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ABSTRACT: In this paper, a WiFi-UWB multiband monopole antenna is designed, fabricated, and tested based on the characteristic
mode theory, which mainly consists of an L-shaped metal, an “ok”-shaped metal radiator, and a T-shaped metal patch. The substrate
dimensions are 40× 43× 1.6mm3, featuring a rectangular ground plate at the substrate’s bottom. The “ok”-shaped metal on the upper
surface is composed of a metal ring and a curved finger-shaped metal. To improve impedance matching and broaden the bandwidth,
strategic modifications are implemented. Specifically, a rectangular slot is introduced at the top of the L-shaped metal, and the T-shaped
metal is rotated 90◦ counterclockwise and positioned beneath the “ok”-shaped metal. The microstrip feed line, constructed from metal,
incorporates a feed point. Simulation results indicate that the antenna effectively covers the frequency ranges of 2.30–2.50GHz and 3.65–
9.77GHz. At the resonance point, the maximum return loss is below −40 dB, signifying superior directional radiation characteristics.
The antenna design is characterized by a wide frequency band, simple structure, and holds significant practical value for multi-frequency
communication.

1. INTRODUCTION

Since the invention of the antenna by the Russian scientist
Popov in 1894, the antenna has a history of 130 years. From

the initial monopole antenna to the later microstrip antenna, an-
tenna is constantly developing. However, traditional antenna
has the disadvantages of large volume, single and narrow fre-
quency band, low efficiency, and low intelligence, so it is nec-
essary to propose new technologies to improve these disad-
vantages. Ultra-Wideband (UWB) technology uses nanosec-
ond non-sine-wave narrow pulse to transmit data, which has
high data transmission rate, so it can be used in antenna de-
sign and manufacture. UWB antenna has a wide bandwidth
coverage, suitable for signal transmission of different frequen-
cies, and small size and high efficiency, so it has been widely
used [1–11]. A dual-mode UWB antenna is proposed in [5],
which consists of monopole and dipole of the same structure
and is excited by a coplanar waveguide. It covers the frequency
bands 2.8–20GHz and 4.4–17.6GHz, and the isolation degree
is 15 dB, which is suitable for UWB communication systems.
In [8], a compact UWB unipolar antenna is proposed, which
is easy to control return loss. The antenna is cactus-shaped,
and the substrate material is liquid crystal polymer. There are
three radiation short wires connected on a semicircular ring,
which is used to adjust the radiation mechanism of the an-
tenna, and the frequency band covers 2.85–11.85GHz. The
parameters controlling return loss have little influence on the
antenna radiation, which makes the antenna have good omni-
directional characteristics. Ref. [11] proposes a compact 4-unit
multiple-input multiple-output (MIMO) antenna with a size of
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42 × 25 × 1.6mm3. Each antenna unit adopts a microstrip
fed stepper slot antenna. Due to its own directional radiation
characteristics and asymmetric placement, high isolation can
be achieved without adding any decoupling network between
antenna units. The antenna covers a frequency of 3.1–12GHz,
enabling UWB applications.
The antennas proposed in the above references cover part

of the frequency band. The single frequency band of the an-
tenna has a great impact on the high-speed transmission and
low delay of the wireless communication network. At the
same time now multi-frequency communication is develop-
ing rapidly, and more and more devices are supporting multi-
frequency communication, so it is a key problem to realize
the multi-frequency coverage of the antenna [12–14]. Ref.
[12] proposes a conformal multi-frequency antenna for flexi-
ble devices, which has a truncated monopole, helpful for real-
izing multi-frequency bands of 2.45, 3.5, and 5.8GHz. Simula-
tion results show that the frequency bands that can be covered
by this antenna are 2.37–2.5GHz, 3.37–3.65GHz, and 5.2–
7.7GHz. The center return loss approaches −40 dB. At first,
choosing a popular frequency band is greatly important. Most
of the current devices support WiFi connection, and WiFi tech-
nology also has many advantages, such as wide coverage, no
wiring, and fast transmission speed. At the same time, wire-
less standard IEEE 802.11a can reach 54Mbps, which is used
in wireless communication, so many antennas are designed to
cover the WiFi band [15–18]. In addition, different communi-
cation modes use different frequencies, which requires the re-
search of some kinds of antennas containing a variety of fre-
quency bands to meet the use of mainstream WiFi-UWB and
other frequency bands [19–23]. Ref. [19] proposes a new com-
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FIGURE 1. Schematic diagram of antenna structure.

