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Abstract. The huge growth of fifth generation (5G) networks and Internet 
of Things (IoT) environments has led to a corresponding need for small 
wideband antennas which can function at the various 5G sub-bands. In this 
paper, design, simulation, fabrication and experimental characterization of a 
compact single layer coplanar waveguide (CPW)-fed rectangular microstrip 
patch antenna with fractal-like stepped edge perturbations for X-band (7–
13 GHz) frequency band application has been presented. Two antenna 
designs are presented and discussed: conventional rectangular patch (Model-
A) and the modified one with the adding of edge perturbations on the 
radiating patch boundary (Model-B). CST Microwave Studio software with 
the time-domain solver was used to make full-wave electromagnetic 
simulations. Model-B antenna was designed from the conventional Model-
A, with experimental results obtained from Vector Network Analyzer 
(VNA) that support the simulation trends, and physical prototypes were 
fabricated on FR-4 substrate using the conventional PCB etching technique, 
showing significant improvements over Model-A. The outcome shows that 
controlled edge perturbations are an effective solution for achieving 
simultaneously wideband, high gain, high radiation efficiency in antenna 
design without any increase in the antenna size, making the proposed design 
an excellent choice for the compact 5G IoT and wireless sensing devices.  

1 INTRODUCTION 
 The demand for compact, wideband and efficient antennas has increased with massive 
deployment of 5G wireless infrastructure and huge proliferation of IoT devices. The lower 
portion of the X-band (7–13 GHz) has an even greater significance for 5G applications such 
as fixed wireless access, vehicular communication and industrial sensing. The microstrip 
patch antennas are thin, lightweight and can be easily fabricated using printed circuit board 
(PCB) technique, and have always attracted interest because of these properties [1-3]. A 
microstrip patch antenna is a rectangular section of conductive material printed on one side 
of a dielectric material that is surrounded on all sides by a continuous sheet of metal. When 
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patch is excited by an electromagnetic source, it becomes a resonant cavity and has a 
standing-wave field distribution and under the condition of the cavity resonance, the energy 
passes through the fringing fields at the edges of the patch [4, 5]. The resonant frequency and 
input impedance are mainly dependent on the dimensions of the patch, properties of the 
substrate and feed configuration. However, in multi-standard 5G environment, the stand-ard 
single patch design has inherent narrow impedance band-width, which limits its applications 
[6, 7]. Various techniques to improve the bandwidth have been reported in the literature 
including the use of a thick low permittivity substrate [8], slot loading [9], U-shaped and E-
shaped patch [10], stacked multi-layer structure [11] and fractal and self-similar geometry 
[12]. Particularly of interest are fractal boundary perturbations, which lead to additional 
resonant modes and thus, to an enhanced electrical length of the perimeter, while the physical 
area is increased only by a factor smaller than the electrical length [13, 14]. Most of the 
previous wide band microstrip structures used for 5G applications have been based on 
multilayer laminates or complicated feed structure like aperture coupled or proximity coupled 
feeds or relatively large size ground plan [15-18] which may lead to high fabrication 
complexity and high cost. 
 The effect of these drawbacks is studied by the present work which explores a compact 
single layer CPW-fed patch antenna with the reshaped upper edge of the rectangular radiator 
with a stepped fractal-like shape. The CPW feed is selected due to its ability to provide a 
uniplanar structure, allow for impedance matching by tuning the slot gap width and conductor 
width, and conforms to standard single-sided PCB manufacturing process [19, 20]. Two 
configurations are considered: Model-A is the unmodified rectangular patch as a performance 
baseline and Model-B is the same patch with the edge perturbations that are steps. The two 
designs are tested by full-wave simulation using CST, and the better one is measured using 
VNA and fabricated into hardware. 
 The main contributions of this work are four-fold: (i) A systematic parametric study is 
conducted to show the impact of stepped edge perturbations on expanding the impedance 
bandwidth and increasing the gain from 7 to 13 GHz; (ii) Quantitative comparison of the 
performances of the two configurations in terms of impedance, gain, radiation efficiency and 
far field pattern characteristics is performed; (iii) Experimental validation of the proposed 
design is carried out by fabricating the PCBs and characterizing them using VNA; (iv) 
Simulation-to-hardware discrepancies due to fabrication tolerances and connector induced 
parasitic effects are discussed with practical guidance for future designs. 
 The rest of this paper is organized as follows. The theoretical framework and design 
methodology are elaborated in section 2. The geometry and fabrication process of the antenna 
are described in Section 3. Results from the simulation and measurements are presented and 
interpreted in Section 4. Conclusions are drawn and directions for future work in Section 5.  

