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Abstract—This paper proposes a microstrip antenna array for
fifth generation mobile communication systems. The antenna is
triangle-fractal-shaped printed on an aluminum oxide ceramic
substrate. It has equal sides of 22 mm length and a 29 mm
base. Aiming at a 30 GHz frequency and a high gain operation,
a multi-band antenna is simulated. A good agreement with
acceptable frequency shift between simulations and measure-
ments with a measured gain above 8 dB is achieved. Multiple
three-dimensional antenna designs are discussed for broad-band
operation necessary for 5G operation.

Index Terms—5G, antenna array, triangular patch, millimeter
wave frequencies, gain, three-dimensional antennas.

I. INTRODUCTION

Fifth generation networks present the future most
demanded technology in the next major phase of mobile
telecommunications thanks to their many advanced features
overpassing the preceding technologies, [1]. Some of these
features are good throughput, high bit rate, larger coverage
range, better energy consumption as well as multiple
concurrent paths which makes it able to serve billions of
connected devices. As number of online users has increased
exponentialy, 4G networks have reached the limit at a time
when users want even more data for their devices as stated by
the authors of [2]. 5G is supposed to handle a thousand times
more traffic than current networks. Since 5G wireless systems
are highly efficient systems supporting high capacity, [3],
their main challenge is the use of higher frequency bands that
can provide higher data rates and wider spectrum. Millimeter
waves occupy the frequency spectrum from 30 GHz to 300
GHz with some drawbacks such as high propagation losses.
Thanks to the many advantages of microstrip antennas such
as light weight, low cost and ease of fabrication, they present
the best kind of antennas that could be used. Some of the
requirements for such antennas, [4], are high gain and highly
directional patterns as well as small size, [5], with a suitable
impedance matching bandwidth. According to [6], to get high
antenna gain in a desired direction while having low side lobe
levels in undesired directions, a designer should use planar
arrays that allow obtaining directive beams.

A very simple patch antenna is proposed in [7]; it operates
at 38.14 GHz with a return loss of -31 dB. It has a compact
size which makes it suitable for the next generation (5G)
wireless communication devices. It is fed using a coaxial
probe feed and the substrate used is a Taconic RF-60™

substrate with a dielectric constant of 6.15. However more
sophisticated patch antennas could be designed to meet up
with the requirements of the future 5G networks. In [8], a
slotted patch antenna operational at two frequency bands 28
GHz and 38 GHz is proposed. It is used in highly demanded
MIMO systems in 5G networks. Some measurement results
are presented which proves its performance in the near-field
as well as the far-field. A dual band MIMO antenna system
is proposed in [9]; it consists of eight dual band antennas
operating at 3.5 GHz and 4.9 GHz placed in a suitable
orientation to form the MIMO system used for 5G mobile
phone applications. An array composed of eight inverted-F
antennas (IFA) is proposed in [10]; it operates at 3.5 GHz
and it has a compact size because it uses a coupled feed and
a shorting meander strip line.

Two elements and four elements linear triangular patch
antenna arrays are presented in [11] and a comparison was
made between rectangular and triangular antenna arrays of
the same size. The feeding network of the two elements
is formed of a 50 Ohms input impedance split into two
100 Ohms transmission lines. However, a quarter wave
transformer is used to feed the four elements array. It is
proven that a triangular antenna array has approximately the
same performance of a rectangular antenna array in terms
of reflection coefficient but a better suppression of side lobe
level could be achieved using the triangular shape. Also in
[12], an array of 2 x 2 triangular patches is designed. It
operates at 5.5 GHz and it is designed on an FR4 substrate
with a dielectric constant of 4.4. The feeding network is also
designed using a quarter wave transformer. Simulated results
agreed with the measurements with an S11 of approximately
-32 dB and a VSWR less than 2 as well as a high directivity.

The authors of [13] designed a phased antenna array
that consists of eight 28 GHz Vivaldi antenna elements.
The simulations showed a reflection coefficient less than
-10 dB, a good gain, high efficiency and 3D beam steering
characteristics in the band of operation, hence it can
be considered a good candidate for millimeter wave 5G
communications. The authors of [14] proposed a compact 3D
antenna for LTE, GSM and UMTS vehicular applications.
Two identical antennas of this type are considered together to
form a MIMO system. Thanks to the small size of the single
radiating element, it can be considered as a good candidate
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to be integrated under the shark-fin cover of a vehicle.

