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Abstract

A planar rectangular slot antenna with dual-band operation and realized higher peak gain is
proposed, designed, and fabricated for sub-6 GHz 5G applications. The antenna possesses a
rectangular radiating slot with the inverted stub on its upper edge excited simultaneously
by a micro-strip feed line having a double folded T-shaped structure. The fabricated design
is of compact size with the radiating portion of 0.3 λ0 × 0.17 λ0 (λ0 represents free-space wave-
length) and profile of 0.009 λ0. The measured results show the operating frequency bands of
3.29–3.63 GHz and 4.3–5.2 GHz, with a peak gain of around 7.17 dBi. The higher frequency
band is generated by the feed patch and the slot whereas lower resonant frequency band is
generated by the stub loaded on the slot. The measured results are in a good agreement
with the simulated results. The proposed design is suitable for the International
Telecommunications Union sub 6 GHz applications.

Introduction

To meet the huge growth in the data rate of wireless devices and to ensure the mobile connect-
ivity to a huge number of devices, the technology is being shifted towards the fifth generation
(5G) which is expected to be commercially out by 2020. The main motive of 5G technologies is
to provide around 10 Gbps data rate for the user which is about ten folds the data rate of
4G-LTE. It aims at providing this data rate along with low latencies and good reliability. It
is expected that 5G is surely going to make an effective impact on a number of applications
in various fields that will improve the lifestyle of the majority of population [1].

While dealing with a number of frequencies, it is assumed that the Radio Access Networks
(RANs) for 5G are going to support several 5G bands simultaneously [2]. In order to study the
demand for the spectrum required for international mobile telecommunication (IMT), the
ITU-R has fixed up some criteria. In recent times ITU-R is almost done with the study for
this demand fulfilling the criteria towards 2020 [1]. The proposed antenna covers the 5G fre-
quency bands that include ITU n77 (3.3–4.2) GHz and n79 (4.4–5) GHz. It has been
immensely studied that the frequencies in the lower range are going to provide much good
coverage for recent wireless communications. For 5G communication it is not only about get-
ting high data rates but it should also ensure wider coverage area with outside to inside net-
work coverage by using the spectrum bands under 6 GHz [3].

There has been an initiative of deploying 5G commercially in the frequency range of sub-6
GHz. The ITU has declared sub-6 GHz and millimeter wave spectrum for 5G. An ever-
growing desire for transmission at high data rates with low power levels and low costs moti-
vated the engineers to make the effective and efficient use of 5G technology by designing the
antennas that support almost all such desirable features [1]. A number of sub-6 GHz antenna
designs reported in the literature wherein good performances have been shown, largely include
the printed antenna technology. The technologies have produced the miniaturized antennas
thereby retaining the good efficiency. A large class of these antennas comprises printed micro-
strip slot antennas [4]. The slot antennas are being employed for a wide range of applications
that mainly include WiMAX, WLAN, Bluetooth, 4G LTE, etc. In spite of already reported
applications, slot antennas are broadly used for wireless 5G applications that mainly include
mobile terminal devices in the recent scenario. The proposed rectangular slot antenna has
been mainly designed for sub-6 GHz 5G applications for mobile handheld devices. A number
of techniques for slot antenna design is reported in literature comprising cross-shaped slot
coupler antenna [5], circular patch antenna with asymmetrical open slots [6], C-shaped
coupled fed antenna with L-shaped monopole slot having orthogonal polarization [7], octag-
onal shaped slot antenna with U-shaped strips for UWB applications [8], a monopole radiator
with square slot having L-shaped strips [9], a transformer triple band slot antenna [4], a wide-
band slot antenna with fictitious resonances [10], a hexagonal shaped slot antenna with
U-shaped slot and two split rings [11], inverted F-antennas for dual mode operation [12],
antenna with defected ground having F-shaped slots [13], an elliptical patch antenna with
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elliptical slot and dipole fed [14], an antenna with a radiating
element comprising of CSRR slots and fed by a meandered
CPW [15], a fractured-slotted ground plane with F-shaped struc-
tures [16], F-shaped slotted MIMO antenna with users hand
effect [17], two monopole antennas having two rectangular
etched slots and a T-shaped stub [18], U-shaped slot antennas
with wide band applications [19, 20].

