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Abstract — In this paper, a sector ring shape UWB
microstrip antenna based on the tight coupling is pro-
posed. The continuous current and electric field dis-
tribution are formed by the coupling effect between
microstrip patches. This design expanded the bandwidth
of this antenna and realized a high-gain performance. To
achieve the miniaturization design, the ring microstrip
patches are staggered and the ground is removed to effec-
tively reduce the size of the antenna. The ring shaped
antenna has a 31 mm outside diameter and a 21 mm
inside diameter, with a 2 mm thick substrate.

Besides the excellent mechanical features, such
as being compact and easy to fabricate, the proposed
antenna also shows good characteristics in radiation pat-
terns and time-domain behaviors. The results show that
the antenna achieves the effect of S;; less than -10 dB in
the working frequency band of 2 GHz to 8 GHz, and the
simulated results are in good agreement with the mea-
sured ones. The antenna realizes low profile and broad-
band in a novel approach, and this antenna can be used
in V2X vehicle systems and IoT networks.

Index Terms — tightly coupling, UWB.

L. INTRODUCTION

The concept of tight coupling was first proposed by
Ben Munk in Wheeler’s theory of Continuous Current
Sheet Array (CCSA) [1], [2]. The novel interfingered
dipoles were applied to the design of the tightly cou-
pled array (TCA) antenna, the elements with coupling
capacitors to extend the bandwidth to 4.5:1, which is
widely used in antenna design. Volakis et al. used the
rectangular spiral structure to realize the tightly coupled
antenna with a bandwidth of 10:1; however, it has the
disadvantage of complicated antenna unit design [3]. Li
introduced a firmly coupled dipole structure with 1/10
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wavelength to extend the frequency band [4]. In sub-
sequent studies, it was found that when the distance
between the array and the ground was half of the working
wavelength, a short circuit effect would be caused, limit-
ing the expansion of impedance bandwidth. Typically, a
single or multi-layer dielectric plate is loaded above the
array as a wide-angle matching layer, but this increases
the profile and quantity of the antennas, which is not con-
ducive to miniaturization design.

Traditional antennas transmit and receive electro-
magnetic waves through the radiation arm and the
ground, the principle of which is to reflect electromag-
netic waves through the ground. The general principle
is to meet the performance of the antenna, such as gain,
impedance matching, direction diagram, etc. As a novel
way, the tight coupling can not only achieve effective
radiation but also meet the effects of broadband antenna,
low profile and high radiation efficiency. In order to
avoid the coupling effect between the elements, the space
between the elements of the traditional multi-element
antenna is usually large. So the antenna size is large, and
it is difficult to integrate and conform, greatly limiting
the application scenarios of the antenna. In Luo’s study,
the size of the antenna reached a radius of 75 mm and
a thickness of 3 mm. The antenna only operates in the
dual-band Wi-Fi bands 2.37 GHz to 2.63 GHz and 5.52
GHz to 6.37 GHz [5]. Mohsen Gholamrezaei proposed a
ring sector slot antenna that can achieve ultra-wideband
characteristics of 3.48-5.5 GHz, 5.18-7.35 GHz, and
6.06-8.05 GHz on a floor of 32 x 35 mm? by etching
a sector ring groove [6]. Moreover, a low-profile six-
port circular patch antenna achieves 3:1 voltage standing
wave ratio (VSWR) in the frequency band 5.8-7.5 GHz,
with a floor diameter of 45 mm. [7]

However, the antenna profile can be greatly reduced
while forming broadband by introducing the tightly cou-
pling effect between antenna elements. Contrary to the
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traditional antenna, the TCA uses the capacitive cou-
pling effect between the elements to form a continu-
ous current distribution and expand the antenna band-
width. Therefore, the antenna structure is compact and
the antenna size can be effectively reduced. It is more
easily integrated into key systems such as automobiles
and unmanned aerial vehicles. [8]

In this research, a novel design of a low-
profile broadband antenna is presented. Several fan-ring
microstrip patches are placed on the upper and lower
sides of a ring-shaped dielectric substrate. These two
layers of fan-ring microstrip patches are interspersed
with each other, and radiation is carried out through the
mutual coupling between the microstrip patches. Due to
the special nature of the tight coupling, the ground is
removed so that a circular cavity can be cut in the middle
of the antenna to facilitate the integration of the antenna
on different devices. The antenna proposed in this paper
can reach the bandwidth of 2 GHz to 8 GHz under the
condition that Sy is less than -10 dB.

