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ABSTRACT In this paper, a novel printed monopole antenna loaded by a stepped impedance hairpin
resonator (SIHR) with radial stubs is presented. By loading a STHR at the bottom of the printed monopole
antenna, a printed monopole antenna can be achieved. The resonant frequency of the proposed printed
monopole antenna is reduced by the strong coupling between the STHR and the printed monopole. By
utilizing electromagnetic simulation software CST, the antenna is simulated and optimized. After the
principle is stated, a sample antenna has been fabricated and measured to verify the predicted performance
of our proposed antenna.

INDEX TERMS Printed monopole antenna, near-field resonant parasitic (NFRP), stepped impedance hairpin

resonator (SIHR), coupling.

I. INTRODUCTION

With the rapid development of wireless communication tech-
nology, how to design a multi-function, low profile and omni-
directional wireless communication antenna has become the
focus of many engineers [1]. So far, several research reports
have been presented on printed monopole antenna [2]. In
[2], a part of the radiation patch of the printed monopole
antenna is connected to the ground through a shorted pin to
realize a printed monopole antenna. In [3], [4], the size of
the antenna is reduced by the half-cut method. In [5], [6], a
printed monopole antenna is realized by embedding a chip
inductor. In [7], the proposed antenna is accomplished by
employing a quasi-self-complementarity structure along with
a tapered radiating slot.

Recently, researchers have begun to use the near-field res-
onant parasitic (NFRP) concept to achieve printed monopole
antennas [8]. In [9], the NFRP element is a capacitively-
loaded loop (CLL) with a varactor to realize printed
monopole antenna. In [10], the antenna size is reduced by
placing a meander line which acts as an NFRP element near
the printed monopole antenna. In [11], a printed monopole
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antenna is achieved by loading a single fan patch as a NFRP
element.

In this paper, a novel printed monopole antenna with
stepped impedance hairpin resonator (SIHR) loading is pro-
posed. The STHR with radial stubs as a NFRP element is elec-
trically coupled to the driven monopole. The strong coupling
between the SIHR and the radiator of the driven monopole
can reduce the resonant frequency. The stronger the coupling,
the lower the resonant frequency, therefore, a novel printed
monopole antenna can be realized. Besides, the impedance
matching can be easily realized by the coupling between
the STHR and the radiator without any matching circuit. The
theoretical analysis and simulated results of the antenna are
carefully studied and discussed. Finally, the proposed novel
printed monopole antenna is fabricated and measured. The
measured results are very close to the predicted ones, which
verifies the feasibility of our design method.

Il. ANTENNA DESIGN AND DISCUSSION

A. GEOMETRY AND ITS EQUIVALENT CIRCUIT

The configuration of the proposed printed monopole antenna
is depicted in Figure 1. It consists of a driven printed
monopole antenna and a SIHR located at the back of the
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FIGURE 1. Physical layout of the proposed printed monopole antenna.
(a) Top view (b) Bottom view.
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FIGURE 2. Equivalent circuit of the proposed monopole antenna.

antenna. The whole monopole antenna is connected to the
50€2 SMA connector by a microstrip line.

In our design, the whole structure is printed on the substrate
Rogers RO4003C. The thickness of the substrate is 0.508 mm,
and its relative dielectric constant and loss tangent is &, =
3.38, tan § = 0.0027, respectively.

In our design, the resonant frequencies of the antenna is
reduced by using coupling between the parasitic element and
the monopole in the near field of the antenna [12]. Figure 2
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FIGURE 3. SIHR and its equivalent circuit. (a) SIHR structure
(b) equivalent circuit.

antenna is equivalent to a lossy parallel resonator with a
radiation resistance R, inductance L,, and capacitance C,,.
Meanwhile, the SIHR is equivalently represented by a loss-
less parallel resonator composed of L, and C,. As shown
in Figure 2, the NFPR element and monopole form a trans-
former T [13].

B. ANALYSIS OF THE SIHR

Figure 3 shows the equivalent circuit of the SHIR, which is
similar to that presented in [14], [15]. It can be analyzed as
a parallel circuit composed of a single transmission line and
open-ended parallel coupling-line. The even- and odd-mode
impedance and corresponding electrical length of coupling-
line are denoted by Zy., Zy,, 6pe and 6,,, respectively. The
ABCD-matrix of the coupling-line and single transmission-
line are F| and F,, respectively. They can be defined as
follows.

