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Abstract

In the current mobile networking regime, cellular service providers are continuously facing
bandwidth constraints due the ever-growing demand for mobile services. As future emerging
services become more rich in content, their QoS requirements become more stringent in terms of
delivering high quality, low latency, and high bandwidth connectivity. This trend provided the
impetus for 5th Generation (5G) cellular networks that are anticipated to be deployed in the
coming years. A distinguishing feature for 5G is the use of millimetre wave technology as a means
towards harnessing more available bandwidth. This places new design requirements on the
antenna technology in terms of miniaturisation and multimode connectivity. This chapter
describes a family of future antennas for 5G wireless mobile communication. These antennas
constitute a rectangular patch element printed over 0.8mm RF4 substrate. The antennas have
a simple structural layout and have low profile with over-all volume of 5x5x0.8mm?3.For
bandwidth improvement purpose, a defected ground plane (DGP) approach was
implemented, which demonstrated a broadband impedance response in the millimetre wave
(mmW) spectrum from 30GHz to 45GHz, covering Ka band. Furthermore, an L-shaped slot
was inserted over the right bottom corner of the patch in order to generate a notched-band
feature at 40GHz. To tune this rejected band, a lumped capacitor was attached on a
appropriate location over the slot. The proposed antennas have good performance in terms of
return loss, bandwidth coverage, antenna gain, and high efficiency over the entire frequency
range.

1. Introduction

The mobile industry is continuously innovating new handset devices to be aligned with future
emerging market trends. Today’s handsets support video streaming, multimedia and fast surfing
internet that is enabled by the Long Term Evolution (LTE) standard, what is commonly referred
to as 4G . The recent explosion in 4G communication technology has led to portable devices such
as notebooks or laptop computers, operating on the LTE bands, namely LTE 700MHz, LTE
2400MHz, and LTE 2600 MHz; several LTE antenna designs have been reported recently [7-12],
but are rigid in their design to cover new design frequencies to cover these lower frequency
operational designs.



The current communication regime is heading towards higher data rate connectivity as the market
for rich multimedia content proliferates; this is supported by advances in nano-electronic devices
and components that enable high processing power. In this context, the lower frequency bands
that are being exploited by various communication networks are becoming congested forcing the
industry stakeholders to investigate alternative pools of spectrum. . One such option is the UWB
unlicensed bands that ranges from 3.1-10.6GHz that is being considered for indoor scenarios due
to the shorter distances [13].

UWB antennas have gained huge consideration in the academia and industry for applications in
wireless transmission systems. Thus, several antennas designs with numerous approaches were
exploited to enhance the bandwidth coverage and enable the antenna to operate in the UWB
frequency range [14-21]. Moreover, as there exists some standard narrow band standards within
the UWB frequency region such as the wireless local area network (WLAN) for IEEE802.11a
operating at 5.15-5.825GHz band, IEEE 802.16 WiMAX system operating at 3.3-3.7GHz, C-
band (4.4GHz-5.0GHz), and X-band operating at 7.725-8.275 GHz for ITU applications, this has
led to performance degradation for UWB system due to co-channel interference. Thus, to avoid
UWB devices from such interferences, an UWB antenna including filtering notch features is
desired. The filtering notch performance may be accomplished by introducing a number of
effective techniques as stated in [21-33].

However, although there are several advantages with the UWB standard, and in particular with
UWB antennas such as wide bandwidth, low power consumption, and high data-rate wireless
connectivity among devices within a personal operating space, the above mentioned antennas
operating in such systems [1-33] are limited to a carrier frequency ranging between 700MHz and
2600 MHz as in [1-12], and from 3GHz to 10GHz as in [14-33]. Still the antennas on offer are
not flexible enough to provide tunning/coverage for frequencies outside this range.

The next mobile era is heading towards 5G communications. The race towards 5G is driven by
the market place that is forecasting mobile traffic to increase exponentially over the next decade.
This is not only constitutes traditional mobile services such as high-speed data, but also future
emerging use-cases such massive machine-type communication and the tactile internet. In
synergy, these will place new design requirements on the mobile system that includes offering
high capacity services, super low latency connectivity and high reliability. Clearly, current 4G
systems that were designed preliminary for supporting medium-to-high data rate service are not
engineered to support the expected diverse traffic types, nor able to have inherent capacity to
support the growth in data; the existing cellular networks may need to deliver as much as a
thousand times the capacity relative to current levels, and it is clear that legacy mobile systems
will reach a saturation point.