In addition to the other features, 5G mobile communications
could achieve higher peak data rates and lower latency. The
authors of [15] present a Vivaldi antenna operating in the S
and L bands, that could be used for 5G communications, with
a large bandwidth covering [1.4 – 3.8] GHz with a gain higher
than 7 dB. A coplanar waveguide fed microstrip antenna is
proposed in [16]; it covers the 28 GHz and the 39 GHz bands.
A wide band slot antenna bent at right angles is proposed
in [17]; it has large operating bandwidths and achieves high
gains of 10.9 dBi at 28 GHz and 12.7 dBi at 39 GHz. An
antenna array composed of four element microstrip slots is
presented in [18]; it operates at 28 GHz with a gain of 9.5 dBi.

Four types of 24 GHz 3D antenna structures are presented
in [19] and each type showed an improvement in the
performance of the antenna. Two of the four types designed
presented maximum current at their surface which allowed
the insertion of the feed deeper in the antenna and therefore
making the size of the antenna more compact. Also the sizes
of the 3D antennas designed exhibited reduction compared to
the planar antennas designed for the same application. The
improved antenna parameters such as its compact size as
well as the wider bandwidth offers many benefits to on chip
applications.

In this paper a triangular micro strip patch antenna is
simulated using an aluminum oxide ceramic substrate with a
dielectric constant of 9.8 and a thickness of 0.254 mm. It is
operational at 30 GHz with a reflection coefficient of -42 dB
and a gain of 5.9 dB. In a way to increase the directivity and
the gain of the antenna, the number of elements is increased,
and consequently the gain obtained is 8.57 dB, 9.26 dB,
12.51 dB and 13.03 dB for the two-elements, three-elements,
fractal design of three-elements forming nine elements and
the same fractal design with a triangular-shaped ground
plane, respectively. All of the designs are matched at around
30 GHz. A parametric study was done on the side length of
the triangle, the width of the transmission lines forming the
feeding network, the length and width of the inset feed and
the length of the 50 Ohms transmission line feeder to get the
best gain in each design with the lowest S11 possible at 30
GHz.

This paper is divided into six sections. Section II presents
the simulated designs of all the planar two-dimensional micro
strip patch antennas. The final planar triangular design with
nine elements is fabricated and presented in section III. Section
III also contains a comparison between the simulated and
the measured results after fabrication. The three-dimensional
designs are presented in section IV. Section V presents further
potential applications for the fabricated antenna. Finally, the
paper will be concluded in section VI.

II. TWO-DIMENSIONAL ANTENNA ARRAY DESIGNS

A. Single Element Triangular Patch Antenna

First, a triangular shaped patch antenna as shown in Fig. 1 is
designed to operate at 30 GHz. Eq. (1) is used to determine the
side length of the equilateral triangle, [20], where c represents
the velocity of electromagnetic waves in free space, εr is the
dielectric constant of the substrate, a is the side length and f i s
the resonant frequency. This equation relates the side length of
the patch with its resonance frequency. The value is found to
be 2.13 mm; however, this value is only considered as a start
point. A parametric study has to be done on this dimension to
find the best value for a good performance at 30 GHz.

f =
2c

3a
√
εr

(1)

Fig. 1: Single patch antenna geometry.

A parametric study was done on the parameters such as the
side length of the triangular patch, the spacing between the
patch and the edges of the substrate from the top and at both
sides, the width and length of the inset feed, etc.

TABLE I: Single patch antenna dimensions.

Parameters Values (in mm)
L 3.19
W 3.96
a 1.96
St 1
Ss 1
Wg 0.06
Lg 0.66

Fig. 2: S11 plot for the single patch antenna.

The 50 Ω transmission feed line has a fixed width, W50, of
0.25 mm and a length, L50, of 1.15 mm. The values chosen
for these parameters are presented in table I. Matching is very
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good at 30 GHz since the reflection coefficient is far below
-10 dB, as shown in the S11 plot of Fig. 2. Also, this single
triangular patch antenna has a gain of 5.9 dB as shown in Fig.
3 which shows also the three-dimensional radiation pattern of
the single triangular patch antenna.

Fig. 3: 3D Radiation pattern of single patch antenna.

