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Abstract
The combination of a patch array antenna with a High Impedance Surface (HIS) metasurface at mmWave frequencies has 
been studied. The antenna is intended for a collision avoidance imaging application, which will help blind or visually impaired 
people in their daily lives. A compact and cost-effective uniplanar design, operating in the mmWave unlicensed frequency 
band (24.05–24.25 GHz), has been reached. Multiple arrangements and dispositions of the HIS unit-cells with the array 
have been explored in order to improve the radiation parameters of the basic design. Both, the basic array and the array-HIS 
combination, have been manufactured using laser micromachining. Prototypes have been measured in an anechoic chamber 
and measurement results have been confronted with the simulation ones in terms of bandwidth and radiation properties. 
A comparison with the state-of-the-art antennas at 24 GHz has been performed to endorse the achievements of this work.
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1 Introduction

Radar technology is used to detect objects, their distance and 
angular position and/or their speed [1]. Interest in millimeter 
waves has grown [2, 3] due to the increasing demand for 
bandwidth and channel capacity that has led to the incor-
poration of millimeter waves into the useful 5 G spectrum 
and the existence of an unlicensed frequency band at 24 
GHz. In addition, this technology has been widely used in 
the automotive industry, for example with the development 
of advanced driver assistance systems (ADAS) [4], which 
have contributed to the evolution of millimeter wave radar 
technology, making it affordable [5].

One of the advantages of mmWave radars is that they pro-
vide higher resolution (the shorter the wavelength, the higher 
the resolution) than radars operating at lower frequencies, 
so that they can detect smaller objects. Moreover, as the fre-
quency increases, they become more compact, which makes 
it an attractive technology for many applications [5]. How-
ever, mmWave propagation suffers high free space losses, 

which are increased by vegetation, atmospheric gases and 
also the rain [6]. Furthermore, the attenuation suffered by 
mmWaves when penetrating on materials is higher than for 
microwaves [7]. Nevertheless, for short-range applications 
related to human safety, they are a good option, due to their 
non-ionizing nature. Additionally, they can pass through tex-
tiles, and they are robust against fog, smoke, or dust. Thus, 
mmWave radar technology is widely used in medicine [8], 
non-destructive evaluation [9] or defense and security [10]. 
Therefore, mmWave radars could be suitable to help blind or 
visual impaired people to avoid collisions in their daily lives.

As mentioned before, mmWave radars are mature espe-
cially in automotive industry. The 24 GHz frequency band is 
commonly used for short-range applications, like vulnerable 
side recognition, whereas for long-range applications such as 
cruise control, higher frequencies are used [11].

The antenna is a key element of the radar since it greatly 
impacts on the system performance. The main objective of 
this work is to design a wearable antenna at 24 GHz, to be 
used with a radar module in an assistive system to help blind 
and visually impaired people. The goal of this application 
is to detect obstacles in a few meters to avoid collisions. 
Furthermore, to improve the radiation parameters and/or the 
bandwidth of the antenna, it is intended to combine it with 
a metasurface in order to analyze the overall behavior of the 
structure.
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Traditional radars used in aerospace need high directiv-
ity, which requires narrow beamwidth antennas, allowing 
longer range and better angular resolution [1], whereas if 
short-range detection is required, an antenna with an omni-
directional radiation pattern is preferred, for illuminating 
the whole scene in front of the radar from each possible 
position. Thus, a trade-off solution between coverage area 
and range must be adopted. Likewise, the selected frequency 
band is a compromise among resolution, range, and suit-
ability of manufacturing.