pact UWB monopole antenna, which consists of a V-shaped
slot and two rectangular slots. The frequency bands covered by
the antenna are 3.2–14GHz and 2.38–2.57GHz, correspond-
ing to UWB and WiFi, respectively, and can be used as smart
devices for portable Internet of Things applications. The size
of the miniaturized UWB circular microstrip antenna proposed
in [20] is 39.3×30×1.6mm3, which adopts the nonuniformmi-
crostrip feeder width and the new technology of partially rect-
angular ground plane, and covers the frequency band from 2.74
to 76.83GHz for many applications such as: wireless fidelity
systems,WiFi, UWB, global interoperability for microwave ac-
cess, and 5G. The initial model of the unipolar UWB broadband
antenna proposed in [21] is a short-sleeve shape, and the left
and right angles are subtracted from the bottom half to expand
the impedance bandwidth. It can cover WiFi7/4G LTE/5G/ X-
band/Ku-band and the up-band of C-band, with a maximum
peak gain of 5.43 dBi.
The antennas introduced above use the traditional finite ele-

ment analysis method. The simulation time is long, and it relies
too much on the designer’s personal experience. The character-
istic mode theory can solve this problem well. Its characteris-
tic is that the mode itself does not depend on the excitation,
so the characteristics of the mode can be analyzed by studying
the characteristics of the antenna itself in the absence of ex-
citation, so as to determine the appropriate mode. Then, the
required characteristic mode excitation of the antenna is car-
ried out through the appropriate feeding mode to achieve the
initial design objectives and performance indicators of the an-
tenna [24–34]. Ref. [25] shows the design of a cellular 5G
sub-6GHz vehicle antenna with a consistent radiation pattern
in the band 0.617–5GHz. The antenna structure size is defined
through characteristic mode analysis, calculated modal signif-
icance, characteristic current, modal radiation pattern, and re-

flection coefficient. The simulation results show that the an-
tenna covers three frequency bands: low band 0.617–0.96GHz,
high band 1.7–2.7GHz, and ultra-high band 3.3–5GHz. Ref.
[27] introduces a compact UWB-MIMO antenna with a cross-
shaped stub on the ground plane. The stub uses characteris-
tic mode analysis to support Characteristic Mode (CM) in the
lower frequency band in the ground plane and reduce the mu-
tual coupling betweenmonopoles. The results show that the an-
tenna resonates in the band of 2.97–13.8GHz and has good mu-
tual coupling (< −15 dB). Ref. [32] uses characteristic mode
analysis to design and analyze a 4 × 4 miniaturized UWB-
MIMO antenna with reduced isolation. In order to minimize
the physical size of the antenna and improve isolation, the ar-
rangement of four symmetrical radiating elements is orthogo-
nal. The antenna size is 40× 40× 1.6mm3, and the square slot
etched on the ground plane achieves return loss S11 < −10 dB,
isolation 26 dB, and a good isolation bandwidth of 118.15%.
In this paper, a WiFi-UWB multi-frequency monopole an-

tenna is designed based on the characteristic mode theory,
which can cover both WiFi band and UWB, with the resonance
points of 2.45GHz, 3.85GHz, 7.10GHz, and 9.40GHz. The
S11 of the center frequency is less than −10 dB, and the direc-
tional radiation characteristics are better. The performance of
the proposed antenna can be applied to multi-frequency com-
munication.

2. ANTENNA DESIGN

2.1. Antenna Structure
The structure of the antenna designed in this paper is shown in
Figure 1. The dielectric substrate is made of FR4 material, with
relative permittivity 4.4, loss tangent 0.02, size of the substrate
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TABLE 1. Antenna dimensions (mm).

L W h x1 x2 x3 GNDX
40 43 1.6 1.5 0.5 3 10.2
R1 R2 CX CX1 CX2 CX3 CY
4.5 1.5 18.5 8 13 1.5 2.5
CY1 CY2 CY3 xx xx1 yy yy1
2 3.5 7 6 1 0.2 10

(a) (c)(b)

FIGURE 2. Schematic diagram of antenna structure evolution: (a) Initial structure. (b) Improved structure. (c) Final structure.
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FIGURE 3. S-parameter curves corresponding to (a), (b) and (c) in Figure 2.

