
Ultra-Thin AMC for Gain-Enhancement of a 94 GHz Antenna-On-Chip 

 

Thesis by 

Yiyang Yu 

 

 

 

 

In Partial Fulfillment of the Requirements 

For the Degree of 

Masters of Science 

 

 

 

 

King Abdullah University of Science and Technology, 

Thuwal, Kingdom of Saudi Arabia 

April, 2021 



2 
 

 EXAMINATION COMMITTEE PAGE 

 

The thesis of Yiyang Yu is approved by the examination committee. 

Committee Chairperson: Prof. Atif Shamim 

Committee Members: Prof. Hakan Bagci, Prof. Ying Wu 

 

  



3 
 

 COPYRIGHT PAGE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© April 2021 

 

Yiyang Yu 

All Rights Reserved  



4 
 

 ABSTRACT 

Ultra-Thin AMC for Gain-Enhancement of a 94 GHz Antenna-On-Chip 

Yiyang Yu 

The surge in transistor scaling and integration processes has driven the growth of wireless 

technology, especially low-cost millimeter-wave systems. Based on mainstream Silicon 

technology, System-on-Chip (SoC) has become an attractive approach to achieve the 

required high level of on-chip integration for modern wireless systems. However, the low 

resistivity (ρ=10 Ω-cm) and high relative permittivity (εr=11.9) of the silicon substrate are 

unsuitable for hosting antennas on it, because the Radio Frequency (RF) power is lost in 

the lossy silicon substrate, and some of it gets radiated in a certain undesired direction due 

to the surface waves.  This has caused such antennas, typically known as Antenna-on-chip 

(AoC), to be poor radiators.   

Introducing an on-chip artificial magnetic conductor (AMC) between the substrate and the 

antenna can isolate the silicon substrate from the antenna and provide in-phase reflection, 

thereby improving the radiation performance.  However, the drawback of conventional on-

chip AMC is its relatively large thickness, which is extremely difficult to achieve on the 

thin silicon dioxide layer of typical CMOS processes (~10-15 μm). To resolve this problem, 

the embedded guiding structures have been designed between the periodic structure layer 

and the ground plane to realize an ultra-thin AMC which is suitable for thin oxide stack up 

of typical CMOS processes. 
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Specifically, a patch-based AMC with embedded guiding structures has been designed for 

an on-chip monopole antenna operating at 94 GHz. The performance of the AMC has been 

studied for different resistivity substrates (from 10-3 to 103 Ω-cm). The AMC-backed on-

chip antenna has been fabricated through an in-house CMOS-compatible process. The 

adhesion of the metallic layer to the substrate has been improved without using a seed layer, 

which is typically a low conductivity metal and has a negative impact on the radiation of 

the AoC. The measured input impedance and radiation performance of the AMC-backed 

AoC are fairly consistent with the simulations. It provides 5.85 dBi gain with the return 

loss of 16 dB at 94 GHz. According to the author’s best knowledge, this is the thinnest 

AMC-based AoC design in the literature. 
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Chapter 1: Introduction 

1.1 Motivation  

Millimeter waves (mm-wave) have wavelengths ranging from ten to one millimeter, and 

occupy the frequency range from 30 to 300 GHz. On the one hand, compared to infrared 

and visible electromagnetic bands, millimeter waves propagate well in the atmosphere with 

less attenuation, better penetrability, and weaker interference from low-visibility weather 

[1, 2]. Despite the absorption from the oxygen molecules and water vapor, the total 

bandwidth of mm-wave in main atmospheric windows (35, 94, 140 GHz, and 220 GHz) 

still reaches 135 GHz [3, 4]. On the other hand, diffraction in the mm-wave spectrum is 

less as compared to lower frequencies, so they can work well in a shorter range which 

allows smaller frequency reuse distances [5, 6]. Due to these intrinsic advantages, mm-

wave has become a suitable option in radar and guidance systems, electronic warfare, and 

telecommunication [7-13]. For example, the atmospheric radio window at 94 GHz is 

widely used for imaging radar in aerospace and defense applications [14-16].  

Generally, mm-wave systems are fabricated using III-V compound semiconductor, like 

Gallium Arsenide (GaAs) based technology, or silicon-based semiconductor, like 

complementary mixed oxide semiconductor (CMOS) and Silicon Germanium (SiGe) 

processes [17]. Typical mm-wave systems consist of three functionality-specific modules: 

the digital baseband module for signal processing, the radio frequency (RF) front-end 

module for conversion of RF and intermediate frequency (IF) signals, and the antennas to 

transmit or receive RF signals [18]. The digital baseband module works well, based on the 

CMOS process, because the low resistivity substrate (typically silicon) prevents the latch-
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up of on-chip circuits. Although III-V semiconductors, with high electron mobility and 

resistivity, perform better as RF substrates, they are quite expensive.  

In terms of integration, historically, multichip module (MCM) was amongst the initial 

platforms, where multiple integrated circuits, semiconductor dies and other discrete 

components were integrated on top of a substrate in a horizontal fashion. However, this 

method consumed a relatively large area. Then, the System-in-Package (SiP) approach 

came into practice, which used vertical integration of digital and RF circuits, while the 

antennas were still fabricated externally and hence, were not an intrinsic part of the 

assembly. Currently, to achieve high-level integration, low power consumption, and low 

cost, System-on-Chip (SoC), with the inherent advantages of silicon technologies such as 

CMOS, has become a promising option and is attracting considerable research interest. 

Though SoC integrates digital, analog, RF circuits and antennas on the same chip, it is still 

very difficult to realize antennas-on chip (AoC) due to a number of reasons. 

AoC suffers from poor radiation due to the nature of silicon substrate and its performance 

is not yet up to par with its off-chip counterparts. Firstly, due to the low resistivity of the 

silicon (10 Ω-cm), the substrate provides a low resistive path for RF signals and thus 

deteriorate the antenna radiation. Secondly, due to the high relative permittivity of the 

silicon substrate (εr=11.9), most of the energy is confined within the substrate, resulting in 

further degradation of the gain. Thirdly, the electrically large thickness, along with the high 

relative permittivity of the substrate, causes the excitation of higher-order surface waves, 

which results in distortion of the radiation pattern [19]. A number of techniques have been 

introduced over the years to combat the low radiation performance of AoCs. With the help 

of on- and off-chip components and micromachining techniques, the radiation performance 
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of AoC can be improved. Proton implantation and cavity structures physically modify the 

characteristics of the substrate, thereby boosting the effective resistivity [20-25]. On-chip 

artificial magnetic conductors (AMC) isolate the lossy substrate from antennas and provide 

in-phase reflection to enhance the gain [26-31]. Off-chip components such as lenses, 

dielectric radiators and superstrates focus the radiated beam and attract more RF energy in 

the desired direction to improve the directivity, thereby improving radiation [32-40].  

