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ABSTRACT:A compact yet simple, printed monopole design targeted at providing multiband operation in the 2.4/5/6GHzWi-Fi 8 (2400–
2484/5150–7125MHz) bands and also the 5G new radio (NR79) (4.4–5.0GHz) band and 6G upper mid-band in the 7.125–8.4GHz range
is demonstrated. The antenna is composed of longer and shorter radiating arms, as well as a matching stub that protrudes from the longer
arm around the antenna port and extends toward the shorter arm. The two arms and the stub are all printed on a low-cost single-layer
substrate. Four resonant modes of the antenna are excited, with the lower mode covering the 2.4GHz band and the three upper modes
forming a wide 7.4-dB return-loss bandwidth of about 4.3–8.6GHz, covering the 5G NR79 band, 5/6GHz Wi-Fi bands, and 6G upper
mid-band. Additionally, the design can be fed by a commercially available coaxial cable, allowing the antenna to have considerable
flexibility in installation within wireless devices.

1. INTRODUCTION

Monopole antenna was invented and patented by Guglielmo
Marconi around 1895 [1] and is also known as the

Marconi antenna. In practice, a monopole is made of a
quarter-wavelength (0.25-λ) conductor mounted above an
infinite ground with a 0.25-λ image in analysis, forming a
0.5-λ equivalent electric dipole [2]. The monopole antenna has
been theoretically analyzed and widely used in mobile com-
munications [2]. For compact and printed monopole antennas
with a stand-alone design structure, several designs have been
favorably studied and presented over the years [3–9]. These
monopole designs include the use of folded monopole [4],
hook-shaped radiating structures [3, 6, 7], branched monopole
[5, 9], and the radiator loaded with multiple stubs [8]. Typ-
ically, these designs feature a main radiator and a relatively
small signal ground for antenna feeding, together with an
SMA coaxial connector or a coaxial cable feedline. In this
case, the stand-alone structure allows the antenna to have
more freedom when placed inside a wireless device, enabling
it to attain an ideal transceiving location. However, among
these stand-alone monopoles, the smallest antenna footprint,
including signal ground, requires a minimum area of 200mm2

[4] to operate within the 2.4GHz (2400–2484MHz) and 5GHz
(5150–5825MHz) frequencies only. In this paper, a new
monopole design is introduced, which shows a similar design
footprint and yet exhibits multiband/wideband properties for
Wi-Fi 8 (IEEE 802.11bn) (2400–2484/5150–7125MHz) oper-
ation [10, 11], the 5G new radio (NR) band 79 (4.4–5.0GHz),
and the future 6G upper mid-band (7.125–8.4) GHz range [12–
14]. The Wi-Fi 8 operates within the same spectrum as Wi-Fi
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7 but focuses on achieving ultra-high reliability (UHR) to
enhance reliable communication [10, 11]. Commercialized
Wi-Fi 8 devices are expected to be available in 2028 [11],
while the initial rollout of the 6G network is anticipated in the
2028–2030 time frame [14]. Accordingly, multiband antennas
capable of operating in the wireless heterogeneous networks
[15–20], such as Wi-Fi 8 and 5/6G communications in this
work, will be highly requested in the immediate future.
In this paper, we present a compact monopole design that can

function in the heterogeneous networks of Wi-Fi 8 and 5G/6G
communications. The antenna simply comprises a longer ra-
diating arm, a shorter radiating arm, and a matching stub, all
formed on a low-cost single-layer substrate. The overall de-
sign footprint is merely 7mm × 30mm, which corresponds
to a 0.056- and 0.24-λ at 2.4GHz in free space. Four reso-
nant modes, namely modes 1, 2, 3, and 4, are excited, which
are attributed to the fundamental and higher-order modes of
the monopole and are controllable through parametric analy-
ses. Mode 1 is responsible for operation in the 2.4GHz band
while modes 2, 3, and 4 form a very wide bandwidth of about
4.3–8.6GHz to cover the 5GNR79 band, 5/6GHzWi-Fi bands,
and 6G upper mid-band. Owing to the sizes of the two radi-
ating arms not being far apart, the monopole design may be
regarded as an asymmetric dipole in analysis. Thus, modes 1
(fundamental) and 2 (first higher order) can be determined by
the combined length of the two arms. With the added matching
stub that greatly assists better impedance formodes 3 and 4 (two
higher-order modes), the proposed antenna is fully responsive
for Wi-Fi 8 and 5/6G communications. Details of the design
and its fabricated prototype are elucidated with numerical and
measured results in the article.
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FIGURE 1. (a) Geometry of the printed compact monopole; L = 9mm, g = 2mm, S = 6mm. (b) Photo of the prototype.

