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Abstract 

The most important substrate parameter the dielectric constant (ε) is examined in this paper in a 
systematic design and simulation study to determine how it affects the electromagnetic performance of 
rectangular microstrip patch antennas (MSPAs) operating at 2.4 GHz. Five Rogers RT/Duroid PTFE-
composite laminates with grades 5880 (εᵣ=2.2) 5870 (εᵣ=2. 33) 6002 (εᵣ=2.94) 6006 (εᵣ=6.15) and 
6010/6010LM (εᵣ=10.2) covering a broad permittivity range were thoroughly assessed using ANSYS 
HFSS full-wave electromagnetic simulation with a uniform inset-feed rectangular patch configuration 
aimed at f₀ = 2. 4 GHz. Each substrate was subjected to an independent characterization of the antenna 
performance parameters which included radiation pattern gain directivity bandwidth voltage standing 
wave ratio (VSWR) and return loss (S11). For each of the five grades individual HFSS simulation plots 
S11 3D radiation patterns and 3D gain distributions are displayed. The findings clearly show that the 
dielectric constant is the primary design lever: patch footprint decreases by 55.5 percent bandwidth 
narrows by 32. 5 percent and peak gain deteriorates by 57. 6 percent as εᵣ rises from 2.2 to 10. 2. While 
RT/Duroid 6010 allows for maximum miniaturization with a patch length of only 18. 40 mm RT/Duroid 
5870 (εᵣ=2.33) offers the best balance of impedance matching (VSWR=1.03 S11=−35.6 dB) gain (7.36 
dBi) and bandwidth (377 MHz). These results give antenna engineers a quantitative substrate-aware 
design framework for optimizing 2. 4 GHz wireless communication systems.  

 

Keywords:Dielectric constant, relative permittivity, microstrip patch antenna, HFSS simulation, return 
loss, VSWR, gain, directivity, bandwidth, 2.4 GHz ISM wireless communication, substrate optimization 
and inset feed. 
 
1. Introduction 

From 5G small cells and Internet of Things endpoint devices to Wi-Fi routers GPS modules and 
Bluetooth beacons microstrip patch antennas (MSPAs) continue to be the most common planar 
antenna topology in contemporary wireless infrastructure [1]. A compelling combination of their 
low profile lightweight design ease of integration with printed circuit board (PCB) technology 
and the ability to achieve a variety of radiation characteristics through straightforward geometric 
modifications is what has led to their continued adoption [2]. The antenna design community is 
under increasing pressure to optimize not only for performance but also for size cost and 
manufacturability as wireless connectivity spreads into more varied environments such as 
resource-constrained agricultural sensors and high-throughput urban networks [3].  
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The dielectric substrate is the most important and fundamental design factor in microstrip 
antenna engineering [4]-[5]. The physical size of the resonant patch is determined by the effective 
electrical wavelength within the substrate which is directly controlled by relative permittivity εᵣ. 
The amount of stored energy that is released as heat instead of being radiated into free space is 
determined by the loss tangent tanδ [6]. The bandwidth fringing field extension and level of 
surface-wave excitation are all modulated by the substrate thickness h. A multidimensional 
design trade-off space that necessitates methodical quantitative research is created by the coupled 
non-linear interaction of these three parameters: optimizing one metric often penalizes another 
[7]-[8].  

The RT/Duroid family of PTFE-composite high-frequency laminates from Rogers 
Corporation provides a distinctively well-characterized range of permittivity values from εᵣ = 2.2 
(RT/Duroid 5880) to εᵣ = 10.2 (RT/Duroid 6010/6010LM) with uniform non-electrical 
characteristics (weight of the conductor thickness of the substrate and surface finish) in all grades. 
Because of its consistency the RT/Duroid family is a perfect experimental platform for 
determining how permittivity alone affects antenna performance while keeping all other design 
factors constant [9]-[10].  

A thorough simulation-validated side-by-side comparison of all five primary RT/Duroid 
grades under identical antenna topology and design conditions at 2.4 GHz the globally 
harmonised ISM band supporting Wi-Fi (IEEE 802. 11b/g/n) Bluetooth Zigbee and numerous 
industrial wireless protocols is lacking in the literature despite the extensive use of RT/Duroid 
materials in research and production [11]. This paper closes that gap.  

