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ABSTRACT A wideband snowflake antenna for 28 GHz millimeter-wave communications is proposed.
The antenna has a size of 8 x5 mmz, fabricated on ultra-thin 0.254 mm substrate. The antenna consists of
four small hexagons surrounding a bigger hexagon in order to attain broadband characteristics. Bandwidth
response of the antenna is between 25.28-29.04 GHz (13.43% @ 28 GHz), having 3.12 dBi gain and more
than 80% of radiation as well as total efficiency. The antenna specific structure is designed such that it gives
dual beam over its entire bandwidth without a noticeable shift in its beam directions. For enhanced gain
performance, its 4-element array (of size 32x 12 mm?) has been fabricated separately to increase its gain
upto 10.12 dBi at 28 GHz. The proposed dual-beam antenna and its array has been modelled on thin Rogers

substrate to show that its application in millimeter-wave communication equipment is viable.

INDEX TERMS 5G, millimeter-wave, 28 GHz, broadband, dual-beam antennas, arrays, smartphones.

I. INTRODUCTION

The evolution of mobile communication systems is under-
going through a stage where there is a need for supreme
data-rates in the range of giga-bits-per-second. This enor-
mous need for high speed is challenging for researchers and
the solution that has surfaced consequently, is to upgrade
physical communication in millimeter-wave spectrum above
6 GHz. The already choking spectrum has thus to be
left behind and a new unlimited bandwidth available at
millimeter-wave range has to be harnessed [1]. Feasibility
studies have been carried out in order to see whether this
high frequency range is capable of delivering the required
speeds or not. The experimental results show that millimeter-
wave communication above 6 GHz is not only a mere possi-
bility but is suitable for becoming a standard for future [2].
Frequency bands have been allocated for millimeter-wave
communications which includes unlicensed bands for exam-
ple the 57-64 GHz (O, band), 164-200 GHz (H,O band) [3]
and licensed bands such as 28 GHz and 38 GHz bands [4].
The unlicensed bands have however very high attenuation
per kilometer. To operate in these bands, the antennas are
desirable to have high gains and large bandwidth [5].
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Recently, quite a large number of antennas are being
designed and published by the research community that target
operation in the millimeter-wave spectrum [6]-[14]. Their
structures vary according to working mechanism, fabrication
complexities and cost. For example, the 28 GHz antenna by
Park [6] is structured in multiple layers that is fed through a
substrate-integrated-waveguide. The antenna through its low-
side-lobe levels attains a peak gain of 13.97 dBi. This antenna
however is complex due to the use of waveguide-to-SIW
transition and asymmetric via posts inside SIW feed. The
antenna by Choubey [7] for 28 and 45 GHz bands provides
large bandwidth but at the cost of increased complexity in
its structural design. Similarly, a very complex design [8]
by Dadgarpour using multi-layered metamaterial structure
provides 15 dBi gain. On the other hand, simple planar
antennas of comparable performances are preferable because
of their low fabrication costs. The antenna by Khalily [9]
for example has 15.6 dBi gain bearing an overall size of
20%20 mm? and those of [10], [11] have large bandwidths of
around 10 GHz.

The antennas working in the unlicensed bands [12]-[14]
are not preferable because of high absorption characteristics
of the operational bands for example the O, and H>O bands.
In order to increase the reliability of communications in these
bands, antennas must be made robust to cater for the losses
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TABLE 1. Optimized parameters of the antenna.

Parameter Value (mm)
a 0.49
b 0.55
R 0.8
h 0.4
w 0.4

Ws 8
Ls 5
wf 0.8
Lf 2.2
Lg 2

incurred. For example, the circular polarization [12] and dual-
beam [13] nature of these antennas can make them more
suitable for challenging channel propagation characteristics.
Similarly, SIW cavity used in [14] enables the antenna to get
an extremely high gain of 26.7 dBi to make it usable in these
unlicensed absorptions bands.

The dual-beam antennas are especially attractive in that
they can be used for spatial diversity applications [15]. These
antennas are used for scenarios where adjacent channels inter-
ference effects need minimization [16]. Several dual-beam
antennas have been the focus of millimeter-wave designs
such as [8] and [17], [18]. These antennas are however com-
plex by design due to the multi-structure nature [17] and
metamaterial design methodology [8], [18]. Instead, simple
and planar structural designs can also acquire similar perfor-
mances such as high gain and large bandwidth [19]-[22].

We have proposed a simple planar antenna based on a
thin substrate that gives a dual-beam performance over a
wide bandwidth. Dual-beam pattern remains stable over the
desired frequency range due to the inherent symmetric geom-
etry of the antenna. Furthermore, in order to get a high gain,
a 4-element array of the same dual-beam antenna has been
constructed.

Il. ANTENNA DESIGN

A. DUAL BEAM ANTENNA DESIGN

The dual-beam antenna is built upon a 0.254 mm thick Rogers
RT/Duroid 5880 (er = 2.2, tand = 0.0009) substrate. The
dual-beam antenna is 8x5 mm? and its structure is shown
in Fig. 1. Its optimized parameters are given in Table 1.

