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ABSTRACT In this paper, a novel dual-band compact printed monopole antenna is presented. The antenna
is composed of three spatially distributed layers: a modified folded-line stepped impedance resonator (SIR)
on the upper layer, a printed monopole antenna on the middle layer, and another folded-line SIR on the
lower layer. A pair of resonant frequencies can be introduced by loading two different modified folded-line
SIRs as near-field resonant parasitic elements (NFRPs) in the near field of a printed monopole antenna.
Simultaneously, the resonant frequencies of the two are lower than the fundamental mode frequency of a
traditional printed monopole antenna, thereby enabling the realization of a compact antenna. Furthermore,
the resonant frequency can be adjusted through the wide edge strong coupling between the folded-line
SIR and the printed monopole antenna. After elaborating on the design principles, a sample antenna is
fabricated and underwent measurements to validate the anticipated performance of the proposed antenna.
The measured outcomes closely align with the predicted results, providing compelling evidence that the

design methodology expounded in this paper is indeed precise and efficacious.

INDEX TERMS Dual-band, modified folded-line SIR, compact, near-field, loading.

I. INTRODUCTION
Due to the rapid development of wireless communication
systems, the printed monopole antenna has become a crucial
component in wireless applications. Therefore, it is neces-
sary to fabricate an antenna capable of operating in two
distinct frequency bands in order to meet the demands of per-
sonal wireless communication users who require multi-band
standard services. Several variations of dual-band printed
monopole antennas have been documented, such as those
that utilize tilted-D-shaped strips [1], two different sizes of
stacked T-shaped loading [2], split-ring element loading [3],
and printed double meander line [4] and so on. Nonetheless,
in practical applications, the majority of such designs have
significant dimensions or complex structures.

Recently, a multitude of compact printed monopole anten-
nas have been developed and designed. In [5], the dual-band
antenna is implemented using CPW feeding. In [6], the
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antenna achieves dual-band operation through loading a strip-
sleeve structure. In [7], two different monopole branches
are employed to generate two resonance frequencies. Ref-
erence [8] proposes a compact dual-band antenna with two
folded strips for enhanced performance.

In recent times, the concept of near-field resonant parasitic
(NFRP) has emerged as a unique design pathway for dual-
band antenna. In [9], a dual-band monopole antenna was
introduced with NFRP in the form of Z-shaped meander
lines. Reference [10] has shown that a tri-band monopole
antenna can be created through the utilization of NFRP ele-
ments such as one meander line dipole and two arrow-type
dipoles. Reference [11] introduced a dual-band monopole
antenna consisting of two capacitively-loaded loop (CLL)
NFRP elements. In [12], the dual-band properties of the
antenna were realized through the utilization of Egyptian axe
NFPR elements.

This paper presents a compact printed dual-band monopole
antenna with modified folded-line SIR loading. Two reso-
nance frequencies are introduced as a result of the coupling

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

VOLUME 12, 2024

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

13893


https://orcid.org/0000-0001-6937-3989
https://orcid.org/0000-0003-4315-4993
https://orcid.org/0000-0003-1537-5502

IEEE Access

H. Zhang et al.: Novel Dual-Band Printed Monopole Antenna With Modified SIR Loading

Middle layer

Substrate

Modified Folded-line SIR2

50 2 SMA

Bottom layer

(b)

FIGURE 1. Physical layout of the proposed printed compact monopole
antenna. (a) Top layer and Middle layer (b) Bottom layer.

between the modified folded-line SIR element as NFRP ele-
ments and the printed monopole antenna. Simultaneously,
when compared to traditional printed monopole antennas,
loading an NFRP element reduces the resonant frequency,
enabling a more compact antenna design. After conduct-
ing a thorough analysis of the principles outlined in this
paper, a sample antenna was fabricated and measurement.
The resulting measurements align well with the anticipated
outcomes.