In this design, the key parameters that influence the
performance of the antenna are studied: the area of over-
lap between the top and bottom sides of the antenna, the
radius of the ring, the spacing between the segments, and
the equivalent circuit with inductances and capacitances.
The proposed antenna presents advantages such as easy
manufacturing and good radiation efficiency characteris-
tics in the operating frequency band.

II. ANTENNA DESIGN AND ANALYSIS
A. UWB antenna design

According to the design of the annular antenna, a
ring-shaped microstrip structure is placed on a medium
substrate, and a ground is placed on the back. The
ring microstrip antenna is concentrically divided into
seven equal-angle fan rings, and the feeding position is
placed between the two fan rings. The ground was fur-
ther removed by coupling and replaced by five fan ring
microstrip patches on the lower layer. In this design,
two microstrip patch antennas connected to the feed port
form an equivalent dipole antenna. The bandwidth is
extended by coupling capacitors in the form of inter-
leaved upper and lower radiation patches. By adjusting
the different radius of the sector ring and the number of
layers, results can be optimized below -10 dB. In this
section, the evolution of the antenna and the optimiza-
tion process of key parameters are discussed. ANSYS
Electronics 2021R is used for the numerical simulation
of antennas.

Figure 1 (a) shows the structure of the proposed
antenna, and Fig. 1 (b) shows the geometric size of the
proposed antenna. Figures 1 (b) and (c) show the dimen-
sional parameters of the upper and lower elements of the
antenna, respectively. The dielectric substrate material is
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Fig. 1. Antenna geometry structure: (a) top view, (b)
upper layer, and (c) bottom layer.

FR4 (with 2 mm thickness, €, =4.4), with an outer diam-
eter R; =39 mm and an inner diameter R, = 13 mm. The
thickness of the copper layer on the microstrip patch is
0.018 mm, the outer diameter r; of the upper fan ring is
31 mm, the inner diameter r, is 21 mm, and the 0 is 51
degrees. Seven concentric copper fan rings patches are
printed on the top side of the FR4.

The inner and outer diameters of the five fan rings
at the bottom side have the same geometry size as the
upper layer. The five fan rings patches of the bottom layer
are interspersed with those of the upper layer. The cross-
placing layout of upper and lower copper layers is to
maximize the coupling effect between the patches. Four
asymmetric holes are made for positioning and adhesive
fixation. The coaxial feed is selected to ensure the 50 Q
characteristic impedance at the antenna input. Recom-
mended antenna parameters are shown in Figure 1, and
the values are listed in Table 1.

Two adjacent microstrip patches on the upper
surface form an excitation drive unit; the remaining
microstrip patches are used as the coupled radiation

Table 1: Parameters of the proposed antenna

Parameter R R, r )
Dimension (mm) 39 13 31 21
Parameter 0, 6, 0; 04
Dimension 45° 51° 53¢ 50°
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parasitic part of the excitation drive unit. The excitation
drive unit excites other microstrip patches on the sur-
rounding and bottom surface. The source of the exci-
tation signal is established in the space between two
adjacent microstrip patches that constitute the excita-
tion unit. As a result, the high-frequency resonance of
the microstrip patch is also constituting the excitation
drive unit. The parasitic unit receives the electromag-
netic wave generated by the high-frequency resonance
of the excitation drive unit through coupling radiation.
The microstrip patch that is not directly fed and does not
generate the high-frequency resonance is excited by the
adjacent patches. When the antenna is working, the exci-
tation drive unit provided with feeding lines can be con-
sidered as the network port of the whole antenna.

The overall parameters of the tightly coupled UWB
antenna unit are described by the normalized output
to input voltage ratio of the antenna. For the radiated
electromagnetic wave between the microstrip patches,
the incident electromagnetic wave on the corresponding
microstrip patch can be expressed as

e Ve 1 [y
vie vi(2)
; = = — A/ Zi I . ]
al(Z) Zio 2 I: Zio + io I(Z):| ( )
The normalized reflected electromagnetic wave of
the corresponding microstrip patch on the microstrip

patch is expressed as
vie 1 |v(z

ey Vi _{ ()

V/<io

I Gl e

Therefore, the ratio of output and input voltage at the
port of the matching network of tightly coupled UWB
antennas is expressed as:

bi) _Zi&)=Zio _p 3)
ai(z)  Zi(2)+Z

The overall S-parameter matrix of the matching net-
work of tightly coupled UWB antennas in the system is
shown as follows:

