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Abstract. In this paper the quad bend triangular resonator (QBTR) structure is used as a metamaterial unitcell
for metasurface characteristics analysis. This paper presents the metasurface properties like electromagnetic
band gap (dispersion diagram), reflection phase S11 (deg) and surface impedance Z11 ðXÞ of a unitcell. The
unitcell analysis shows similarities in operating frequency band for these metasurface characteristics. The QBTR
metasurface performance is validated using a wideband dipole antenna. The antenna gain of [ 5 dBi is
achieved with QBTR metasurface for frequency range 3.2–6.7 GHz. The QBTR metasurface is orthogonal
symmetric and can be used for dual-polarized wideband frequency applications like WLAN (5.15–5.85 GHz)
and NR 5G sub-6-GHz (3.3–5.0 GHz).
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1. Introduction
The metamaterial structures (metasurface) have received
considerable attention in recent years. These metasurfaces
are normally periodic in nature and show characteristics of
electromagnetic band gap (EBG), artificial magnetic conductor (AMC) and high-impedance surface (HIS) for a
certain frequency band. The metasurfaces are considered
very promising; they can be used to reduce interference,
surface wave and mutual coupling and to increase directivity of antenna. The metasurface structures are also very
compact in nature and can be implemented as metallic–
dielectric or purely dielectric.
The traditional mushroom-like EBG structures are presented in [1] to suppress the surface wave and to increase
directivity of antenna. The mushroom structure uses ground
via to create metamaterial property. Multiple authors presented via-less EBG structures called as uniplanar AMC or
HIS structure [2, 3]. The uniplanar structures are a square
metal patch printed on PCB. These uniplanar AMC structures are used with antennas to improve antenna directivity,
but they have narrow band frequency response. Instead of a
square patch, a circular shaped AMC structure is presented
in [4]. In uniplanar AMC structures a small conductor area
is etched out such that it gives another smaller metal patch,
which yields dual band response [5, 6], where the inner
patch has higher band response and the outer patch has
lower band response. Another method to get dual band
response is by making a T-shaped slit in metal patch [7]. A
notch on edges of metal patch and slot at the centre of metal
*For correspondence

patch can be implemented in AMC structures to improve
their frequency bandwidth [8, 9].
The quad bend triangular resonator (QBTR) structure has
been proposed by authors of an earlier work [10], where a
QBTR unitcell is used to design a wideband band stop
filter. In this paper the QBTR unitcell is used to analyse
characteristics of AMC, HIS and EBG. The 595 QBTR
unitcell array is implemented with a wideband dipole
antenna for validation of unitcell properties. The reflection
coefficient, efficiency and peak gain of the dipole antenna
with the QBTR metasurface are presented in this paper. The
design frequency is targeted for wireless local area network
(WLAN) (5.15–5.85 GHz) and new radio (NR) 5G sub-6GHz (bands n48, n77, n78 and n79, i.e. 3.3–5.0 GHz)
applications.

2. Unitcell design and analysis
This section discusses the QBTR unitcell structure and its
metamaterial properties.

2.1 QBTR unitcell design
The QBTR is implemented as an orthogonal symmetrical
structure to achieve wide band performance. The end points
of conductor traces in QBTR are bent towards the centre to
increase unitcell electrical size by increasing inductance.
The QBTR structure and its dimensions are shown in Figure 1, where Figure 1(a) shows the top layer conductor and
Figure 1(b) shows the bottom layer conductor (ground).
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Figure 1. QBTR unitcell: (a) top layer and (b) bottom layer.

The design is implemented in a 10 mm  10 mm FR4 PCB
(er = 4.3, tan d = 0.02) of thickness 1.524 mm. The QBTR
trace width and gap between traces are maintained at 0.5
and 0.4 mm, respectively. There is capacitive coupling
between the traces, which yields higher frequency bandwidth response. The orthogonal symmetrical structure
supports dual orthogonal polarization.
Periodic boundaries, PEC and PMC boundaries on x-axis
and y-axis, are considered with plane wave along z-axis in
simulation. The PEC boundary aligns incident E field perpendicular to assigned surface, and in the same way the
PMC boundary aligns incident H field perpendicular to
assigned surface. The open port is assigned as a plane wave
source, and propagation vector (k) is perpendicular to
QBTR structure. The CST microwave studio tool is used
for unitcell analysis and simulation. The plane wave gap is
de-embedded till QBTR surface for S-parameter
simulation.
The simulated unitcell S-parameter is shown in
Figure 2(a). The reflection coefficient S11 (mag) is very
high for a wide frequency band, except three frequency
points of 3.7, 7.9 and 11.8 GHz. For these three frequency points the reflection coefficient S11 (mag) is

