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On-Demand Frequency Switchable Antenna Array Operating at 24.8
and 28GHz for 5G High-Gain Sensors Applications
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Abstract—A miniaturized in size linear multiple-input multiple-output (MIMO) antenna array
operating on demand at 28GHz and 24.8GHz for 5G applications is presented and investigated in
this research work. The antenna array has the capability to switch and operate efficiently from 28GHz
to 24.8GHz with more than 15 dB gain at each frequency, having 2.1GHz and 1.9GHz bandwidth,
respectively. The unit cell of the proposed antenna array consists of a transmission line (TL) fed circular
patch connected with horizontal and vertical stubs. The vertical stubs are used to switch the operating
frequency and mitigate the unwanted interaction between the adjacent elements of the antenna array to
miniaturize the overall dimension of the array. The proposed antenna array is compared with the recent
works published in the literature for 5G applications to demonstrate the features of miniaturization and
high gain. The proposed array is a potential candidate for 5G sensors applications like cellular devices,
drones, biotelemetry sensors, etc.

1. INTRODUCTION

The demand of wireless electronic devices and interconnecting technologies like the Internet of Things
(IoT) and the Internet of vehicles (IoV) have exponentially increased the number of users and congested
the allocated unlicensed frequency bands [1]. To meet this demand, an advance in high speed with low
latency rate and broad bandwidth communication network, named 5G, is under consideration by the
research communities these days [2]. The frequency bands above 24GHz, i.e., 28, 38, 60, and 73GHz
are among the proposed frequency bands for the 5G, as these are not allocated and available for the
unlicensed bands by the Federal Communication Commission (FCC) [3]. The antenna design for the
proposed 5G frequency bands is an endeavor for the research groups working in the antenna design
in order to keep pace with the advance of research carried out to realize the 5G in other research
domains [4-6]. Recently, FCC has finalized the first 5G spectrum auction for the 24GHz (24.25–24.45,
24.75–25.25) and 28GHz (27.5–28.35GHz) and, triggered the researchers to focus their designs at the
mentioned bands [7–15].

High propagation losses and non-line-of-sight (NLoS) due to the short wavelength at such high
frequencies are the major issues to handle the proposed 5G frequency bands. As far as antenna designing
concerns, a MIMO antenna array with high gain is the compensation for propagation losses caused by
the high frequency [14–18]. In [11], an 8-element MIMO antenna array operating at 28GHz is proposed,
where 15.6 dBi gain is achieved with an overall dimension of 307.8mm3. In [12], a dual-band sectorial
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slotted waveguide antenna array for 28GHz and 38GHz is presented with an overall dimension of
3728mm3 while the gain is above 12 dB for both resonating frequencies. Parallel and series feeding
techniques are used to excite the antenna array in [13, 14]., and the reported gains are 12.15 dBi and
11.9 dBi, with dimensions 228.6mm3 and 297mm3, respectively. In another work reported in [15], a
defected ground structure (DGS) is utilized to enhance the bandwidth of antenna array on tradeoff with
larger dimension of 487.6 mm3 and low gain 10.6 dBi. It has been observed from the recent works that a
miniaturized and high gain antenna array operating at multiple frequency bands for the 5G applications
is still a challenge for the researchers.

A miniaturized frequency reconfigurable from 28 to 24GHz MIMO antenna array is presented in this
manuscript with an overall dimension of 140.36mm3 having gains of 16.02 and 15.07 dB, respectively.
MIMO array is based on a compact size novel microstrip patch antenna with operational bandwidths
of 2.08GHz (26.97–29.05GHz) at 28GHz and 1.45GHz (24.12–25.57GHz) at 24GHz which covers the
FCC proposed bandwidth for the 5G applications [3]. The paper is arranged as follows. The theory
and design of the unit cell for the MIMO antenna array are discussed in Section 2. Designing of the
linear MIMO antenna array is described in Section 3, and the paper is concluded in Section 4.

