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Abstract: A novel approach to widening the active reflection coefficient (ARC) bandwidth of an antenna array, employing a
parasitic coupling network (PCN), is investigated in this article. Different from traditional tightly coupled arrays adopting space
structures for enhancing the coupling in balanced-excitation antennas, a PCN derived from rigorous formulas is employed
in the feeding lines of unbalanced-excitation ones. Based on network analysis, the mutual coupling utilization condition for an
(Mx*N)-element antenna array is initially deduced, and the PCN is implemented. Then, the PCNs are realized by introducing a
parasitic element and a coupling network between the two-element H-plane and E-plane dual-layer coupled microstrip antenna
arrays, resulting in 10.9% and 30.8% bandwidth enhancements compared with the original arrays, respectively. Moreover, the
PCNs are further expanded to multielement antenna arrays, including three- and five-element one-dimensional and 8x2 two-
dimensional arrays, exhibiting approximately 40% overlapped ARC bandwidths with normal radiation patterns, steady gains, and
applicable scanning characteristics. The results indicate its potential application in large-scale wideband arrays.
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1 Introduction characteristics (Allen and Diamond, 1966; Guo et al.,
2020). Therefore, many studies have been carried out

Mutual coupling manipulation is always an awk-  on suppressing mutual coupling, and plentiful tech-

ward issue for antenna array design, as coupling be-
tween array elements can trigger the deterioration of
antenna performance, including impedance matching,
radiation pattern, gain, sidelobe level, and scanning
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niques have been proposed to achieve high isolation
between elements, which can be divided mainly into
two categories. One category is field methods, such as
defected ground structure (DGS) (Kumar C et al., 2017),
frequency selective surface (FSS) (Zhu et al., 2021),
electromagnetic bandgap (EBG) (Zhai et al., 2016),
single negative (SNG) metamaterial (Bait-Suwailam
et al., 2010) and metasurface (Liu et al., 2020), array-
antenna decoupling surface (ADS) (Wu et al., 2017),
and parasitic decoupling (Lau and Andersen, 2012;
Ghadimi et al., 2020; Kumar P et al., 2023). Here,
parasitic decoupling mainly reduces mutual coupling
by introducing parasitic structures between array ele-
ments to counteract the coupling field or current; thus,
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the radiation performance can be greatly improved.
The other category is circuit methods, covering de-
coupling networks (Zou et al., 2019, 2023; Wang ZT
and Wu, 2023) and neutralization lines (Li M et al.,
2020). However, mutual coupling can also be used to
improve the antenna performance. According to the
operating mechanism of the loaded structure, mutual
coupling utilization methods can be divided into space
and network ones.

The most typical example of space mutual cou-
pling utilization is a tightly coupled array (TCA), the
concept of which is derived from the infinite current
sheet array (CSA) proposed by Wheeler (1965) and
developed by Munk et al. (2003), who discovered
that, through introducing coupling components to the
end of the closely arranged dipoles, the antenna array
could exhibit wideband characteristic. Since then, copi-
ous works concerning TCA have been carried out to
expand the bandwidth of the antenna array and wide-
angle scanning range (Holland and Vouvakis, 2012;
Chen et al., 2021; Li WT et al., 2023; Zhang et al.,
2023). After initially being employed in dipole arrays,
TCA has been further expanded to other balanced-
excitation antenna arrays, the elements of which are
usually symmetric with two arms and are fed by the
same amplitude and a 180° phase difference (Holland
and Vouvakis, 2012), including Vivaldi array (Reid
et al., 2012) and spiral antenna array (Alwan et al.,
2012). However, for unbalanced-excitation antennas,
the concept of mutual coupling utilization is scarcely
introduced.

Network coupling utilization mainly involves a
strong coupling structure (Qu et al., 2013) and an over-
lapped feeding network (Xia et al., 2014). The former
mainly exists in sparse arrays, which can retain a similar
aperture efficiency, simplify the feeding network, and
reduce the total cost by intentionally connecting adja-
cent array elements to strengthen the mutual coupling.
These arrays can be equivalent to circuit models and be
analyzed according to the network theory, but the scann-
ing characteristics still require exploration. However,
the latter is scarcely reported, and the overlapped feed-
ing network was introduced to enhance the coupling
between array elements, improve the active reflection
coefficient (ARC), and widen the scan angles to =60°
(Xia et al., 2014). However, the decoupling network,
which is frequently introduced to eliminate mutual

coupling between elements, is also a vital approach
from the perspective of network analysis. The coupling
matrix was extracted from the two-port network to
deduce the decoupling and matching conditions (Zhao
et al., 2014). By adding a parasitic port, novel and eff-
icient parasitic decoupling networks were presented
to achieve high isolation (Li M et al., 2019). Also, the
decoupling and matching network was designed by
rigorous formulas upon the scattering matrix and was
optimized using the binary optimization algorithm (Li
M et al., 2022a). Additionally, based on S-parameters
and radiation patterns, a hybrid network was conducted
for multiple-input multiple-output systems using the
N-ary optimization algorithm (Li M et al., 2022Db).
Since the network analysis is precise and general
and has potential, the design of the decoupling net-
work can be stretched to that of a coupling network
for mutual coupling utilization, which has rarely been
reported.

