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Abstract — This work reports the development of a novel dielectric
slab antenna based on microstrip-Franklin radiators, which enables
efficient impedance matching among microstrip lines, substrate and
air. The proposed antenna has been designed and numerically
evaluated using ANSYS HFSS®. Its directivity ranges from 6.67 to
16.24 dB, as its length is increased from 19.9 to 170 mm. The 80 mm-
length antenna prototype provides 11.14% fractional bandwidth
(27.96 - 31.26 GHz) and 10.5 dBi gain at 30 GHz. The proposed
antenna has been manufactured and applied to an indoor digital
wireless communication link to provide 6 Gb/s throughput using 64-
QAM modulation format, aiming 5G applications.

Index Terms— 5G, antennas, dielectric slab antenna, microstrip-Franklin antenna and
mm-waves.

I. INTRODUCTION
The fifth-generation (5G) mobile network might be applied to four different scenarios [1]-[5]: massive

machine-type communications (mMMTC); extreme mobile broadband (eMBB); ultra-reliable low latency
(URLL) communications; long-range communications for remote area access. The mMTC applications
(such as the Internet of things (IoT) and vehicular communications (V2X)) require massive device
connections network management, with thousands of devices per sector. These applications relate to
the users’ high-mobility and demand compact, lightweight, and low power consumption transceivers.
The mMTC will support services using different frequency bands, including the second frequency range
(FR2) from 24.25 to 52.60 GHz [6]. The millimeter waves (mm-waves) bandwidth provides high data
rates, with limited transmission range due to high free space losses [7]. Thereafter, mMMTC antenna
requirements have no longer been confined to low profile, but are also rather the high-performance
characteristics, such as high gain.

Printed antennas have been applied in microwave frequencies, due to their advantages, such as low
cost, low profile, and easy integration with printed circuits board (PCB). However, these radiators
typically provide low directivity, then arrays are required in mm-waves applications, which increase
the design complexity. Researchers worldwide have proposed several techniques as an attempt to
enhance the printed antenna gain without using array [8]-[11]. Adding a superstrate of high permittivity

above the planar antenna at a certain distance has been proved as an effective method to enhance the
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patch antenna gain [8]. Some authors proposed dielectric materials with air layers to obtain a high gain
antenna [9]. The air gap reduces both the electric field concentration and effective dielectric constant
of the radiating set. The parasitic patches technique relies on rectangular-shaped parasitic radiators on
the antenna top [10]. Han et al. have proposed to enhance the gain and reduce the radar cross-section
of a patch antenna by using a metamaterial surface [11]. These procedures require either material with
different electrical properties or structures with specific design, increasing costs, volume, and
complexity.

This work presents a new antenna based on microstrip-Franklin radiators [12, 13] and a dielectric
slab devoted to 5G mm-waves communications. This radiator is low-profile, easily manufacturing, and
high-performance in terms of bandwidth and gain. Conventional dielectric rod antennas (DRA)
comprise a waveguide/coax transition and a dielectric rod, whose length influences the antenna
directivity (Fig. 1(a)) [14]-[16]. These structures are bulky and difficult to integrate with PCBs. Our
novel DRA (Fig. 1(b)) relies on applying a coupler to the full-wave structure for radiating

electromagnetic waves and exciting surface and standing waves.
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Fig. 1. Dielectric antenna side view (a) conventional structure and (b) the proposed design.