2 THEORETICAL BACKGROUND  
The dimensions of the rectangular microstrip patch at its starting point are commonly 

calculated following the transmission-line model which assumes the patch is a segment of a 
transmission line with open circuit terminations at the radiating edges. For a substrate with 
thickness h, a relative permittivity εr and patch width W, the effective dielectric constant εeff 
that includes fringing is, 
                                      εeff = (εr + 1)/2 + (εr − 1)/2 · [1 + 12h/W]-1/2                                      (1) 

 
The fringing-field extension at each radiating edge, ΔL, normalized to substrate thickness, 
is approximated by the Hammerstad relation: 
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The fringing-field extension at each radiating edge, ΔL, normalized to substrate thickness, 
is approximated by the Hammerstad relation: 

                  ΔL/h = 0.412 · [(εeff + 0.3)(W/h + 0.264)] / [(εeff − 0.258)(W/h + 0.8)]                            (2) 
The effective patch length Leff = L + 2ΔL determines the fundamental TM₁₀ resonant 
frequency: 
                                                                    fr ≈ c / (2 · Leff · √εeff)                                                     (3) 

 In CPW-fed structures, the characteristic impedance is designed by the width of the 
central conductor, the width of the lateral slots and the thickness of the substrate; with proper 
parameter selection, the input impedance of the CPW can be designed to be 50Ω even without 
the use of a quarter-wave transformer. The notches can be stepped or fractal-like and change 
the boundary conditions imposed on the surface current distribution. This modified boundary 
increases the effective path length for the current to flow, reducing the resonant frequency 
for a given physical space, while also adding secondary resonances at higher frequencies. 
When these secondary resonances fall in the primary resonance operating band, the overall 
impedance response results in a widened −10 dB S₁₁ bandwidth. Furthermore, the 
redistribution of surface currents tends to result in a more uniform illumination of the 
aperture, thus enhancing the aperture gain slightly over a plain rectangular patch of the same 
dimensions. 

3 ANTENNA GEOMETRY AND FABRICATION 

3.1 Model-A: Conventional CPW-Fed Rectangular Patch 

 The baseline design (Model-A) is a three co-planar rectangular metallic patches that are 
placed on a Rogers RT 8550 substrate. The Rogers RT 8550 material was chosen due to its 
favourable dielectric constant (εr = 2.2) and low loss tangent, which are desirable at 
microwave frequencies. The sizes of substrates and their shape are listed in Tables 1 and 2, 
respectively. The coplanar waveguide feed along the central axis of the substrate is also 
fabricated in copper and has been optimized for a 50Ω characteristic impedance, the widths 
of the slots being optimized. The CPW launch point is excited by discrete ports inside the 
simulator.  

 
Table 1. The size of the substrate for Model-A. 

Substrate Parameter Dimension 
Length (L) 30 mm 
Width (W) 28.4 mm 
Height (St) 0.508 mm 

 
Table 2. For Model-A (Model-B has the same substrate), the copper patch size is determined as 

follows: 

Patch Parameter Dimension 
Length (Lg) 13.45 mm 
Width (Wg) 14.642 mm 

Height (St + Ct) 0.035 mm 
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Fig. 1. Patch dimension 

schematic 
 

Fig. 2. First rectangular patch 
 

Fig. 3. Second rectangular patch 

 
Fig. 4. CPW feedline with top 

patch 
 

Fig. 5. Port definition  
Fig. 6. Complete Model-A 

assembly 

3.2 Model-B: Stepped Fractal-Edge Patch 

Model-B is the same size as, the same CPW feed topology as, and has the same 
footprint as Model-A but with a stepped fractal-like top boundary to the primary radiating 
patch. The overall envelope of the antenna is 30 mm × 28.4 mm, so that both designs can be 
directly compared for the area they occupy. Stepped notches were added at the edges of the 
patch as self-similar features that further partition the patch edge into smaller stepped 
features. This modification leads to an effective enlargement of the perimeter of the radiating 
aperture, and hence to an effective increase in its electrical length. The fractal boundary 
modification not only reduces unwanted surface current concentration at the corners of the 
patch, which is a major source of cross polarization in rectangular patches, it also reduces the 
current concentration in the original rectangular patch. This produces a more uniform current 
distribution over the aperture, lowering far-field asymmetry and improving front-to-back 
ratio. The fractal method differs from pin-shorting or using high permittivity substrates in 
retaining a low permittivity environment which is conducive to radiation efficiency and still 
provides the necessary bandwidth expansion. 

