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1. Introduction  

The future fifth generation (5G) of mobile communications 

systems is predicted to significantly increase system 

performance in general, such as data transmission speeds and 

energy usage [1],[2]. Studies in the past have suggested many 

forms of millimeter wave (mmW) antenna designs that operate 

at single or multiple operating frequency bands with inventive 

designs or construction techniques. A single-frequency sub-6 

GHz four-port antenna of 4 GHz bandwidth, omnidirectional 

pattern, and acceptable gain for MIMO applications has been 

proposed [3]. The two element array with expanded structure 

and substrate integrated waveguide (SIW) technology was 

utilized to create the directional horn antenna operating at 26 

GHz as a transmitter with maximum gain of 8 dB with 

dimensions 28.2 x 28.6 mm2 [4]. Also, another antenna with a 

fundamental frequency of 26 GHz but a different design 

technique of a rectangular dielectric resonator antenna fed by a 

circular patch has been proposed [5]. The design is compact, 

with dimensions 5.76 x 5.76 mm2 and a high directional gain 

of 8.04 dB. Patch antennas operating at 28 GHz bands have also 

been suggested, including a 4-element array vivaldi antenna [6], 

circularly polarized planar helix phased antenna array of 7 GHz 

bandwidth and 5 dB gain [7], and directional patch loaded with 

slot of H shape along a shorting-pin construction with high gain 

of 12 dB but large dimensions of 96.6 x 96.6 mm2 [8]. New 

structures can achieve a high directional gain of 27 dBi at 28 

GHz, which involves the superimposed similar metal sheets 

founded on metasurfaces of large size 160 x 160 x 140 mm3[9]. 

In the frequency band of 60 GHz, a stacked aperture-coupled 

directional microstrip patch antenna (MPA) with a grid-based 

parasitic patch of 40 x 20 mm2 compact size and 8 dB gain [10]. 

Electromagnetic Bandgap (EBG), including the cross metallic, 

hexagonal, and mushroom pattern periodic structures [11]. Q 

and double F slots loaded patch with microstrip feeder structure 

[12],[13], and a four-element regular patch antenna with Z-

shaped slots on the ground plane [14] have also been proposed 

in patch antennas. All the slot antennas mentioned showed a 

gain range of (6-12) dB and a compact size. Another shape of 

slot is used with electronic switches, as proposed in [15], where 

two electronic switches are on a 5.4 x 5.4 mm2 patch used to 

produce triple distinct beam configurations with a maximum 

gain of 4.9 dB. Using either switch separately leads to a 70° 

change in the central radiation pattern path within similar band 

properties.   

All the mentions above regard an mm-wave antenna that covers 

a single operating band. Other designs are focused on covering 
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dual operating bands or higher. The authors suggest an efficient 

MPA that operates in two bands, 38 and 60 GHz, with a new 

design consisting of dual patches connected by electromagnetic 

force, which incorporates sophisticated radiating processes 

[16].  A directional patch antenna in the shape of an umbrella 

has been proposed to resonate throughout three frequency 

bands, 28, 38, and 55 GHz [17]. Others are aimed at getting a 

great gain. A frequency-selective surface (FSS) array antenna 

is suggested in [18], where the design consists of 8 sub-antennas 

supplied by one feeder and an FSS that has 84 unit cells. The 

wide band antenna covers mm-wave 5G bands that include 28, 

38, and 60 GHz, and has a gain of 15 dB.  In this article, a two-

ring microstrip patch antenna loaded with an interdigital 

capacitor (IDC) is proposed. The implementation of the 

capacitor and ground plane extensions results in tri-bands with 

a more effective return loss characteristic. For fifth-generation 

uses, the antenna is intended to operate at 28, 38, and 60 GHz. 

The CST Studio Suite® software program was used to carry out 

the electromagnetic simulations. 

 

2. Method of the Research 

2.1 Antenna Configuration and Substrate Selection 

The proposed antenna is a compact tri-band microstrip 

monopole structure designed to operate at 28 GHz, 38 GHz, and 

60 GHz for fifth-generation (5G) applications. The antenna is 

fabricated on a Rogers RT/duroid 5880 substrate with the 

following characteristics: relative dielectric constant: εr = 2.2, 

Loss tangent: 0.0009, Substrate thickness: 0.8 mm, and Overall 

substrate dimensions: 7.6 × 10.5 mm² 

The radiating element consists of two concentric hexagonal 

rings connected through an inter-digital capacitor (IDC). The 

antenna is fed by a 50 Ω microstrip transmission line 

incorporating a quarter-wave impedance transformer for proper 

matching. A partial ground plane is used to enhance impedance 

bandwidth and support monopole-type radiation behavior. 

