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Metamaterial-Inspired Notebook Antenna with 2.4/5/6 GHz Wi-Fi 7
Operation
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Abstract—A metamaterial-inspired antenna is proposed that utilizes an artificial mu-negative (MNG)
transmission line (TL) to incorporate the zeroth-order resonance (ZOR) into Wi-Fi 7 operation in the
2.4/5/6 GHz wireless local area network (WLAN) bands. The antenna comprises a meta-structured
loop with periodically loaded series interdigital capacitors and a parasitic shorted strip, all formed on
the same substrate layer in a coplanar structure. The 2.4 and 6 GHz bands are produced by the parasitic
strip and the close-form loop strip, respectively, which are of typical right-handed antennas. The 5 GHz
band caused by the ZOR mode, where the permeability is zero, can be adjusted by the series capacitance
in the unit cell. The total antenna size is 5.4mm x 19.6 mm only. In this work, the design applied to
notebook computers for the upcoming Wi-Fi 7 operation is also demonstrated. Both numerical and
experimental results validate our proof-of-concept design.

1. INTRODUCTION

The demand for faster data rates has increased significantly in the past two decades. To meet this
demand, wireless devices now require multiple antennas to support more spatial streams. The Federal
Communications Commission (FCC) has approved the addition of an unlicensed 6 GHz band (5925-
7125 MHz) to work alongside Wi-Fi 6 (IEEE 802.11ax) networks [1]. This expanded bandwidth of
1200 MHz enables faster wireless speeds and lower latency services. It is very important to note that
Wi-Fi 6E not only includes the 5925-7125 MHz range but also covers the 2.4 GHz (2400-2484 MHz) and
5 GHz (51505825 MHz) wireless local area network (WLAN) bands. In the notebook industry, it has
become standard for antennas to operate in the 2.4/5/6 GHz bands, and accordingly various low-profile
2.4/5/6 GHz notebook antennas have been developed for slim-bezel displays [2-13]. Meanwhile, Wi-Fi
7 (IEEE 802.11be) [14], the successor to Wi-Fi 6/6E, is currently being developed and tested by the
IEEE task group and major chip manufacturers. Wi-Fi 7 is expected to provide speeds 3.6 times faster
than Wi-Fi 6, with up to 320 MHz per access point and support multi-link operation, allowing data
aggregation across different frequency bands. Note that both Wi-Fi 7 and Wi-Fi 6E cover the same 2.4,
5, 6 GHz WLAN bands.

Metamaterials have been demonstrated to have a profound impact on antenna applications [15-23].
The composite right/left-handed (CRLH) transmission line (TL) has been widely studied in antenna
designs [15, 16, 22, 23], which show unique resonant characteristics of exhibiting an infinite-wavelength
wave at the zeroth-order resonance (ZOR) frequency [15,16]. However, compared with CRLH-TL
antennas, the epsilon-negative (ENG)- or mu-negative (MNG)-TL antennas are simpler in structure that
comprises either one artificially added shunt inductance (Lyy) or series capacitance (Cpp). In addition,
the ENG- and MNG-TL antennas can also support the ZOR mode with the same infinite-wavelength
properties [17-21]. Nevertheless, most of the metamaterial antennas [15-23] focus on meta-structures,
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mode characteristics, equivalent circuit models, and are proposed with stand-alone architecture or in
a bulky structure. Very seldom are the metamaterial antenna designs seen applied to the terminal
devices, for example, mobile phones and notebook computers. Terminal devices have limited space for
antenna engineers. The antennas for terminal devices must be designed with the device system ground
considered, unlike metamaterial-TL antennas designed in stand-alone architecture [15-23] without being
integrated with the device ground. The conventional metamaterial antenna topology is not practical
for terminal devices with limited space, especially using the CRLH-TL structure [24,25]. Given that
factor, the authors were motivated to design a metamaterial-inspired antenna that is very practical for
industrial notebook computers and for Wi-Fi 7 operation.