In the previous literature, metasurfaces (a subset of meta-
materials, which are 2D-periodic) have frequently been used 
to improve certain aspects of the antenna’s performance 
[12–15]. In the case of microstrip patches, most authors use 
an Artificial Magnetic Conductor (AMC) arranged below the 
radiating element, in order to isolate it from the body further 
than the original ground plane, aiming at reducing the Spe-
cific Absorption Rate (SAR) and/or improve the radiation 
properties of the antenna. Others authors employed an Elec-
tromagnetic Band Gap (EBG) around the primitive antenna 
to reduce the surface waves. The first option involves the 
metasurface design attending to the phase of the reflection 
coefficient and its arrangement below the antenna consid-
erably increases the thickness of the resulting device with 
respect to the initial [16–18]. The latter option entails the 
metasurface design in terms of its dispersion diagram, and 
it is mostly used to improve the radiation efficiency and/or 
to reduce the coupling between the array elements [19–21], 
in order to be able to place them closer than it is theoreti-
cally required for proper operation [22–24]. Nevertheless, 
in no case has it been possible to improve all the radiation 
parameters with respect to the original antenna and even less 
at the same time as the operating bandwidth.

When a finite number of unit-cells is arranged around the 
primitive antenna and working at microwaves or mmWaves 
frequencies, where the unit-cells are not so small compared 
with the wavelength, it seems more rigorous attend to the 
resonance frequency of the metasurface instead of named it 
EBG or AMC [in this work, rather than classifying the meta-
surface as one of the already existing ones, this structure will 
be characterize by its resonance frequency and superficial 
impedance value prior to the combination with the primitive 
antenna. In fact, the type of metasurface into which it could 
be rigorously classified is as a High Impedance Surface 
(HIS)]. Moreover, if an EBG is designed at 24.125 GHz, 
the size of the resulting cell would be greater than the one 
presented later, so that it cannot be arranged between the 
elements of the submitted array. It would be necessary to 
increase the separation between elements, obtaining a big-
ger antenna.

At the beginning, the infinite metasurface is analyzed to 
know its resonance frequency, since in some way it is neces-
sary to start the design, and this is a rigorous and straight 

forward one. Even taking into account that when using 
only few unit-cells, the resonance frequency will slightly 
shift compared with the infinite structure. Besides, in this 
work both, the primitive antenna and the metasurface, are 
arranged in the same layer, so they will influence each other. 
Indeed, each unit-cell can be seen as a metallic-dielectric 
resonator [25].

This work focuses on the analysis of the impedance that 
the metasurface presents and how the current distribution 
of the unit-cells influence the the antenna one, and there-
fore, the radiation pattern. Thus, we aim at designing a High 
Impedance Surface (HIS), that being arranged around the 
array elements will improve all the radiation parameters and 
the bandwidth (in literature some parameters are improved 
while others not and/or with thickness increase) without 
increasing the size.

The paper is organized as follows: first, the design of 
the basic array is presented. Then, the metasurface design 
is shown. Next, the different combinations of the antenna 
with the metasurface are presented, including the analysis 
of the position of the unit-cells on each design. The differ-
ent designs are then compared in terms of bandwidth and 
radiation properties. Subsequently, measured results of the 
fabricated prototypes are evaluated with those of the simula-
tion. Finally, a comparison with the state-of-the-art antennas 
at 24 GHz and some conclusions are exposed.

2  Antenna design

The antenna must be light, compact, and comfortable 
due to the wearable application for which it is intended. 
Besides, it must be power efficient, a key for wearable in 
order to save battery, as well as cost efficient. Moreover, 
an antenna with low backward radiation is preferred to 
reduce the radiation to the person wearing it. As men-
tioned before, in order to illuminate the whole scene in 
front of the user at a time, an antenna with an omnidirec-
tional radiation pattern is needed to detect all the obsta-
cles. RO3003 ( �r=3, tan�=0.0013) has been chosen as 
the substrate for the antenna since its intermediate rela-
tive dielectric permittivity value allows getting a suitable 
size for the prototype. Unlike the frequency bands com-
monly used for wireless communications (below 6 GHz), 
at mmWaves fabrication is challenging itself, since the 
physical dimensions are reduced as the frequency rises. 
The difficulties increase if dielectrics with high relative 
dielectric permittivity are used, which further reduce the 
dimensions. In addition, this material turns out economi-
cal and suitable for manufacturing. In order to satisfy the 
previous requirements, a two-patch array has been design, 
which offers a quasi-omnidirectional radiation pattern but 
with higher directivity and gain than a simple patch, so 
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that it enables higher range. Table 1 shows the theoretical 
patch antenna dimensions for a frequency in the middle of 
the intended band (24.125 GHz) [26].

