IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 68, NO. 4, APRIL 2020

Communication

3243

Dual-Mode Compression of Dipole Antenna by Loading Electrically
Small Loop Resonator

Weiquan Zhang, Yue Li

Abstract— This communication presents a dual-mode dipole antenna
for impedance bandwidth improvement. In our approach, an electrically
small loop (ESL) resonator is properly loaded to compress the operating
frequencies of first- and third-order modes. With the existence of ESL,
the third-order mode shifts to its first-order mode to obtain a wide
bandwidth with stable polarization and radiation patterns, due to the fact
that ESL is equivalent to an orthogonal magnetic dipole at the third-order
mode. To validate the design strategy, a prototype was fabricated and
tested. Omnidirectional radiation pattern in H-plane is achieved over the
entire operating band from 2.94 to 3.89 GHz while keeping a smaller
size of 0.451¢ x 0.17X¢ ()¢ is the wavelength in free space at the center
frequency). Good agreement has been obtained between measurement
and simulation.

Index Terms— Antenna input impedance, broadband antennas, dipole
antennas, electrically small loop (ESL).

I. INTRODUCTION

Wideband dipole antennas with compact dimensions and stable
radiation patterns over their operating frequency bands are widely
used in modern communication services such as the fifth-generation
mobile networks, WiMax, Wi-Fi, and so on. One approach to enhance
the bandwidth of dipole antennas is to adopt multiple dipoles with
different lengths for different resonant frequencies [1]-[5]. These
antennas are usually bulky and complex in geometry for fabrica-
tion and each dipole works with its single mode. A multimode
method is proposed to enhance the bandwidth [6], [7]. Parasitic
linear dipole [6] and parasitic loop [7] are added to broaden the
bandwidth by creating new resonant modes. In [8], an artificial mu-
negative transmission line (MNG-TL) structure is realized for wide
bandwidth but with larger size. On the other hand, slot antenna is
another candidate for wideband wireless communications because of
its simple and planar structure. Stub slots are added along the main
slots in [9], [10] to shift the third-order mode down to the first-order
mode for dual-mode operation but with unstable radiation patterns
across their operating bandwidth. As an effective approach, theory of
characteristic modes (TCMs) [11]-[13] is used to design wideband
dipole antennas [7], [14]. The TCM provides an analytical insight of
the radiating modes on the dipole structure. By introducing loaded
stubs along the dipole near the current nulls of the fifth-order mode,
the fifth-order mode shifts to its third-order mode for achieving a
wideband operation [14].
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Fig. 1. General structure of the proposed antenna. (a) Layered, (b) perspec-
tive, and (c) top views with geometry parameters.

As another key property, stable radiation pattern is achieved by
using the magnetoelectric dipole antenna in [15]. By combing a pair
of electric and magnetic dipoles, stable radiation patterns are realized
over the entire operating band. Multidipole antenna is also an efficient
way to achieve stable radiation patterns. Through a rational design
of position of dipoles and reflector, an antenna with stable radiation
patterns is obtained [4]. Other dipole antenna designs with stable
radiation patterns have been investigated and designed [16], [17].
A wideband segmented dipole antenna with stable radiation patterns
is realized by adding interlaced coupling lines at each section [16].
Stable radiation patterns are achieved in [17] with a simple cylindrical
cavity.

In this communication, a dual-mode dipole antenna with elec-
trically small loop (ESL) load is proposed for the merits of wide
bandwidth, stable radiation patterns, and smaller size. By loading
an ESL, the current length of the third-order mode is lengthened
and as a result, the first- and third-order modes are compressed
for wideband requirement. Meanwhile, the proposed antenna is with
stable polarization and radiation patterns in wide bandwidth, since
ESL is equivalent to an orthogonal magnetic dipole at the resonant
frequency of the third-order mode. The impedance matching and key
parameters are also investigated to obtain an optimized performance.
A prototype is fabricated to provide an experimental verification of
the idea. The proposed antenna can achieve an impedance bandwidth
of 27.8% (SWR < 2) from 2.94 to 3.89 GHz while keeping a
smaller size of 0.454¢ x 0.171g. Meanwhile, as the first- and third-
order modes are with similar omnidirectional radiation patterns, stable
radiation patterns in H-plane are achieved within the overall operation
bandwidth.

