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Miniaturization of the on-chip antenna (OCA) in the lower frequency 
band is limited by the requirement for a compact chip size imposed by 
the larger electrical wavelength. At the same time, shrinking the 
antenna size reduces radiation characteristics and incurs significant 
losses due to lossy silicon substrate. This paper introduces a design for 
a miniaturized monopole planar on-chip antenna utilizing an 
interdigital capacitor (IDC) as an approach. The design incorporates a 
partially reflective surface (PRS), characterized by a high impedance 
surface, into the stacked structure to enhance antenna performance at 
a resonant frequency of 5.8 GHz. The stacked-up structure comprises a 
six-layer metal-insulator-semiconductor (MIS) integrated onto a 
monolithic silicon substrate as the host material. A model prototype 
was fabricated using a sputtering process, resulting in a size reduction 
of 45.62 % compared to conventional designs, well-suitaed for the 
applications of RFIC, Wi-Fi, WiMAx, RFIC, and wireless transceivers at 
802.11a. The fabricated antenna is validated and realizes an improved 
gain of 28.63 % and a radiation efficiency of 25.26 %, with an 
impedance bandwidth of 0.73 GHz at a return loss of about 20 dB. 

Keywords 
On-chip antenna, gain, interdigital 
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1. Introduction 
In recent years, there has been an increase in the development of modern, energy-efficient, low-profile, and high-
speed for upcoming mobile and associated wireless gadgets in mid and low-frequency domains. These devices 
demand compact footprint antennas for optimal performance. An on-chip antenna (OCA) technology is 
acknowledged as a promising and advanced integrated antenna solution for compact wireless systems.  It 
represents a significant chip-based antenna innovation that facilitates silicon integration with RF front-end 
components on a unified substrate [1], [2]. It is a potential antenna that is promising for extensive application. 
These applications include wireless transceivers, wireless fidelity, and Internet-of-Things based on users' demand 
[3]. It offers logical integration into small-size front-end transceivers, mainly in the application of mid-frequency, 
mm-wave, and beyond, with the capacity to facilitate high-speed communication [4], [5]; OCA can be integrated  
into the host devices using one of the two significant modules: a single-chip module (SCM) or a multi-chip module 
(MCM) module [6].  The innovation of on-chip antennas operating at frequencies below 10 GHz is garnering 
significant attention due to the growing number of applications.  IoT devices, wireless transceivers, and wireless 
power transfers are at the forefront of this trend. Many of these devices are designed to function at low and mid-
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range frequencies. For example, IoT is anticipated to be the next significant advancement in wireless technology, 
promoting extensive societal connectivity, according to Transform Insights TAM. There were approximately 7.6 
billion active IoT devices in late 2019, projected to exceed 24 billion by 2030[7]. Thus, with this wave, a substantial 
amount of power is required. 

    Thus, to achieve perfect integration, it needs to be miniaturized with enhanced performance [8]. Despite its 
promising applications, real-time implementation encounters notable hurdles stemming from the limited 
amplification and ineffective radiation caused by the low resistivity and high-dielectric properties of the silicon 
(Si) substrate [9]. The low-resistivity property can lead to the confinement of incidence waves within itself, 
resulting in significant losses. This phenomenon severely impacts the overall performance [2], [10]. The primary 
concern lies in the challenge of miniaturization below 10 GHz, which is the larger electrical wavelength [11] and 
unsuitable for integration on footprint chip size [12]. Therefore, a miniaturized, enhanced performance design is 
to realize a reasonable size reduction by keeping the desired frequency constant [13], [14].  
Previously, various methods for miniaturization have been suggested and tested, tailored to specific frequencies 
and intended uses. Among these, LC-loading [15], mender line, slow wave, metamaterial loading [16], near-field 
resonant parasitic (NFRP), fractal geometries, and slot-loading [17], [5] have emerged as the most widely utilized 
techniques. Others are partial shield layers (PSL) [18] and the loop loading method [19]. Several procedures can 
be employed in the quest for miniaturization, including modifying the radiator's physical geometry, controlling 
electromagnetic properties, altering electrical wavelengths, or integrating novel materials [20].  

