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With the rapid advancement of 5G wireless networks, there is a growing need for compact, high-perfor-

mance antennas capable of operating across multiple mm-Wave bands. Microstrip patch antennas are ideal 

for 5G handsets due to their low profile and ease of integration. However, achieving high gain, wide band-

width, and efficiency in a compact form remains challenging. This paper presents a decagonal quad-band 

microstrip antenna designed for operation at 28, 38, 45, and 60 GHz. The antenna, constructed on an Arlon 

AD 255C substrate (12  12  0.66 mm3), incorporates three slits to enhance impedance matching and radi-

ation performance. Simulated results show bandwidths of 1.6, 2.5, 5, and 15 GHz with peak gains of 5.9, 7.8, 

7.5, and 7.4 dBi, and efficiency ranging from 81.7 % to 93.5 %. The proposed antenna offers compact size, 

high gain, and multiband operation, making it a strong candidate for integration into next-generation 5G 

mobile devices. 
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1. INTRODUCTION 
 

5G technology enables very high data rates and low 

latency by operating in both sub-6 GHz and millimeter-

wave (mm-Wave) bands. The sub-6 GHz spectrum is al-

ready heavily occupied, limiting its capacity [1]. In con-

trast, mm-Wave bands offer significantly wider band-

widths, making them key enablers of next-generation 5G 

systems. Regulatory bodies such as the WRCC, ITU, and 

FCC have identified mm-Wave bands between 24-86 GHz 

for 5G, with particular focus on 28, 38, 60, and 73 GHz, 

and the FCC allocating 57-64 GHz for unlicensed use. Ad-

ditional unlicensed bands at 70/80, 90, and 164-200 GHz 

have also been proposed for future applications [2, 3]. 

Among these, the 28 and 38 GHz bands are especially 

promising for high-speed, low-latency communication  

[4, 5]. However, mm-Wave signals suffer from severe path 

loss, atmospheric absorption, and attenuation, necessitat-

ing the use of high-gain antennas [6, 7]. 

Various antenna architectures have been investi-

gated to address these challenges. While aperture anten-

nas provide high directivity, microstrip patch antennas 

are widely preferred for mm-Wave systems due to their 

compact size, low cost, and ease of integration with pla-

nar circuits [8]. Nevertheless, single-element patch an-

tennas typically exhibit low gain ( 5 dBi), which is in-
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sufficient for most 5G applications [8]. Gain enhance-

ment techniques such as slotting, slitting, and electro-

magnetic bandgap (EBG) structures have therefore been 

explored [9, 10]. Additionally, the growing demand for 

compact multiband antennas has motivated designs ca-

pable of operating across multiple mm-Wave bands 

within a single radiator. 

Numerous multiband antennas for 5G have been re-

ported. Tiwari et al. [11] proposed a dual-band 28/38 

GHz rectangular patch with circular slots, achieving 

gains of 6.11/7.15 dBi and 1.54 GHz bandwidth. Sharaf 

et al. [6] presented a dual-patch design operating at 

38/60 GHz with 6.5/5.5 dBi gain and 5.2 GHz bandwidth. 

Other notable designs include umbrella-shaped patches 

[12], slotted rectangular patches [8], integrated multi-

patch structures [13], concentric and monopole-based ra-

diators [14, 15], octagonal and elliptical antennas  

[16, 17], and slot-optimized designs using genetic algo-

rithms [18, 19]. While several works [20-22] demon-

strate multiband operation, most are limited to dual or 

triple-band performance with moderate gain.  

Despite these advances, achieving high gain, com-

pact size, multiband operation, and design simplicity 

simultaneously remains challenging. This work ad-

dresses this gap by presenting a compact quad-band sin-

gle-element microstrip antenna. The suggested single-
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element antenna employs a decagonal patch with three 

rectangular slits to further enhance impedance match-

ing and radiation performance. 

The main contributions of this work are: 

• Quad-band operation: Coverage of 28, 38, 45, and 60 

GHz using three rectangular slits to improve return loss, 

gain, and radiation efficiency. 

• Compact design: The designed antenna feature small 

footprints suitable for space-constrained 5G devices. 

The remainder of this paper is organized as follows: 

Section 2 describes the antenna design; Section 3 pre-

sents the parametric study, and Section 4 provides the 

results of the optimized antenna while Section 5 con-

cludes the paper. 