II. ANTENNA DESIGN AND ANALYSIS

Fig. 1 presents the geometry of the proposed dual-mode dipole
antenna on an FR4 substrate with relative permittivity &, = 4.4 and
loss tangent of 0.02. The proposed antenna consists of a straight
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TABLE I
DETAILED DIMENSION OF THE PROPOSED ANTENNA

Parameter Value(mm) Parameter Value(mm)
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Fig. 2. (a) Development stages of the proposed electrically small loop
(ESL)-loaded dipole antenna and |Syj| corresponded to (b) stage 1 and
(c) stages 2 and 3.

dipole and an ESL (kgR =~ 0.25, k( is the wavenumber in free space
at the center frequency) as shown in Fig. 1(b). The proposed antenna
is divided into two sections and exhibits even-symmetrical property
along the xz plane. They are printed in the top and bottom layers
separately, as shown in Fig. 1(a). Fig. 1(c) depicts the top view of
the dipole antenna. The overlap length of the ESL is Ls, which is
the key parameter for impedance bandwidth improvement. Table I
lists the detailed dimensions. Due to the center-fed scheme, all the
even-order radiation modes are unable to be excited in theory. In this
communication, the first- and third-order modes are compressed so
that they are close to each other for wideband operation. The resonant
frequency of the second-order mode is decreased simultaneously as
the third-order mode is compressed. The resonant frequency of the
second-order mode is corresponding to the worst impedance matching
point between the resonant frequencies of the first- and third-order
modes.

The design guideline is given as follows.

1) Based on the target frequency (fp), select the length (L) of
straight dipole as 0.54¢ initially since the straight dipole is
responsible for the first-order mode.

2) Since the third-order mode is compressed to target frequency
fo, the electrical size of the antenna at the third-order mode is
based on Ag here. According to the current distribution of the
third-order mode, the circumference (27 R) of ESL is selected
as 0.254¢, so as to keep the current distribution of the straight
dipole in the same direction.

3) The value of L is fine-tuned to obtain a proper resonant
frequency of the first-order mode and then the values of R and
L are fine-tuned to obtain the widest achievable impedance
bandwidth.
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Fig. 3. (a) Resistance and (b) reactance characteristics at stage 1, (c) resis-
tance and (d) reactance characteristics at stages 2 and 3.

The antenna development stages are shown in Fig. 2(a). In the
second design stage, an ESL is loaded with break points, so as to
lengthen the current of the third-order mode for compressing. In the
final design stage, the two half symmetrical sections of dipole antenna
are printed separately at the top and bottom layers. Meanwhile,
the overlap of ESL is used to improve impedance matching through
field coupling. Fig. 2(b) and (c) displays the |S11| for development
stages. The results are simulated by HFSS [18]. From Fig. 2(b), it is
found that the first two odd modes of a straight dipole locate at
3.05 and 9 GHz, respectively. With the existence of ESL, the resonant
frequency of the third-order mode moves down to 4.35 GHz as
shown in Fig. 2(c). The reason of this phenomenon is that the
current third-order mode is lengthened by the loading ESL. In stage
3, the resonant frequency of the third-order mode shifts to its first
mode and the bandwidth (SWR < 2) is enhanced from 11.18% to
27.8%. Therefore, ESL overlap decreases the resonant frequency of
the third-order mode further and improves impedance matching. It has
been noted that the proposed dipole antenna resonates at 3.16 and
3.76 GHz finally. It is shown that the third-order mode shifts to
3.76 GHz, while the first-order mode is changed slightly. Therefore,
first- and third-order modes are compressed effectively by loading an
ESL.

To further reveal its operation principle, the proposed antenna
is investigated by its input impedance. The frequency responses
of the input impedance in different stages are depicted in Fig. 3.
As shown in Fig. 3(a) and (c), the input resistance within the
considered bandwidth in stages 1 and 2 is higher than that in stage 3.
This phenomenon indicates that the overlap of ESL improves the
impedance matching. As illustrated in Fig. 3(b), the reactance null
point (Im(Z) = 0) of the third-order mode is around 9 GHz. Then
the third-order mode moves down to 4.35 GHz with ESL load and
further shifts to the first-order mode with the overlap of ESL as
Fig. 3(d) depicts. Thus, a wideband characteristic with two reactance
null points can be obtained by loading an ESL.