   In [21], an LC-loading, meander line, and interdigital capacitor (IDC) were incorporated into a monopole 
planar antenna. The fabricated design achieved a reduced antenna length of 0.077λo, much smaller than a quarter-
wavelength. [22], proposed a slow-wave technique where varactors control the operating frequency by 
shortening vias to the ground conductor on non-radiating edges. The method shows good matching and radiation 
performance. This study proposed a compact monopole-planar on-chip with loaded IDC. The model has 
incorporated a partially reflective periodic structure as a performance improvement method, like frequency 
selective surface (FSS) [23]. The combined structure offered a miniaturized and enhanced performance on-chip 
antenna resonating at 5.8 GHz, considering IDC as a miniaturization technique, resulting in a significant 
geometrical reduction of 45.61 % compared to the initial quarter wavelength model. However, it controls the total 
reactance of the periodic element and regulates radiation resistance through the enhanced distribution of the E-
field across spatial wavelengths [24]. It has been proposed for many other resonance and charge control 
functions—for example, charge-flow transistor design [25]. 

Moreover, evading the degraded performance due to miniaturization, specifically, the radiation resistance and 
the gain, a PRS is embedded within the SiO2 layer to obstruct the back radiated signal emanating from the top OCA 
into the lossy Si-substrate. It is an arrangement of a regular metal film of thickness 1µm with equal separation. 
Achieving complete restriction of EM waves is ideally impossible due to the limitation imposed by a 
complementary metal-oxide semiconductor (CMOS metallization rule, as the entire metal density is restricted to 
20-80% [3]. Moreover, the significance of this work includes the following.   

• The antenna's resonance can be adjusted to a desired frequency below 5.8 GHz without altering its 
dimensions. This tuning is accomplished by modifying the width of the fingers and the spacing between 
them, as shown in Fig. 3. 

• The proposed model provides improved gain and radiation characteristics compared to similar work at 
5.8 GHz cited in this work.  

• Using IDC reduced the antenna's size and significantly improved the radiation pattern by generating a 
fringing E-field across the series, leading to better radiation performance. 

• The PRS structure not only enhances the gain significantly but also reduces the number of metallization 
layers, utilizing only three metal layers 

This article is organized into the following sections: Section 2 discusses the design and configuration of the 
proposed antenna with an analysis of IDC and PRS structures. Section 3 discusses the simulation results, prototype 
fabrication, and validations. Hence, the conclusion in Section 4 summarizes all the results.  

2. Proposed Antenna Design 

2.1 Antenna Model and Configuration 
The proposed OCA adheres to the design principles of a typical silicon chip, with the structure being composed of 
stacked layers of metal, silicon, and its oxide [26]. A monopole planar antenna loaded with an IDC is integrated 
into the top metal layer as a radiating element. A PRS is embedded within the SiO2 layers and functions as a 
reflective surface, redirecting incident waves away from the absorbent silicon substrate. Thus, the periodic 
arrangement PRS is electrically complemented by a ground reflector at the bottom of the Si substrate. The antenna 
was primarily constructed using six stacked layers comprising three layers of metal film (M1, M2, and M3), each 
with a thickness of 1 µm. These metal layers were positioned on a 500 µm silicon (Si) wafer, stacked within 4 µm 
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thick SiO2 layers. The topmost layer, M1, served as the antenna and was designed as a miniaturized monopole-
inspired IDC. Embedded within the SiO2 layers, the M2 component was partially reflective conductor.  An M2 is a 
depleted ground conductor deposited beneath the silicon wafer, also structured as a PRS. The silicon substrate 
used as the host material had a dielectric constant (ℇr) of 11.9 [7] and a resistivity ranging from 1-20Ω-cm [27],[ 
28]. The proposed model's top and side views and the stack-up geometry are depicted in Fig.1(a), (b), and Fig. 2, 
respectively. A coplanar waveguide (CPW) feeding method was employed to connect to the coaxial port. The 
optimized parameters are outlined in Table 1. 
 
