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ABSTRACT In this work, a compact, light-weight, low-cost, and easy install and incorporate mmwave
printed square loop antenna with a perturbed ground plane is proposed. The antenna is fabricated on an
ultra-thin 0.254 mm Rogers RT/Duroid 5880 substrate. The antenna resonates between 26 GHz and 40 GHz
providing the broad bandwidth of 13 GHz (∼47%). First, a single element consisting of three rectangular
square loops and a transmission line with total dimensions of 9 mm × 11 mm (0.84 λ0 × 1 λ0) is designed.
The loop elements are arranged on top of each other and with the further insertion of square slot in ground
plane, wideband resonance response has been achieved. The antenna demonstrates gain of more than 3.3 dBi,
and radiation and a total efficiency of 98% at 28 GHz. The proposed design enables spatial diversity and
minimize the effects of interference between adjacent channels by providing dual-beam within desired
frequency band. In addition, a linear array (18.5 × 22.5 mm2) of four elements with a traditional feeding
network is also designed, simulated, and measured. The gain of the array is 10.1 dBi, while the radiation
and the total efficiency is more than 92 % at 28 GHz. A brief literature review and comparison of this work
with other published works is also presented. To validate the proposed design and concept, a prototype is
fabricated for both, a single element, and an array. It is found that the measured results and the computed
results are in good agreement. Therefore, we believe that this system will find its applications within modern
mmwave communication cellular devices.

INDEX TERMS mmwave, loop elements, gain, bandwidth, antenna array.

I. INTRODUCTION
As the world progress in communication technology, 5G is
standardized throughout the globe for low latency, higher
capacity of a number of users and giga-bits communi-
cation. The 5G is categorized in two spectrums namely
Sub6GHz [1] andmmwave [2]. As Sub6GHz is already under
the immense pressure of available services, this ultimately
leads to mmwave spectrum that is yet to be utilized in
order to support high bandwidth and giga-bits communica-
tion. According to a study in [3] the mmwave spectrum has
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enormous potential to become the standard future for wireless
communication systems. Several bands have been allotted
as unlicensed bands for mmwave communications which
include O2 band ranging from 57-64 GHz, 164-200 GHz
(H2O band) and licensed bands such as 28 GHz and 38 GHz
bands [4]. Due to the high attenuation present in these spec-
trums, the antennas deployed should offer high gain and high
bandwidth. There has been a number of studies by antenna
designers and researchers targeting these bands [5]–[15].

In [5], a Substrate IntegratedWaveguide (SIW) fed antenna
array is proposed. The gain of the array is around 14dBi and
the total dimensions of antenna array are 63 × 70mm2. The
array offers good radiation characteristics with low side-lobes
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FIGURE 1. The proposed single element. (a): Front view. (b): Back view.

TABLE 1. Antenna parameters.

but the bonding films and vias assembly makes antenna chal-
lenging to embed in RF circuits. In [6] a sixteen element SIW
is proposed covering frequency from 35.7 to 38GHz (4.4%)
with maximum peak gain of approximately 18dBi. Similarly,
in [7] a high bandwidth antenna array is presented with a

FIGURE 2. (a) Design evolution. (b) Surface currents at 28 GHz.

complex structure. A two layer 8 × 8 SIW feeding network
is proposed in [8] providing 26dBi gain with 16% impedance
bandwidth ranging from 35.5 to 41.7GHz. As compared to
SIW, planar antennas are simple structures that offer low
costs are preferred. A four element antenna array with
a feed network in [9] provides gain ranging in between
7.8 to 11dBi for bandwidth from 26 to 30GHz. Similarly,
in [10] a nature inspired four element snowflake antenna
array provides 5.03% impedance bandwidth at central fre-
quency of 28GHz while exhibiting dual beam response.
A 9-element phased array is reported in [11], which exhibits
a gain of nearly 15 dBi. The structure is simple with a
small size of 400 mm2, but the offered bandwidth is very
low. In [12] a donut shape mmwave four element antenna
array is presented. The size of the array is 20 × 22mm2

and the bandwidth offered is 4GHz with a central frequency
of 28GHz. A four element MIMO array in [13] shows
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FIGURE 3. Parametric analysis of the proposed system of parameters. (a): Side length of the loop,V. (b): Width of the loop,E. (c): Width of the slot,XX.
(d): Length of the transmission line,D.

bandwidth of 3GHz with the central frequency of 38GHz
with maximum gain of 6.5dB. In [14] a dual band 2 × 2
antenna array showed peak gain of 11dB at resonance fre-
quencies of 28 and 38GHz but the reported bandwidth was
very low. In [15] authors presented a simple planar array
with narrow beam width characteristics. In mmwave antenna
arrays and MIMO configurations, the isolation enhancement
can be achieved using different techniques such as orthogo-
nal placement, slotted stubs, metamaterials and Electromag-
netic band gap (EBG) structures [16]–[22]. In arrays the
inter-element spacing can be kept at 1λ distance to avoid
coupling.