B. Two-Element Triangular Antenna Array

Fig. 4 shows the configuration of a two-element triangular
patch antenna array. The impedance of the input transmission
line feeder is 50 Ω with the same length and width of 1.15
mm and 0.25 mm respectively; this line is split into two 75 Ω
lines with widths, W75, 0.09 mm. The performance is found
to be at its best when the spacing between the two elements
is a half wavelength. After a parametric study on the different
parameters of this array shown in Fig. 4, the values chosen
are presented in table II.

Fig. 4: Two-element antenna array geometry.

TABLE II: Two-element antenna array dimensions.

Parameters Values (in mm)
L 5.38
W 10.96
a 1.959
St 2
Ss 2
Wg 0.06
Lg 0.58
L75 1.02

It is worth to mention that the side length of the triangular
patch is slightly different from the single element antenna
and that is essential in order to have perfect matching at 30
GHz. Obviously, as shown in Fig. 5, this design resonates
at approximately 30 GHz with a different value of reflection
coefficient than the one obtained for the single elements. Fig.
6 shows the three dimensional radiation pattern of the two
element antenna array. Note that the gain obtained is 8.57 dB,

hence the gain increased by 45% by creating a two element
array.

Fig. 5: S11 plot for the two-element antenna array.

Fig. 6: 3D Radiation pattern for the two-element antenna
array.

C. Three-Element Triangular Antenna Array

In order to further enhance the gain of the antenna, a third
triangular patch is added to the array. Fig. 7 shows the three
element antenna array and its dimensions are given in table
III. The spacing between the elements placed horizontally is
equal to half-wavelength however the third element is placed
above the two by a distance of a quarter wavelength.

Fig. 7: Three-element antenna array geometry.

TABLE III: Three-element antenna array dimensions.

Parameters Values (in mm)
L 8.83
W 12.95
a 1.95
St 3
Ss 3
Wg 0.07
Lg 0.6
L75 1
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The 50 Ω transmission feed line is split into three: two
75 Ω transmission lines that feed the two horizontally placed
triangular elements and a third transmission line that has a
value of approximately 50 Ω to feed the upper triangular patch.
A good matching at a frequency around 30 GHz is achieved
as shown in Fig. 8. This configuration turned out to have the
best gain of 9.26 dB as shown in Fig. 9 representing the three
dimensional plot of the radiation pattern for the array of three
elements. Fig. 9 shows that the three element antenna array is
the most directive antenna which validates the use of antenna
arrays for directive millimeter wave propagation.

Fig. 8: S11 plot for the three-element antenna array.

Fig. 9: 3D Radiation pattern for the three-element antenna
array.

D. Fractal Design of Nine-Element Triangular Antenna Array

B. Mandelbrot proposed, in [21], the fractal theory which
states that, in contrast with the Euclidean space, the space
can have a fractional dimension based on the repetition of
a certain shape. The authors of [22] proposed that a fractal
geometry has a space-filling property which will result in
designing miniature classic antenna elements. In this paper,
the fractal design is generated by repeating the three-element
triangular antenna array, three times; the three three-element
antenna arrays are placed in a triangular shape also. Fig. 10
presents the geometry of the biggest antenna array of nine
elements, designed using the previous three-element antenna
array by the fractal design procedure. The dimensions of this
antenna are presented in table IV.

Fig. 10: Fractal nine-element antenna array geometry.

TABLE IV: Fractal nine-element antenna array dimensions.

Parameters Values (in mm)
L 16
W 28.96
a 1.96
St 4
Ss 6
Wg 0.08
Lg 0.3
L75 0.92

In this design, the feeding network is formed of the 50 Ω
transmission line feeder split equally into three 75 Ω transmis-
sion lines which are, in turn, split into three 75 Ω transmission
lines also. The side length of the triangular patched regained
its size of 1.96 mm. A parametric study was done on several
design parameters such as the side length of the triangle, the
length and width of the inset feed, the spacing between the
radiating patch and the edges of the substrate and the length
and width of the transmission lines. Also, a parametric study
was done on the spacing between the three-element triangular
antenna array. Each array presents an element of the fractal
design; the spacing between the horizontally placed elements
is a wavelength which makes it a half-wavelength between
each single triangular patch. The spacing between the two
lower arrays and the one placed above them is also a half-
wavelength. Fig. 11, the S11 plot, shows a good matching
condition at 30 GHz and Fig. 12, the 3D plot of the radiation
pattern, represents a gain of 12.51 dB and the radiation pattern
is becoming more and more directive.

Fig. 11: S11 plot for the fractal nine-element antenna array.
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Fig. 12: 3D Radiation pattern for the fractal nine-element
antenna array.

