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ABSTRACT: A fully numerical process for the systematic design of fully-planar antennas for 5G communications frequencies is presented,
utilizing a metamaterial-enhanced SIW as the basis platform. A combined modal analysis and wave propagation Finite Element modeling
is proposed for the accurate design of the waveguiding structure towards its leakage loss minimization. Based on this robust numerical
scheme, two different types of fully-planar antennas are designed. A leaky-wave fully-planar two-slot antenna and an H-plane end-
fire sectoral horn antenna. Both structures are viable candidates for integration in 5G communications platforms, exhibiting attractive
characteristics such as optimized gain and bandwidth, low cost, compactness, and ease of fabrication.

1. INTRODUCTION

he recent emergence of 5SG communications has urged the
Tneed for the utilization of higher frequency spectrum, with
a consequent demand for the design of new components, capa-
ble of being integrated at the same substrate. Indeed, the rising
requirements for higher data bit-rates have caused the transi-
tion of the microwave and mm-wave structures to smaller di-
mensions, to enable their operation in modern circuits. Sub-
strate Integrated Waveguide (SIW) constitutes the established
transmission line which has been utilized in a variety of mi-
crowave circuits, for the efficient and low-loss transmission
of the electromagnetic wave [1,2]. Additionally, a plethora
of other SIW-based components have also been designed and
integrated in various platforms, such as antennas, couplers, di-
viders, and cavities, in this way realizing the required structures
for the establishment of 5G communication channels [3-9].
Recently, an alternative SIW type was proposed,
metamaterial-inspired SIW [10]. This novel transmission
line utilizes complementary split-ring resonators (CSRRs),
which substitute the vias of a classical SIW and provide a
visual electric wall for the efficient channeling of the elec-
tromagnetic wave. The main advantages of the CSRR-SIW
are the accomplishment of lower leakage losses and the
avoidance of holes drilling, rendering the structure fully planar
and capable of being totally fabricated through a classical
development and etching chemical process. Its utilization
as a waveguiding basis for other components has led to the
design of multiple structures, such as leaky-wave antennas and
power couplers [11, 12]. Furthermore, interesting alternatives
of the utilized metamaterial resonators have been proposed
recently, along with studies on the sensitivity of the resonators’
misalignment [13, 14].

* Corresponding author: Michalis Nitas (mnitas@auth.gr).

doi:10.2528/PIERC24092803

105

We present a systematic process for the efficient, accurate
synthesis of compact fully-planar antennas, based on the con-
cept of the metamaterial-enhanced SIW. Initially, in Section 2,
we propose a rigorous, fully-numerical procedure for the op-
timal design of a CSRR-SIW for 5G communication frequen-
cies, the basis structure on which the antennas are built on: We
make use of the combined eigenvalue periodic structure anal-
ysis and the novel excitation FEM schemes, both based on the
alternative field-flux FEM formulations [15—18]. In this way,
the optimal dimensions of the waveguiding structure are guar-
anteed, in terms of the minimization of the leakage losses at
specified frequency zones. Subsequently, we design, optimize,
simulate, and measure two different types of antennas: A two-
slot fully-planar antenna in Section 3 and an end-fire sectoral
horn antenna in Section 4. Both structures are designed so as
to work around 27 GHz, optimized with respect to maximum
bandwidth and gain.

2. DESIGN OF THE FULLY PLANAR CSRR-SIW

The first step for the synthesis of the CSRR-SIW-based anten-
nas is the determination of the waveguiding characteristics of
a CSRR-SIW. To this end, we initially perform an eigenvalue
analysis of the unit cell of the waveguide [Fig. 1(a)], in order
to extract the characteristics of its guided mode, i.e., the field
distribution, the complex propagation constant, and the wave
impedance. The optimal dimensions of the utilized resonators
have been derived using formerly proposed parameter retrieval
techniques [19-21]. Subsequently, we describe the wave prop-
agation (excitation) study, which utilizes the eigenvalue analy-
sis results to efficiently excite the waveguiding structure.
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FIGURE 1. (a) The SRR-SIW unit cell: effective width (w), ring spacing (s), ring gap (g), ring external radius (r), ring width (d) and PCB width
(h). The propagation axis is the z axis. (b) Field distribution of the electric field norm at the middle of the dielectric substrate at 27 GHz.