Il. ANTENNA DESIGN
A. ANTENNA CONFIGURATION
The structure of the proposed compact printed monopole
dual-band antenna is presented in Fig.1. The proposed
antenna comprises of a printed monopole that serves as the
driving element, along with two different SIRs are printed on
both the top and bottom layers of the substrate, respectively.
Positioned in the middle layer of the substrate is the driving
printed monopole. As shown in Fig. 1, Wy, Way, L1, and
L1, are the dimensions for modifying the folded SIR1, while
W21, Waa, L1, and Ly, are the dimensions for modifying the
folded SIR2. The thickness of the top layer substrate is Hj,
and the bottom layer substrate is H;. The overall dimensions
of the antenna are L and W. The size parameters are shown
in Table 1.

The entire antenna is connected to a 50-ohm SMA con-
nector through a microstrip line. All structure of the antenna
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TABLE 1. Geometric parametes of the prosed printed monopole antenna.

Parameter Value(mm) Parameter Value(mm)
w 21.4 Lz 2.6
W 2.0 Lo 18.1
Wia 1.0 L 4.6
Wai 1.8 D12 13.6
W 0.8 D 17.2
Wa 1.2 La 17.9
L 29.8 La 5.0
L 24.8 Hi 0.508
Ln 13.9 H> 0.508
Ly
—| |— SIR2
feX
0 ¥y
J, Coupling
J-inverter2
[ Y=Y,
Y.=GtjB
Ca La $Ga Ji Cy Lr
[ [
50Q Printed C.m{ph'ng
SMA )l’m Monapole ¥ =YatYs Yal—le/ YbJ-m\ erterl Y SIR1

FIGURE 2. Equivalent circuit of the proposed dual-band compact
monopole antenna.

FIGURE 3. Modified folded-line SIR and its equivalent circuit.

are printed on a substrate of Rogers RO4003C with relative
dielectric constant ¢, = 3.38 and the loss tangent tand =
0.0027, respectively.

B. DESIGN OF THE PROPOSED ANTENNA

The mechanism of the proposed compact dual-band printed
monopole antenna is to introduce two different resonant
modes by loading two different SIRs as NFRP elements in
the near field of the antenna [13]. In order to comprehend
the mechanism of the proposed compact dual-band printed
monopole antenna, an equivalent circuit as shown in Fig. 2
was adopted.
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In our design, there are two different modified folded-
line SIRs that serve as NFRP elements. In order to simplify
analysis, the modified folded-line SIR1 (SIR2 has a similar
structure to SIR1) was analyzed. The modified folded-
line SIR and its equivalent circuit are shown in Fig. 3.
The modified folded-line SIR can be seen as two paral-
lel basic SIRs, and its equivalent circuit is composed of
two admittances, which are represented as Yj;. Yis is as
follows [14].

y . 2Zrtan 6| + Zjtan 6,
o _121(222 — Zjtan 0y x tan6,)
where, Z| and Z, are the characteristic impedance of the
microstrip line, while 81 and 6, are the electrical lengths of
the microstrip line, respectively.

As can be seen from Fig. 3, Y} can be obtained from a
couple of shunt admittance Yj;.

47, tan 01 + 2Z; tan 6

ey

Yy, =2Y; = 2
b o ]Zl (27, — Z; tan By x tan6y) @

In the same way, it is possible to obtain Y},
, 4Z; tan 0] + 2Z; tan 0, 3)

Y, =
b ]Z{(ZZE — Z{ tan6; x tan6})

Where, Z{, Z], 6], and 6, are the characteristic impedances
and electrical lengths, respectively.

Based on the fundamental understanding of paral-
lel coupled filter design cited in [15], the coupling of
the printed monopole and SIR can be described as a
J-inverter.

The folded-line SIR can be equivalently represented as a
lossless parallel LC circuit, denoted by L, and C,.

According to the application of the J-inverter [16], the
admittance relation can be established

Yo=J7/Ys
J2Z1(2Zy — Zi tan6; x tan6,)

_j )
47, tan 0y + 2Z; tan 6,

Similarly, ¥/ can be obtained
Y =J3/Y,
.J2221/(222/ — 7' tan 6’ x tan6,")
N 47, tan ;' + 2Z,’ tan 6’

From the shunt admittance Y, and Y/, Y, is as follows

&)

Ya=Y,+ Y,/

J22\'(22,'~Zy tan 6y xtan 6')
s 475" tan 01’427, tan 6>’
=T 12200z -7 an6) xtan ) ©)
47, tan 6’ +2Z,’ tan 6’

The admittance Y, of the printed monopole is
Y. = G, +jBC (7)

where, G, and B, represent the real part and the
imaginary part of admittance Y., respectively. Ultimately,
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FIGURE 4. The simulated S;; varies with H, (without modified the
folded-line SIR2).

input admittance Y;, can be obtained,

Yin =Ya+ Y.

