ob-

tained as follows:

S1,3+
2Z0Z1S4,3S1,2

2Z0Z1cosθ3 + j(Z 20+Z21
)

sinθ3
= 0. (4)

As for S4,3, S1,3 and S1,2, it can be conveniently
obtained through full-wave simulations. Meanwhile, the
impedance matching from Node 3 to Node 2 should also
be properly considered.

Figure 3 (a) illustrates the decoupling signal flow di-
agram of Antennas 2 and 3, with the condition that An-

tennas 1 and 2 are already decoupled. The correspond-
ing simplified model is given in Fig. 3 (b). By repeating
the above derivation and analysis, the value of θ 4 and
the aperture parameters can be determined. Attributed to
non-centrosymmetric antenna elements, the decoupling
parameters of odd-positioned elements are different to
those of even-positioned. A four-element array decou-
pled by the proposed method is depicted in Fig. 3 (c).
After that, the xoz and yoz planes of each radiating el-
ement are decoupled with the xoz and yoz planes of its
adjacent elements, respectively. This indicates that after
decoupling, when a port is excited, its adjacent radiation
patch apertures are in the voltage null. The area around
the adjacent antenna elements can be considered as the
quasi-voltage-zero region, thus suppressing the electro-
magnetic propagation. For ease of analysis, the charac-
teristic impedance of all the transmission lines is chosen
to be 50 Ω.

Fig. 3. Decoupling configuration of multiple antenna el-
ements. (a) Signal flow diagram of the decoupling be-
tween Antennas 2 and 3. (b) Simplified six-port model.
(c) Configuration of a four-element array with the pro-
posed decoupling method. (θ 5=258.3◦, θ 6=662.2◦, and
L2=4 mm, L4=4.8 mm, W2=W4=0.2 mm.)

III. MEASUREMENT RESULTS AND
DISCUSSION

To demonstrate the decoupling performance of the
proposed prototype, an 8-element CP microstrip antenna
array was fabricated and measured, as shown in Fig. 4.
Both the ground plane, microstrip patch and feeding line
are printed on F4B with a loss tangent of 0.002 and
a dielectric constant of 3.5. The array antenna is fixed
with some screws, of which metal screws are used at the
outmost sides and nylon screws are used for the parts
close to the patch. All screws have been taken into ac-
count during electromagnetic simulations. The overall
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size of this antenna array is 440× 90 mm2. The radiation
performance and S-parameters of the proposed array are
measured.

Fig. 4. Photograph of the fabricated 1 × 8 antenna array.

Fig. 5. Measured scattering parameters of the fabricated
1 × 8 array.

The measured reflection coefficients of the fabri-
cated patch antenna array are depicted in Fig. 5. One can
immediately see that the reflection coefficients of the 8
ports are better than −10 dB in the frequency range of
3.31-3.45 GHz. The reflection coefficients and ports iso-
lations of some representative ports are plotted in Fig. 6.
It demonstrates that the maximum mutual coupling level
occurs between adjacent ports, and ports isolation are
remarkably enhanced after decoupling, increasing from
18.7 dB to more than 30 dB at around 3.38 GHz (where
the axial ratio is below than 3 dB). It is worth mentioning
that the measured impedance bandwidth is wider than the
simulated one. This may be caused by air gaps due to as-
sembly tolerances and non-ideal contacts.

Figure 7 depicts the comparison of axial ratio (AR)
of the CP antenna array with and without decoupling of
Ports 1-4. It is observed that the AR of all ports improves
after decoupling. A 3-dB AR bandwidth from 3.36 to
3.4 GHz is achieved for all four ports, which is slightly
better than the simulation one. It suggests that the an-
tenna array has excellent CP characteristics, and the re-
duction of coupling can significantly improve the AR of
the patch antenna elements.

Fig. 6. Measured and simulated S-parameters of repre-
sentative ports. (a) Port 1. (b) Port 2. (c) Port 3. (d) Port 4.

Figure 8 plots the simulated and measured radi-
ation patterns of LHCP and RHCP of Ports 2-4 at
3.38 GHz with and without decoupling. It can be found
that the radiation patterns of three elements are al-
most the same as the ones before decoupling. This
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Fig. 7. Measured and simulated AR of representative
ports. (a) Port 1. (b) Port 2. (c) Port 3. (d) Port 4.