In this article, targeting the network structure de-
sign and unbalanced-excitation antenna, an efficient
parasitic coupling network (PCN) is proposed to im-
prove the performance of a dual-layer coupled mi-
crostrip antenna array. First, on the basis of the network
model, the mutual coupling utilization condition for an
(M*N)-element antenna array is built in Section 2.
The PCN implementation is also derived from an (MxN)-
port network and its scattering parameters. Then, in
Section 3, a parasitic element and a coupling network,
comprising the proposed PCN, are respectively inserted
between elements and the feeding lines of the H-plane
coupled antenna array. In addition, the PCN is em-
ployed in an E-plane coupled array and is further ex-
tended to multielement arrays, including three- and
five-element one-dimensional and 8x2 two-dimensional
arrays. The results demonstrate that all arrays have ap-
proximately 40% overlapped ARC bandwidths, normal
radiation patterns, steady gains, and applicable scann-
ing characteristics. Finally, conclusions are drawn in
Section 4. The novelty and contributions of the pro-
posed PCN are described as follows:

1. The parasitic network is traditionally employed
in antenna decoupling, but the PCN breaks the limita-
tion and is expanded to the mutual coupling utilization.

2. An unbalanced-excitation antenna, i.e., a dual-
layer coupled microstrip antenna, is selected as the
basic element for the coupling utilization; previously,
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balanced-excitation antennas have been the most
common.

3. The PCN design is simple to follow, and it is
easy to judge whether the mutual coupling can be used
or not according to the derived mutual coupling utili-
zation condition for the planar large-scale multiele-
ment antenna array.

4. The PCN is practical for both one- and two-
dimensional wideband antenna arrays, and has poten-
tial for use with large-scale arrays.

2 Operating principle of PCN

2.1 Mutual coupling utilization condition

To deduce the mutual coupling utilization condi-
tion, an (MxN)-port network is constructed to repre-
sent an antenna array with MxN elements, as depicted
in Fig. 1a. Assume that the radiation, heat loss, and
resonant storage are deemed the energy dissipated in
the network, and the mutual coupling between elements
mostly reflects the variation of scattering coefficients.
According to the scattering matrix of the multi-port
network, the normalized reflected wave of element
(m,n) (m=1,2, -+, M; n=1,2, ---, N) at port (m, n) is

b(m,n) = S(m,n),(l,l)a(l,l) + S(m,n)‘(l,2)a(l,2) +oee

+8 +

&)

(m,n),(m,n)a(m,n) e t S(m,n),(M,N)a(M,N)’

where a, , (pe{l, 2, ---, M}, ge{l, 2, ---, N}) is the
normalized incident wave at port (p, ¢) and S, ..
is the scattering coefficient related to element (m, n),
both of which contain the corresponding magnitude and
phase. Thus, when all the array elements work, the ARC

of element (m, n) can be expressed as (Kahn, 1969)

Element (M, N) Element (m, n)
v 4 v 4
A b 8mn) Binny

(MxN)-port network
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It can be inferred from Eq. (2) that, when all the
elements are excited with the same magnitude and
=ay), the ARC of
element (m, n) becomes the sum of the reflection coef-
ﬁCient S(m,n),(m,n)

tween port (m, n) and other ports, that is,

phase (i.e., a,,=a =" =a,, ="

and coupling coefficients S, , (., be-

S + S, + -

= S(m,n),(l,l) (m,n),(1,2) . 3)
+S toeee S(m,n),(M,N)'

(m,n),(mn)

(m,n),(m,n)active

For a scanning array with scan angle (6, ¢), the
feeding phase differences between adjacent elements
with the distances of d, and d, in the two dimensions
are y,=kd sin Ocos ¢ and y,=kdsin Osin ¢. Then

= i [(p=myw+(g=my, ] .
gy Amm® , that is,

M N
— —i[(p=m)y H(g=n)y,]
S(m,n),(m,n)active_EES(m,n),(p,q)e : (4)

p=1g=1

Fig. 1b presents the calculation of the ARC.
According to the relationship between the reflection
coefficient and the coupling coefficient circles, it is
evident that, when the phase difference Agp between the
reflection coefficient and the sum of coupling coeff-
icients varies in the angle range marked in yellow, the
magnitude of the ARC will be no greater than that of
I<IS,
then, the mutual coupling can contribute to the im-

the reflection coefficient, that is, |5

m,n),(m,n)active m,n),(m,n)| 5

provement of the array performance. Conversely, the
coupling will deteriorate the performance. Thus, the
mutual coupling utilization condition can be developed
from a two-port network (Wang YW and Yu, 2017)
and can be determined as

\

(M n
HIRCE
(mn), (p.q)