This works specific contributions include: (i) designing five identical inset-feed 
rectangular MSPAs on RT/Duroid grades 5880, 5870,6002, 6006 and 6010 all of which target f₀ 
= 2.4 GHz (ii) simulating all five designs using full-wave HFSS with separate S11 radiation 
pattern and 3D gain plots presented for each substrate (iii) quantitatively establishing the 
permittivity–performance relationships governing gain bandwidth return loss VSWR and 
directivity and (iv) providing a useful substrate selection framework for 2.4 GHz system 
designers based on performance priorities driven by application.  

2. Research Methodology 

 
Figure 1 shows the flowchart for the research methodology from substrate characterization and 

specification to HFSS simulation results analysis and design framework derivation 
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2.1 Reference Antenna Topology 

The uniform reference topology for each of the five substrate studies was determined to be a 
rectangular microstrip patch antenna with an inset feed line. By modifying the feed notch depth (y₀) 
into the patches radiating edges the inset-feed configuration achieves 50 Ω impedance matching 
removing the need for a separate quarter-wave transformer or balun and streamlining comparative 
analysis [13]-[14]. All five designs employ a uniform copper cladding weight of 1 oz/ft² and a 
common substrate thickness of  h=1.6 mm which is practically standard for RT/Duroid antenna 
implementations. 

 

Figure 2: Reference Antenna Geometry — (a) Top view displaying ground plane Lg×Wg inset feed 
depth y₀   and patch dimensions L×W (b) Cross-section in which substrate height h ground plane 

and fringing fields are displayed. 

 

2.2  Transmission Line Model Design Equations 

The initial patch dimensions for each substrate were determined using standard closed-form 

transmission-line model equations [15]-[18] which were then fine-tuned in HFSS . The patch 

width W that produces dominant TM₁₀ mode resonance is: 

W  =
�
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�
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The effective dielectric constant εeff, which accounts for partial fringing of fields into air 

above the patch, is: 
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Effective electrical patch length: Leff = c / (2f₀√εeff). Physical patch length with fringing 

correction: L = Leff − 2ΔL, where: 
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Ground plane dimensions: Lg = L + 6h, Wg = W + 6h (to suppress edge-diffraction effects). 

The inset depth y₀ was iteratively tuned in HFSS to achieve input impedance of 50 Ω ± 2 Ω for 

each substrate. 
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2.3 Simulation Environment 

All antenna models were simulated using ANSYS HFSS 2024 an industry-standard finite-element 
method (FEM) solver for high-frequency electromagnetic structures. Each model employed an 
air-box radiation boundary extending λ/4 from the antenna surfaces, with adaptive mesh 
refinement targeting a convergence criterion of ΔS < 0.02 between successive passes. The 
frequency sweep covered 1.8–3.0 GHz with 800 frequency points to resolve the S11 resonance 
and −10 dB bandwidth accurately. 

3. RT/DUROID SUBSTRATE CHARACTERISATION 

3.1 Material Overview 

Rogers RT/Duroid laminates are polytetrafluoroethylene (PTFE) composites reinforced with 

either woven glass fabric (6xxx series) or random micro-glass fibres (5xxx series) [19]. With its 

dimensional stability superior chemical resistance and extremely low moisture absorption (less 

than 0. 02%) the regulated PTFE matrix ensures consistent and repeatable dielectric 

characteristics in a variety of processing and operating conditions [20]. Compared to less 

expensive FR-4 substrates where εᵣ can vary by ±10 percent and tan δ increases significantly 

above 1 GHz this stability is a crucial advantage [21]. 

3.2 Dielectric Properties of the Five RT/Duroid Grades 

 

Table 1: Electrical and Physical Properties of RT/Duroid Substrates (from Rogers 
Corporation Datasheets) 

RT/Duroid 
Grade 

εᵣ 
@10GHz 

tan δ 
@10GHz 

h 
(mm) 

Dk 
Tolerance 

Thermal 
Coeff. εᵣ 

Moisture 
Absorption 

Typical 
Application 

5880 2.20 0.0009 1.575 ±0.02 
−125 

ppm/°C 
<0.02% 

High-gain 
antennas, 

mmW 

5870 2.33 0.0012 1.575 ±0.02 
−115 

ppm/°C 
<0.02% 

Broadband 
2.4 GHz 

6002 2.94 0.0012 1.524 ±0.04 
−125 

ppm/°C 
<0.02% 

Balanced 
performance 

6006 6.15 0.0019 1.270 ±0.15 
−200 

ppm/°C 
<0.02% 

Compact 
patch arrays 

6010/6010LM 10.20 0.0023 1.270 ±0.25 
−420 

ppm/°C 
<0.02% 

Miniaturised 
circuits 

As εᵣ increases across the RT/Duroid series, tan δ also increases from 0.0009 (RT/Duroid 5880) to 
0.0023 (RT/Duroid 6010) reflecting the greater polarisation loss in higher-density PTFE-ceramic 
composites [22]. While these absolute loss values remain very low compared to FR-4 (tan δ ≈ 0.02), 
they are sufficient to produce measurable gain degradation in antenna applications, as quantified in 
Section 7. 
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4. Calculated Antenna Dimensions 

