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ABSTRACT 

Gain Enhancement Techniques for mm-wave On-chip Antenna on Lossy 

CMOS Platforms 

Haoran Zhang 

 

Recently, there is great interest in achieving higher-level integration, higher data rates, and 

reduced overall costs. At millimeter-wave (mm-wave) bands, the wavelength is small 

enough to realize an antenna-on-chip (AoC), which is an ideal solution for high 

compactness and lower costs. However, the main drawback of AoC is the low resistivity 

(10 Ω-cm) Si substrate used in the standard CMOS technology, which absorbs most radio-

frequency (RF) power that was supposed to be radiated by the on-chip antenna. Moreover, 

due to the high relative permittivity (11.9) and relatively large electrical thickness of the 

Si, higher order surface wave modes get excited, which further degrade the antenna 

radiation performance. 

In order to alleviate the above-mentioned issues with the low gain of AoC, a combination 

of an artificial magnetic conductor (AMC) surface, a high dielectric constant superstrate, 

and a Fresnel lens is presented in this work. The AMC is realized in standard CMOS 

technology along with the AoC, whereas the superstrate and lens are part of a smart 

packaging solution. The AMC surface can change wave propagation characteristics at the 

operating frequency to achieve in-phase reflection, resulting in gain enhancement by 

reducing the loss in the substrate. The high dielectric constant superstrate behaves as an 

impedance transformer between the Si substrate and air, thus enhancing the coupling to air. 
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Finally, the Fresnel lens enhances the gain by focusing the electromagnetic (EM) radiation 

beam at the boresight. 

For AoC realization, a standard 0.18 μm CMOS process was utilized. A coplanar 

waveguide (CPW) fed monopole on-chip antenna at 71 GHz, along with the corresponding 

driving circuit, was designed and fabricated. The AMC enhances the gain by 3 dB. Since 

the chip needs to be packaged anyways, in this work, we optimize the package to provide 

further gain enhancement. This smart package, comprising a superstrate and a Fresnel lens, 

provides a gain enhancement of 16 dB. The overall combination of the optimized AMC 

surface, superstrate layer, and lens package can provide a gain enhancement of around 19 

dB. Furthermore, the package has been realized through additive manufacturing techniques 

that ensure lower costs for the overall system.   
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Chapter 1 

Introduction 

1.1 Motivation 

The mm-wave frequency band is the frequency band from 30 GHz to 300 GHz, which 

corresponds to the wavelength range of 10 mm to 1 mm. With the development of short-

range wireless communication systems, the mm-wave frequency band has attracted 

research interest because of several advantages of mm-wave bands: large bandwidth, small 

component sizes, high resolution, and low interference [1]. According to the allocation of 

the Federal Communication Commission, the E band frequencies of 71–76/81–86 GHz 

have been allocated for high capacity point-to-point communication systems. One of the 

most important advantages is that a high data rate can be achieved in these frequency bands 

because of the large available frequency spectrum that is license-free [2]. This thesis will 

focus on the on-chip antenna design at the 71 GHz frequency band for high data rate point-

to-point communication.  

Antenna designs with high compactness, high-level integration, low cost, and high 

performance are highly desirable for mm-wave applications. The wavelength in mm-wave 

band is in the range of 10 mm to 1 mm, which makes it possible to integrate all the 

components in one single complementary metal–oxide–semiconductor (CMOS) chip as a 

system-on-chip (SoC) solution, consisting of the modules of digital, mixed-signal, radio-

frequency (RF) front end, and antenna [3]. A single chip RF SoC possesses several 

advantages compared to the discrete RF system: less external noise, lower cost, and simpler 
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assembly. However, the bottleneck of a true mm-wave RF SoC is the integration of an on-

chip antenna with good performance. A conventional on-chip antenna suffers from low 

gain and low radiation efficiency because of the lossy Si substrate. The Si substrate used 

in the standard CMOS process is suitable for integrated circuit (IC) design but it leads to 

dramatic degradation of on-chip antenna radiation performance because the Si substrate 

has low resistivity, which causes the substrate to absorb most of the RF power instead of it 

being radiated by the antenna. Moreover, the Si substrate’s high relative permittivity and 

electrically large thickness results in the excitation of high-order surface waves.  

In order to improve the mm-wave on-chip antenna performance, people have proposed 

different on-chip and off-chip techniques for gain enhancement, such as an on-chip AMC 

surface, on-chip cavity structure, and off-chip lens structure. However, a true system-level 

solution should adopt both on-chip and off-chip techniques. For off-chip techniques, 

packaging can make a large difference. The chip package can be smartly designed and 

optimized to be a functional package for on-chip antenna’s gain enhancement instead of 

only providing mechanical protection for the chip. Finally, low cost is feasible with the 

standard CMOS process but the complete system is not only CMOS. As packaging is an 

important part of the system. What about its cost? So, the additive manufacturing can 

provide a low-cost fabrication solution for chip packaging. Moreover, additive 

manufacturing also has the advantages of having digital processes and being compatible 

with mass manufacturing. So, the combination of CMOS process and additive 

manufacturing for the overall system results in low costs. 

1.2 Objectives 
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The main objective of this thesis is to address the challenges of low gain of mm-wave on-

chip antenna design with the standard CMOS process by investigating different gain 

enhancement techniques. The aims of this thesis are listed as follows: 

 To demonstrate on-chip antennas along with driving circuits at mm-wave band (71 

GHz) in standard CMOS technology, utilizing embedded AMC surfaces to achieve 

an on-chip monolithically integrated technique for gain enhancement. 

 To address complex simulation and measurement issues for mm-wave on-chip 

antennas. 

 To design a superstrate layer and a Fresnel lens as the functional package that can 

provide gain enhancement to an on-chip antenna as well as mechanical protection 

for the chip. 

 To realize a small functional package for the chip though an additive manufacturing 

process and show the overall system performance. 

1.3 Challenges 

Following is the list of major challenges encountered in this thesis work: 

 Designing antenna in the on-chip environment that contains thick, lossy Si substrate, 

thin oxide with multilayered metals, metal dummies required by CMOS foundry, and 

large contact pads. 

 Testing and measuring the mm-wave on-chip antennas through probe-based 

measurement. The accuracy of mm-wave antenna measurement is sensitive to the 

measurement environment. There are many factors that influence accurate mm-wave 
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measurement, such as the relative location between the on-chip antenna and the 

circuits, metals dummies required by CMOS foundry, the large metal chunk of the 

probe station, and probes with large conductor body. 

 Co-designing a functional package with the chip inside and addressing the possible 

performance change of on-chip antenna with the presence of the functional package. 

 The realization of additive manufacturing for the functional package. Due to the high 

frequency application, the functional package has small feature sizes, which is a 

challenge for accurate fabrication. 

 Assembling the functional package and the chip together for the system-level 

measurement. 

1.4 Contributions 

The following contributions are achieved by solving the challenges mentioned above: 

 The monolithic integration of on-chip antenna and AMC surface in the standard 

CMOS process achieves a gain enhancement of 3 dB through one single chip as an 

SoC solution. The probe-based measurements of the on-chip antenna have been 

conducted while resolving the measurement issues in the mm-wave range. 

 The functional package, consisting of a superstrate layer and Fresnel lens, has been 

optimized and fabricated through additive manufacturing as both the chip protector 

and gain enhancement technique. The superstrate layer and the Fresnel lens achieve 

gain enhancements of 4.5 dB and 12 dB respectively. 

 This unique combination of AMC and functional package has been demonstrated for 

the first time, showing an overall gain enhancement of around 19 dB. 
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 Publications 

1. Conference paper titled “Gain and Efficiency Enhancement of a 77 GHz On-chip 

Antenna through AMC and Superstrate Package” was accepted in IEEE International 

Symposium on Antennas and Propagation (APS) 2018. 

2. Conference paper titled “Gain Enhancement Techniques for mm-Wave On-Chip 

Antennas on Lossy CMOS Platforms” was accepted in IEEE International 

Symposium on Antenna Technology and Applied Electromagnetics (ANTEM) 2018. 

3. Conference paper titled “Tackling the Issues of Millimeter-wave On-chip Antenna 

Measurements” was accepted in European Conference Antenna and Propagation 

(EuCAP) 2019. 

4. Conference paper titled “Gain Enhancement of mm-wave On-chip Antenna 

through Functional Packaging” was accepted in IEEE International Symposium on 

Antennas and Propagation (APS) 2019. 

5. Journal paper titled “Gain Enhancement of mm-wave On-chip Antenna through 

AMC Surface and Functional Package” under submission to IEEE Transactions on 

Antenna and Propagation. 

1.5 Thesis Organization 

This thesis is organized in the following four chapters: 

 Chapter 2 presents an overview of antenna-on-chip (AoC) and discusses the 

challenges related to the low gain and radiation efficiency of the on-chip antenna. It 

also provides an overview of gain enhancement techniques. In addition, the 

challenges and methods regarding mm-wave antenna measurement are presented. 
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 Chapter 3 compares three different electromagnetic (EM) wave-reflecting surfaces 

and discusses the basic concept of AMC surface operation. Then, the simulation 

model of the AMC surface and its corresponding simulation results are presented. It 

shows the simulated and measured results of the on-chip antenna and driving circuit. 