Fig. 8. Measured and simulated radiation patterns of rep-
resentative ports. (a) Port 2. (b) Port 3. (c) Port 4.

demonstrates that the proposed decoupling strategy has
faint effect on the radiation patterns of array antenna. As
for the measurement results, they are marginally deteri-
orating than the simulation results. The discrepancy is
mainly caused by measurement error and manufacturing
tolerance.

Table 1: Performance comparison with published decou-
pling methods
Ref. No. of

Antennas
Polarization Isolation Profile

[10] 16 Dual-linear ≥25 dB 0.09
λ 0

[31] 16 Dual-linear ≥25 dB 0.08
λ 0

[19] 16 Dual-linear ≥25 dB 0.47
λ 0

[32] 4 Circular ≥19 dB 0.09
λ 0

[34] 2 Circular ≥50 dB 0.012
λ 0

This
work

8 Circular ≥25 dB 0.02
λ 0

A detailed comparison of recently published de-
coupling works for linearly polarized and circularly
polarized patch antenna array is summarized in Table 1.
We are concerned with the polarization mode, antenna
profile, and isolation between two ports. Compared
to [10], our proposed decoupling scheme is of low
complexity and superior in design simplicity. The pro-
posed decoupling methods in [10] and [19] are only val-
idated for antenna arrays with dual-linear-polarizations.
The mutual coupling between antennas in [32] does not
decrease below −20 dB, thus its applications in massive
MIMO are limited. Moreover, the profile of the proposed
prototype in this work is only 0.02 λ 0, which is far less
than those in [10, 19, 31, 32]. In [34], on account of
appreciable damage to the ground plane, the backward
radiation is deteriorated distinctly. The decoupling band-
width of the antenna proposed in this work is comparable
to its 3-dB AR bandwidth, which is usually small for
single-feed CP antennas. In general, the presented decou-
pling strategy shows overall superiority to the previous
works.

IV. CONCLUSION

CP antennas have been heavily employed in satellite
communications and navigation systems, yet there are
few papers about the decoupling of CP patch antennas.
Focusing on the status quo, a compact and low-profile
decoupling strategy to enhance the isolation within 1 × 8
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CP microstrip antenna array has been proposed in this
paper. An additional coupling path could be generated
through a coupling aperture to counteract the mutual
coupling, which considerably enhances the isolation be-
tween antenna elements. Furthermore, both impedance
bandwidth and AR could be improved using the pro-
posed scheme.
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Abstract – In the future multi-functional detection sens-
ing and communication integrated systems, as well as
5G/6G systems, simultaneous transmit and receive tech-
nology, as an important key technology, is an impor-
tant supporting measure to achieve the simultaneous
work of different functions. Looking at the problem
of strong self-interference in the simultaneous multi-
function application of a phased array transceiver, this
paper presents the integrated cancellation architecture
and corresponding method of integrated transmission
domain, RF domain and digital domain, and completes
principle experiment verification of interference suppres-
sion and elimination by constructing the principle experi-
ment system. Experimental results show that in the actual
hardware system 0.5 db amplitude quantification and 6-
bit phase quantization control conditions, through joint
using passive and active beam transfer of the domain
space optimization form, at the same time in the digital
domain application of the adaptive system identification
interference cancellation method for further interference
cancellation, above 150 dB for interference suppression
can be achieved. This research will provide a certain ref-
erence for the application of simultaneous transceiver
technology in future 5G/6G phased array antenna sys-
tems.

Index Terms – prototype verification, self-interference
suppression, simultaneous transmit and receive, system
architecture.

I. INTRODUCTION

Current radio systems, including radar, communi-
cations, and various electronic warfare (EW) measures,
are mainly in half-duplex (HD) mode with transmit and
receive functions. In order to utilize time effectively,
and frequency and space resources with the develop-
ment of radio hardware systems, especially adaptive sig-
nal processing, innovative full-duplex (FD) methods are
proposed to make up for the shortcomings of HD. FD
is considered a breakthrough technology for 5G and
6G. Although FD can bring many benefits, a serious

problem in practical implementation is the strong self-
interference when both transmitter and receiver work
simultaneously, which can severely shield the receiver,
making it unable to receive signals of interest from
remote transmission or return weak signals [1–9].