close to 0.6 .The transmission coefficient S21 (mag) is
zero for all frequencies, due to bottom ground in the
design. The reflection coefficient and transmission
coefficient show that the QBTR design is lossy (er =
high) for the three frequency ranges 3.65–3.78 GHz,
7.45–8.48 GHz and 11 GHz–beyond. The QBTR
design has the metamaterial characteristics of reflection
and absorption/suppression of electromagnetic (EM)
wave for certain frequency bands. These characteristics
can be analysed and presented in the three ways (1)
EBG: dispersion diagram, (2) AMC: reflection phase
and (3) HIS: Z11 (X).
The CST microwave studio tool is used for simulation,
where incidence plane wave is normal to unitcell surface
for AMC and HIS analysis, and time domain solver result
shows the reflection phase and input impedance of the
surface. For EBG the Eigen-mode solver is used, whose
result shows a phenomenon of wave propagation (dispersion diagram) along the surface. In the unitcell simulation,
the gap between the unitcell surface and plane wave is
maintained at 7 mm, the same as dipole antenna to metasurface gap for validation (7 mm  k=8 at 4.3 GHz,
including substrate thickness).

Figure 2. Simulated (a) S-parameter and (b) dispersion diagram.
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Figure 3. Simulated (a) S11 phase (deg) and (b) Z11 ðX).

2.2 EBG: dispersion diagram

2.4 HIS: Z11 ðXÞ

The EBG does not allow surface waves and currents to
propagate for a specific frequency range. Interior to the
EBG, EM waves within one or more frequency band gaps
are prevented from propagating parallel to the EBG surface.
The Eigen-mode solver with unitcell boundary is used in
CST Simulation tool to plot dispersion diagram (in this
electric field direction is normal to unitcell surface).
The dispersion diagram is composed of three parts, and
each part has a unique phase shift. In the first part, x-axis
boundary phase shift is from 0 to 180 ; the y-axis
boundary phase shift is fixed at 0 , indicted as C  X part in
Figure 2(b). The second part is X  M part; in this, x-axis
boundary phase shift is fixed at 180 and the y-axis
boundary phase is shifted from 0 to 180 . The third part is
M  C part; in this, both x-axis and y-axis boundaries phase
shift will be shifted from 0 to 180 at the same time.
Figure 2(b) shows the surface characteristic frequency as a
straight line superimposed over the dispersion diagram. It
can be observed that the EBG frequency band is 4.3–7.6
GHz (55.46%).

The metasurface has PMC property for a particular band of
frequencies, where the parallel magnetic field tends to zero,
and it has a large parallel electric field on the metasurface.
As a result, the metasurface provides high-impedance
property to the surface for a specific frequency band and it
has in-phase reflection. The bandwidth of HIS is calculated
based on surface impedance, i.e. above 377 X (air intrinsic
impedance). The surface impedance (Z11 ) graph is presented in Figure 3(b) for the QBTR unitcell. The HIS frequency bandwidth follows the same AMC frequency ranges
4.3–7.6 GHz (55.46%) and 8.4–11.1 GHz (27.7%).
The unitcell analysis summary is given in Table 1. The
unitcell simulation results show that the QBTR operating
frequency response is the same for frequency range 4.3–7.6
GHz of all afore-mentioned three properties dispersion
diagram, reflection phase and input impedance. From this
analysis it is understood that the QBTR metasurface shows
the characteristics of EBG, AMC and HIS for the frequency
range 4.3–7.6 GHz and this metasurface can be used to
reduce interference, surface wave and mutual coupling, and
to increase directivity of antenna. In the next section the
QBTR unitcell performance is validated with a wideband
dipole antenna, and the dipole antenna is placed over the
QBTR metasurface.

2.3 AMC: reflection phase
Generally, EM plane waves are normally incident on the
metasurface. For a specific frequency range the plane
waves have in-phase reflection, where the tangential electric field will be reflected with phase change of 0 and the
tangential magnetic field magnitude approaches zero with
phase change of 180 . In practice, the useful bandwidth of
metasurface is defined by the reflection phase range from
þ90 to 90 . The simulated reflection phase of QBTR
unitcell is shown in Figure 3(a) and the result shows inphase reflection properties for frequency ranges 4.3–7.6
GHz (55.46%) and 8.4–11.1 GHz (27.7%).

Table 1. Metasurface unitcell properties compared.
Properties
Dispersion diagram
Reflection phase
Surface impedance

Condition
Band gap
þ90 [ S11 [  90
Z11 [ 377 X

Frequency
4.3–7.6 GHz
4.3–7.6 GHz
4.3–7.6 GHz
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Figure 4. Fabricated prototype: (a) dipole antenna, (b) QBTR metasurface and (c) dipole assembly with QBTR metasurface.

