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A Compact Dual-Band Octal Patch Loaded with Bow-Tie Parasitic
MIMO Antenna Design for 5G mm-Wave Wireless Communication

Idrish Shaik1, * and Krishna V. Sahukara2

Abstract—In the present era of wireless communication networks, the key area of concern is always
the need for faster data rates to meet the growing requirements. The 5G standards have the fortitude to
bring about rapid data transfer speeds, instantaneous connectivity, large data capacities, and minimal
latency. In this paper, a novel octal patch integrated with a bow-tie parasitic antenna element with full
ground plane that incorporates a microstrip dual band antenna was proposed for 5G n257/n261/n259
and n260 band applications. This bow-tie parasitic antenna element integrated octal patch single and
MIMO antenna structure was mounted on an RT Duriod 5880 (εr = 2.2, loss tangent = 0.0009)
with dimensions of 7.5 × 9.9 × 0.9mm3 and 7.5 × 19.8 × 0.9mm3 (0.67λ × 1.75λ × 0.07λ, where λ
is considered at the lowest operating tuned frequency). A decoupling element was precisely placed
in the core of a two-element MIMO antenna to reduce the mutual coupling. This embedded antenna
radiating structure resonated in dual bands ranging 26.69–29.55GHz and 38.24–42.53GHz with a center
frequency of 28GHz and 40.2GHz, respectively. This achieves a bandwidth of 2.85GHz (10.3%) and
4.29GHz (10.75%) at the dual bands. The maximum gains were 7.9 dBi and 6.97 dBi, and greater
than 92% efficiency was obtained over the dual bands. From the results extracted from the proposed
antenna, it was found that the antenna is capable of covering the 5G NR n257/n261/n259 and n260
bands with significant bandwidth, gain, isolation, ECC, DG, TARC, multiplexing efficiency, CCL MEG,
and radiation efficiency. Thus, the antenna can be considered a potential contender for 5G millimeter
wave wireless communication systems.

1. INTRODUCTION

It was planned that the millimeter-wave frequency range would be utilized by the fifth-generation (5G)
network, which would result in a significant improvement in the capacity of wireless technology [1]. In
order to reach the significant capacity and throughput demands of future 5G networks, the spectrum
now available at millimeter wave (mm-wave) frequencies is considered to be a likely choice [2]. The ever-
increasing volume of data sent and the number of connected devices have had far-reaching consequences
on people’s personal and professional lives. It was foreseen that by 2020, the number of mobile
networking devices would surpass 100 billion, thanks to the rapid rise of wireless cellular infrastructure
and the ongoing expansion of the Internet of Things [3]. Because the number of user devices is growing
at such a fast rate, there is a greater need for bandwidth in order to handle the ever-increasing volume
of data [4]. The most distinctive characteristics of 5G technologies are the relatively fast transmission of
data, the avoidance of any delay, and the wider availability of connectivity. For highly populated urban
regions where connection demand is strong, the 5G millimeter waves offers a compromise of penetration,
coverage, speed, and capacity [5]. The development of antennas for contemporary mobile devices is a
difficult endeavor, according to all reports. The development of future global standards for 5G networks
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needs antennas that are much more compact while retaining their capabilities. The design of an antenna
is ascertained by the operating frequency as well as the needed bandwidth [6–8].