However, the printed slot antenna designs with relatively high
gain, higher efficiencies, and compact size remain a concern. For
the sub-6 GHz band of 5G applications, the literature reports cer-
tain disadvantages of the slot antennas that include the larger slot
dimensions, low impedance bandwidth, small gain, low efficien-
cies, etc. Since the space is limited in the 5G handheld devices,
it becomes an essential need that the antenna is placed with the
dielectric back cover of the mobile device. For this reason, low
profile antennas are required for 5G applications. It implies that
the total antenna thickness should be around 1mm i.e. about
0.01 λ0 at 3.3 GHz [21]. The proposed structure has been devel-
oped in accordance with 5G applications where the effect of the
dielectric back cover and human tissues have been studied
which are considered the most important with respect to mobile
terminal applications. Another important aspect of 5G smart-
phone application is the measurement of SAR (specific absorption
rate) values with respect to the head-hand model.

Major contributions of this work

In this paper, a rectangular slot antenna is proposed with a radi-
ating slot, loaded with an inverted U-shaped stub with a strip con-
nected to its upper edge designed on the top side of the substrate
and a folded T-shaped micro-strip feed line on its bottom side.
The proposed antenna is designed for ITU sub-6 GHz 5G appli-
cations with the realized peak gain of around 7.17 dBi. The
antenna is optimized with targeted size to achieve the compact
slot dimensions of 0.3 λ0 × 0.17 λ0 and the overall physical size
of 0.39 λ0 × 0.34 λ0. The proposed slot antenna is of low profile
around 0.009 λ0 at 3.3 GHz. The printed slot antennas are proving
to be good candidates for the design of multi-band antennas
owing to their benefits of easy fabrication, cost-effectiveness,
and low profile. In the proposed antenna rectangular slot acts
as a radiator for the generated 3.2–3.56 GHz frequency band
and an inverted U-stub for 4.2–5GHz generated band. The reson-
ant frequencies and gain can be controlled by tuning the stub
parameters. The fabricated prototype seems to exhibit stable pat-
terns, realizable gain at the respective generated frequency bands.

The antenna performance is being assessed by simulating it with
the back cover also in the presence of lossy human tissues. The
back cover has shown a prominent effect on the S-parameters
whereas the human head-hand effect has shown the effects on
the radiation patterns as well as the efficiency of the proposed
antenna.

The paper is organized as follows. Section “Proposed design
and simulation framework” describes the details of the proposed
slot-antenna which is designed and simulated in the computer
simulated technology (CST) environment. The fabrication and
experimental details are given in Section “Fabrication and charac-
terization setup”. Section “Antenna analysis” gives an insight into
the analysis of antenna design wherein the parameters have been
optimized in order to get the desired results. All the simulated and
measured results of the design and their comparison with the lit-
erature are given in the Section “Results and discussion”.

Proposed design and simulation framework

The proposed double-band rectangular slot antenna is designed
on the top and bottom sides of FR4 substrate of thickness “h”
(h = 0.8 mm), dielectric constant/relative permittivity “εr” (εr =
4.3), and the loss tangent “δ” (δ = 0.025). The antenna schematic
as shown in Fig. 1 comprises of a slot, rectangular in shape with
the slot dimensions of Ws × Ls. The slot is cut from the metallic
ground on the top side of the substrate.

The given slot antenna is fed by a micro-strip line having a
width “Wf” designed on the bottom side of the substrate. For a
compact antenna structure, the feed line comprises two horizontal
metal strips of which the uppermost one is double folded with a
cut in the center. The feed line is connected to the metal strips via
an impedance transformer of length “Lt” for impedance matching
with 50Ω line. The overall micro-strip feed line is of T-shaped
structure with appropriately optimized dimensions. The antenna
consists of a somewhat inverted U-shaped stub element with a
metallic strip connected to the upper edge of the rectangular
slot. The antenna slot acts as the radiator that generated the fre-
quency band of 4.2–4.84 GHz. On loading the antenna with the
stub, the frequency band of 3.2–3.56 GHz is generated. Both the
generated frequency modes are viable for sub-6 GHz 5G
applications.