The current distributions of the two resonant modes of the proposed
dipole antenna with ESL load are shown in Fig. 4. According to
Fig. 4(a), the straight dipole resonates at first-order mode and its
current amplitude is larger than that in ESL. Hence, the straight dipole
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Fig. 4. Current distributions at (a) 3.16 and (b) 3.76 GHz.
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Fig. 5. (a) Variation in resonant frequencies and (b) reactance characteristics
of the proposed antenna with respect to radius R.

is responsible for the radiation at 3.16 GHz. As we know, the middle
current direction of third-order mode on a dipole is opposite to
that on both sides. Hence, the middle section of a dipole antenna
performs as an ESL here to lengthen the current at 3.76 GHz as
depicted in Fig. 4(b). As a result, the resonant frequency of third-order
mode is decreased and the mode compression of a dipole antenna is
achieved for broadband operation. As shown in Fig. 4(b), the current
amplitude on ESL is almost uniform at the third-order mode, and ESL
is equivalent to an orthogonal magnetic dipole at the third-order mode
in theory and as a result, stable polarization and radiation patterns
are obtained. Besides, ESL has null compensation effect on radiation
patterns in E-plane.

To provide a design guidance of the proposed antenna with ESL
load, a parametric study was conducted to investigate the effects of
various parameters. The effect of parameter R on |Syi| is shown
in Fig. 5, by varying it from 3.0 to 4.0 mm with 0.5 mm step in the
range. It can be observed from Fig. 5(a) that as R increases, the third-
order mode definitely decreases, whereas the first-order mode changes
slightly. This phenomenon is corresponding to the reactance null point
of the third-order mode that moves down to lower frequency as shown
in Fig. 5(b). Resistance characteristics (not shown here for brevity)
change slightly with respect to radius R. Therefore, ESL has strong
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Fig. 6. (a) Variation in resonant frequencies and (b) reactance characteristics
of the proposed antenna with respect to length Ls.

External
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Fig. 7. (a) Fabricated prototype of the proposed antenna and (b) schematic
of the feeding structure.

effect on the third-order mode than on the first-order mode because
ESL works as the middle section of the third-order mode. However,
when R is big enough that the circumference of ESL is comparable
to the length of the straight dipole, the analysis above is inapplicable.
To obtain a better impedance matching, R = 3.5 mm is selected.

Besides, the effect of the overlap length is studied here.
Fig. 6(a) and (b) depict the reflection coefficient and the input reac-
tance with respect to different overlap lengths. The results show that
the resonant frequency of the third-order mode and reactance char-
acteristics are affected by the length Ls, while those of the first-order
mode almost are unaffected. As Ls increases, the operating frequency
of the third-order mode moves down as shown in Fig. 6. Therefore,
the third-order mode can be tuned individually by changing the length
of the overlap only.

III. MEASUREMENT RESULTS AND VALIDATION

In this section, the proposed ESL-loaded dipole antenna is fabri-
cated and measured to verify the approach. The prototype is shown
in Fig. 7, which is fed by 50 Q coaxial cable. Reflection coefficient of
the antenna is measured using an N5071B vector network analyzer
(300 kHz-9 GHz), the gains and radiation patterns are measured
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Fig. 8. Simulated and measured reflection coefficient values |Sy1| of the

proposed dipole antenna with electrically small loop (ESL) loading.

X-Z Plane

Y-Z Plane

Co-pol measured
— — — Co-pol simulated

X-pol measured
— — — X-pol simulated
Fig. 9. Measured and simulated radiation patterns of the proposed antenna

at different frequencies. (a) 3.2 GHz, xz plane. (b) 3.2 GHz, yz plane.
(c) 3.6 GHz, xz plane. (d) 3.6 GHz, yz plane.

in a far field anechoic chamber. Fig. 8 shows the measured and
simulated reflection coefficients. It is shown that the measured data
in general agree well with the simulated results. Only a little shifting
of the matching frequencies occurs for the measured data compared
to the simulated results. The disagreement between the measurement
and simulation is caused by the unbalanced SMA connector, such
as the unwanted surface unevenness, and fabrication error, such as
the imprecise welding between the coaxial cable and antenna. The
impedance bandwidth (S7; < —10 dB) of the proposed antenna were
simulated and measured as 0.95 (2.94-3.89 GHz) and 1.11 GHz
(2.86-3.97 GHz), respectively.