The dual-beam antenna top side consists of a two-stage
fractal design. The back side consists of a standard truncated
ground with a central block-notch. The antenna consists of
a central hexagon of radius ‘R’ and is fed by a microstrip
line. The hexagon and microstrip line combined together
constitute basic set of the design. Each corner of this cen-
tral hexagon is then further connected to another set of a
microstrip line and a hexagon pair of smaller dimensions ‘a’
and ‘b’. The overall dual-beam antenna structure is there-
fore a two-stage fractal design, which has a generator block
consisting of a microstrip line and hexagon. The final struc-
ture resembles a snowflake, which consists of a big central
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FIGURE 1. Geometry of the proposed antenna (a) front view (b) back view.
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FIGURE 2. Simulated reflection coefficient (S11) showing the effect of
number of arms of the dual-beam antenna.

hexagon having four smaller hexagonal arms. The effect of
number of arms over impedance matching of the dual-beam
antenna is illustrated in Fig. 2. It can be seen that as the
number of arms is increased from 1 to 4, impedance of the
dual-beam antenna gets matched in a better way.

Resonant frequency of the dual-beam antenna can be fully
controlled by varying parameters ‘R’, ‘a’ and ‘b’. The target
band is 28 GHz millimetre-wave band. The first parametric
analysis is given in Fig. 3, which shows response of the
antenna to change in radius of the central hexagon. It is
observed that parameter ‘R’ plays a pivotal role in adjusting
resonance of the dual-beam antenna.
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FIGURE 3. Effect of radius of the central hexagon over S11.
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FIGURE 4. Effect of smaller hexagon and extension arm over the
reflection coefficient of the single element.

The antenna can further be optimized by parameters ‘a’
and ‘b’ whose effect is shown in Fig. 4. It can be observed
that reflection coefficient of the dual-beam antenna is quite
sensitive to changes in size of the smaller hexagons. In con-
junction with this, the length ‘a’ of extension arm can be used
to get even more flexibility in adjusting resonance.

The radiation and total efficiency along with simulated and
measured gain of the dual-beam antenna is given in Fig. 5.
The antenna is more than 80 % efficient in its operating band.
This is primarily due to the fact that the substrate used for this
design has a very low loss with tané = 0.0009. Gain of the
antenna is between 1.78-3.76 dBi considering its operating
range. At 28 GHz, the gain is 3.12 dBi which is an appreciable
value for any dual beam antenna.

The surface current distribution is given in Fig. 6. Structure
of the dual-beam antenna design is symmetric. There are
four small hexagons which are placed at an angle of 60°
around the central hexagon. The resultant current distribution
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FIGURE 5. Radiation, total efficiencies, simulated and measured gain of

the dual-beam antenna.
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FIGURE 6. Surface current distribution of the dual beam antenna at
28 GHz.
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is therefore symmetric in nature as well. It can be easily
observed that the left and right hand side of antenna current
distributions are mirror images of each other. The design
objective is to acquire symmetric dual-beam characteristics
from this antenna. Normalized radiation pattern of the dual-
beam antenna is depicted in Fig. 7 at various frequencies. It is
verified that the antenna indeed possesses two distinct beams
symmetrically located on either side of its center. In xy-plane
(i.e. 8 = 90° plane), at 28 GHz there are main beams at ¢ =
—50° and ¢ = +50° respectively with beam-width of 58°.

For an unsymmetrical structure, the radiation pattern vari-
ation is such that it become undesirable for fixed beam appli-
cations. The radiation pattern graphs of Fig. 7 also shows
that these dual-beams remain fixed at £50° over the entire
operational bandwidth. This has been made possible due to
the designed symmetric structure of the dual-beam antenna.
The 3dB power beam width analysis reveals that the HPBW
is inversely proportional to frequency. The two beams are
separated by a strong null at 0° in the xy-plane.

It should be noted that the physical angle between the
top two fractal arms of the dual-beam antenna is 60°, which
results in two beams that are approximately at 50° from
the x-axis. If the physical angle between these two fractal
arms is changed, the direction of radiated beams will also
change. Furthermore, beam-width of any of the beams is
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FIGURE 7. Radiation patterns at 26, 27, 28 and 29 GHz in ¢ = 90° plane
(xy-plane). Inset shows normalized 3D gain @ 28 GHz.
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FIGURE 8. Photograph of the fabricated dual beam antenna (a) front side
(b) back side (c) simulated and measured reflection coefficient.

approximately 58°, which also corresponds to the separation
angle between the side fractal arms. By changing this separa-
tion angle, we will be able to change the beam-width of the
beams. Therefore, we have two degrees of freedom in this
particular snowflake design. First, we can control the beam
direction w.r.t. x-axis and secondly, we can change beam-
width of the beams. This controllability is achieved by simply
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FIGURE 9. Structure of the antenna array (a) front side (b) back side.

changing the physical angle between fractal arms of the dual-
beam antenna.