 

2. THE ANTENNA DEVELOPMENT 
 

This subsection presents the design and optimization 

of a slitted decagonal quad-band microstrip patch an-

tenna for 5G applications. The design shown in Fig. 1 is 

built on an Arlon AD255C substrate (εr = 2.6, tanδ = 

0.0014, thickness = 0.66 mm). The decagonal copper 

patch (0.035 mm thick) is printed on the top layer, while 

a full copper ground plane of the same thickness is 

placed on the bottom. 

A five-stage iterative optimization using CST was 

employed to excite four resonant modes and tune them 

to the desired frequencies. In stage 1, a basic circular 

patch was used, yielding weak resonances except near 

51 GHz and between 57-69 GHz as shown in Fig. 2, ne-

cessitating further refinement. In stage 2, the circular 

patch was trimmed into a decagon (rp = 3.7 mm), produc-

ing resonances at 33.15, 42.2, 51.4, and 63.95 GHz with 

improved reflection coefficients and bandwidths (Fig. 2). 

In stage 3, a rectangular slit (0.6 mm wide) was 

etched at an angle θ1 = 23°, shifting the resonances to 

28.6, 38.7, 52.2, and 63.3 GHz and significantly enhanc-

ing impedance matching. Stage 4 introduced a second 

angled slit (θ2 = − 83°), resulting in resonances at 27.2, 

40.35, 45.35, and 59.05 GHz, with wide combined band-

width coverage across the 38-47.7 GHz range and over 

10 GHz at 60 GHz. 

Finally, in stage 5, a third slit was added on the 

lower-left side (θ3 = 182°), yielding optimized resonances 

at 28, 37.8, 44.8, and 61.3 GHz with reflection coeffi-

cients below − 14 dB and bandwidths of 1.6, 2.5, 5, and 

15 GHz, respectively as presented in Fig. 2. 
 

 
 

Fig. 1 – Geometry of the proposed antenna 
 

The optimized basic decagonal antenna, shown in 

Fig. 1, is compact, measuring 12  12  0.66 mm3. It is 

fed by a microstrip line with a length, lf = 2.5 mm, and a 

width, wf = 0.6 mm. 
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Fig. 2 – Simulated reflection coefficient performance across the 

five design stages 

 

3. STUDY OF ANTENNA PARAMETERS 
 

This section examines how several key antenna pa-

rameters influence the reflection coefficient (S11), which 

indicates the antenna’s operating frequency bands and 

the effectiveness of its impedance matching with the 

power feed line. The parameters studied include the slit 

width (sw), the height of the dielectric substrate (hs), and 

the slits' rotation angles (θ1, θ2, θ3). 

 

3.1 Varying the Slit Width (sw) 
 

Fig. 3 illustrates the impact of slit width (sw) on the 

antenna's S11 response. The optimal slit width is 0.6 mm, 

balancing return loss and impedance bandwidth by tun-

ing resonant modes through controlled current pertur-

bation. Increasing sw beyond 0.6 mm disrupts the cur-

rent distribution, detuning and narrowing the band-

width of the 60 GHz band. Conversely, reducing sw below 

0.6 mm weakens perturbation, improving matching at 

28 but harming performance at 38, 45, and 60 GHz due 

to insufficient mode excitation. This highlights the im-

portance of slit width for stable multiband performance. 

 

3.2 Varying Height of the Dielectric Substrate 

(hs) 

 

Fig. 4 depicts the impact of substrate thickness (hs) 

on the antenna's S11 response. The optimal thickness of 

0.66 mm produces four resonant bands at 28, 37.8, 44.8, 

and 61.3 GHz, with reflection coefficients of – 14.7,  

– 23.8, – 20.7, and – 26.3 dB and bandwidths of 1.6, 2.5, 

5, and 15 GHz, respectively. Reducing hs by 0.2 mm adds 

an additional resonance, resulting in bands at 27.2, 37.5, 

43, 56.75, and 63.3 GHz, with S11 values of – 18.4 to  

– 28.7 dB and varying bandwidths indicating increased 

modal merging. Conversely, increasing hs by 0.2 mm 

causes band splitting, leading to five main resonances, 

with reflection coefficients ranging from – 11.7 dB at 

28.85 GHz to – 29 dB at 62.55 GHz and various band-

widths. These findings underscore the importance of 

substrate thickness in resonance behavior, bandwidth, 

and impedance matching. 

