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Article Info  Abstract 

Received 09/07/2024 
 This paper presents a small-sized multilayer ultra-wideband (UWB) patch antenna for 

satellite communication applications in the X band, Ku band, and K band. The antenna 

consists of two stacked rectangular patches on the ground plane driven by H-shaped slots 

with miniaturized dimensions of 40 × 40 × 5.51 mm3. The multilayer structure utilizes 

RT/Duroid®5880 and FR4 substrates, and simulation results show that the operational 

bandwidth is 15 GHz (8-23 GHz) with a reflection coefficient less than -10 dB. The 

proposed design exhibits stable omnidirectional radiation patterns, a peak gain of 8.3 dB, 

and an excellent VSWR across the entire operating band. The comparison of the proposed 

antenna against existing literature shows that the proposed antenna has a lot of benefits, as 

it achieves size reduction while maintaining broader bandwidth and higher gain than 

comparable designs. This antenna has a compact structure, coupled with high impedance 

matching and radiation properties, which makes this antenna convenient for the current 

generation of satellite communication systems that need miniaturized broadband 

components. 
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1. Introduction 

Nowadays, the increasing demand for high-speed wireless 

communication and the proliferation of Internet of Things (IoT) 

devices have propelled researchers to explore novel antenna 

designs capable of supporting ultra-wideband (UWB) 

applications efficiently. UWB technology has been recognized 

for huge data rates of more than 100 Mbps and high efficiency 

compared with other wireless communication. Many studies 

have focused on the development and optimization of 

broadband antennas, driven by significant advances in UWB 

communication technologies over the past decade [1]. These 

studies have focused not only on improving bandwidth 

capabilities but also on enhancing antenna performance in 

terms of gain, efficiency, and radiation patterns. As a result, 

broadband antennas have garnered immense attention in 

academic and industrial research communities, shaping the 

future of wireless communication systems.  UWB technology 

was first used in military applications, but after the Federal 

Communications Commission (FCC) approved it in 2002, it has 

been used in a variety of applications. This commission has 

determined the transmission power limits and the frequency 

bands allocated to various UWB applications. Any 

electromagnetic spectrum, technology, system, or signal with a 

bandwidth exceeding 0.5 GHz or more than 20% of the center 

frequency is referred to as ultra-wideband (UWB) [2]. The 

applications of ultra-wide antennas in this decade cover a 

variety of electronic platforms and Internet of Things (IoT) 

peripherals, due to their wide range and ease of integration with 

different communication systems. UWB antennas are important 

in wireless communication systems, especially in data 

exchange, tracking, sensing, monitoring, healthcare, and 

location identification. However, both applications have certain 

demands on the UWB antenna since the antenna design should 

be adjusted to the radiation properties that are determined by 

the respective communication system [3], [4]. 

During the past years, there has been a great deal of research 

work on the design and improvement of broadband antennas 

because of their favorable characteristics, such as high 

immunity to noise, low power consumption, the capability to 

penetrate different materials, enhanced resistance to multipath 

fading, and the ability to support high-data-rate wireless 

transmission over wide bandwidths. Despite these strengths, 

several challenges remain. These include increased 

implementation costs, slower adoption, longer signal 

acquisition times, challenges in integrating UWB systems, and 

potential interference or overlap with other radio systems [5], 
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[6].  Moreover, despite the large number of compact UWB 

antenna designs proposed, not all are suitable for satellite 

communication. This weakness is mainly due to design trade-

offs. For example, antennas for the X, Ku, and K bands must be 

compact; however, to achieve good performance, a suitable 

matching network may be required, which can increase the 

overall size of the antenna system. In addition, the diameter and 

height of UWB antennas are directly proportional to their peak 

bandwidth. Therefore, the size reduction of UWB antennas has 

to face some fundamental limitations of reducing the 

impedance bandwidth with the diameter of the antennas. Thus, 

it might be difficult to design small UWB antennas with a wide 

bandwidth, sufficient radiation efficiency, and reliable 

resistance matching across the range of frequencies. A few 

instances of these difficulties are the antenna's performance 

being impacted by size restrictions and the difficulty of 

incorporating several UWB bands within the same antenna 

design. To overcome these obstacles and keep the antenna 

design small, new approaches such as sophisticated matching 

networks, multilayer patches, frequency-selective surfaces, and 

metamaterials may be used [7]. An extensive operating 

bandwidth is essential for UWB antenna systems. However, 

because UWB antennas must meet stringent specifications, 

including small size, broadside emission patterns, low VSWR, 

good impedance matching, and large bandwidth, designing a 

UWB antenna can be challenging [8]. Furthermore, high-gain 

antennas with excellent directivity are required for several 

wireless communication applications, including positioning 

systems, radar, location tracking, and monitoring [9], [10]. 