Related works have considered replacing the conventional DRA coupler by an RF connector.
Substrate integrated waveguide (SIW), log-periodic dipole array, Yagi-Uda array and Vivaldi antennas
have been used as primary feeding structures integrated with or into a bulky dielectric rod to enhance
directivity. Meanwhile, our approach comprises a unique and simple feeder design. For instance, a
dielectric-loaded SIW sectorial horn antenna has been designed for mm-waves operation [17]. Different
dielectric loading shapes were integrated to the SIW structure, and its gain has been investigated as a
function of the dielectric slab length. Additionally, a wideband DRA has been proposed comprising an
SIW feeder, antipodal Vivaldi antenna, and a dielectric rod [18]. The antipodal Vivaldi antenna was

used as a transition between the other structures. The dielectric rod has been placed at the end of the

Brazilian Microwave and Optoelectronics Society-SBMO received 13 Dec 2019; for review 13 Dec 2019; accepted 9 Apr 2020
Brazilian Society of Electromagnetism-SBMag © 2020 SBMO/SBMag ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 19, No. 2, June 2020 205
DOI: http://dx.doi.org/10.1590/2179-10742020v19i2822

substrate. In another example, an antipodal Vivaldi antenna surrounded by a dielectric, for wideband
applications such as microwave and mm-wave imaging, has been reported [19]. The antenna was
designed on a dielectric substrate with an extended lens and integrated into a dielectric rod. Some
authors developed a Yagi-Uda antenna array, also surrounded by a dielectric rod, to enhance gain and
a circular reflector with low sidelobe levels [20]. The final structure is similar to a conventional DRA
due to the reflector and its dielectric rod shape. Recently, a printed log-periodic dipole array has been
used as a feeder to a DRA in [21]. The proposed design used the log-periodic dipole array as an adapter
between the SIW and the dielectric rod, which is similar to that reported in [18].

Table | summarizes the state-of-the-art on dielectric antennas [17]-[21] based on fhe following
metrics: the feeding structure type; the dielectric extension geometry; the prototype total length, as a
function of the free-space wavelength at the central frequency (A¢); the feeding structure gain; the gain
increase versus length. The previous works rely on complicated structures, including substrate
integrated waveguide (SIW) [17], [18], Vivaldi antennas with lens [19] and Yagi-Uda [20] and log-
periodic [21] antennas. On the other hand, our antenna is very simple and easy either for design and
fabrication. Our antenna relies on using microstrip lie meandering-pattern, which is based on simple
mathematical analysis equation, in contrast to the other dielectric antennas from Table 1, which
typically use complex design methodology. This advantage optimizes the tuning process, since it
reduces the number of design variables.

From a dielectric extension geometry point of view, the antennas exploited in [18], [20], [21] have
kept the conventional dielectric rod, which results in a bulky structure, making their integration to PCBs
difficult. The antennas proposed by Moosazadeh et al [19] and Nasir et al. [20] are integrated into a
bulky dielectric, whereas our radiator, as well as that from [17], allows a rectangular dielectric
extension. This characteristic corroborates to the easy fabrication and integration with PCBs. The
authors from [19], [20] have reported 12 dBi primary feeding structures gain. The first radiator
integrates an Antipodal Vivaldi antenna with an extended lens to enhance its gain, while authors from
[20] reported an Yagi-Uda antenna array with 20 elements.

Apart from [17], all other publications mentioned in Table | are for microwave frequency range. The
Wang et al. proposed a high-gain SIW H-plane horn antenna with dielectric slabs for mm-waves [17],
as well as in our case. Particularly, we have innovated due to the use of microstrip-Franklin excitation
beyond broadside antenna design. To the best of our knowledge, our novel approach enabled to develop
the first end-fire antenna array based on a microstrip-Franklin radiator.

The paper is structured in five sections. Section Il is regarding the proposed antenna design and
fabrication. The numerical and experimental results in terms of reflection coefficient, radiation pattern
and gain are presented in Section Il1l. Additionally, it is investigated the relationship between the
substrate length and the antenna directivity. Section IV reports the experimental performance analysis
in an indoor communication link based on a 64-QAM signal at 6Gb/s throughput. Conclusions and final

comments are outlined in Section V.
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TABLE |I. COMPARISON AMONG THE PROPOSED DIELECTRIC SLAB ANTENNA WITH OTHER DIELECTRIC ANTENNAS.