  Chapter 4 explains the working principles and design procedure of superstrates and 

the Fresnel lens. It also presents the final system-level design with the functional 

package and its simulation results. Then, the additive manufacturing process for the 

functional package is shown in detail. Finally, it demonstrates the whole process of 

system-level measurements, including setups, procedures, results, and analysis. 

 Chapter 5 concludes all the work in this thesis and plans the future work.  
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Chapter 2 

Literature Review 

2.1 Introduction 

In the past two decades, the tremendous development of ICs has attracted research interest 

because of transistor down-scaling, high integration levels, improved standard fabrication 

processes, and low fabrication costs. As a result, the development of ICs promotes the 

development of wireless systems that have the advantages of multiple functionalities, good 

integration levels, and multiple frequency bands. A wireless system mainly consists of four 

functionality modules: digital baseband, mixed-signal, RF front-end, and antenna. The 

digital baseband module is required to process the signal data in baseband by the digital 

methods while the mixed-signal system supplies the signal conditioning. The RF front-end 

module is applied to modulate the data signal to the high frequency carriers, and the 

modulated signal is transmitted by the antenna [3]. 

Several methods have been investigated to increase the integration level of the four major 

functionality modules in a wireless system. Traditionally, the sub-systems of wireless 

systems have been assembled in a horizontal way, which are known as multichip modules 

(MCMs), as shown in Figure 2.1(a). For example, the digital baseband and mixed-signal 

modules are conventionally designed and fabricated on the silicon substrate. The III-V 

compound semiconductors are potentially suitable for the design of power amplifiers and 

the RF front-end module. However, low-loss substrates, such as FR-4 Duroid, are perfectly 

suitable for the antenna design. The main disadvantages of this approach are that it occupies 
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a large area and requires external connection wires.  

 

Figure 2.1 Illustration of different wireless systems integration techniques: (a) Multichip modules 

(MCMs), (b) System-on-package (SoP), and (c) System-on-chip (SoC) [3] 

In order to reduce the size of the wireless system, the sub-systems may be integrated in a 

vertical fashion, known as SoP and shown in Figure 2.1(b). This approach does reduce the 

size of the antenna, but antennas are still implemented outside the package because of the 

large component size at low-frequency bands. In addition, it would be quite difficult to 

integrate wireless systems by SoP at high frequencies, especially at the mm-wave 

frequency range, because lossy bond wires would cause the performance degradation of 
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circuits and antennas.  

In addition to MCMs and SoPs, the SoC was also introduced, which can be achieved in 

standard CMOS technologies. The basic concept of SoC is to integrate all the functionality 

modules of wireless systems into one single chip, including the digital baseband, mixed-

signal, and RF front-end modules [3]. Furthermore, wireless systems have the trend of 

shifting the frequency to higher frequencies, especially the mm-wave frequency range. 

There are many wireless system applications in the mm-wave range, such as high data rate 

point-to-point communication systems at the 60 GHz and 71 GHz bands, automotive radars 

at 76–81 GHz, and imaging systems at 94 GHz. In this mm-wave frequency range, the 

antenna element size has been reduced to less than 3 mm, which makes it possible and 

practical to implement the antenna on a single chip together with other wireless system 

modules. However, there are still several challenges related to on-chip antenna 

implementation, such as the on-chip antenna’s low gain and radiation efficiency due to the 

lossy silicon substrate, strict layout rules, and the characterization of the mm-wave on-chip 

antenna. 

2.1.1 Challenges Related to On-chip Antenna Low Gain & Efficiency 

The silicon substrate is the most commonly used substrate in the standard CMOS process. 

It was originally applied and suited for IC design, but this leads to degradation of antenna 

radiation performance. As shown in Figure. 2.2, the typical silicon-based CMOS stack-up 

consists of 6–9 metal layers, and each metal layer has a thickness of around 500 nm, except 

for the top metal layer which has a thickness of 1–2 µm. The dielectric layers (typically 

SiO2) are deposited between the metal layers with a thickness of 5–10 µm, which lies on 
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top of the 300–500 µm Si substrate. The whole chip is usually covered with silicon nitride 

for protection, which is known as the passivation layer.  

 

Figure 2.2 Silicon-based CMOS stack-up 

The challenges of the on-chip antenna design mainly come from the lossy silicon substrate. 

The silicon substrate, as a semiconductor, has a low resistivity of around 10–15 Ω·cm, 

which is an advantage for IC design because the low resistivity is helpful for avoiding 

latch-up issues. However, this is one of the main drawbacks of the on-chip antenna design. 

The basic mechanism of the antenna transmits the RF power received from driving circuits 

in the form of an EM wave. When the antenna is closely placed on top of Si substrate with 

low resistivity, the Si substrate tends to absorb most of the radiated RF power, resulting in 

the antenna’s low gain and radiation efficiency. According to the definition, the antenna 

gain is equal to the multiplication of radiation efficiency and antenna directivity, where the 

gain is defined as the ratio of radiated power and input power, and the directivity is defined 

as the ratio of radiated power and received power. So, in this case, the absorption in the Si 

substrate, considered antenna loss, leads to low radiation efficiency and low gain. 

The second challenge is that the typical thickness of the Si wafer provided by CMOS 
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foundries is in the range of 300–700 µm, which is considered electrically thick for mm-

wave frequency applications. Besides, the high permittivity of silicon substrate makes it 

more comparable to the guided wavelength in the substrate. As a result, it can generate 

high-order surface waves that degrade the radiation efficiency of the antenna. Surface 

waves are developed by the EM energy that is trapped along the substrate surface. Since 

the EM waves are trapped in the substrate instead of being radiated, the radiation efficiency 

of the antenna decreases. Surface waves only radiate at surface discontinuities, for 

example, at truncations and cavities in the substrate, which cause changes in radiation 

pattern and polarization characteristics. The antenna substrate always supports one surface 

wave mode as least. This surface wave mode is known as the TM0 mode. The TM0 mode 

does not have a cut-off frequency, so it is always being excited. The following equation 

shows the surface wave cut-off frequency for higher modes. 

4 1
cut off

r

nc
f

h 
 


                                                             (2.1) 

Where n is the surface wave mode number (n = 0, 2, 4… for TMn modes; n = 1, 3, 5… for 

TEn modes), c is the light speed in free space, h is the thickness of the substrate, and r is 

the substrate permittivity. According to the equation, the larger substrate thickness and 

higher permittivity lead to a lower cut-off frequency; as a result, more surface waves with 

higher modes can be excited. For example, a 71 GHz on-chip antenna can excite a higher-

order surface wave, TE1 mode, which has a cut-off frequency of 56.8 GHz, if the antenna 

has a silicon substrate with the permittivity of 11.9 and the thickness of 400 µm.  

The third challenge for on-chip antenna design is that the silicon substrate has a very high 
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permittivity value of 11.9, and EM waves always tend to travel to the high permittivity 

material. As shown in Figure 2.3, when an antenna is placed on the top of a high 

permittivity silicon substrate, most radiated power would be absorbed in the silicon 

substrate instead of being radiated to the air in the boresight.  

 

Figure 2.3 EM radiation from on-chip antennas [3] 

In fact, the ratio of the power that radiates into the substrate compared to the power that 

radiates into the air can be calculated approximately by the following equation [3]. 

3
2

1air

sub
r

P

P 
                                                                          (2.2) 

Where Psub is the power radiated into the substrate and Pair is the power that radiates into 

the air. According to the equation, 97% of the total power is coupled into the silicon 

substrate while only 3% radiated power is radiated into the air. 

2.1.2 Challenges Related to mm-wave Antenna Measurement 

Besides the challenges related to the low gain and low radiation efficiency, the reliable and 

accurate characterization of mm-wave on-chip antenna performance is an important issue 
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because of the short EM wavelength and possible reflection and interference in the 

measurement environment. There are two main error sources in the on-chip antenna 

measurement. The first error source is chip itself. The SoC is integrated not only with the 

antenna, but also with relevant circuits and floating conductors related to the CMOS 

process rules, which leads to mutual coupling effects between the antenna and other parts 

on the chip. The other error source comes from the measurement setup. The mm-wave on-

chip antenna has to be characterized by landing the probe on the chip to feed the antenna. 

However, the probe has self-radiation and the bulky conductor body of the probe causes 

unwanted reflection of antenna radiation. 

Several approaches have been investigated to improve the reliability and accuracy of the 

on-chip antenna characterization. In [4][5], the superposition and S-parameter techniques 

were investigated to de-embed the effects of probe tip self-radiation. The probe ABCD 

matrix and probe radiation can be obtained by modeling the probe in simulation software 

for de-embedding the probe influence [6]. Furthermore, the probe structure can be modified 

by extending the coaxial probe tip to increase the distance between the probe and the 

antenna [7]. 