Microstrip technology has been chosen since its inher-
ent ground plane reduces the backward radiation. 50Ω 
impedance has been selected for the feeding line. A cor-
porate-fed power divider is included with the objective of 
feeding both patches. This type of structure is preferred 
over series-fed because it offers wider bandwidth, and it 
allows more freedom in spacing elements [27]. The well-
known T-divider [28], has been taken as the starting point. 
This three-port network cannot be reciprocal, lossless and 
adapted on its three ports simultaneously to be realizable. 
In order to achieve a lossless power divider, a trade-off 
solution must be reach among the power divider dimen-
sion, the input matching, the insertion losses and the ports 
coupling. Due to the wearable nature of the application for 
which this antenna is intended, that requires compacting 
the design, straight bends have been replaced by optimal 
chamfered bends and the quarter-wave impedance trans-
formers by tapering, which will reduce reflections pro-
duced at discontinuities, and therefore, insertion losses. It 
is necessary to highlight, that the patches do not present an 
input impedance of 50Ω , so that parametric sweeps with 
a commercial software have been carried out to optimize 
the complete structure. Figure 1a shows the geometry of 
the antenna with its dimensions. The resonance frequency 
is mainly controlled by Lp but also by some parts of the 
power divider as L50, L100, T2 and T3.

Table 2 indicates the final dimensions of the basic array, 
which have been obtained by a 3D FEM based electromag-
netic simulation software. In order to avoid grating lobes, 
the separation between the patches of the basic array is ∼
0.5�0.

2.1  Impedance matching

The simulation result for the reflection coefficient is 
shown in Fig. 1b. The basic array shows proper impedance 

matching from 23.2 to 24.9 GHz (7% ), and thus it perfectly 
covers the intended incense free frequency band.

2.2  Radiation properties

Table 3 gathers the radiation properties of the basic array 
obtained in simulation at the resonance frequency and at the 
ends of the band. It is remarkable that the antenna shows a 
very high radiation efficiency all over the operating band-
width. Moreover, the best front-to-back ratio (FTBR) is 
obtained at the resonance frequency.

The radiation pattern cuts of the basic array obtained in 
simulation are presented on Fig. 2. The H-plane exhibits 
high cross-polariazation (XP) level, except in the maximum 
radiation direction, where the XP is at least 10 dB below 
the copolarization (CP) trace. However, this high XP level 
is not critical for the intended application of this work. The 
E-plane exhibits a quasi-omnidirectional radiation pattern 
with a very good CP-XP relation.

3  Metasurface design

In order to reduce the coupling between the patches and 
improve the radiation parameters and/or the bandwidth 
of the basic array while keeping the radiation efficiency, 
a metasurface has been designed to be combined with the 
basic array. A HIS metasurface, made of a set of unit-cells 
consisting of a metallic geometry over a grounded dielec-
tric, is designed. HIS are characterized by the high value of 
its surface impedance at a certain frequency when a wave 
impinges on them. This type of metasurface can be used 
to suppress surface waves and/or reflect incident waves in 
phase [13, 29].

In this work, a simple unit-cell geometry has been chosen, 
due to the manufacturing challenge of the frequency band 
in which it works. Figure 3c shows a squared metallization 
geometry for the unit-cell. Wp names the side dimension 
of the squared metallization, g refers to the gap distance 
between the metallization and the edge of the unit-cell (con-
sequently the distance between consecutive metallization is 
2 g) and P stands of the total dimensions of the unit-cell.