Fi

A1 B
1 C D

Zoe cot B +Zo, cot By, 27002, cot By, cot By,
_ | Zye cotby.—Zp, cot By, - Zoe cot g, — Zp, cot By,
- . 2 Zoe cot Bpe +Zoo cot B,
J Zo. cot g, —Zp, cotBy,  Zoe cot Bpe — Zg, cot By,
(D
F>
_ |:A2 B> :| _ [ cos 07 JZ sin O :| )
Cy Dy jsinOr /Zg cos Or

The load impedance of an open-ended coupling-line is
considered to be infinite. The input impedance Z;, based on
the ABCD matrix F; and F» can be written as:

A1By + AyBy

Zp = 3
shows its total equivalent circuits. Here, the printed monopole b —(A1 — Ax)(D1 — Dy) — (B + B2)(C1 + ) )
(Zue - Zoo)(Zae + Zoo)ZS2 cot 90 sin GT
7y = j | [220eZ0o cotb + Z(Zoe — Zoo) sin Or | — Zs cot b [(Zoe + Zoo) — (Zoe — Zoo) cos or1> (4)

2¢08 01 ZpeZoo cot? 00Zs(Zoe — Zoo)

+ -
[2ZOeZ00 cot Oy + Zs(Zoe — Zoo) sin O] — Zg cot by [(Zoe + Zoo) — (Zoe — Zoo) COS 9T]2
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When 6, = 0,, = 6,, the impedance Y}, can be sim-
plified as (4), shown at the bottom of the previous page,
where, Z; and 67 are the characteristic impedance and elec-
trical length of the single transmission line, respectively.
In order to calculate Zy, and Zy,, admittance inverter J is
introduced [16].

1 +3Zy cosecy + 1223
1-17J 223 cot? Gy

1 —JZycosecby + Jng
1 —J2Z2 cot2 6y

Zoe = Zo X ©)

Zoo = Zp X (6)
In our design, the inverter J is determined by the coupling
strength between the microstrip radial stubs, in other words,
the gap between the microstrip radial stubs as shown in
Figure 3. When the inverter J is determined, Zy, and Zy,
can be calculated from the formulas (5) and (6) by specifying
electrical length 6,.

Where, Zy and 6y are the characteristic impedance and
electrical length of the microstrip radial stub, respectively.
Using the empirical formula [17, 18], the parameters Zy and
6 can be calculated.

C. ANALYSIS OF THE MONOPOLE ANTENNA

Now, we analyze the equivalent circuit of the proposed
printed monopole antenna shown in Figure 2. Based on the
analysis above, Z;, can be calculated by formula (4). The
electromagnetic simulation software CST is applied to extract
the impedance of the “pure” printed monopole (without the
SIHR).

Z.=R+jB )

where, R and B are the real part and the imaginary part of
impedance Z., respectively.

According to equivalent circuits in Figure 2, the trans-
former T converts impedance Z;, to Z,, we obtain

Z, = n*7Z (®)

where, 12 is the impedance transformer coefficient.
We derive the input impedance Z;, from the equivalent
circuit in Figure 2 as follows

1 1 1 9
Zn 2.7 ©
where, the input impedance Z;;, can be extracted by simulation
software CST, and Z. can be obtained from formula (7), thus
Z, can be derived from formula (9).
We can get Z;,,, Z,, Z,, and Z}, by simulations and formulas.
The specific sizes of the antenna have been shown in Table 1.
The calculated and simulated results of the impedances Z,,
Zp, Z, and Z;;, are shown in Figure 4. As seen from the Smith
impedance chart in Figure 4, the impedance Z; at the center
frequency 3.5 GHz is (230.13-j293.21) 2. Converted by the
transformer 7', the impedance Z, at the same frequency is
(187.83-j215.85) 2. It can be observed that the impedance
decrease. At the same time, this trend is observed throughout
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FIGURE 4. Impedance matching procedure of the proposed antenna.
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FIGURE 5. The impedance transformer coefficient (n2).

the frequency band. In addition, in Figure 4, the optimum
matching frequency of impedance Z. (the “pure” printed
monopole) is 4.23 GHz, and the optimum matching frequency
of input impedance Z;, is 2.4GHz. Therefore, the resonant
frequency is reduced from 4.23 GHz (i.e., 4.23 GHz @ Z,)
to 2.40 GHz (i.e., 4.23 GHz @ Z;;,), and a printed monopole
antenna is realized.

When Z, and Z, are determined, the impedance trans-
former coefficient n> can be calculated by formula (8). Fig-
ure 5 depicts the calculated result of n%. So the imaginary part
of n? is negative, and its magnitude is less than 1. This means
that the transformer 7 is capacitive, and the transformer
gradually decreases the impedance.

As described above, the resonant frequency varies with the
impedance transformer 7 [19]. When the size of the NFPR
element and monopole is determined, he transformer 7 will
be determined by the thickness H in Figurel.
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TABLE 1. Geometric parameter of the proposed printed monopole
antenna.