The proposed antenna comprises an MNG-TL strip, a parasitic shorted strip, and a soldering
ground, all on the same substrate layer. For this meta-structured design, a close-form loop strip is
selected. The MNG-TL strip has periodically loaded series capacitors. Three unit cells are structured
to achieve the ZOR mode for operating in the 5 GHz WLAN band. In addition, the 2.4 and 6 GHz
WLAN bands are excited, respectively, by the parasitic strip and the close-form loop of conventional
RH-TL antennas. To the best of the authors’ knowledge, an MNG-TL-based notebook antenna has not
been reported anywhere in the open literature. In addition, we structure unit cells to achieve the ZOR
mode as extra resonance in addition to the RH loop resonant mode for obtaining a wideband in the
5/6 GHz WLAN bands. The metamaterial TL is not designed in stand-alone architecture [15-23], but
rather incorporated into the conventional RH antenna, thus not increasing the overall antenna size. Also,
compared with the existing MNG-TL structures in [19-21], which show rather large periodical structures,
the proposed structure and design topology are more practical for terminal device applications.

This article is structured as follows. In Section 2, the antenna design structure is elaborated upon,
and the contribution to antenna resonant modes is discussed. Section 3 verifies the proof-of-concept
design prototype through numerical and experimental results. Lastly, Section 4 provides a concise
conclusion. Throughout the article, the proposed design and its results are discussed in detail.

2. MNG-TL-BASED NOTEBOOK ANTENNA DESIGN

Figure 1(a) illustrates the geometry of the proposed metamaterial-incorporated antenna. The design
is formed on a 0.8-mm-thick, single-layered FR4 substrate with relative permittivity 4.4 and loss
tangent 0.024, size 5.4 mm x 19.6 mm and located above a 14-inch display frame for possible notebook
applications. This metal frame has a size of 1mm x 182mm x 315mm and is also utilized as a large
system ground plane in notebook designs. Note that a 15mm keep-out-zone from the side edge (+x
direction) to the antenna is required as it is reserved for mechanical-assembly design purpose.

The design primarily comprises an MNG-TL strip, a parasitic shorted strip, and a soldering
ground, all on the same layer in a coplanar structure. The MNG TL requires a short-ended boundary
condition [19] and has periodically loaded series capacitors. For the design of the MNG-TL-based
antenna, a close-form loop strip is selected. The artificial capacitances are realized by using interdigital
capacitors. The dimensions of the interdigital capacitors are detailed in Fig. 1(b). The finger length
of 0.8 mm and total width of 1.4 mm with four fingers are designed. In this work, three unit cells are
structured to achieve the ZOR mode in the 5 GHz band. In addition, the 2.4 and 6 GHz bands are
excited, respectively, by the parasitic strip (with a quarter-wavelength monopole mode) and the close-
form loop (with a half-wavelength loop mode) of the conventional RH-TL antennas. That is, a tri-band
Wi-Fi 7 operation can be obtained in the 2.4/5/6 GHz WLAN bands.

Note that the MNG materials have a rejection band in the lower frequencies and an RH-TL
propagation band in the higher frequencies. Accordingly, the ZOR was designed in the 5 GHz band, while
the 6 GHz band was excited by the RH mode of the antenna. In addition, the L-shaped parasitic strip is
placed within the vacant space formed by the meta-structured loop strip, which prevents an increase in
the overall size of the design. Parameter simulations were performed using the electromagnetic solver,
Ansys HFSS [26]. A photograph of the proposed antenna is shown in Fig. 1(c). A semi-rigid coaxial
cable of length about 70 mm was used in experiments for feeding the fabricated prototype over the
diminutive feed gap of 0.5 mm.