To provide the 5" Generation mobile network the necessary tool to deliver next generation
services, will require at first more spectrum since current capacity enhancement techniques can
only deliver stepwise gains. In order to solve this problem, the 5G standardization community is
looking towards the use of the higher frequency spectrum, the so called millimeter wave bands
(20 — 300 GHz), where a huge amount of untapped spectrum pools are available.

In fact, the millimeter wave bands have been recommended to be significant and essential part of
the 5G mobile network in order to provide multi-gigabit communication services such as high
definition television (HDTV) and ultrahigh definition video (UHDV) [34]. It is believed that from
both the regulatory and technological perspectives , the initial spectrum allocation for 5G will be
between the bands of 24 GHz up to 57 GHz. It has been suggested/ recommended that the mobile
industry prioritize bands within the 25.25 — 29.5 GHz and the 36 — 40.5 GHz frequency blocks as
primary targets for 5G (World Radio communication Conference 2019 -WRC-19) [35]. In this



context, the efficient deployment of 5G systems will require the design of even more compact yet
efficient antennas. This provides the impetus for a new breed of handset design that in principle
should be multimode in nature, energy efficient, and above all able to operate at the mm wave
band, placing new design drivers on the antenna design.

There has been unprecedented activity within the antenna research community to come up with
efficient antenna designs for use in 5G paradigm, in particular designs that operate in dual 5G-
frequency bands, i.e., 28 GHz and 38 GHz bands. The mm-wave 5G antenna designs must take
into consideration the high propagation loss due to atmospheric absorption at millimetre waves
[36]. Furthermore, the 5G antennas are expected to have a high gain, efficiencies and bandwidth
greater than 1 GHz. Several investigations carried out on wireless communication that employ a
printed antenna technology for mm-wave bands [37-40]. Microstrip antennas are exploited for
various applications owing to their simple and low profile features. However, microstrip antenna
suffers from narrow bandwidth typically 2-5%, very low radiation efficiency (< 10 %) and low
gain (< 0 dBi) [41]. All these drawbacks may lead to reduction in the antenna gain and efficiency
considerably at mm-wave frequencies. The printed monopole antenna has also been broadly used
for mobile applications due to inherent attributes such as low profile, planar structure, multiband
properties, low cost, moderate to high gain, and ease of fabrication. Various antenna designs [42-
47] have been proposed for 5G applications, which operate in this new millimeter-wave spectrum.
Although these antenna designs cover the desired 5G allocated frequency bands, there are very
few of them, which provides a wide frequency bandwidth. Moreover, the antennas that operate
over a broad frequency range, but also have limited agile flexibility in their design to overcome
interference [42,44].

To mitigate interference and to have a more flexible inherent design, we re-engineer the printed
monopole design, and propose a wide band monopole printed antenna encompassing simple and
effective approaches towards enhancing the bandwidth, power gain, efficiency and reducing the
interferences at mmwave frequencies. This chapter first considers the design procedure based on
a single band monopole antenna, that evolves through stepwise enhancements towards our final
goal, an antenna that can operate with wideband characteristics. The enhancements consider notch
features that were introduced by embedding an L-shaped slot on the right bottom corner of the
radiating patch. To control the created rejected band, a lumped capacitor was positioned on the
best location within the L-shaped slot and by changing its capacitance values; the notched-band
can easily be shifted downwards over a wide and continues frequency range. The proposed
antenna is demonstrated to be a suitable candidate antenna to operate over the 36 to 40.5 GHz
frequency block, aligned with the frequencies range under consideration by the WRC-19 [35].

