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The rising popularity of chip-based wireless devices has incited greater 
attention in on-chip antenna (OCA) technology due to its compact size, 
low power consumption, and ease of integration into footprint chip-size 
transceivers. However, OCAs face challenges such as low gain, poor 
radiation efficiency, and a distorted radiation pattern due to the 
inherited low resistivity, and high permittivity lossy silicon substrate. 
This study introduces the dual-rectangular patch (DRP) structured 
artificial magnetic conductor (AMC) for the enhancing the performance 
of OCA. Thus, investigates the effect of the gain, and radiation efficiency 
of the proposed design. A DRP-AMC was developed as a modified AMC 
reflective surface, optimized to boost the gain and characteristic of the 
antenna at 5.8 GHz. To assess the design performance, the antenna 
prototype is fabricated and measured. As a result, an increase gain of 
40.2% compared to the non-AMC-inspired model and 29.2% over the 
single-rectangular patch (SRP) model. This improvement is attributed 
to the DRP-AMC's performance, making this antenna suitable for Wi-fi 
6, RFID, and WiMAX applications at 5.8 GHz. 
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1. Introduction 
Over the past few years, there have been notable progressions in developing chip-based wireless systems. These 
improvements have been driven by the need for novel applications that demand high data rates, cost-
effectiveness, compact size, and material stability antennas [1]. As a result, an On-chip antenna (OCA) is 
considered a potential alternative due to its inherent benefits, including its small size and low energy consumption 
[2], [3]. It is a contemporary antenna technology that enables the integration of radio frequency (RF) circuitry on 
the same silicon chip [4].  Thus, offers seamless integration with the capacity to facilitate high-speed wireless 
communication [5]. It supports a wide range of application in the lower and high-frequency based wireless 
devices, such as wireless transceivers, wireless fidelity, and Internet-of-Things based on users' demand due to 
their low profile and compact chip-size [6].   For instance, IoTs are anticipated to be the next advancing wireless 
technology, providing 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], in which OCAs are at the fore 
front potential antennas. 
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OCA enables integration into the radio circuit using a single-chip module (SCM) or a multi-chip module (MCM) 
[1] based on the design and target application. Integrating OCA requires a small chip with minimal space 
requirements. It is commonly set up in a multi-layer structure consisting of metal, insulator, and semiconductor 
materials [8]. Despite its benefits, it suffers from low gain, diminished radiation efficiency, and distorted radiation 
patterns [9],[10]. These challenges mainly stem from the inherent properties of silicon, which include low 
resistivity and high permittivity. These issues have incited extensive efforts to achieve optimal gain and efficient 
radiation characteristic on-chip antenna using a modified performance improvement technique. Prior research 
has proposed various OCA performance strategies tailored to specific applications and frequency ranges. Potential 
methods include artificial magnetic conductor (AMC) [11], dielectric resonator loading (DRL), super-substrate 
loading, micromachining [12], substrate thinning, and ion implantation [8], [13]. However, further research on 
performance improvements, particularly the efficiency, radiation resistance, and the working gain have become 
significant.  The AMC approach is widely favored due to its excellent reflection properties, low production cost, 
and it requires minimal metal film.  

An AMC is a synthetically created periodic structure characterized by a high-impedance surface with zero-
reflection phase properties [13], [14]. The device prevents electromagnetic waves from penetrating the lossy 
silicon substrate by separating it from the incoming wave and acting as a reflector [9]. Integrating the AMC 
structure into the OCA stack-up layers is a promising approach for enhancing performance. In addition, AMC and 
metasurface based technology support integration into high frequency OCA design for large wireless terminals, as 
the combined technology shrink antenna size [15]. Numerous studies have highlighted the importance of AMC 
techniques in improving gain and radiation efficiency in OCA designs. For example, in [16], a meandered bowtie 
integrated OCA with a dual dipole patch AMC demonstrated improved gain, ranging from 4.15 to 4.93 dB, 
compared to a single-dipole AMC structure. Likewise, [11] proposed a square-loop structured AMC embedded into 
a six-layer stack-up OCA model, achieving an intrinsic gain of -1.4 dB, an 8 dB improvement over the non-AMC 
embedded OCA model. An H-shaped AMC model incorporated into an on-chip antenna (OCA) is presented in [12], 
resulting in a 19% efficiency improvement and a 0.77 dB increase in peak gain compared to non-AMC designs. 
Additionally, [17] utilizes a double-layer AMC to achieve enhancements, featuring a metal tiling-like configuration 
embedded within layers of SiO2 material. Various AMC models demonstrate different performances, necessitating 
adjustments to the AMC pattern to optimize OCA performance for specific applications. For instance, single-patch 
AMC and double-layer AMC each exhibit distinct performance characteristics.  