2. DESIGN OF THE UNIT ELEMENT OF PROPOSED MIMO ARRAY

2.1. Theory and Design

The schematic of the proposed unit cell for the MIMO antenna array is shown in Fig. 1. A circular patch
of radius R is excited with the help of a TL. In order to switch the operating frequency from 28GHz
to 24.8GHz, the TL fed circular patch is further connected with the symmetric pairs of horizontal and
vertical stubs with the help of PIN diodes, as shown in Fig. 1. The addition of the horizontal stubs
connected to the circular patch increases and redistributes the amount of current flowing on the surface
of the patch which affects the matched impedance of the existing circular patch and results in the shift
of operating frequency from 28GHz along with increase in bandwidth of the radiating patch [19–21], as
depicted in Fig. 2. The optimized symmetric vertical stubs are further connected on the edges of the
horizontal stubs to control the flow of current density and overall impedance of the patch antenna to
radiate at 28GHz with increased bandwidth, as shown in Fig. 2. The lengths of the vertical stubs are
adjusted via PIN diodes to increase the amount of current and match the impedance at 24.8GHz. So,
the switching of PIN diodes from off to on state will shift the operating frequency of the antenna from
28GHz to 24.8GHz, the two frequency bands allocated by FCC for the 5G applications.

A thin substrate having a low value of permittivity (εr) and loss tangent (tan δ) is suitable to
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Figure 1. Schematic of the unit cell of proposed
MIMO antenna.
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Figure 2. Return loss of various design steps.
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radiate at the high frequency for the high gain. A ROGERS RO4350 (εr = 2.94, tan δ = 0.0012)
substrate [22] with thickness H = 0.508mm is used to engrave the proposed structure shown in Fig. 1.
The radius of the circular patch is calculated by equation [23]. The circular patch is fed by a rectangular
TL having the length (Lf ) and width (Wf ). In order to match the impedance of the circular patch with
TL, the optimized values are Lf = 1.1mm, Wf = 0.6mm, and R = 1.25mm. The lengths and widths
of the connected symmetric horizontal and vertical stubs are Wy = 1mm, s = 0.2mm, Lp = 1.93mm,
Lp1 = 0.4mm, Lp2 = 0.27mm, and Wp = 0.95mm, respectively. The bottom side of the substrate is
completely grounded having dimensions L×W (5mm × 5mm).

2.2. Results and Discussion

The proposed geometry of the antenna is simulated in the finite element method (FEM) based high-
frequency structure simulator (HFSS) [24], and results are compared by designing a similar antenna
in CST Studio Suit. An equivalent model of AlGaAs-Flip-Chip-PIN (PIN) diode with a maximum
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Figure 3. Return loss of unit cell when both diodes are in off state.

Figure 4. Surface charge distribution at 28GHz when both diodes are in off state.
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operating frequency of 50GHz [25] is designed in HFSS to switch the operating frequency. Fig. 3 shows
the comparison between the results obtained using HFSS and CST for return loss of the simulated
antenna when PIN diodes are in off state. The reflection coefficient (S11) shows a promising value of
< −30 dB at 28GHz with a bandwidth of 2.1GHz, covering the allocated band (28GHz) for the 5G
communication by the FCC. The very low value of S11 verifies a good impedance match between feeding
and radiating circuitry.

The resultant distribution of current density on the surface of the antenna is shown in Fig. 4.
It is noticed that the maximum of the current is distributed on the TL and symmetrical stubs, which
demonstrates the feature of currently controlled by them. It is also noticed that the current distribution
on the edges of the circular patch and vertical stubs contributes to the increased fringing effect and
consequently increases the gain of the antenna. The radiation patterns of the antenna in E- and H-
planes at 28GHz are depicted in Fig. 5, which exhibits a broadside hemisphere high gain of 7 dB with
half power beamwidth (HPBW) ≈ 102◦. Fig. 6 shows the co- and cross-components of the polarization
in E- and H-planes. The high values of co-components and low values of cross-components in both
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Figure 5. Radiation pattern at 28GHz when both diodes are in off state.
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planes characterize the capability of the proposed antenna as a suitable transmitter and/or receiver of
the signals at 28GHz.

Next, the PIN diodes are operated in the ON state while vertical stubs are connected with the
patches Lp1 and Lp2 via PIN diodes 1 and 2, respectively. The resultant increase in the amount of
current density and redistribution on the surface of the antenna due to the increase in physical length of
the radiating patch is shown in Fig. 7. The increase in current density increases the electrical length of
the antenna, which shifts the operating frequency from 28GHz to 24.8GHz. The plot of S11 shown in
Fig. 8 demonstrates the shift of frequency and resultant impedance matching of the radiation circuitry
at 24.8GHz.