The design of UWB antennas affects the overall performance 

of UWB systems [11]-[19]. However, the radiation pattern 

utilized in wireless systems influences UWB antenna design, 

and these antennas could be categorized according to this 

pattern. There are two such categories: omnidirectional UWB 

antennas enable effective communication between a receiver 

and a transmitter in multiple directions due to their 

omnidirectional radiation pattern. These antennas are 

appropriate for mobile devices and indoor wireless 

communication. The second category is directional UWB 

antennas. In these antennas, the high-power signals are 

restricted to being received or transmitted in specific directions. 

The antenna performs better and causes less interference due to 

its directional radiation pattern. An example of a co-planar 

ultra-wideband antenna with a directive radiation pattern is the 

Vivaldi antenna [20]. UWB antennas have a variety of 

applications, for example, satellite communications systems, 

ground penetrating radars, flexible electronic devices, and 

imaging systems [21]-[24], and due to their small size, ease of 

integration, and rapid technological development, UWB 

antennas have become more popular in a wide range of other 

applications. Antennas with a UWB spectrum with filtering 

properties are urgently needed not only to mitigate interference 

but also to remove the requirement for additional notch filters 

[25]. Several techniques are used in the design of wideband 

antennas to achieve a wide operating range. The use of isolated 

slots embedded within the radiator, defective ground structures, 

and various patch configurations, such as E-, T-, U-, and H-

shaped slots, complex structures, and fractal structures, to 

improve antenna parameters has been reported [26]-[31]. 

Agarwal et al. [15] introduced a 4×4 MIMO array antenna 

operating in the frequency range 3.3-16.5 GHz. The antenna is 

fed via the coplanar waveguide (CPW) method. However, the 

average gain did not exceed 3.5 dBi. Sharifi et al. [16] 

introduced the beam-steering array antenna with a gain of 9.5 

dBi and a return loss of S11 < -14 dB. This antenna operates over 

the frequency band from 20.5 GHz to 30 GHz. Sarkar et al. [17] 

presented a rectangular air-gap antenna with distorted ground 

structures in the X- and Ku-band ranges. The antenna achieved 

a bandwidth of 58.72% (8.3-15.2) GHz. However, there are 

difficulties associated with antenna size, beamforming, and 

design complexity. Baladi et al [18] presented a reconfigurable 

antenna based on the unit cell in the frequency ranges of (10.8-

11.8) GHz and (14-15.4) GHz within the Ku band. The unit cell 

consists of two circular loops, and to achieve beam 

controllability, each loop is loaded with four variable diodes. 

However, the antenna achieved a poor bandwidth of 4.3%. In 

other designs presented by Wu et al. [14], Agarwal et al. [15], 

and Chung et al. [32], the antennas fail to achieve good gain 

across the operating range due to their small frame size. As a 

result, ultra-wideband antennas have poor directivity. Anim et 

al. [22] developed a wide-band antenna array for X-band 

applications. The antenna consisted of several layers: three 

copper layers and two insulating substrates. The antenna has a 

large size of 371×276 mm². To separate the layers, Rohacell 

foam material was utilized. The results show that the maximum 

bandwidth was 12.4% (9.01-10.20) GHz. Din et al. [24] 

reported a semi-circular UWB monopole antenna. To improve 

the antenna's bandwidth, the ground plane was distorted, and a 

6×6 metal reflector Frequency-Selective Surface (FSS) was 

inserted below the antenna to enhance the gain. However, the 

antenna's 62.5×63×25 mm3 dimensions and fabrication 

difficulty make it unsuitable for many applications. 