2.2 Gain and Radiation Efficiency Enhancement Techniques 

Although the mm-wave antenna can be fit on a single chip, it suffers from low gain and 

low radiation efficiency. Some work has been done in the field of on-chip antenna design 

and fabrication with standard CMOS technology. However, most of them show poor 

radiation performances. For example, in [8], the researchers have presented a 60 GHz 

coplanar waveguide- (CPW) fed Yagi antenna fabricated by CMOS 0.18 m process, 
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which has a low gain of -10 dBi. However, the Yagi antenna is typically known as a highly 

directive antenna with a high value of gain. In addition, the octagonal loop antenna and 

monopole were designed for the transmitter and receiver antennas respectively in [9], 

which show the gain of -29 dBi and -14.5 dBi. Recently, research has been conducted to 

explore approaches to improve on-chip antenna radiation performances. 

2.2.1 Bulk Micromachining and Proton Implantation 

Bulk micromachining of silicon substrates shows the capability of improving the mm-wave 

on-chip antenna’s radiation performance by selectively etching silicon under the antenna 

elements. After silicon bulk micromachining, the on-chip antenna’s substrate is replaced 

by a mixture of silicon and an air cavity. The air cavity can decrease the effective 

permittivity of the antenna substrate from 11.9 to a much lower value, depending on the 

thickness ratio of the air cavity and silicon. As shown in Figure 2.4, the Si substrate under 

the patch antenna is partially etched away from the bottom side [10]. The patch antenna 

shows a 28% radiation efficiency enhancement. In [11], the Si was etched away from the 

top side and deposited with polymer. The 2  1 patch antenna array showed a measured 

gain of 8.66 dBi. 

 

Figure 2.4. Geometry of a micromachined patch antenna [10] 

In addition to bulk micromachining, proton implantation is another nanofabrication method 
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to improve on-chip antenna radiation performances. Proton implantation is the process of 

implanting ions in a certain area of the silicon substrate. By applying proton implantation, 

the resistivity of the Si substrate can be increased, resulting in better radiation 

performances. For example, the substrate resistivity has been increased from 10 -cm to 

106 -cm by utilizing proton implantation shown in [12]. The on-chip monopole antenna 

demonstrated a 5 dB gain enhancement at 10 GHz.  

From this point of view, bulk micromachining and proton implantation are capable of 

improving antenna radiation performance. However, both methods require extra 

nanofabrication processes, which increase the fabrication complexity and costs. 

2.2.2 Artificial Magnetic Conductor Surface 

In the standard CMOS technology, the on-chip antenna is usually placed on the top metal 

layer due to its large conductor thickness. In order to isolate the on-chip antenna from the 

lossy Si substrate, the perfect electric conductor (PEC) surface, as a ground plane, can be 

placed underneath the on-chip antenna. However, a PEC surface reflects EM waves with 

180 phase difference, which causes radiation cancelation with the on-chip antenna. The 

PEC surface can be replaced by a perfect magnetic conductor (PMC) surface, which shows 

in-phase reflection. Since a PMC surface does not exist in nature, researchers have 

developed the AMC surface to mimic the PMC surface performance of in-phase reflection 

at certain frequency ranges. The AMC performance can be influenced by substrate 

thickness, AMC surface size, and AMC unit cell shapes. Figure 2.5 shows several different 

AMC unit cell structures [13]. 
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Figure 2.5 Different AMC unit cell structures [13] 

In [14], the patch antenna was placed on the top of a snowflake-like AMC surface shown 

in Figure 2.6(a). The snowflake-like AMC surface was optimized to operate at the 60 GHz 

frequency band. The AMC surface, as an antenna reflector, enhanced the antenna radiation. 

Eventually, the patch antenna showed a peak gain of -1.5 dBi. In addition, in [15], the on-

chip dipole antenna operating at 94 GHz was integrated with the dog-bone shaped AMC 

surface shown in Figure 2.6(b). This whole structure was fabricated by the standard 0.18 

m CMOS process. The dipole antenna showed a peak gain of 1.2 dBi and impedance 

bandwidth of 12.8%. 

 

                            （a）                                                                       (b) 

Figure 2.6 Antenna on the AMC surface: (a) 60 GHz on-chip patch antenna on a snowflake-like 

AMC surface [14], (b) 94 GHz on-chip dipole antenna on a dog-bone shaped AMC surface [15] 

In addition to the ability to enhance antenna radiation performance, the approach of using 

AMC structures has another important advantage. The realization of AMC structures is 

compatible with the standard CMOS process so that no additional fabrication processes are 
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required.  

2.2.3 Superstrate Layer 

Another interesting method is to place a superstrate layer on the top of the on-chip antenna 

[16]–[18]. As mentioned above, EM waves always tend to travel to a high permittivity 

substrate. Equation 2.2 shows the ratio of radiated power in a Si substrate and air. In order 

to increase the radiation at the boresight, the effective permittivity on the top of the antenna 

should be increased. So, the solution is to place a high permittivity substrate on the top of 

Si substrate, known as a superstrate. The superstrate behaves as an impedance transformer 

in terms of the transmission line equivalent model [16]. In this case, the on-chip antenna 

can transmit more power to the boresight. 

 

Figure 2.7 On-chip elliptical slot antenna with a quartz superstrate on the top [16] 

For example, in [16], an off-chip quartz superstrate was placed on the top of the chip, as 

shown in Figure. 2.7. The slot antenna in the sixth metal layer was fed by a stripline 

underneath the top metal layer with the coupling feed. The dielectric constant of the quartz 

was 3.8. As a result, around 16% of the total radiated power was transmitted to the 
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boresight, showing a slight increase compared to the value of less than 3% in the standalone 

on-chip antenna case. The slot antenna achieved a radiation efficiency of 30% and gain of 

0.6 dBi, demonstrating a 6.4 dB gain enhancement. However, this method still requires an 

extra fabrication process for the deposition of the superstrate layer. 

2.2.4 Silicon Hemispherical Lens and Fresnel Lens 

Since the most radiated power travels toward the silicon substrate, the backside of silicon 

can be sculptured into the shape of a hemispherical lens to enhance the backside radiation, 

shown in Figure 2.8. In this way, the backside radiation can be transformed into useful 

radiation. In [19], the on-chip dipole antenna showed an absolute gain of 2 dBi with a 10 

dB gain enhancement by shaping the substrate backside as silicon lens. 

 

                            (a)                                                                                (b) 

Figure 2.8 (a) Silicon hemispherical lens [19], (b) Fractal array with Fresnel lens on the top [20] 

Figure 2.8(b) shows another beam shaping approach-Fresnel lens. In [20], the Fresnel lens 

was placed on the top of the fractal antenna at a certain distance. The lens has the ability to 

focus the radiation beam transmitted in the boresight. As a result, the directivity of this 

antenna has been increased. The antenna showed a measured gain of 8.9 dBi where the 
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Fresnel lens provided a 6 dB gain enhancement. Both approaches require post-fabrication, 

which is not compatible with the standard CMOS process, so the fabrication cost is higher.  

2.2.5 Additive Manufacturing Packaging for RFICs 

Additive manufacturing technique has been widely used to fabricate antenna structures. 

For example, in [21], a 3D printed lens structure was used to enhance the gain of a helical 

antenna. Another example, shown in [22], is a specially designed E band horn antenna for 

image applications fabricated by 3D printing technologies. In addition to using 3D printing 

technology, other additive manufacturing technologies, such as inkjet printing and screen 

printing, have also been used for antenna fabrication [23][24]. However, no additively 

manufactured structures have been adopted as a package for an on-chip antenna.  

2.3 Summary 

The sizes of mm-wave frequency antenna are small enough to fit on millimeter-scale IC 

chips, which make it possible to integrate on-chip antenna, mixed-signal, digital, and RF 

modules with the standard CMOS process in one single microchip as a real RF SoC 

solution.  

However, the main drawbacks of standalone on-chip antenna are its low radiation 

efficiency and gain, because the silicon substrate used in the standard CMOS process has 

low resistivity (ρ = 10 Ω·cm) and high relative permittivity (εr = 11.9), which causes the 

most RF power to be absorbed by the lossy silicon substrate rather than being radiated by 

the on-chip antenna. Besides, the on-chip antenna also suffers from surface wave issues. 

The typical thickness of silicon substrate in the standard CMOS process is 300–500 µm 
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which is electrically thick compared with the wavelength of mm-waves, making it easier 

to excite high order surface waves.  

Several methods have been reported in previous works for gain enhancement and 

efficiency enhancement of the on-chip antenna. Silicon micromachining and proton 

implantation technology were investigated to isolate the on-chip antenna from the lossy 

substrate. An AMC structure is proposed to change the wave propagation characteristics at 

the operating frequency. Quartz superstrate is proposed to improve the radiation 

performance at the boresight. The silicon lens has been used to change the undesired 

surface waves into objective radiation. Table 2.1 shows the comparison of different gain 

enhancement techniques. 