 

 

                          
(a)                                                                                         (b) 

 
Fig. 1 Geometry of the proposed OCA (a) Top view; (b) Side view 

 

Table 1 Optimized antenna parameters 

Parameter Value 
(mm) 

Parameter Value (mm) 

L 3.35 fw 1.0 
tm 0.0017 Lp 7.25 
hs 0.02 La 2 
W 7.15 fL 3.25 
hsi 0.525 Wp 5.9 
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Fig. 2 Isometric view of proposed OCA 

 
 

2.2 Design of Interdigital Capacitor  
An interdigital capacitor (IDC) is a periodic arrangement characterized by a multi-finger geometry, depicted in 
Fig. 3(a). It exhibits a component of a lumped element and features a unit capacitance between the fingers 
separated by a distance 's,' with a thickness 'tm' and width 'w.'   The unit capacitance, influenced by electric field 
fringes, correlates with the spatial wavelength λs, as illustrated in Fig. 3(b). The λs value notably influences the 
strength of the field between the electrodes [25]. The spacing between the electrodes is quite long and folded 
within a small area. IDCs are quasi-lumped elements [29] that manipulate frequency turning and impedance. A 
geometric arrangement of IDC minimizes parasitic capacitors of a substrate on which the component is integrated 
[24]. Thus, an optimized geometric parameter of the IDC is shown in Table 2. The significant advantage of IDC is 
that it is easy to increase the capacitance of elements by increasing the fingers and using thin, high dielectric 
material beneath the conducting film [30]. For example, some studies use series-coupled capacitors with similar 
features to IDC to control impedance bandwidth [31],   

In this work, the quasi-lumped component of IDC, including the total capacitance across the fingers CT and 
total inductance of parallel length L, is expressed in equations (6) and (11). The details of this analysis are given 
in sub-section 5, on a model equation. 
   

           
(a)                                                                                                     (b) 

Fig. 3 Geometrical structure of interdigitated capacitor (a) Top view; (b) Isometric view 
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Table 2 Optimized IDC parameters 
Parameter Value(mm) 

      s 0.50 
      g 0.50 
      x 0.52 
     W 7.15 
      l 7.26 
     w' 0.51 
     l' 
     N 

2.0 
8 

 

2.3 Partial Reflective Surface 
  A PRS consists of a structured arrangement of metallic film positioned between the upper radiating component 
and a silicon substrate. Its operational characteristics resemble those of an artificial magnetic conductor (AMC). 
The PRS hinders the propagation of electromagnetic energy from the top radiating conductor into the silicon 
substrate, which is prone to losses. This arrangement can be customized to regulate the intensity of the reflected 
wave and manage the antenna resonance [32]. For instance, in the CMOS design procedure, an integrated periodic 
arrangement of a reflective metal strip within the SiO2 layer partially obstructed an electromagnetic wave emitted 
by the radiator from penetrating into the lossy Si-substrate [33]; as a result, losses are minimized, and there is an 
improvement in both gain and radiation efficiency. This design configures a periodic array of 4x4 unit cells of 1 μm 
metal thickness, a square length of 4 mm2, and a width of 2 mm as an aperture. The structure was embedded 
within the SiO2 as the third layer from the top, as shown in Fig. 2. 

2.4 Analytical Model Equation 
An IDC has been analytically developed in the theoretical context using partial capacitance and conformal 
representation [34], suitable for the structure's target capacitance and characteristic impedance. For example, 
equivalent   J-inverter networks, full-wave procedures, and approximate analysis are some adopted techniques. 
The close-analytical form for determining the unit capacitance per spatial wavelength and the total capacitance, 
the strip inductance, is equations (1) -(11).   

The unit capacitance per cell is denoted by Cu, which is equal to the sum of the equivalent parallel capacitance, 
C1, C2, and C3 as in equation (1) [24], d is the length of the unit capacitance, L is the total inductance of the structure 
and the antenna bandwidth (BW) [34], [35]. 
 

   𝐶𝐶𝐶𝐶 = 𝐶𝐶1 + 𝐶𝐶2 + 𝐶𝐶3 (1) 
 

  𝐶𝐶1 + 𝐶𝐶3 = 𝜀𝜀0.
(𝜀𝜀1 + 𝜀𝜀3)  

2 .
(𝐾𝐾�1 − 𝑘𝑘2 )

𝐾𝐾(𝑘𝑘)  
(2) 
 

  𝐶𝐶2 = 𝜀𝜀0𝜀𝜀2
𝑡𝑡𝑚𝑚
𝑆𝑆  (3) 

 

𝜆𝜆𝜆𝜆 = 2(𝑤𝑤′ + 𝑠𝑠) = 2𝑑𝑑                                                                          (4) 
 

𝐶𝐶𝑢𝑢 = 𝜀𝜀0𝜀𝜀𝑟𝑟 �
(𝐾𝐾�1−𝑘𝑘2 )