Fig. 1 depicts the shape of the proposed tri-band microstrip 

patch antenna, where S1 and S2 denote the length of the 

hexagon patch sides of the first and second rings. The distance 

between the two rings is denoted by Sd. Additionally, the width 

of the inter-digital capacitor base is D, and the length of the IDC 

finger is Ld. The feed-line consists of two sections: the main 

feeder of length Lf and width Wf, and the quarter-wave 

transformer whose dimensions are Lq and Wq for length and 

width, respectively. Lastly, Lg and Wg refer to the partial 

ground plane's length and width. Lg1 and Sg are the dimensions 

of the extension of the ground plane. The dimensions of all 

components are listed in Table 1 and Fig.1. 

 

Figure 1. The two rings tri-band (28/38/60 GHz) MPA 

geometries 

 

Table 1. Parameters of the proposed tri-band antenna 

Dimension 
Value 

(mm) 
Dimension 

Value 

(mm) 

S1 3.5 Lf 2.1 

S2 2.1 Wf 1.9 

Ld 0.8 Lg 3.1 

D 1 Wg 7.6 

Sd 0.8 Lg1 1.75 

Lq 2 Sg 1.9 

Wq 0.8   

 

2.2 Design Evolution Procedure 

The antenna design was developed through four progressive 

stages to achieve tri-band operation, as shown in Fig. 2 [19]. 

• Mode-A: A single hexagonal ring monopole fed by a 

microstrip line with a quarter-wave transformer over a 

partial ground plane, designed to resonate at 28 GHz. 

• Mode-B: Addition of a second inner hexagonal ring to 

introduce electromagnetic coupling and generate a higher-

frequency resonance. 

• Mode-C: Integration of an inter-digital capacitor (IDC) 

between the rings to compensate for inductive reactance 

and improve impedance matching. 

• Mode-D: Modification of the ground plane by adding 

hexagonal and narrow-line extensions to introduce a third 

operating band near 60 GHz.  

 

     (a)             (b)              (c)                  (d) 

Figure 2. Evolution of the two rings tri-band antenna: (a) 

Mode-A, (b) Mode-B, (c) Mode-C, (d) Mode-D 
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2.3 Microstrip Transmission Line Design 
When the transmission-line impedance Zc is 50 Ohm, the 

quarter-wave transforming impedance Zt has been computed by 

changing Rin and Zc in (1) [20]: 

 

𝑍𝑡=√𝑍𝑐𝑅𝑖𝑛                                                                            (1)     

      

Where Rin is the radiated patch's input impedance. Once the 

transmission lines' impedance values have been determined, 

their diameters are estimated using (2) to (5). 

The transmission line width (Wt) is determined utilizing (2), 

(3), and (4), where Z0 refers to the transmission line section 

impedance to be computed [21]; throughout the case of Fig. 1, 

the computation for Zc and Zt must be carried out separately. 

 

𝐴 =
𝑍0

60
√
𝜀𝑟+1

2
+

𝜀𝑟−1

𝜀𝑟+1
(0.23 +

0.11

𝜀𝑟
)                                        (2) 

 

Where εr is the dielectric constant of the substrate 
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In order to determine the length of the transmission line, the 

effective dielectric constant (εreffLt) for each transmission line is 

initially computed using (5): 

 

𝜀𝑟𝑒𝑓𝑓𝐿𝑡 =
𝜀𝑟+1

2
+

𝜀𝑟−1

2

1

√1+12
ℎ

𝑊𝑡

                                             (5) 

Once the effective dielectric constant has been computed, the 

length of the transmission line (Lt) can be determined using (6). 

 

𝐿𝑡 =
𝜙𝑓𝑐(

π

180
)

√𝜀𝑟𝑒𝑓𝑓𝐿𝑡𝑘0
                                                                    (6) 

 

Where φ is the phase delay, k0 is the phase constant in free 

space.   

 

 

3. Results and Discussions 

The substrate dimensions are 7.6 x 10.5 mm2. Mode-A has a 

single working frequency of 28.5 GHz, with a bandwidth of 

(26.25-29) GHz. The radiating pattern in the orthogonal 

elevating planes (Phi = 0◦ and Phi = 90◦) is omnidirectional 

owing to the partial-length ground structure. To get a second 

operating band at a higher frequency, another ring is added 

inside the main monopole ring. The S11 performance shows 

that the introduction of this ring added an operating band 

ranging from 35-41.5 GHz, at the expense of deleting the 28 

GHz band.  To enhance the antenna's performance, an inter-

digital capacitor is positioned at the center of the monopole two-

ring antenna, as demonstrated in Mode B.  

Fig. 3 depicts the Mode-C reflection coefficient; it can be 

observed that the Mode-B antenna displays inductive reactance 

when operating at 28 GHz. In order to enhance the impedance 

matching, an inter-digital capacitor (IDC) has been added as 

shown in Figure 2-c. The antenna's reactance impedance at 28 

GHz is 22.9+j5.06 Ω without the IDC.  