The implementation of sub-6GHz and mm-wave frequencies presents additional hurdles for fifth
generation wireless antennas. The design of antennas for the 5G mm-wave frequencies that have been
designated can be somewhat demanding for antenna designers. The mm-wave spectrum experiences
increasing levels of loss due to propagation and atmosphere [9]. Attenuation by the atmosphere will
have a bigger effect on radio waves as their frequencies go up. The attenuation of signals in outer space
is mostly due to atmospheric gas absorption. A 4×4 Multi-Input Multi-Output (MIMO) antenna array
was presented in [10]. This antenna had a 25–40GHz bandwidth and 16 dBi gain. Unfortunately, the
design was enormous with 135 × 97mm2. For high-gain dual-band applications, a small antenna for
28/38GHz has been described. This antenna was developed in order to avoid the array’s complexity as
well as its enormous size [11]. A split-ring meta-surface was mounted over a patch covering the 28GHz
mm-wave spectrum in [12]. The antenna’s highest gain was 11.94 dB, and its impedance bandwidth was
9.77GHz after meta-surface use. The suggested antenna had a massive gain; however, it was MIMO
incapable. The pros of the co-planar wave-guide slot antenna [13] for 28/38GHz, including its simple
construction, efficient broadband performance, and low dispersion, were recently published. It was also
suggested that a small, simple-geometry, broadband antenna that could operate across 28GHz, 38GHz,
or both, existed [14, 15]. Reports have shown that the devices in the industry should have a small
stature, a wide frequency range, and a strong gain. Despite much investigation, there is still a dearth
of high gain, as achieving such gains often requires either an array method or a significantly larger and
more structurally sophisticated design.

As previously mentioned [16, 17], a MIMO antenna may provide better strength and a broader
band, making it suitable for the needs of a 5G communication system. A high gain and broad antenna
makes it possible to achieve a higher data rate and big user capacity [18]. The 8-element dual-band
MIMO antenna proposed in [19] has a 150×75mm2 dimension. Over 12 dB of separation was measured
between elements. However, it only achieved a gain of 2.5 dBi and 5 dBi. MIMO systems depend on
mutual coupling for high data rates. Parasitic elements, meta-materials, and defected ground structure
(DGS) can diminish mutual coupling [20–22].

This proposed design offers small-scale single- and two-element MIMO antennas with dimensions
of 7.5 × 9.9 × 0.9mm3 and 7.5 × 19.8 × 0.9mm3 respectively to be used for 5G mm-wave wireless
applications. It resonates at 28 and 40GHz and has bandwidths of 2.85GHz and 4.25GHz at dual
bands, making it suitable for broadband. The antenna presented in this paper is composed of a patch
with a parasitic element mounted on a Rogers 5880 substrate with a full ground plane at the bottom
and also a decoupling element in the center of the two-element MIMO design to improve isolation and
also offer dual bands of the required resonating frequency.

2. GEOMETRY OF ANTENNA DESIGN

Figure 1 illustrates the antenna only with one element that has been proposed from both the top and
bottom views. The numerically calculated antenna dimensions are 7.5× 9.9× 0.9mm3. The presented
monopole is designed with RT Duriod 5880 as a substrate, which has a dielectric constant of 2.2, a loss
tangent of 0.0009, and a thickness of 0.9mm. With CST Studio Suite 2019, the structure is designed,
and simulation and evaluation of the structure are carried out. The octal patch has a complete ground
plane at its bottom and an enhanced bow-tie parasitic element at its top. The excitation for the antenna
is provided via a microstrip feed of 50Ω. This combination enables the antenna to cover dual-bands,
which range 26.69–29.55GHz and 38.24–42.53GHz.

2.1. Proposed Antenna Design Evolution Process

Figure 2 provides an illustration of each of the three stages that combine the evaluation process of the
posited antenna. The patch and ground are designed using the dimensions specified in Table 1.
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(a) (b)

Figure 1. Posited antenna geometry of single element with full ground plane. (a) Top layer. (b)
Bottom layer.

(a) (b) (c)

Figure 2. Antenna design evolution procedure. (a) Antenna-1. (b) Antenna-2. (c) Antenna-3.

Table 1. Calculated numerical design parameters of proposed antenna design in mm.