S(m;n]; (m,n)

S,

(m,n), (m,n) active

S,
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Fig. 1 Analysis of the mutual coupling utilization condition: (a) network model; (b) calculation of the active reflection co-
efficient (ARC). References to color refer to the online version of this figure
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where the constitutive condition is

<2|s
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M N a
IPICEININEE
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(6)

If the constitutive condition is not satisfied, data
will be missing in the upper and lower boundaries,
and the coupling utilization should be evaluated accord-
ing to the specific circumstance. Inequality (5) accounts
for why the balanced-excitation antenna array can better
use mutual coupling between its elements, as when
the elements are excited with the same magnitude
and phase, the phase difference Ap approaches 180°,
and the superposition of the reflection coefficient and
coupling coefficients can always fall in the yellow
range; thus, it will gain a smaller magnitude. However,
for the unbalanced-excitation antenna array, the situa-
tion becomes complex, considering that the phase
difference is out of control. Thus, one specific geom-
etry can be inserted to manipulate the mutual cou-
pling for the purpose of performance enhancement.

2.2 PCN implementation

The proposed PCN is conducted by introducing
parasitic elements between array elements to couple
energy from antennas, and then the parasitic elements
are connected to coupling networks between feeding
lines to guide the coupled energy, enhancing the coup-
ling between array elements; thus, mutual coupling
can be used. For an (MxN)-element antenna array
loaded with PCN, its overall equivalent network model
can be represented in Fig. 2a, which can be analyzed
from two split parts, as demonstrated in Fig. 2b. For
simplicity, only the front two antennas are displayed

to concretely denote the port definitions. The upper
part is an (M*N)-port network, indicating the original
coupled antenna array, whose scattering matrix S* is
as Eq. (7) (on the next page); the lower part is a (4Mx
N-M-N)-port network via introducing 7=Mx (N -
1)+ (M~-1)*xN PCNs connected with parasitic ele-
ments and its scattering matrix S" is represented by
Eq. (8) (on the next page). Here, af,,,,, and b, ,,

the incident and reflected waves of the original array;
(Alpny Ay @) a0d (D], 0, bE, 0 bL) are those of
the lower network, connected with the feeding port,

are

the antenna element, and the parasitic element, re-
. A P P P
spectively. (S, amna Stnay.nnp Stmma.immar Sieie) and
A P P P
(S(m,n)a,(p,q)aa S(m,n),(p,q)’ S(m,n)a,(p,q)aﬂ Sie,je) are the reflec-
tion and coupling coefficients of the coupled array

: P P
and the PCN respectively, and S, ,g)a Sium e
P P P P :
S(m,n)a,(p,q)’ S(m,n)a,jv Sic,(p,q)’ and Sic,(p,q)a are the inter-

nal transmission coefficients of the PCN, which all
contain magnitudes and phases. When the upper net-
work is cascaded with the lower one, according to the
incident and reflected relations in Fig. 2b, Eq. (7) can
be transformed into Eq. (9) (on the next page).

By substituting Eq. (9) into Eq. (8), the PCN can be
reduced to a (3MxN-M-N)-port network, including M*
N feeding ports and 7 parasitic ports. Then, the scatter-
ing matrix S" is simplified as Eq. (10) (on the next page).

Considering that each parasitic port is connected
with a parasitic element whose scattering coefficient
satisfies 555 al. (a and b are the incident and reflected
waves of the parasitic element), there is bi=a’ /SF.
The eventual (MxN)-port scattering matrix S, repre-
senting the whole network, can be obtained as Eq. (11)
(on the next page).

From Egs. (10) and (11), the ultimate matrix of
the antenna array with the PCN S can be achieved,
as the scattering matrix of the original coupled antenna
array S* is known, and that of the lower network S"
can be conveniently tuned via changing the dimensions
of the coupling network and acquired through simula-
tion or measurement, as well as by adjusting the dimen-
sions of parasitic element S. It is noted that all the
scattering parameters contain magnitude and phase; then,
according to inequality (5), the mutual coupling utili-
zation condition of the antenna array with the PCN
can be further achieved.