(a) (b) 

FIGURE 2. (a) Return losses and (b) input impedance for the proposed design and the case without the stub.

2. DESIGN CONSIDERATION

2.1. Monopole Configuration
Figure 1(a) shows the geometry of the proposed printed
monopole antenna. The design is mainly composed of a longer
radiating arm, a shorter radiating arm, and a matching stub, all
formed on the same layer of a 0.8-mm-thick Flame Retardant
4 (FR4) substrate (relative permittivity 4.4 and loss tangent
0.024). The two arms are bent to reduce the overall antenna
size with the dimensions 7mm × 30mm. The longer arm is
connected to the signal at feed point A, while the shorter arm
also serves as a small antenna ground that is further connected
to the signal ground at point B. A clear view of the signal
feeding can be seen in the photo in Fig. 1(b). The length
of the monopole’s longer arm can approximately be decided
by using (1), where c is the speed of light in vacuum; f0 is
the fundamental frequency of the monopole; and εeff is the
effective permittivity. The effective permittivity that makes
the effective wavelength shorter is typically closer to 1 than
4.4 for the monopole with substantial fringing fields into the
air.

l =
c

4f0
√
εeff

(1)

To achieve stable measurement results, a short 45-mm-long
mini-coaxial cable with an overall diameter of 1.13mm (O.D.
1.13) was employed. The feed gap between pointsA andB was
set to 1mm, with the center conductor of the cable soldered at
pointA and the outer copper at pointB. Note that in this study,

a tiny soldering pad of 1mm × 1mm was designed at point A
to accommodate the center conductor of the cable feedline. In
addition, to mitigate cable effects in the measurements, a snap-
on ferrite choke close to the antenna feed port can be used to
reduce unwanted cable currents, which can otherwise lead to
radiation [21, 22].
Because both the radiating arms are comparable in size, the

proposed monopole may be regarded as an asymmetric dipole
formed by the two arms of unequal lengths [see the inset of the
design without the stub in Fig. 2(a)]. In this case, the funda-
mental mode (mode 1) and the first higher-order mode (mode
2) can be determined by the overall combined length of the two
radiating arms. Further, an L-shaped matching stub is added,
protrudes from the longer arm around the antenna port, and ex-
tends along the shorter arm. In microwave engineering, the in-
put impedance of the stub is reactive. In this design, the input
impedance of the open stub is inductive, as shown in Fig. 2(b)
for both cases with and without the stub. This stub helps com-
pensate for the large capacitive reactance in the 5.5–8.5GHz
range to attain better impedance for the two higher-order modes
(modes 3 and 4), as can be seen in Figs. 2(a) and (b). Modes 2,
3, and 4 can then form a wide bandwidth of about 4.3–8.6GHz
to include the 5G NR79 band, 5/6GHz Wi-Fi bands, and 6G
upper mid-band.
In this work, the proposed design generates four resonant

modes at about 2.44, 4.58, 6.50, and 8.04GHz. The associ-
ated surface-current distributions of each mode are presented
in Fig. 3. At 2.44GHz, high-intensity in-phase currents are dis-
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FIGURE 3. Current distributions for resonant modes at 2.44, 4.58, 6.50, and 8.04GHz.

(a) (b)

(c)

FIGURE 4. Return losses as a function of (a) arm length L, (b) ground length g, and (c) stub length S.

FIGURE 5. Simulated and measured return losses for the prototype
studied in Fig. 1.

tributed along the longer and shorter arms, resembling a 0.5-λ
dipole resonance in the 2.4GHz band. At 4.58GHz, a current
null occurs on the longer arm in the 0.75-λ length while strong
currents on the shorter arm correspond to the 0.25-λ resonant

length. Accordingly, a 1.0-λ dipole-like resonance, by combin-
ing the two arms, is formed in the 5G NR79 band. In fact, the
current distributions on the shorter arm are the same for both
modes 1 and 2. The same properties can be applied to mode
3 at 6.5GHz, at which one null is observed on the longer arm
with similar antenna ground (shorter arm) currents. Finally, for
higher-order mode 4 at 8.04GHz, two nulls are further identi-
fied, reflecting themonopole design operating in a 1.5-λ dipole-
like mode.