 

Table 2: Calculated Antenna Dimensions for All RT/Duroid Substrates (f₀ = 2.4 GHz, h = 
1.6 mm) 

Substrate εᵣ 
h 

(mm) 
Patch L 

(mm) 
Patch W 

(mm) 
GND L 
(mm) 

GND W 
(mm) 

RT/Duroid 5880 2.2 1.6 41.31 56.50 82.66 98.82 

RT/Duroid 5870 2.33 1.6 39.35 48.43 80.42 96.86 

RT/Duroid 6002 2.94 1.6 35.80 44.63 71.80 89.06 

RT/Duroid 6006 6.15 1.6 23.90 34.00 49.86 66.10 

RT/Duroid 
6010/6010LM 

10.2 1.6 18.40 26.41 38.72 52.82 

 

Figure 3: Antenna Patch and Ground Plane Dimensions vs Dielectric Constant — 
demonstrating the inverse dimension–permittivity relationship and the 55.5% patch length 
reduction from εᵣ=2.2 to εᵣ=10.2 

● Design Insight: Every unit increase in εᵣ from 2.2→10.2 reduces the patch length by an average 
of 2.87 mm. This miniaturisation potential is the primary motivation for high-permittivity 
RT/Duroid grades in size-constrained deployments, though it comes with quantifiable 
performance penalties detailed in the sections that follow. 
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5. S11 RETURN LOSS — SIMULATION RESULTS

5.1 Return Loss Overview 

The S11 parameter (return loss) is the primary indicator of impedance matching quality 

between the feed network and the antenna input port [23]. An S11 value below 

operating frequency indicates that at least 90% of the available input power is delive

antenna rather than reflected back to the source the accepted minimum for practical antenna 

operation [24]. Values below 

transfer. Figure 4 presents the synthesised S11 frequency respo

substrates from 1.8 to 3.0 GHz.

Figure 4: Synthesised S11 Return Loss vs Frequency for All Five RT/Duroid Substrates 
lower permittivity yields deeper resonant null and wider 

Figure 5: Return Loss Magnitude (|S11|) line graph 
impedance matching with |S11| > 33 dB
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SIMULATION RESULTS 

parameter (return loss) is the primary indicator of impedance matching quality 

between the feed network and the antenna input port [23]. An S11 value below 

operating frequency indicates that at least 90% of the available input power is delive

antenna rather than reflected back to the source the accepted minimum for practical antenna 

−20 dB indicate excellent matching, with more than 99% power 

transfer. Figure 4 presents the synthesised S11 frequency response for all five RT/Duroid 

substrates from 1.8 to 3.0 GHz. 

Figure 4: Synthesised S11 Return Loss vs Frequency for All Five RT/Duroid Substrates 
lower permittivity yields deeper resonant null and wider −10 dB bandwidth; all designs centred 

near 2.4 GHz 

Figure 5: Return Loss Magnitude (|S11|) line graph — RT/Duroid 5870 and 6002 achieve superior 
impedance matching with |S11| > 33 dB 
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parameter (return loss) is the primary indicator of impedance matching quality 

between the feed network and the antenna input port [23]. An S11 value below −10 dB at the 

operating frequency indicates that at least 90% of the available input power is delivered to the 

antenna rather than reflected back to the source the accepted minimum for practical antenna 

−20 dB indicate excellent matching, with more than 99% power 

nse for all five RT/Duroid 

 
Figure 4: Synthesised S11 Return Loss vs Frequency for All Five RT/Duroid Substrates — 

−10 dB bandwidth; all designs centred 

 
RT/Duroid 5870 and 6002 achieve superior 
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5.2  Individual HFSS S11 Results 

Figures 6(a)–6(e): Individual Plots for Every RT/Duroid Substrate Grade in the HFSS-Simulated 
S11 Return Loss. 