However, the addition of off-chip components increases the size and cost of the SoC, while 

micromachining and proton implantation require complicated post-processing which can 

be expensive. Among these techniques, the simplest one is to embed AMC structures 

completely within the oxide layer with a ground layer above the silicon, which requires no 

off-chip components or complicated processes. Nevertheless, it is extremely difficult to 

realize conventional AMCs with relatively large thicknesses in the thin silicon dioxide 

layer of a typical CMOS process (~10-15 μm)  [41]. To overcome this issue, metal layers 

or vias through silicon dioxide, provided by the stack-up of CMOS process, can be smartly 

designed and optimized to detour the electromagnetic propagation or form slow wave 

structures, increasing the electrical thickness of the oxide. By doing so, an ultra-thin AMC 

can be realized in the thin oxide layer of CMOS processes to shield the antenna from the 

lossy substrate and improve radiation. 

1.2 Objectives  

The design of an efficient AMC to adequately boost an AoC’s gain means overcoming a 

number of design and fabrication challenges. Conventional on-chip AMC whose ground 

plane is at the bottom side of wafers does not completely isolate the substrate from antennas. 
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The solution is to keep the ground plane at the top of the substrate. However, the AMC is 

still too thick to be fabricated using typical CMOS processes. Moreover, the presence of 

adhesion films (also called adhesion/seed layers) which boost the adhesion of good 

conductors to oxide, causes unwanted ohmic loss due to their poor conduction. In light of 

these challenges, the main aims of this work are listed below: 

 To isolate the lossy substrate (silicon) from the antennas and enhance gain by 

employing an ultra-thin AMC for a true on-chip antenna realization in the mm-

wave spectrum.  

 To smartly use the vias and metal layers available in the CMOS stack-up for 

thickness reduction of AMC and analyze the relations between their parameters and 

AMC resonance frequency.  

 To investigate a fabrication solution to remove the adhesion films of metal layers, 

resulting in reduced conductor loss and improved radiation efficiency.  

 To fabricate and characterize the prototype and compare the measured input 

impedance and radiation performance with the simulations. 

1.3 Challenges  

The main challenges to achieve the above-mentioned objectives are listed below: 

 Designing the thin AMC with a thickness of 1% λd (where λd is the wavelength in 

oxide dielectric). When vias and other metal layers are constructed, the in-phase 

reflection may not be realized due to the increasing losses in conductors. 

 Designing the antenna above the AMC reflecting surface at a suitable height. The 

input impedance and resonance of the on-chip antenna are affected significantly by 
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the embedded AMC when they are very close. Impedance matching and radiation 

performance are highly sensitive to the separation between the two surfaces due to 

the strong coupling. 

 In-house fabrication through a CMOS-compatible process. It has been studied that 

the low conductivity metal as seed layers, in the conventional CMOS process, 

would vitiate the gain and even invalidate the PMC-like effect of the AMC surface 

[42]. Therefore, the best solution is to remove it. But the removal of seed layers 

which play a significant role in the promotion of the copper/oxide interface 

adhesion would cause the copper to exfoliate. Hence, an innovative solution is 

required to overcome this challenge. 

1.4 Contributions 

This work makes the following contributions by resolving the previously mentioned 

challenges: 

 The first implementation of metallic posts in AMC reduces the thickness by 33% 

while keeping the reflection phase to be zero at 94 GHz.  

 The AMC with ground above the substrate is thin enough to be realized in a typical 

CMOS oxide layer and can completely shield the antennas on-chip from the lossy 

silicon, enhance gain by 8.8 dBi and prevent the on-chip circuits from radiation 

interference. 

 The AMC provides the desired level of isolation between the antenna and the 

substrate. The resistivity of the silicon substrate is one of the main causes of AoC 

radiation degradation. It is studied that when the proposed on-chip thin AMC is 
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embedded, the gain and radiation patterns provide desirable results, even if the 

resistivity of the substrate varies.  

 The removal of adhesion layers by optimizing the in-house CMOS compatible 

process. The ohmic losses in conductors can be significant when the AMC is in 

subwavelength thickness [42]. Additionally, the seed layer of conventional stack-

up degrades the radiation efficiency. This work has reported solutions to keep 

copper well-attached to the oxide layer during fabrication, thus avoiding the need 

of seed layers. 

 To the best of the author's knowledge, this is the thinnest AMC-backed AoC design 

yet, is cost-effective, and requires no off-chip components or post-fabrication 

process. 

1.5 Thesis Organization 

This thesis is organized as the following: 

Chapter 2 presents an overview of SoC integration for wireless systems. Along with a 

discussion on the advantages and research trends of AoC technology. Subsequently, the 

bottlenecks of AoC technology, i.e., low radiation efficiency and distorted radiation 

patterns due to the lossy substrate, are explained. The chapter also gives an overview of 

various gain enhancement techniques published in the literature. 

Chapter 3 compares the reflecting effects of Perfect Electrical Conductors (PEC) and 

Perfect Magnetic Conductors (PMC) to incident waves and uses them to explain the 

fundamental theory of Artificial Magnetic Conductors (AMC). Next, the electromagnetic 

properties (surface impedance and reflection coefficient) and the threshold conditions of 
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the PMC-like effect of thin AMC are analyzed by a mathematical method using the 

transmission line model. The chapter investigates the effect of introducing metallic posts 

and embedded guiding structures in AMC for thickness reduction. Finally, the performance 

of on-chip monopole antenna backed with different AMCs is compared, and the superior 

one is adopted for further analysis regarding its unit amount and isolation performance. 

Chapter 4 illustrates the prototype fabrication of the AoC in KAUST NANOFAB lab. It 

explains the adverse effect of the seed layers on antenna radiation and describes a 

fabrication process which does not need seed layers.  Finally, the measured input 

impedance, gain, and radiation patterns are provided and compared with simulation results. 

Chapter 5 concludes the overall course of this thesis and gives recommendations to its 

potential and future work. A number of different research directions are provided that can 

potentially improve the proposed solutions. 
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Chapter 2: On-Chip Antenna Literature Review 

2.1 Background 

Wireless systems contain three functional modules: the digital baseband module that 

handles the processing of information, the RF front-end module that is responsible for 

loading IF signals on the RF carriers, and the antenna modules transmitting or receiving 

RF signals [18]. The high-level integration of these modules has become a necessity for 

compact modern wireless systems. Traditionally, these modules were connected simply as 

MCM, as illustrated in Figure 2.1(a). However, MCM used horizontal connection of 

modules on a single unifying substrate which can have a large footprint in modern systems. 