Parameter LS WS Lg Wg R1 R2 R3 R4

Dimensions 7.5 9.9 7.5 9.9 6.3 2.4 1.4 4.1

Parameter R5 R6 FL R7 R8 R9 S h

Dimensions 0.5 0.5 2.5 0.8 2.1 0.5 3.5 0.9

2.1.1. Effect of Change in Lg and Wg of the Ground Plane

This section’s objective is to investigate the influence of the Lg and Wg parameters, one of the most
significant considerations, while attempting to obtain a dual-band. The impact of increasing Lg from
2mm to 3.5mm may be seen in the antenna-1 design shown in Figure 2(a) of the evaluation process
and the return loss plot in Figure 3(a). A minor peak below −10 dB was obtained as a result of the
length increase which can be seen in Figure 3(a). A single band was obtained. This particular single
band had a broad bandwidth, and antenna-1 resonated at 26GHz when the length was extended at
3.5mm. Because of this change, the antenna-2 model was made with a vertical partial ground right at
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(a) (b)

Figure 3. S11 reflection coefficient. (a) Antenna-1. (b) Antenna-2.

the bottom of the patch. Nevertheless, changing the Wg value from 6.3mm to 8.9mm results in a wider
bandwidth than that when it was fixed at 6.3mm, which is about 23GHz, but the gain dropped from
7.43 dBi to 5.14 dBi. There is a shift in frequency that can be observed in Figure 3(b) as the width of
the ground plane is changed from Wg = 6.3mm to Wg = 8.9mm. At Wg = 8.9mm, there is also a
minor peak that is less than −10 dB, noticed in magnitude at 26GHz.

2.1.2. Proposed Single Element Antenna Design

After the thorough discussion in Section 2.1.1 that was just accomplished by adjusting the Lg and Wg

values, a few minor peaks are depicted in Figures 3(a) and 3(b). In order to achieve the dual bands,
it is evident that the ground plane has to be expanded laterally, as seen in antenna-3 of Figure 2(c).
Table 1 shows the dimensions of the patch, substrate, and ground that were used to make the antenna-3
model. Both the lower and higher resonances are found in positions that are a perfect match for the
requirements 28/40GHz. The computed reflection coefficient of the recommended dual-band antenna
is shown in Figure 4(a). With a successful adaptation, dual bands are established at the resonating
frequencies of 28GHz (−37 dB return loss) and 40GHz (−20 dB return loss) for Lg = 7.5mm and
Wg = 9.9mm; thus, these values are considered to be the ideal values with respect to the suggested
antenna. Figure 4(b) shows the gain obtained at dual bands around 7.4 dBi at 28GHz and 6.9 dBi at
38GHz for a single element. Figure 4(c) gives the efficiency obtained for single element around 98%
and 95% at 28 and 38GHz, respectively, with less complex structure than the models discussed in
introduction, and Figure 4(d) shows the current distribution in the patch at the operating frequency of
28GHz.

2.2. Dual-Band Two Element MIMO Antenna

After a single dual-band antenna has been developed, the two antenna components will be arranged
using the spatial diversity method to produce the desired MIMO antenna, which works at 28GHz and
40GHz for mm-wave applications. Figure 5 illustrates the design for a two-element MIMO antenna
that has dimensions of 7.5× 19.8× 0.9mm3 listed in Table 1. In this antenna, a parasitic element was
placed precisely in the middle of two patch elements on the substrate in order to improve the isolation
and prevent surface leakage current.
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(a) (b)

(c)

(d)

Figure 4. (a) S11 reflection coefficient of proposed single element. (b) Gain (IEEE). (c) Single element
radiation efficiency. (d) Single element current excitation in patch.

3. RESULTS WITH DISCUSSION

In this part, a detailed review of measured findings and simulated results is presented, along with an
analysis of the proposed antenna performance based on a variety of different performance measures.
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Figure 5. Posited antenna geometry of two-element MIMO antenna with full ground plane.