656 Zou et al. / Front Inform Technol Electron Eng 2025 26(4):652-670
A A A A A A
b(],l)a A1,1ya S(l,l)a,(l,l)a S(l,l)a,(l,Z)a S(l,l)a,(M,N)a A1,1ya
A A A A A A
(22 | _ gA A12)a S(I,Z)a,(],])a S(],Z)a,(l,Z)a (12)a,(M,N)a A12)a (7)
A A A A A A
(MN)a A(MNYa Sunyaiia S(M,N)a,(l,2)a S(M,N)a,(M,N)a A(MN)a
T T
P 3 p P 3 3 _ ¢p[ P 3 P P P 3
I:b(],l)’ Tt b(M,N)’ ARITERERE b(M,N)a: les """ bTe] =S I:a(],l)’ S Ay Aanas T Aunyas Fles * s aTe]
r QP p p P P 3 rr 7
(1,1),(1,1) (11),(M,N) (1,1),(1,h)a (1.1),(M,N)a (1,1),1e (1,1),Te Ay
P P P P P P P
(MN),(1,1) (MN),(M\N) (MN),(1,1)a (MN),(MN)a (MN),le MmNy .Te || G
P P P P P P P
(LDa,(1,1) (L,1)a,(M,N) (L,Da,(1,1)a (L.1)a,(M\N)a (L,1)a,le (1,1)a,Te a(l,l)a (8)
p p 3 p p p P
S(M,N)a,(l,l) S(M,N)a,(M,N) S(M,N)a,(l,l)a S(M,N)a,(M,N)a S(M,N)a,le (MN)aTe || FMN)a
S .. P SP P P P P
le,(1,1) le,(M,N) le,(1,1)a le,(M,N)a le,le le,Te ale
P P P P P P P
L Te,(1.1) STe,(M,N) STe,(l,l)a STe,(M,N)a Te,le Te,Te L aTe -
P P P T A\ ' p P P T
[ (Lhas Da2yas 0% (M,N)a] = (S ) [a(1,1)a> A12yas """ a(M‘N)a] . )
R r R 7 r QP P 7
(L1 aa (1,1),(1,1)a (11),(MN)a
: : : : P b 1
R R P P (LDa,(1,1)a (I,)a,(MN)a
b(M,N) = SR Auny | — S(M,N),(l,l)a S(M,N),(M,N)a (SA)’] _ : :
bR R p .. p
le aye le.(1.)a le.(MN)a P S?
. : : : (M,N)a,(1,1)a (M,N)a,(MN)a
R R 3 p
L Op U L dr | L O7e1,1)a STe,(M,N)a -
P P P P
(1.D)a,(1,1) S(l,l)a,(M.N) S(l,l)a,le o (1,1)a,Te
: : : : (10)
P SP SP . P
(M.N)a,(1,1) (M.N)a,(M.N) (MN)a,le (M.N)a,Te
roP P P P Nr R 7
(1,1),(1,1) S(l,l),(M,N) S(],l),]c S(],]),Tc Ay
P P P P R
+ S(M,N),(I,l) S(M,N)‘(M,N) S(M,N),le (MN),Te L7
P e SP P P R
le,(1,1) le,(M,N) le,le le,Te alc
P p p P R
L O7e(1,1) : STe,(M,N) Sre,le o Sre,Te JJL ar |
r oR R R R R _ E R -1
S(],l),(l,l) S(l,]),(M,N) (11),le S(],I),Tc Slc,lc 1/8, Stere
¢ = . . B . . . .
R R R R R R 1/SE
LO(MN),(1,1) (MN),(MN) (MN),le (MN),Te Te,le Te,Te T (11)
roR R
le,(1,ly 77 le,(M,N)
R .. R
Lo 7e,(1,1) Te,(M.N)

Thus, the procedure for designing the proposed
PCN can be summarized as follows:

Step 1: Attain the scattering matrix S* of the upper
original coupled antenna array.

Step 2: Add the coupling networks between the
feeding lines of the array, reserve connecting ports for

parasitic elements, and then obtain the scattering matrix
S* of the lower part.

Step 3: Cascade S* with S” to obtain the scatter-
ing matrix S® of the composite network.

Step 4: Through the scattering relationship be-
tween parasitic ports and elements, the ultimate
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Fig. 2 Equivalent network model of an (MxN)-element antenna array loaded with parasitic coupling network (PCN):
(a) overall construction; (b) network analysis process (subscript “p” refers to the parasitic port)

scattering matrix S¢ of the antenna array can be
obtained.

Step 5: Estimate whether §¢ is congruent with
the mutual coupling utilization condition; if not, re-
turn to Step 2 or 4 to adjust the coupling network or
parasitic element.

3 Applications in wideband multielement
microstrip antenna arrays

3.1 Dual-layer coupled microstrip antenna

Fig. 3 displays the geometry of the dual-layer
coupled microstrip antenna, also known as a stacked
microstrip antenna, which is a typical traditional and
unbalanced-excitation wideband antenna and is selected
as the array element in the design of the PCN. The
element consists of two patches, one feeding line, three
substrates, and the ground plane. The upper and lower
patches, possessing the same size of [ xw,, are printed
on the upper layers of the substrates with a relative

W L]
9)2\ PO ﬂg;
h S E—
X y hé 2'5
(a) (c)

Fig. 3 Configuration of the unbalanced-excitation dual-
layer coupled microstrip antenna: (a) overall view; (b) single
patch; (c) side view

permittivity of 4.3, a loss tangent of 0.02, and a thick-
ness of 4, separated by an air gap with a height of 4,.
Also, the lower patch is fed via a probe with a 0.8-mm
diameter, which is connected to the feeding line with
a width of w; on the bottom layer of the lower sub-
strate with a thickness of /4, through a hole on the
ground plane, and located at x;-distance away from the
short edge of the patch. The concrete dimensions of
the antenna are listed in Table 1.
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Table 1 Concrete dimensions of the dual-layer coupled microstrip antenna and the PCNs (unit: mm)