Figure 5. Reflection coefficient of dipole antenna with QBTR metasurface: (a) simulated and (b) measured.

3. Dipole antenna with QBTR metasurface
A wideband dipole is designed to analyse the impact of
QBTR metasurface. The half-wavelength dipole dimension
is 24.5 mm  6 mm. The dipole antenna is implemented in
FR4 substrate (er ¼ 4:3, tan d ¼ 0:02, H ¼ 1:524 mm) of
size 50 mm  50 mm. The resonance frequency depends on
dipole length (half-wavelength, k=2) and frequency bandwidth improves with dipole width. The dipole antenna
design parameters are optimized for frequency range 3.1
GHz and higher, and –6 dB reflection coefficient S11 (dB).
The dipole antenna fabricated prototype and its dimensions
are given in Figure 4(a). A 50-X RF coaxial cable is used to
feed the dipole. The fabricated prototype of QBTR metasurface is presented (top view) in Figure 4(b).
To validate the metasurface properties of proposed
unitcell the dipole antenna is placed over a 55 unitcell
array, at gap of H ¼ 7 mm ( k=8 at 4.3 GHz, including
substrate thickness) as shown in Figure 4(c). The 55
QBTR array PCB dimension is 50 mm  50 mm. As presented in the previous section, the QBTR metasurface
shows properties of in-phase reflection, HIS and EBG for
the common frequency range 4.3–7.6 GHz. Hence, this
frequency band is considered as the operating frequency
range in subsequent sections.

Figure 6. Efficiency (%) and peak gain (dBi) of dipole antenna
with QBTR metasurface.

The antenna simulated S11 (dB) is shown in Figure 5(a)
and the measured graph is given in Figure 5(b). The standalone dipole antenna has  6 dB S11 (dB) for frequency
3.1–12 GHz. The result shows that the dipole antenna
shows wide impedance bandwidth for good S11 (\  6
dB) over a wide frequency range 3.2–12 GHz and it closely
matches with standalone dipole result. The dipole antenna
with QBTR metasurface has better response as compared
with antenna with ground.
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Figure 7. Radiation pattern of dipole antenna with QBTR metasurface at 6 GHz: (a) Phi ¼ 0 and (b) Phi ¼ 90 .

The simulated and measured efficiency and peak gain of
dipole antenna with QBTR metasurface are shown in Figure 6. The measurement data is presented till 6 GHz due to
anechoic chamber higher frequency limitation. The standalone dipole antenna efficiency minimum is 70% and peak
gain is 2 dBi for frequency range 3.1–12 GHz. With QBTR
metasurface, the dipole antenna maintained efficiency is
[ 50% and gain at broadside direction (theta ¼ 0 ) is
increased to [ 5 dBi for frequency 3.2–6.7 GHz (70.7%).
The simulated antenna gain at broadside (theta ¼ 0 ) is 9.7
dBi at 8.5 GHz. There is a small drop in antenna gain for
frequency range 3.65–3.78 GHz, due to lossy behaviour of
QBTR unitcell in the same frequency range. The unitcell
operating frequency range (4.3–7.6 GHz) and dipole
antenna gain frequency range (3.65–3.78 GHz) differ due to
the antenna–metasurface assembly. The antenna is placed
over QBTR metasurface at k=8 gap, which creates a delay
in EM waves resulting in effective antenna operation at
lower frequency towards AMC inductive region.
The dipole antenna with QBTR metasurface has directional radiation pattern, as shown in Figure 7(a) at Phi ¼ 0
cut (xz-plane) and Figure 7(b) at Phi ¼ 90 cut (yz-plane).
The radiation pattern is presented for frequency 6 GHz. The
antenna peak gain is 6 dBi, and half-power beam-width is
57 and 111 in xz-plane and yz-plane, respectively. The
simulated and measured cross-polarization is  15 dB.

4. Conclusion
This paper presents a unitcell analysis of QBTR metasurface for properties of EBG (dispersion diagram), AMC
(reflection phase) and HIS (surface impedance). The
metasurface properties like dispersion diagram, reflection

phase and surface impedance have the same operating
frequency range 4.3–7.6 GHz, if source to metasurface
height is k=8. The QBTR metasurface gives frequency
bandwidth response of 55.46%. The QBTR metasurface is
validated with the dipole antenna and antenna gain of 5 dBi
is achieved for frequency bandwidth of 70.7%. The QBTR
unit cell is suitable for wideband dual-polarized antenna for
gain enhancement and it covers frequency bands of WLAN
and NR 5G sub-6-GHz.
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