The unit-cell is designed with suitable dimensions to 
be arranged between the array patches. Likewise, a set 
of a small number of unit-cells will be placed around the 
patches. The resonance frequency of the finite metasurface is 

Table 1  Theoretical dimensions of the microstrip patch antenna

Wpatch [mm] Lpatch [mm] Wground [mm] Lground [mm]

4.39 2.77 8.89 7.27

Table 2  Basic Array 
dimensions [mm]

W50 L50 T W100 L100 T2 L50 A L50_feed

2.06 8 1.4 0.55 0.8 1.4 0.5 0.2 2.7
T3 Lm Wm Lp Wp h L W –
1.5 1.8 0.62 4 4.7 0.8 25.9 25.4 –
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expected to be shifted with respect to the one of the infinite 
simulated metasurface. Because of this, a wide HIS band-
width behavior is sought, so that it includes the basic array 
one, even if the HIS resonance frequency slightly shifts for 
not being an ideal infinite metasurface. In view of these, a 
trade-off solution between the total size of the unit-cell and 
the bandwidth of HIS behavior must be reached.

The optimization of the unit-cell for the quoted require-
ments, has been conducted through simulation with periodic 
boundary conditions and a Floquet port excitation. This opti-
mization has been carried out based on the phase of the reflec-
tion coefficient, since this metasurface exhibits in phase reflec-
tion in the operating bandwidth. Generally, it is considered that 
the operating bandwidth comprises the frequencies for which 
the phase of the reflection coefficient is between – 90◦ and 
90◦ [30]. The final dimensions of the unit-cell are indicated in 
Table 4. Figure 3a shows the reflection coefficient phase of the 
HIS metasurface. The HIS exhibits a bandwidth of 11.1 GHz, 
from 22.9 to 34 GHz (39.4% ) and it resonates at the frequency 
of 28.2 GHz. The surface impedance of the HIS, is presented 
in Fig. 3b. At the resonance frequency, the highest value of the 
surface impedance is obtained, as it could be expected.

Fig. 1  a Geometry of the basic 
array. b Reflection coefficient of 
the basic array antenna

Table 3  Radiation properties of the basic array

Freq [GHz] D [dB] G [dB] � [ %] FTBR [dB]

23.2 7 6.5 90 14.3
24.1 7.4 7.3 98 18.7
24.9 8.2 7.7 99 13.6
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4  Array‑HIS designs

Once both structures (patch array and HIS) operating in the 
desired frequency band are obtained, they are combined. 

Fig. 2  Radiation pattern cuts 
for the basic array at 24.1 GHz 
obtained in simulation. Blue 
traces stand of copolarization 
(CP) and the red ones for cross-
polarization (XP)

Table 4  Dimensions of the unit-cell

Wp [mm] g [mm] P [mm] h [mm]

2 0.5 3 0.8

Fig. 3  a Reflection coefficient 
phase of the simulated HIS of 
the impinges plane wave. b 
Surface impedance of the HIS. 
c Structure of the HIS and unit-
cell geometry
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Three different arrangements of the HIS unit-cells placed 
in the same layer than the array patches have been analysed 
(see Fig. 4). In order to reduce the mutual coupling between 
the patches caused by being placed close to each other, a 
set of three unit-cells has been situated between them, as a 
kind of wall, in design (W) (see Fig. 4a). Design (R), which 
is shown in Fig. 4b, includes unit-cells around the patches 
so that the potential surface waves produced at the interface 
between two media, are diminished. Finally, a row of unit-
cells is added in front of the patches (see Fig. 4c), in design 
(2R), to study its impact on the array performance.

4.1  Unit‑cell position analysis for the wall design 
(W)

Firstly, the position of the unit-cells for the wall design (W), 
has been analyzed. An Y1 reference point has been defined 
as the intersection of a line crossing the feeding line and the 
HIS unit-cells in the y-axis direction and one dividing the 
patches in half in the x-axis direction (see Fig. 4a). Ypos is 
the parameter that indicates the position of the unit-cells. If 
Ypos=0 mm, the center of the unit-cell situated in the mid-
dle of the wall matches the reference point Y1. It is remark-
able that the reference unit-cell will be the same for all the 
designs.