In Table 1 all the given optimized parameters of the proposed
antenna design used for the final fabrication of the prototype and
subsequently been characterized for the measurement of results.
The proposed antenna is designed and simulated in the CST

Fig. 1. Schematic of proposed slot antenna (a) top side
(b) bottom side.
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(Computer Simulated Technology) Microwave Studio Suite. The
simulation results included the −10 dB return loss parameter,
radiation pattern, efficiency, and peak gain for the design having
the reference impedance of 50Ω along the feed line.

Fabrication and characterization setup

The simulated antenna prototype is fabricated by the photo-
etching process. The fabricated prototype of the antenna is
shown in Figs 2(a) and 2(b). The fabricated prototype is charac-
terized using the antenna measurement set-up comprising of
VNA-E5071C Vector Network Analyzer and the test measure-
ment horn antenna setup of the anechoic chamber. The measure-
ment system is wholly an automated system, wherein the radiation
parameters for all angles of azimuth and elevation planes are
computed using Antenna Measurement Studio which is a preci-
sion antenna measurement system and data processing software.

Antenna analysis

The resonant frequency of the slot antenna depends on the length
and width of the slot as well as on the effective dielectric constant
of the material. The resonant frequency is given as:

Ft = c
2(Ws+Ls)

�

1
√ = 4MHz (approximately), where, ε = εr + 1/2

represents dielectric constant of medium [22].

The wave propagates at approximately half the speed in a
medium than in the free space that ultimately results in the
decreased wavelength as depicted by l = l0/

��

1
√

where, λ0 is
the free space wavelength [22]. The concept is used while design-
ing the miniaturized antennas as the resonating antennas are of
the size of half-wavelength. The proposed antenna design is ana-
lyzed for the following two conditions:

(a) The antenna with the slot and the feed patch.
(b) The design with the stub loaded on the slot.

The analysis of the radiating portions of the double band slot
antenna in the abovementioned conditions implies that in the first
condition antenna generated the frequency band of 4.2–4.84 GHz
centered at 4.5 GHz. In the second condition, it generated the
second frequency band of 3.2–3.56 GHz centered at 3.3 GHz.
The antenna is analyzed for all the parameters including the
slot dimensions, stub dimensions, and patch feed dimensions.
The effect of all the parameters is summarized as:

(1) The frequency band 4.2–4.84 GHz is generated by using the
parameters “W1” and “Wc” of the feed patch and length
“Ls” of the slot. The effect of W1 and Wc is shown in Fig. 3
(a). Having W1 = 26 mm, Wc = 5mm, and Ls = 16 mm, the

Table 1. Dimensions of the proposed design in “mm”

W L WS LS WS1 LS1 WS2 LS2 WG Lg

36 31 28 16 25 3.5 1 4.3 36 31

Wf Lf Wt Lt W1 L1 W2 L2 Wc Lc

1.56 11 3.6 2 26 1.4 15 2 5 0.5

Fig. 2. Fabricated prototype of the design (a) bottom
view (b) top view.

Fig. 3. Simulated S11 with different values of (a) W1, Wc
(b) Ws1, Ws2.
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generated frequencies cover n77 (3.3–4.2 GHz) and n79 (4.4–
5 GHz) bands.

(2) The frequency band 3.2–3.56 GHz is generated by using the
parameter “Ws1” and “Ws2” of the stub loaded in the slot as
shown in Fig. 3(b). By optimizing these parameters, it is
observed that for Ws1 = 25 mm and Ws2 = 1 mm the fre-
quency generated covers the ITU n77 (3.3–4.2 GHz) band.

(3) The impedance matching of 50Ω is achieved by using Wf =
1.56 mm (width of feed line), Lt = 2 mm (length of the trans-
former). It is also observed that the lower bottom length of
the ground plane has a prominent effect on the impedance
matching.

(4) By using the parameter “Ls1”, the gain of the antenna is con-
siderably improved. The realized peak gain of the proposed
antenna is improved by around 1.5 dBi by optimizing the
Ls1 to 3.5 mm.

The study of the proposed design shows that the antenna with
the rectangular slot and the micro-strip feeding network gener-
ated 4.2–4.84 GHz frequency band. On loading the antenna
with the stub towards the upper edge of the slot, the antenna gen-
erated the second frequency band of 3.2–3.56 GHz. In order to
understand the operation of the design, the surface current par-
ameter has been extracted and shown in Fig. 4. It shows, at 4.5
GHz, the currents are flowing along the edges of the etched slot
and the double-folded edge of the feed patch owing to the

generation of 4.2–4.84 GHz frequency band. At 3.3 GHz, the sur-
face currents are dense along the length of the stub which gener-
ated frequency band of 3.2–3.56 GHz. The surface currents justify
both the frequency bands generated.