In this work, a simple UWB multilayer patch antenna for 

satellite communication applications is presented. The 

proposed antenna is designed, simulated, and tested using CST 

and HFSS packages. The operating frequency range is 10 GHz 

to 25 GHz, and the layers comprise RT/Duroid®5880 and FR4 

with overall dimensions of 40×40×5.51 mm3. We used an H-

shaped probe, as one of the previously mentioned methods, to 

achieve UWB. The antenna consists of four substrates: the first 

three are of the same type (FR4) and are connected to a copper 

ground plane. The antenna achieves UWB functionality by 

using a dual H-shaped feed slot and two optimized design 

patches, coupled to each other. Compared with traditional 

microstrip antennas, the proposed antenna achieved return loss 

< -10dB, a fractional bandwidth of 15 GHz (100%), and a 

maximum gain of 8.3 dB. 

The article is organized as follows: Section 2 describes the 

structure of the proposed antenna geometry in detail; the 

antenna comprises multiple layers. The parametric study was 

presented in Section 3, which explains the stages of antenna 

design to achieve optimal results. Subsequently, the antenna 

simulation results are presented and discussed in detail in 

Section 4, and the conclusions are presented in Section 5. 
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2. Method of the Research 

2.1 Antenna Design Detail 

The proposed antenna operates in the (X, Ku, and K bands). The 

required frequency was calculated based on the calculations: 

𝑓𝑇𝑀 =
𝑐

2𝜋√ε𝑟

√(
𝑚𝜋

𝑊𝑝
)

2
+ (

𝑚𝜋

𝐿𝑝
)

2
 (1) 

Where 𝐿𝑝 and 𝑊𝑝 represent the effective length and width 

calculated according to [14]. At the ground plane, two H-shaped 

feeding slots were etched to enhance the antenna parameters. 

The structural dimensions of the slot meet the following 

requirements: 

𝐿𝑔1 + 𝐿𝑔2 + 𝐿𝑔3 ≈  𝜆𝑔 (2) 

Where it is possible to adjust the values 𝐿𝑔1 ≈
λg

2
, 𝐿𝑔3 ≈

λg

4
 = 𝐿𝑔2, to improve the impedance match.  Means that the 

overall effective length of the slot, which is the sum of the three 

segments Lg1, Lg2, and Lg3, must be about equal to the guided 

wavelength λg. This condition is necessary to make the slot a 

resonant path, which contributes to the enhancement of 

impedance matching at the required operating frequency. 

In the first phase of our study, we adopted the configuration 

proposed by Li et al. [29], which features a multilayer 

architecture including an H-shaped feed line and a two-patch 

design. Simulation of this configuration in an HFSS system 

demonstrated an operating bandwidth of 12–18.25 GHz, 

corresponding to a 41.3% subband with a VSWR < 2. We then 

optimized the design by introducing additional methods to 

expand the operational bandwidth and broaden the range of 

possible applications. To achieve this, an H-shaped probe was 

added, and the radiating-patch geometry was changed to square 

and rectangular. These modifications reduced the structure and 

ultimately decreased the overall antenna size. The proposed 

antenna is shown in Fig. 1. The antenna structure comprises 

four parts. The first part contains a square patch. The patch is 

printed after modification to obtain the optimal design on the 

upper surface of the first part, using a Roger RT/Droid 5880 

(ε𝑟= 2.2) dielectric substrate with a thickness of 0.575mm. The 

second part contains a patch whose dimensions have been 

adjusted to increase impedance matching, with an FR4 layer 

(𝜀𝑟= 4.4) dielectric substrate. In the third part, a double-H 

aperture coupling printed on a ground plane is used, with 

aperture dimensions optimized to achieve the maximum 

bandwidth of the proposed antenna. In the last part, the 

proposed antenna is fed through a microstrip line with a 50 Ω 

SMA connector. The dimensions of the proposed antenna are 

shown in Table 1. 

 

(a) 

 

 

(b) 

Figure 1. The proposed antenna structure: (a) 3D antenna, (b) 

top view 

 

Table 1. Dimension of the multilayer antenna. 