Parameter Value Parameter Value Parameter Value Parameter Value Parameter Value

I, 14.2 L, 4.7 Wy, 15 L, 8.6 w,, 1.5

w, 11 I, 3 Wy, 4 I, 9 W, 4

X 2.2 I 21 Wis 0.6 I, 26 Wi, 0.6

1 I 9 Wiy 5 L, 13 W, 6.6

, s 6 Wis 52 L, 5.4 W 52

3 L 3 Whe 1 Leg Wee

Wy 1.9 Ly 4 Wy 2 I, 4 W, 2

Fig. 4 plots the reflection coefficient and gain of | S, | | S, |
the single dual-layer coupled antenna; the antenna oper- T arccos 2| R | =Agp=n + arccos | . (13)

11 11

ates in a broad band from 4.28 to 5.58 GHz, with the
relative bandwidth attaining 26.4%. Meanwhile, the
gains in the working band are all over 6.1 dBi and the
maximum gain is 7.2 dBi at 5.46 GHz. However, when
the antenna elements are compactly arranged in an
array, the mutual coupling may deteriorate the charac-
teristics. Thus, to intentionally use the coupling, a PCN
is inserted between feeding lines to improve the array
performance.

-40 +— T T 0
3 4 5 6
Frequency (GHz)

Fig. 4 The reflection coefficient and gain of the single dual-layer
coupled microstrip antenna

3.2 PCN for two-element arrays

First, a two-element 1X2 coupled antenna array
is employed for PCN design. To simplify the expres-
sion, the ports are denoted as port 1 and port 2. As
the number of array elements becomes 2, Eq. (3) and
inequality (5) can be respectively simplified to

S =8+ 8, (12)

Ilactive

where the constitutive condition is |S,,|<2|S,,|. Accord-
ing to the constraint in inequality (13), it is easy to
judge in which band the mutual coupling is available to
improve the array performance. Take the coupled
H-plane antenna array as an example. The edge-to-edge
distance of the elements is only 5 mm (0.083/; 4, is the
wavelength corresponding to the center frequency of the
working band) and the center-to-center spacing is 0.274,,.
The antenna array is fabricated and its S-parameters are
measured via a vector network analyzer. The simulated
and measured S-parameters and phases of the array are
plotted in Fig. 5. The simulated working band with
only port 1 excited is 4.44-5.68 GHz (24.5%), while
the measured one is 4.46-5.64 GHz (23.4%). In light
of the calculated phase differences and boundary values
exhibited in Fig. 5b, it is obvious that mutual coupling
in the simulated bands of 3.00-4.62 GHz and 4.86—
5.40 GHz can be used and the measured ones are 3.00—
4.56 GHz and 4.90-5.40 GHz. It is worth mentioning
that, although there is a relatively great disparity be-
tween the simulated and measured phase differences
because of the measurement deviation and fabrication
error, the curves both fall, as expected, within the
boundaries. Therefore, when two ports are both excited,
the simulated and measured bands of the ARC that
are lower than —10 dB (voltage standing wave ratio
(VSWR), <2) expand to 4.10—-5.58 GHz (30.6%) and
4.12-5.56 GHz (29.8%), respectively. It is also noted
that the missing data of the boundary values result
from failing to satisfy the constitutive condition.
However, through loading the PCN, the operating
band can be further widened. Following the design pro-
cess of the PCN implementation, the scattering matrix
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Fig. 5 S-parameters and phase differences of the original H-plane antenna array: (a) S-parameters; (b) phase differences and

the fabricated array

of the original antenna array is obtained. Here, an out-of-
band frequency of 4 GHz is selected as a typical object.

0.21e 12
0.72e1 1%

0.72¢ '

SA
0.21e"C12)

]. (14)

As Fig. 6 shows, a shorted stepped microstrip
parasitic element is inserted between two patches on
the middle substrate, which is linked to the coupling
network via a metal probe, then $7=0.96¢ ", The
coupling network consists of two shorted and one open
T-stubs, which are equivalent to transmission lines
(Sui and Wu, 2017), enabling the transmission magni-
tude and phase of the five-port network, calculated as
Eq. (15) (at the bottom of this page), to adjust to those
of the original array for better characteristics. The de-
tailed dimensions of the PCN are listed in Table 1.

Therefore, the ultimate scattering matrix of the
antenna array with the PCN can be calculated accord-
ing to Eq. (11) as

Then, the ARC at 4 GHz is further calculated as
—11.32 dB, and the phase difference is 141.2°, which
is within the boundary values (111.9°, 248.1°), indicat-
ing that the mutual coupling is successfully used. If
not, the parasitic element or coupling network can be
tuned to achieve the demanded scattering matrices.