2. Antenna Design and Procedure

The mmwave printed monopole antenna structure and synthesis is shown in Figure 1. The
proposed antenna is constructed on a SLxSW, FR4 substrate with 0.8mm thickness, dielectric
constant er = 4.4 and loss tangent tan 6 = 0.017. The dimensions of the radiating patch (PL x PW)
is 2.5mmx2.5mm?. The antenna is fed via a 50-Ohm microstrip transmission line having a width
and length of FL x FW. The other side of the substrate has a finite rectangular copper ground
plane with dimensions GL x GW as depicted in Figure 1,b.
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Figure 1. The main antenna structure, (a) antenna with DGP ,(b) antenna with L-slot, (c)
antenna with attached capacitor

This optimised ground plane shape and dimensions has helped in improving the impedance
matching of the proposed antenna. The optimized parameters are summarized in Table 1. An
embedded L-Shaped slot dimension of SL x SW x ST was introduced on the right bottom corner
over the patch and close to the feeding strip as shown in Figurel.b, this slot was added in an
appropriate location in order to produce a rejected band at around 40GHz.



Tablel. The full dimensions of the proposed antenna

Parameters | Volume (mm)
Pw 2.5
PL 2.5
Fp 1.25
FL 2
Fw 0.15
Sw 5
SL 5
GL 0.5

GW 5
SL 1
ST 0.15
SW 0.75

3. Antenna Optimisation and Analysis

To further investigate the influences of the key antenna parameters on its performance, extensive
parametric studies were carried out. The optimized values for the proposed design are tabulated
in Table 1.Three parameters were chosen for this analysis, that include the ground plane length,
feed position and type of used substrate; these three parameters were deemed as the most sensitive
ones in defining the desired frequency bands along with best impedance matching. Each
simulation was run with only one parameter varied, while the other parameters remain unchanged.
The optimization analysis of the proposed antenna parameters were done with the aid of using the
CST EM simulator [48].

3.1 The influence of ground plane length (GL).

The influence of the length of the ground plane was analysed by examining the variations in the
S11 against the ground plane length. The length of the ground plane was varied from 3.5mm to
0.5mm, when the ground plane length set at 3.5mm, the proposed antenna exhibits a narrow
bandwidth at around 38GHz.
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Figure 2. Simulated return loss (S11) for different ground plane lengths of the first version of
the proposed antenna

On the other hand, this antenna demonstrates a wide frequency range from 30GHz up to around
40GHz, when the GL was varied from 2.5mm up to 1.5mm. When the ground plane length
decreased to 1mm, the higher resonant frequency was increased to 42GHz, this makes the antenna
operates over a broad bandwidth from 30GHz to 42GHz. However, when the GL sets at 0.5mm,
the bandwidth of the proposed antenna was further improved to cover the operational range from
30GHz to 45GHz as indicated in Figure 2, in which case this GL value was selected to be as the
optimum value for the length of the ground plane for the proposed antenna design.

3.2. The effect of feeding strip position (Fp).

The effects of the feed line position are illustrated in Figure 3. In this analysis, the position of the
feed line is primarily set to the edge of the design structure, which corresponds to 1 mm, which
is then shifted in steps of 0.25 mm closer to the end of the other edge, which is at 2 mm. One can
clearly see, that when the feeding strip is set at 0.5mm and 1.5mm, the proposed structure shows
a good impedance matching of 23 dB return loss at 25GHz. When the position of the feeding strip
is moved over the values of 0.75mm, 1mm, 1.75mm and 2mm, the antenna resonant frequency is
shifted upwards to around 30GHz. Although, the proposed antenna with the above-mentioned
feeding position values show a good impedance matching at around 25GHz and 30GHz, this is
still considered as a narrow bandwidth resonator which does not meet the targeted design value.
But, when the position of the feeding line is set at 1.25mm, the bandwidth of the proposed antenna
was significantly improved to cover a wide frequency range from 30GHz to 45GHz as depicted
in Figure 3. Therefore, this value of 1.25mm was picked to be as the best value of the feeding
location.
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Figure 3. Simulated return loss (S11) for different feeding line position on the first version of
the proposed antenna

3.3 The influences of the substrate type

To estimate the effectiveness of permittivity of the applied substrate, the variation of the
permittivity of the substrates against the S11 response is investigated as depicted in Figure 4. This
examination was implemented in order to accomplish the best behaviour for the proposed antenna
at the targeted wide bandwidth range. Four substrates with different levels of permittivity were
used in this study, where the wide band frequency response was analysed, as indicated in Figure
4. These include (FR4 &r = 4.4), (RT/duriod 5880 &r = 2.33), (RT/duriod 5870 & = 2.33) and
(Roger RT 6006 ¢r = 6.15).