2.2. Parametric Studies

A range of parameters was examined using an electromagnetic
(EM) simulator with the goal of showing the underlying causes
of the antenna resonances. Fig. 4 presents a selection of results
obtained from the EM analysis. The return losses as a function
of arm length L are shown in Fig. 4(a). It is seen that this pa-
rameter significantly affects the first and second modes of the
antenna as the lengthL varies. Longer length leads to decreased
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FIGURE 6. Simulated and measured 2-D radiation patterns at (a) 2.44, (b) 4.58, (c) 6.50, and (d) 8.06GHz.

antenna frequencies for both modes 1 and 2. Fig. 4(b) shows
the impact of ground length g, which has a relative effect on the
frequencies of modes 2 and 4 in this design. With an increase in
g, both modes 2 and 4 are shifted toward the lower frequencies,
owing to an increased resonant length. Finally, in Fig. 4(c), the
effects of stub length S on the return losses are primarily upon
the third and fourth modes of the monopole in the 6–8.5GHz
range, with the frequencies of modes 1 and 2 unchanged. This
is expected because the stub is added to offset the large capac-
itive reactance and improve impedance for modes 3 and 4. In
general, one can first control mode 1 of the proposed design by
adjusting arm length L, followed by ground length g for tuning
modes 2 and 4, and lastly modes 3 and 4 by fine-tuning stub
length S.

3. EXPERIMENTAL RESULT VERIFICATION
Figure 5 gives the return losses of the simulated and measured
results for the prototype described in Fig. 1. It can be seen
that the experimental data generally agree with the numeri-
cal results. The prototype covers all the 2.4/5/6GHz Wi-Fi 8
bands, 5GNR79 band, and 6G uppermid-band range, which are
also marked by five respective-colored bars. Within the bands
of interest, the impedance matching all exceeds 7.4 dB return
loss (voltage standing wave ratio (VSWR) of 2.5). The mea-
sured impedance bandwidth formed by the three upper modes
is slightly narrower than the simulation and yet still covers the
desired 4.4–8.4GHz range. In addition, four resonant modes at

approximately 2.44, 4.58, 6.50, and 8.04GHz, corresponding
to modes 1, 2, 3, and 4, are also identifiable. It is noteworthy
that the 7.4 dB impedance is widely adopted for terminal-device
antennas in industry and is also superior to the 6 dB criterion
defined for several 5G mobile antennas reported in [23–28].
Figures 6(a)–(d) show the 2-D radiation patterns of antenna

E-total fields at 2.44, 4.58, 6.50, and 8.04GHz. In the funda-
mental mode at 2.44GHz (mode 1), the design resembles an
asymmetric dipole antenna placed along the ±x axial direc-
tions, with dipole-like radiation that exhibits an omnidirectional
pattern in the y-z plane and radiation nulls along the x axis.
For the first higher-order mode at 4.58GHz (mode 2), similar
radiation patterns to those obtained at 2.44GHz in the y-z and
x-y planes are observed. This is because the large end por-
tion of the bent longer arm has an in-phase current flow with
that on the shorter arm (see Fig. 3), resulting in the construc-
tive far field along the±y and±z axial directions. For mode 3
at 6.5GHz and higher-order mode 4 at 8.04GHz, the radiation
side lobes dominated by the out-of-phase currents on the longer
and shorter arms become noticeable in the x-y and x-z planes.
The measured and simulated total efficiencies and realized

gains are presented in Figs. 7(a) and (b). The measurements
were made in an anechoic chamber by the ETS-Lindgren sys-
tem using the great-circle method. The radiation efficiency was
obtained by calculating the total radiated power from the an-
tenna within a spherical region and dividing it by the 0 dBm
input power provided to the antenna. The total efficiency takes
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FIGURE 7. Simulated and measured total efficiencies and realized gains in the (a) 2.4/5/6GHz bands and 6G upper mid-band and (b) 5G NR79 band.