Although the strength of the current density at 24.8GHz is stronger than at 28GHz, the current
distribution on the edges is less and results in slightly less gain of 6.92 dB with HPBW ≈ 98◦. The
broadside hemisphere radiation patterns of the antenna at 24.8GHz in E- and H-planes are shown in
Fig. 9. The co- and cross-components of the antenna at 24.8GHz to demonstrate the receiving and

Figure 7. Surface charge distribution at
24.8GHz when both diodes are in on state.
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Figure 8. Return loss of unit cell when both
diodes are in on state.

-30

-24

-18

-12

-6

0

6

12
0

60

120

180

240

300

-24

-18

-12

-6

0

6

12

E-Plane

H-Plane
HFSS CST

0

60

120

180

240

300

Figure 9. Radiation pattern at 24.8GHz when both diodes are in on state.
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Figure 10. Co-polarization and cross polarization at 24.8GHz (a) E-plane (b) H-Plane.

rejecting capabilities of the antenna in E- and H-planes are shown in Fig. 10.
Figure 11 presents the input impedance of the proposed antenna. It can be observed from the graphs

that the antenna offers a very goof impedance of ≈ 50Ω at both resonances for various diode switching
states. An increase in impedance matching was observed, which is understandable with respect to the
return loss graph shown previously.
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Figure 11. Input impedance of the unit element for both switching states.

3. DESIGN OF LINEAR MIMO ARRAY ANTENNA

In order to design the linear MIMO antenna array, 8 unit cells designed in section 2 are assembled on
the RO4350 as shown in Fig. 12. Provided that all the elements in an antenna array are excited with
the same phase and magnitude, the separation between the consecutive elements is another critical
parameter to control the radiation characteristic and especially the gain of an antenna array. The
unwanted interaction between consecutive antenna array elements is the primary factor that does not
reduce the distance between elements and places them in close proximity to each other. The presence
of stubs is a very useful technique to reduce the unwanted interaction between elements and thus
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Figure 12. Proposed MIMO antenna array, d = 2.75mm and Lm = 57.5mm.

miniaturize the antenna array [26]. Another benefit of using symmetric vertical stubs in the unit cell is
utilized here. The presence of stubs to increase the gain and bandwidth of the unit cell also serves to
mitigate the unwanted interaction between the two consecutive elements and consequently reduces the
overall size of the proposed array.

The maximum distance between two consecutive elements is kept at λ/4 instead of conventional
distance λ/2 [23], where λ is the free space wavelength at 28GHz. Fig. 13 shows Sii and Sij , where
i = j = 1, 2, . . . 8, results of the 8 element linear MIMO antenna array when all diodes are in OFF
state. It is noticed that the isolation enhancement between two consecutive elements is less than −17 dB
at 28GHz. Fig. 14 shows the gain of the proposed MIMO antenna array in E- and H-planes at 28GHz.
The high gain of 16.02 dB is observed in both E- and H-planes at the central frequency of 28GHz,
which demonstrates the reduction of unwanted interaction between antenna elements in the near field
region and in phase constructive interference of radiated fields by individual antenna elements in far field
region. Moreover, Fig. 14 shows the fan beam radiation pattern, a wide beam in one plane and a pencil
beam in the other plane with the same magnitude. The proposed array demonstrates a hemisphere
broadband pattern in E-plan while a pencil beam in H-plane. Fan beam is another required feature
and high gain, wideband, and beam steering characteristic for the 5G applications [18].
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Figure 13. S-Parameter of proposed MIMO array when both diodes are in off state.

Next, the linear MIMO antenna array is simulated with all the PIN diodes in ON mode to switch
the operating frequency of the array from 28GHz to 24.8GHz. Although the array is operated at
24.8GHz, with PIN diodes in ON state, the physical separation between any two consecutive elements
is still λ/4, where λ is the free space wavelength at 28GHz. It means that the electrical distance between
two consecutive antenna elements is slightly greater than λ1/4, where λ1 is the free space wavelength
at 24.8GHz. The resultant Sii and Sij parameters are shown in Fig. 15, which shows the improved
isolation enhancement between two consecutive antenna elements. Fig. 16 shows the radiation pattern
of the linear MIMO antenna array at 24.8GHz in E- and H-planes. A fan beam radiation pattern with
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Figure 14. Radiation pattern of proposed
MIMO array at 28GHz when both diodes are
in off state.
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Figure 15. S-Parameter of proposed MIMO array
when both diodes are in on state.
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Figure 16. Radiation pattern of proposed
MIMO array at 24.8GHz when both diodes are
in on state.
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Figure 17. Gain and efficiency plot of the proposed
MIMO antenna array.

the gain of 15.07 dB is observed.
Figure 17 depicts the gain and efficiency of proposed MIMO antenna array for both diodes in On-

and Off-states. It can be observed that in both states of diode the gain > 14 dBi in operational region
along with radiation efficiency of > 80%, as illustrated in Fig. 17.