 
Fig. 7. Model-B with fractal-like stepped edge 
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3.3  Fabrication Process 

Both the antenna prototypes were printed on double sided FR-4 board by using 
standard photolithographic PCB etching technique. The design pattern was created in CST 
and then saved as a gerber file. A photomask was made on transparent acetate film with a 
high-resolution laser printer, and subsequently aligned with the copper-clad substrate. The 
photoresist was crosslinked in the areas exposed to the ultraviolet light by using the 
photomask. The uncrosslinked resist was removed by immersing in an alkaline developer 
solution, leaving the copper in the non-pattern areas. The substrate was then placed into the 
ferric chloride etchant, and etched at a controlled temperature to obtain a uniform etch rate 
and edge definition. The remaining resist after etching was removed by acetone and the board 
was thoroughly rinsed to remove etchant residues. To perform coaxial measurement, an SMA 
edge-mount connector was soldered at the CPW launch point. 

 
Fig. 8. VNA measurement setup 

 
Fig. 9. Fabricated antenna with marking 

 
Fig. 10. Final fabricated PCB  

Fig. 11. PCB with SMA connector 

4 Results And Discussion 
 All electromagnetic simulations have been carried out with the time-domain finite 
integration technique (FIT) solver of CST Microwave Studio. The electromagnetic properties 
of the copper conductors and the dielectric substrate were assigned in the material library of 
CST. Fabricated prototypes were characterized with the help of an Agilent VNA, which was 
available at Mepco Schlenk Engineering College. The antenna under test was then connected 
to the VNA using a SMA cable and a typical short-open-load-thru (SOLT) calibration method 
was used. 
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4.1 Model-A Simulation Results 

S₁₁ Parameter: Reflection coefficient (RC) at the input port represents the amount 
of energy reflected back and is related to the impedance mismatch between the patch 
radiation resistance and the feed impedance. The simulated results of S₁₁ against frequency 
for Model-A are shown in Figure 12. The antenna has a resonance around 10 GHz, with a 
maximum return loss of around −2.87 dB, which means that there is a significant amount of 
reflected power, a drawback of the unmodified rectangular shape, which is what the Model-
B is designed to improve. 

VSWR (Voltage Standing Wave Ratio): It is the ratio of the maximum to the 
minimum field strength (amplitude) along the feeder, and this represents the degree of 
impedance mismatch. The VSWR profile of Model-A is shown in figure 13 and it shows that 
the matching condition is poor and the VSWR is high across the majority of the band (7 to 
13 GHz), with a minimum near the 10 GHz resonance and a significant increase at the band 
edges near 7 and 13 GHz. 

Gain: The gain is 2.99 dB at the primary resonance of 10 GHz (Figure 14). This 
moderate improvement is similar to that expected for a single rectangular patch that is 
unloaded in the X-band. 

Figure 15 is a 2-D far-field radiation pattern plot at 10 GHz which demonstrates a 
quasi-broadside and broadly symmetric radiation pattern. Both the principal plane cuts 
(φ = 0° and 90°) show nearly identical beamwidths, indicating that the geometry does not 
cause significant cross-plane asymmetry. The half-power beamwidth is relatively broad, 
desirable for IoT sensor nodes that need to support widely-spaced downstream endpoints. 
Far-field directivity at the bottom edge of the band (f = 7 GHz) peaks at about 45° elevation 
(Figure 16) and at the top resonance (f = 10 GHz) the main-lobe moves closer to broadside 
(Figure 17), resulting in a maximum directivity at the angle of 90° in this plane. 

Efficiency: Total and radiation efficiency (Figures 18 and 19) increase 
monotonically with frequency and reach their peak near 10 GHz, and show resonances 
similar to that seen in the S₁₁ characteristic. The low efficiency of resonance is another 
indication of the limited bandwidth of the unmodified patch. 

 
Fig. 12. S₁₁ parameter – Model-A 

 
Fig. 13. VSWR – Model-A 

 
Fig. 14. Gain – Model-A 
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Fig. 15. 2-D far-field pattern – Model-A 

 

 
Fig. 16. Far-field directivity (φ = 0°) – Model-A 
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Fig. 15. 2-D far-field pattern – Model-A 

 

 
Fig. 16. Far-field directivity (φ = 0°) – Model-A 

 

 
Fig. 17. Far-field directivity (φ = 90°) – Model-A 

 

 
Fig. 18. Total efficiency – Model-A 
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Fig. 19. Radiation efficiency – Model-A 

4.2 Model-B Simulation Results 

S₁₂ Parameter: The S-parameters graph shows that the return loss is -22.80 dB at 
10GHz. The achieved value is very acceptable when compared to other microstrip patch 
antennas. S11 parameter is displayed in the Fig 20. The stepped fractal-like boundary 
perturbation yields a significant improvement, namely, a value of S₁₁ of −22.80 dB at 10 GHz, 
which is more than 20 dB better than that of Model-A. The −10 dB bandwidth is significantly 
broader covering the desired operating frequency range from 7 to 13 GHz, thus demonstrating 
that the secondary resonance contributed by the edge modification is coherently coupled with 
the primary resonance. 