To better understand the operating mechanism of the design, a simple loop and the design without
the parasitic strip are first analyzed in Fig. 2(a). It is seen that the simple loop produces one resonance
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Figure 1. (a) Geometry of the metamaterial-incorporated coplanar antenna. (b) Detailed dimensions
of the interdigital capacitor. (c¢) Photography of a fabricated prototype.

at 5400 MHz, whereas the loop strip loaded with three series capacitors as an MNG TL can achieve
two separate modes at 4920 and 6780 MHz in the upper bands. In this case, the loop mode shifts
from 5400 MHz to 6780 MHz, and the MNG TL produces an additional mode at ZOR frequency around
4.9 GHz. Compared with the proposed antenna, the design without the parasitic strip (the MNG-TL
strip only) have no resonance in the lower band for 2.4 GHz operation. This suggests that this shorted
strip mainly contributes to the 2.4 GHz band.

1
e I 1
Wseries ,7111{ CL ( )

In this study, the location of the ZOR mode can be slightly fine-tuned by the diminutive gap c.
As seen in Fig. 2(b), with a decrease in the gap ¢, the ZOR frequency decreases. This is because the
series capacitance increases with a smaller gap and the ZOR frequency is inversely proportional to the
square root of the product of series inductance (Lgrp) and capacitance (Cpry) [15]. In the case, the
ZOR mode can be evaluated by using (1). In general, to obtain a lower ZOR frequency, the numbers of
fingers or the unit-cell length (series inductance) need to be increased. Although the 0.1 mm gap shows
a little wider impedance bandwidth over the 5 and 6 GHz bands, this diminutive value will cause higher
tolerance in PCB manufacturing, which is not preferred. Note that to keep the analyses simpler, the
vertical parts of the gap remain the same at 0.2 mm; only the horizontal parts vary here. The results
also show that the resonant mode for the 2.4 GHz band is about the same, while the 6 GHz band loop
resonance is slightly affected owing to the nearby ZOR frequency. In addition, comparing the cases
of three unit cells in Fig. 2(a) and the two unit cells only in Fig. 2(c), the ZOR frequencies (4.9 vs.
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Figure 2. Simulated return losses for (a) the simple loop and the proposed w/o the parasitic strip
(d =5.75mm), (b) various gap c of the interdigital capacitor, and (c) the two cells only (d = 5.75 mm)
and the proposed with two cells (d = 8.625 mm); both w/o parasitic strip.

4.8 GHz) are very similar, which indicates the infinite-wavelength wave occurred at around 4.8-4.9 GHz.

For the meta-structured simple loop, two possible cases of the MNG-TL loop strip with two unit
cells are also investigated and compared. The two structures can be seen in the insets of Fig. 2(c).
The first case is of the two unit cells only with d = 5.75mm and a total lateral length of 13.85 mm.
The second case is of the proposed simple loop of the same lateral length of 19.6 mm as the design in
Fig. 1(a) but with d = 8.625 mm. It can been seen that the ZOR frequencies for these two cases are not
the same owing to different unit-cell lengths (d), which change the series inductances and thereby affect
the ZOR frequencies. The longer the length d is, the lower the ZOR frequency becomes. The results
also indicate that the 6 GHz band resonance (with RH-TL attribute) is determined by the resonant
length of the close-form loop strip.

The unit cell and the equivalent circuit thereof are depicted in Fig. 3(a). The unit cell is simulated,
and the constitutive parameters and the dispersion diagram are analyzed in Figs. 3(b) and 3(c),
respectively. From the parameter extraction of the unit cell, it is seen that the permittivity (¢) is a
positive value for the entire antenna operating bands and the permeability (1) shows a transition from

negative to positive values around 4.8 GHz, which validates that the design has the MNG-metamaterial
properties.
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Figure 3. (a) Circuit model of the unit cell. (b) Constitutive parameters of the unit cell. (b) Dispersion
diagram of the unit cell.

3. RESULTS AND DISCUSSIONS

Figure 4 gives the simulated and measured return losses for the proposed antenna and the fabricated
prototype. The 2.4, 5, and 6 GHz bands are marked by the colored bars. The experimental result
agrees fairly well with the numerical data. Some discrepancies found are probably attributed to the
PCB manufacturing tolerance for the interdigital capacitors and the routing of the feeding cable in
the measurement. The input matching over the frequency bands of interest for 2.4/5/6 GHz Wi-Fi 7
operation all surpasses the 7.3dB return loss (about VSWR of 2.5).
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Figure 4. Simulated and measured return losses.