(a) (b)

(c) (d)

Figure 6. (a) Proposed antenna under test at VNA N5247A.09.90.02 with 2.42mm convertible SMA
connector probe. (b) Computed and experimented S11 return loss of proposed antenna. (c) Computed
and experimented S12 of proposed antenna. (d) Peak gain and radiation efficiency.
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3.1. Reflection Coefficient, Isolation, Peak Gain and Radiation Efficiency of MIMO
Antenna

The designed antenna has an S11 that is −37 dB and −18 dB at a resonating frequency of 28GHz and
40GHz, respectively. As a result of the symmetry of the recommended MIMO antenna (S11 = S22,
and S12 = S21), only the S11 as well as S12 will be investigated. Figure 6(b) is an illustration of
both the computed and measured return loss findings for the designed antenna. The proposed antenna
design has bandwidths of 2.85GHz and 4.29GHz which allow it to cover frequency bands 28GHz and
40GHz. Figure 6(b) shows some distortion at the upper band’s lower cutoff frequency. Nonetheless,
the bandwidth has not been affected by this. The compact design, impacts of the SMA connection, and
the measurement tolerances might all have an influence in the distortion. A picture of the fabricated
antenna being tested using a 2.42mm SMA connector attached to the Vector Network Analyzer (VNA)
can be seen in Figure 6(a). The generated and measured values of the isolation parameters for S12 are
shown in Figure 6(c). An excellent impedance-matching characteristic is provided by the presented two-
element MIMO radiator, together with isolation that is more than 20 dB at the dual bands. Figure 6(d)
shows the gain plot and the minimum and maximum radiation efficiencies of the proposed antenna. The
two-element MIMO structure provides gains of 7.9 dB and 6.9 dB as well as more than 92% efficiency
obtained at dual bands of 28GHz and 40GHz, respectively. It was noticed that a significant gain
enhancement compared to a single-element antenna was achieved. The results from both simulation
and experiment have been proven in good agreement and are acceptable for the usage in applications
requiring 5G connectivity.

3.2. Surface Current Distribution

The current excitation of the simulated antenna when one port is excited is shown and illustrated in
Figures 7(a)–(d), which show the antenna in operation at its resonant frequency of 28GHz and 40GHz.
The current distribution could be seen at the inset feed. As can be seen in Figures 7(a) and 7(c), in the
absence of parasitic elements, the surface current of one element will flow into adjoining elements, which
will result in a degradation of the MIMO antenna’s radiation performance. Nonetheless, by including a

(a) (b)

(c) (d)

Figure 7. (a) Current excitation of posited antenna at 28GHz without parasitic element. (b) Current
excitation of posited antenna at 28GHz with parasitic element. (c) Current excitation of posited antenna
at 40GHz without parasitic element. (d) Current excitation of posited antenna at 40GHz with parasitic
element.
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parasitic element in the core of the proposed MIMO structure shown in Figures 7(b) and 7(d), surface
currents may be suppressed, which helps in minimising the mutual coupling between two elements.

3.3. Characteristics of Electromagnetic Radiation

The three-dimensional polar plots of projected antenna structure are shown in Figures 8(a) and (b) for
the resonant frequencies of 28GHz and 40GHz. Figures 8(c), (d), (e), and 8(f) show the radiation

(a) (b)

(c) (d)

(e) (f)

Figure 8. (a) 3D plot at 28GHz, (b) 3D plot at 40GHz, (c) polar plot at 28GHz E-plane (xoz, ∅ = 0◦)
and H-plane (yoz, ∅ =◦), (d) polar plot at 28GHz E-plane (xoz, ∅ = 0◦) and H-plane (yoz, ∅ = 90◦),
(e) polar plot at 40GHz E-plane (xoz, ∅ = 0◦) and H-plane (yoz, ∅ = 0◦), (f) polar plot at 40GHz
E-plane (xoz, ∅ = 0◦) and H-plane (yoz, ∅ = 90◦).
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pattern from the developed antenna design for the resonant frequencies of 28GHz and 40GHz,
respectively. The polar plots in Figures 8(c) and 8(e) demonstrate that the major lobe orientation
is ±60 degrees when phi equals 0◦ and 180◦. At 28GHz and 40GHz, the 3 dB angular widths are 64◦

and 48◦, respectively. Highly directional patterns may be seen in the computed polarization of the two
major planes, E-plane (XOZ, ∅ = 0◦) and H-plane (Y OZ, ∅ = 90◦) from Figures 8(c)–(f).