Parameter Value (mm) 

W (width ground, substrate) 

L (length ground, substrate) 

W1 (width patch 2) 

L1 (length patch 2) 

W2 (width patch 1) 

L2 (length patch 1) 

lf (length of feed) 

a 

b 

k 

p 

e 

S 

40 

40 

30 

27 

20 

17 

26 

13 

13 

9 

2.5 

1 

2 
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2.2. The Parametric Study 

In this section, the parametric study shows how the three stages 

of designing the proposed antenna were performed across 

different frequencies, with respect to antenna gain and return 

loss (S11), which indicates the extent to which the radio signal 

is reflected by the antenna rather than transmitted. A lower S11 

score is better. As a result, a more negative S11 value in decibels 

means less reflection. Usually, the more negative the number, 

the better the antenna is matched to the feed line that connects 

it to the source of the signal. A better match results in more 

power radiated by the antenna than reflected. In general, the 

lower and more negative the S11 value, the better the antenna 

performs at transmitting the signal rather than reflecting it. Fig. 

2 shows the stages of configuring the proposed antenna, and 

Fig. 3 shows the effect of layers on the performance of the 

proposed multi-layer antenna, specifically how it affects the 

gain, which is a measure of the antenna’s efficiency, and the 

scattering parameter (S11), which is a measure of reflected 

power. The x-axis is a frequency in GHz, and the y-axis is return 

loss (S11) in decibels. The analysis of the results indicates that 

the antenna configuration stages (Ant 1) exhibit dual-band 

performance at 14.5 GHz and 21.5 GHz, with operating ranges 

of 2.3 GHz and 1.4 GHz, respectively. The antenna also 

achieved a gain of 7.8 dB at 14.5 GHz and 8.4 dB at 21.5 GHz. 

The effect of introducing layers (Ant 2 and Ant 3) on the 

performance of the proposed antenna was found to be 

significant. When the (Ant 2) layer was introduced, the two 

frequency bands were cancelled, and the proposed antenna 

became ultra-wideband (UWB). However, there is a need to 

improve impedance matching and return loss. As a result, the 

(Ant 3) layer was introduced and modified to obtain the optimal 

design. In addition, the (Ant 3) layer improved the performance 

of the proposed antenna by enhancing impedance matching, 

return loss, and operating range, as shown in Fig. 3. 

 

Figure 2. Stages of configuring the proposed antenna: (a) 

Ant1, (b) Ant2, (c) Ant3 

 

(a) 

 

(b) 

Figure 3. Simulated (a) return loss and (b) gain value for each 

stage of the proposed antenna configuration 

 

3. Results and Discussion 

The simulation gives us three resonance modes centered around 

the frequencies 12 GHz, 17 GHz, and 22 GHz with a S11 < -10 

dB reflection coefficient from 10 GHz to 25 GHz. This 

bandwidth covers applications in the X-, Ku-, and K-bands, 

namely radar and satellite communication systems. 

The reflection coefficient of the proposed antenna is shown in 

Fig. 4 and was analyzed using both CST MW version 19 and 

HFSS version 17 to ensure the accuracy of the results. The 

multilayer design significantly enhances the antenna's 

bandwidth and enables effective operation across a broader 

frequency range. In addition, the proposed antenna operates 

between 10 GHz and 25 GHz, with a reflection coefficient S11 

< -10 dB due to excellent impedance matching and sound 

isolation between the antenna elements. We observe three 

modes of resonance. The presence of these resonances is 

explained by the presence of the multilayer patch. Fig. 5 shows 

the simulated VSWR. 

 

Figure 4. Analysis S11 of the proposed antenna 
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VSWR “is an indication of the mismatch ratio between the 

antenna and the feed line to which it is connected.” It is used as 

an efficiency measure for all radio-frequency transmission 

systems, including transmission lines. A VSWR value between 

1 and 2 is suitable for most antenna applications, indicating a 

good match. Fig. 5 shows the simulated VSWR. 

 

 

Figure 5. Analysis of the VSWR of the proposed antenna 

 

Fig. 6 presents the radiation patterns in the H- and E-planes for 

the three resonance frequencies, 12 GHz, 17 GHz, and 22 GHz. 

We note that the radiation patterns are almost omnidirectional, 

which is desirable in satellite applications. 