2.1. Numerical Tools I: Eigenmode Analysis

We utilize the field-flux e-b eigenmode finite element method
(FEM) formulation to perform a spurious-free eigenmode anal-
ysis of the waveguide’s unit cell [Fig. 1(a)] in order to obtain
the propagation constant 3 (rad/m) and the attenuation constant
« (Np/m) of the supported eigenmode, along with the corre-
sponding field distribution [15, 17]. Very briefly, according to
the Bloch-Floquet theorem, we may write the electric field in-
tensity E and the magnetic flux density B as a product of their
periodic envelopes e and b, respectively, and an exponential
factor e =7k as

—jkr

(1a)
(1b)
where k = kK is the Bloch-Floquet wavevector of prescribed
propagation direction k (e.g., k = X), and k =  — ja is the
unknown complex propagation constant. Under the aforemen-
tioned transformations, the Maxwell’s curl equations may be
rewritten as follows:

V xe —jkf( X e =
V x i tb — jkk x i”'b = jwepuoése,

E = ee
B = be 7kT,

—jwb (2a)

(2b)
where w is the angular frequency, and €; and i, are the 3 x 3
tensors of relative dielectric permittivity and relative magnetic
permeability, respectively. Using test functions e’ and b’ to
weight Egs. (2a) and (2b), respectively, and integrating over
the volume of a unit cell, we obtain the Galerkin formulation of
the problem

///b’-VxedV—jk///b’-f(xedV
14 14
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where i denotes the unitary vector normal to the boundary,
pointing outward from the boundary surfaces, V' the total vol-
ume of the unit cell, and S the enclosing surface. The dis-
cretization of Egs. (3a) and (3b) is done by using the appropriate
vector element expansion functions and results in the following

matrix form
E —
Bl =

“4)

—jWEo,uoTEE +TEE QEB _TEB
QB/E TB’B

L0 —jPE'B| [E
_jPB’E 0 Bl’

where the submatrices are defined in [15]. Eq. (4) is an eigen-
value problem where angular frequency w is a parameter; the
wavenumber k is the eigenvalue; and the corresponding eigen-
vector is the field distribution of the periodic envelopes e and
b.

Jw

2.2. Numerical Tools II: Wave Propagation Study

Following the acquisition of the waveguiding characteristics of
the SIW through its eigenmode computation, we move on to
the excitation of a waveguiding structure consisting of multiple
unit cells. The wave propagation (excitation) problem for the
waveguide is solved by utilizing the E-B FEM excitation for-
mulation. The most general case of this formulation, including
arbitrarily bianisotropic materials is examined in [17]. Here, we
present the FEM formulation for the excitation case of an SIW.
After scaling the magnetic induction field B by multiplying it
with the speed of light in vacuum c¢,, we write the Maxwell’s
equations in frequency domain (assuming a et/ time depen-
dence)

VxE+kB=0 (5a)
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TABLE 1. Optimal dimensions of the proposed CSRR-SITW.

Central Outer Ring Ring SIW Substrate | Unit
frequency | radiusr | widthd | gapg | widthw | heighth | cell s
(GHz) (mm) (mm) (mm) (mm) (mm) (mm)
27 0.84 0.3 0.3 6.5 0.8001 1.88
V x i 'B+ ko&E = 0. (5b) boundary are derived by inserting Eq. (11) in the the right hand

The Galerkin formulation for Egs. (5a) and (5b) is derived by
weighting the first equation with test function B’ and the second
one with test function E’, and integrating over the volume V' of
the computational domain. The final weak formulation yields

///B’-VxEdv+ko///B'-1§dV:o (6a)
|4 1%
///VXE’.ﬁ;lﬁdv+ko/// E -&E dV

1% |4

—# E' - x [ 'BdS.
S

Approximating this weak formulation by the same basis func-
tions, utilized in the previous section, we derive the following
matrix equation

E

B

with the corresponding matrices calculated in [17].

We now derive the proper boundary condition which effi-
ciently excites and absorbs the provided mode in a structure.
The transverse electric and magnetic components of an electro-
magnetic field propagating in k direction fulfill the equation

®)
where index ¢ denotes the transverse part of the field, and Z,
is the dyadic wave impedance. We take the cross product of
Eq.? (8) with the unit vector i pointing outward form the port
boundary surface as

(6b)
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H, = Z;'k x E,
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Taking the scaling factor into account, this yields
i x fim "B = jcopon x Z 'k x E. (10)

The electric field fulfills the condition E = Ej,. + Er at the
input port, for the incident (k = —n) and reflected field (k =
1), therefore Eq. (10) becomes