 

3.3 Varying the Slits’ Rotation Angles 
 

This subsection explores how the rotation angles of 

slits (θ1, θ2, and θ3) affect the antenna’s S11 performance, 
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impacting resonance behavior, impedance matching, re-

turn loss, and additional band formation. The optimal 

angles are θ1 = 23°, θ2 = – 83°, and θ3 = 182°, resulting 

in the best impedance matching and lowest return loss. 

Fig. 5 shows that reducing θ1 from 23° to 0° improves 

matching at 28 GHz and 38 GHz with shifting the reso-

nant frequencies. It also illustrates that setting θ2 to 

zero with θ1 = 23° and θ3 = 182° leads to the emergence 

of unwanted resonant bands, while some desired bands 

may disappear. Additionally, changing θ3 to zero while 

keeping θ1 and θ2 fixed degrades the reflection coefficient 

and shifts resonance frequencies.  
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Fig. 3 – Reflection coefficient performance for different slit widths 
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Fig. 4 – Reflection coefficient for different substrate heights 
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Fig. 5 – Reflection Coefficient for different rotation angles 

 

4. DESIGN ASSESSMENT 
 

The antenna was optimized in CST Studio Suite and 

validated using ANSYS HFSS. High consistency be-

tween these platforms confirms the design's robustness 

and ensures performance accuracy across the operating 

bandwidth, thereby minimizing fabrication risks. The 

following subsections examine and validate the primary 

antenna characteristics. 

 

4.1 The Reflection Coefficient Performance 
 

Fig. 6 compares the reflection coefficient (S11) of the 

proposed antenna obtained from CST, and HFSS. CST 

results show four resonances at 28, 37.8, 44.8, and 61.3 

GHz with reflection coefficients of – 14.7, – 23.8, – 20.7, 

and – 26.3 dB, and bandwidths of 1.6, 2.5, 5, and 15 GHz, 

respectively. HFSS simulations exhibit closely matching 

resonances at 28, 38, 44.8, and 64.5 GHz, with S11 values 

of – 13.02, – 25.9, – 23.1, and – 25.2 dB, and bandwidths 

of 1.23 GHz, 9.8 GHz (37.2 GHz to 47 GHz), and approx-

imately 15 GHz. further validating the design. Overall, 

CST and HFSS results show strong correlation, with mi-

nor deviations attributed to differences in meshing and 

numerical solvers. 

 

4.2 The VSWR 
 

Fig. 7 compares the VSWR responses obtained from 

CST and HFSS simulations. CST yields VSWR values of 

1.4495, 1.1374, 1.2285, and 1.1025 at 28, 37.8, 44.8, and 

61.3 GHz, respectively, while HFSS shows VSWR values 

of 1.5760, 1.2817, 1.1509, and 1.2893. Both results indi-

cate excellent impedance matching with minimal reflec-

tion across all bands. Moreover, the bandwidths meeting 

the VSWR ≤ 2 criterion closely match those obtained 

from S11 ≤ –10 dB, confirming strong agreement between 

the two solvers and validating the design accuracy. 

 

4.3 Far Field Radiation Characteristics 
 

Fig. 8 compares the 2D radiation patterns from CST 

and HFSS simulations. Both show directional far-field 

patterns. CST peak gains are 5.9, 7.8, 7.5, and 7.4 dBi, 

at the resonances, with E-plane beamwidths of 54.4°, 

48°, 44.9°, and 60.8° and H-plane beamwidths of 122.1°, 

97.3°, 50.7°, and 48.3°. HFSS shows gains of 8, 8.8, 8.1, 

and 7.3 dBi, with E-plane beamwidths of 52°, 50°, 48°, 

and 48° and H-plane beamwidths of 96°, 112°, 58°, and 

56°. Despite minor differences, both simulations confirm 

consistent directional behavior. Fig. 9 shows the gain 

and radiation efficiency across the frequency bands. 

Gain ranges from 5.8 dBi at 27.5 GHz to 8.7 dBi at 55 

GHz, while radiation efficiency ranges from 81.7 % up to 

93.5 %. The radiation characteristics are in good agree-

ment, validating the antenna design and performance. 