40 × 43 × 1.6mm3, and the antenna’s parameters are shown
in Table 1. The length and width of the left L-shaped metal
is 13mm and 9mm, respectively, and the slot opened above
has a width of xx and a length of yy. The length and width of
the middle metal trunk are 23mm and 3mm, respectively. The
head is equal to the hand of the metal of the “ok” gesture on the
right side, and both are 6mm. The finger part of the metal of
the “ok” gesture consists of three sections of the metal, and the
widths of all of them are 1mm. The lengths of the three sections
of the right hand gesture metal from the top to the bottom are
3mm, 4mm and 6mm, in which the metal on top and the metal
in the middle are rotated at an angle. The metal on top is rotated
at an angle of 45◦, and the metal in the middle is rotated at an
angle of 15◦. The “o” in “ok” consists of a circle with radius

R1 minus a concentric circle with radius R2, and the length of
the backbone is 14.5mm, where the “T” shaped metal on the
lower right is used to improve impedance matching, with di-
mensions CX1, CY1, CX3, CY3, and the backside is designed
as a rectangular floor structure, with a length of GNDX (ground
floor in the antenna model) and a width the same as that of the
substrate.

2.2. Antenna Evolution and Analysis

The evolution of the antenna structure is shown in Figure 2,
and the corresponding simulatedS-parameter curve is shown in
Figure 3. Figure 2(a) shows the initial structure of the antenna.
The radiation performance of eachmode can be analyzed by ob-
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(a) (b) (c)

(d) (e) (f)

FIGURE 4. Mode current distribution of the initial structure: (a) mode 2 at 6.5GHz (b) mode 3 at 3.98GHz (c) mode 5 at 3.37GHz (d) mode 6 at
8.3GHz (e) mode 8 at 8.8GHz (f) mode 9 at 2.45GHz.
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FIGURE 5. The results of mode analysis of the initial structure: (a) MS (b) CA.

serving the Modal Significance (MS) and Characteristic Angle
(CA) curves of the antenna. The resonant point current distri-
bution of its characteristic mode under CST software is shown
in Figure 4.
It can be seen from the S-parameter curve corresponding

to Figure 3(a) that the antenna covers 3.20–3.28GHz, 4.03–
6.18GHz, and 7.30–8.60GHz, which does not meet the re-
quirements of UWB antennas. Therefore, the structure of the
antenna should be improved.
It can be seen from Figure 4 that the current distribution of

mode 3, mode 5, and mode 6 in the feed port is relatively dense,
indicating that the current is strong here, where the current of
mode 5 flows in the negative direction along the x axis; the cur-
rents of mode 3 and mode 6 move along the x axis towards the
feed port; and the currents of mode 2, mode 8, and mode 9 have
weak current distribution near their feed ports, indicating that
these modes are difficult to excite. The radiation performance
of each mode can be analyzed by observing the MS and CA
curves of the antenna.

The MS value represents the proportion of resonance gener-
ated by each mode in a specific frequency range. The closer
the MS value is to 1, the more likely the mode is to resonate
and to be excited by a suitable feedline, and the less likely the
mode is to resonate if theMS value is lower than 0.707. The CA
expresses the antenna’s resonance performance, and the closer
the value of CA is to 180◦, the more likely the mode is to res-
onate. The MS and CA of the initial structure are shown in
Figure 5, from which it can be seen that mode 3, mode 5, and
mode 6 resonate at 3.98GHz, 3.37GHz, and 8.3GHz, respec-
tively, and the MS of mode 6 is always greater than 0.9 in the
frequency band of f > 7.6GHz. The value of CA is also lo-
cated near 180◦. In order for mode 2 and mode 8 to be excited
and to enhance the current of mode 9 at the top of the metal
backbone and at the hand, the antenna structure is improved,
and the improved structure is shown in Figure 2(b).
Bring the thumb and forefinger of the right hand “gesture”

metal together to form a circle, so that the entire right hand
“fingers” form an “ok” shape, and connect the head of the metal
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(a) (b) (c)

(d) (e) (f)

FIGURE 6. Mode current distribution of the improved structure: (a) mode 2 at 5.36GHz (b) mode 3 at 3.88GHz (c) mode 5 at 3.32GHz (d) mode 6
at 6.94GHz (e) mode 8 at 8.46GHz (f) mode 9 at 2.48GHz.
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FIGURE 7. The results of mode analysis of the improved structure: (a) MS (b) CA.

trunk to the formed circle. The head of the metal trunk is con-
nected to the formed circle, and a rectangular slot of length xx
and width yy is opened above the L-shaped metal on the left
side to enhance the current near the feed point.
The S-parameter curve of the improved structure is shown in