Table 2.1 Comparison of different gain enhancement techniques for on-chip antenna 

Techniques Advantages Disadvantages Fabrication 

On-chip 

Bulk 

micromachining 

Low substrate 

permittivity substrate 

Complex post-

fabrication 
Post fabrication 

Proton 

implantation 

High substrate 

resistivity 

Complex post-

fabrication 
Nanofabrication 

AMC surface 

1. Shield lossy substrate 

2. Compatible with 

CMOS process 

Larger chip area 

required for an 

approximate infinite 

AMC surface 

CMOS process 

Off-chip 

Superstrate 

More power transmitted 

to antenna boresight; 

focus beam increase of 

directivity 

Post-fabrication; 

off-chip components 

3D printing; post 

nanofabrication 

Silicon 

hemispherical 

lens 

Transform backside 

radiation into useful 

radiation 

Complex post-

fabrication 

3D printing; 

mechanical 

machining 

Fresnel lens 
Beam focusing at 

boresight 

Post-fabrication; 

off-chip components 

3D printing;  

mechanical 

machining 
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Chapter 3 

Antenna-on-Chip with an Artificial Magnetic Conductor Surface 

With the growing demand for mm-wave wireless applications, the realization of high gain 

on-chip antenna is highly desired for SoC and SoP applications. Among the gain 

enhancement techniques discussed in Chapter 2, the use of an antenna reflection surface is 

a good approach that has the advantages of obvious gain enhancement performance and 

compatibility with the standard CMOS process. In this chapter, the characteristics of 

several antenna radiation reflection surfaces are reviewed. Then, the AMC theory is further 

discussed. Based on this discussion, an AMC structure is designed and optimized in the 

simulation to enhance the 71 GHz on-chip antenna radiation performance. Then, the final 

AoC design with the driving circuit is simulated and measured. 

3.1 Antenna Radiation Reflection Surface 

As discussed in Chapter 2, the lossy silicon substrate is the main reason for the on-chip 

antenna’s low gain and radiation efficiency. The common way to completely shield a lossy 

substrate is the use of a ground plane, which is also known as a PEC surface when the 

ground conductor is lossless. According to the EM theory, the PEC surface can isolate the 

substrate underneath from the antenna. However, it also results in the excitation of image 

currents in the PEC ground plane. According to the image theory, image currents have the 

same direction as the antenna current distributions when a vertical wire antenna is placed 

on the top of the PEC ground plane, as shown in Figure 3.1. Although it can enhance the 

antenna radiation performance, it is usually not feasible in the case of the on-chip antenna 
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design because the available height for the on-chip antenna is limited to 5–10 m in the 

standard CMOS process. So, the on-chip antennas are mostly placed horizontally and close 

to the PEC ground plane because of the thin dielectric layers. In this case, image currents 

with opposite direction are induced, which results in radiation cancelation. However, image 

currents with the same direction as the original planar current source would be induced by 

replacing the PEC ground with a PMC surface. Then, the antenna’s boresight radiation is 

enhanced by the radiation of in-phase image currents in the PMC surface. The PMC surface 

is non-physical, meaning it does not exist in nature. However, it can be artificially 

synthesized, referred to as an AMC surface, which has similar properties as a PMC surface 

at certain frequency ranges. The AMC surface is achieved by placing periodic structures 

on the top of the substrate and placing a PEC ground plane at the bottom of the substrate. 

The operating frequency range can be tuned by adjusting the dimensions of the periodic 

structures and the thickness of the substrate. The operating frequency can also be adjusted 

by using different shapes of periodic structures, known as AMC unit cells. 

 

Figure 3.1 Electric current source and their images near the PEC and PMC surface [29] 

The surface impedance is a useful concept for understanding the characteristics of a 
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reflecting surface. Surface impedance is usually defined as the ratio of the voltage to 

current across a surface. It can also be considered the boundary condition at the surface 

that indicates the ratio of the electric and magnetic tangential fields. 

t
s

t

EV
Z

I H
                                                                    (3.1) 

Where Zs is the surface impedance, V and I are the voltage and current across the surface, 

and Et and Ht are the tangential electric and magnetic fields at the surface interface. 

According to Equation 3.1, in the case of the PEC surface, the electric tangential field Et is 

equal to zero, so the surface impedance of the PEC surface is equal to zero as well. 

However, for the PMC surface, the magnetic tangential field Ht is equal to zero, leading to 

infinite surface impedance. 

Assuming that a plane wave is traveling from positive Z direction toward a surface in the 

X-Y plane, the reflected and incident waves form the standing waves in the top region of 

the surface. The total E and H fields are shown in the following equations: 
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Where  is the reflection coefficient at the surface. Calculating the surface impedance by 

setting z = 0 in Equations 3.2 and 3.3, 
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Where 0 is the free-space wave impedance and 0 is equal to 376.7 . The reflection 

coefficient can be expressed in terms of surface impedance by rewriting Equation 3.4, 

0 0

0 0
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Z Z

Z Z
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Where  is the phase value of the reflection coefficient, indicating the phase shift value 

between the incident plane wave and the reflected wave. According to Equation 3.6, the 

phase shift for a PEC surface is 180 because the PEC surface impedance Zs is zero. In 

contrast, the PMC surface has infinite surface impedance, so the reflection phase  = 0 

and the reflected wave is in-phase with the incident plane wave. 

3.2 AMC Surface Theory 

According to the previous discussion, the best reflection surface for the on-chip antenna is 

a PMC surface. However, the PMC surface does not exist in nature because there are no 

free magnetic charges. So, the AMC surface has been developed to mimic the reflection 

performance of PMC over a certain range of operating frequency. 

The EM wave reflection performance of a PEC surface can be changed dramatically by 

adding specially designed period structures or holes on the PEC surface. When the 

dimension and period of the periodic structures are small enough compared to the free-

space wavelength, the structure can be considered a homogeneous surface. The 

performance of the periodic structure can be summarized into one important parameter, the 
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surface impedance. By adjusting the dimension and period of the periodic structure, the 

surface impedance can be tuned to a high value over a certain operating frequency fAMC, 

where the surface behaves the same as the PMC surface. Table 3.1 summarizes the 

comparison of PEC, PMC, and AMC surfaces on the properties of boundary condition, 

reflection phase shift, and surface impedance. 

Table 3.1 Reflection surface properties comparison of PEC, PMC, and AMC surfaces 

Surface Type Boundary Condition Reflection Phase Shift Surface Impedance 

PEC Et = 0  =  180 Zs = 0 

PMC Ht = 0  = 0 Zs =  

AMC Ht0 (ffAMC) 0 (ffAMC) Zs (ffAMC) 

 

        

                 (a)                                                           (b) 

 

                                                       (c) 

Figure 3.2 (a) Square patch-based 5  5 AMC surface, (b) AMC square patch unit cell, (c) 

Equivalent LC circuit model of square patch unit cell 
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The AMC surface was first proposed by Dr. Dan Sievenpiper in 1999. The practical 

bandwidth of the AMC surface operating frequency is defined as the reflection phase shift 

between +90 and -90, so that the reflected wave can still enhance the antenna boresight 

radiation instead of radiation degradation caused by out-phase interference [26]. As 

discussed in Chapter 2, there are many different shapes of the AMC unit cells, shown in 

Figure 2.5, among which the square patch AMC unit cell is the most common. 

Figure 3.2 shows a square patch-based AMC surface and its equivalent LC circuit model. 

The currents are excited on the square patch as the EM wave impinges on the surface. As 

shown in Figure 3.2(b) and (c), the charges accumulated at the edges of each patch give 

rise to capacitance. In addition, the electric charges traveling through the PEC surface 

underneath the substrate give rise to the inductance. As a result, the capacitors and 

inductors mentioned above form an equivalent LC resonant circuit. From the perspective 

of the equivalent circuit, the surface impedance can be approximately calculated as the 

following equation: 

21
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                                                     (3.7) 

According to Equation 3.7, the surface shows capacitance at high frequencies and is 

inductive at low frequency. The surface impedance goes to infinity at the operating 

frequency, which is also the resonant frequency of the equivalent circuit. 
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2
AMCf

LC
                                                     (3.8) 

So, the surface impedance (Zs) becomes infinite at fAMC and the reflection phase shift () is 
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also equal to zero. Thus, the square patch-based periodic structure can be used as an AMC 

surface over the range of resonant frequency. 

 

Figure 3.3 Optical ray model [27] 

The mechanism of the square patch-based AMC surface can be explained by the optical 

ray model shown in Figure 3.3. The AMC structure mainly consists of two parts. The first 

part is the partial reflective surface (PRS) on the top of the dielectric layer. The second part 

is the ground plane (GND) at the substrate bottom. Assuming the EM wave source is placed 

on the top of the PRS, the EM waves that are propagating toward the top side are the 

combination of the direct waves from EM source and the reflected waves, which have wave 

phases of 1 and 2 respectively. The phase difference between the direct wave and the 

reflected wave is represented as 2-1. In order to realize in-phase reflection, the following 

equation should be fulfilled: 

 2 1

2
2 2 2t S N


    


            0,1,2....N                          (3.9) 

Where t is the transmission phase shift of PRS, and S is the dielectric substrate thickness. 