Parameter Value Parameter Value
w 40.00 mm L 4.19 mm
W, 1.71 mm S 0.40 mm
L 41.50 mm S, 0.13 mm
L, 21.74 mm S3 0.25 mm
Ly 8.50 mm R 24.68 mm
L 1.66 mm [ 64°
L, 2.07 mm H 0.508 mm
0-
-10
@ -20 4
k=
vy -30 A
ii =
40 4 i H=0.508 mm
ii === H=0.6 mm
! —— H=0.8mm
_50 T T T T T T T T T
2.0 2.2 2.4 2.6 2.8 3.0

Frequency (GHz)

FIGURE 6. The simulated S,; varies with H.

Figure 6 shows the simulated effect of different parameters
H on the return loss of the antenna, which can be used to
tune the resonant frequency of the monopole antenna. Under
simulation, the other size parameters are kept in Table 1.

Compared to that of the traditional printed monopole
antenna, the resonant frequency of monopole antenna with
SIHR is substantially reduced. Meanwhile, it is observed
from Figure 6 that the resonant frequency continuously
moves to the low frequency with the decreases of the param-
eter H. That is to say, the stronger the coupling strength
between the antenna and the resonator, the lower the resonant
frequency of the monopole antenna.

Ill. MEASURED RESULTS

To verify our design, a sample monopole antenna is fabricated
and measured. After optimization carried out by electromag-
netic simulation software CST STUDIO SUITE, the width of
the microstrip line is as same as that of the monopole antenna.
The size of the ground plane is 40.0 mm x 8.5 mm. The
specific size of the antenna is shown in Table 1.

The photograph of the antenna is shown in Figure 7. The
measurement of the reflection coefficient and radiation pat-
tern has been carried out by Keysight E5S071C vector network
analyzer and SATIMO near-field antenna measurement sys-
tem, respectively.

Both the simulated and measured S-parameters are shown
in Figure 8. The center frequency of the manufactured
antenna is about 2.53 GHz, while the corresponding value of
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FIGURE 8. Simulated and measured reflection coefficients of the
proposed monopole antenna.
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FIGURE 9. Simulated and measured radiation gain of the proposed
monopole antenna.

S11 at2.53 GHzis about —20.68 dB. The nuances between the
simulation and measurement might be caused by manufacture
tolerance.

The simulated and measured gain are shown in Figure 9.
The measured results show that the antenna achieves a stable
gain over the operating frequency range. The maximum gain
is about 2.36 dB, which agree well with the simulated result.
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TABLE 2. Comparison of various printed monopole antenna.

Center . 3 Gain Substrate FBW
Reference Frequency Size (mm’) (B) & (%)
(GHz)
20 2.5 100x60%0.8 3.75 4.4 22.49
21 2.5 46x30x1 29 2.65 13.06
22 2.5 40x40x0.8 2.15 4.4 28
23 2.5 20x42.5x0.76 1.9 4.4 13.01
Our work 2.53 40x41.5%0.508 2.36 3.38 13.83
(FBW: Fractional bandwidth)
0 —— E-plane co-polar measurement

——E-plane co-polar simulation
=+ = E-plane cross-polar measurement
== E-plane cross-polar simulation

Gain (dBi)

Degree( ° )

0 —— H-plane co-polar measurement
—— H-plane co-polar simulation

—- = H-plane cross-polar measurement
== H-plane cross-polar simulation

Gain (dBi)

Degree( ° )

(b)

FIGURE 10. Simulated and measured radiation patterns of the proposed
antenna at 2.53 GHz (a) E-plane (b) H-plane.

The simulated and measured E-plane and H-plane radia-
tion pattern at 2.53 GHz are given in Figure 10, respectively.
As seen from the Figure 10, the antenna has omnidirectional
radiation characteristics at the operating frequency.

The proposed printed monopole antenna is also compared
with the other reported printed monopole antenna in Table 2.

Compared with the other antennas tabulated in Table 2,
the proposed antenna is more compact than [20]. On the
other hand, although [22] and [23] are relatively compact,
compared with the proposed antenna, the gain is lower, while
the FBW of [21] is less than the proposed antenna. Therefore,
our proposed printed monopole antenna provides an excellent
tradeoff between FBW and gain.

IV. CONCLUSION

This paper presents a novel printed monopole antenna with
SIHR loading. By using the coupling between the STHR ele-
ment and the driven monopole, the resonant frequency of the
antenna can be reduced. Since the resonator is loaded on the
back of the driven printed monopole antenna, the radiator size
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of the antenna is not enlarged. Finally, a prototype antenna is
designed, manufactured and measured. The simulated results
are in good agreement with the measured results, which
provide a good verification for our design method.
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