Axim "B=—2jcoponx Z 'ix Eine+jcopohx Zy "axE. (11)
The corresponding output Absorbing Boundary Condition
(ABC) port, capable of solely absorbing a propagating mode
is given by Eq. (11) setting Ei;,; = 0. The final surface inte-
gral expressions which need to be calculated at the input port
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side of Eq. (6b) of the derived Galerkin formulation, which
gives

f#EVﬁxﬁr’lﬁdS:

S

72]'60,11,0# E -axZ 'h
S

+jCOILL0# E/ -M X
S

2.3. Optimized Configuration for 56 Communications Frequen-
cies

X Einc dsS

~1h x E dS. (12)

Here, we present the optimal configuration of the CSRR-SIW
in terms of minimization of its attenuation constant «, result-
ing from the combined numerical treatment of the previous two
subsections. The optimal dimensions for a frequency zone of
2628 GHz are given in Table 1, derived by a parametric anal-
ysis which includes all the geometric parameters of the CSRR-
SIW unit cell shown in Fig. 1(a). In Fig. 1(b), we illustrate the
field distribution of the supported mode of the optimal SRR-
SIW, resulting from the solution of Eq. (4). In the simula-
tions, a Taconic substrate was utilized, with a relative dielec-
tric constant of ¢, = 2.2, tand = 0.001 and a thickness of
0.8001 mm. For conductor losses, the metal parts are modeled
by the proper Impedance Boundary Condition (IBC) [15] as-
suming a thickness of 17 um and a typical copper conductivity
o of 5.88 107 S/m.

The complex propagation constant with respect to frequency
for the optimal configuration is illustrated in Fig. 2, whereas the
diagram of the wave impedance Z,, is given in Fig. 3. In Fig. 4,
the transmission and reflection of the waveguide throughout
the simulated frequency zone are depicted in terms of its S-
parameters. For their extraction, the solution of Eq. (7) was
utilized, where the involved quantities Fi,. and Z,, were taken
from the corresponding solutions of the eigenvalue problem at
every simulated frequency. The structure’s potential to effi-
ciently guide the electromagnetic wave at frequencies between
26 and 28 GHz is guaranteed. Performance comparison of the
optimal waveguiding structure with the existing designs in the
literature, including the classical SIW designs, is thoroughly
presented in [10], where the superiority of our proposed design
is proved.
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FIGURE 2. Diagrams of the propagation constant 3 (rad/m) and the
attenuation constant « (Np/m) versus frequency for the optimal con-
figuration of the CSRR-SIW at the simulated frequency zone of 26 —
28 GHz.
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FIGURE 4. Return loss (S|) and transmission coefficient (S,,) for the
CSRR-SIW.

3. TWO-SLOT COST-EFFECTIVE EASY-TO-
FABRICATE FULLY-PLANAR ANTENNA OF OPTI-
MIZED GAIN

The successful design of the CSRR-SIW opens the way for the
efficient synthesis of fully-planar slot antennas for operation
at frequency bands for 5G communications. Considering that
there is a wide and diverse variety of possible 5G wireless appli-
cations, these antennas should be based on a design that is flexi-
ble and scalable and that retains the fully-planar and low-profile
geometry of the CSRR-SIW. A suitable solution to this problem
is the class of leaky-wave antennas, where the radiation leakage
is obtained by the proper opening of a series of transverse slots
on the upper boundary of the waveguide [22-30]. Drawing our
inspiration from the design of the slotted array antennas, a sim-
ple design of a CSRR-SIW antenna consists of two resonant
slots with a distance of \g/2 (), is the guided wavelength), as
shown in Fig. 5. The efficient channeling of the electromag-
netic energy in the waveguide depends heavily on the polar-
ization and the angle of incidence of the wave, and thus, fine
tuning of both the slot dimensions and the distance between the
slots is required. The antenna is terminated at a short-circuited
printed circuit board (PCB), in this way utilizing the standing
wave propagation mechanism. Furthermore, a matching circuit
consisting of a tapered microstrip line is properly designed, in
order to match the 50-Ohm impedance of the feeding coaxial
cable. The antenna was designed on an RT/Duroid laminate of
height h = 0.508 mm with a complex relative dielectric con-
stant e, = 2.2 — 50.0009. In the simulations, the antenna was
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FIGURE 3. Plot of the wave impedance with respect to frequency for the
optimal CSRR-SIW.

FIGURE 5. (a) The proposed two-slot CSRR-SIW-based antenna with
its optimal dimensions. (b) The fabricated prototype.

excited following the procedure described in Section 2. The
structure was optimized towards its bandwidth enhancement at
a central frequency of 27 GHz, through a parametric analysis,
where the geometric parameters of the slot lengths, slots’ posi-
tion, and the distance of the second slot from the short-circuited
end were utilized.