Envelope Correlation Coefficient (ECC), being a fundamental component to examine the MIMO
functionality of the antenna, is studied here. Ideally, the ECC value should be zero. However, in the
actual case, due to various losses, the ECC < 0.5 is acceptable. For any MIMO antenna system, the
ECC can be calculated using the formula given in [27].

ECC(1, i) =
|S∗

11S1i + S∗
i1Sii|

(1− |S11|2 − |Si1|2)(1− |Sii|2 − |S1i|2)
(1)
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Figure 18. Simulated ECC graphs of the proposed antenna (a) D1 and D2 is in On-state (b) D1 and
D2 is in Off-state.

here i represents the number of the elements with respect to which ECC was calculated. It can be
observed from Fig. 18 that for both diodes, either in On- or in Off-state, the ECC value was reported
to be less 0.75 in the operational region. Thus, the presented work offers a very low ECC making it a
suitable candidate for MIMO applications as well.

4. FABRICATION AND MEASUREMENT CHALLENGES

The antenna was initially simulated using Electromagnetic Solver HFSS, and afterward a similar antenna
was designed in CST to analyze the result, as shown in previous Sections 2 and 3. Considering a realistic
scenario, instead of using simple copper and slot configuration, an equivalent model of the AlGaAs-Flip-
Chip-PIN diode, having a maximum operating frequency of 50GHz, was made using lumped elements in
both simulators. The antenna offers very close results in two different Electromagnetic Solvers, which
works using different algorithms. Thus, based upon these validations, it can be said that with low
tolerance fabrication, a similar result can be obtained by measurements. Moreover, parametric analysis
was performed on various parameters of the antenna to find the minimum acceptable tolerance. It
was observed during the investigations that the antenna offers a fabrication tolerance of > 0.01mm.
It means that a highly accurate fabrication setup may be required to fabricate the antenna having a
tolerance of > 0.01mm. Hence the chemical etching or photo-electric etching scheme will not work for
the proposed work. Therefore, considering the challenges mentioned above using fabrication techniques
with high precision levels, measured results can be obtained close to the simulated one.

5. COMPARISON WITH STATE-OF-THE-ART-WORK

Table 1 shows the comparison of the proposed MIMO antenna array with recent antenna arrays proposed
for the 5G applications operating at multiple frequencies. The proposed antenna array achieved the
miniaturization of 38.6%–96.23%, with a comparatively high gain of > 15.0 dB. Last, with an overall
compact dimension of 5 × 57.5 × 0.508mm 3, the proposed array is a potential candidate for the 5G
applications requiring compact size like cellular devices, PC tablets, drones, biotelemetry sensors, etc.
Specifically, the width Wm = 57.5mm of the array fits in the commercially available cellular devices
well having a width of around 65mm.
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Table 1. Comparison of proposed work with recent works.

Reference No.
Dimension

(mm3)

Miniaturization

achieved

Max Gain

(dB)

[11] 307.8 54.4% 15.6

[12] 3728 96.23% 15.6

[13] 228.6 38.6% 12.15

[14] 297 52.73% 11.5

[15] 487.68 71.22% 10.6

Proposed

Work
140.36 —— 16.02

6. CONCLUSION

An on-demand frequency switchable, high gain, and miniaturized linear MIMO antenna array operating
at 28GHz and 24.8GHz is presented and investigated in this paper. It is demonstrated that the pairs
of symmetric vertical and horizontal stubs are used to control the amount of current on the radiating
patch, thus switch the frequency and enhance the gain of the unit cell proposed for the MIMO antenna
array. Vertical stubs are used to minimize the unwanted interaction between the adjacent antenna
elements so that the placement of the antenna elements in close proximity is feasible, and the feature
of miniaturization is attained. The vertical stubs are also used to switch the operating frequency from
28GHz to 24.8GHz with gains of 16.02 dB and 15.07 dB, respectively. Based on high gain capabilities,
broad bandwidth, fan beam radiation pattern, frequency reconfigurability, and miniaturized size, the
linear MIMO antenna array is proposed as a suitable candidate for 5G applications like cellular devices,
PC tablets, drones, biotelemetry devices, etc.
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