To overcome this drawback, the SiP technology was introduced, which integrated the 

digital baseband integrated circuits (IC) modules and RF front-end modules in a vertical 

formation, as shown in Figure 2.1(b). However, this approach was limited to ICs, and 

antennas were still integrated externally. Antennas are one of the largest components 

because their dimensions are on the order of wavelength, and it is hard to realize them on 

a chip, particularly at lower frequencies. In recent years, the implementation of AoCs has 

become feasible owing to a number of reasons. On the one hand, the application tendency 

towards mm-wave, such as point-to-point communications in V-band (40-75 GHz) [43], 

automobile radar in 76-81 GHz [44, 45], and imaging radar at 94 GHz [15, 16], has reduced 

antenna dimension to the order of millimeters; whereas on the other hand, with the support 

of silicon based and III-V compound based technology, high levels of integration including 

on-chip implementation of antennas and SoC have become possible. 
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The implementation of on-chip antennas brings about some benefits in the system 

miniaturization as well as in reducing the loss. AoCs not only reduce the overall system 

size, but also avoid the interconnect loss introduced by the connections between ICs and 

antennas fabricated on Printed Circuit Boards (PCB). The conventional interconnection 

between circuit and antenna blocks includes impedance matching networks on one or both 

sides and bond wires. The matching network is designed to ensure maximum power 

transmission by transforming the complex impedance at both sides of PCB to the port 

impedance of wires, 50 Ω. Consequently, bond wires generally do not work well at higher 

frequencies and are very difficult to be designed and characterized in mm-wave systems. 

The variations in bond wires can create a mismatch between the antenna and the driving or 

receiving circuits. Further, the bond wires can also radiate, not only adding to the loss, but 

this can also cause serious interference to the main radiation coming from the antenna. In 

contrast, the solution of co-designing antennas and circuits on a chip can eliminate bond 

wires. Also, 50 Ω matching can be replaced by simply conjugate matching of the antenna 

and circuits on the chip  [46]. The imaginary part of the antenna impedance is designed to 

be conjugate to the circuit’s impedance, and antennas are directly connected to ICs, thereby 

saving numerous extra components and eliminating the uncertainty associated with the 

bond wires. 
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Figure 2.1 Illustration of different integration of wireless systems: (a) MCMs, (b) SoP, and (c) 

SoC [18] 

The advantages of on-chip antennas have attracted the interest of researchers and 

academics in many new applications other than mm-wave, such as Terahertz antennas, 

chip-level communication and implantable devices. Terahertz band covers the spectrum 

range from 300 GHz to 3 THz with a wavelength less than 1 mm. The interconnect loss 

plays an essential role at this frequency range, so the solution of AoC, i.e., to design 

antennas directly on the THz chips, has drawn considerable attention [40, 47-49]. The tiny 
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size of SoC and short-range transmission capability of AoC make them ideal for intra- and 

inter-chip communication and implantable devices. For modern communication systems, 

the decreasing feature size results in smaller spacing and negative coupling between these 

interconnects. By using on-chip antennas, the electrical transmission is replaced with the 

electromagnetic transmission, and the effect of wired interconnection is eliminated [50-53]. 

For biomedical implantations, the systems are usually working at MHz and low GHz 

frequencies, and the corresponding antenna size is relatively large. In these devices, system 

miniaturization is a crucial requirement, which makes AoC technology a promising 

candidate [54-56]. 

2.2 Challenges 

 

Figure 2.2 Standard CMOS stack-up  

Currently, the CMOS process has become the mainstream integration technology due to its 

advantages of low cost, higher integration density and comparatively easy fabrication, 

compared to silicon-germanium (SiGe) bipolar plus CMOS (BiCMOS), silicon-on-

insulator (SOI) technology and the III-V semiconductor processes. Figure 2.2 shows a 

typical CMOS stack-up including around six metal layers, each of which comprises a thin 

adhesion film of chromium or titanium with the thickness of 10-20 nm and a copper (or 
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aluminum, gold) film with the thickness of 500 nm (except the top layer, which is around 

2 μm). The adhesion film improves the adhesion of the copper to silicon dioxide, but it 

reduces the average conductivity of metal layers and introduces undesired ohmic losses. 

The dielectric layer (typically silicon dioxide) lies on the 300-700 μm substrate as an 

insulator. The metal layers are interconnected through multiple vias. In AoC 

implementations, the antenna is typically placed on the top metal layer of the stack-up due 

to its higher thickness. However, as Figure 2.3 illustrates, the emitted power is mostly 

absorbed by the substrate instead of radiating at the boresight.  

 

Figure 2.3 Typical behavior of on-chip antenna over silicon based substrate [18] 

Silicon substrate, commonly used in the CMOS process, has three key factors playing an 

undesirable role in antenna radiation: low resistivity, high permittivity and electrically 

large thickness. In a standard CMOS process, the doped silicon substrate has low resistivity 

of around 10 Ω-cm, which is beneficial for ICs as it can effectively avoid latch-up issues. 

However, the low resistivity provides an easier path to the antenna’s fields, and as a result, 

the electromagnetic energy is lost in the substrate, mostly in the form of heat. This severely 



26 
 

degrades the antenna’s radiation efficiency [57]. The high permittivity of silicon (εr=11.9) 

is another detrimental factor in antenna radiation performance. A large proportion of 

electromagnetic energy from AoC cannot be radiated into free space due to the energy-

storage characteristic of a high-contrast dielectric material, further reducing the antenna’s 

efficiency. The power radiated in the air is inversely proportional to the permittivity of the 

substrate, as the reported equation illustrates in [33]. 

1.5

1air

total r

P

P 
                                                            (2.1) 

Where Pair is the power radiated into the air, Ptotal is the total amount of radiated power. 

According to Equation 2.1, only 3% of power radiates in the air, and 97% is coupled into 

the silicon substrate. Furthermore, the high permittivity and large thickness of the substrate 

are highly suitable for higher-order surface wave excitation. The typical thickness of the 

silicon wafer provided by CMOS foundries sits within the range of 300-700 μm, but the 

guided wavelength of mm-wave in silicon is in the range of 290-2900 μm, which is 

electrically thick for most of the applications. Surface waves are trapped along the 

substrate's surface, radiating only at discontinuous corners, which results in poor radiation 

and distorted radiation patterns. The equation of cut-off frequency of surface waves for 

high order modes is given as [58]: 
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                                                     (2.2) 

Where n, the surface wave mode number, is odd for TE modes and even for TM modes, vc 

is the speed of light in free space, and h is the thickness of the substrate. It is evident from 
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Equation 2.2 that the cut-off frequency is lower in a thicker substrate. Table 2.1 lists the 

cut-off frequency of the first four surface wave modes on a typical silicon wafer of 500 μm 

thickness. 