B, + J221(2Z,—Z; tan 6 xtan 6;)
¢ ) 47, tan 01+2Z; tan 6, (8)
J32\'(2Zy'—Zy' tan 6 xtan 62”)
475" tan 0’ +2Z,’ tan 6’

=Gc+]

Based on formula (8), it is evident that the input admittance
Yin changes with the J-inverter when the printed monopole
and folded-line SIRs are determined. However, according
to [17], the coupling between printed monopoles and folded-
line SIR is determined by the distance between them, which
is also equivalent to the J-inverter. As a result, the values of J;
and J, are depicted in Fig.2 can be determined by the physical
dimensions of H; and H; shown in Fig.1. Subsequently,
the parameters of the proposed antenna were simulated and
analyzed using the CST STUDIO SUITE software.

When the modified folded-line SIR1 is used alone (without
the SIR2) is employed, Fig.4 shows the simulated changes
in reflection coefficients as H; varies. In the simulation, the
other dimensional parameters remain as shown in Table 1.

As shown in Fig.4, the frequency at which the antenna
resonates gradually decreases as the value of H; increases.
In other words, as the broadside distance between the
printed monopole antenna and the modified folded-line SIR1
increases, the coupling decreases, causing the resonant fre-
quency of the antenna to decreases. Also, Fig. 4 depicts
the reflection coefficient of the traditional printed monopole
antenna. In comparison to the reflection coefficient of the
traditional printed monopole antenna, the resonant frequency
of the antenna with modified folded-line SIR1 loading is
notably decreased.

Afterwards, both modified folded-lines SIR1 and SIR2 are
loaded simultaneously. To demonstrate this phenomenon in a
step-by-step manner, the simulation initially focuses on the
variation of echo loss with H; while holding H, constant,
as depicted in Fig.5. In the simulation, the other dimensional
parameters remain as shown in Table 1.

13895



IEEE Access

H. Zhang et al.: Novel Dual-Band Printed Monopole Antenna With Modified SIR Loading

[$111 (dB)

Frequency (GHz)

FIGURE 5. The simulated S,; varies with H (H is fixed).
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FIGURE 6. The simulated S;; varies with H,(H is fixed).

Fig.5 shows that the antenna has a dual-band feature.
As explained earlier, the modified folded-line SIR1 has its
resonant frequency in the higher frequency band on the right
side, while the modified folded-line SIR2 has its resonant
frequency in the lower frequency band on the left side. From
Fig. 5, it can be observed that the resonance frequency of the
modified folded-line SIR1 decreases as H; increases. This
implies that the resonance frequency increases with the cou-
pling between the modified folded-line SIR1 and the printed
monopole is enhanced.

The reflection coefficient at different H, values (with H
held constant) is presented in Fig.6, which further visualizes
the aforementioned phenomenon. In the simulation, the other
dimensional parameters remain as shown in Table 1.

Meanwhile, H; = H» is defined. As shown in Fig.7, the
reflection coefficient varies with the changes in H; and Hj.
And as H; and H, decrease, the two resonant frequencies
gradually decrease. In the simulation, the other dimensional
parameters remain as shown in Table 1.

IIl. MEASURED RESULTS

A sample antenna is manufactured and measured to verify our
design. The dimensions have been optimized through the use
of CST electromagnetic simulation software, as indicated in
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FIGURE 7. The simulated Sy, varies with H; and H,(H; = H,).

FIGURE 8. Photograph of the proposed printed monopole antenna.
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FIGURE 9. Simulated and measured return loss of the antenna.