Results and discussion

The characteristic study of the proposed dual-band antenna
design is done using the CST studio suite. The measurement of
the fabricated prototype is done using antenna measurement
equipment. The S11 parameters of the prototype are measured
using VNA and the radiation pattern parameters being measured
using VNA and the set-up consisting of pyramidal horn-antenna
for testing in the anechoic chamber. The measurements show that
antenna resonates in the frequency bands of 3.29–3.63 GHz and
4.39–5.2 GHz which are quite comparable to the simulated results
of 3.2–3.56 GHz and 4.2–4.84 GHz, respectively. The simulated
and measured S11 parameters of the fabricated antenna design
with stub and simulated S11 results without stub are shown in
Fig. 5. The simulated and measured results depict that the
obtained −10 dB return loss (S11 parameters) of the proposed
antenna covers the sub-6 GHz frequency bands n77 (3.3–4.2
GHz), n78 (3.3–3.8 GHz), and n79 (4.4–5 GHz) that are desig-
nated for future generation 5G applications by ITU [14]. The
minor differences between the simulated and measured results
might be because of certain discrepancy during the fabrication

Fig. 4. Simulated current distributions at (a) 3.3 GHz (b) 4.5 GHz.

Fig. 5. S11 parameters (a) Simulated and Measured S11
with stub, (b) Simulated S11 without stub.
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process and the soldering of the connector. The differences in the
measured S-parameters are subject to the setting in the anechoic
chamber that might be including excess metal.

Figure 6 shows the simulated and measured radiation pattern
of the fabricated design at the desired frequencies of 3.3 and
4.5 GHz. Radiation pattern comprises co-polarization as well as
cross- polarization plots in both E- and H-plane. It can be
deduced from the observation of the pattern that in one plane
it resembles omni-directional pattern whereas in other planes it
is of dumb-bell shape which agrees with the statement that rect-
angular slot antenna is quite similar to the “ λ/2” dipole antenna
in its pattern [22]. The observed half-power beam width for the
proposed antenna is around 83.4° in the E-plane and 75.3°
along the H-plane field at the operating frequency of 3.3 GHz.
At 4.5 GHz the HPBW in the E-plane is 75.8° while along
H-plane it is around 71.2°. The results depict a wider HPBW in
both planes at the respective frequencies.

After measuring the radiation pattern parameters of the fabri-
cated prototype, the antenna gain and efficiency are computed
manually. At lower frequencies, there are electrically small cur-
rents due to the reduced ground plane. As a result of this, some
of the antenna currents tend to flow backwards along the outer
surface. This might have caused some inaccuracies in the meas-
urement of the radiation patterns in addition with some alteration
in the distribution of current along the edges of the antenna. This
is the prominent reason for the reduced gain at the lower

frequencies wherein the antenna is not radiating and not creating
any resonant frequency.

The gain of the proposed antenna design has been measured
by using the Gain Transfer Method/Gain Comparison Method
as per the IEEE standard test procedure. For the gain calculation,
one reference antenna is used whose gain is known and its placed
on an antenna positioner in the anechoic chamber. The fabricated
prototype is then aligned with the reference horn antenna at a
suitable distance in the direction of maximum radiation. In our
measurement purpose, we have used the VNA for gain calculation
where S21 parameter is being activated which gives the gain of the
proposed antenna with respect to the reference antenna. The
measurement setup which includes anechoic chamber and VNA
are shown in Fig. 7. The measured results show that the realized
peak gain of the proposed antenna is 7.17 dBi which is in agree-
ment with the simulated peak gain of around 7.81 dBi as shown in
Fig. 8(a). Since antenna measurement equipment is fully auto-
mated wherein first the gain is measured in addition to reflection
coefficient and directivity. Finally, the efficiency of the antenna is
computed. The measured results show that the fabricated proto-
type radiates with the total efficiency of around 79.58% which
is comparable to the simulated results as shown in Fig. 8(b).