Table 2.1 Cut-off frequency of first four surface wave modes 

 Mode Number Mode Cut-off Frequency (GHz) 

Fundamental mode 0 TM0 0 

High order modes 

1 TE1 45.4 

2 TM2 90.8 

3 TE3 136.3 

 

It means that the radiation performance of a W-band (75-110 GHz) on-chip antenna 

working on this wafer would be affected by TM0, TE1 and even TM2 modes unless suitably 

taken care of. 

From the fabrication perspective, the adhesion films with low conductivity cause undesired 

and unavoidable ohmic losses which degrade the antenna’s gain. In the conventional 

CMOS process, the thin adhesion films of titanium or chromium can naturally bond silicon 

dioxide. So they are deposited to provide good adhesion for the continuing thickness 

buildup of copper or gold. However, the average conductivity of the metal layer drops 

because the conductivity of chromium or titanium is much less than that of copper or gold. 

This issue was observed in  [26], where only gold was used in simulation, but the titanium 

adhesion films were deposited for each metal layer during fabrication, and the measured 

gain was 4 dB lower than the simulated gain. 
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2.3 Techniques for Antenna-on-Chip Gain Enhancement 

The significance of AoC has been highlighted in previous sections with emerging 

applications such as mm-wave wireless systems. It has also been discussed that on-chip 

antennas suffer from low gain and poor radiation efficiency because of the highly lossy 

silicon substrate. Some work about AoC design and fabrication through the standard 

CMOS process has been reported earlier. For example, in [59], a high directivity 60 GHz 

Yagi antenna was designed and fabricated on-chip with 0.18 μm CMOS process and 

displayed a measured gain of about -10 dBi and radiation efficiency of 10%.  Similarly, 

the multi-turn dipole antenna monolithically integrated with 0.18 μm standard CMOS 

process, in [60], had a low measured gain of -30 dBi. In recent years, many researchers 

have tried to improve the radiation performance of AoC. Many solutions incorporating on- 

and off-chip components, micromachining and microelectromechanical system (MEMS) 

technology have been proposed. However, each method has its own limitations related to 

fabrication complexity, cost and mechanical uncertainty. 

2.3.1 Lens 

A microwave lens is essentially a shaped piece of dielectric or composite material, used to 

focus radio waves by refraction. Using lenses to increase the directivity of antennas is a 

widely used method in antenna technology and has also attracted considerable interest as a 

solution to improve the low radiation efficiency of AoCs [32, 33, 37-40]. A hemispherical 

lens is typically glued with the bottom surface of chips, as shown in Figure 2.4(a). As most 

of the radiated energy is coupled into the substrate and surface waves are excited, attaching 

a dielectric lens helps in strengthening the backside radiation. In [33], the gain of a 77 GHz 

on-chip dipole antenna was boosted by 10 dBi through the use of an off-chip hemispherical 
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lens. Similarly, planar or grooved lenses such as the Fresnel lens can also be used above 

AoC, as shown in Figure 2.4(b). In this design, a 24 GHz low-temperature co-fired ceramic 

(LTCC) based fractal antenna array incorporated with a high-permittivity Fresnel lens was 

reported [32], and the gain was boosted by 6 dBi through the focusing function of the lens. 

At the same time, this method has a few drawbacks. First, it is not included in a standard 

CMOS process and hence, requires expensive post-processing. Secondly, the placement 

and configuration of the off-chip lens make the design and mounting difficult, costly and 

less compact. 

           

(a)                                                                                       (b) 

Figure 2.4 Gain enhancement by microwave lens: (a) hemispherical silicon lens, (b) Fresnel lens 

[32] 

2.3.2 Dielectric Resonator Antennas 

Dielectric resonators, as the name suggests, are low-loss dielectric materials that work as 

radiators when placed above the chip and are fed by an appropriate feeding structure in the 

top metal layer, as Figure 2.5 shows. Dielectric resonators can be implemented in many 

shapes, such as cuboidal, cylindrical, etc., and are fed using a variety of on-chip feeding 

structures [61-66]. In this way, off-chip dielectric resonator antennas (DRA) are formed 
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which provide low conductive loss, wide bandwidth and high gain. In [61], a cylindrical 

DRA was defined in a high-resistive silicon wafer by etching 400 μm from the silicon 

substrate and was excited using a magnetic dipole, thus providing a gain of 7 dBi and 

radiation efficiency of 79% at 60 GHz. In another work, a dual-band on-chip slot antenna 

was designed as the excitation source of the cubic DRA in [62], where the gain was 

improved by 7 and 5 dBi at 24 and 40 GHz respectively. However, the major disadvantage 

of DRA based AoCs is that they are not compatible with the CMOS process. Moreover, 

the DRA needs to be accurately aligned with the on-chip feeds and any misalignment can 

affect radiation performance. Therefore, this technique is limited by the fabrication 

complexity and mechanical uncertainty issues [67].  

 

Figure 2.5 Representation of DRA employment for AoC gain enhancement [67] 

2.3.3 Dielectric Superstrate 

Dielectric superstrates are another commonly used performance enhancement technique in 

which a high-contrast dielectric material is placed on the top of the AoC, as shown in Figure 

2.6(a). Electromagnetic waves tend to travel towards the high permittivity material, and the 
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dielectric superstrate can increase the effective permittivity of the space above AoC, 

thereby enhancing the boresight radiation performance [35, 36, 68-72]. In terms of the 

transmission line model, the superstrate works as an impedance transformer, and the gain 

enhancement reaches the maximum when the superstrate thickness is equal to odd 

multiples of λs/4, where λs is the wavelength in the superstrate [34]. A superstrate composed 

of PREFERM FLX 1100 material was attached above an AMC-backed AoC, in [36], 

leading to a gain improvement by 4.5 dB. Another type of superstrate, known as artificial 

dielectric layers (ADL), has also become popular in recent years. An ADL consists of 

multi-layers of periodic metallic structures embedded in a medium as depicted in Figure 

2.6(b) and is equivalent to a homogenous material. Compared to a conventional dielectric 

superstrate, an ADL can greatly reduce surface-wave losses as waves obliquely incident 

on the multi-layered structures see a lowered dielectric constant and thus do not undergo 

reflection. [35] presented a double-slot antenna enhanced by an ADL superstrate, and 2 dB 

improvement in gain was achieved. Superstrate allows a convenient way to boost AoC gain, 

however, the incompatibility of superstrate with the silicon-based processes limits their use 

in mass production while the superstrate itself is costly and requires special mounting. Even 

if the dielectric medium in the case of ADL that could be used as superstrate is silicon 

dioxide, the same as the insulator layer of the CMOS process, the added thickness is too 

large for practical employment. 
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(a)                                                                      (b) 