Gain: The realized gain is 3.5 dB at 10 GHz (Figure 21) vs. 2.99 dB for Model-A. 
The reason for the gain improvement is believed to be due to the more efficient use of aperture 
space because of the redistribution of the surface current density produced by the perturbed 
boundary which decreases the amount of reactive energy stored at the periphery of the patch. 

VSWR – VSWR values for the Frequency range of 7 GHz – 13 GHz are below 2 
for the model-B (Figure 22), and 1.77 at the primary resonance. This is a big improvement 
over the Model-A VSWR of 6.08 at the same frequency; this means that much less power is 
reflected. 

Efficiency: Total efficiency (Figure 23) and radiation efficiency (Figure 24) have 
improved over the entire operating band compared to Model-A. The radiation efficiency is 
highest near 10 GHz and is within a desirable range across the desired band indicating that 
no extra surface-wave or substrate losses are being added by the edge modification. 

2-D Pattern and Directivity: Model-B has a broadside main lobe with a directivity 
of 3.22 dBi (see Figure 25). Far-field directivity in the plane of 0° (Figure 26) shows the same 
behavior as Model-A in that radiation characteristics are stable over the band, and the 
orientation of the main-lobe remains the same as in Model-A, thus demonstrating that the 
edge modification maintains a radiation pattern symmetry with improved impedance 
characteristics. 
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Fig. 21. Realized gain – Model-B 
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Fig. 22. VSWR – Model-B 

 
Fig. 23. Total efficiency – Model-B 

 

 
Fig. 24. Radiation efficiency – Model-B 
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Fig. 22. VSWR – Model-B 

 
Fig. 23. Total efficiency – Model-B 

 

 
Fig. 24. Radiation efficiency – Model-B 

 

 
Fig. 25. 2-D far-field result – Model-B 

 

 
Fig. 26. Far-field directivity (φ = 0°) – Model-B 

4.3 Model-A vs. Model-B: Comparative Analysis 

Table 3 shows an overview of the simulated performance parameters of both 
antenna configurations. Model-B shows a definite benefit in all of these figures of merit. The 
improvement S₁₁ from −2.87 dB to −22.84 dB is an indication of a change from a poorly 
matched to a well-matched antenna. VSWR improvement from 6.08 to 1.77 equates to a 
reduction in power reflection coefficient from about 41  % to less than 4  % which directly 
translates to better radiated power and link budget. The gain increment of 0.51 dB and the 
better values of radiation efficiency demonstrate that the fractal-edge technique offers a more 
efficient radiating structure without any increase in physical size. 
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Table 3. Simulated performance test of model-A and model-B 

Parameter Conventional Design 
(Model-A) 

Proposed Design 
(Model-B) 

S₁₁ (dB) −2.87 −22.84 

Gain (dB) 2.99 3.5 

VSWR 6.08 1.77 

Total Efficiency (dB) −2.56 −0.62 

Radiation Efficiency (dB) −0.42 −0.10 

Directivity (dBi) 3.423 3.203 

Line Impedance (Ω) 87.5 91.0 

Wave Impedance (Ω) 302.5 312.5 

Mesh Cells 62,424 67,976 

Main Lobe Magnitude (dBi) −1.32 2.17 

Main Lobe Direction (deg) 149.0 179.0 

Angular Width (deg) 155.3 152.1 

4.4 VNA Measurement Results 

A SMA cable with the calibrated Z value was attached to the fabricated Model-B 
prototype and S-parameter measurement was performed in the range of 7–13 GHz. The 
measured values of S₁₁ as function of frequency are displayed in figure 27. The return loss is 
measured at 10 GHz to be −15.085 dB, with the corresponding VSWR of 1.424 at 10 GHz as 
shown in Figure 28. The simulated and measured values of the two main S-parameters are 
compared in table 4. The measured S₁₁ value is 7.75 dB less negative than the simulated value 
while the measured VSWR value is slightly higher. The discrepancies are in line with what 
would be expected with the fabrication tolerances of the PCBs (e.g. small dimensional 
variations in the etched copper pattern, variations in substrate thickness and permittivity, and 
the extra parasitic inductance and capacitance caused by the SMA connector solder joint). 
Imperfections in the calibration reference planes can also add to this. Although some 
differences exist, the qualitative consistency of the resonance frequency with low VSWR 
between the simulation and measurement results confirms the correctness of the 
electromagnetic design, which is expected to resonate near 10 GHz with low VSWR. 
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Table 3. Simulated performance test of model-A and model-B 