 

4.4 Surface Current Distribution 
 

Fig. 10 shows the surface-current distributions at the 

resonant frequencies 28, 37.8, 44.8, and 61.3 GHz. The 

currents concentrate along the feed, the inner slits’ 

edges, and circulate around the radiator outer edges. 
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Fig. 6 – Reflection coefficient performance of the proposed an-

tenna using CST, HFSS 
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Fig. 7 – VSWR of the proposed antenna using CST and HFSS 
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(a) 28 GHz (b) 37.8 GHz 
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Fig. 8 – 2D radiation patterns from CST and HFSS at (a) 28 GHz, 

(b) 37.8 GHz, (c) 44.8 GHz, (d) 61.3 GHz 
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Fig. 9 – Gain and Radiation efficiency over the operational fre-

quency range 

 

4.5 Comparison with Related Work 
 

Table 1 presents a comparative analysis of multi-

band microstrip antennas operating in the 20-90 GHz 

range, summarizing size, frequency bands, bandwidth, 

gain, and radiation efficiency. The proposed single-ele-

ment antenna operates at 28, 38, 45, and 60 GHz with 

bandwidths of 1.6, 2.5, 5, and 15 GHz, offering a compet-

itive balance of bandwidth and gain. While some studies 

report larger bandwidths (up to 334.2 GHz [16]), the pro-

posed design achieves higher gain than the designs re-

ported in [6] and [17] and wider bandwidth than the an-

tennas presented in [6] and [8], with improved radiation 

efficiency. Its size, 12  12 mm2, is more compact relative 

to all designs listed in Table 1. Overall, the quad-band 

design achieves low return loss, high gain, and excellent 

radiation efficiency, validating the design methodology 

and demonstrating strong potential for 28, 38, 45, and 

60 GHz 5G applications. 
 

 

Fig. 10 – Surface-current distributions at (a) 28 GHz, (b) 37.8 

GHz, (c) 44.8 GHz, (d) 61.3 GHz 

 

5. CONCLUSION 
 

This work presents a decagonal quad-band single-el-

ement antenna operating at 28, 38, 45, and 60 GHz. The 

design was optimized using CST Studio Suite 2022 and 

validated with Ansys HFSS. The antenna achieves 

bandwidths of 1.6 GHz (27.2-28.8 GHz), 2.5 GHz (36.9-

39.4 GHz), 5 GHz (41.6-46.6 GHz), and 15 GHz (52.7-

67.7 GHz), with corresponding gains of 5.9, 7.8, 7.5, and 

7.4 dBi at 28, 37.8, 44.8, and 61.3 GHz, respectively. The 

radiation efficiency ranges from 81.7 % to 93.5 %. Due to 

the lack of fabrication and measurement facilities, ex-

perimental validation was not performed. Future work 

will focus on antenna fabrication, array and MIMO con-

figurations, and SAR analysis. 
 

Table 1 – The comparison details of the presented antenna 

with recent published works 
 

Rad. 

Eff. (%) 

Gain 

(dBi) 

BW 
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Ant. size 
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85/84 9.8/10.8 7/20 (27) 28/60 24  24 [13] 

88 at 42 
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10.3 at 40 1.2/47.5 

(48.7) 

28/38/45 40  45 [14] 

62 to 95 1 to 15 3.7 to 337.9 

(334.2) 

3.7 to 
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14  16 [16] 

80 to 90.1 2 to 8.2 1.91 to 43.5 

(41.59) 

1.91 to 
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Зі швидким розвитком бездротових мереж 5G зростає потреба в компактних, високопродуктивних 

антенах, здатних працювати в кількох міліметрових діапазонах хвиль. Мікросмужкові патч-антени іде-

ально підходять для телефонів 5G завдяки своєму низькому профілю та легкості інтеграції. Однак до-

сягнення високого коефіцієнта посилення, широкої пропускної здатності та ефективності в компакт-

ному вигляді залишається складним завданням. У цій статті представлена десятикутна чотиридіапа-

зонна мікросмужкова антена, призначена для роботи на частотах 28, 38, 45 та 60 ГГц. Антена, побудо-

вана на підкладці Arlon AD 255C (12  12  0,66 мм3), має три щілини для покращення узгодження 

імпедансу та характеристик випромінювання. Результати моделювання показують смуги пропускання 

1,6, 2,5, 5 та 15 ГГц з піковим посиленням 5,9, 7,8, 7,5 та 7,4 дБі та ефективністю від 81,7 % до 93,5 %. 

Запропонована антена має компактний розмір, високий коефіцієнт посилення та багатодіапазонну ро-

боту, що робить її сильним кандидатом для інтеграції в мобільні пристрої 5G наступного покоління. 
 

Ключові слова: Чотиридіапазонна, Щілинна мікросмужкова антена, Компактна антена, Бездротові 

мережі, 5G. 
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