Figure 2.6 Superstrate loaded for gain enhancement: (a) high-contrast dielectric above AoC , (b) 

ADL loaded on AoC  

2.3.4 Selective Silicon Removal 

It has been established that the gain of AoC is mainly degraded by the lossy silicon 

substrate. Moreover, a larger substrate will lead to larger losses and greater efficiency 

degradation. Therefore, the radiation performance can be improved by thinning or 

selectively removing the silicon under the antenna, so that the losses created by the 

substrate can be suppressed [22-25, 73, 74]. Selective removal of substrate material is 

termed as micromachining and is depicted in Figure 2.7, where the area under the antenna 

is etched by localized backside etching (LBE) process. By doing so, the substrate of AoC 

is replaced with an air cavity, which reduces the effective permittivity of the space under 

the antenna, thereby reducing substrate losses. For instance, the silicon area beneath a 

dipole was entirely etched in [22], and the antenna showed 4 dBi gain at 85 GHz. In [23], 

air trenches were formed around the dipole by LBE, whose measured gain was 5 dBi at 

165 GHz. Micromachining is able to directly reduce substrate losses without adding any 

components to the chip, however, this mitigation method has several disadvantages as well. 
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It requires costly post-processing, which increases fabrication complexity while greater 

amount of substrate removal can add mechanical instability to the chip. 

             

Figure 2.7 Selective area of the substrate beneath antennas removed by LBE   

2.3.5 Selective Silicon Resistivity Increase 

As discussed in section 2.2, the low resistivity of the silicon substrate can adversely 

influence AoC radiation. The selective increase in the resistivity of silicon in the vicinity 

of the on-chip antenna can boost its performance [20, 75-77]. Helium-3 ion irradiation and 

proton implantation are widely used in resistivity increase. The area of the substrate 

underneath a 60 GHz dipole antenna, in [77], was irradiated by Helium-3 ion, as Figure 2.8 

illustrates, and the resistivity was enhanced by 100 times, resulting in an improvement in 

radiation efficiency from 5% to 48%. Similarly, proton implantation is done by injecting a 

dose of high-energy protons in the selective area to increase resistivity. In [20], the required 

area in silicon was implanted with 4 MeV protons with a dose of 1016 cm-2. By doing so, 

the peak gain of on-chip monopole antenna was improved by around 8 dB at 103 GHz. 

Although ion implantation can significantly alter the resistivity of silicon and boost antenna 

gain, it has so far displayed limited use in AoC designs, because special irradiation 

processes with high dosage are quite costly and incompatible with standard CMOS 

manufacturing. 
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Figure 2.8 Helium 3-ion irradiation based AoC  

2.3.6 MEMS 

MEMS or Microelectromechanical systems are essentially miniaturized mechanical and 

electro-mechanical elements fabricated using microfabrication techniques. They are 

utilized in conjuncture with a number of components to enable tunable and reconfigurable 

operation through the physical movement of the structures. In AoC design, MEMS has 

been used to form switchable and movable antennas to reduce substrate loss [78-81]. In 

[80], as Figure 2.9(a) shows, a movable fractal bowtie antenna was designed to be 

suspended in the air using MEMS based cantilevers. As a result, the main broadside 

radiation direction was moved away from the silicon substrate and losses associated with 

it were curbed. The antenna in the vertical position provided 4.8 dBi gain at 77 GHz, which 

was 6.9 dBi more than that in the horizontal position. Focused ion beam (FIB), another 

recently developed technology in MEMS, helps three-dimensional (3D) antennas to be 

fabricated on the chip. Using this method, in [81], a 4 THz fully on-chip 3D helical antenna 

was developed and displayed a high gain of 17.6 dBi. MEMS for AoC design requires 

several post-processing techniques to integrate CMOS and MEMS structures effectively. 

It is still a relatively new technology and requires further investigation to provide fruitful 

results.  
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Figure 2.9 Movable bowtie antenna in horizontal and vertical positions [80] 

2.3.7 Artificial Magnetic Conductors 

On-chip antennas are mostly designed to be horizontally placed on the top layer of the 

stack-up. This is because the top metal layer allows greater metal thickness which is 

beneficial for antenna radiation and enables it to radiate directly into the air. The placement 

of PEC at the bottom metal layer, M1, is one of the typically used approaches to isolate the 

AoC from the lossy substrate. However, according to image theory [82], this would cause 

an image current to be excited at M1 in the opposite direction of the horizontal electrical 

source (the AoC), as shown in Figure 2.10(a). The radiation of the image current would 

negatively interfere with that of the AoC, resulting in performance degradation. Alternately, 

a perfect magnetic conductor (PMC) surface underneath the antenna could enhance the 

radiation by producing an image current in the same direction. Since PMC surfaces do not 

exist in nature, Artificial Magnetic Conductor (AMC) surfaces are developed to mimic the 

effect of PMC for a certain frequency range.  
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(a)                                                                        (b) 

Figure 2.10 Electric current source and their image current over (a) PEC and (b) PMC surface  

 

 

Figure 2.11 Different patterned AMC unit structure [83] 

AMC provides in-phase reflection at a certain frequency, and is composed of a layer of 

periodic structures on top of a grounded dielectric. Figure 2.11 shows several kinds of 

AMC unit cell structures used to form the periodic layer [83]. Two ways have been reported 

to implement on-chip AMC. The first is to place the periodic structures at M1 layer and 

design the ground plane underneath the silicon substrate, as Figure 2.12 shows, which is 

one of the most widely used techniques to increase radiation efficiency [27-31, 36]. Such 

a design was illustrated in [36] which introduced a typical patch-based AMC, where the 

gain of the 71 GHz on-chip monopole antenna was boosted from -13.8 dBi to -9.7 dBi. 

Similarly, in [27], a modified AMC structure was used with the central part removed to 

reduce the coupling between AMC and the circularly polarized antenna. The antenna with 

the ground plane below silicon displayed a gain of -4.4 dBi at 60 GHz. However, in this 
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situation, the AoC cannot be shielded completely from the substrate because the ground 

plane is placed at the backside of the substrate. Surface waves can still be excited. 

Meanwhile, the crosstalk between the AoC and the on-chip circuits is not eliminated. 

  

(a)                                                                

 

 (b) 

Figure 2.12 Stack-up of (a) AMC-backed AoC with the grounded substrate, (b) Circularly 

polarized antenna with modified AMC  

The second way to implement an AMC is to locate the ground plane in the lower metal 

layers of the stack-up, above the silicon substrate. In this way, the AMC is not only 

incorporated to act as an in-phase reflector, but also a complete shield between the AoC 

and the lossy substrate.  Figure 2.13 depicts the cross-sectional structure of the solution. 