It is appeared that when the proposed radiator is printed over the RT/duriod 5870 ¢r = 2.33 and
Roger RT 6006 ¢r = 6.15, it exhibits a resonant frequency only at 50GHz, which does not meet
the broad bandwidth target defined within this work. On other hand, when both the FR4 ¢r = 4.4
and Roger RT 6006 ¢ = 6.15 were utilised, the antennas achieves a very wide frequency range
from 30 GHz up to around 45 GHz, as depicted in Figure 4, that is more suited to 5G applications.
However, as the permittivity of RT 6006 7 = 6.15 is a quite high, this will affect and impair the
performance of the antenna, particularly in terms of the antenna gain and efficiency. Thus, the
FR4 er = 4.4 was selected to be used as the substrate materiel within this investigation.
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Figure 4. Simulated return loss (S11) for different substrate materials on the first version of
the proposed antenna

4. MMwave Antenna Design with notched frequency band

As was previously explained, to come up with the optimum wide band frequency mmwave
antenna, several procedures were implemented. The first antenna design was implemented with a
full ground plane, that resulted in good impedance matching at 37.5 GHz as depicted in Figure 5.
However, as the main target of this work was to design and develop a compact antenna that is
able to operate over a wider frequency range within the mmwave spectrum, there was a need to
look at alternative techniques such as the defected ground plane (DGP) approach.

In general, the conventional microstrip antenna structure also suffer from constraints and
limitations such as single operating frequency, low impedance bandwidth, low power gain and
size increasing. Thus, several approaches have been taken into consideration in order to meet the
above-mentioned limitations. These approaches include, using stacking, different feeding
methods, high permittivity dielectric substrate, Frequency Selective Surfaces (FSS),
Electromagnetic Band Gap (EBG), Photonic Band Gap (PBG), Metamaterial, and so forth.
However, none of these techniques can meet the aforementioned constraints. For example using
different feeding approach can improve the antenna bandwidth, but it might be considered
complex and even high cost, the use of substrate with high permittivity will help in enhancing the
antenna bandwidth, but will severely affect the antenna gain and efficiency, EBG and PBG are
deemed as attractive avenues to improve the antenna performance, but both are considered not so
simple and low cost approaches.

The Defected Ground Plane (DGP) has been given more attention among all the above-mentioned
approaches mainly because of its simple structural design. In fact, embedded single or multiple
slots or defects over the ground plane of the microstrip circuits are referred to as Defected Ground



Plane/Structure. The DGP is deemed as a promising procedure to effectively improve the
performance of the patch antenna. Such DGP approach is integrated within the antenna design in
which lead to several advantages including, improved radiation properties, antenna size reduction,
suppression of harmonics, reduced cross polarization and improved isolation in MIMO antenna.
The DGP also is an avenue that contributes in mitigating surface wave. This can be done by
partially etching the ground structure of an antenna. Furthermore, DGP may enable the antenna
engineers to adjust ground field shape, and since microstrip antennas suffer from severe surface
wave losses, so, in turn the DGP would improve the antenna performance.

In other word, the ground plane of the antenna is defected in order to upgrade the antenna
performance. These defects can be a shape of periodic or non-periodic. Fundamentally, DGP is a
resonant gap that is able to disturb the current distribution in the ground plane of the antenna. This
alteration of the current distribution creates an impact on the characteristics of the antenna by
disturbing the shunt capacitance and series inductance. As has been understood from [49] that, a
DGP creates a parallel-tuned circuits, where capacitance, inductance and resistance change
according to the structure of the DGP. This is the key factor that the DGP is tuned to different
frequencies and provides multiband operation and enhanced bandwidth.