. Dieletric . Prototype dielectric
Feeding structure . Prototype Feeding structure . .
Reference extension . ] increased gain [dB] vs.
type total length gain [dBi]
geometry length
Substrate
. Elliptical slab 2.67 e 3.55-0.87 k¢
integrated
[17] waveguide H- 5.75
plane horn Rectangular slab 2.65 Ac 4.05-0.86 Ac
antenna (SIW)
Substrate
integrated o
[18] . Cylindrical rod 0.65 Ac 2.30 2.23-0.14
waveguide
Vivaldi antenna
Antipodal
Vivaldi Antenna
[19] . Rectangular slab 9.63 Ac 12.00 8.00 - 9.31 X¢
with an extended
lens
Yagi-Uda Cylindrical
[20] 7.60 ke 12.55 5.45 —-7.60 Ac
antenna array tapered rod
Log-periodic Cylindrical rod
[21] . o 8.80 Ac 7.00 55-2.0%A
dipole array with air holes
This Microstrip-
) Rectangular slab 7.89 Ac 6.67 3.83-6.71 ¢
work Franklin

Il. ANTENNA DESIGN
The electromagnetic field emission by a microstrip line presents a radiation pattern with several lobes

due to the current distribution phase [13]. However, it is possible to obtain co-phase current distribution
and constructive radiated fields interference in the maximum radiation direction by using half-
wavelength (A/2) microstrip line with equal length segments folded into quarter-wave stubs [12], [13].
The half-wavelength and quarter-wave stubs might have equal or distinct characteristic impedances, as
well as different meandering patterns, according to the design approach [12], [13]. This kind of structure
is a traveling wave radiator so-called microstrip-Franklin antenna. It is applied to large linear antenna
arrays in mm-waves [12], [13], [22].

In this work, the microstrip-Franklin antenna concept is used to design a microstrip transition for
enhancing the impedance matching among microstrip lines, substrate and air. We have chosen a
meandering-based geometry, initially proposed by K Solbach is [13], because it is simpler than others
proposed in the literature. Moreover, this structure is suitable for our mm-waves fabrication facilities

for antenna prototyping. The coupler relies on two half-wavelength microstrip lines, connected by two
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quarter-wave phasing stubs. A 50Q microstrip line section has been added to allow the connector
welding. The antenna layout and constructive parameters are presented in Fig. 2, in which L, and W,
are the 50Q microstrip line length and width, respectively, L is the radiator total length, W is the half-
wavelength microstrip line width, L; is the length of the stub, W is its width, Ws is the slot width between

the stubs, Ly and Wy are the substrate length and width.

Fig. 2. The proposed antenna based on microstrip-Franklin radiators and dielectric slab.

The microstrip transition has been symmetrically printed onto the substrate opposite faces, as
displayed in Fig 1(b). The antenna is excited by standard and surface waves along with dielectric
structure, in such a way energy is gradually radiated. This phenomenon is similar to that observed in
conventional DRAs with low permittivity dielectric materials (around 2g, or 3g,) [12]. The stubs
introduce an 180°-phase shift between the half-wavelength microstrip lines. Their geometry produces
opposite current paths and cancels the stubs radiation. The symmetrical design between the stubs allows
low parasitic discontinuity effects at the stubs and half-wavelength line junction [16]. The characteristic
impedance (Zo) of the half-wavelength line and stubs were equals, and the value is obtained with

Z, = /Zj’_ ®

in which Zg is the coaxial cable characteristic impedance, 1, is the air intrinsic impedance, and & is the

substrate relative permittivity. Equation (1) was derived by taking a geometric mean among the
microstrip line, air, and dielectric intrinsic impedances. First, a geometric mean is calculated between
the air and dielectric intrinsic impedance, since the electromagnetic wave formed along the Franklin
radiators propagates through these environments. Then, a second geometric mean is obtained between
the first result and the microstrip line characteristic impedance.