This approach was first reported in [26], where an on-chip dipole antenna was loaded with 

an AMC with ground above the silicon substrate. A square-loop-based AMC was designed 
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in oxide layer to operate at 94 GHz improved the dipole antenna’s gain from -9.8 dBi to -

1.4 dBi.  

 

Figure 2.13 AMC ground plane is above the substrate  

Although the use of AMCs comes with design limitations such as narrow operating 

bandwidth, it is still the best choice among the gain enhancement techniques for AoCs. In 

contrast with off-chip components, the implementation of AMC can keep the overall 

system compact and avoid mechanical uncertainty of post-fabrication processes. Since on-

chip AMCs are designed using the embedded metal layers in the stack-up of standard 

CMOS processes, their design and fabrication complexity is significantly reduced. 

Moreover, AMCs provide the lowest cost solution compared to other techniques. In 

addition, placing the ground plane of AMC on the top of the substrate can isolate AoC 

better than placing it underneath the substrate, however, this results in the oxide layer 

becoming thicker than typical CMOS processes. For example, an in-house fabrication 

process was used in [26] where the AMC ground plane was located above the substrate 

while the oxide layer was engineered to be 40 μm. Therefore, to design an efficient AMC 

that not only reduces substrate losses but is also compatible with standard CMOS 

technology, innovative research solutions are required to reduce the AMC thickness.  
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2.4 Summary 

SoC has attracted considerable attention as the emerging integration choice of modern 

wireless systems owing to recent technological innovations in scaling and integration. The 

feature size of mm-wave systems is on the order of millimeters which has made integration 

of baseband circuits, RF front and antenna modules on a single chip possible. With these 

advantages, SoC has great potential in the applications of telecommunications, imaging, 

radar and biomedical devices.  

The implementation of AoCs can lead to the elimination of interconnects between on-chip 

circuits and external antennas fabricated on PCBs. These interconnects become one of the 

major causes of losses in wireless systems. Moreover, innovative co-design of antennas 

and front-end circuits can save chip area and maximize power transmission. However, the 

lossy silicon substrate is a major hindrance in achieving the goal of an ultimate integrated 

system. Due to substrate losses, on-chip antennas suffer from low radiation efficiency and 

distorted radiation patterns, as discussed in detail in the preceding sections. Compared to 

SiGe BiCMOS, SOI and III-V compound based processes, the fabrication of systems based 

on CMOS is easier and more cost-effective, making CMOS the mainstream IC fabrication 

process today. However, the typical substrate in CMOS, silicon, has low resistivity (about 

10 Ω-cm), high permittivity (εr=11.9) and electrically large thickness (300-700 μm). It 

causes a significant proportion of power radiated by standalone on-chip antennas to be 

confined in the substrate and depleted as heat loss while the radiation patterns are distorted 

due to the surface waves excited in the substrate. 
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Several techniques, including the addition of on- and off-chip components, 

micromachining and co-design with MEMS, have been widely utilized for the gain 

enhancement of on-chip antennas. The employment of off-chip components can enable a 

focusing or radiating effect to enhance radiation. Microwave lenses attached on the chip 

focus radiated beams and increase the directivity of antennas, thereby improving gain. 

DRAs are placed above AoCs, and when excited with proper modes, lead to a reduction in 

metallic loss and better on-chip radiation. Superstrates can increase the equivalent 

permittivity above AoC and, consequently, the boresight energy proportion. In contrast to 

designing on-chip and off-chip components, the substrate itself can be modified to reduce 

losses and aid in radiation. Selective removal of desired silicon area below or near the 

antenna using LBE mitigates the power loss issues. Localized resistivity enhancement 

eliminates the negative effect of substrate resistivity on radiation performance. MEMS, a 

novel technique to be combined with CMOS, provides tunable and reconfigurable antennas 

on the chip which can be suspended to improve performance. Lastly, As a PMC-effect 

reflector, AMC surfaces are designed on the chip to reflect the power radiated into the 

substrate using in-phase wave reflection and realize constructive interference to boost 

antenna gain. Moreover, when the ground plane of AMC is set at M1 layer, it can isolate 

antennas from the substrate as well. Table 2.2 illustrates the comparison of different gain 

enhancement techniques. 

Table 2.2 Comparison of different gain enhancement techniques of AoC 

Techniques Advantages Disadvantages 
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Off-chip 

component 

Lens 

Energy focusing and 

improvement in 

directivity 

Complexity in design 

and post-fabrication 

Increase in system 

size 

DRA 
Reduction of metallic 

loss 

Mechanical 

uncertainty issues 

Increase in system 

size 

Superstrate 
More energy attracted 

at boresight 

Costly material and 

electrically large 

thickness 

Increase in system 

size 

Substrate 

modification 

 

Selective 

substrate removal 

Elimination of substrate 

loss 

Complex post-

fabrication 

Mechanical stability 

issues 

Selective 

resistivity 

increase 

Reduction of  the 

influence of substrate 

resistivity 

High cost 

Co-design with 

CMOS 
MEMS 

Configuration of  3D or 

vertical on-chip 

antennas 

New technique 

Less reliability 

On-chip 

component 

AMC (ground at 

the bottom of the 

substrate) 

Low cost 

Compatibility with 

CMOS process 

Constructive reflection 

 

Narrow band 

Incomplete shielding 

of lossy substrate 
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AMC (ground on 

the top of the 

substrate) 

Low cost 

Compatibility with 

CMOS process 

Constructive reflection 

Provide complete 

shielding of lossy 

substrate 

Narrow band 

Incompatible 

thickness 
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Chapter 3: Ultra-Thin Artificial Magnetic Conductors 

CMOS process has become the mainstream technology for System-on-Chip and System-

in-Package integration. However, the typical substrate used in CMOS processes, silicon, is 

highly lossy for antenna implementation and leads to undesirable results in the radiation 

performance of AoCs. Among the radiation enhancement techniques discussed in Chapter 

2, the use of on-chip AMCs proves to be the most beneficial and cost-effective due to 

having good compatibility with the existing CMOS processes. Moreover, it is a good 

technique to improve gain, and isolate antennas from the circuits and substrate. However, 

the reduction in thickness of an AMC, especially with respect to their integration in the 

mainstream CMOS processes, is an outstanding challenge that needs to be tackled. In this 

chapter, the characteristics of several antenna radiation reflection surfaces are discussed. 