E. Nine-Element Triangular Antenna Array with Triangle-
Shaped Ground Plane

In the same previous design of nine elements with minor
modifications, the ground plane is cut into a triangular shape
and the new antenna array is shown in Fig. 13 with all its
dimensions in table V. The gap of the inset feed is removed
and the dimensions are rounded to reduce the complexity of
the antenna fabrication process. All transmission lines of this
design are taken to be 50 Ω. Its reflection coefficient plot
shown in Fig. 14 presents good matching conditions at around
30 GHz and multiple resonances appear at other frequencies.
Its gain also increased to 12.5 dB as depicted in Fig. 15. The
spacing between all the elements, the spacing from the edges
and the feeding network design are kept unchanged.

Fig. 13: Geomety of fractal nine-element antenna array
withtriangular-shaped ground plane.

TABLE V: Dimensions of the fractal nine-element antenna
array with triangular-shaped ground plane.

Parameters Values (in mm)
A 21.96
W 29
a 1.96

Fig. 14: S11 plot for the fractal nine-element antenna array
with triangular-shaped ground plane.

Fig. 15: 3D Radiation pattern for the fractal nine-element
antenna array with triangular-shaped ground plane.

III. FABRICATED ANTENNA AND MEASUREMENTS

Due to the fact that these antennas are very expensive to
fabricate, the authors of this paper decided to fabricate only
the triangular shaped antenna presented in the last part of
the previous section. The antenna chosen to be fabricated
is simulated again using CST Studio, Fig. 16, to get more
accurate results while taking into account the effect the SMA
connector, used to measure it, on its reflection coefficient and
gain. The antenna fabricated is then measured to prove the
simulated results.

Fig. 16: Antenna Simulated on CST Studio.

The antenna fabricated is presented in Fig. 17. The simu-
lated and the measured S11 are presented on the same plot
in Fig. 18 that shows that resonance frequencies experienced
shifts to slightly higher frequencies. Measured S11 presented
better matching at resonant frequencies which is expected at
high millimeter frequencies. As for the gain, Fig. 19a presents
the gain obtained by simulation on CST; whereas Fig. 19b
presents the measured gain of the antenna fabricated which
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Fig. 17: Fabricated Antenna.

show that the measured design achieves a gain ranging from
6 to 10 GHz in the interval [32 - 34] GHz.

Fig. 18: Overlapped Simulated and Measured S11.

(a) CST Simulated Gain.

(b) Measured Gain.

Fig. 19: Triangular Antenna Gain.

IV. THREE-DIMENSIONAL ANTENNA ARRAY DESIGNS

A third dimension is added to the design because additional
gain is required but the occupied space is minimal, [23],
consequently, a wider coverage is achieved. Multiple
configurations could be done by placing several planar
antenna arrays in proximity to each other with a convenient
spacing between the arrays chosen after a parametric study
to achieve the best gain possible with a trade-off between the
gain and the size of the antenna.

In the following three-dimensional designs, all the planar
antenna arrays exhibit a small shift in their resonance fre-
quency; however, a very well matching condition at 30 GHz is
achieved in all cases. The following three-dimensional designs
are presented in descending order, from highest to lowest gain.

A. Design 1: Three triangular antenna arrays

This antenna shown in Fig. 20 has a gain of 16.52 dB, it
consists of three planar triangular antenna arrays of the design
shown in Fig. 13. The three antenna arrays are placed in the
same xy-plane all facing the positive z-plane with a spacing of
2 mm between them. This design has three input points each
coming from the 50 Ω input impedance.

Fig. 20: Three triangular antenna arrays

B. Design 2: C-Curve

The antenna with a gain of 14.5 dB is shown in Fig. 21.
It consists of three planar antennas of the design shown in
Fig. 10, linearly placed in the same xy-plane all facing the
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positive z-plane in a shape of a letter ”C” but with widely-
opened extremities. The antenna arrays placed at the edges are
tilted by 10° from the positive to the negative z-plane with
a spacing of 5 mm between each two planar antennas. This
design has three input points from the 50 Ω input impedances
of the three planar antenna arrays.

Fig. 21: C-Curve

C. Design 3: 3D Triangle

The antenna is shown in Fig. 22, it has a gain of 10.33 dB, it
consists of three planar antennas of the design shown in Fig.
10. It resulted from the previous antenna, Fig. 21, however
the tilt is 120° instead of 10°, to form a triangle. The three
antenna arrays are placed like a triangle with a spacing of 2
mm between them. This design has three input points each
coming from the 50 Ω input impedance.