The suggested antenna is modelled using CST 2019 software, and a Rogers 5880 is used to fabricate
a prototype of the antenna for the usage in practical applications. The top and bottom views of the
fabricated element are shown in Figures 9(a) and 9(b).

(a) (b)

Figure 9. (a) Top layer of the proposed antenna. (b) Bottom layer of the proposed fabricated antenna.

4. ANALYSIS OF THE TWO-ELEMENT MIMO ANTENNA PERFORMANCE OF
THE SYSTEM

This section outlines measures to assess the proposed dual-band MIMO antenna. These characteristics
include channel capacity loss (CCL), diversity gain (DG), radiation efficiency, gain, total active reflection
coefficient (TARC), mean effective gain (MEG).

4.1. Envelope Correlation Coefficient, Diversity Gain (DG), and TARC

In MIMO systems, ECC is a key parameter that shows how each antenna element is independent based
on its own properties [34]. The following expression in Equation (1) will be used in order to do a
numerical calculation of ECC [35, 36]. The measured and simulated ECC values are calculated from
S-parameters. The results in Figure 10(a) show that the ECC values over the dual bands are < 0.002

ρe (or) ECCS-parameters =
|S∗

11S12 + S∗
21S22|2(

1− |S11|2 − |S21|2
)(

1− |S22|2 − |S12|2
) (1)

The diversity gain is a figure of merit used to measure the performance level of antenna diversity
techniques [34]. The designed MIMO antenna diversity performance can be evaluated by using
Equation (2) [35, 36]. The results in Figure 10(b) show that the DG is approx. 10 dB achieved over
the dual bands.

DiversityGain (DG) = 10
√

1− ρ2e (2)

In the MIMO system the total active reflection coefficient is also necessary to evaluate exact behavior
of MIMO system [36]. For a two-element MIMO system, the TARC can be calculated by using
Equation (3) [35, 36].

TARCS-parameters =

√
(S11 + S12eφ)2 + (S21 + S22ejφ)2

2
(3)

where φ = phase difference, and the total active reflection coefficient (TARC) of the proposed structure
is less than −20 dB in both operating bands which can be seen in Figure 10(c).
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(a) (b)

(c)

Figure 10. (a) Response of ECC. (b) Diversity gain response. (c) TARC response when φ = 0◦.

4.2. Mean Effective Gain (MEG), Multiplexing Efficiency, and Channel Capacity Loss
(CCL)

The antenna’s potential to receive electromagnetic signals in a multipath environment is described by
a quantity called the mean effective gain (MEG), which acts as an indication of diversity performance.
The MEG of the designed antenna can be determined with Equation (4) [35, 36]. The measured and
simulated MEG plots are shown in Figure 11(a). It has been determined that the antenna produces
MEG of < 3 dB among both bands simultaneously.

MEG = 0.5

1− n∑
j=0

|Sij |2
 (4)

where ‘n’ is the number of elements, and i & ‘j’ are the elements individually.
For a more realistic assessment of MIMO antenna performance, the multiplexing efficiency must

be taken into consideration. It is attainable to calculate the multiplexing efficiency for a two-element
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(a) (b)

Figure 11. (a) Response of mean effective gain, (b) characteristics of multiplexing efficiency and CCL.

MIMO system using Equation (5) [34–36].

Multiplexing efficiency (ηmux) =

√√√√(1− ECC2
n∏

i=1

ηi (5)

where ηi is the overall efficiency of individual element of MIMO radiator, and more than −3 dB of
multiplexing efficiency was obtained, as seen in Figure 11(b).