Figure 3(b). It can be seen that compared with the initial struc-
ture, a WiFi band is added, which is 2.33–2.53GHz. Mean-
while, S11 in the 6.18–7.30GHz band in the initial structure
drops below −10 dB, forming a preliminary UWB. In order to
expand the frequency band of UWB antenna, the antenna struc-
ture needs to be improved again.
The characteristic mode analysis of the improved structure

yields the mode current distribution as shown in Figure 6.
The above simulation results show that the currents of

mode 2 and mode 8 near the feed point are greatly enhanced

compared to the initial structure, while the currents at the
connection between the top of the metal backbone of mode
2 and mode 8 and the circle on the right side are strong,
indicating that the formed circle enables mode 2 and mode 8
to be well energized, and the currents at the rectangular slots
opened by the L-shaped branches on the left side of mode 6
are enhanced, which is the result of the slots opened at the
L-shaped branches.
The MS and CA of the improved structure are shown in Fig-

ure 7. As can be seen from Figure 7, the resonance point of
mode 3 is shifted forward, which can be well excited and has
better excitation effect than the initial structure, and the reso-
nance points of mode 2 and mode 8 are also shifted forward,
lowered to 5.36GHz and 8.46GHz from 6.5GHz and 8.8GHz,
respectively, which are more likely to be excited for radiation.
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(a) (b) (c)

(d) (e) (f)

FIGURE 8. Analysis result of the final structure: (a) mode 2 at 5.26GHz (b) mode 3 at 3.79GHz (c) mode 5 at 6.54GHz (d) mode 6 at 9.17GHz (e)
mode 8 at 8.53GHz (f) mode 9 at 2.45GHz.
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FIGURE 9. The results of mode analysis of the final structure: (a) MS (b) CA.

The resonance point of mode 5 is basically the same as the
initial structure. The resonance point of mode 9 has not been
changed much, and the resonance point of mode 6 has also been
reduced, although it cannot be excited near the feed point. In
order to make mode 6 excited again, and at the same time en-
hance the matching performance to obtain a wider frequency
band so that the antenna can better cover the UWB, the antenna
structure is improved again by adding a T-shaped metal patch
to the right side of the feed line of the metal patch, and the edge
of the T-shaped metal is 1.5mm away from the feed line. The
final structure is shown in Figure 2(c).
The S-parameter curve of the final structure is shown in

Figure 3(c). Compared with the improved structure, the cov-
ered frequency band is wider, ranging from 3.65 to 9.77GHz,

which meets the requirements of UWB antenna. Meanwhile,
S11 reaches −43.32 dB at 9.40GHz, which has a better effect.
The characteristic mode analysis of the final structure is car-

ried out. The simulation results are shown in Figure 8. As can
be seen from Figure 8, the analyzed mode currents are very
dense at the feed points, indicating that all six analyzed modes
are excited, but the excitation structure providing these modes
is not the same. According to the current distribution, mode
2 and mode 5 are provided by the left L-shaped branch; mode
3 and mode 6 are provided by the right ring and hand metal;
mode 8 is provided by the T-shaped metal patch; and mode 9 is
provided by the right metal branch and the connection between
the metal trunk and the ring. Multi modes are thus created.
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FIGURE 10. The physical model of the proposed antenna. FIGURE 11. The environment of the antenna measurement.
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FIGURE 12. Simulated and measured S parameters of the proposed an-
tenna.
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FIGURE 13. Simulated and measured peak gains of the proposed an-
tenna.

According to the above simulation result, the current of mode
6 near the feeding point is greatly enhanced, and the current of
the right ring and hand is also enhanced, which indicates that
the T-type metal patch makes the matching performance better,
thus extending the original frequency band.
The MS and CA of the final structure are shown in Figure 9.

It can be seen from Figure 9 that the resonant points of mode
2 and mode 3 move forward, decreasing from 5.36GHz and
3.88GHz to 5.26GHz and 3.79GHz, respectively, while the
resonant points of mode 8 and mode 9 do not change signif-
icantly. They act as the radiation mode of the high and low
bands, respectively, with the resonant point of mode 6 moving
backwards from 6.94 to 9.17GHz as the radiation mode of the
high band together with mode 8, and the resonant point of mode
5 also moving backwards together with mode 2 as the radiation
mode of the mid-band. Based on the above analysis results,
the six modes described above are all effectively stimulated,

covering the 2.4GHz band of WiFi and UWB, and meeting the
required performance targets.