To better understand how the geometry of the PCN
affects the ARC, four main structure parameters are
chosen, which are presented in Fig. 7. For the parasitic
element between the lower patches, when its length
l,, is shorter than 5 mm, the ARC bandwidth in Fig. 7a
changes a little, and only the high band enlarges with
the length increasing. When it turns longer, the low
band is narrowed down. While for the coupling net-
work, its position in the feeding network can greatly
influence the ARC, which is plotted in Fig. 7b. In
detail, the longer the length /, is, the better the imped-
ance matching can be. Meanwhile, the length and posi-
tion of the T-stubs of the coupling network can exert
influence on the ARC. In Fig. 7c, when the length /
increases, the high band is slightly narrowed. As shown

€ = 043¢!" % 0.32¢! 1) _ (16) in Fig. 7d, when the two branches are remotely sepa-
0.32¢! 7112 043113 rated, which indicates that the width w,, has increased,
[0.40ei" (9% 0.02ei 18 0.85¢1 (2% 0.03e!'2 (.17e! 3 ]
0.02¢’ % 0.40e" % 0.03¢) ' 0.85¢ (2% (.17e) 3
S"=10.85¢1"2%  0.03¢i""?" 0.40e) ' 0.02¢7°7  0.18¢) 27 (15)
0.03¢’ 2" 0.85¢ (29 0.02¢) %7 0.40e) 1 0.18e! 27
L 0.17¢' 2 0.17¢7 3 0.18¢'"27  0.18¢ 27  0.87¢’ (%]
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Fig. 6 PCN implementation for the two-element H-plane antenna array: (a) overall view; (b) parasitic element; (c) coupling
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the ARC becomes worse. Thus, the four parameters are
determined as listed in Table 1.

Fig. 8 demonstrates the simulated and measured
S-parameters and phase differences of the antenna

array loading with the PCN. It is worth noting that

Sitacive (AB)
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versus [, (a), [, (b), [, (¢), and w,, (d) of the H-plane antenna array with the PCN

the simulated results at 4 GHz are consistent with the
calculated ones, verifying the correctness of the PCN
implementation. Likewise, the mutual coupling in the
band of 3.50-5.06 GHz can be used for both the simu-
lated and measured bandwidth enhancements. Thus, the
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Fig. 8 S-parameters and phase differences of the H-plane antenna array with the PCN: (a) S-parameters; (b) phase

differences and the fabricated array

simulated and measured bandwidths of the ARC are
3.78-5.70 GHz (40.5%) and 3.76-5.68 GHz (40.7%),
respectively, which are 9.9% and 10.9% wider than
those of the original array.

The simulated and measured normalized radia-
tion patterns and gains of the antenna array without
or with the PCN are presented in Figs. 9 and 10a,
respectively. The measurement and simulation results
coincide well with each other. It is observed that the
additional PCN has little impact on the radiation charac-
teristics, as both the radiation pattern and gain diminu-
tively vary in the operating band, where the gains of
the antenna array with the network are all over 5.7 dBi.
All the cross-polarization levels in the E-plane are
lower than =35 dB, which are not displayed in Fig. 9.
However, those in the H-plane at 4.1 GHz and 5.6 GHz
are lower than —20 dB and -23 dB, respectively, and
vary little after loading the PCN. Meanwhile, the ra-
diation efficiencies of the two-element antenna array
without or with the PCN are plotted in Fig. 10b, which
further reveals that the introduced PCN has little in-
fluence on the radiation. The simulated and mea-
sured radiation efficiencies of the array with the PCN
are over 62.4% and 64.4% in the operating band, and
can reach a maximum of 86.2% and 83.4%, respectively.
It is noted that the gains and radiation efficiencies both
have roll-off after loading the PCN, but they occur mainly
in the low band. The reason is that a filtering response
is generated due to the coupling effect, which can also
be observed in Fig. 8a. However, this response has little
influence on the array performance within the operating

band. Different from the parasitic decoupling, which has
an influence on the radiation performance, the intro-
duced parasitic element in the PCN, which is employed
to guide the coupling currents between the array elements
and the coupling network, brings about little change;
thus, it mainly plays a role as a matching element.

One key factor of the multielement antenna system,
the envelope correlation coefficient (ECC), is plotted
in Fig. 11 to evaluate the PCN performance. Often,
the larger the ECC is, the stronger the relationship bet-
ween the array elements will be. It is evident that, at
around 4 GHz, the ECC of the H-plane antenna array
with the PCN is larger than that of the array without
the PCN, which indicates that the PCN helps enhance
the correlation between elements and widen the ARC
bandwidth.

E-field and current distributions of the antenna
array with the PCN are further presented in Fig. 12.
From the E-field distribution, it is apparent that the
array is capable of radiating forward at 4.1 GHz and
5.6 GHz, as is the current distribution, which also veri-
fies that the upper and lower patches cooperate to ob-
tain an excellent radiation performance.