Z; Sit ... St Z;
=l T @
é’n Snl te Snn an
where ay, ap, ...... , an is used to represent the inci-
dent wave of N ports, by, bo, ...... , by is used to rep-

resent its reflected wave, and S;; is used to represent that
when the incident wave a; is used to connect the corre-
sponding device port j, all ports except the device port
are terminated with matching load. Therefore, as long as
the reflected wave at the port i is measured, the corre-
sponding S-parameters can be measured. To character-
ize the impedance matching characteristics of microstrip
patches of different tightly coupled UWB antennas and
the coupling characteristics between different microstrip
patches the value range of i and j is | ~ n, where n is the
total number of several microstrip patches.
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If all ports terminate in reference loads, there will be
no reflections. A re-formation of the relationships allows
for an observation of how S-parameters define all volt-
ages reflected from any port i. The voltage port term Uy,
is the sum of the incident voltage and the reflected volt-
age. The coupling effect between the excitation-driven
microstrip patch and the parasitic microstrip patch in the
tightly coupled UWB antenna unit can be equivalent to
the mutual coupling effect between the multiple ports
[9]. The corresponding voltage Uy, of the port i between
different microstrip patches is

Unh,- = Zinl1,-1nh,~ + ZZI1,-thnhj7 5
hj

where Z;,;, is the input impedance of the microstrip patch
h;, Zhl.hj is the mutual impedance between the microstrip
patch i and microstrip patch j, I, is the corresponding
port i current between different microstrip patches, Iy,
and is the corresponding port j current between different
microstrip patches.

As for each microstrip patch of tightly coupled
antenna, its performance can be obtained.

The shape, size, and distance of each radiation patch
are adjusted to form different degrees of coupling, to
achieve inconsistent voltage, current, and peripheral field
intensity on the antenna patch.

B. Parameters Analysis

In this design, the coupling effect between the same
layer of fan ring microstrip patch units can be regarded as
a capacitor, as well as between the microstrip patch units
between different layers. Adjusting the distance between
them can achieve the effect of adjusting the capacitance
value. In order to achieve the desired coupling effect,
it is necessary to design and adjust the sweep angle of
each fan ring element, the gap between the same layer
of fan ring elements, and the interlocking angle between
the upper and lower layers.

Figure 2 shows the surface current at 2.45 GHz and
5.5 GHz. As can be seen from Fig. 3, adjusting the spac-
ing between patches 03 shows that the coupling effect
between patches has a vital effect on the full frequency
band. After optimization, it is concluded that the antenna
is well matched at 63 =53°, and the whole frequency
band is below -10 dB. The difference 03 indicates that
the spacing between antenna elements also means that
the capacitance formed between antenna elements is not
the same, resulting in different coupling effects. Adjust-
ing its spacing can make reasonable use of the coupling
effect between antenna elements to achieve good match-
ing and bandwidth widening.

The width is r{ minus . As shown in Fig. 4, adjust-
ing the width will affect the matching of the antenna. To
achieve the target §1; and S», at the same time, the length
with width=10 mm is selected.
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(b)

Fig. 2. Current distribution of the antenna: (a) 2.45 GHz

and (b) 5.5 GHz.
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Fig. 3. The evolution of the proposed antenna: (a) Si;

and (b) S 22.
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Fig. 4. The width evolution of the proposed antenna: (a)
Sll and (b) 522.

C. Equivalent Circuit

To demonstrate the working principle of the antenna
from the point of view of the circuit, the simplified equiv-
alent circuit model is used to analyze the antenna. The
Fig. 5 shows the equivalent circuit model of the fan-ring-
shaped antenna. It can be seen that a fan-ring microstrip
patch can be considered as a set of inductors, capaci-
tors and resistors in parallel. Therefore, the feed radia-
tion patch is represented by L., C,, R, and the parasitic
coupling patch is represented by L, C), R),.

The equivalent circuit of a fan ring microstrip patch
antenna is simplified into a module. The equivalent cir-
cuit of the antenna is presented as shown in Fig. 6, where
A, B, C, D, E, F and G are the upper metal microstrip
patch, and H, I, J, K and L are the metal microstrip patch
staggered between the lower layer and the upper patch.
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In this analysis, the strongly coupled antenna element
is taken into consideration. The coupling between the
patches is represented by a capacitor. According to the
above analysis, to change 03, which means change the
capacitance between the two modules, has a great impact
on the coupling effect.