FD technology aims to transmit and receive simulta-
neously in the same frequency band. In this case, the RF
system receives not only the signal of interest, but also
the transmitted coupled or leaky signal, which becomes
the essential problem of simultaneous transmission and
reception in radio systems. Therefore, the strength of the
self-interfering signal at the receiver must be sufficiently
reduced so that the radio system’s own transmission does
not interfere with its normal reception of the signal of
interest. Especially for the phased array systemwith mul-
tiple transceiver units, the components and magnitudes
of self-interference and cross-interference between units
are obviously higher than those of conventional RF sys-
tems [7–12].

For achieving sufficient isolation between transmis-
sion and reception, there is usually a need to com-
bine different technologies, including spatial isolation
suppression, and analog and digital cancellation. In the
application of a single channel FD radio system, these
technologies can be integrated to satisfy the need for
self-interference suppression. While for phased array,
especially digital phased array which has hundreds of
antenna cells, the mutual coupling paths among differ-
ent elements are profuse. To apply the FD method in
phased array, the complex channel’s characteristic of the
coupling paths must be analyzed and modeled before
self-interference cancellation, using relevant technolo-
gies [3–6].

In [7] and [8], the aperture level of simultaneous
transmit and receive configuration of a phased array for
simultaneous transmission and reception was proposed
and simulated, and preliminary experiments with a one-
dimensional linear array of eight elements were carried
out. That work mainly considered the case where the
amplitude and phase of the array can be adjusted in an
all-digital mode. In [10] and [11], the authors studied FD
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millimeter wave communication based on beamforming
mainly focused on the controllable amplitude and/or
phase of the array weights. Through a comprehensive
analysis of relevant literature [7–26], we can see that, as
an important key technology to realize the elimination
of simultaneous coupling interference suppression in a
phased array system, it is necessary to realize the unsat-
uration of the receiving channel of the large array sys-
tem while taking into account the realization of the sys-
tem by making full use of the multi-unit multi-freedom
characteristics in the array system airspace/transmission
domain to suppress self-interference. In [23–25], the
MIMO system and state-of-the-art decoupling works
were studied by means of a special array antenna struc-
ture design, which can provide a good reference for self-
interference suppression of the array system in the trans-
mission domain. On the basis of the phased array digi-
tal domain adaptive system identification and cancella-
tion filtering principle and experimental research [6, 19],
as the first level of the interference suppression multi-
level method, the work in [12] is mainly for the actual
phased array system aperture-level simultaneous trans-
mit and receive realization of self-interference suppres-
sion in transmission domain, the principle model and
corresponding optimization methods under the practi-
cal limiting factors such as limited quantization number,
constant envelope amplitude, scanning mode, wideband
signal mode, etc.

On the basis of the above research, this work makes
a systematic study of the strong self-interference prob-
lem faced by the simultaneous application of phased
array transceiver and receiver. It proposes the integrated
cancellation architecture and corresponding method of
integrated transmission domain, RF domain and dig-
ital domain, and conducts the principle test of inter-
ference suppression and cancellation by constructing a
principle test system. The results show that the multi-
domain and multi-level joint architecture and method
can achieve good results in the elimination of strong
self-interference in the simultaneous transmit and receive
phased array system. This research will provide a certain
reference for the application of simultaneous transmit
and receive technology in future 5G/6G array antenna
systems.

This paper is structured as follows. The coupling
self-interference electromagnetic model of simultaneous
transmitting and receiving phased array is introduced in
Section II. The system architecture and method of cou-
pled self-interference signal suppression for simultane-
ous transmit and receive phased arrays are analyzed in
detail in Section III. Section IV presents practical results
of proof-of-principle for the proposed architecture and
method by building a principle test system. Section V
summarizes the paper and prospects for the future work.

II. COUPLING SELF-INTERFERENCE
ELECTROMAGNETIC MODEL OF

SIMULTANEOUS TRANSMITTING AND
RECEIVING PHASED ARRAY

From previous research work [6, 8, 12], the
self-interference channel characteristics [H( f )]M×N
directly determines the complexity of coupled self-
interference and the feasibility of its suppression meth-
ods. Because the practical array antenna has complex
three-dimensional configuration, the simple near-field
model is not strictly accurate for characterization of the
coupling interference in an array system [10, 11]. In
order to better simulate the channel characteristics of the
coupling interference between the transmitting unit and
the receiving unit in this experimental array, we intro-
duce an electromagnetic model of the array based on
Ansoft HFSS. The HFSS apply FEM to calculate the S-
parameter matrix S and full-wave electromagnetic field
of arbitrary array antenna configuration.