Table 5 presents the simulation results for the resonance 
frequency of 24.1 GHz. It can be observed that as the wall 
moves forward from Ypos=– 1 mm both, the radiation prop-
erties and the FTBR improve until they reach their optimum 
value at Ypos=1 mm, after which they worsen again. It is 
necessary to highlight that the position of the wall does not 
influence the radiation efficiency of the antenna.

Figure 5 shows the surface currents for the optimum 
(1 mm) and worst (– 1 mm) positions of the wall. Figure 5a 
and b present the surface current for a phase of 90◦ . The sur-
face current in the power divider is similar for both designs, 

whereas the values in the patches and unit-cells are higher 
for the position of the wall of Ypos=1 mm. The same behav-
ior is observed for a phase of 230◦ (see Fig. 5c and d), show-
ing higher levels for Ypos=1 mm in the patches as well as 
in the metasurface, which improves the radiation properties.

4.2  Unit‑cell position analysis for the one row 
design (R)

The same analysis has been carried out for the design in 
which the array is surrounded by one row of unit-cells 
(see Table 6). As the cells move away from the patches, 
the FTBR improves until reaching an optimal value when 
Ypos=1 mm, while directivity and gain are slightly reduced. 
Continue increasing Ypos, does not improve but the con-
trary. The bandwidth and the radiation efficiency remain 
stable for all the values studied.

4.3  Unit‑cell position analysis for the two rows 
design (2R)

The analysis has been repeated in order to study the influ-
ence of the unit-cells position in the design including two 

Fig. 4  Different arrangements of the HIS unit-cells around the basic array. a Wall (W), b Row (R), c 2Row (2R)

Table 5  Analysis of the wall position

Ypos [mm] BW [ %] D [dB] G [dBi] � [ %] FTBR [dB]

-1 6.5 7.9 7.9 100 18.9
−0.5 6.7 7.9 7.9 100 18.8
0 6.8 8 8 100 19
0.5 6.7 8.1 8.1 100 24.5
1 6.8 8.2 8.2 100 25.4
1.5 6.5 8.1 8.1 100 24.4
2 6.6 8 8 100 24.4
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rows of unit-cells in front of the patches. Table 7 presents 
the simulated results. The bandwidth, directivity, and gain 
decreases when the HIS moves away from the patches, while 
the FTBR improves. The radiation efficiency is maximum 
for all the Ypos values.

4.4  Optimization and comparison

Finally, from the previous analysis, the designs are compared 
with each other when the metasurface is placed at its optimal 
position (see Table 8). Design (W) enhances in directivity, 
gain and considerably in FTBR compared to the basic array 
(A), which does not include the metasurface. It is necessary 
to highlight that these improvements have been achieved 
without increasing the total size and thickness of the 
antenna. Introducing the HIS between the patches reduces 
the coupling between them, which improves the radiation 
parameters. Considering the surface currents presented in 
Fig. 6a and b, it can be observed that the value of the surface 
currents slightly varied, showing higher levels in (W). More-
over, the HIS shows high current levels, especially the cen-
tral unit-cell. Design surrounded by unit-cells (R) overcomes 
(W) in bandwidth and notoriously in FTBR whit maximum 
radiation efficiency. Nevertheless, it exhibits slightly lower 
directivity and gain values. Figure 6c shows that the surface 
currents in the patches are different from (W). Furthermore, 
the central-frontal unit-cells also present high current lev-
els, which translates into bandwidth and FTBR improve-
ments. On the other hand, including a new row of unit-cells, 
design (2R), does not seem profitable, as the performance 
remains similar to (A), but the overall antenna size has been 
increased. In view of the results, the unit-cells size of the 

Fig. 5  Surface current. a 
Phase=90◦ , Ypos=– 1 mm. 
b Phase=90◦ , Ypos=1 mm. c 
Phase=230◦ , Ypos=– 1 mm. d 
Phase=230◦ , Ypos=1 mm

Table 6  Analysis of the position of the unit-cells for the design sur-
rounded by a row

Ypos [mm] BW [ %] D [dB] G [dBi] � [ %] FTBR [dB]