𝐾𝐾(𝑘𝑘) + 𝑡𝑡𝑚𝑚
𝑆𝑆
�.                                                                   (5) 

 

𝐿𝐿 = 2 × 10−7𝑙𝑙′ �In �
2𝑙𝑙′

𝑤𝑤′ + 𝑡𝑡𝑚𝑚
� + �0.50049 +

𝑤𝑤′

3𝑙𝑙′�
� (6) 

 

𝐶𝐶 = (𝜀𝜀𝑟𝑟  +1) 𝑙𝑙′[(𝑁𝑁− 3)𝑌𝑌1 + 𝑌𝑌2] (7) 
 

 
Where 𝐶𝐶  is the capacitance per unit length, tm is the thin metal thickness, N is the number of fingers, l and W are 
the width and length of the structure, and 𝑌𝑌1 and  𝑌𝑌2 defines interior and exterior fingers' capacitance value per 
unit length and measures in pF/μm.   As the lumped structure is finite, the height of the substrate, h, plays a 
significant role in the IDC performance.        
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   𝑌𝑌1 = 4.409 tanh �0.55 �
ℎ
𝑆𝑆
�
0.45

× 10−6� × 10−6 

 
(8) 

   𝑌𝑌2 = 9.920 tanh �0.52 �
ℎ
𝑆𝑆
�
0.50

× 10−6� × 10−6 (9) 

An overall expression for the total series capacitance of the IDCs can equally be calculated using equations (10) 
and (11). 
 

  𝐶𝐶𝑇𝑇  = 𝜀𝜀𝑟𝑟𝑟𝑟10−3

18𝜋𝜋
𝐾𝐾(𝑘𝑘)
𝐾𝐾′(𝑘𝑘)

(𝑁𝑁 − 1)𝑙𝑙′   (pF)                                                      (10) 
And,   

      𝐶𝐶𝑇𝑇  = 𝐶𝐶𝑢𝑢(𝑁𝑁− 1)𝑙𝑙′                             (11) 
 

In which  K(k) and 𝐾𝐾′(k) is the complete elliptical integral with k-modulus and the complement of the first 
kind, an effective dielectric constant is   𝜀𝜀𝑟𝑟𝑟𝑟 , which can be calculated using the finger spacing, S and substrate 
height h. The ratio of the integral is given by; 
 

  𝐾𝐾(𝑘𝑘)
𝐾𝐾′(𝑘𝑘) = 1

𝜋𝜋
In �2 �1+√𝑘𝑘

1−√𝑘𝑘
��, for 0.707 ≤ 𝑘𝑘 ≤ 1                 
                                                                                                      

(12) 

𝐾𝐾(𝑘𝑘)
𝐾𝐾′(𝑘𝑘)  =  𝜋𝜋

In�2�1+√𝑘𝑘′
1−√𝑘𝑘′

��
 , for  0 ≤ 𝑘𝑘 ≤ 0.707 (13) 

 
Moreover, the effective dielectric constant 𝜖𝜖𝑟𝑟𝑟𝑟  is determined by.  
 

𝜀𝜀𝑟𝑟𝑟𝑟 =  𝜀𝜀𝑟𝑟 +1
2

+ 𝜀𝜀𝑟𝑟−1
2
�1 + 10ℎ

𝑤𝑤′ �
−12                                                                                                                      (14) 

 
Where an expression for the k and 𝑘𝑘′ are given by  
 

  𝑘𝑘 =  𝑠𝑠
𝑑𝑑

                                                                                                                              (15) 
   𝑘𝑘′ =  √1− 𝑘𝑘2                                                                                       (16) 

        𝐵𝐵𝐵𝐵 𝛼𝛼�
𝐿𝐿
𝐶𝐶               (17) 

 

3. Results and Discussion 

3.1 Experimental Validation 
A miniaturized on-chip antenna with enhanced performance is fabricated.  The prototype fabrication and the 
geometrical measurement of the model are shown in Fig 5. The development of the prototype was accomplished 
using a processed silicon wafer with a thickness of 500μm and a resistivity ranging from 20 to 100 Ω-cm, requiring 
no additional post-processing. The layer stacking followed the principles of silicon chip development, where 
metallic pads were incorporated within the SiO2 layers based on specific targets and limitations, as depicted in 
Fig. 2. The detailed geometric parameters of the antenna are outlined in Tables 1 and 2. Equally, the fabrication 
process was conducted from wafer dicing to the sputtering process and finalized at the model prototype, as 
illustrated in Fig. 4.  