Ill. FABRICATION AND MEASUREMENT

The dual-beam antenna as well a 4-element array antenna
was fabricated using a standard PCB process using a Rogers
RT/Duroid 5880 substrate. A Southwest 2.4 mm RF connec-
tor was used to feed the antenna. The fabricated dual-beam
antenna is shown in Fig. 8 (a) (b) along with its simulated
and measured reflection coefficient graph. The measured
impedance bandwidth of dual-beam antenna is in the range
25.28 — 29.04 GHz that is 3.76 GHz of bandwidth (i.e.
13.43% @ 28 GHz). It should be noted here that the feed line
has been extended by 10 mm in order to minimize the effect
of RF connector in close proximity. The dual-beam antenna
measured radiation pattern at 28 GHz, as shown in Fig. 7,
indicate that good agreement exists with the anticipated dual-
beam radiation pattern.

IV. ARRAY CONFIGURATION

As an additional step, we have constructed a 4-element array
from our proposed dual-beam antenna. This has been done to
enhance the antenna gain from around 3.12 dBi at 28 GHz
to as high as 10.15 dBi at 28 GHz. A special microstrip feed
network designed for 28 GHz with low loss and compact size
has been used. The feed network proposed by [19] has been
used to excite an array of 4-elements of the proposed antenna.
This feed network has been constructed using microstrip line,
T-junction and 90°-bend to input in-phase and equal magni-
tude waveform to the antenna elements. The element spacing,
however, has been kept to d = 8 mm which corresponds to
0.72A, at 28 GHz. This separation ensures broadside pattern
with two beams (along 8 = 0°, 180°). The 2" beam is a
grating lobe formed at 28 GHz. This feed network has low
radiation losses due to its efficient design and has reflection
coefficient magnitude that is less than -15 dB throughout a
wide operating frequency (24-35 GHz) range.
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FIGURE 10. Photograph of the fabricated antenna array (a) front side
(b) back side (c) simulated and measured reflection coefficient.
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FIGURE 11. Radiation, total efficiencies, simulated and measured gain of
the antenna array.

The feed network combined with 4-elements of the dual-
beam antenna forms a complete antenna array. This antenna
array is shown in Fig. 9. The antenna array overall size is
Lsub = 12 mm and Wsub = 32 mm.

The antenna array was also fabricated using the same tech-
nique and is shown in Fig. 10 (a) (b). Reflection coefficient
S11 of the array antenna is shown in Fig. 10(c). It can be seen
here that the antenna array resonates at the same frequency
i.e. 28 GHz as that of the dual-beam antenna. However,
the bandwidth has reduced to 27.45-28.86 GHz which is
1.41 GHz (i.e. 5.03% @ 28 GHz). The antenna array gain
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FIGURE 13. Photograph of the antenna array during measurement inside
in an anechoic chamber.

and efficiency plots are depicted in Fig. 11. The array gain
varies between 7.8-10.9 dBi with a value of 10.15 dBi at
28 GHz. The radiation and total efficiency is well above 80%
in operational band of the antenna.

Normalized radiation patterns of the antenna array at
28 GHz is shown in Fig. 12. The pattern in xz-plane indicate
that it radiates in all directions with exception of two nulls,
located towards top and bottom side of the antenna array.
The yz-plan pattern indicate that the antenna is directive and
there are radiations towards front and bottom side of the
antenna. Simulated beam-width of the antenna is 18.2° in
yz-plan, which is suitable for millimeter-wave communica-
tions in future mobile network. The measured results are in
good agreement with those simulated. Measurements were
performed at in-house facility, and photograph of the setup is
shown in Fig. 13.

The formation of array antenna from original dual-beam
antenna has brought an addition of approximately 7 dBi gain
at 28 GHz. This value of gain is very useful for millimeter
wave communication, where high gain is a key requirement
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for long distance communication. However, dual-beam of the
original antenna, that were directed at £50° w.r.t x-axis have
been replaced by two beams that are at 180° with respect to
each other. These two beams can been seen in Fig. 12 (b),
where there is a main lobe at 0° and a back lobe at 180°. The
back lobe (i.e. grating lobe) acts as our 2" beam. Here we
must notice that the direction of these beams however cannot
be changed through minor modifications in the fractal arms,
and hence will remain fixed at 0° and 180°.

V. CONCLUSION

A dual-beam broadband antenna having 3.76 GHz of band-
width in the 28 GHz millimeter-wave band has been mod-
elled and analyzed. The antenna possesses a unique structural
layout based on fractals, which gives an overall broadband
performance. The antenna has been designed specifically
in such a manner that it possess dual-beam at £50° in its
xy-plane. These two beams remains fixed at their respective
locations even if there is a change in the operating fre-
quency. The dual-beam characteristics of this antenna will
find its application in spatial diversity techniques. Further-
more, an array of 4-elements has also been fabricated for high
gain millimeter-wave communication. The array antenna has
10.12 dBi gain at 28 GHz. The antenna array has two beams
point at 180° with respect to each other. The antenna possess
an extremely small size (8x5 mm? dual-beam antenna and
32x 12 mm? for array) suitable for integration into to hand-
held devices. The proposed antenna has excellent features
which will prove useful for its application in high speed
communication in the millimeter-wave spectrum.
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