 

 

Figure 3. Reflection coefficients of the two-ring tri-band 

design modes 

 

However, after implementing the IDC, the reactance impedance 

can be effectively reduced to 60.1-10.7 Ω, leading to better 

impedance matching. The capacitance of the inter-digital 

capacitor is computed to be 0.019 pF using (7) from [22] as 

shown in Fig 4 . 

 

𝐶 = (𝜀𝑟 + 1)𝑙[(𝑁 − 3)𝐴1 + 𝐴2]         (𝑝𝐹)      (7) 

 

The length of each finger is represented by "l", and the number 

of fingers is denoted by "N". The capacitances per unit length 

of the fingers on the interior, exterior 1, and exterior 2 are 

indicated by "A1" and "A2", respectively. 
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Figure 4. Comparison of Antenna impedances as a function of 

frequency with and without the capacitor implemented 

In the proposed design, the finger width is uniform, and its 

length is less than or equal to λ/4. Since the substrate is finite, 

the impact of the substrate's thickness, "h", must be taken into 

account when determining A1 and A2 in pF/µm, and the 

approximate expressions are presented below in (8) and (9)  

[23]: 

 

𝐴1 = 4.409 tanh [0.55 (
ℎ

𝑊𝐼𝐷𝐶
)
0.45

] x10−6                            (8) 

 

𝐴2 = 9.92 tanh [0.52 (
ℎ

𝑊𝐼𝐷𝐶
)
0.5

] x10−6                                                (9) 

 

By incorporating a capacitor, a good impedance matching in the 

28 GHz band is achieved, thereby introducing the dual 

operating bands of 28 and 38 GHz. As for the 60 GHz band, it 

suffers from poor S11. In order to achieve the third operating 

frequency at the higher end, two extensions of a shape 

hexagonal patch and a narrow line in the ground plane are 

added, as shown in Mode-D. Further stubs of dimensions (0.44 

mm x 0.2 mm) were added to the external ring patch to enhance 

the gain of the antenna.  

The simulated current distributions of the proposed antenna 

through the design stages are shown in Fig. 5. The effect of 

adding an interdigital capacitor on the antenna behavior at 28 

GHz is shown in Fig. 5 (a) and (b). It is noticed that by adding 

IDC, the current will concentrate in the rings and through the 

capacitor. The patch on the backside did not affect the current 

on the front side as shown in (c). On the other hand, the current 

distribution at 38 GHz is barely affected by the presence of the 

capacitor and ground patch, as shown in (d), (e), and (f). As for 

60 GHz, it can be noticed that the capacitor did not affect the 

current in (g) and (h). However, the addition of the patch on the 

ground plane induced the current to distribute through the inner 

ring and the ground patch in (i).  
 

 

(a) 
(b) (c) 

(d) (e) (f) 

(g) (h) (i) 

Figure. 5. Current distribution of tri-band dual ring antenna: 

(a), (b) and (c) at 28 GHz in Modes-B, C and D (d), (e) and (f) 

at 38 GHz in Modes-B, C and D (g), (h) and (i) at 60 GHz in 

Modes-B, C and D 

The gain is plotted against frequency in Fig. 6. It is observed 

that at the 28 GHz band, a maximum peak gain of 4.3 dB is 

achieved. Meanwhile, at the 38 GHz band, the gain reached 4.5 

dB. Finally, a high gain of 7.4 dB has been achieved within the 

60 GHz band. 

A comparison of the radiation pattern in the E-plane and H-

plane is shown in Fig. 7.  An omnidirectional pattern is obtained 

in all operating bands. 

 

 

Figure 6 Gain against frequency at: (a) 28 GHz band, (b) 38 

GHz band, (c) 60 GHz band 
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                                  (a) 

 

(b) 

Figure 7. Comparison of radiation patterns at 28 GHz, 38 

GHz, and 60 GHz in: (a) E-Plane, (b) H-plane. 

 

4. Conclusion  

A tri-band monopole antenna loaded with IDC is proposed in 

this study. The proposed antenna is developed on a 79.8 mm2 

Roger 5880 substrate. The electromagnetic radiation 

characteristics are endorsed by the CST Studio Suite® software 

program. The IDC loaded in the proposed design gives the 

ability to operate at two frequencies. The addition of the 

hexagonal patch on the ground plane introduced a third band. 

Further stubs are added to the external ring of the radiating 

patch to improve the gain. The proposed design shows steady 

radiating patterns for both E and H planes within the three 

operating frequencies. The proposed antenna system covers a 

large spectrum from (25.8-29.3) GHz, (36.9-41.5) GHz to 

(49.3-63.6) GHz, which includes three possible frequencies for 

5G communications in the 28, 38, and 60 GH bands. In addition 

to the fact that it offers advantages such as small size, large 

bandwidth, facilitated fabrication, and acceptable gain values at 

the intended bands of 28, 38, and 60 GHz.  Because the 

electromagnetic radiation is omnidirectional, the suggested 

antenna is an attractive choice for inclusion in an array for 

future 5 G applications. 
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