0.5 7 8 8 100 24.8
0.75 7.1 7.9 7.9 100 33.1
1 7.1 7.9 7.9 100 35.8
1.25 7 7.8 7.8 100 33
1.5 7 7.7 7.7 100 29

Table 7  Analysis of the position of the unit-cells for the design sur-
rounded by two rows

Ypos [mm] BW [ %] D [dB] G [dBi] � [ %] FTBR [dB]

0.5 6.7 7.8 7.8 100 17
0.75 6.7 7.7 7.7 100 20.4
1 6.6 7.5 7.5 100 21
1.25 6.6 7.3 7.3 100 21.1
1.5 6.5 7.1 7.1 100 21.5



 A. Flórez Berdasco et al.

1 3

397 Page 8 of 12

(2R) design has been varied in order to improve the results. 
(O) includes unit-cells of Wp=1.6 mm and g=0.2 mm. (O) 
outperforms in bandwidth, directivity and gain the rest of 
the designs even with a lower size, but the FTBR reduces. 
In order to determine if the FTBR reduction is related with 
the size of the ground plane, (O2) recovers the dimensions of 
(A) with the unit-cells of (O). (O2) retrieves the FTBR and 
outperforms design (A) in everything, and almost nearly the 
same occurs to (W), which only overcomes (O2) in FTBR. 
(O2) surpasses (O) in bandwidth and FTBR. In addition, in 
order to demonstrate that the metasurface does not act like a 
parasite, three designs including parasitic arrangements (see 
Fig. 6e–g), tight to the HIS unit-cells metallization geome-
try, has been simulated. Results are included in Table 8. The 
three designs with parasite (P1), (P2), (P3) do not improve 

the radiation properties of the antenna, as it can be seen, 
they show low surface current levels. They only enhance the 
bandwidth, especially (P3). The FTBR has worsened in all 
cases. Depending on the requirements, further optimization 
must be carried out on the combine structure, due to the 
mutual influence of the array and the HIS, for being arranged 
on the same layer. Likewise, it is necessary to kept in mind 
that the resonance frequency of the metasurface arranged 
with the antenna has varied compared to the infinite struc-
ture designed in simulation.

In addition, it is necessary to highlight that the design 
is technologically advantageous, since the unit-cell does 
not include vias holes (as many other works using the 
well-known mushroom-like unit-cell [12]). Moreover, the 
metasurface has been arranged in the same layer than the 

Table 8  Comparison of the 
designs

Design BW [ %] D [dB] G [dBi] � [ %] FTBR [dB] A [ mm2] Fr-HIS [GHz] Ypos [mm]

(A) Basic array 7 7.4 7.4 98 19 658 – –
(W) Wall 6.8 8.2 8.2 100 25.4 658 28.4 1
(R) Row 7.1 7.9 7.9 100 35.8 658 28.4 1
(2R) Two Rows 6.6 7.5 7.5 100 21 759 28.4 1
(O) Optimized 7.1 9.2 9.2 100 17 546 27.1 1.125
(O2) Optimized2 7.5 8.5 8.5 100 22.6 658 27.1 1.125
(P1) W-Parasite 7.1 7.8 7.8 100 12.2 658 – –
(P2) R-Parasite 8.2 6.9 6.9 100 7.1 658 – –
(P3) 2R-Parasite 9.3 7 7 100 15.5 759 – –

Fig. 6  Surface current distribution for the phase 210◦ a Basic Array (A), b Wall (W), c Row (R), d Two Rows (2R), e W-Parasite (P1), f R-Para-
site (P2), g 2R-Parasite (P3)
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antenna, so that the total thickness of the design has not 
been increased. Therefore, this work represents an advance 
in metasurfaces and planar antennas combination and, fur-
thermore, at high frequency.