This study reports a design of enhanced gain monopole planar on-chip antenna inspired by a modified AMC, 
dual rectangular patch (DRP) structure as in Fig. 1(b), and its characteristics were determined. Thus, a 4x4 array 
of the optimized AMC was incorporated into the chip. This inclusion substantially increased gain by 40.2 % and 
29.2 % over the single rectangular patch (SRP)- AMC model design shown in Fig. 1(c)  . This article is organized as 
follows: Section 2 outlines the suggested antenna model and configuration, DRP-AMC configuration, and its 
characteristic focusing on the principle of OCA multi-layered structure. It reports the simulation, measurement 
and the results validation in Section 3. Finally, Section 4, summarizes the study findings and the antenna 
performance. 

2. Antenna Design and Configuration 
This part discusses the OCA design, and the analysis of its model structure consisting of the layers of silicon (Si), 
silicon oxide (SiO2), and metallic plates arranged in a stacked configuration, as presented in Fig. 1(a). The model 
was designed and simulated using 3D EM CST studio. Following CMOS design principles, the antenna prototype 
was developed using magnetron sputtering and vapour deposition technologies. Initially, a 2 µm thick SiO2 layer 
was deposited as the first insulation layer on a 500 µm bulk silicon substrate. This was followed by depositing a 1 
µm thick DRP-AMC layer using silver electrically conductive epoxy. The second layer of SiO2 layer deposited by 
repeating the initial process. A monopole structured radiating conductor (M1) was then deposited on the second 
SiO2 layer as the stacked layer shown in Fig. 1(a). The SiO2 offers insulation between the Si-substrate and M2, as 
well as M1 and M2 due to its outstanding insulation properties and electrical bandgap of approximately 8.9 eV 
[18]It has an estimated dielectric constant of 3.85, at the layer thickness of 2 µm for this design. Thus, operates 
within a high electrical resistivity of 10¹⁴ to 10¹⁶ Ω·cm. However, M2 is the periodic DRP-AMC layer that shields 
the migrating incidence from the top antenna into the lossy Si substrate with typically low resistivity (1-15 Ω-cm) 
of the bulk silicon chip [19]. Thus, prior to the proposed DRP-AMC incorporated design shown in Fig. 1 (a), the 
SRP-AMC inspired design in Fig. 2(C) was incorporated into the antenna chip and simulated.  Hence, the 
performance of the antenna were recorded. . Table 1 provides the optimized parameters of the suggested antenna. 
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Table 1 Optimized parameters of the proposed antenna 
Parameter Value(mm) Parameter Value(mm) 

Lx 4.5 Wa 6.0 
Lr 8.92 d 0.73 
Lp 15.5 fL 10.2 
L1 9.4 S 1.0 
Pw 0.75 y 1.8 
hsi 0.50 tm 0.001 
hs 0.002 g 0.3 
Wp 11.5 PL 2.125 

 

           

(c) 

 Fig. 1 The proposed OCA structure (a) Stacked layer; (b) DRP-AMC model; (c) SRP-AMC model 

 