All these advantages have made the DGP a promising, easy and simple avenue to mainly improve
the antenna bandwidth. Thus, within this chapter the DGP was implemented to enhance the
antenna bandwidth. As can be from Figure 5 that when the ground plane of the antenna was cut
to form the DGP, the bandwidth was enhanced to cover a wide range from 30GHz to 45GHz
compared to the antenna with full ground plane that has only a narrow band around 37.5GHz.
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Figure 5. The S11 variations of the antenna with full ground plane , with DGP and with
DGP& L-slot

However, the antenna with DGP operates over a broad frequency range of mmwave spectrum .i.e.
30 GHz to 45 GHz, which is subject to expected severe interferences among the co-channels. To



mitigate or/and avoid such interferences, a filter is needed to offer rejection to unwanted
frequencies in the range of the targeted operating band in order to not only to avoid an envisaged
interference from other communication applications but also to improve its own systems
performance. However, to use an external band-rejection filter along with the antenna will lead
to design complexity, large size and high cost.

The antenna designers have addressed this by using other simple and less complex avenues to
replace the external filters, these approaches include, embedding parasitic elements, EBG, and
inserting different slits shapes over the radiating element or ground plane of the antenna systems.
This will not only create a notched band feature, but will also keep the antenna footprint unaltered.
Therefore, within this design, an L-shaped slot was introduced over a proper location on the patch
as shown in Figure 1.b. The antenna together with the DGP and L-slot still show a smooth wide
frequency range from 30GHz to 45GHz, but a notched band around 40GHz was generated as
indicated in Figure 5.

The antenna power gains and efficiencies of the antenna with DGP and the antenna including
DGP and L-slot are shown in Figure 6. It is obvious that the antenna without the rejected band
(antenna with DGP) exhibits smooth power gain values ranging from around 3.95dBi up to 5.8dBi
over the entire frequency range. However, the antenna with the DGP and the L-Slot show a stable
power gain value from 3.99dBi to around 6dBi, except at the 40GHz the gain decreases sharply
to -5.6dBi where the filtering notch was produced.
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Figure 6. The power gains (a) and effiecnies (b) of the proposed antennas with only DGP
and with DGP&L-slot

The radiation efficiencies of the antenna version with DGP varies from 86% to around 90% over
the whole desired wide bandwidth, while the antenna version with the DGP and combined L-Slot
shows radiation efficiencies varying from 83% to 84% at the lower frequencies (30GHz up to
33GHz), whilst showing a smooth curve at around 92% at the higher frequency bands, except at
40GHz, where the efficiency largely drops to a value of around 18%; as expected the efficiencies

are in agreement with the obtained gain.

5. MMwave Antenna Design with Loaded Capacitor

Although the version of the antenna (with DGP and L-slot) maintains the same wide frequency
range from 30GHz to 45GHz with an inherent filtering notch at the 40GHz frequency for
interference rejection, the design is rigid in nature; once the antenna is fabricated, it is not feasible
to alter/shift the produced rejected band. The generated filtering band should be to tuned/switched

to cover multiple bands.

The tuneable notched-bands have come up with several advantages over their conventional
counterparts of fixed notched-bands. The antenna with the tuned rejected band frequencies can
be exploited to easily avoid interference over multiple frequency bands. This will significantly
contribute in size reduction and towards minimising the cost of the hardware. Their desirable
attributes are spurring the proliferation of their application, and likely to play a key role in 5G

systems.



In recent years, novel communication architectures are being developed (software defined radio,
MIMO and cognitive radio) as part of the evolution towards 5G, which will alleviate the stress
on legacy wireless networks and open new and effective prospects for drastic improvements in
network bandwidth and efficiency. Therefore, in order to implement such architectures, antennas
that are able to operate in wideband operation are required. However, the defined frequency band
for wide band systems may cause interference to the existing narrow wireless communication
systems. Therefore, wide band antennas with fixed rejected band can be tuned to operate over a
larger range of frequencies while reconfiguring the notched band over a desired range, in which
effectively enhancing the antenna performance. In addition, it can divide the whole wide band
into a few sub-bands. This will create more flexibility for practical applications. Thus, within this
chapter the created notched band of 40GHz was tuned by positioning a lumped capacitor over an
appropriate location on the L-Slot as shown in Figure 1.c. The generated notched-band can be
widely and continuously tuned to cover the range of 39, 37GHz, 35GHz GHz and 33GHz, by
varying the capacitance of the attached capacitor over the values of 0.5pf, 1.5pf, 5pf and 7pf
respectively as shown in Figure 7.
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Figure 7. The S11 variations of the antenna with attached capacitor