Table 1. In Fig. 8, a physical photo of the proposed antenna is
presented. The reflection coefficient of the antenna was mea-
sured using the Keysight E5071C vector network analyzer,
and the radiation pattern of the antenna was measured using
the SATIMO near-field antenna measurement system.

Fig.9 illustrates a comparative analysis between simulated
and measured reflection coefficients. It can be seen from
Fig.9 that the simulation and test results are very consistent.

Fig.10 and Fig.11 respectively depict the radiation pat-
tern of the proposed antenna in the E-plane and H-plane at
frequencies of 1.81GHz and 2.42GHz. It is evident that the
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FIGURE 10. Simulated and measured radiation patterns of the proposed
monopole antenna at 1.81 GHz. (a) E plane (b) H plane.

proposed antenna exhibits impressive omnidirectional radia-
tion characteristics and low levels of cross-polarization.

Fig. 12 depicts the simulated and measured gain of the pro-
posed compact monopole antenna. As can be seen from the
results, the antenna achieves a stable gain over the operating
frequency range. At the same time, it can be seen from Fig. 12
that there are two gain peaks, 1.82dBi and 2.35 dBi, which are
in good agreement with the simulation results.

Similarly, Fig. 13 shows the comparison curves of the
proposed printed monopole antenna simulation and mea-
sured radiation efficiency in the operating frequency range.
In Fig. 13, there are two peaks on the measured radiation
efficiency curve, with 83% and 87%, respectively.

It is important to note that gain and efficiency are often
low at high frequency. This may be due to an increase in
metal losses at high frequencies. Similarly, the slight devia-
tion between the simulation and measurement may be caused
by the variation of the welding precision of SMA and the
dielectric constant of the substrate.

A comparison of the proposed dual-band printed monopole
antenna with the other published references in recent years is
shown in Table 2.

VOLUME 12, 2024

= E-plane co-polar measurement
==« E-plane co-polar simulation

= E-plane cross-polar measurement
= « = E-plane cross-polar simulation
3
2
= 2
‘s
O
120
180
Degree( ° )
(2)
o == H-plane co-polar measurement
== H-plane co-polar simulation
= H-plane cross-polar measurement
=« =H-plane cross-polar simulation
3
2
] 20
)
o

120

180

Degree( ° )

(b)

FIGURE 11. Simulated and measured radiation patterns of the proposed
monopole antenna at 2.42 GHz. (a) E plane (b) H plane.

t — - -Simulation

—— Measurement

Gain (dBi)

1.6 1.8 20 22 24 26
Frequency (GHz)

FIGURE 12. Simulated and measured radiation gain of the proposed
printed monopole antenna.

The proposed dual-band compact printed monopole
antenna has better performance in terms of gain and return
loss, respectively, compared with other antennas listed in
Table 2. Compared with the other antennas in Table 2, the
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FIGURE 13. Simulated and measured radiation efficiency of the proposed
printed monopole antenna.

TABLE 2. Comparison of various dual-band printed monopole antenna.

Ref. (FGr;qZ‘) (iif:) ggi‘; Su (dB)
18 1.8/2.45 51x41.5x82 0.5/1.5 -16.5/-12.1
19 1.8/2.4 60x100x4.1 1.5/0.5 -15.5/-32.5
20 1.8/2.4 54x46x15 N/A -18.5/-19.4
21 1.8/2.8 65x75x0.705 2/0.63 -28/-15
The proposed antenna 1.81/2.42 21.4x29.8x1.016 1.82/2.35 -21.5/-26.4

proposed dual-band compact printed monopole antenna has
relatively small physical dimensions.

IV. CONCLUSION

This paper introduces a novel compact dual-band monopole
antenna that utilizes modified folded-line SIR loading.
By loading a pair of modified folded-line SIRs as NFRP
element, the dual-band characteristics of the antenna can
be achieved. Due to that fact that two folded-line SIRs
are loaded at the top and bottom of the printed monopole
antenna, the overall size of the antenna does not increase,
thus enabling a compact antenna design. The simula-
tion results demonstrate a high level of consistency with
the actual measurement. In the meantime, the proposed
antenna exhibits an omnidirectional radiation pattern, thereby
offering substantial confirmation for the proposed design
methodology.
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