  
(a) (b) 
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2.1 Design of SRP-AMC model 
Prior to the design of the proposed dual rectangular patch (DRP) artificial magnetic conductor (AMC), a 
conventional single rectangular patch (SRP) AMC unit cell shown in Fig. 2(a) was first simulated using a periodic 
structure setup with defined boundary conditions and an excitation port. A frequency domain solver was 
employed to assess the performance of the structure by adjusting the unit cell until the desired zero-phase 
resonance and bounded within the reflection phase  from -90° to +90° as shown in Fig. 2(b). Each unit cell features 
patches of defined width (y) and a spacing (d) between adjacent patches, embedded within 2 µm thick SiO₂ layers. 
Thus,  a  4×4 array aperture of the unit cell was simulated and the characteristics were analyzed. However, this 
design performs less effectively compared to the DRP-AMC based OCA configuration due to the absence of the gap 
between parallel rectangular patches, which is a key feature in the DRP-AMC structure illustrated in Fig. 1(b). SRP-
AMC characterized only equivalent inductance, L and the capacitance, C, unlike in DRP-AMC with equivalent 
components consists of C1, C2, Cg capacitance, and L1, L2, and Lg capacitances respectively. 

                      
Fig. 2 A SRP-AMC structure (a) Unit cell geometry; (b) Reflection phase 

2.2 Design of DRP-AMC Structure 
A   dual rectangular patch (DRP) artificial magnetic conductor (AMC) consists of two parallel reflectors arranged 
in a 4x4 unit cell configuration. Each cell includes patches with specified width (Pw), the gap between the patch 
(g), and the substrate height (hs), which was incorporated within SiO2 layers, each of 2 µm thick. This 
configuration, shown in Fig. 1(a), improves upon single patch unit cells by utilizing the patch gap g to control 
reflection phase characteristics. The structure induces capacitance (Cg) between patches A and B, with parasitic 
capacitances (C1, C2) and inductances (L1, L2, Lg) contributing to an equivalent circuit, as shown in Fig. 3(a). 
Equations (1) and (2) relate these elements to Pw and g, determining resonance frequency and bandwidth (BW) 
equations (3) and (4). BW varies with inductance, influencing phase shift within -90 to +90 degrees.  
 

𝐿𝐿 = 4πμrℎ𝑠𝑠 × 10−7 
 

(1) 

𝐶𝐶 = 2.82𝑥𝑥10−12(1 +  𝜀𝜀)𝑐𝑐𝑐𝑐𝑐𝑐ℎ
𝑛𝑛(2𝑃𝑃𝑤𝑤 −  𝑔𝑔)

𝑔𝑔  
(2) 

𝐹𝐹 =
1

2π√𝐿𝐿𝐿𝐿
 (3) 

𝐵𝐵𝐵𝐵 =
1
𝜂𝜂
�𝐿𝐿
𝐶𝐶 

(4) 
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2.3   DRP-AMC Characteristics 
The simulated results from the DRP-AMC model in Fig. 3(a) demonstrate that variations in patch spacing, width, 
and substrate height significantly influence the characteristics of the AMC, as depicted in Fig. 3(b), where changes 
in substrate height (hs) impact the reflection coefficient by shift the operational frequency. Equally, variations in 
the reflection phase affect the model's bandwidth due to changes in capacitance C1 and C2, inversely proportional 
to the distance to the ground conductor. It was equally observed that change (g) alters capacitance (Cg), 
influencing the 0-degree reflection phase observed at 5.8 GHz. Configuring the unit cell with boundary conditions 
can precisely determine this phase at desired frequencies, enhancing antenna performance. 
 
 

 
Fig. 3 A DRP-AMC structure (a) Geometry and equivalent circuit; (b) Reflection phase and coefficient 

 

2.4 Simulation of the SRP-AMC and DRP-AMC Inspired Antenna Design 
In this work, two types of AMC structures were modeled using an SRP and DRP-AMC structures utilizing CST 3D 
microwave studio environment. Initially, an SRP-AMC unit cell was designed, and its optimal dimensions were 
obtained with an area of (2.125 × 1.8) mm² and a SiO₂ layer thickness of 2 µm. The electromagnetic characteristics 
of the unit cell were then analyzed. After this, a 4×4 array configuration, as illustrated in Fig. 1(c), was 
implemented and integrated into the third metal layer (M2) of the chip to serve as a shield against electromagnetic 
waves emitted by the top antenna radiator. Key antenna parameters such as magnitude of S11, gain, and efficiency 
were extracted. Fig. 4 shows a comparison of the simulated magnitude of S11(dB), and the antenna gain(dB) for 
SRP, and the proposed DRP-AMC inspired OCA. Silver (Ag) was selected as the conductor due to its superior 
electrical conductivity, while silicon dioxide (SiO₂) with a dielectric constant of εr = 3.75 was used as the substrate 
material. For both SRP-AMC and DRP-AMC designs, a frequency domain solver was utilized to fine-tune the 
performance by adjusting specific parameters: PL, hs, and y for SRP-AMC, and Pw, hs, and g for DRP-AMC. The 
DRP-AMC simulation followed the same procedure as that of the SRP-AMC. The optimized AMC parameters are 
summarized in Table 1.  Moreover, comparing the performance of the two AMC models, it was observed that the 
DRP-AMC design were achieved high performance over the SRP-AMC, with a simulated gain of 3.64 dB, and 2.96 
dB respectively. Thus, improved magnitude of S11 over the SRP-AMC inspired design.  