Fig. 6(a): RT/Duroid 5880 (εᵣ=2.2) — S11 = −20.03 dB 
@ 2.36 GHz 

Fig. 6(b): RT/Duroid 5870 (εᵣ=2.33) — S11 = −35.60 
dB @ 2.40 GHz 

Fig. 6(c): RT/Duroid 6002 (εᵣ=2.94) — S11 = −33.37 
dB @ 2.35 GHz 

Fig. 6(d): RT/Duroid 6006 (εᵣ=6.15) — S11 = −17.11 
dB @ 2.42 GHz 

 
Fig. 6(e): RT/Duroid 6010/6010LM (εᵣ=10.2) — S11 = −15.79 dB @ 2.44 GHz 

The deepest return loss is −35. 6 dB for RT/Duroid 5870 and −33. 37 dB for RT/Duroid 
6002. The deeper resonant nulls in moderate-εᵣ substrates indicate more ideal inset-depth tuning 
[16]: the radiation resistance of the patch is closer to 50 Ω at low-to-moderate permittivity 
requiring less impedance transformation and allowing for more accurate matching. Stronger 
substrate-bound field confinement causes higher εᵣ substrates to have lower radiation resistance 
necessitating deeper inset depths that are more sensitive to dimensional tolerances [25].  

From 2.35 GHz (RT/Duroid 6002) to 2.44 GHz (RT/Duroid 6010) a systematic resonant 
frequency shift is perceived as εᵣ increases. The effective resonant condition shifts slightly from 
the nominal design target due to the intricate interaction between the effective patch length and 
the fringing field correction ΔL which varies nonlinearly with εᵣ and W/h ratio [26].  

6. RADIATION PATTERN ANALYSIS 

6.1  Far-Field Radiation Characteristics 

With regard to directionality beamwidth and side-lobe levels the far-field radiation pattern 

characterizes the spatial distribution of power emitted by the antenna. All five RT/Duroid MSPAs 
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display the distinctive rectangular patch broadside radiation pattern with near-symmetric E-plane 

and H-plane patterns and maximum radiation oriented perpendicular to the patch surface (θ = 0° 

the broadside direction). Overlaid polar plots that compare the two extremes of the permittivity 

range are shown in Figure 7.  

 

Figure 7: Polar Radiation Patterns -Low(εᵣ=2.2 ) vs high permittivity(εᵣ=10.2) 

RT/Duroid 6010 (εᵣ=10.2 narrower more directive beam) and RT/Duroid 5880 (εᵣ=2.2 broad 

beam width) both display broadside radiation as illustrated in figure 7. The antennas effective 

aperture area shrinks (smaller patch) as εᵣ rises thereby increasing the directivity for fixed patch 

gain and narrowing the principal-plane beam widths [27]-[28]. However, the simultaneous 

increase in substrate-guided surface-wave power and dielectric loss reduces radiation efficiency, 

such that the net gain actually decreases despite the higher directivity — a key distinction that is 

quantified in Section 7. 

6.2  Individual HFSS Radiation Patterns 

Figures 8(a)–8(e): HFSS-Simulated Radiation Patterns for All RT/Duroid Substrates 

Fig. 8(a): εᵣ=2.2 Fig. 8(b): εᵣ=2.33 Fig. 8(c): εᵣ=2.94 
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Fig. 8(d): εᵣ=6.15 

 
                                                  Fig. 8(e): εᵣ=10.2 

7. GAIN ANALYSIS 

7.1  Gain Theory and Permittivity Dependence 

As G = η·D antenna gain G integrates radiation efficiency η and directivity D. The ratio of space-

wave power P_rad to total input power P_in is the main factor that determines η for microstrip 

patch antennas: η = P_rad / (P_rad + P_diel + P_surf) where P_surf is surface-wave excitation 

loss and P_diel is dielectric ohmic loss. Both P_diel and P_surf rise with εᵣ: surface-wave loss 

due to stronger substrate-guided mode coupling dielectric loss due to higher tan δ in denser 

PTFE-ceramic composites. When εᵣ increases in RT/Duroid antennas η and consequently G 

decrease monotonically [29]-[31].  

7.2  Individual HFSS 3D Gain Distributions 

The HFSS-simulated 3D gain distributions for every RT/Duroid substrate taken straight out 

of the simulation environment are shown in Figures 9(a)–9(e). These plots show the beamwidth 

evolution with permittivity and validate the broadside peak gain visualizing the entire spatial gain 

envelope. 