Initially, the OCA was simulated using 3D-microwave simulation software to determine key parameters such 
as gain, radiation characteristics, return loss magnitude, and bandwidth at the operational frequency of 5.8 GHz. 
Subsequently, a Network Analyzer Agilent (N5245A) was employed to measure the return loss magnitude, as the 
photograph shows in Fig. 6 (a), yielding values of 23.06 dB and 20.1 dB for the simulated and measured results, 
as depicted in Fig. 6(b). This resulted in an impedance bandwidth of 0.74 GHz and 0.68 GHz. Fig. 7 illustrates the 
gain and radiation efficiency with and without the PRS.  The introduction of the PRS significantly enhanced peak 
gain to 2.27 dB and radiation efficiency to 76.8%, compared to the antenna without a PRS, which exhibited a peak 
gain of 1.62 dB and radiation efficiency of 57.4%. 
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Nevertheless, the measured results indicated a minor deviation in the center frequency towards 5.79 GHz, 
with a decreased 8% impedance bandwidth compared to the simulated results. This variance could be attributed 
to the adverse effects of the embedded PRS, which incorporates LC components. Moreover, fabrication tolerances 
and variations in layer parameters might also contribute to inconsistencies. Conversely, prior discussions have 
highlighted the PRS's significance in enhancing gain and radiation efficiency within an acceptable range. 

 Thus, the 2D radiating patterns of the model in both the E—and H-planes were observed at the resonance 
frequency of 5.8 GHz, as depicted in Fig. 8. The measured input impedance was determined to be 48.92Ω, 
constituting 97.84% of the 50Ω port impedance. This reveals a mismatch of 2.16%, equivalent to 1.08 Ω, ascribed 
to the mounting tolerances between the port and the signal PIN due to the utilization of an electrically conductive 
silver epoxy, HIGH Tg 9410-3M as conventional soldering process was inevitable for silicon material. tolerances 
between the port and the signal PIN due to using an electrically conductive silver epoxy, HIGH Tg 9410-3M as a 
conventional soldering process was inevitable for silicon material. 

 

 
                                                                                           (a) 

         
 
                                                (b)                                                                                            (c) 

  
Fig. 5 Fabrication and measurement (a) Fabrication process; (b) Fabricated antenna;(c) Measurement set-up 
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Fig. 6 Comparison of the simulated and measured magnitude of S11 of the proposed antenna at 5.8 GHz  

 

            
 

               (a)                                                                                (b) 
Fig. 7 The gain and radiation efficiency of OCA with- and without- PRS (a) Gain(dB;  (b) Radiation efficiency 

(%) at 5.8 GHz 
   

                
                                                          (a)                                                                                    (b)                    

Fig. 8 Absolute simulated and measured 2D radiation pattern at 5.8 GHz (a) E-plane; (b) H-plane 
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3.2 Characteristics of PRS Structure 
A PRS  unit cell was designed and positioned inside the waveguide ports, with boundary conditions applied to the 
x- and y-planes. The structure was then analyzed using a frequency domain solver. Thus, reflection and 
transmission coefficients are obtained, as shown in Fig. 9(a), and the reflection phase at 5.79 GHz is shown in Fig. 
9(b). It can be observed from Fig 9(a) that the reflection and the transmission coefficient occurred at -0.208 dB 
and -24.78 dB over the band frequency of 5.7- 5.9 GHz. Similarly, Fig.9(b) shows that the frequency at 0o reflection 
phase was realized at 5.79 GHz, which is approximately the center frequency of 5.8 GHz, indicating the good 
performance of the PRS in EM obstruction. The introduction of PRS offers an insertion loss of 3 dB at transmission 
poles from 5.52 GHz – 6.25 GHz and below 0.2 dB at the center frequency of 5.79 GHz.  

 

           
(a)                                                                                                       (b) 

Fig. 9 Simulated PRS parameters (a) Reflection and transmission coefficient; (b) Reflection phase at 5.8 GHz 

3.3 Effect of Separation Distance ‘S’ on the Magnitude of S11 
The characteristics of IDC are notably influential on both the capacitance and inductance of the component. This 
portion of the study investigates the impact of the gap distance ‘s' between the electrodes' fingers. It reveals that 
altering the 's' value significantly affects the center frequency due to variations in capacitance and inductance. Fig. 
10 illustrates the frequency shift as 's' values increase or decrease. This suggests that adjusting the width, W, 
length l, and the 's' of the IDC component can lead to significant frequency shifts since the resonant frequency is 
inversely related to the total capacitance. This relationship can be expressed as in equation (18). 
 