Asmentioned earlier, modern communication devices con-
sist of different systems and sub-systems, and with the evi-
dence of 5G, these systems are eager to have high data rates
and throughputs. To address the aforementioned challenges

and fill the gap at the system level, we propose a simple,
low-cost, light-weight, and easy to fabricate and integrate the
solution. This is also the motivation behind this work. The
main contribution of the presented system is wider bandwidth
(13GHz), high gain (10.1 dBi) and efficiency (98%), and dual
beam characteristics within the mmwave (27 GHz to 40 GHz)
frequency band. In addition, to enhance gain, a linear array
with a compact size of 18.5 × 22.5 mm2 (1.8 λ0 × 2 λ0) is
proposed as well. Based on the performance characteristics,
simplicity and advantages inherited by design as compared
with the available literature, it suggests that this antenna could
be used as a potential solution where dual-beam character-
istics, spatial diversity, and minimal interference between
adjacent communication channels are desired. Next, antenna
design, working principle, and key performance parameters
are discussed in detail.
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FIGURE 4. Measurement setup.

II. ANTENNA DESIGN
Figure 1 shows the front- and the back-view of the single
element. This single element is designed on a double-sided
very thin 0.254 mm Rogers RT/Duroid 5880 substrate with a
dielectric constant of 2.2 and a loss tangent of 0.0009. The
thickness and the conductivity of the copper are 1 oz and
5.8 × 107 S/m, respectively. A transmission line and three
interconnected rectangular square loops are etched on the
upper side, while a perturbed ground plane with a square slot
is printed on the lower side of the substrate. The geometrical
dimensions of different segments of the presented antenna are
also labeled in Fig. 1, while values for each variable are given
in Table-1.

First, a 50� transmission line is designed on the upper side
with a full ground plane on the other side of the substrate.
Next, a square loop shell is added at one of the ends of the
transmission line and then tilted at 45◦ with a half ground
plane on the other side of the board and a resonance at
34 GHz is found. To improve the impedance of the element,
another square loop shell is incorporated with the previous
design, and two resonances are identified. Lastly, three tilted
square loop shells are incorporated with the transmission
line. Similarly, the half ground plane with a rectangular slot
is designed on the other side. This design helps to have
symmetric currents at the either side of structure, if it is
half-cut in the middle along the y-axis, providing dual-beam
characteristics with an ultra-wide band response, as shown
in Fig. 2. In other words, by feeding the structure, the current
flows through the transmission line, and is distributed equally
and symmetrically within the loops (or mirror images of
each other). Since the upper side is symmetric along y-axis,
symmetric currents flow through the ground plane enabling
wider bandwidth and similar beam characteristics in either
direction.

To further demonstrate the effects of each variable within
the presented design, a detailed study is conducted and illus-
trated in Fig. 3. It is found that by varying the side length (V)

FIGURE 5. (a) Simulated and measured S-parameter of single element.
(b) Single element fabricated prototype.

of the loop the impedance of the antenna changes and two
prominent resonances can be seen at 29 GHz and 37 GHz,
respectively. In other words, this parameter provides flexi-
bility to identify and control resonances within the desired
frequency band. Similarly, the width of the square shells
(E) plays an important role to defining the bandwidth of
the structure. This parameter is varied between 0.1 mm and
0.3 mm, with a step size of 0.05 mm, and similar observations
are valid for the width of the slot width (XX). Lastly, the
length of the transmission line (D) helps to understand the
improvement in the impedance of the proposed radiating
element, providing control to adjust the impedance of the
design.

Figure 4 shows the measurement setup. To validate the
concept, an antenna is fabricated using LPKF D104 and
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FIGURE 6. Performance parameters of single element.