The p-th row and q-th column of the S matrix are
represented as S(p,q) ,(p,q = 1,2, . . . ,P), which repre-
sents the coupling relationship between the p-th and q-
th elements in the array. P is the total number of ele-
ments in the array. Based on the S-parameter matrix S,
we define the element H(m,n) of the array in m-th row
and in the n-th column of the interference channel char-
acteristic matrix [H]M×N , as:

H(m,n) = Σqn∈TnS(m,qn), (1)
(n = 1,2, . . . ,N;m = 1,2, . . . ,M) .

In the formula, qn is the unit number of the sub-
array set for transmitting and/or receiving in the entire
array, Tn is the unit set corresponding to the transmitting
sub-array, N is the number of units of the transmitting
sub-array, and M is the number of units of the receiv-
ing sub-array. Rm is the set of units corresponding to
the receiving sub-array. For the separated-aperture array-
level simultaneous transceiver mode, there is Rm ∩Tn =
/0; for the partial array-level/partial unit-level simultane-
ous transceiver mode, there is Rm ∩ Tn �= /0. Especially
for the full-aperture unit-level transceiver simultaneous
mode, there is Rm = Tn.

Based on the self-interference coupling model pro-
posed above, we first construct an electromagnetic model
and a digital model for the practical array system, con-
duct design simulation verification through digital meth-
ods, and use it for subsequent principle experiment
verification and evaluation. In this work, we take the
30(T)×10(R) array antenna as the example, and study
the interference characteristics of the sub-apertures level
simultaneous transmit and receive mode.

When the separate sub-apertures transmission and
reception work simultaneously, the transmission sub-
array can be transmitted according to a certain beam-
shaping weight, and the receiving sub-array can be
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simultaneously received according to a certain receiving
beam-shaping weight. The arrangement of the phased
array antenna in this mode is shown in Fig. 1, and the
power of each transmitting component is set to 30 dbm,
which can be controlled by the joint weights of ampli-
tude and/or phase.

In the research process, combined with the actual
physical array antenna development, we design and con-
struct the corresponding electromagnetic model and dig-
ital model. Among them, the electromagnetic model is
used to electromagnetically analyze the self-interference
coupling characteristics between the transmitting and
receiving antenna elements. The simulation environment
used is Ansoft HFSS. The FEM is used to electromag-
netically analyze the coupling characteristics between
any two array elements. The S parameter of the array is
obtained by electromagnetic calculation. Then by choos-
ing the same layout as the specific test array antenna,
that is, a transmitting sub-array with 30 units in 5 rows
and 6 columns and a receiving sub-array with 10 units
in 5 rows and 2 columns, the S parameter of the array
is converted to a coupling matrix H, as shown in Equa-
tion (1). The specific electromagnetic model of the array
is shown in Fig. 1 (a). The digital model is that for the
practical prototype array antenna, that is, the transmit-
ting sub-array of 5 rows and 6 columns, and the receiving
sub-array of 5 rows and 2 columns, by constructing a dig-
ital design simulation model with the same characteris-
tics as the array unit layout and operating frequency. It is
used for design simulation to evaluate the beam charac-
teristics and interference suppression performance of the
different optimized weights. The specific digital model
is shown in Fig. 1 (c). The practical testing array antenna
is shown in Fig. 1 (b).

The saturation level of the receiving channel is gen-
erally about -10 dbm. In order to achieve conventional
reception operation of the phased array system, the low
noise amplifier on the receiving channel of each array
element is firstly not saturated, that is, the power of the
transmitting signal coupled to each receiving component
must be below the saturation level of -10 dbm. By ana-
lyzing the self-interference coupling coefficients charac-
teristics of the 30(T)×10(R) array antenna as shown in
Fig. 2 (a), the simulation coupling power at the receiving
array elements can be obtained as shown in Fig. 2 (b).
It can be seen that for the 30 dbm output power of the
transmitting unit, the self-interference power received
by the receiving array element is greater than the sat-
uration power of the component by -10 dbm. As a
result, all the receiving components are saturated and
cannot receive the desired signal. However, the interfer-
ence power received by different array elements varies
greatly. Therefore, from the demand of SIC, it is neces-
sary to suppress the self-interference signal power below

the saturation power level of the component in order to
ensure the normal operation of the component. In this
work, we will study the overall self-interference suppres-
sion of an array system by the multi-domain and multi-
level method.