The antenna’s return loss in terms of its Sj; parameter is il-
lustrated in Fig. 6. A very good agreement between the simu-
lated and measured results is observed, with a measured central
operation frequency of 26.9 GHz and a bandwidth of approxi-
mately 1.7 GHz. The simulated 3D far field radiation pattern at
27 GHz is illustrated in Fig. 7. A broadside radiation behavior
is exhibited, with a maximum of approximately 9 dBi normal to
its plane. The measured far field radiation pattern at 27 GHz at
a yz-plane is depicted in Fig. 8. It is observed that the measure-
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-30
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FIGURE 6. Simulated and measured return losses for the two-slot an-
tenna.

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 150, 105-112, 2024

PIER C

8.82

ar

.
6

T : - ~
- A
(o N3
- Cﬁ“\\oazmm\m
> SO
e SO
W ——a 0,508 mm
Qyn‘%@-‘) = 1

S g = )
(- =

FIGURE 7. Simulated 3D-radiation pattern of the two-slot antenna
at 27 GHz. The antenna exhibits a maximum gain of approximately
9dBi.
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FIGURE 8. Measured and simulated far fields of the two-slot antenna
at 27 GHz at H-plane.

ment confirms the broadside radiation of the antenna. A dip is
visible at an angle of about 15 degrees from the normal, which
may be attributed to the following two main factors: First, due
to fabrication errors, it is almost sure that the exact position and
the dimensions of the slots deviate from those in the simulation;
therefore, the measured far field is modified from the desired
(simulated) case. Second, the excitation of the antenna in the
simulation was conducted in the ideal way described in Section
2, i.e., it was the supported eigenmode of the SIW that excited
the structure, whereas in the fabricated sample, we make use
of a coaxial SMA connector, that produces a discontinuity be-
tween the feeding cable and the structure. Therefore, it is cer-
tain that this discontinuity disturbs the mode inserted inside the
antenna, in this way affecting the antenna’s far field. In Table 2,
we depict the comparison of our proposed antenna with a simi-
lar two-slot SIW-antenna design in [23], in terms of the opera-
tional bandwidth and maximum gain at the central frequency of
each proposed antenna. There is an obvious superiority of our
design, both at the operational bandwidth and at the maximum
achieved gain.

TABLE 2. Comparison with similar slot antenna.

Freq. [GHz] | BW [GHz] | Max. Gain [dBi]
Ref. [23] 28 0.983 7.05
This work 26.9 1.7 9
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4. H-PLANE END-FIRE SECTORAL HORN ANTENNA

The CSRR-SIW platform is also capable of supporting antenna
designs featuring end-fire radiation. A characteristic example is
the H-plane sectoral horn [31-39]. Here, the designed antenna
is realized by flaring the CSRR structures of the waveguide,
which forms the lateral sections of the horn. However, this
substrate-integrated configuration does not allow for a grad-
ual transition on the vertical plane, which, in turn, has a detri-
mental effect on the matching between the antenna and the air.
This mismatch behavior intensifies for thin-substrate antennas,
where the thickness of the substrate is lesser than A¢/10, result-
ing in high reflection coefficients and unwanted radiation. This
drawback, combined with the requirement of thin substrates for
the proper operation of the CSRR-SIW platform, makes the de-
sign of such an antenna very challenging. A solution to over-
come these difficulties is composed of a printed addition of a
number of parallel plate matching strips, etched directly after
the printed horn, as illustrated in Fig. 9. This addition retains
the planar nature of the overall design and functions as a net-
work of resonators improving the air-horn matching. The op-
eration of this transition can also be considered as that of an
array of parallel plate resonators irradiating from their individ-
ual apertures and fed through the aperture of the horn.

The crucial parameters for the design of the printed transi-
tion are its geometric characteristics that modify the array fac-
tor of the parallel plate array. The length of each parallel plate
element, assuming that we have selected uniform dimensions
for all elements and that the separation between every two el-
ements is much smaller than the parallel plate length, controls
the phase shift in the radiated power of two neighbouring el-
ements, and the separation length between the elements deter-
mines the amount of power deposited in each parallel plate res-
onator. Larger separation gaps minimize the contribution of the
subsequent element, while smaller separation gaps minimize
the radiation output of the preceding element. This implies that
there exists a separation gap, for which the amount of power
deposited in each element is equal, and as a result, the radia-
tion pattern of the array depends solely on the selection of the
parallel plate element length.