𝑓𝑓𝑅𝑅α
1

�C𝑒𝑒𝑒𝑒
                                                                           (18) 

 
Where 𝐶𝐶𝑒𝑒𝑒𝑒 is the total capacitance of the fingers and the adjacent winds, and  𝑓𝑓𝑅𝑅    is the resonance frequency. 
 

                                 
Fig. 10 Simulated reflection coefficient at different separation distances 
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3.4 The Effect of SiO2 Thickness on Antenna Gain 
In the design of OCA, variations in the metal density and the thickness of the oxide layers notably influence antenna 
performance. This study investigates the impact of varying SiO2 thickness on antenna gain, employing various 
thicknesses ranging from 0.4 to 2.4μm at intervals of 0.4µm. Simulation results revealed that increasing SiO2 
thickness significantly increased the gap between the top radiating element and the PRS, consequently boosting 
antenna gain. This enhancement is attributed to the induced capacitance between the PRS and the antenna, 
fostering mutual coupling and improving the OCA performance. Fig. 11 shows the influence of SiO2 thickness on 
OCA performance. 

 

 
Fig. 11 The effect of SiO2 thickness on the antenna gain 

4. Comparison 
Table 3 compares the performance of the proposed antenna with the contemporary miniaturized on-chip 
antennas and their design process. Miniaturized on-chip antennas were realized by adopting a meandered 
technique with monopole radiator configuration [18], complementary loop-based [37], loop-inspired meander 
line structure [38] and [39].  All the configurations achieved compact footprint chip size. Conversely, the relatively 
low gain and radiation efficiency were apart from [38], which realized a considerable efficiency of 60%. However, 
it incorporated a glass substrate, which possesses low losses due to its reasonable dielectric constant compared 
to a silicon substrate with 11.7-11.9.  
 

Table 3 Comparison of proposed work with published work 

Ref Antenna 
Type 

Freq 
(GHz) 

Size   
(mm3) 

Max. Gain 
(dB) 

Rad. Eff 
(%) 

Bandwidth 
(GHz) 

Design 
 Process 

[18] Monopole 
Meandered  
 

9.45 1.6 x 1.9 -29.2 21.07 NM 0.18μm CMOS 
 

[36] Loop 5.8 1.4 x1.4 -48.93 NM NM 0.18μm CMOS 
 

[37] Meandered 
Loop 

5.05 4.0x4.0 NM 60 0.2 Si-wafer+ 
glass 

packaging 
        

[38] Meander 
Loop 

5.8 6.0 x0.5 -40 25 NM 0.13μm CMOS 
 

[39] Loop 5.8 1.05x 0.85 -23.7  NM 0.18μm CMOS 
 

Proposed 
work 

Monopole 
planar 

5.8 7.25x 3.35   2.27 76.8 0.73 Si-wafer + SiO2 

  NM: Not Mentioned, Rad. Eff: radiation Efficiency, Freq. Frequency, Si: Silicon 



448 Int. Journal of Integrated Engineering Vol. 17 No. 1 (2025) p. 438-450 

 

 

5. Conclusion 
This study reported a miniaturized on-chip antenna design with enhanced gain and radiation characteristics. An 
IDC was loaded onto a monopole planar radiating conductor as a miniaturization approach, resulting in a compact 
footprint chip size of 0.14x0.064x0.01𝜆𝜆𝑜𝑜³. The use of IDC not only impacted the LC components but also controlled 
the radiation resistance. The design incorporated PRS as a shield for migrating incidence waves and back radiation 
from the top antenna element into the lossy si substrate. A model prototype was fabricated and measured in an 
anechoic chamber to validate the design. The results show an increased gain of 28.62%, radiation efficiency of 
25.26 %, and the impedance bandwidth of 0.73 GHz. This enabled RFIC, Wi-Max, Wi-Fi 6, and other 5.8 GHz 
applications. This enhancement ensures additional space and lower power consumption despite the larger 
electrical wavelength at lower frequencies. 
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