I11. ANTENNA FABRICATION AND CHARACTERIZATION

The antenna has been designed for 30 GHz, using an Arlon Diclad 880® substrate with 1.52 mm
thickness, relative permittivity & = 2.2 and loss tangent tan(d) = 0,0009 at 10 GHz [23]. The initial
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values of W; and W have been calculated for a characteristic impedance of 124.4 Q, by applying the
substrate parameters in (1). The lengths L, L: and L have been initially set equal to one half of the free-
space wavelength and Wr was obtained numerically. The antenna performance has been evaluated using
the Finite Element Method (FEM) in ANSYS HFSS® [24]. Its final dimensions were: L, = 6 mm,
W, =3.81 mm, L =6mm, W=W,;=1.19 mm, L;=7.48 mm, W; = 0.2 mm and Wy = 20 mm. The values
of W; and W match with a characteristic impedance of 129.5 Q, and represents an increase of
approximately 4% from the predicted value. The antenna prototype with 80 mm substrate length
(Fig. 3a) has been evaluated in terms of reflection coefficient, radiation pattern and gain. Fig. 3b reports
the simulated and measured reflection coefficient, whose bandwidths were 2.30 GHz (28.96—
31.26 GHz) and 3.30 GHz (27.96-31.26 GHz), respectively, defined through frequencies with reflection
coefficient lower than —10 dB. Fig. 3b corroborates the design.
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Fig. 3. Microstrip-Franklin excited dielectric slab antenna (a) prototype, (b) reflection coefficient.

The antenna directivity depends on the substrate length, since increasing Lg allows higher gain levels,

while its frequency response and radiator element are kept unchanged. Fig. 4a displays the numerical
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analysis of the antenna directivity at 30 GHz as a function of the normalized substrate length (Aer). It
varies from 6.67 to 16.24 dB, as the substrate length is increased from 19.9 (Aer). to 170 mm (20Aer).
Fig. 4b depicts the radiation pattern in the azimuth plane for three different substrate lengths, namely:
det, 10Aes and 20Aer. The half-power beamwidth (HPBW) was for longer substrate lengths, which
corroborates with the results from Fig. 4a.
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Fig. 4. Antena properties at 30 GHz: (a) Directivity; (b) Azimuth radiation pattern (6 = 90°).

The radiation pattern and gain have been measured, using 25-dBi gain horn antennas as a reference,
in an indoor environment at 30 GHz. The antennas were positioned 5 m away from each other and
mounted at 2 m height. The simulated and measured normalized radiation pattern for the azimuth and
elevation planes are depicted in Fig. 5 and have shown in the agreement. An asymmetric radiation
pattern is observed in the elevation plane with higher side lobe levels between 20° and 60°, when

compared to the angular region from 120° to 160°. This behavior was due to the feeding connector,
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whose dimensions are close to those of the proposed antenna. The measured gain was equal to 10.5 dBi

and HPBW in the azimuth and elevation planes were equal to 22.13° e 25.81°, respectively.

Table Il reports a performance comparison among the proposed dielectric slab antenna with previous
works discussed in the Introduction Section. The following metrics have been comforted: fractional
bandwidth (FBW), central frequency, gain and sidelobe level (SLL). The higher bandwidth radiators
are those that the feeding structures are based on wideband antennas, such as Vivaldi [18], [19]. Similar
to the FBW, the structure final gain is higher to those in which the fending structure employs an array
or a enhancing-gain technique [19], [20]. Our dielectric slab antenna has the main advantages of simple
design and fabrication, in conjunction with quite high gain -without using an array structure or lens-
and wide bandwidth. It provides lower SLL due to its RF connector dimensions, as discussed above.
An essay without the RF connector has returned an SLL equal to -12 dB.

@ (b)

Fig. 5. Simulated and measured normalized radiation pattern at 30 GHz: (a) Elevation plane; (b) Azimuth plane.