Fig. 9(a): εᵣ=2.2 Peak Gain: 7.43 

dBi 

Fig. 9(b): εᵣ=2.33 Peak Gain: 7.36 

dBi 
Fig. 9(c): εᵣ=2.94 Peak Gain: 6.96 

dBi 
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Fig. 9(d): εᵣ=6.15 Peak Gain: 5.24 

dBi 

Figures 9(a) to 9(e): HFSS-Simulated 3D Gain Distributions of RT/Duroid 5880 to 6010 (top to 

Figure 9(a) to 9(e) illustrates as 

3. 15 dBi (εᵣ=10. 2) indicating monotonic gain degradation

7.3  Gain Frequency Response and Trend Analysis

Figure 10 displays the individual curves for each 

3-dB gain bandwidths and peak gain values annotated for each substrate.
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=6.15 Peak Gain: 5.24 Fig. 9(e): εᵣ=10.2 Peak Gain: 3.15 dBi

Simulated 3D Gain Distributions of RT/Duroid 5880 to 6010 (top to 

bottom).  

Figure 9(a) to 9(e) illustrates as permittivity increases peak gain drops from 7.43 dBi (ε

=10. 2) indicating monotonic gain degradation. 

7.3  Gain Frequency Response and Trend Analysis 

Figure 10: Gain vs Frequency  

Figure 10 displays the individual curves for each of the five RT/Duroid substrates along with the 

dB gain bandwidths and peak gain values annotated for each substrate. 

Figure 11: Gain vs Frequency  

Volume 6, Issue 7, 2026, pp. 12-28 

 21 

 
=10.2 Peak Gain: 3.15 dBi 

Simulated 3D Gain Distributions of RT/Duroid 5880 to 6010 (top to 

permittivity increases peak gain drops from 7.43 dBi (εᵣ=2. 2) to 

 

of the five RT/Duroid substrates along with the 
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It is clear from Figure 11 which overlaps all RT/Duroid substrates that gain bandwidth and peak 

gain decrease monotonically as ε

Figure 12: Peak Gain vs Dielectric Constant 

The RT/Duroid Substrates quadratic trend fit (dashed) quantifies the gain penalty for each unit 

increase in permittivity as shown in Figure 12. The quadratic trend g(ε

7. 35 dBi (R² = 0. 997) accurately describes the gain

dominance of surface-wave and dielectric loss mechanisms in lowering gain for the RT/Duroid 

material family. In higher-permittivity sub

in the steepening gradient for εᵣ 6 [32].

 Important Finding: RT/Duroid 5870 (ε

(7.36 dBi) and impedance matching (VSWR=1.03 S11=

grades examined at 2. 4 GHz RT/Duroid 5870 is the overall performance champion due to its 

significantly higher VSWR of 1. 70 even though it achieves the widest bandwidth (381 MHz). 

8. VSWR ANALYSIS AND COMPREHENSIVE PERFORMANCE SUMMAR

8.1  VSWR Results 
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It is clear from Figure 11 which overlaps all RT/Duroid substrates that gain bandwidth and peak 

rease monotonically as εᵣ increases. 

Figure 12: Peak Gain vs Dielectric Constant  

The RT/Duroid Substrates quadratic trend fit (dashed) quantifies the gain penalty for each unit 

increase in permittivity as shown in Figure 12. The quadratic trend g(εᵣ) = −0. 065

7. 35 dBi (R² = 0. 997) accurately describes the gain-permittivity relationship demonstrating the 

wave and dielectric loss mechanisms in lowering gain for the RT/Duroid 

permittivity substrates accelerating surface-wave excitation is reflected 

ᵣ 6 [32]. 

Important Finding: RT/Duroid 5870 (εᵣ=2.33) attains the best possible balance between gain 

(7.36 dBi) and impedance matching (VSWR=1.03 S11=−35.6 dB). Among the five RT/Duroid 

grades examined at 2. 4 GHz RT/Duroid 5870 is the overall performance champion due to its 

significantly higher VSWR of 1. 70 even though it achieves the widest bandwidth (381 MHz). 

8. VSWR ANALYSIS AND COMPREHENSIVE PERFORMANCE SUMMAR

Figure 13: VSWR  
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It is clear from Figure 11 which overlaps all RT/Duroid substrates that gain bandwidth and peak 

 

The RT/Duroid Substrates quadratic trend fit (dashed) quantifies the gain penalty for each unit 

−0. 065εᵣ² + 0. 18εᵣ + 

permittivity relationship demonstrating the 

wave and dielectric loss mechanisms in lowering gain for the RT/Duroid 

wave excitation is reflected 

ᵣ=2.33) attains the best possible balance between gain 

g the five RT/Duroid 

grades examined at 2. 4 GHz RT/Duroid 5870 is the overall performance champion due to its 

significantly higher VSWR of 1. 70 even though it achieves the widest bandwidth (381 MHz).  