 

  
(a) (b) 
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Fig. 4 Simulated parameters of SRP-AMC inspired OCA (a) Magnitude of (S11); (b) Gain (dB) 

3. Experimental Design and Validation 

3.1 Fabrication Process 
A proposed work with enhanced gain is fabricated following the process shown in Fig. 5, while the experimental 
prototype fabrication phases is presented in Fig. 6. The procedural steps are detailed as follows:  

Initially, to ensure seamless integration of the multi-layer structures onto the silicon wafer during the 
sputtering process, a wafer dicing machine was used to precisely cut the 4-inch processed Si-wafer into the 
required antenna dimensions, as depicted in Step 1 

Secondly, a thin-film masks were designed for each metal and SiO₂ layer, including the radiating element, SRP, 
DRP-AMC structures, and ground plane. To achieve this, a 0.1 mm thin metal film of steel material was used to 
create the radiator and the DRP-AMC masks, in which a laser machine was then employed to scribe according to 
the required dimensions in shown in step 2. Then, magnetron sputtering technology was employed for the 
sputtering process, with silver (Ag) chosen as the target conductor due to its high electrical conductivity and short 
sputtering duration, as illustrated in Step 3. 

To ensure a reliable SMA connection to the sputtered prototype, a ProtoFlow reflow oven was utilized for 
lead-free reflow soldering. An electrically conductive silver paste (9410-3M) was applied as the mounting paste 
to secure the surface connection. The reflow process consists of four key stages: pre-heating, soaking, reflow, and 
cooling. The image in Step 4 showcases the reflow oven technology. Fig. 7(b) is the view of  proposed fabricated 
prototype.  

   

 
 
 

Fig. 5 The Proposed antenna design (a) 3D simulation model; (b) Fabricated prototype 
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Fig. 6 Proposed antenna fabrication process  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 The fabricated antenna (a) 3D simulation model; (b) Fabricated prototype 
 

3.2 Measurement and Validation 
It has It is crucial to carry out measurements after each antenna fabrication cycle to validate its performance and 
ensure consistency with simulation results. Antenna testing is conducted to confirm compliance with standard 
performance criteria. Key parameters typically measured include return loss, gain, efficiency, impedance 
bandwidth, and Voltage Standing Wave Ratio (VSWR), among others.  In this study, the PNA-X Microwave Network 
Analyzer (MNA), model N5245A from Keysight Technologies, was employed to measure the S₁₁ parameter and 
determine the impedance bandwidth at resonance.  The antenna was designed to operate at a resonance 
frequency of 5.8 GHz, while the analyzer’s frequency sweep was set from 2 GHz to 10 GHz, despite its broader 
capability of 10 MHz to 50 GHz. The impedance bandwidth was evaluated by identifying the frequency range 
where return loss remained below -10 dB.    Additionally, far-field radiation characteristics were assessed to verify 

 
 

 
 

 
 

 

(a) (b) 
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antenna gain and efficiency. Initial conditions were established using an Agilent 83640B signal generator set to 
emit 0 dBm at the resonance frequency. Output power was recorded using an N9030A signal analyzer connected 
to the receiving antenna, with the antenna under test (AUT) positioned at a far-field distance ‘r’ from the 
transmitting antenna (TA).  A broadband horn antenna (model LB-20200-SF), featuring a 20 dB gain and operating 
over the 2–20 GHz frequency range, served as the transmitting antenna. Measurements were conducted at various 
distances ‘r’ to determine the point of maximum gain as expressed in equation (6).  