The proposed antenna has been analyzed for the effect of the
back cover made of dielectric material with permittivity and loss
tangent of 3.32 and 0.002, respectively. The schematic of the
antenna with a back cover is shown in Fig. 9. The simulated

Fig. 6. Radiation patterns of the antenna prototype with co-pol and cross-pol (a) E-plane (3.3 GHz) (b) H-plane (3.3 GHz) (c) E-plane (4.5 GHz) (d) H-plane (4.5 GHz).
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S-parameters and the respective efficiency of the antenna with
back cover are shown in Fig. 10. As observed from the results,
there is a slight difference on comparing the antenna without
and with the back cover which is mainly due to the dielectric
loss due to the back-cover material.

One of the most important parameters that have an impact on
the radiation pattern changes in an antenna in the presence of
human head-hand tissues is SAR (specific absorption rate)
value. The antenna has been investigated for SAR parameter
and the results show better performance in the presence of head-

Fig. 7. Measurement setup VNA and Anechoic Chamber.

Fig. 8. (a) Gain of the proposed antenna. (b) Efficiency
of the proposed antenna.

Fig. 9. Antenna schematic with the dielectric back cover.

Fig. 10. Comparison of S11 parameter and Efficiency with and without dielectric back cover.
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hand tissues. There has been a reduction in total antenna effi-
ciency and it may be emphasized to be because of the lossy nature
of human hand tissues but still it is observed to be around 60%
which is very much acceptable for 5G mobile applications. The
radiation patterns of the antenna seem to be very effective with
good gain values however there are certain discrepancies in the
characteristics but their effect is not too significant in the pre-
sented antenna design. The radiation patterns of the antenna
with back cover and in the presence of human head-hand
model are shown in Figs 11(a) and 11(b).

The antenna has been studied for SAR effect which is a func-
tion that determines the energy absorbed by the human body
while the antenna is in transmitting or receiving mode. It has
been a critical parameter while designing the antenna for mobile
handheld devices. The proposed antenna has been simulated for
SAR results and it is observed that it has an acceptable amount
of SAR values almost “<1” at 3.3 and 4.5 GHz frequencies.
Figure 12 shows the simulated SAR values in the vicinity of
human head-hand model.

The comparison results of the double-band slot antenna and the
work done in the literature are listed in Table 2, in which the radi-
ating portion, antenna profile, and the corresponding peak gains
are compared. It is evident from the results that the proposed
antenna is having a compact size in comparison with the reference
antennas taking into account the size of entire antenna including
the ground plane. The gain of the reference antenna [14] and

[22] is better than the proposed design; however, the profile of
the proposed design is low which is suitable for 5G terminal
devices. The low-profile antennas are very desirable because of
the limited available space in these devices. The antenna is having
desirable efficiency and impedance bandwidth in comparison with
the reported state-of-the-art.

Conclusions and future work

A planar dual-band patch slot antenna having a rectangular slot,
micro-strip patch feed is presented for sub-6 GHz future generation
5G applications. The antenna has been simulated and measured in
order to study its performance with respect to its parameters
including −10 dB return loss (S11 parameters), peak gain (dBi),
total efficiency, and radiation characteristics. The measured results
depict that the antenna performs dual-band operation with the fre-
quency bands of 3.29–3.56 GHz and 4.39–5.2 GHz along with a
peak gain of 7.17 dBi having the radiation portion of “0.3 λ0 ×
0.17 λ0” and “0.009 λ0” antenna profile. The antenna analysis has
shown good performance when simulated with the dielectric
back cover and in the presence of the human head-hand model.
The analysis has shown acceptable amount of SAR value for safe
application thereby retaining better efficiency and radiation pat-
terns. The less complicated structure with the less cost required
for fabrication including all the resulting parameters may make
this antenna a viable candidate for sub-6 GHz 5G applications.

Fig. 11. Radiation patterns of antenna (a) with back cover at 3.3 and 4.5 GHz (b) in the presence of human head-hand tissues at 3.3 and 4.5 GHz.
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The analysis of different stub structures including the optimization
of stub parameters in the radiating portion needs to be considered
for the future work to make the antenna viable for wideband appli-
cations with improved gain. The feeding method can also be
enhanced for the future scope.

Acknowledgement. The fabrication and characterization of the proposeddesign
were done in the antenna design andmicrowave engineering lab in the department
of electrical engineering – Indian Institute of Technology Kanpur, India.
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