According to Equation 3.9, the AMC operation frequency can be adjusted by the substrate 
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thickness and the PRS transmission phase shift, which is related to the patch size, gap 

distance, and so on. 

3.3 AMC Design, Simulation, and Optimization at 71 GHz 

As mentioned above, the AMC operating frequency is controlled by the dimensions of the 

periodic structure and the substrate thickness. In order to design an AMC surface operating 

at 71 GHz, the AMC unit cell simulation model is demonstrated in this subchapter. Later, 

the optimization of the AMC unit cell is investigated. 

3.3.1 Simulation Model of AMC Unit Cell 

In this work, an ANSYS high frequency structure simulator (HFSS) is used to carry out all 

the simulations. In this section, a square patch AMC unit cell simulation model and its 

setup are presented.  

The square patch was selected because it has the lowest return loss for the normal TEM 

incident wave and possesses the largest bandwidth among the different AMC structures 

[13]. The simulated AMC unit cell is shown in Figure 3.4. The first metal layer is used as 

the squared patch and the ground plane is placed at the bottom of the Si substrate. The side 

length of the square patch is D, which is placed on the top of a grounded Si substrate with 

a side length of L. The gap, denoted as G, represents the distance between the square patch 

and the edge of the unit cell. In addition, S is the thickness of silicon dioxide and H is the 

thickness of the Si substrate. The permittivity of silicon dioxide and Si substrate are 4 and 

11.7 respectively. 
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                         (a)                                                                    (b) 

Figure 3.4 Simulation model of AMC unit cell: (a) Top view, (b) Cross view 

            

                                      (a)                                (b)                                   (c) 

Figure 3.5 HFSS simulation model for an AMC cell. (a) The geometry and the wave-port 

excitation; (b) Perfect-E; and (c) Perfect-H symmetry planes. 

The boundary conditions of the AMC unit cell should be set properly to simulate an infinite 

AMC surface. The perfect-E boundary conditions and perfect-H boundary conditions are 

used to simulate an infinite AMC surface with a single AMC unit cell. The perfect-E 

boundary condition makes the tangential component of the electric field zero, while the 

perfect-H boundary condition forces the tangential component of the magnetic field to be 

zero [28].  

Figure 3.5 shows the square patch AMC unit cell simulation model. The model is based on 
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simulating scattering parameters of a single port air-filled waveguide with two symmetric 

perfect-E and two symmetric perfect-H boundary condition walls [29]. The distance 

between the wave-port and the square patch unit cell should be at least λ/4, because the 

impact of discontinuity on the field distribution can be minimized by setting the distance 

to larger than λ/4. In the post-processing of the simulation results, the wave-port de-

embedding function in HFSS was used to eliminate the additional transmission phase shift 

generated by the additional uniform transmission line. The waveguide was terminated to a 

single unit cell of the square patch AMC structure, and the reflection phase was calculated 

with the scattering parameter at the input of this single port waveguide. Compared with 

other conventional AMC simulation setups, the simulation with this simple model is faster 

and more accurate.  

3.3.2 Optimization of the Investigated AMC Unit Cell 

The response of the reflection phase is shown in Figure 3.6, where the geometrical 

parameters have been optimized such that the reflection phase is zero at 71 GHz. The 

optimized parameters are shown in Table 3.2. 

The proposed AMC surface exhibits a reflection phase of 0° at 71 GHz. The frequency 

bandwidth of the HFSS-optimized AMC is between 60.8 GHz and 81.4 GHz, at which the 

reflection phase is within +90° and -90°. An optimization study on the effects of each 

parameter on the AMC operating frequency (fAMC) was conducted by adding a sweep of 

three geometrical parameters in HFSS. In this study, the side length of the square patch (𝐷) 

ranged from 55 μm to 85 μm, the thickness of the silicon substrate varied from 260 μm to 

300 μm, and the side length of the AMC unit cell ranged from 80 μm to 110 μm. The results 
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are shown in Figure 3.7.   

 

Figure 3.6 Simulated reflection phase response of square patch-based AMC unit cell 

Table 3.2: Optimized parameters of square patch AMC unit cells 

Parameter (µm) L D G T S H 

Value 100 75 25 0.18 0.47 280 

 

According to Figure 3.7(a), the side length of the square patch (D) varies from 55 μm to 

85 μm while the unit cell side length (L) and silicon substrate thickness (H) are fixed. It 

can be seen that the operating frequency (f
AMC

) is inversely proportional to D. In Figure 

3.7(b), H ranges from 260 μm to 300 μm while D and L are fixed. It is noted that 𝑓AMC is 

inversely proportional to H and proportional to L. According to Figure 3.7(c), L varies from 

80 μm to 110 μm while H and D are fixed. 
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(a) 

 

(b) 
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(c) 

Figure 3.7 Square patch optimization study: (a) Sweep of square patch side length, (b) Sweep of 

silicon substrate thickness, (c) Sweep of AMC unit cell side length 

From the analysis above, the relation between f
AMC

, D, H, and L can be concluded as the 

following equation: 

AMC

L
f

D H



                                                     (3.10) 

The AMC unit cell with an operating frequency of 71 GHz was obtained by optimizing the 

geometrical parameters with Equation 3.10. 

3.3.3 Optimization of AMC Surface 

There are two main AMC surface performance dependences: 

 Geometrical parameters of AMC unit cell. The contributions of unit cell dimensions 
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on AMC operating frequency have been investigated. Basically, the operating 

frequency of the square patch-based AMC surface can be adjusted by tuning the 

dimensions of the unit cell according to Equation 3.10. 

 The number of AMC unit cells. An infinite AMC surface can be achieved by applying 

two symmetric PEC boundary walls and PMC boundary walls for an AMC unit cell. 

However, in reality, an infinite AMC surface cannot be realized because of limited 

chip area. So, the gain enhancement performance of the AMC surface is degraded as 

decreasing the number of AMC unit cells. 

 

Figure 3.8 Stack-up of AoC integrated with an AMC structure 

In theory, the AMC surface behaves as a PMC surface at a certain frequency only if the 

AMC structure is infinite, which, however, is impossible to be realized on chip. In order to 

determine a reasonable AMC structure size, a CPW-fed quarter-wavelength monopole 

antenna was simulated on the top of the AMC surface with different sizes according to the 

stack-up in Figure 3.8. As shown in Figure 3.9, the maximum gain shows a positive 

correlation with the number of AMC unit cells, but the maximum gain becomes saturated 

when the number of AMC unit cells is larger than 30. So, in this design, the AMC size of 
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6 x 8 unit cells was selected as a compromise between AMC performance and chip size 

limitation. 

 

Figure 3.9 Maximum gain of a monopole antenna versus the number of AMC unit cells 

3.4 Driving Circuit of AoC 

In order to realize a real wireless system and investigate the co-design issues from the 

integration of RF circuits and AoC on the same chip, the circuit of a RF signal generator 

was designed and simulated as the AoC driving circuit. In this design, the driving circuit 

generates a 71 GHz RF signal to feed the AoC. After design and simulations, the driving 

circuit was fabricated through a TSMC standard 0.18 m CMOS process. At the end of 

this chapter, the measurement setup and results of the driving circuit are presented. 

3.4.1 Driving Circuit Design and Simulation 

Figure 3.10 shows the schematic of the on-chip system, which consists of a voltage 

controlled oscillator (VCO), frequency doubler, output stage, and the AoC. 
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Figure 3.10 Schematic of an on-chip system 

Before designing the VCO circuit, it is important to characterize the cut-off frequency of 

the transistors that are provided by CMOS foundry because the transistors in the VCO 

circuit will not be functional if the cut-off frequency is smaller than the desired VCO output 

frequency. As shown in Figure 3.11(a), the transistor is bypassed by the gate-source 

capacitance Cgs. In this case, the ratio between gate current ig and drain current id is equal 

to zero. In this work, we used the TSMC foundry service, so the RF transistor model of the 

TSMC 0.18 m process was imported into Cadence for the cut-off frequency test. Figure 

3.11(b) shows the simulated result of the ig/id ratio versus frequency. It can be seen that the 

transistor cut-off frequency is 52.2 GHz, indicating that the VCO cannot be designed to 

generate a 71 GHz RF signal. The VCO needs to generate a low-frequency RF signal and 

a frequency doubler is required to double the VCO output frequency to 71 GHz.  

 

                        (a)                                                                          (b) 

Figure 3.11 Transistor cut-off frequency: (a) Test configuration, (b) Simulated result in Cadence 
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As shown in Figure 3.10, the VCO firstly generates the 35.5 GHz RF signal, which is then 

doubled to 71 GHz by the frequency doubler. The output stage behaves as an impedance 

matching network between the AoC and the frequency doubler to ensure maximum power 

transmission. 