R, C,J— L, I CPJ—RP
. 1 1

Fig. 5. Two loop antennas couple equivalent circuits.
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Fig. 6. Antenna equivalent circuit.

III. RESULTS AND ANALYSIS

The antenna was manufactured and measured
according to the design concepts and dimensions indi-
cated above. As shown in Fig. 7, the scattering parame-
ter Sy and Sy, of the antenna was measured using the
R&S ZNB40 vector network analyzer (the solid line),
versus to the simulated results (the dashed line). The
simulated curve and tested curved match well. It can be
seen that both (a) S1; and (b) Sy, are below -10 dB and
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Fig. 7. Simulated and measured S-parameters of the pro-
posed antenna: (a) Si1, (b) S22, and (¢)Sy».

the isolation degree (c) S;» is below -20 dB. The whole
antenna has reached the ideal standard. The fabricated
prototype shows a wide operating band as indicated in
the simulation study.

Figure 8 (a) and 8 (b) show the simulated and
measured far-field radiation patterns in the xoz plane
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Fig. 8. The radiation patterns of (a) E-plane and (b) H-
plane at 5.5 GHz.

(E plane) and yoz plane (H plane) at a frequency of 5.5
GHz, respectively. Figure 8 shows that this antenna has
a good omnidirectional radiation pattern in the E-plane
and in the H-plane. In the E plane, the simulated and
measured patterns are less consistent, this is due to the
deformation of the 3-D pattern in the xoz plane.

To verify the time-domain performance of the pro-
posed antenna, the group delay is also measured. In
Fig. 9 (a), the measurements were made by placing two
antennas facing each other at a distance of 30 cm.

LN~

GroupDelay(ns)

b iAo anvwsao

—— GroupDelay(1,1) [ns]
— - - GroupDelay(2,2) [ns]

2 3 4 5 6 7 8 2 3 4 5 6 1 8
Frequency(GHz) Frequency(GHz)

(a) (b)

Fig. 9. (a) Measured group delay and (b) measured peak
gains.

The antenna gain is greater than 4 dBi within the
entire working frequency band, which shows good radi-
ation performance as an omnidirectional antenna. The
maximum gain of this antenna reaches 7.05 dBi at
3.5GHz

Figure 10 shows the radiation efficiency and 3D pat-
tern of this antenna. The average radiation efficiency
reaches 79.5% from 2 GHz to 8 GHz, as tested in the ane-
choic chamber. The efficiency fluctuates as the frequency
changes. This is due to the variation of the current distri-
bution at different working frequencies. The current dis-
tribution led to a non-uniform electromagnetic field cou-
pling effect. As can be seen from Fig. 10 (a), the working
efficiency is higher at the starting working frequency at
2 GHz. The radiation efficiency decreases when the fre-
quency increases. This is because the EM wave coupling
effect is strong at low frequencies, and the effects are
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Fig. 10. (a) The radiation efficiency and (b) the 3D Pat-
tern in 5 GHz.

(b)

Fig. 11. The antenna in anechoic chamber.

Table 2: Performance comparison with other works

Reference | Bandwidth Gain Size |Efficiency
Work (GHz) (dBi) (mm)
[5] 2.37-2.63 6 @75 /
5.52-6.37
[6] 3.48-5.5 4.25 32x35 | 90%
5.18-7.35
[7] 5.8-7.5 / @45 63%
[8] 1.5-4.5 11.8 [104x104 /
[10] 2.24-2.53 7.5 2170 80%
5.42-5.98
Proposed 2-8 7.05 @78 | 79.5%
work (outside)
726
(inside)

less strong when the wavelength is shortened in a higher
frequency range.

IV. CONCLUSION

In this research, a low-profile wideband antenna
tight coupling radiation is proposed. By placing the
etched radiation patch on the upper and lower lay-
ers, a 2GHz to 8 GHz radiation band is achieved. The
ground structure is eliminated and the antenna minia-
turization is realized. The equivalent circuit is pro-
vided and discussed, and the key parameters are studied.
Then, the prototype of the proposed antenna is manu-
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factured and its performance is tested. S7; simulated and
measured. Radiation mode, group delay, and maximum
gain were compared, showing good agreement. All these
good properties make the proposed tightly coupling low-
profile broadband antenna a good candidate for the com-
munication system.
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