Fig. 22: 3D Triangle

D. Design 4: Three-faces pyramid

The antenna in Fig. 23, has a gain of 9.8 dB. Three planar
triangular antenna arrays of the design shown in Fig. 13 placed
like a pyramid with a tilting of 45° of each antenna array from
the positive to the negative z-plane and with a spacing of 5
mm between each two arrays as depicted in Fig. 23. There are
three input points coming from the 50 Ω input impedance of
each antenna array.

Fig. 23: Three-faces pyramid

E. Design 5: Four-faces pyramid

The antenna in Fig. 24 has a gain of 9.41 dB however it is
formed of four planar triangular antenna arrays of the design
shown in Fig. 13 placed like a four-faces pyramid. Similar to
the antenna in Fig. 23, each antenna array is tilted by 45° from
the positive to the negative z-plane and with a spacing of 5
mm between each two arrays as depicted in Fig. 24. There are
four input points coming from the 50 Ω input impedance of
each antenna array.

Fig. 24: Four-faces pyramid

F. Design 6: Right-standing three-faces pyramid/Crown

The same antenna is shown in both parts of Fig. 25 and it
has a gain of 8.41 dB. It consists of three planar triangular
antenna arrays of the design shown in Fig. 13. The three
antenna arrays are placed like a crown with their bases forming
an equilateral triangle and a spacing of 2 mm between them.
This design has three input points each coming from the 50
Ω input impedance.

Fig. 25: Right-standing three-faces pyramid/Crown

G. Design 7: Cube

The antenna shown in Fig. 26 has a gain of 8.28 dB, it
consists of four planar antennas of the design shown in Fig.
10. The four antenna arrays are placed like a cube with no
spacing between them. This design has four input points each
coming from the 50 Ω input impedance.

Fig. 26: Cube



8

After listing all the 3D designs, it could be seen that some
antennas have lower gains than others, however, they present
wider signal coverage. Fig. 27 shows the radiation pattern of
some of three antennas (1, 6 and 7). Design 1 is radiating in
only one direction with the highest gain of 16.52 dB, whereas
design 6 is radiating in three directions with a lower gain of
8.41 dB and finally, design 7 is radiating in four directions with
the lowest gain of 8.28 dB. Even though gain is decreasing,
the 3D radiation pattern plots show that more areas in different
directions could be covered using these designs. Therefore, an
acceptable trade off between the gain and the covered regions
should be made.

(a) Design 1.

(b) Design 6.

(c) Design 7.

Fig. 27: 3D Radiation Patterns of some of the 3D Designs.

V. FURTHER POTENTIAL APPLICATIONS

Recent studies in cancer detection are proposing imag-
ing systems with a working frequency centered at 30 GHz,
[24]. Cancer detection antenna systems, rely generally on
the dielectric contrast between normal and infected tissues.
Most of these systems operate on low frequencies which
result in low resolution images and, therefore, preventing
early detection. Using higher millimeter wave frequencies
overpasses this issue while sacrificing the strength of the signal

inside the breast tissues. Paper [25] proposes the use of beam-
forming algorithms to get an optimal image at an operational
frequency of 30 GHz. High millimeter wave frequencies, [26],
allow high resolution performances and other advantages of
millimeter wave cancer detection systems are smaller size,
higher comfortability and risk free since they retain tolerable
penetration in human tissues. The detection process is based
on the fact that a fraction of the radiated power, would be
reflected back because of the discontinuity in the dielectric
properties between the tissues.

VI. CONCLUSION

Multiple two-dimensional and multi-faceted three-
dimensional printed antenna designs based on fractal-triangle
shape are presented in this paper. One antenna prototype
is fabricated and the results of the measured S11 and gain
consistently match the simulated results, with a maximum 1
GHz shift. This antenna, resonating at multiple frequencies
26 GHz, 27 GHz, [30.5 - 32] GHz, 34 GHz and having a
sufficient gain attaining 10 dB at around 26 GHz and 33 GHz,
could be a good candidate for use at millimeter waves and
5G since it presents good performance in terms of reflection
coefficient and high gain. All the antennas presented in
this paper in addition to the one fabricated, could be used
embedded in handheld devices thanks to their light-weight
and small size.
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