Figure 3.12(a) shows the schematic of the VCO. The cross-coupled NMOS transistors (M1, 

M2) generate negative resistance for canceling the losses from the LC tank (L1, C1, and 

C2), which makes the VCO oscillate more easily. By tuning the control voltage Vtune, the 

capacitance of the two varactors (C1, C2) can be adjusted accordingly. As a result, the 

oscillating frequency of the LC tank is shifted. Eventually, the VCO outputs a 35.5 GHz 

RF signal at the port between +Vout and –Vout, which is applied to the port between Vin+ and 

Vin- of the frequency doubler shown in Figure 3.12(b). The two transistors (M5, M6) are 

biased to generate the second-order harmonic (71 GHz) at the inductive load L2, where the 

second harmonic and other even harmonics add constructively, while all the odd harmonics 

cancel with each other. 

 

(a) 
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(b) 

Figure 3.12 Driving circuit schematic: (a) VCO, (b) Frequency doubler 

 

Figure 3.13 Frequency spectrum of driving circuit output 

The simulation of the driving circuit was also conducted in Cadence. Figure 3.13 shows 

the simulated spectrum of the driving circuit output. The 71.2 GHz RF signal with -12.1 

dBm power is obtained at the second-order harmonic when the circuit output load is set to 

50 Ω, which is consistent with AoC input impedance. 

3.4.2 Driving Circuit Fabrication and Measurement 
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Figure 3.14 Microscope view of the chip 

The driving circuit and the AoC were implemented into one chip in the TSMC 0.18 µm 

CMOS process. The TSMC foundry is a famous CMOS foundry in Taiwan. All the chips 

used in this work were fabricated through the TSMC foundry service. The microscope view 

of one fabricated chip is shown in Figure 3.14. The total area of the chip is 1.5 mm × 1.5 

mm, including the AoC with an area of 0.6 mm × 0.8 mm and the driving circuit with an 

area of 0.56 mm × 0.50 mm.  

Figure 3.15(a) and (b) show the block diagram and photo view of the driving circuit 

measurement setup. The driving circuit is powered up by landing DC probes on the circuit 

DC pads shown in Figure 3.16. Once the driving circuit is connected to the DC power 

supply, it starts working and generates an RF signal on the G-S-G output pads. The driving 

circuit output is connected to an Agilent E4448A spectrum analyzer through the RF signal 

path of the RF probe, the RF cables, and the mixer. As shown in Figure 3.16, the RF probe 

establishes a direct connection to the circuit output. Then the harmonic mixer is used to 

shift down the output frequency to a lower frequency range because the Agilent E4448A 
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spectrum analyzer has a maximum input frequency of 50 GHz. The uncalibrated power 

spectrum is obtained from the spectrum analyzer, after which the loss of the RF signal path 

mentioned above is calibrated by replacing the driving circuit shown in Figure 3.15 with a 

signal generator. The signal generator can generate a RF signal with a known power level. 

Then the pass loss can be obtained by calculating the power level difference between the 

received power in spectrum analyzer and output power from the signal generator. 

 

(a) 

 

 (b) 

Figure 3.15 Driving circuit measurement setup: (a) Block diagram, (b) Photo view  
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Figure 3.16 Microscope view of the connection between on-chip driving circuit and DC, RF 

probes 

 

Figure 3.17 Driving circuit power spectrum 

According to the circuit output power spectrum shown in Figure 3.17, the driving circuit 

generated a 70.846 GHz RF signal at a supply voltage of 1.8 V and a tuning voltage of 0 
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V, consuming 25.2 mW power. The power level of the RF signal received by the spectrum 

analyzer was -67.9 dBm. After calibration, the 54.3 dB path loss was added back to the 

output power level, so the real circuit output power was -13.6 dBm at 70.846 GHz, which 

is 1.5 dB less than in the simulation. The main reason for this discrepancy is the accuracy 

of the path loss calibration. 

3.5 On-chip Antenna Passive Measurement and Analysis 

The final AoC was a CPW-fed quarter-wavelength monopole antenna that was directly 

connected to the driving circuit output shown in Figure 3.18. In the final design, a CPW-

planar monopole antenna was chosen as the AoC. The monopole antenna has half the size 

of its dipole counterpart and has a higher gain. Hence, a monopole antenna is more 

attractive when a smaller antenna is needed. In this work, only a 1.5  0.8 mm2 chip area 

over the whole chip area of 1.5  1.5 mm2 was available for the AoC design, while the 

other area is left for the on-chip driving circuit design. So, the monopole antenna is a good 

choice for the design of the on-chip antenna. The circuit wires, inductors, capacitors, and 

the dummy metal were included in this simulation to ensure the accuracy of the simulation. 

The driving circuit and the AoC were connected through a short transmission line. In order 

to characterize the AoC independently without the circuit’s loading effect, the transmission 

line was cut by a focus ion beam (FIB), shown in the close-up in Figure 3.19. The compact 

mm-wave anechoic chamber shown in Figure 3.20 was used to characterize the reflection 

coefficient and the radiation performance of the proposed on-chip antenna. 
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Figure 3.18 HFSS simulation models of the proposed AoC and the configuration of the CPW-fed 

monopole antenna, chip size: 1.5 x 1.5 mm2; w1 = 20, w2 = 200, w3 = 10, w4 = 30, l1 = 425, and l2 = 

130 (all in μm). 

 

Figure 3.19 Transmission line cut by FIB 
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Figure 3.20 µ-Lab mm-wave anechoic chamber 

The chamber, fully covered with an EM absorber, was designed and built for measuring 

mm-wave antennas in the range from 18 to 110 GHz. The antenna under test (AUT) was 

placed in the center of the chamber on top of the foam chuck. The AUT was connected to 

the power network analyzer through the probe and the waveguide. The reference antenna 

was a horn antenna with a gain of 16 dBi at 71 GHz. It was connected to the scanning arm 

and the boresight aligned to the AUT. The microscope and the vision system were used to 

assist the alignment and landing of the probe with respect to the AUT. Before the radiation 

pattern measurement, the path loss in this measurement setup was calibrated by directly 

connecting the two ports with a known cable. For the return loss measurement, the probe 

was calibrated by landing it on the short, open load of the impedance standard substrate 

prior to the S11 measurement. 
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Figure 3.21 Simulated and measured return loss of the AoC integrated with AMC 

   

                                (a)                                                                (b) 

Figure 3.22 (a) Probe landed on the antenna pads; (b) Probe simulation model 

Figure 3.21 shows the simulation and measurement results of the AoC refection 

coefficients. There are some obvious discrepancies between the measurement (blue) and 

simulation (black) results. The antenna has a good impedance matching at 71 GHz in the 

simulation, however, the antenna is only barely matched at 92 GHz according to the 

simulation. There are two main reasons for these discrepancies: 
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 Coupling effects between the AoC and the driving circuits. The AoC and the driving 

circuits are integrated into one single chip and placed close to each other to reduce 

the transmission loss. The inductors, capacitors, interconnection lines, and dummy 

metal sheets in the circuit part can lead to electromagnetic coupling when the AoC 

is excited. 

 Probe effect. Although the probe inner impedance has been de-embedded through 

calibration, the large conductor body of the probe still behaves as an extra conductor 

load for the antenna. In addition, the probe tips are not completely covered with 

absorber, resulting in the unwanted coupling between the probe tips and the circuit 

under the probe. 

As shown in Figure 3.22, by including the mimicked circuit layout and probe model in the 

post-simulation, there was a good match between the measurement and the post-simulation 

in the range 60–110 GHz, which verifies that the discrepancy is caused by the coupling 

effects between the antenna and the components in the circuit and the probe. 

         

(a)                                                                      (b) 

Figure 3.23 Measured and simulated radiation patterns: (a) E-plane, (b) H-plane 
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Figure 3.23 shows the measured and simulated radiation patterns of the AoC integrated 

with AMC structure. The measured boresight gain of -7.3 dB was obtained. There are two 

main reasons for the discrepancy of the radiation patterns in simulation and measurement. 

 Probe tip self-radiation. The probe tip itself radiates, so the measured radiation 

patterns are actually the supposition of probe self-radiation and antenna radiation. 

 EM reflection from the probe conductor body. The probe body is a close-by 

conductor for the antenna. It could reflect the EM waves radiated by the antenna and 

cause interference at certain angles. 

 

Figure 3.24 Probe tip self-radiation (50  loaded) 

The measurement of the probe tip self-radiation is quite important, especially for low gain 

antennas. The probe radiation defines the gain sensitivity of the measurement system. The 

probe self-radiation is measured when the probe is landed on the 50  load of the 

calibration substrate, shown as the load in Figure 3.24. The reason for landing the probe on 

a 50  load is that this load represents an antenna that is matched in a 50  system. So, it 
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is assumed that a probe tip on this load would radiate the same way as it does when it is 

landed on an impedance-matched antenna. As the 50  load is not a radiating element, 

minor radiation occurring on the 50  load can be ignored. 

According to the probe self-radiation shown in Figure 3.24, the maximum gain of the probe 

is -12 dBi, which is also defined as the gain sensitivity of this measurement system. For 

the EM reflection from conductor body, one of the useful solutions is to cover the conductor 

body with a mm-wave absorber to avoid EM reflection and decrease the influence of probe 

tip self-radiation. 