The current distributions of the design excited at 2480, 5740, and 6720 MHz are presented in
Fig. 5(a). The current intensity in the color bar is kept the same for these frequencies of different mode
excitation. First, for the 2480 MHz mode, it is clearly seen that large currents are distributed on the
parasitic strip, and it is identified as a quarter-wavelength monopole mode. As for the two resonant
modes at 5740 and 6720 MHz in the upper bands, more currents are found on the meta-structured loop
strip. It is important to see that in-phase currents at 5740 MHz are observed (see black arrows along
the loop strip), which supports an infinite-wavelength wave at the ZOR mode. Lastly, a current null
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Figure 5. (a) Surface current distributions at 2480, 5740, and 6720 MHz for the proposed design.
(b) Comparison on the current and electric field distributions at the ZOR frequency for the proposed
design and the proposed w/o the parasitic strip.

at 6720 MHz observed by opposite vector currents around the middle of the loop strip is seen, which
represents a half-wavelength loop mode. In addition, compared with the design without the parasitic
strip [see inset in Fig. 2(a)], the same in-phase currents at the ZOR mode can also be observed, as
shown in Fig. 5(b). It is also seen in Fig. 5(b) that the electric fields of these ZOR modes at different
frequencies have the same distributions surrounding the antenna above the display. Owing to the in-
phase currents, the electric fields on the strips of both cases are in the same direction with vector fields
entering the —y direction. Note that the electric fields were simulated in the z-z plane of the antenna
coordinate defined in Fig. 1(a). These phenomena show again that the contributions of the monopole,
the MNG-TL, and the loop modes are related to the three excited resonant modes of the proposed
notebook antenna design.

Figures 6(a), 6(b), 6(c) plot the simulated and measured 2-D radiation patterns at 2480, 5740, and
6720 MHz. In our anechoic chamber, we utilized the MVG SG 24 systems equipped with multi-probe
technology [27] to acquire the far-field patterns. Notably, the E-total fields are presented instead of
separate Fy and Ey fields, as both polarizations coexist in multipath environments. Additionally, based
on our empirical studies on notebook measurement, the F-total gain patterns correlated significantly
with the throughput performance results. In the 2.4 GHz band, larger field intensity in the 4z direction
with symmetrical patterns in the y-z plane is first observed. As for the 5/6 GHz bands, the symmetrical
patterns in the y-z plane are also found. However, owing to different operating mechanisms, the patterns
at 5740 and 6720 MHz are not exactly the same. In general, more radiation energy is found toward the
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+z direction.

Figure 7 shows the measured peak antenna gain (FE-total) and total efficiency (antenna
efficiency) [28]. In the experiments, the cable loss and antenna mismatching in the return losses are
all included. The obtained peak gain in the 2.4 GHz band is about 2.5-2.9dBi with total efficiency
exceeding 55%. For the 5/6 GHz bands, the peak gain is in the range of 5.0 to 6.0 dBi with efficiency
about 66 to 83%.

4. CONCLUSION

A multi-resonant printed antenna operating in the 2.4/5/6 GHz Wi-Fi 7 bands for notebook computer
applications has been introduced and verified. The design utilizes an MNG-TL structure built into a
loop strip to achieve the ZOR resonance for 5 GHz operation. The close-form loop strip also produces a
higher RH resonant mode in the 6 GHz band. The ZOR mode of the MNG-TL structure is incorporated
to widen the impedance bandwidth of the simple loop antenna for covering the entire 5 and 6 GHz bands.
Together, these two modes cover the 5150-7125 MHz frequency range. In addition, the antenna produces
one RH resonance in the lower 2.4 GHz band using the parasitic strip encompassed by the MNG-TL
loop strip. Good radiation properties have also been observed. The proposed metamaterial-inspired
antenna design is very practical and appealing for industrial notebook antennas.
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