3. ANTENNA PERFORMANCE

3.1. Antenna Model Measurement
The physical model of the antenna is shown in Figure 10, and
the measurement environment is shown in Figure 11. The S-
parameters of the antenna are measured by AV3629D vector
network analyzer. Figure 12 shows the simulated and measured
S-parameter results, which shows good impedance matching
within 2.30–2.50GHz as well as 3.65–9.77GHz, with relative
bandwidths of 4.48% and 91.42%, respectively, and covers the
WiFi band and UWB, respectively. At the same time, the mea-
sured results are in good agreement with the simulation ones.
At the same time, Figure 13 shows the peak gain of the an-

tenna, and it can be seen that the antenna’s gains in the band
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FIGURE 14. Simulated and measured directional patterns: (a) 2.45GHz (b) 3.85GHz (c) 7.10GHz (d) 9.40GHz.

ranges from 1.35 to 3.62 dBi and at the resonance points are
1.62 dBi, 2.42 dBi, 2.77 dBi, and 2.67 dBi, respectively.

3.2. Orientation Chart

The antenna was tested for its radiation patterns in an anechoic
chamber, as shown in Figures 14(a)–(d), which shows the sim-
ulated and measured XOZ and Y OZ planes of the antenna at
2.45GHz, 3.85GHz, 7.10GHz, and 9.40GHz.
It can be seen from Figure 14 that the simulation of the four

resonance points is basically consistent with the measured di-
rection diagrams of theXOZ and Y OZ planes, and the agree-
ment is good. It can be seen from Figure 14(a) that the orien-
tation patterns of XOZ and Y OZ planes are approximately a
circle and basically exhibit omnidirectional radiation character-
istics; in Figure 14(b),XOZ plane is approximately an ellipse,
and Y OZ plane has better performance in the direction of 0–
270◦. In Figure 14(c), the XOZ plane is approximately a cir-
cle, and the Y OZ plane is well oriented at 90–240◦. In Figure

14(d), theXOZ plane is approximately a circle, and the Y OZ
plane is well directional at 0–30◦, 105–125◦, 150–180◦, 250–
290◦, and 310–340◦, indicating that energy is concentrated in
these parts, showing directional radiation characteristics. It has
good performance and can be applied to multi-frequency com-
munication.

3.3. Performance Comparison

To further elaborate the characteristics of the WiFi-UWB an-
tenna proposed in this paper, a comparison of the performance
of the antenna designed in this paper with some of the proposed
WiFi-UWB antennas is given as shown in Table 2. From Ta-
ble 2, it can be seen that although the UWB antenna proposed
in this paper is not as good as other references in terms of peak
gain, it is smaller in size, has a simpler structure, a lower re-
turn loss at the resonance point, and certain advantages in terms
of band coverage, which is of some value for application in
wireless communication networks. Ultra-broadband is charac-
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TABLE 2. Antenna performance comparison.

Ref. Size (mm3) Bandwidth (GHz) S11 (dB) Peak Gain (dBi)
[5] 91.1× 67.6× 0.508 2.8–20, 4.4–17.6 −50 10.5
[7] 50× 55× 1.6 1.5–3 −48 4.628
[10] 60× 60× 1.6 1.75–7.43 −23 16.71
[11] 42× 25× 1.6 3.2–12 −28 6.9

[21] 46× 42× 1.6

2.12–2.55,
4.67–5.38,
5.7–14.56

−26.51 5.43

[33] 40× 40× 1.6 2.8–11.4 −27.5 6
This work 40× 43× 1.6 2.30–2.50, 3.65–9.77 −43.32 3.62

terized by high data rate, strong resistance to multipath effect,
and low power consumption, which can be applied to a variety
of communication fields. In addition, this design covers WiFi
bands, including 2.4GHz band (2.4–2.4835GHz) and 5GHz
band (5.150–5.350GHz and 5.725–5.850GHz), which can re-
alize the omnidirectional radiation, and it can also be applied in
4G/5G communication.

4. CONCLUSION
In this paper, a WiFi-UWB monopole antenna for multi-
frequency communication based on characteristic mode theory
is designed to cover both the WiFi band and UWB, with an
overall return loss of less than −10 dB in the 2.30–2.50GHz
and 3.65–9.77GHz bands, a gain fluctuating between 1.35 and
3.62 dBi, and a stable directionality in the UWB. The return loss
at the resonance frequency of 9.40GHz reaches −43.32 dB,
which has the characteristics of high communication capacity
and low-delay wireless communication, and provides the
possibility of applications in wireless communication and
multi-frequency communication.
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