The power gains and efficiencies of the antenna with tuneable notches are indicated in Figure 8.
In the scenario of the antenna version with tuneable rejected bands, the power gain ranges from
3.9dBi to around 6.2dBi over the all frequency continuous range, except at four targeted notched
bands, namely 39GHz, 37GHz, 35GHz and 33GHz (capacitance values from 0.5, 1.5, 5 and 7pf),
where the gain values of the four rejected bands were considerably dropped to -2.5dBi, -2.8dBi,
-2.6dBi and -2.7dBi respectively. Also, radiations efficiencies from 83% to 92% were achieved
when the capacitance was varied from 0.5pf up to 7pf , expect at the notched bands of 39GHz,



37GHz, 35GHz and 33GHz, where the efficiencies of the proposed design were reduced to 19%
, 18%, 20% and 20%, respectively.
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Figure 8. The power gains (a) and effiecnies (b) of the proposed antennas with attached
capacitor

Moreover, the resonant behaviour of the proposed antenna designs (DGP, DGP and L-slot, and
the tuneable notch design) are given by Figure 9, where the simulated analysis of the current
surfaces are given; four resonant frequencies were selected to cover the aggregated obtained



bandwidth, namely 30GHz, 33GHz, 37GHz and 40GHz. The current distributions of the antenna
with only DGP demonstrate that most of the currents flow along the microstrip feeding line at the
four targeted frequencies (See figure 9.a) in which the filtering feature (no rejected band) was not
included within this version. However, in the case of the proposed antenna with both DGP and L-
slot , the main currents within this version appear or are induced on the feeding line, except at the
frequency of 40GHz, where a strong current flows along the strip line and the L-slot, as the desired
north was generated as shown in Figure 9. b ; this leads to the conclusion that the embedded L-
slot acts as a resonator to be used as an effective and simple band-rejection technique. In the
scenario of the tunable notch antenna (antenna with attached capacitor), while the antenna loaded
with 1.5pf and 7pf as illustrated in Figure 9 ¢ and d , the current distributions were mostly
concentrated around the feeding strip and at the boundaries of the L-slot. These currents cancel
each other out prevent the antenna from radiating at 37GHz and 33GHz where the rejected bands
were produced, respectively. This means the antenna impedance will abruptly be changed at the
desired rejected bands, which in turn introduces the notched band into the proposed monopole
antenna structure.
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Figure 9. The current surfaces for (a) the unslotted antenna, (b) slot antenna, (c) 1.5 pf loaded antenna,
(c) 7 pf loaded antenna at 30 GHz, 33 GHz, 37 GHz and 40 GHz.

The 3D radiation patterns of the antennas and their fundamental properties in terms of total
efficiency and directivity are indicated in Figure 10. Four frequency bands at 30GHz, 32GHz,
36GHz and 42GHz were selected to cover the entire wide frequency range of the proposed design.
As can been seen from Figure 10, the proposed antenna achieve a desirable radiation
performances over the four targeted bands of interest. It is clear that the antenna’s behaviour is
the same as an omnidirectional antenna in the frequency range of interest.
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Figure 10. The Radiation pattern of the proposed loaded antenna at 30 GHz , 32 GHz,
36GHz and 42GHz.

6. Conclusion

MMwave broadband monopole antennas, which are suitable for future 5G mobile networks
applications have been presented. The proposed antennas occupy compact volume of 2.5x2.5mm?
that is printed over RF4 substrate with size of 5mm x 5mm x 0.8mm?3. The first antenna version
without the DGP exhibits a narrow bandwidth of around 37.5GHz. The second version exploits
the defected ground plane approach has results in wide frequency range of operation from 30GHz
to 45GHz. In addition, to reduce the foreseen interferences between 5G systems and other
applications, an L-shaped slot was inserted in a proper location over the radiator to generate a
notched band at around 40GHz. Finally, to tune the created filtering band, a lumped capacitor has
been attached over the L-shaped slot, by varying its capacitance values from 0.5pf to 7pf. This
led to a downward shift in the notch from 40GHz up to 33GHz, while keeping the same wide
bandwidth (30GHz to 45GHz) constant. The proposed antennas demonstrate promising
performances in terms of return loss, power gain, current surfaces and efficiency, that ultimately
characterises them as attractive candidate solutions for future 5G wireless systems.
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