3.6 Summary 

This chapter showed three different electromagnetic waves reflecting surfaces—PEC, 

PMC, AMC—and discussed the characteristics of those surfaces in detail. From the 

characteristics of PEC and PMC, it can be concluded that PMC demonstrates a positive 

effect on the performance of the antenna radiation compared to a PEC reflector placed 

horizontally on the surface close to the antenna source. Besides, the section of AMC theory 

demonstrates that an AMC surface at a certain frequency (f
AMC

) can behave like a high 

impedance surface by designing the geometry of the AMC properly. 

The equivalent circuit model and the simulation model of a square patch AMC were 

presented. Based on the equivalent circuit model, a square patch AMC unit cell was 

designed for the frequency of 71GHz. Furthermore, the optimization study of the AMC 

geometrical parameters was presented, which shows the relation between f
AMC

, D, H, and 

L. Eventually, an optimized square patch-based AMC surface was achieved at 71 GHz. 
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After the optimization of AMC surface, the design of AoC with embedded AMC surface 

and driving circuit was presented.  
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Chapter 4 

Functional Chip Package for Gain Enhancement 

Chapter 3 presented the optimization of a square patch-based AMC. The AMC surface 

provides a considerable gain enhancement for the on-chip antenna. In this chapter, in order 

to improve the on-chip antenna radiation performance furthermore, the superstrate layer 

and Fresnel lens are investigated to behave as functional chip package, providing functions 

of both gain enhancement and chip protection. The final antenna design together with the 

functional package is presented as an SoP solution. The SoP design is fabricated through 

fully printed additive manufacturing. At the end of this chapter, the system-level 

measurement results are presented and analyzed. 

4.1 Superstrate Layer 

A superstrate with a permittivity close to Si balances the EM coupling into the superstrate 

and Si, thus causing end-fire radiation and low loss because fewer EM waves are absorbed 

by the lossy Si substrate. Figure 4.1 shows a stack-up of AoC integrated with the AMC 

surface and superstrate layer on the top. The superstrate material is PREFERM FLX 1100, 

which has permittivity of εr = 11 and loss tangent of tan δ = 0.006 at 71 GHz.  

In order to investigate the effect of the superstrate thickness, a CPW-fed quarter-

wavelength monopole antenna was simulated at 71 GHz according to the stack-up shown 

in Figure 4.1. As shown in Figure 4.2, the maximum radiation efficiency is achieved when 

the superstrate thickness is equal to 300 m, while the next highest result is obtained when 

the superstrate thickness is around 900 m, which indicates the radiation efficiency is 
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maximized when the superstrate thickness is close to an odd-multiple of d/4. In terms of 

the transmission line equivalent model, the superstrate layer acts as an impedance 

transformer, thereby improving the antenna coupling to the free space [16]. So, in this 

design, a superstrate thickness of 300 m was chosen. 

 

Figure 4.1 Geometry of wave propagation in a Fresnel lens package 

 

Figure 4.2 Radiation efficiency versus superstrate thickness 

There are several benefits of the superstrate layer. Since the superstrate thickness is d/4, 
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which is considered electrically thick, it is capable of providing chip protection, but it also 

has the functionality of gain enhancement. In addition, no metal patterning or alignment is 

required, so the superstrate is easy to fabricate. 

4.2 Fresnel Lens 

A Fresnel lens can be used for gain enhancement by beam shaping, which is realized by 

diffraction instead of refraction in the conventional hyperboloid lens [30]. The Fresnel lens 

is a phase-correcting lens that consists of a set of planar, grooved, circular plates made 

from low-loss dielectric material, such as PREFERM 3D ABS filament (r = 10, tan  = 

0.02 at 71 GHz) in this design. Since a Fresnel lens consists of several flat zone plates, 

fabrication is much easier than with a conventional shaped lens, which has a complicated, 

contoured surface. Besides, a Fresnel lens can also be made thinner by the use of high 

permittivity dielectric material, reducing the total size, weight, and absorption loss. 

The main drawback of the Fresnel lens is that it has lower beam shaping efficiency than 

the conventional hyperboloid lens because the Fresnel lens only corrects the phase of EM 

waves from the antenna at discrete locations while the hyperboloid lens corrects the phase 

at continuous locations along the contoured surface. 

The performance of a Fresnel lens can be improved by increasing the number of locations 

where phase correction happens. There are two main methods of achieving this 

improvement. The first method is accomplished by adding more grooves to the dielectric 

material, which is at the cost of thicker layers and a more complicated fabrication process 

[31]–[33]. Another method is to use multiple concentric dielectric layers with different 
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dielectric constants [34][35]. This approach can not only improve lens performance but 

also realize a flat Fresnel lens without grooves. However, the integration of multiple 

dielectric materials raises the fabrication complexity. In this design, the single dielectric 

material was used to build a Fresnel lens with grooves. 

As shown in Figure 4.3, the EM waves from the AoC located at the focal point propagate 

an additional distance Δ from the outer surface of the sphere to the edge of each zone plate. 

0n
P


                                                                      (4.1) 

Where P is the number of different phases for realizing phase correction. For example, P 

is equal to two half-wavelength or four quarter-wavelength phase-correcting lenses. The 

beam focusing performance improves with a larger P.  

 

Figure 4.3 Geometry of the wave propagation in a Fresnel lens package 

For a quarter-wavelength phase-correcting lens, the AoC is placed at the focal point. The 

radiated EM waves from the AoC will pass through different parts of the zone plates with 
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less than 90˚ phase shift. Then, the plane wave is formed ideally on the right side of the 

lens, as shown in Figure 4.3. Thus, the beam focusing function is achieved by the phase-

correcting zone plates behaving as a lens. The radius of each zone plate, rn, is achieved by 

the right triangle formula [30].  

0 0 2
2 ( )nr f

n n

P P

 
                                                        (4.2) 

Where P = 4 has been chosen in this design, which is a good compromise between Fresnel 

lens focusing performance and fabrication complexity. The focal length is equal to 2.7 mm, 

resulting in a relatively low F/D ratio of 0.21. In addition, the focal length of 2.7 mm 

ensures that the Fresnel lens is far enough to be in the far-field region of the AoC. 

For a quarter-wavelength lens, the lens was grooved into four-layer zone plates with depths 

of d, 2d, and 3d. The depth d is given by [30] 

     0

4 ( 1)r

d





 
                                                     (4.3) 

Where εr is permittivity of the lens material. It is noted that the lens thickness is inversely 

proportional to the permittivity. A high permittivity and low-loss material, PREFERM 3D 

ABS filament, was chosen to ensure a compact design. 

4.3 Final System-on-Package Design 

In the previous sections, the AMC surface, superstrate layer, and the Fresnel lens were 

studied and simulated. In this subsection, all three gain enhancement techniques are 

integrated with the final on-chip antenna design as a SoP design. 
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Figure 4.4 HFSS simulation models of proposed SoP design, r1 =5.46, r2 = 8.28, r3 = 10.78, r4 = 

13.16, d = 1.44, h = 3.26, f = 2.7 (all in mm). 

Figure 4.4 shows the cross-section view of the final SoP design, which contains the AoC, 

superstrate, and the Fresnel lens package. The package support, as one part of the chip 

package, was used to provide protection for the chip and hold the Fresnel lens at the top. 

The combination of the superstrate and Fresnel lens is not a mere protection cover, as it is 

functional and provides gain enhancement.  

 

(a) 
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(b)                                                             (c) 

 

(d) 

Figure 4.5 HFSS simulation results of the proposed design: (a) Reflection coefficient versus 

frequency, (b) 2D radiation pattern (E-plane and H-plane), (c) 3D radiation pattern, (d) Electric 

field distribution 

When the antenna is loaded with the superstrate and the Fresnel lens, the antenna has a 

reflection coefficient of -19.3 dB at 71 GHz shown in Fig. 4.5 (a), indicating a good 

impedance matching. Besides, the 10-dB impedance bandwidth is around 9.6 GHz from 

64.8 GHz to 74.2 GHz. The simulated radiation patterns of the proposed design are shown 
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in Fig. 4.5 (b) and (c). It is noted that the proposed antenna shows highly directive radiation 

with the boresight and maximum gain of 8.3 dBi and 8.8 dBi respectively. The main beam 

is slightly titled because of the presence of relatively large ground plane in the driving 

circuit part. Fig. 4.5 (d) shows the electric field distribution of the proposed SoP design. It 

is clearly shown that the plane wave with a reduced main beam width is formed on the top 

of the Fresnel lens, which verifies the beam focusing ability of the Fresnel lens. 

4.4 System-level Measurement and Analysis 

When packaged by the superstrate and the Fresnel lens, the AoC’s G-S-G pads are not 

accessible for probe-based measurement, so system-level measurements were performed 

to assess the gain enhancement performance of the AoC associated with the superstrate and 

the Fresnel lens package.  