FIGURE 7. The proposed array configuration. (a): Front view. (b): Back
view.

measured with an Anritsu vector network analyzer. Figure 5
illustrates the measured prototype and a comparison between

FIGURE 8. Fabricated array prototype (a): Front view. (b): Back view.

the measured and the simulated results. It is found that the
results are in very good agreement providing 13 GHz (∼47%)
bandwidth ranges between 27 GHz and 40 GHz. The sim-
ulated and measured results for the gain and the computed
efficiency of the system are given by Fig. 6 and are in very
good agreement. The gain of the antenna is more than 3.3 dBi
and both the radiation and the total efficiencies are around
98% at 28 GHz.

III. ARRAY CONFIGURATION
To demonstrate the advantages, flexibility, and robustness
inherited by the proposed design, and as an advancement,
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FIGURE 9. Simulated and measured return loss of the proposed array.

FIGURE 10. Performance parameters of proposed array.

a 1 × 4 linear array with a traditional yet compact feeding
network is configured, as shown in Fig. 7. The dimension
of the array is 18.5 × 22.5 mm2 (1.8 λ0 × 2 λ0), and the
center-to-center distance between any two radiating element
is less than 0.7 λ0 at 28 GHz. Four radiating elements and
feeding network are etched on the upper side of the substrate.
The feeding network consists of transmission lines, junctions,
and angular bends. Similarly, the lower side of the board has a
perturbed ground plane with four rectangular slots. The same
substrate as the one in the single element is usedwith the same
material and dimensional properties.

Figure 8 shows the fabricated prototype of four element
array while Figure 9 represents a comparison between the
measured and the simulated return loss of the feeding port
which is well below −10 dB for the whole operating range.
This is due to the fact that this design is not only compact but
also efficient in terms of losses. It is evident from Figure.9;
that they are in a good agreement providing very wide

FIGURE 11. Far-field patterns of the proposed array configuration.
(a): xz-plane. (b): yz-plane. (c) 3D pattern.
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TABLE 2. Proposed antenna performance comparison with published
work.

bandwidth of around 12 GHz (∼46%). Similarly, Figure. 10
illustrates simulated and the measured gain which is more
than 10 dBi at 28 GHz, and the radiation and the total effi-
ciency is found to be more than 90%. It can be argued that
since the loss tangent of the substrate is very low (0.0009),
therefore, such a high efficiency is computed.

To demonstrate the dual beam characteristics, far-field
attributes for both the xz- and yz- planes are shown in the
Fig. 11. In addition, for the sake of completeness, a 3D pattern
of the radiation properties is also depicted in Fig. 11. From
Fig. 11, it is observed that for φ = 0◦ plane, the proposed
system radiates in all directions with nulls located at the top
and bottom of the array plane. Similarly, φ = 90◦ plane,
the radiation characteristics are directive and are in the front
and bottom side of the antenna. Furthermore, the half power
beamwidth of the system is 19◦, which makes it suitable
for mmwave communication in various future cellular and
personal networks, and where spatial diversity and minimal
adjacent channels interference is desired.

To further demonstrate that the presented work is
advanced, compact, and poses numerous advantages as com-
pared to the similar studies available in the published liter-
ature, a detailed comparison of this work with the available
works is conducted and illustrated in Table 2. Based on the
key performance characteristics, design, simplicity, and size,
we are confident that the proposed model has potential to be
a useful mmwave antenna array for future 5G and beyond
modern communication systems.

IV. CONCLUSION
In this paper a wideband four element linear array that is
simple, light-weight, compact, economical, and simple to
construct is presented. The proposed model is constructed
on a Rogers RT/Duroid 5880 substrate with a thickness
of 0.254 mm. The antenna resonates between 26 GHz and
40 GHz, offering a broad bandwidth of 13 GHz (about
47 percent) over a wide frequency range. Half-ground planes
with rectangular slots are present in both the single element

and the array. Its single element measures 9 mm in height
by 11mm in width, while the arraymeasures 18.5 millimeters
by 22.5 millimeters in length. At 28 GHz, the single antenna
achieves a gain of more than 3.3 dBi, as well as radiation
and total efficiency of 98%, while the array configuration
achieves a gain of 10.1 dBi, as well as total and radiation
efficiency of more than 92%. Through dual-beam character-
istics within the desired frequency band, the proposed design
allows for greater spatial diversity while also reducing the
impacts of interference between adjacent channels. In addi-
tion, a brief overview of the literature and a comparison of this
work with other previously published studies are provided
for our consideration. Both a single-element and an array
prototype are built to verify the proposed design. Findings
are consistent between measured and calculated outcomes.
We believe that this system will be used in mmwave commu-
nication devices in the future.
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