𝑟𝑟 ≥
2𝐷𝐷2

𝜆𝜆  
            (6) 

where, r  is the far-field distance, D is the maximum linear antenna dimension 
 
In this measurement, the radiation patterns were presented in two-dimensional planes specifically in the E-plane 
and H-plane, and the experimental setup for radiation pattern and gain measurements within the anechoic 
chamber is illustrated in Fig. 8.   
 

 
                                                      (a)                                                                                                                   (b) 
                                 

Fig. 8 The Experimental setup for radiation and gain measurement (a) Anechoic Chamber; (b) Monitoring system 
 

4. Results and Discussion 
In this study, an enhanced-performance OCA operating at 5.8 GHz is introduced. The design incorporates a 
modified DRP-AMC periodic aperture to enhance the antenna gain, and the radiation characteristics. A monopole 
planar antenna was integrated as the radiating conductor on the top layer of the chip structure. The model was 
simulated to determine the characteristics of reflection phase at 0 and ±90 degrees at center frequency. 
Subsequently, the optimized DRP-AMC model was integrated into the structure. The final design was simulated to 
determine the antenna parameters including the antenna gain, efficiency, and radiation pattern. A prototype 
antenna was fabricated, as shown in Fig. 7(b). Thus, measurements were conducted to validate the antenna 
performance. The measured results show a notable increase in gain, radiation characteristics, and impedance 
bandwidth compared to the SRP-AMC design. Moreover, Fig. 9(a) compares simulated and measured return loss, 
whereas Fig. 9(b) depicts the gain outcomes for the antenna with the SRP and DRP-AMC model. It was observed 
that there are significant differences between the SRP and the DRP-AMC-inspired design results, which can be 
ascribed to the model's performance compared to the single AMC design. Achieved an improvement of 3.16 dB 
and radiation efficiency of 62.6 %, a significantly enhanced gain compared to the SRP-AMC with a gain of 2.2 dB, 
and previous work mentioned in this article. This indicated that the incorporating the DRP-AMC periodic structure 
within the chip SiO2 layers yield significant changes in both the gain, and radiation characteristic of the antenna 
over the conventional SRP-AMC design.  However, a slight variation exists between the simulated and measured 
return loss, which might be ascribed to the fabrication tolerances, impedance mismatches, and dielectric losses.   
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           Fig. 9 Comparison of antenna parameters with SRP and DRP-AMC (a) Simulated and measured (S11);  
(b) Measured gain (dB) 

 

4.1 Radiation Pattern 
Alongside evaluating the antenna gain and efficiency, the radiation characteristics were equally measured and 
compared with simulations, then displayed in 2D patterns. Fig. 10 shows the E-plane and H-plane plots, depicting 
the co- and cross-polarization patterns at 5.8 GHz. The measured and simulated radiation patterns are broadly 
similar, though minor discrepancies are noted, which are due construction tolerances, impedance mismatches, 
and dielectric losses. 
 

               
Fig. 10 The 2D radiation pattern presentation of the antenna (a) E-plane; (b) H-plane at 5.8 GH 

 

4.2 Effect of DRP-AMC on the Antenna Performance 
The reflection phase magnitude affects the properties of the modified AMC, the distance between patches, and the 
substrate thickness. To evaluate the DRP-AMC's performance, parametric studies were conducted on the variation 
of the separation gap, g, and its performance. Fig. 11 shows how the AMC impacts the reflection phase, which is 
crucial for the structure's performance. This effect is due to changes in induced capacitance Cg across the patches, 
as the capacitance is inversely to the distance between the patches. Furthermore, incorporating a 4x4 AMC array 
into the antenna structure significantly enhanced measured gain to 3.16 dB, achieving improvements of   29.7% 
over SRP-AMC designs. 
 