Fig. 1. Illustrative model and physical array antenna used
for interference characteristics analysis. (a) HFSS EM
model of the used array antenna (T: Transmitting ele-
ment, R: Receiving element). (b) Practical testing array
antenna. (c) Digital model of the array antenna (�:
Transmitting element, ♦: Receiving element).

Fig. 2. Distribution characteristics of the coupling self-
interference power for the illustrative array antenna
operating simultaneous transmission and reception with
the separate sub-apertures. (a) Coupling coefficients of
the array antenna for the separate sub-aperture mode
(10GHz). (b) Distribution characteristics of the coupling
self-interference power (the digital unit in the Figure is
dBm) for the separate sub-aperture mode.

III. SYSTEM ARCHITECTURE AND
METHOD FOR SIMULTANEOUS

TRANSMISSION AND RECEPTION OF
PHASED ARRAY COUPLED

SELF-INTERFERENCE SIGNAL
SUPPRESSION

Based on previous related research work [1, 12,
21–29], in order to solve the problem of strong self-
interference in the simultaneous application of an array
system, interference suppression and cancellation can be
carried out from multiple dimensions including trans-
mission domain, RF domain, and digital domain. First
of all, for different phased array transceivers, the self-
interference signal power entering the receiver can
be reduced by passive suppression, including antenna
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isolation and beamforming in the transmission domain,
to achieve the first level of interference suppression.
Radio frequency interference cancellation, composed of
self-interference reference signal generation, delay and
amplitude adjustment, and RF anti-inversion signal syn-
thesis, reduces the signal power of the low-noise ampli-
fier entering the receiving component to avoid com-
ponent saturation. This is the second-level interference
suppression. In the third stage, through active digital
interference cancellation (such as adaptive filtering), the
residual self-interference is eliminated to reduce the self-
interference below the noise floor of the receiver, thereby
avoiding affecting the reception of the desired signal by
the system.

Figure 3 shows the principle block diagram of the
multi-level self-interference suppression and cancella-
tion of the phased array antenna at the same time of trans-
mission and reception:

wT wTn wTN wR wRm wRM

mnj
mn mnh A e

Fig. 3. Schematic diagram of phased array antenna
narrow-band signal space-domain transmit and receive
beam optimization principle.

According to the system architecture of the simul-
taneous multi-domain and multi-level self-interference
cancellation of the phased array system as shown in
Fig. 3, we propose the detailed process of interference
cancellation according to the requirements of the actual
system as follows:

A. Obtain the characteristic parameters of self-
interference coupling between the transceiver arrays

(1) According to the unit arrangement characteris-
tics of the phased array system to achieve simultane-
ous transmission and reception, the interference cou-
pling characteristics between the transmitting array and
the receiving array are obtained by means of electro-
magnetic calculation, array measurement or channel esti-
mation, that is, the difference between the transmitting
and receiving antenna units. The self-interference cou-
pling characteristic matrix between H=[hmn]M×N ,hmn =

Amne jφmn is the receiving antenna unitm(m = 1,2, · · · ,M)
and the transmitting antenna unit n(n = 1,2, · · · ,N) is
the self-interference coupling coefficient, where N is the
number of transmit antenna units, and M is the number
of receive antenna units.

(2) Determine the antenna front radiation control
parameters, and the amplitude/phase control quantiza-
tion bit or quantization step.

B. Phased array modeling and spatial interference
suppression optimization

(1) According to the working mode requirements
and arrangement characteristics of the phased array sys-
tem, combine the coupled self-interference characteris-
tic relationship matrix used by the corresponding phased
array to transmit and receive at the same time, and estab-
lish a digital array model [7, 8, 12].

(2) According to the characteristic indicators such
as the radiation gain lobe of the phased array system and
the simultaneous transmission and reception interfer-
ence transmission suppression requirements, construct
the beamforming weight parameter design optimization
target calculation model, comprehensively analyze the
beam characteristics and interference suppression per-
formance, respectively shape the optimized transmission
beam and receive beam and implement spatial interfer-
ence suppression.

C. Cancellation preprocessing

Aiming at the nonlinear signal components existing
in the process of transmission and transmission of the
radio frequency system, a signal is coupled at the out-
put end of the power amplifier of the transmission chan-
nel through a coupler as a cancellation reference sig-
nal. Set the carrier frequency of the radio frequency sig-
nal to be fc, and the band-pass filter preprocessing with
the passband bandwidth of B will filter out the harmon-
ics and spurious components outside the bandwidth of
the original reference signal and the received coupled
interference signal, so as to retain the effective compo-
nents within the passband. The effective component of
the signal is used as the reference and desired signal for
the input of the self-interference cancellation processing
algorithm.