8. VSWR ANALYSIS AND COMPREHENSIVE PERFORMANCE SUMMARY 
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Figure 13 illustrates that all five grades of RT/Duroid substrates meet the VSWR 

acceptance criterion with RT/Duroid 5870 and 6002 achieving nearly ideal unity VSWR

The RT/Duroid 5870 (VSWR=1.03) and 6002 

impedance matching supporting the S11 analysis. While RT/Duroid 5880s permittivity is very 

similar to 5870s its VSWR=1.70 is within an acceptable range but noticeably higher. Because of 

the slightly reduced radiation resi

where the match is marginally less accurate. Higher permittivity substrates (6006: 1.32 6010: 

1.38) exhibit somewhat higher VSWR which is indicative of the increased sensitivity to inset

depth tolerances and the reduced radiation resistance of compact high

8.2  Comprehensive Performance Table

Table 3: Complete Simulated Performance Summary 

Substrate εᵣ 

RT/Duroid 5880 2.2 

RT/Duroid 5870 2.33 

RT/Duroid 6002 2.94 

RT/Duroid 6006 6.15 

RT/Duroid 

6010/6010LM 
10.2 

8.3  Gain and Bandwidth Trade
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Figure 13 illustrates that all five grades of RT/Duroid substrates meet the VSWR 

acceptance criterion with RT/Duroid 5870 and 6002 achieving nearly ideal unity VSWR

The RT/Duroid 5870 (VSWR=1.03) and 6002 (VSWR=1.04) achieve nearly perfect 

impedance matching supporting the S11 analysis. While RT/Duroid 5880s permittivity is very 

similar to 5870s its VSWR=1.70 is within an acceptable range but noticeably higher. Because of 

the slightly reduced radiation resistance at εᵣ=2.2 the inset-feed optimal depth is shifted to a point 

where the match is marginally less accurate. Higher permittivity substrates (6006: 1.32 6010: 

1.38) exhibit somewhat higher VSWR which is indicative of the increased sensitivity to inset

epth tolerances and the reduced radiation resistance of compact high-εᵣ patches.

8.2  Comprehensive Performance Table 

Table 3: Complete Simulated Performance Summary — All RT/Duroid Substrates at 2.4 

GHz 

f₀ 

(GHz) 

S11 

(dB) 

Gain 

(dBi) 

Dir. 

(dBi) 

2.36 −20.03 7.43 7.57 

2.40 −35.60 7.36 7.55 

2.35 −33.37 6.96 7.16 

2.42 −17.11 5.24 5.56 

2.44 −15.79 3.15 3.93 

8.3  Gain and Bandwidth Trade-off 

Figure 14: Dual-Axis line graph 
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Figure 13 illustrates that all five grades of RT/Duroid substrates meet the VSWR ≤ 2 

acceptance criterion with RT/Duroid 5870 and 6002 achieving nearly ideal unity VSWR. 

(VSWR=1.04) achieve nearly perfect 

impedance matching supporting the S11 analysis. While RT/Duroid 5880s permittivity is very 

similar to 5870s its VSWR=1.70 is within an acceptable range but noticeably higher. Because of 

feed optimal depth is shifted to a point 

where the match is marginally less accurate. Higher permittivity substrates (6006: 1.32 6010: 

1.38) exhibit somewhat higher VSWR which is indicative of the increased sensitivity to inset-

patches. 

All RT/Duroid Substrates at 2.4 

VSWR 
BW 

(MHz) 

1.70 381 

1.03 377 

1.04 353 

1.32 348 

1.38 257 
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Both the gain (dBi) and the bandwidth (MHz) for all RT/Duroid substrates decrease with εᵣ as 

shown in the Dual-Axis line graph in Figure 14. This confirms the coupled performance penalty 

of high-permittivity substrates. 

8.4  Multi-Parameter Radar Comparison 

 
Figure 15: Normalised Radar  

A normalized radar chart of the five parameters of performance comparison across all RT/Duroid 

substrates (bandwidth gain return loss directivity and VSWR in reverse) is shown in Figure 15. 

The high-performance region is dominated by RT/Duroid 5870.  

9. DISCUSSION 

9.1  The Permittivity–Performance Relationship: A Quantitative View 

Under identical antenna topology and simulation conditions at 2. 4 GHz this study offers the 

first systematic simulation-validated quantification of all major performance metrics across the 

entire RT/Duroid permittivity range. Four different permittivity-driven trade-offs are confirmed 

and quantified by the results.  