4.5  Fabricated prototypes: comparison 
between simulation and measurement

Prototypes of both, the basic array (A) and the optimized 
design with metasurface (O), have been manufactured using 
laser micromachining (see Fig. 7a and b). Although the pro-
totypes exhibit proper impedance matching in the intended 
frequency band, the resonance frequency has slightly shifted 
with respect to simulations, as it can be observed in Fig. 7c. 
The discrepancies between simulation and measurement 
results are attributable to several issues. It is necessary to 
highlight that the connector is soldered by hand to a nar-
row strip, which can produces these mismatches, as it is not 
possible to ensure that the edge of the connector is at the 
same distance from the edge of the board in all prototypes. 
Furthermore, it is notable that the connector is very large 
compared to 24.15 GHz patch size, and therefore, it can 
influence the measurement. Slightly variation in the size of 
the patches and in the dimensions of the metallization of the 
unit-cell or in the gap of the metasurface, can produce these 
mismatches. The manufacturing tolerances in Lp shift the 
resonance frequency. An increase of 0.15 mm compared to 
the original Lp size (over-etching in fabrication) shifts the 

resonance frequency 200 MHz downwards which, together 
with the other effects, could explain the shift of the Basic 
Array curve. A smaller metallization size of the unit cells 
(under-etching in fabrication) or a wider gap shift the reso-
nance frequency of the metasurface upwards and therefore, 
the Array-HIS one. Nevertheless, the measured trace for the 
Basic Array has shifted by 1.7% compared to the simulated 
one, while the measured one for the Array-HIS has shifted 
by 0.4% compared to the one obtained in simulation. Fur-
thermore, both antennas are operative in the 24.05–24.25 
GHz license free frequency band.

Measurements have been performed in a wide frequency 
range (1–40 GHz) anechoic chamber despite the challenge 
of measuring such small antennas in a chamber not intended 
for mmWave testing, due to potential reflections caused by 
absorbers size, positioners, etc. as it can be observed in 
Fig. 7d. Figure 8a and b respectively show the radiation 
pattern cuts for E (Phi=90◦ ) and H (Phi=0◦ ) planes for the 
basic array and the array-HIS. In both cases, fairly good 
agreement is observed regarding simulation and measure-
ment results for the H-plane. Nevertheless, for the E-plane 
there are discrepancies for both antennas, due to the higher 
cross-polarization and the deformation of the copolar com-
ponent in the measurement results compared to the simula-
tion ones. These discrepancies are due to several reasons. 
On the one hand, the corporate-fed induces high cross-
polarization at higher frequencies. On the other hand, the 
3D printed polylactic acid (PLA) gadget, used to place the 

Fig. 7  a Basic array prototype. b Array-HIS prototype. c Simulated and measured reflection coefficient for the Basic Array and the Array-HIS. d 
Measurement set-up in the anechoic chamber
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prototype during the measurement can produce reflections, 
which negatively influence the measurement.

Gain transfer method has been used to estimate the peak 
realized gain of the antennas (see Table 9). This method 
consists of the intercomparison of the antenna under test 
(AUT, basic array or array-HIS) with a sounding antenna of 
known characteristics (in this case it was used the Standard 
gain horn 20240-25 manufactured by Flann Microwave). 
Discrepancies between simulated and measurement results 
can be due to many factors. On the one side, as it was already 
mentioned, the prototype connector effect, the measurement 
cable, or the plastic attachment. On the other side, those 
sources of uncertainty in gain measurement like misalign-
ment between AUT-probe, multipath, reflections or imped-
ance mismatch of antennas [31].

4.6  Comparison with the State of the Art

In order to validate and endorse the achievements of this 
work, a comparison of the optimized array-HIS antenna 
with the state-of-the-art antennas at 24 GHz is performed. 
Table 10 contains the main information, radiation proper-
ties and bandwidth, for a fair evaluation. It is necessary 
to remark that most of the references do not provide the 
radiation efficiency, although this is a key parameter for 
wearable, from both an operational and an economically 
perspective, concerning the batteries. The optimized array-
HIS (O), overcomes [32] in size, as well as in bandwidth 
and gain, even using [32] thicker substrate and lower rela-
tive dielectric permittivity. [33] presents a complex four-
layer design, which is outperform by (O) in bandwidth and 
gain, with maximum radiation efficiency. Compared to [34], 
(O) presents a more compact design with wider bandwidth, 
however [34] shows slightly higher gain. Concerning [35] 