 

(a) 
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(b) 

 

(c) 

 

(d) 
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Figure 4.6 Post-process for DC connection between chip and PCB: (a) SU8 dielectric isolation 

layer with exposed DC pads; (b) DC connection from pads to the chip edge; (c) DC connection 

from chip edge to PCB; (d) Final sample with all DC connections 

Before the system-level measurements, the samples were prepared by several printing 

technologies. In order to prepare a smooth top surface of the chip for placement of the 

superstrate layer, the DC connection wires between the on-chip circuit DC pads and the 

printed circuit board (PCB) were fabricated by inkjet printing technology instead of bond 

wiring technology. In the first step, an inkjet-printed circuit isolation layer (SU8 dielectric 

ink) was printed on the top surface of the circuit with three exposed DC pads, the ground 

pad (GND) and power supply pads (VDD and Vbias) shown in Figure 4.6(a). These three 

pads were connected to the chip edge through inkjet-printed silver wires on the top surface 

of the isolation layer shown in Figure 4.6(b). In the next step, silver paste was used to 

connect the chip edge and the PCB shown in Figure 4.6(c). Figure 4.6(d) shows the final 

sample with all DC connections.  

 

Figure 4.7 3D-printed chip package 
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(a) 

 

(b) 

Figure 4.8 Antenna active measurement setup: (a) Photo view, (b) Block diagram 

In addition to the driving circuit DC connections, fabrication of the superstrate layer and 

the Fresnel lens package was also required. The PREFERM FLX 1100 (εr = 11, tan δ = 

0.006 at 71 GHz) was used as the superstrate layer, cut to the chip size, and placed on the 
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top of the chip. The Fresnel lens package and its support shown in Figure 4.7 were 

fabricated through 3D printing technology with the PREFERM 3D ABS filament (εr = 10, 

tan δ = 0.02 at 71 GHz). The Xeed 3D printer was used for the fabrication because its high 

printing resolution can fulfill the printing requirements of small package feature sizes. 

Figure 4.8(a) and (b) show the photograph and the block diagram of the antenna active 

measurement setup. The driving circuit was powered up by the DC power supply. The 

driving circuit then generated the RF signal with a power level of -13.6 dBm at 70.846 

GHz, which was fed to the AoC as the transmitted power Pt. The receiving antenna was a 

W-band reference horn antenna with a gain Gr of 24 dBi at 75–110 GHz. The receiving 

antenna and the AUT were aligned in a boresight-to-boresight configuration with a distance 

of R = 20 cm, which is larger than r = 2D2/λ0, satisfying the far-field condition where D 

and λ0 are the antenna’s largest aperture dimension and the free-space wavelength at 71 

GHz respectively. The RF signal received by the reference horn antenna was then 

transmitted to the spectrum analyzer through the RF signal path of RF cables and the mixer 

with a total path loss L of 51.2 dB at the operating frequency. The received power Pr was 

measured by the Agilent E4448A spectrum analyzer. The absolute gain Gt of the AUT was 

obtained by applying the Friis transmission equation, shown as the following: 

0

1020log
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L



                                                       (4.5) 

Where Gt and Gr are the gains of the AoC and the reference horn antenna, Pr and Pt are the 

received and transmitted power respectively, L is the total path loss, and R is the boresight 

distance between the AoC and the reference antenna. 
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(a)                                                                       (b) 

 

(c)                                                                           (d) 

 

(e)                                                                         (f) 

 

(g)                                                                          (h) 

Figure 4.9 Simulated and measured radiation patterns in E-plane (left) and H-plane (right). (a)(b) 

AoC integrated with AMC, superstrate, and Fresnel lens; (c)(d) AoC integrated with AMC and 

Fresnel lens; (e)(f) AoC integrated with AMC and superstrate; (g)(h) AoC integrated with AMC 

Figure 4.9 shows the measured radiation patterns of E-planes and H-planes compared to 
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the simulated radiation patterns in all four cases, including chip integrated with AMC; 

AMC and superstrate; AMC and Fresnel lens; and AMC, superstrate, and Fresnel lens. 

These four cases have been simulated and measured for investigating the gain enhancement 

performance of AMC, superstrate, and Fresnel lens. Due to the constraints of the active 

measurement setup, the measurements of radiation patterns were conducted only for the 

range of -50  theta  50. As shown in Figure 4.9, the radiation patterns of the 

measurements and simulations are in acceptable agreement. The AoC displays the 

narrowest beam width compared to other cases when the AoC is integrated with AMC, 

superstrate, and Fresnel lens.  

Table 4.1 Comparison of antenna radiation performance 

Case 
AoC Boresight Radiation Performance 

Description Simulation Measurement 

1 Standalone AoC -13.8 dB NA 

2 AoC + AMC -10.8 dB -9.7 dB 

3 AoC + AMC + Superstrate -3.2 dB -5.2 dB 

4 
AoC + AMC + Fresnel 

lens 
0.6 dB 0.8 dB 

5 
AoC + AMC + Superstrate 

+ Fresnel lens 
8.3 dB 6.8 dB 

 

Table 4.1 summarizes the boresight radiation performance for all five cases in the 

measurements and simulations. The measurement results of the AoC standalone case is not 

presented because the AMC structure has already been integrated into the chip when the 

chip fabrication process was completed. It is clearly demonstrated that the Fresnel lens 

contributes around 12 dB gain enhancement by comparing the boresight gains in Case 3 
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and Case 5. In addition, the comparison between Case 2 and Case 3 shows that a 7 dB gain 

enhancement is obtained by using the superstrate layer. Comparing the simulation results 

of Case 1 and Case 2, the AMC adds up to 3 dB gain enhancement to the standalone AoC. 

4.5 Summary 

In this chapter, the gain enhancement techniques of the superstrate layer and the Fresnel 

lens were studied and the corresponding design procedures were demonstrated. The 

superstrate layer behaves as a quarter-wavelength transformer to help increase coupling 

into the air. The Fresnel lens is a specially designed lens for focusing the AoC radiation 

beam at the boresight. These two structures, the superstrate layer and Fresnel lens, have 

been smartly combined together as a functional package to provide chip protection and 

AoC gain enhancement. In addition, the final AoC design, a CPW-fed monopole antenna, 

is integrated with the functional package as an SoP design that shows a 8.3 dBi gain at 71 

GHz in the simulation. After the simulations, the final functional package was fabricated 

though fully printed additive manufacturing where the Fresnel lens package and the on-

chip DC connections were achieved by 3D printing and inkjet printing technologies 

respectively. The system-level measurement results were demonstrated and analyzed. The 

superstrate layer and the Fresnel lens achieved a gain enhancement of 4.5 dB and 12 dB 

respectively. This combination of AMC and functional package was demonstrated for the 

first time, showing an overall gain enhancement of around 19 dB. 
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Chapter 5 

Conclusion and Future Work 

In this work, the AMC surface, superstrate, and mm-wave Fresnel lens were investigated 

for improving on-chip antenna radiation performance. The AMC surface can change the 

wave propagation characteristics at the operating frequency to achieve in-phase reflection, 

resulting in gain enhancement at the boresight. The superstrate behaves as an impedance 

transformer between the Si substrate and air, which helps increase coupling into the air. 

The Fresnel lens was investigated for gain enhancement by focusing the radiation beam at 

the boresight. 

In this work, a CPW-fed monopole on-chip antenna at 71 GHz, along with the 

corresponding driving circuit, was designed and fabricated in a standard 0.18 μm CMOS 

process. In order to overcome the low gain and efficiency of the on-chip antenna, we first 

utilized an AMC structure within the chip environment. Further gain and efficiency 

enhancement were achieved by smartly designing the package into a combination of a 

superstrate and Fresnel lens. In this manner, the package is not a mere protection cover, 

but it is functional and provides gain enhancement. The overall combination of optimized 

AMC surface, superstrate layer, and lens package can provide a gain enhancement of 

around 20 dB. 

It is believed that future work could be conducted to further improve the AoC radiation 

performance: 

    The co-design strategy of AoC and driving circuits can be further investigated. As 
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mentioned in Chapter 6, the coupling effects between AoC and circuit components, 

such as interconnection lines, capacitors, and inductors, can degrade the AoC 

performance. So, a smart co-design strategy is highly desirable to minimize the 

radiation degradation caused by mutual coupling effects. 

    Because the standard CMOS process has a very good capability for multilayered 

interconnections, the on-chip antenna array with a built-in feeding network can be 

investigated to further increase the antenna gain performance for a high-

performance point-to-point communication system. 

     In this thesis work, the power amplifier is not integrated into the driving circuits 

due to the limitations of the 0.18 m transistor’s cut-off frequency. In further work, 

a better CMOS process, such as a 65 nm CMOS process, could be chosen for the 

AoC driving circuit design. With the integration of a power amplifier, the system’s 

communication range can be further extended.   

     For the functional package design, the use of a high permittivity low-loss dielectric 

and the flat multi-dielectric Fresnel lens design could be investigated and 

combined to achieve an even more compact chip package design. 
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