The channel loss defines amount of data lost due to interference between channels is measured by
the CCL using Equations (6)–(9). When antenna components are not properly separated, they might
cause significant capacity loss due to mutual coupling.

channel capacity loss (ccl) = − log2 det(γr) (6)

γr =

(
ρ11 ρ12
ρ21 ρ22

)
(7)

where

ρ11 = 1−
(
|S11|2 + |S12|2

)
; ρ12 = (s∗11s12 + s∗21s22) (8)

ρ22 = 1−
(
|S21|2 + |S22|2

)
; ρ21 = (s∗22s21 + s∗12s21) (9)

In order to get the intended effect, the CCL must have a level that is lower than 0.4 bps/Hz. The CCL
for the proposed antenna is lower than 0.3 bps/Hz over the dual-bands, as shown by Figure 11(b).

4.3. Comparative Analysis

Table 2 analyzes designed antenna to studies that have already been published in the past. The proposed
antenna possesses beneficial radiation characteristics, including a wide bandwidth, steady gain, and high
radiation efficiency. These characteristics give support to the concept that the design is acceptable with
connection to systems of communication that operate within the band.
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Table 2. Comparison of the designed antenna results with previous works.

Ref.
Scale

(mm2)

Tuned

Frequency

(GHz)

No of

Elements

BW

(GHz)

Gain

(dBi)

Rad.

Eff. %

Mutual

Coupling (dB)

< −15 dB

ECC < 0.5 DG < 10

p* 7.5× 19.8 28/40 2
2.82,

4.29
7.9/6.97 > 92 < −20 < 0.001 < 10

[23] 7.5× 8.8 28/38 2
1.23,

1.06
6.6/5.86 > 80 < −24 < 0.005 < 10

[24] 14× 12 28/38 2
2.6,

2
1.27/1.83 > 76 < −20 < 0.004 < 10

[25] 26× 11 27/39 2 2.9/4 5/5.7 > 98 < −18 < 0.001 < 10

[26] 12× 25.4 28/33/37 2 11.7 6.4/7.2/5 - < −20 < 0.005 < 10

[27] 55× 110 28/38 2 1.06/1.43 7.8/9.49 > 88 < −27 < 0.001 -

[28] 6× 6 28/34/45 4 1.2/0.92/1 13.5/11.2/13.7 > 90 - - -

[29] 30× 35 27.5–28.5 4× 2 1 12 > 90 < −40 < 0.003 < 9.9

[30] 12.8× 26 32.3–54.6 2 22 7.12 > 82 < −33 < 0.001 -

[31] 28× 28 28/38 4 4/5 9.5/11.5 > 80 < −40 < 0.003 < 10

[32] 14× 20 17–25 2 8 8.4 > 80 < −30 < 0.01 -

[33] 30× 15 28 2 6 5.4 > 84 < −35 < 0.03 < 10

* proposed, - Not mentioned

5. CONCLUSION

A small-scale, high-performance single and two-element MIMO antennas have been thoroughly presented
to report a dual-band frequency of 28/40GHz. The design includes an octal patch integrated with a bow-
tie parasitic element and a parasitic element in the center of the two-element MIMO design to improve
isolation and also offer dual bands of the required resonating frequency. The design was implemented on
a Rogers’s 5880 substrate, which has a frequency center of 28/40GHz, and it works significantly better
than the antennas that are described in the previous works. Based on the results of both measured and
simulated data, a significant improvement in the isolation obtained by adding a parasitic element in
the center of the patches is obtained by the proposed antenna, which also has bandwidths of 2.85GHz
and 4.29GHz at dual bands with peak gains of 7.9 dBi and 6.97 dBi over the operating bands. The
analysis of the proposed antenna in the previous work shows that the designed antenna is feasible for
5G mm-wave wireless applications like ultra-high definition multimedia, which require high data rates
and bandwidth, especially in cellular infrastructure.
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