This allows us to modify the radiation pattern of the antenna
and enhance the Front-to-Back Ratio, by minimizing the back-
end radiation with an appropriate selection of the parallel plate
length. We have to point out that the backwards radiation can
only be minimized and not cancelled, since the radiation losses
in each element prevent the power deposits being equal in every
parallel plate element even in the case of an optimally selected
separation. The design parameters that were determined in or-
der to increase the front-end gain and Front-to-Back Ratio and
improve the matching behaviour are listed in Table 3. The an-
tenna was analyzed using the Finite Element solvers of Comsol
Multiphysics™ for the 5G frequency band of 26 to 28 GHz,
utilizing the excitation procedure described in Section 2. The
dielectric losses of the substrate and the conductive losses of
the copper plates were taken into account (Taconic substrate of
thickness 0.8001 mm, ¢, = 2.2, tand = 0.001, conductivity
o = 5.8 - 107 S/m). The simulations were conducted for ap-
proximately 3 million degrees of freedom (dofs).
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FIGURE 9. The BC-CSRR Horn antenna with a printed transition of
parallel plate elements. (a) Geometric dimensions and (b) Fabricated
sample.
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FIGURE 11. The z-component of the electric field distribution at the
middle of the substrate at 27 GHz. The horn acts as a transition for the
feed of the array of parallel plate elements. The axial length of the horn
suffices for a minimized quadratic phase error.
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FIGURE 10. Simulated and measured return losses for the BC-CSRR
Horn antenna.
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FIGURE 12. Simulated and measured radiation patterns for the horn an-
tenna at 27 GHz.

(b)

FIGURE 13. Measurement setup for (a) the two-slot antenna of Section 3 and (b) the H-plane horn antenna of Section 4.

The measured and simulated return losses of the antenna are
illustrated in Fig. 10, where its operation is easily observed in
the designed frequency zone. In Fig. 11, the electric field dis-
tribution at the middle of the substrate is shown, whereas the
simulated and measured far fields of the antenna at 27 GHz are
depicted in Fig. 12, exhibiting an end-fire radiation behavior.
The discrepancies between the simulated and measured values
of the far field and S}, parameters may be attributed in this case
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to the limits in fabrication precision and the finite accuracy of
the FEM simulations. Indeed, the perfect matching between the
antenna and the air that is achieved in the simulations, which
were conducted in a very dense FEM mesh, cannot be guaran-
teed in the real, fabricated sample; therefore, this weakness is
interpreted in the radiation pattern of the antenna and the tilt in
its radiation diagram.
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TABLE 3. Optimized dimensions of the proposed sectoral horn antenna.

Symbol Quantity Dimensions (mm)
Ly Horn Length 32.5
A Horn Aperture Width 36
S0 Horn Printed Transition Gap 0.2
s Transition Element Separation Gap 0.5
L Parallel Plate Strip Length 2.75
Ne Number of Elements 3
Wt BC-CSRR SIW width 6.5
Ly BC-CSRR SIW Length 15

In Table 4, we depict the comparison of our proposed antenna
with similar designs in the literature [33,40—43], in terms of
the size and their maximum gain at the central frequency of
operation. Our design achieves one of the highest gains among
the compared structures, with its overall size being of average
dimensions. We finally note that the proposed antennas in this
work were measured at the DTU-ETC mm-Wave Antenna Test
Facility. The measurement setup is provided in Fig. 13.

TABLE 4. Comparison with similar H-plane antenna designs.

Freq. [GHz] Size [A X A X A] Max. Gain [dBi]
Ref. [33] 28 2.24 x 0.14 x 2.78 5.5
Ref. [40] 30 2.61 x 0.17 x 3.46 10
Ref. [41] 16.6 1.80 x 0.08 x 3.26 5.5
Ref. [42] 35.5 1.89 x 0.18 x 3.47 9.3
Ref. [43] 35 2.30 x 0.17 x 4.40 6.8
This work 27.5 2.92 x 0.72 x 3.24 10

5. CONCLUSION

This work constitutes a complete study on the systematic syn-
thesis of fully-planar antennas based on substrate-integrated
waveguides. We initially describe the computational frame,
which utilizes the robust finite element field-flux schemes for
the accurate design of the metamaterial-based SIW, a rigorous
process that guarantees the optimized wave propagation, with
minimized attenuation constant. Based on this waveguide, we
subsequently design, optimize, and measure two different types
of antennas: A two-slot easy-to-fabricate leaky-wave antenna
of optimized gain and an H-plane end-fire horn antenna, both
capable of operating at the 27 GHz 5G frequency zones.
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