Following the design procedure of the PCN for
the H-plane antenna array, the procedure for a 2x1
E-plane array is presented in Fig. 13. The edge-to-edge
distance of two elements is still 5 mm, leading the
center-to-center one to be 0.324,. Since the array is
asymmetric along the y axis, one meander line is aug-
mented to the parasitic element to ensure the sym-
metric arrangement of the coupling network. The
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Fig. 10 Simulated and measured gains (a) and radiation efficiencies (b) of the two-element H-plane antenna array without
or with the PCN

dimensions are listed in Table 1. Both of the E-plane  fabricated, and measured. Fig. 14 illustrates that the
antenna arrays (with/without PCN) are simulated, mutual coupling in the band of missing boundary
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Fig. 11 Simulated and measured envelope correlation
coefficients (ECCs) of the two-element H-plane antenna
array without or with the PCN

E-field (V/m)

data between the elements deteriorates the array per-
formance; although that in the band of 3.00-4.30 GHz
can be used, the ARC is immensely decreased. How-
ever, from Fig. 15, the proposed PCN not only re-
lieves the influence of the mutual coupling in the
band of missing boundary data, but also leverages
that in the band of 3.00-4.68 GHz to expand the mea-
sured operating ARC band from 4.00—4.40 GHz (9.5%)
to 3.80-5.72 GHz (40.3%), which is huge progress for
a 30.8% bandwidth increment. Based on the above
results, it can be concluded that the results imply the
effectiveness of using the PCN for the performance
improvement of arrays arranged along the H-plane
and E-plane.
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Fig. 12 E-field and current distributions of the two-element H-plane antenna array with the PCN: E-field distribution at
4.1 GHz (a) and 5.6 GHz (b); current distribution at 4.1 GHz (c) and 5.6 GHz (d)



Fig. 13 PCN implementation for the two-element E-plane antenna array: (a) overall view; (b) parasitic element; (¢) coupling
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Fig. 14 S-parameters and phase differences of the original E-plane antenna array: (a) S-parameters; (b) phase differences

and the fabricated array

3.3 PCN for multielement arrays

Subsequently, PCNs are finely adjusted to increase
the bandwidths of three- and five-element H-plane
antenna arrays (see supplementary materials, Sections 1
and 2), indicating that the proposed method is efficient
in extending the ARC bandwidth of multielement
linear arrays.

Since the effectiveness of the PCN for both the
H-plane and E-plane antenna arrays has been previ-
ously verified, its application in a two-dimensional
array is further briefly investigated here. Fig. 16 de-
picts the fabricated prototype of the proposed PCN
for an 8x2 antenna array, which is extended to two
elements along the H-plane based on a linear eight-
element E-plane array; thus, it remains symmetric
along the y axis and relatively symmetric along the
x axis. The geometry remains in the same configuration

with several parameters precisely tuned to fully use
mutual coupling. It is noteworthy that the edge-to-edge
spacing of both E-plane and H-plane elements is still
5 mm, and the PCN is mainly based on that for the
two-element E-plane antenna array in Fig. 13, while
that for the H-plane array, shown in Fig. 6, is bent to
match the overall structure. Since the antenna array has
16 ports, to simplify the expression of the S-parameters,
the 16 ports are denoted as port 1 to port 16, and ports 1,
3,5, and 7 are especially studied.

Fig. 17 delivers the ARCs of the 8%2 antenna array
without or with the PCN and coupling utilization evalu-
ations of the latter. For the original antenna array, as
displayed in Fig. 17a, the ARCs apparently deterio-
rate due to the strong mutual coupling between array
elements and no effective coupling manipulation
method. The middle element suffers from the largest
influence; thus, the ARC at port 5 is around -5 dB
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Fig. 15 S-parameters and phase differences of the E-plane antenna array with the PCN: (a) S-parameters; (b) phase

differences and the fabricated array
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Fig. 16 Prototype of the proposed PCN for the two-dimensional 8x2 antenna array: (a) upper patches; (b) lower patches

and parasitic elements; (¢) coupling network

across almost the whole band. However, by using the
coupling network to manipulate the mutual coupling
between array elements, the ARCs are all improved.
Figs. 17c¢—17f show that, for ports 1, 3, 5, and 7, the
simulated bands where the phase differences satisfy
the mutual coupling utilization conditions are, respec-
tively, 3.00-4.02 and 4.28-5.04, 3.56-4.42, 3.00—4.54,
and 3.00-4.94 GHz, while the measured ones are,

respectively, 3.00-4.02 and 4.30-5.04, 3.00-4.56,
3.00-4.78, and 3.00-4.80 GHz. Then, the correspond-
ing simulated ARC bands are expanded to 3.40-6.62,
3.54-5.96, 3.72-5.98, and 3.44-7.00 GHz, while the
measured ones are 3.66-6.68, 3.40-6.08, 3.50-5.92,
and 3.54-6.16 GHz. Thus, the simulated and measured
shared operating bands are 3.72-5.96 GHz (46.3%)
and 3.66—-5.92 GHz (47.2%), respectively. Fig. 18a plots
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the gains of the 8x2 antenna array without or with the
PCN, which indicates that the simulated and measured
gains of the antenna array with the PCN vary between
13.1 and 16.1 dBi and 12.7 and 16.0 dBi, respectively,
and are higher than those of the array without the PCN
at most frequencies. Moreover, the higher radiation effi-
ciencies in Fig. 18b demonstrate that the antenna array
with the PCN exhibits a better radiation performance,
since in the operating band, the simulated and mea-
sured radiation efficiencies are all over 62.1% and

Zou et al. / Front Inform Technol Electron Eng 2025 26(4):652-670

60.3%, while the maximum ones reach 94.2% and
88.8%, respectively.