Parameter Conventional Design 
(Model-A) 

Proposed Design 
(Model-B) 

S₁₁ (dB) −2.87 −22.84 

Gain (dB) 2.99 3.5 

VSWR 6.08 1.77 

Total Efficiency (dB) −2.56 −0.62 

Radiation Efficiency (dB) −0.42 −0.10 

Directivity (dBi) 3.423 3.203 

Line Impedance (Ω) 87.5 91.0 

Wave Impedance (Ω) 302.5 312.5 

Mesh Cells 62,424 67,976 

Main Lobe Magnitude (dBi) −1.32 2.17 

Main Lobe Direction (deg) 149.0 179.0 

Angular Width (deg) 155.3 152.1 

4.4 VNA Measurement Results 

A SMA cable with the calibrated Z value was attached to the fabricated Model-B 
prototype and S-parameter measurement was performed in the range of 7–13 GHz. The 
measured values of S₁₁ as function of frequency are displayed in figure 27. The return loss is 
measured at 10 GHz to be −15.085 dB, with the corresponding VSWR of 1.424 at 10 GHz as 
shown in Figure 28. The simulated and measured values of the two main S-parameters are 
compared in table 4. The measured S₁₁ value is 7.75 dB less negative than the simulated value 
while the measured VSWR value is slightly higher. The discrepancies are in line with what 
would be expected with the fabrication tolerances of the PCBs (e.g. small dimensional 
variations in the etched copper pattern, variations in substrate thickness and permittivity, and 
the extra parasitic inductance and capacitance caused by the SMA connector solder joint). 
Imperfections in the calibration reference planes can also add to this. Although some 
differences exist, the qualitative consistency of the resonance frequency with low VSWR 
between the simulation and measurement results confirms the correctness of the 
electromagnetic design, which is expected to resonate near 10 GHz with low VSWR. 

 
Fig. 27. Measured S₁₁ from VNA – Model-B 

 
Fig. 28. Measured VSWR from VNA – Model-B 

Table 4. Simulation vs. VNA measurement comparison for Model-B 
Parameter Simulation Result VNA Measurement (Hardware) 

Return Loss – S₁₁ (dB) −22.84 −15.08 
VSWR 1.17 1.42 

5 Conclusion 
A single layer compact CPW fed microstrip patch antenna with stepped fractal-like 

edge perturbations are designed, simulated, fabricated and tested in 5G X-band frequency 
range between 7–13 GHz. Two design configurations were introduced to the study: a 
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conventional rectangular patch (Model-A) which served as an ultimate performance baseline 
and a modified fractal-edge variant (Model-B) which proposed to solve this problem. 

The simulation results indicate that the designed edge perturbation technology is 
highly effective to simultaneously meet the requirement on impedance matching and the 
requirement on bandwidth. Model-B achieves a return loss of −22.84 dB, a VSWR of 1.77, 
and a gain of 3.5 dB at 10 GHz, compared with −2.87 dB, 6.08, and 2.99 dB, respectively, for 
Model-A. Model-B also has a better radiation efficiency and total efficiency over the target 
band. The VNA results for the fabricated prototype are in agreement with the simulated data, 
showing the same resonance at approximately 10 GHz, and a measured return loss of 
−15.085 dB and VSWR of 1.424, which are within the expected error margins due to 
fabrication tolerances and connector parasitics. 

The proposed antenna has a compact size of 30 mm × 28.4 mm, which is suitable to 
be integrated in small 5G IoT devices, wearable sensors, and high frequency wireless 
transceivers where space is limited. The low cost and mass production of the one-layer design 
is simple and practical. 

Future work will focus on: (i) dual-band or reconfigurable fractal perturbations 
using integration of PIN diodes or MEMS switches, (ii) antenna array configurations based 
on the proposed fractal element to maximize the gain and steerable beam, (iii) exploration of 
alternative low-loss substrates and additive manufacturing processes for better measurement-
simulation agreement, and (iv) systematic optimization of the fractal iteration order and notch 
geometry using surrogate-model-based algorithms to maximize the bandwidth-efficiency 
product. 
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