TABLE 1. Comparison of the proposed design with cited works in [3–9].

Ref. Bands (GHz) Planar Size (λ) Efficiency (%) Peak Gain (dBi) Feedline

[3] 2.4/5 0.08× 0.21 N.A. 1.45 at 2.43GHz
3.37 at 5.8GHz

coaxial cable

[4] 2.4/5 0.06× 0.20 N.A. 2.4 (2.4GHz band)
4.5 (5GHz band)

coaxial cable

[5] 2.4/5 0.16× 0.20 N.A. 2 (2.4GHz band)
3 (5GHz band)

SMA

[6]
1.92–2.17 (UMTS)

2.4/5
2.5–2.69 (WiMAX)

0.13 × 0.13 N.A. N.A. SMA

[7] 2.4/5 0.14× 0.15 N.A. 3.57∗ SMA

[8]
2.4/5.8
3.4–3.8

(3.5GHz band)
0.13× 0.16 > 86 across all bands

2 at 2.45GHz
2.1 at 3.5GHz
2.5 at 5.8GHz

SMA

[9] 2.4/5/6 0.05× 0.15#
70 (2.4GHz band)
67 (5/6GHz bands)

2–2.8 (2.4GHz band)
1.5–6 (5/6GHz bands)

coaxial cable

Prop.
2.4/5/6
5G NR79

6G upper mid-band
0.05 × 0.24

79–83 (2.4GHz band)
83–90 (5/6GHz bands)
79–83 (5G NR79 band)

2.3 (2.4GHz band)
2.2–3.5 (5/6GHz bands)
2.4 (5G NR79 band)

coaxial cable

RL: Return Loss, λ is the free-space wavelength at the lowest designed frequency, N.A.: Not Available,
∗Not specifying which band, #Not including antenna ground.

into account the antenna mismatch losses, and the mismatch
factor is defined as 1− |Γ|2, where Γ represents the voltage re-
flection coefficient [29]. The realized gain (or absolute gain),
which also considers antenna mismatch losses, represents the
peak E-total gain here in the measurements. In Fig. 7(a), the
results in the 2.4GHz band show that the peak gain is approx-
imately 2.3 dBi, with a stable total efficiency of 79–83%. In
the upper bands for 5/6GHz operation and 6G upper-mid band
(7125–8400MHz), the gain ranges from 2.2 to 3.5 dBi, with the
efficiency exceeding 83% and up to 90%. As for the 5G NR79
(4.4–5.0GHz) band, the gain is approximately 2.4 dBi, and the
efficiency is around 75–83%.
At the end, a comparison table, Table 1, is presented to com-

pare the proposed design with cited works in [3–9]. Note that
the thickness of the antenna substrate is neglected for simplic-
ity. The proposed work covers most operating bands, includ-
ing the Wi-Fi 2.4/5/6GHz bands and 5G/6G bands for hetero-
geneous communications. In addition, the upper bands have
the greatest fractional bandwidth of about 67% (bandwidth of

4.3GHz over a center frequency of 6.45GHz). Although the
antenna size in [9] appears the smallest, the overall dimensions,
including the antenna ground, reach 0.24-λ × 0.40-λ, as the
monopole image ground can affect the antenna performance.

4. CONCLUSION
A small, printed monopole antenna supporting multiband op-
eration for 2.4/5/6GHz Wi-Fi 8, 5G NR79 (4.4–5.0GHz), and
the 6G upper mid-band (7.125–8.4GHz) has been introduced
and verified in this work. The antenna structure is simple, uti-
lizing two asymmetrical radiating arms that are comparable in
size and coupled with one matching stub for upper-band tun-
ing. In this design, the width of 7mm and length of 30mm
are relatively small, which correspond to a 0.056- and 0.24-
λ at 2.4GHz, respectively. The obtained four resonances, at-
tributed to the fundamental and higher-order modes, can also
be controlled through the antenna parametric analyses. In ad-
dition, the radiation patterns in the perpendicular plane (y-z cut
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defined in this paper) to the antenna axial direction are stable
across the desired operating bands. Over the 7.4 dB impedance
bandwidth, the total efficiency is 79–83% in the lower band and
75–90% in the upper bands. The proposed work can be a strong
candidate for consumer premise equipment in future heteroge-
neous communications.
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