Then, the fundamental theory, electromagnetic properties and mathematics-based 

threshold conditions for the design of AMCs are presented. Furthermore, two kinds of 

thickness reduction structures are introduced and investigated through simulations. The 

original thick AMC and the two proposed thin AMCs are then loaded under a planar 

monopole antenna, and their performance is compared. Finally, the chapter investigates the 

finite size and isolation of the proposed AMC surface. 

3.1 Radiation Reflecting Surface 

The low radiation efficiency issue of AoC is mainly caused by the lossy substrate. To 

entirely shield the antenna from the substrate, a ground plane is mainly used at the top 

surface of the silicon. If a PEC surface is used as the ground plane, all incident waves from 

AoC are completely reflected. Considering that the available height of CMOS stack-up is 
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usually 10-15 μm (as shown in Figure. 2.2), the AoC will be very close to the ground plane 

resulting in an image current excited in the latter. According to image theory, discussed in 

Chapter 2, an antenna in a vertical position above a PEC surface will see an improved gain 

due to the image currents being excited in the same direction. However, it is challenging 

to design a vertical antenna in the thin stack-up layer of the standard CMOS processes. On 

the other hand, when the antenna is horizontally placed, the image current in the ground 

plane has the opposite direction, which causes radiation cancellation and a low gain (if the 

antenna and the ground plane are in close vicinity), though the substrate losses are 

eliminated. A PMC surface, however, shows the opposite behavior when placed below a 

radiating source. Figure 2.10(b) presents that in the case of a horizontal electric source, the 

image current in PMC flows in the same direction as the actual source and provides in-

phase radiation. Meanwhile, PMC surfaces can also fully shield the electromagnetic waves 

from entering into the substrate as in the case of a PEC. Unfortunately, PMC cannot be 

found in nature but their reflection properties can be artificially engineered at a certain 

frequency. Such an engineered surface is an AMC, which usually consists of a periodic 

structure layer, a dielectric slab and a ground plane. Table 3.1 summarizes the performance 

of the discussed reflection surfaces when placed underneath antennas. 

Table 3.1 Comparison of Reflection Performance of PEC, PMC and AMC 

Antenna Placement Reflector Radiation Improvement Low Profile 

Vertical Position 
PEC  

 
PMC  

Horizontal Position 
PEC  

 
PMC  
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AMC  (around resonance frequency) 

 

To analyze the properties of the reflection surfaces, the surface impedance is a helpful 

parameter defined as the ratio of the voltage to the current across a surface. Assuming a 

TEM wave propagating along -z direction is incident on the lossless xy plane of a surface, 

the surface impedance Zs is given by Equation 3.1. 

T
s

T

EV
Z

I H
                                                      (3.1) 

Where V and I are the voltage and current across the surface and ET and HT are tangential 

electric and magnetic fields at the z = 0 interface respectively. In the region of z > 0, the 

total electric field and magnetic field comprise both incidence and reflection waves, as 

given in Equations 3.2 and 3.3. 
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Where Ei and Hi denote the fields of the incidence wave, Er and Hr represent the fields of 

the reflection wave, E0 and H0 are the amplitudes of the electric and magnetic fields, and 

  is the reflection coefficient at the surface. At the interface, z = 0 is substituted into the 

above equations. 
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Where 0  is the wave impedance in free space with the value of 377 Ω. By rewriting 

Equation 3.45, the reflection coefficient at z=0 can be presented. 
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                                                              (3.5) 

As for PEC, the surface impedance is zero due to ET=0. Thus   is -1. It means the phase 

of reflected waves suddenly changes 180 degrees, compared to incident waves, which 

results in the field cancellation. If the surface is a PMC, HT is zero, and ZS becomes 

infinitely large, making    = 1, and the phase shift between the incident wave and reflected 

wave becomes zero. In this way, the reflected waves constructively add to incident waves 

and the fields above xy-plane are enhanced. 

3.2 AMC Surfaces 

3.2.1 Theory of AMC  

As established in the above discussion, horizontal planar AoC can undergo gain 

enhancement by placing a PMC surface underneath it. However, PMC does not exist due 

to the absence of magnetic monopoles in nature. The first artificial magnetic surface 

structure to mimic the reflection characteristics of PMC at the desired frequency range was 

proposed in 1999 [84], where the operating bandwidth of AMC was defined as the 

frequency range where the phase of reflection coefficient falls within   90 degrees.  
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(a)                                                                                    (b) 

                                                   

(c)                                                                                    (d) 

Figure 3.1 (a) Geometry of patch-based AMC, (b) Unit cell of AMC with PEC-PMC walls 

bounded, (c) Equivalent circuits of the unit cell and its (d) Parallel LC equivalent model  

An AMC is comprised of three layers: a periodic metallic layer, a dielectric slab and a 

ground plane. Depending upon the design requirements, different shapes of AMC can be 

designed. The square patch based AMC, as Figure 3.1(a) shows, is one of the most 

commonly used designs. By setting PEC and PMC walls around a single AMC unit cell, 

while keeping them perpendicular to the electric and magnetic fields of the incident wave, 

as shown in Figure 3.1(b), the conditions of a plane wave impinging on an infinitely large 

AMC surface can be assumed. The positive and negative free charges are excited along the 

adjacent edges of each patch, normal to the electric field direction. Thus a shunt capacitance 

is formed. As Figure 3.1(c) presents, the grounded dielectric with a thickness of ‘d’ can be 
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equivalent to a line terminated in a short circuit. Furthermore, according to the transmission 

line theory, the shunt capacitor at a distance of ‘d’ from the short circuit termination can 

be modelled by the parallel LC circuits, as shown in Figure 3.1(d). In [85], the surface 

impedance was calculated by using: 

21

C L
S

C L

X X j L
Z j

X X LC




 

 
                                              (3.6a) 

tandZ
L kd


                                                             (3.6b) 

It can be noticed that the surface impedance becomes infinity at the resonant frequency 

[85]: 

1

2
AMCf

LC
                                                         (3.7) 

According to Equation 3.5, under this condition, the reflection coefficient at the surface is 

1, which shows a PMC-like effect and realizes an in-phase reflection. 

From the perspective of optical theory, the AMC surface can be recognized as the 

combination of a periodic structure layer that is equivalent to a partial reflective surface 

(PRS) and a ground plane that provides PEC effect, where a dielectric slab with the 

thickness of d is sandwiched, as shown in Figure 3.2. Considering a source located next to 

the periodic structure, the phase shift, introduced to the reflected wave, should be taken 

into account from the PRS, the ground plane and its path through the dielectric [86]. The 

PRS array brings a phase shift, whenever the radio wave passes through it. The PEC causes 
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a phase shift of π to the reflected wave. The phase shift created by the round trip through 

the dielectric, D  , is given by [86]: 

2 4
2D

d d
 

 
                                                        (3.8) 

The resonance condition, when the phase difference between the reflected wave 2  and 

the direct wave 1  is N times of 2π, can be written as [86]: 

2 1

4
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d
N N


    


                                     (3.9) 

By adjusting the T  dependent upon the pattern size and gap and the phase related to the 

dielectric thickness, the reflected wave can be in-phase with the direct wave at the desired 

frequency. 