The measured and simulated radiation patterns of the fabricated
prototypes at 3.2 and 3.6 GHz are shown in Fig. 9, with good
agreement between simulation and measurements. Measurements
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Fig. 10. Simulated and measured gains of the proposed antenna.

TABLE II

COMPARISON AMONG THE PROPOSED ANTENNAS
WITH DUAL-MODE DIPOLE

Reference Modes Method BW(%) Size (1))
7] reszlz(:ors Pif(f;i)tic 44.2 0.63x0.32
[10] P Db 315 132x1.32
[14] P s Db 12 1.04x0.83

Our Work Il).ii‘;lﬁ Loop 2738 045x0.17

at other operating frequencies across the bandwidth also show
radiation patterns similar to those plotted here. From these results,
it is clear that a good omnidirectional radiation pattern in H-plane
(xz plane), with small gain variations of less than 2.9 and 1.75 dB at
3.2 and 3.6 GHz, respectively, are obtained. Therefore, a wideband
ESL-loaded dipole antenna with stable omnidirectional radiation
patterns is achieved. It can be seen that the two null points of
eight-shaped radiation patterns in yz plane are not as small as those
of the ordinary dipoles. The reason for this phenomenon is that the
null compensation is caused by ESL, especially around the resonant
frequency of the third-order mode.

The radiation characteristics of the fabricated prototype were also
studied. The radiation gains are presented in Fig. 10 as a function
of frequency. It is seen that the measured results agree well with
the simulated ones. It can be observed that the antenna exhibits
stable gain frequency response within their impedance bandwidth.
The average gain of the proposed dipole is greater than 2 dBi. The
efficiency of the ESL-loaded antenna is better than 79% within the
overall bandwidth. The maximum and minimum efficiencies are
94.67% at 3.22 GHz and 79.7% at 3.89 GHz, respectively.

Table II shows a comparison between the existing designs and
our work. With reference to Table II, the proposed antenna has
smaller size than the previous designs [7], [10], [14], as the two
lowest odd modes are combined; and in our work, ESL load was
chosen rather than stub load. A parasitic loop is used to create a
new resonant mode so as to widen the bandwidth in [7], while the
ESL in this communication is used to compress the third-order mode
mainly. The slot antenna in [10] exhibits wider bandwidth but with
largest size and unstable radiation patterns across their operating
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frequency bandwidth. And the stub-loaded dipole proposed in [14]
has the narrowest bandwidth. In summary, our design exhibits better
performance in terms of smaller size compared to the reference dipole
antennas with available bandwidth.

IV. CONCLUSION

The design of a dual-mode antenna with ESL load for impedance
bandwidth improvement has been introduced in this communication.
By loading an ESL, the current length of the third-order mode is
lengthened to compress the third-order mode for dual-mode oper-
ation. Besides, the ESL is equivalent to an orthogonal magnetic
dipole at the third-order mode and as a result, stable polarization
and radiation patterns are obtained. It is seen that the proposed
ESL-loaded dipole antenna could achieve a fractional bandwidth of
up to 27.8% against 11.18% in a single-mode dipole. A parametric
study has been carried out to devise a design guideline for the
ESL-loaded dipole antenna. An ESL-loaded antenna was also fabri-
cated and measured. The measured results were found to agree well
with the simulated data. The fabricated prototype can provide a wide
effective bandwidth of about 1.11 GHz (2.86-3.97 GHz) with VSWR
2:1 impedance matching and the stable omnidirectional radiation
patterns in H-plane while keeping smaller size of 0.454¢ x 0.171¢.
Therefore, the proposed approach should be useful to explore other
types of multimode antennas, and the proposed antenna in a simple
form is ideally a practical element for a wideband array antenna with
stable omnidirectional radiation patterns.
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