The scanning characteristics are also studied in
this planar case. The ARCs and mutual coupling utili-
zation condition can be obtained according to Eq. (4)
and inequality (5). Figs. 19 and 20, respectively, dem-
onstrate the scanning ARCs and phase differences
of the 8x2 antenna array with the PCN. To simplify
the analysis, only the relative characteristics are deliv-
ered when scanning in the +x and +y directions. From
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Fig. 20 Scanning phase differences of the 8x2 antenna array with the PCN: port 1 (a), port 3 (¢), port S (e), and port 7
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Figs. 20b, 20d, 20f, and 20h, it is obvious that the to 30° and 45° in the H-plane, the measured operat-
mutual coupling utilization conditions demonstrate  ing bands of active VSWRs lower than 2.3 are 3.94—
almost no change with the varying H-plane scanning  6.22 GHz (44.9%) and 4.10-6.18 GHz (40.5%). For
angles, as do the simulated and measured phase dif- E-plane scanning, there are missing data about the
ferences; the coupling can thus still be used for the  mutual coupling utilization conditions, which have little
scanning antenna array. Therefore, when the array scans  impact on the ARC bandwidth.
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Meanwhile, varying the scanning angle can cre-
ate a huge effect on the phase difference, especially for
the middle elements 3 and 5, as displayed in Figs. 20c
and 20e. However, as the PCN is designed mainly
for the bandwidth expansion of low bands, this part
of the effect can be ignored. Thus, it is shown in
Figs. 19a—19c that the measured operating bands of
active VSWRs lower than 2.3 are 3.86-6.40 GHz
(49.5%), 3.98-6.16 GHz (43.0%), and 4.08-6.30 GHz
(42.8%), respectively, for scanning to 30°, 45°, and 60°,
and the shared band is 4.08—6.16 GHz (40.6%). Above
all, the shared ARC bandwidth for both H-plane and
E-plane scanning is 40.2% (4.10-6.16 GHz).

Fig. 21 plots the normalized scanning radiation
patterns at 4.5 and 5.5 GHz, which implies that the
E-plane and H-plane scanning ranges can reach +60°
and +45°, respectively. However, the E-plane patterns
are asymmetric, since the antenna array is not symmetric
along the E-plane, while the H-plane patterns have good
symmetry. At 4.5 GHz, the simulated and measured
gain variations are 1.4 and 1.3 dB for E-plane scanning
respectively, and both 1.3 dB for H-plane scanning.
At 5.5 GHz, the simulated and measured variations are

Normalized radiation pattern (dB)

Normalized radiation pattern (dB)

3.0 and 2.7 dB for E-plane scanning, and 0.4 and 0.5 dB
for H-plane scanning. Therefore, the variations are all
within 3 dB, indicating that the antenna array with
the PCN has wide-angle scanning capability. The whole
cross-polarization levels in the E-plane are lower than
—55 dB; thus, the curves are not displayed in Figs. 21a
or 21c. Those in the H-plane are lower than —15 dB,
which is still within an acceptable level.

4 Conclusions

In this article, a new concept for using mutual
coupling by introducing the PCN is proposed and applied
to the unbalanced-excitation array and dual-layer coup-
led microstrip antenna array. The mutual coupling
utilization condition is deduced according to the net-
work model, as well as the PCN implementation in
an (MxN)-element antenna array. Starting from its em-
ployment in the two-element H-plane coupled antenna
array, the PCN is widely applied to the E-plane array,
multielement one-dimensional arrays, and the two-
dimensional array, step by step. Compared with those
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Fig. 21 Normalized scanning radiation patterns of the 8x2 antenna array with the PCN: 4.5 GHz (a) and 5.5 GHz (c) for
E-plane radiation patterns; 4.5 GHz (b) and 5.5 GHz (d) for H-plane radiation patterns
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without the PCN, the characteristics of these arrays are
improved, including approximately 40% overlapped
ARC bandwidths, normal radiation patterns, steady
gains, and applicable scanning characteristics. The
novel PCN illustrates its potential application in wide-
band unbalanced-excitation large-scale phased antenna
arrays. However, only one antenna type is chosen to
verify the effectiveness of the PCN concept; thus, future
research can focus on PCN design for various kinds
of antennas. In addition, the optimization algorithm
can be employed to hasten PCN design.
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