 

(a) 

 

(b) 

 

(c) 

Figure 6. H plane and E plane radiation patterns: (a) 12 GHz, 

(b) 17 GHz and (c) 22 GHz 

 

Fig. 6 shows the 2D radiation pattern for the three frequency 

modes. It is found that at 12 GHz, the pattern is omnidirectional 

with three major lobes. This is attributed to the current 

distribution, as fewer surface waves are present due to the 

isolation between the antenna components. Isolation is 

enhanced by minimizing the propagation of surface waves on 

the antenna and its surroundings, thereby reducing interaction 

with neighboring objects. This results in improved separation 

between antenna elements, leading to higher signal quality and 

increased radiation efficiency. The confinement of currents 

within each segment enhances electromagnetic wave radiation, 

thereby improving the antenna's effectiveness in converting 

electrical power into electromagnetic waves. For the other two 

frequencies, the radiation pattern is nearly omnidirectional. Fig. 

7 shows the current distributions of the proposed antenna, 

where currents are concentrated in the lower part of the antenna 

structure and then dispersed by the H-slot and the good isolation 

between the antenna elements, thereby maintaining the 

antenna's performance without deterioration. 

 

(a) 
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(b) 

 

(c) 

Figure 7. Analysis of current distribution: (a) 12 GHz, (b) 17 

GHz, and (c) 22 GHz 

The performance of the proposed antenna, in terms of operating 

range, substrate size, gain, and design complexity, is compared 

with results reported in the recent literature. It was noted that 

the proposed antenna has a wide operating range covering 

between 10 GHz and 25 GHz with good gain and ease of design, 

as shown in Table 2. Accordingly, the proposed antenna is 

suitable for modern communication applications. 

 

4. Conclusions 

The paper introduces a compact ultra-wideband patch antenna 

for satellite communication systems. The antenna has three 

significant contributions; (1) the antenna has a miniaturized 

design: 40 × 40 × 5.51 mm3 with four-layer substrate structure 

made of RT/Duroid 5880 and FR4 materials, (2) the antenna is 

ultra-wideband with 100% fractional bandwidth of 15 GHz, (3) 

the antenna has stable omnidirectional radiation patterns with a 

peak gain of 8.3 dB and an excellent VSWR. 

The originality of the proposed design lies in the dual H-shaped 

slot feeding mechanism and an optimal stacked patch 

configuration, which enable compact size and ultra-wideband 

performance simultaneously. Compared with recent work, the 

antenna offers competitive performance, and its structure is 

simpler than that of other designs. 

The main drawback of this work is the trade-off between 

compactness and gain, in which the miniaturized structure 

limits the gain to the highest possible 8.3 dB. Additionally, the 

omnidirectional radiation pattern, although beneficial for 

satellite communication links, limits the directional control of 

beam-steering applications. 

 

 

 

Table 2. The Comparison of the proposed antenna with recently published work. 

Ref. Size  

(mm)2 

Material Freq. range 

(GHz) 

B.W 

(%) 

gain 

(dBi) 

[21] 

[22] 

[23] 

[24] 

[14] 

[15] 

[17] 

[18] 

[19] 

[32] 

This work 

20.5×13.9 

371×276 

80×80 

62.5×63 

60×60 

55×55 

60×60 

60×60 

20×30 

30×13 

40×40 

polyimide 

Taconic 

FR-4 

FR-4 

FR-4 

FR-4 

duroid 

RO4003 

RO4003C 

DiClad 880 

RT/5880 

3–16.2 

2.75–16.05 

8.3–15.2 

12.2–27.1 

14–15.4 

15.19–16.02 

3.6-19.08 

9–10.2 

12–14.13 

3–11 

10–25 

–– 

141 

58.7 

75.8 

4.3 

5.31 

136.51 

12.4 

17 

–– 

100 

8.4 

5 

5–6.5 

5.6 

16.61 

3.5 

3 

28 

14.2 

8.3 

8.3 

Future work will focus on three directions: first, 

electromagnetic bandgap (EBG) structures will be incorporated 

into the ground plane to prevent the propagation of surface 

waves and to enhance gain without increasing the antenna size. 

Second, exploration of metamaterial loading to enhance 

impedance matching across a wide range of frequencies, 

potentially extending to additional satellite bands. Third, the 

reconfigurable versions are developed using PIN diodes or 

varactor diodes, which enable frequency tuning and adaptive 

bandwidth control for multi-mission satellite platforms. 
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The performance features demonstrated, small size, consistent 

radiation patterns, and simplicity have made this antenna a 

viable option for the modern satellite communication system 

seeking miniaturized components of broadband performance 

with consistent operation in the X, Ku, and K bands. 
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