Fig. 8  Radiation pattern cuts measured for the Array-HIS. a Basic 
Array radiation pattern cuts. b Array-HIS radiation patter cuts

Table 9  Basic array and array-HIS simulated and measured radiation 
properties

Desing Simulation Measurement

D [dB] G [dBi] � [ %] G [dBi]

Basic Array 7.4 7.3 98 7.4
Array-HIS 9.2 9.2 100 9

Table 10  Comparison of the 
proposed array-HIS antenna 
with the state-of-the-art 
antennas at 24 GHz

Ref Dim [mm] �
r Freq [GHz] Bandwidth [ %] Gain [dBi] � [ %]

[32] 30 × 30 × 2.6 1.2 24 1.2 5.1 –
[33] 6.8 × 6.8 × 0.26 3 24 2 5.44 –
[34] 90 × 25 × 0.203 3.55 24 1.6 11 –
[35] 20 × 25 × 0.23 2.9 24 2.3 7.4 35
[36] 24 × 24 × 1.6 6.4 24 8 9 –
[37] 23.2 × 68 × 0.203 3.55 28 12.5 12 85
[38] 10 × 4 × 0.3 1.95 24 16.7 4.6 73
[39] 10 × 10 × 0.787 2.2 24.8 1.32 6.48 –
[39] – 2.2 23.2 1.18 12.3 –
[40] 20 × 17 × 1.575 2.2 28 2.57 8.39 84.5
This work (O) 26.7 × 20.4 × 0.8 3 24 7.1 9.2 100
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with similar relative dielectric permittivity, (O) shows 
higher gain and much higher radiation efficiency. (O) out-
performs [36] since using a substrate with half the thick-
ness and relative dielectric permittivity, provides almost 
the same bandwidth and gain. Thus, similar performance is 
achieved with (O), being thinner and cost reduced. Regard-
ing [37], this design provides higher bandwidth, however 
the resonance frequency is higher than for (O). Moreover, 
it shows slightly higher gain, despite being a 1 × 4 element 
array and the radiation efficiency is much lower. (O) over-
comes [38] notoriously in gain and in radiation efficiency. 
In comparison with [39], (O) outperforms in bandwidth 
both designs, the patch element and the array, even using 
higher relative dielectric permittivity, it shows higher gain 
than the element. Moreover, (O) exhibits slightly less gain 
that the 1 × 4 element array. Finally, (O) overpasses [40] 
in bandwidth even using the later a thicker substrate. In 
addition, (O) provides higher gain and radiation efficiency 
than [40].

5  Conclusions

A compact and lightweight operative array-HIS antenna 
in the 24 GHz frequency band has been achieved. Dif-
ferent arrangements and number of HIS unit-cells with 
the patch array have been analyzed. The results obtained 
have been satisfactory, as the combination of the metas-
urface with the array improves the radiation parameters 
of the antenna and the bandwidth. From the analysis it 
is concluded that once both, the patch array and HIS, are 
operating at the desired frequency, the optimization must 
be performed on the combined structure, due to the mutual 
influence between them, for being arranged at the same 
layer. In addition, there is an optimal distance of the unit-
cells from the front edge of the patches, at which optimum 
performance is obtained. It was also observed that as the 
periodicity of the metasurface increases, it is necessary 
to vary the unit-cell dimensions to optimize the radiation 
parameters of the antenna, since the resonance frequency 
of the metasurface shifts. It has been shown that adding 
a parasite does not provide the benefits of introducing a 
metasurface. It only enhances the bandwidth, but it wors-
ens the radiation parameters of the antenna. The metas-
urface improves the characteristics of the antenna or at 
least preserves them. It is necessary to highlight that all 
the designs show high radiation efficiency, which is key 
for wearable in order to save battery. Moreover, the final 
array-HIS antenna results economically and technologi-
cally advantageous, since including the metasurface in the 
same layer than the antenna does not increase the cost of 
the manufacturing neither the complexity of it.
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