  
(a) (b) 

  
(a) (b) 
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                                    Fig. 11 Effect of the DRP-AMC on the reflection phase    
  

4.3 Comparison of Proposed Design with Original and the Previous Works 
In this study, two antenna designs were carried out. The first involved the development and fabrication of a 
multilayer chip antenna incorporating an SRP-AMC as the third layer, as illustrated in Fig. 1(c). This configuration 
achieved simulated and measured gains of 2.96 dB and 2.2 dB, respectively. To enhance performance, a DRP-AMC 
design shown in Fig. 1(b) was integrated into the OCA structure, as depicted in Fig. 1(a). This improved version 
attained peak simulated and measured gains of 3.64 dB and 3.16 dB, respectively. Compared to the initial SRP-
AMC-based design, the DRP-AMC variant showed a gain improvement of 0.96 dB and a reflection coefficient (S11) 
improvement of about -3 dB. These enhancements in gain and reflection characteristics indicate that the DRP-
AMC outperformed the SRP-AMC in the OCA design, particularly within the mid-frequency range. Thus, the 
geometrical difference between the SRP-AMC and DRP-AMC is the two parallel plates for DRP, and single patch 
for SRP. In which, they differs in total capacitance and inductance due to the separation in DRP. Thus, induction of 
this gap, significantly enhances the performance of DRP-AMC inspired over the SRP based OCA.  

Moreover Table 2, compares significant performance of the proposed design with the contemporary works 
presented in this work, particularly the gain, and radiation efficiency. It realized that proposed work achieved a 
working gain of 3.16 dB with radiation efficiency of 62.2% compared to the suggested works in the table, except 
for folded dipole design presented in [24], and meander dipole OCA presented in [22] with an efficiency of 68.7%, 
and of 60% respectively. However, a considerable return loss of 48.09 dB was obtained in [[21] over the proposed 
design in this work. Although, the radiation efficiency realized in [20], and [23] are also considered despite the 
attainment of the low gain which also attributed to miniature antenna size and inherited properties of silicon 
substrate. Considering the comparison, it’s quite clear that introduction of the DRP-AMC array has led to the 
significant improvement in both gain and the radiation characteristics of the proposed design. 

Table 2 The comparison of suggested work with previous literature 

Ref Antenna 
Type 

Freq 
(GHz) 

Size 
(𝑚𝑚𝑚𝑚2) 

Peak Gain 
(dB) 

Rad. Eff 
(%) 

Return Loss 
(dB) 

[20] Monopole 
meandered 

9.45 1.60x1.91 -29.2 21.07 13.2 

[21] Loop 5.8 1.4x1.4 -48.93 NM 48.09 
[22] Meander 

Dipole 
2.4 4.0 x4.0 -23.8 (in Air) 

-25.9 (in skin) 
60 <-10 

[23] Loop 5.8 1.05x0.85 -23.7 NM  
[24] Folded Dipole 5.8 4.1 x4.0 2.1 68.7         -23 
[25] Folded Loop 2.4 1.5x1.5 -20.8 31.2 NM 
This work Monopole 

planar 
5.8  10.8 x 14.5 3.16 62.2 17.25 
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5. Conclusion 
This study reports an enhanced gain on-chip antenna inspired by DRP structured AMC and its influence on the 
radiation characteristic at 5.8 GHz. The AMC parameters, the patch gap (g), patch width (Pw), and substrate height 
(hs), were optimized to achieve the desired AMC characteristic. Thus, optimized DRP-AMC was embedded into the 
multi-layered OCA structure consists of SiO2, metal films, and Silicon substrate. The design was modeled, and the 
determined the antenna performance. The peak gain of the antenna was realized at g = 250 µm, Pw = 950 µm and 
hs = 25 µm. The OCA prototype is constructed and measured to assess the validity of the modeled design. The 
results show that the proposed DRP-AMC-inspired design realized a maximum gain of 3.16 dB and the radiation 
efficiency of 62.2%, surpassing both non-AMC and SRP-inspired designs. This improvement indicates that utilizing 
the DRP-AMC model results in a 40.2% increase in gain over non-AMC design and 29.7% higher than the SRP-
incorporated design. It achieved an impedance bandwidth of 0.71 GHz, rendering it well suitable for the 
application of Wi-Fi 6, WiMAX, and RFID transceivers at 5.8 GHz. 
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