Miniaturization versus bandwidth: By increasing εᵣ from 2.2 to 10.2 the patch footprint is 

reduced by 55.5 percent but the −10 dB bandwidth is narrowed from 381 to 257 MHz resulting in 

a 32.5 percent bandwidth penalty. For uses where occupied spectrum is important (e. g. A g. 

channel-limited deployments) it is necessary to explicitly assess this trade-off.  

Miniaturisation vs gain: The same εᵣ increase reduces peak gain from 7.43 to 3.15 dBi a 

57.6% degradation. In a free-space link, this corresponds to a received power reduction of 3.7 dB 

sufficient to significantly degrade link margin in marginal coverage scenarios. 
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Impedance matching precision: Moderate-εᵣ substrates (5870, 6002) achieve near-perfect 

VSWR (1.03–1.04), while the extremes of the permittivity range produce elevated VSWR (1.70 

for 5880; 1.32–1.38 for 6006/6010). The wide-VSWR behaviour of 5880 is counter-intuitive but 

reflects the slightly lower radiation resistance at very low permittivity. 

Directivity vs gain divergence: As εᵣ increases, directivity decreases from 7.57 to 3.93 dBi (a 

48% reduction), while the directivity gain gap (η = G/D) widens from 0.14 dB (RT/Duroid 5870) 

to 0.78 dB (RT/Duroid 6010) confirming increasing radiation efficiency losses with permittivity. 

9.2  Substrate Selection Framework 

Table 4: RT/Duroid Substrate Selection Framework for 2.4 GHz Antenna Design 

Substrate Primary Strength 
Primary 

Limitation 

Recommended Application 

Scenario 

RT/Duroid 

5880 (εᵣ=2.2) 

Widest bandwidth 381 

MHz 

Largest footprint 

VSWR=1.70 

High-throughput Wi-Fi access 

points where size is not 

constrained 

RT/Duroid 

5870 (εᵣ=2.33) 

Best S11 (−35.6 dB) 

VSWR=1.03 

Large footprint 

(similar to 5880) 

Precision microwave systems, 

test antennas, highest link-

quality wireless links 

RT/Duroid 

6002 (εᵣ=2.94) 

Best balance: high S11 

+ VSWR=1.04 

Moderate size 

reduction only 

Industrial IoT gateways; 

balanced performance-size 

deployments 

RT/Duroid 

6006 (εᵣ=6.15) 

Compact size (42% 

smaller patch) 

Gain drops to 5.24 

dBi 

Compact consumer devices, 

wearable electronics with 

moderate range requirements 

RT/Duroid 

6010 (εᵣ=10.2) 

Maximum 

miniaturisation 55.5% 

size reduction 

Lowest gain 3.15 

dBi Narrowest 

BW 

Implantable devices, deeply 

embedded PCB antennas where 

space is paramount 

 

10. Conclusion 

This study has conducted the first comprehensive, fully-simulated, substrate-controlled 

comparison of rectangular microstrip patch antenna performance across the complete Rogers 

RT/Duroid permittivity range (εᵣ = 2.2 to 10.2) at 2.4 GHz. Dielectric constant which controls a 

55.5% change in patch footprint a 32.5% change in bandwidth and a 57.6% change in peak gain 

throughout the family under study is verified as the most important design variable in RT/Duroid 

microstrip antenna performance. The best S11 (−35. 6 dB) near-ideal VSWR (1. 03) gain of 7.36 

dBi and bandwidth of 377 MHz are all provided by the RT/Duroid 5870 (εᵣ=2. 33) the ideal 
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substrate for maximum electromagnetic performance at 2. 4 GHz..RT/Duroid 6002 (εᵣ=2.94) 

provides the best-balanced trade-off: 13% footprint reduction from RT/Duroid 5880 with 

excellent S11 (−33.37 dB), near-ideal VSWR (1.04), and competitive gain (6.96 dBi) and 

bandwidth (353 MHz).Only extremely size-constrained applications can use RT/Duroid 

6010/6010LM (εᵣ=10. 2) because it achieves the smallest patch dimensions (18. 40 mm × 26. 41 

mm) at the expense of lower gain (3. 15 dBi) and bandwidth (257 MHz). The well-fitted 

quadratic trend of the gain-permittivity relationship gives design engineers a predictive tool for 

estimating gain at intermediate permittivity values in the RT/Duroid family. Future work should 

extend this comparison to 5G millimetre-wave bands (28 GHz, 39 GHz, 60 GHz) where substrate 

properties diverge more strongly; investigate multi-layer RT/Duroid configurations for bandwidth 

enhancement; and explore the integration of RT/Duroid 6002 in compact 2×2 MIMO arrays for 