TABLE Il. PERFORMANCE COMPARISON AMONG THE PROPOSED DIELECTRIC SLAB ANTENNA WITH OTHER DIELECTRIC

ANTENNAS.

Reference FBW [%] fc[ GHZz] Gain [dBi] SLL [dB]
[17] 4.71 26.75 9.30 >10.00
[17] 4.67 26.5 9.70 >8.27
[18] 56.41 9.75 4.43 >5.00
[19] 163.63 27.5 20.00 >14.60
[20] 13.18 9.10 18.00 >23.37
[21] 26.00 10.00 12.50 -

This work 11.14 29.61 10.50 >6.00
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IV. INDOOR WIRELESS COMMUNICATION LINK IMPLEMENTATION
This section reports the experimental results of the indoor wireless transmission using the proposed

microstrip-Franklin dielectric slab antenna at 30 GHz. The setup block diagram is depicted in Fig. 6(a),
whereas the experimental setup scenario photography is in Fig. 6(b). At the transmission side, a vector
signal generator (VSG) provided a 64-QAM 6 Gb/s signal, which was transmitted using a 25 dBi-gain
horn antenna. The free-space loss, calculated by the Friis equation, was 79.96 dB for 5 meters length.
Our antenna, followed by a 14 dB-gain low noise amplifier (LNA), composed the received side. A
vector signal analyzer (VSA) has been utilized to evaluate the RF received signal performance.

We have evaluated the system digital performance in term of the root mean square error vector
magnitude (EVMgwms), as a function of the received power, as reported in Fig 7. The black curve with
squares represents the back-to-back (B2B) condition, ensured by directly connecting VSG to VSA for
comparison purposes. The red curve with circles represents the wireless transmission, in which the
received power levels ranged from -38 to -28 dBm. Digital pre-distortion (DPD) has been applied to
enhance the system performance. DPD is a technique for compensating the channel fading in both phase
and magnitude. The transmitter and receiver were connected using Ethernet protocol to establish
connection and remote control [25]. In accordance to 3GPP [26], EVMzgrus for 64-QAM modulation
should not exceed 8%. The proposed antenna allowed EVMgwms ranging from 5.75% and 7.73% for
received power higher or equal than -34 dBm, which fulfill the 3GPP requirement, illustrating its
applicability to 5G systems.

Transmission side Reception side

Horn antenna Proposed antenna

)) (1

E8267D FSW
PSG Vector Signal 5m ——1| Signal & Spectrum

Generator Analyzer

v

(b)

Fig. 6. Implementation of the dielectric slab antenna at 30 GHz: (a) block diagram; (b) Experimental setup scenario

photography.
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Fig. 7. Performance analysis as a function of EVMgrwms: B2B (black curves with squares); wireless link using the proposed

antenna (red curve with circles).

V. CONCLUSIONS

We have proposed, developed and applied a new and compact dielectric slab antenna, excited by
microstrip-Franklin radiators for 5G mm-waves applications. The proposed design might be considered
the first end-fire antenna array based on microstrip-Franklin radiators, which also comprise a novel
technique to develop high-gain dielectric antennas, by means of extending its dielectric slab. Numerical
simulation and experimental results have been shown in excellent agreement. The dielectric laminate
length strongly influences the antenna directivity, allowing an enhancement of 9.57 dB (from 6.67 to
16.24 dB), when it is increased from 19.9 to 170 mm. A 80 mme-Ilength prototype provided measured
bandwidth of 3.30 GHz (27.96-31.26 GHz), half-power beamwidth equal to 22° and 25° in the azimuth
and elevation planes, respectively, and 10.5 dBi gain at 30 GHz. Finally, our antenna applicability has
been successfully demonstrated, by its implementation in a 6 Gb/s indoor wireless communication link.
Future works regards the implementation of our compact dielectric slab antenna, excited by microstrip-
Franklin radiators in a 5G outdoor environment, using our DSP-based flexible-waveform 5G Brazilian

Transceiver [27].
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