D. Self-interference cancellation processing in radio
frequency domain

For the residual strong self-interference of the local
array units and corresponding channels that still exist
after the transmission domain interference suppression,
the multi-tap delay, phase shift and attenuation meth-
ods are used to eliminate the radio frequency domain
interference. Let the radiation signal output by the
transmitting antenna through the power amplifier be
sn(t)(n= 1,2,· · ·,N ′

, N
′≤N). Due to the limited isola-

tion between the transceiver units, the transmitted signal
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enters the receiving antenna through spatial coupling and
transmission domain interference suppression to form a
self-interference signal sI,m(t). The transmitting signal
of the coupling part of the transmitting end is used as
a reference signal sr,n (t) = cm,nsn (t), and sent to the
radio frequency cancellation module, cm,n is the trans-
mission coupling from the n-th channel reference coef-
ficient. Usually considering factors such as bandwidth
and spatial multipath transmission, the RF cancellation
module adopts a multi-tap analog cancellation method
[21]. Different taps have different delays, amplitudes and
phases. Reconstruction of self-interfering signals. The
receiver uses an adaptive optimization algorithm, such
as the steepest descent method, to obtain the correspond-
ing delay, amplitude and phase parameter control of dif-
ferent tap branches, so as to synthesize the correspond-
ing self-interference cancellation signal ŝI,m(t), the self-
interference signal sI,m(t) is eliminated in the radio fre-
quency domain of the receiving end.

Let the RF signal of the m-th receiver be:
rm (t) = dm (t)+ sI,m (t)+ ŝI,m (t)+nm (t) , (2)

where dm (t) represents the desired signal received, such
as a long-range target scattered echo signal or a signal
received by a long-range radio frequency system and
is received at the local m-th receiver; sI,m(t) represents
the self-interference signal; ŝI,m (t) represents the locally
synthesized self-interference cancellation signal; nm (t)
represents noise signal. The self-interference radio fre-
quency signal sI,m(t) of the local receiver is:

sI,m (t) = (1− c)s(t)⊗hI (t) , (3)
where c represents the coupling coefficient between the
transmitting antenna and the receiving antenna. Its value
range is (0,1). Then (1-c) represents the signal amplitude
through the main channel. s(t) is the transmitter signal.
hI(t) represents the self-interference characteristics of
the transmission channel from the transmitting antenna
to the receiving antenna. ⊗ represents the convolution of
the transmitter and the self-interference channel.

The self-interference cancellation RF signal ŝI,m(t)
synthesized by the local receiver is:

ŝI,m(t) = ΣN
n=1 ŝI,m,n(t) (4)

= ΣN
n=1 ΣK

k=1 ak,m,ne− jϕk,m,n sr,n
(
t − τk,m,n

)
,

where K is the number of analog cancellation chan-
nels, K≥2, ak,m,n, ϕk,m,n and τk,m,n (m = 1,2, . . . ,M) are
the amplitude attenuation value, phase shifter value and
delay of each tap of the RF/analog cancellation.

During the transmitter training period signal trans-
mission, assuming d(t) = 0, the radio frequency signal
received by the receiver is:

r̂ (t) = sI (t)+ ŝI (t)+n(t) . (5)
In a specific time period, it is assumed to be [t1, t2],

(t1 < t2). In order to minimize the residual interference

signal of the receiver, the amplitude of the signal r (t)
received by the receiver is integrated and the expecta-
tion is obtained. The optimized objective function with
adjustable attenuation and phase shift parameters is as
follows:

O(a,ϕ,τ) = E
(∫ t2

t1
|r(t)|2dt

)
(6)

= E
(∫ t2

t1
|sI(t)+ ŝI(t)+n(t)|2dt

)
.

The optimal solution model is:
(ao,ϕo,τo) = min

a,ϕ,τ
O(a,ϕ,τ) , (7)

s.t.

⎧⎨
⎩

0≤ a(n) ≤ 1,n = 1,2, . . . ,N
−π ≤ ϕ(n) ≤ π,n = 1,2, . . . ,N

0≤ τ(n) ≤ τmax
where a represents the amplitude control vector of the
multi-tap self-interference synthesis unit; ϕ represents
the delay control vector of the multi-tap self-interference
synthesis unit. As a result, ao, ϕo and τo represent the
optimal amplitude, phase and delay control vector val-
ues that are solved.