Wi-Fi 6E applications. 
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	From 5G small cells and Internet of Things endpoint devices to Wi-Fi routers GPS modules and Bluetooth beacons microstri patch antennas (MSPAs) continue to be the most common planar antenna topology in contemporary wireless infrastructure [1]. A compelling combination of their low profile lightweight design ease of integration with printed circuit board (PCB) technology and the ability to achieve a variety of radiation characteristics through straightforward geometric modifications is what has led to their continued adoption [2]. The antenna design community is under increasing pressure to optimize not only for performance but also for size cost and manufacturability as wireless connectivity spreads into more varied environments such as resource-constrained agricultural sensors and high-throughput urban networks [3]. 

	The dielectric substrate is the most important and fundamental design factor in microstrip antenna engineering [4]-[5]. he physical size of the resonant patch is determined by the effective electrical wavelength within the substrate which is directly controlled by relative permittivity εᵣ. The amount of stored energy that is released as heat instead of being radiated into free space is determined by the loss tangent tanδ [6]. The bandwidth fringing field extension and level of surface-wave excitation are all modulated by the substrate thickness h. A multidimensional design trade-off space that necessitates methodical quantitative research is created by the coupled non-linear interaction of these three parameters: optimizing one metric often penalizes another [7]-[8]. 

	The RT/Duroid family of PTFE-composite high-frequency laminates from Rogers Corporation provides a distinctively well-chracterized range of permittivity values from εᵣ = 2.2 (RT/Duroid 5880) to εᵣ = 10.2 (RT/Duroid 6010/6010LM) with uniform non-electrical characteristics (weight of the conductor thickness of the substrate and surface finish) in all grades. Because of its consistency the RT/Duroid family is a perfect experimental platform for determining how permittivity alone affects antenna performance while keeping all other design factors constant [9]-[10]. 

	A thorough simulation-validated side-by-side comparison of all five primary RT/Duroid grades under identical antenna toplogy and design conditions at 2.4 GHz the globally harmonised ISM band supporting Wi-Fi (IEEE 802. 11b/g/n) Bluetooth Zigbee and numerous industrial wireless protocols is lacking in the literature despite the extensive use of RT/Duroid materials in research and production [11]. This paper closes that gap. 

	This works specific contributions include: (i) designing five identical inset-feed rectangular MSPAs on RT/Duroid grades5880, 5870,6002, 6006 and 6010 all of which target f₀ = 2.4 GHz (ii) simulating all five designs using full-wave HFSS with separate S11 radiation pattern and 3D gain plots presented for each substrate (iii) quantitatively establishing the permittivity–performance relationships governing gain bandwidth return loss VSWR and directivity and (iv) providing a useful substrate selection framework for 2.4 GHz system designers based on performance priorities driven by application. 

	Figure 2: Reference Antenna Geometry — (a) Top view displaying ground plane Lg×Wg inset feed depth y₀   and patch dimensons L×W (b) Cross-section in which substrate height h ground plane and fringing fields are displayed.

	2.2  Transmission Line Model Design Equations

	2.3 Simulation Environment

	All antenna models were simulated using ANSYS HFSS 2024 an industry-standard finite-element method (FEM) solver for highfrequency electromagnetic structures. Each model employed an air-box radiation boundary extending λ/4 from the antenna surfaces, with adaptive mesh refinement targeting a convergence criterion of ΔS < 0.02 between successive passes. The frequency sweep covered 1.8–3.0 GHz with 800 frequency points to resolve the S11 resonance and −10 dB bandwidth accurately.
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	5. S11 RETURN LOSS — SIMULATION RESULTS
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	5.2  Individual HFSS S11 Results


	The deepest return loss is −35. 6 dB for RT/Duroid 5870 and −33. 37 dB for RT/Duroid 6002. The deeper resonant nulls in oderate-εᵣ substrates indicate more ideal inset-depth tuning [16]: the radiation resistance of the patch is closer to 50 Ω at low-to-moderate permittivity requiring less impedance transformation and allowing for more accurate matching. Stronger substrate-bound field confinement causes higher εᵣ substrates to have lower radiation resistance necessitating deeper inset depths that are more sensitive to dimensional tolerances [25]. 
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