Considering the practical limitations of the effective
bandwidth of the signal, the optimization can be done in
the frequency domain:

argmin
a,ϕ,τ

[HI( f )−Hr( f )]2. (8)

In the formula, HI ( f ) represents the frequency
domain response of the interference signal transmis-
sion channel; Hr( f ) represents the frequency domain
response of the reconstructed interference signal trans-
mission channel.

Based on this, band-pass filtering is used to filter out
harmonics and spurious components outside the band-
width of the original reference signal and the coupled
interference signal before the cancellation process, so as
to retain the effective components of the signal. Use this
as the reference signal and desired signal input to the
self-interference cancellation processing algorithm.

E. Digital domain interference cancellation process-
ing

The residual interference signal after cancellation in
the transmission domain and the radio frequency domain
is further eliminated by the adaptive filtering system
identification method in the digital domain. The basic
principle is to characterize the interference channel as a
multi-tap adaptive filter system, use the filter weights to
weight the delayed signal to generate the output signal,
and compare the output signal with the expected signal
under a certain error criterion to adjust the weight value.
After convergence, the transmission characteristics of the
filter system are similar to the characteristics of the inter-
ference channel, and the subsequent transmitted signal
can be approximated by the filter system to approximate
the actual coupled interference signal, and the two are
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Fig. 4. Phased array coupled self-interference suppres-
sion process and method at the same time as transmission
and reception.

subtracted to achieve the purpose of eliminating interfer-
ence.

IV. PRINCIPLE EXPERIMENTAL
EVALUATION

To evaluate the performance of the multi-domain
joint self-interference suppression method, we use an
experimental array antenna configured with 30 transmit-
ting elements and 10 receiving elements. Passive spa-
tial attenuation and active adaptive beamforming in the
transmission domain and radio frequency domain are
combined, and the adaptive identification filter cancel-
lation method in the digital domain is also adopted. The
test signal is a single frequency continuous wave signal.
The transmitted signal of the array antenna is recorded as
the reference signal for interference suppression and the
received signal of the receiving unit is recorded as the
signal for self-interference cancellation to evaluate and
analyze the comprehensive effect of the joint interference
cancellation method. The architecture and schematic dia-
gram of the experiment system is shown in Figs. 5 and 6.

Fig. 5. Block diagram of the principle experiment archi-
tecture.

We jointly adopt passive spatial attenuation and
active adaptive beam assignment in the transmission
domain and RF domain, and adaptive identification filter-
ing cancellation in the digital domain. The active beam

Fig. 6. Schematic diagram of interference cancellation
principle experiment scene.

assignment method is the conventional beam assign-
ment weight with 0◦, azimuth angle 0◦ and optimiza-
tion weight for interference suppression; adaptive identi-
fication filtering elimination in the digital domain adopts
FIR model of order 256, and adopts adaptive filtering
based on the minimum mean square error criterion. Con-
sidering the above methods, the experiment data results
are shown in Fig. 7. Under the constraints of 0.5 db
amplitude quantization and 6-bit phase quantization con-
trol of the practical hardware system, the spatial passive
transmission of the transmission domain and the active
beam optimization formation are jointly adopted. Also,
the adaptive system identification interference cancella-
tion method in the digital domain can achieve a total
of more than 150 db self-interference cancellation. The
verification of the principle test shows that the method
of multi-domain/multi-level combination can achieve a

Fig. 7. Experimental results of multi-domain integration
for self-interference cancellation of simultaneous trans-
mit and receive phased array.
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good effect for the elimination of strong self-interference
in the simultaneous transmit and receive phased array
system.

V. CONCLUSION

Based on the electromagnetic modeling and digi-
tal modeling analysis of the coupling interference char-
acteristics between phased array antenna elements, this
paper breaks through the key technologies of simultane-
ous transmission and reception of electromagnetic radia-
tion under the actual constraints of the array system, and
adaptive digital identification and cancellation. Simul-
taneous multi-domain and multi-level self-interference
suppression/cancellation principle model and implemen-
tation process, through the multi-domain comprehen-
sive interference suppression principle test, the principle
evaluation of key technologies and optimization mod-
els has been realized. The cancellation method and its
process are processed according to the transmission and
coupling characteristics of the radio frequency inter-
ference signal, and can be popularized and applied in
the system self-interference cancellation requirements of
different frequency bands and different functions.
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