 

Figure 3.2 AMC with an excitation source in optical theory  

3.2.2 Threshold Conditions in the Presence of Losses 

Considering the inside ohmic losses, the AMC and incident plane wave can be modelled 

by transmission line theory, as presented in Figure 3.3.  
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Figure 3.3 Equivalent transmission line model of AMC  

Accordingly, the circuit comprises a capacitor C and an inductor L in parallel, and a resistor 

R on the branch of the inductor L. Because the resistance R represents the ohmic loss in the 

conductors. In the presence of losses, the impedance of AMC investigated by the 

transmission line model can be obtained by [42]: 
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Where 0  is the undamped resonance frequency when R=0, equal to 1 LC . The 

imaginary part of ZAMC should be zero at its resonance frequency 
0 . That is, 
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                                               (3.11) 

Then, the operating frequency can be solved as [42]: 

2

0 0 1
R C

L
                                                       (3.12) 

It can be found that if 
2R C L  < 1, it is less than the undamped resonance frequency. 

However, in the case of 
2R C L  > 1, 

0 becomes imaginary, indicating no appearance of 
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the real resonance. Substituting Equation 3.12 into Equation 3.10, the completely real 

AMC impedance is given as [42]: 

0( )AMC

L
Z

RC
                                                      (3.13) 

Thus, the reflection coefficient on the AMC surface is evaluated as [42]: 
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Here Z0 is the wave impedance in free space. When 
0( )AMCZ   is larger than Z0, the 

reflection coefficient is positive and real, which means the reflection phase is zero, making 

the designed AMC surface similar in function to a PMC surface. On the contrary, when 

0( )AMCZ   is less, the negative 
0( )  signifies a 180-degree phase shift at the surface, 

and the AMC in this condition is similar to a PEC. To sum up, the threshold conditions of 

AMC are presented in [42], when it provides in-phase reflection at a real frequency range: 

L
R

C
                                                              (3.15a) 

0

L
R

CZ
                                                             (3.15b) 

3.3 Thickness Miniaturization of AMC 

In section 2.3.1, two methods of on-chip AMC realization were discussed; one with off-

chip ground below silicon substrate and one with the ground above the substrate within the 

stack-up. As investigated in preceding sections, the latter can not only provide in-phase 
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reflection, but also isolate the AoC from the lossy substrate. However, to achieve this, the 

thickness of the dielectric, silicon dioxide, needs to be quite large which is not supported 

by the stack-up of typical CMOS processes. Hence, a solution to reduce the thickness of 

the AMC needs to be devised. In order to get a thin AMC operating at 94 GHz, two kinds 

of thickness reduction techniques are introduced and investigated relatively in this chapter. 

Throughout this work, ANSYS High Frequency Structure Simulator (HFSS) has been used 

to carry out the simulations.  

3.3.1 Thick Patch Based AMC 

The square patch based AMC is one of the most commonly used structures which has low 

return loss and wide operating bandwidth [83]. So in this section, a patch based AMC is 

selected for further investigation.   

 

(a) 
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(b) 

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

Figure 3.4 shows the patch based AMC unit cell in simulation. The square path has a side 

length of D, which is supported by the silicon dioxide slab whose thickness is TAMC. The 

oxide layer and the silicon substrate with lateral dimensions Lu × Lu are separated by the 

ground plane of AMC. Additionally, the thickness of the silicon substrate is denoted as Ts. 

The relative permittivity of silicon dioxide and the silicon substrate is 4 and 11.9 

respectively, and the resistivity of silicon is defined as 10 Ω-cm. The metal layers are 

modelled by copper with the conductivity of 5.8×107 S/m, and their thickness is referred 

to as T. 
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         (a)                                 (b)                                 (c)                                 (d) 

Figure 3.5 Boundary conditions and excitation setup of an AMC unit cell. (a) Perfect-E boundary, 

(b) Perfect-H boundary, (c) Wave port assignment, (d) Radiation boundary 

The boundary conditions and the port source setup of the unit cell are such that the 

simulation can be done on an infinite surface. This is done by defining PEC and PMC walls 

on opposite sides of the unit cell. The tangential electric field is confined to be zero at the 

perfect-E boundary, while the tangential magnetic field is forced to be zero at the perfect-

H boundary. As Figure 3.5 depicts, the walls are defined by two symmetric perfect-E and 

two symmetric perfect-H boundary conditions. The wave port is assigned at the top 

boundary and is one-quarter wavelength in free space away from the square patch, and the 

electric field of the excited plane wave is in the x direction. The radiation boundary 

condition is also one-quarter wavelength away from the bottom surface of the silicon 

substrate. Besides, in post-processing, the wave port was de-embedded to the surface of 

the square patch to remove the additional phase shift caused by the transmission in the air. 

Table 3.2 Optimized geometrical parameters of the square patch based AMC unit cell (all in μm) 

Lu D T TAMC Ts. 

600 590 0.5 29 500 

 

The geometrical parameters of the AMC unit cell are optimized for best performance, as 

shown in Table 3.2. By doing so, it is ensured that the reflection phase response is zero at 

94 GHz. The operating bandwidth of the optimized AMC is from 91.4 to 96.6 GHz, where 

the phase of the reflection coefficient stands within ± 90°. The silicon dioxide thickness 
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under the requirement of in-phase reflection at 94 GHz is 29 μm which is too large for the 

stack-up of the current CMOS processes. Therefore, thickness miniaturization techniques 

need to be introduced into the AMC design to reach an acceptable oxide thickness.  

  

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

3.3.2 Thin AMC with Metallic Posts 

In this section, the dimensions of the silicon substrate and two metal layers, Lu, D, T, and 

Ts, are fixed as the same as the previous thick AMC unit cell model, but the silicon dioxide 

thickness TAMC is reduced to 13 μm. Having known that a 13 μm square patch based AMC 

resonates at 106.3 GHz if it is standalone, it is necessary to take some measurements to 

reduce the resonance frequency to 94 GHz.  

Inspired by slow wave structures, the vias in the oxide layer can be utilized to form 

additional series inductors and shunt capacitors, thereby reducing the phase velocity vp and 

increasing the electrical thickness of the AMC, as Equation 3.16 shows [87]. 

1
pv

lc
                                                            (3.16) 
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Where l is the series inductance per unit length, c is the shunt capacitance per unit length. 

It can be expected that l is larger when vias are located at a stronger current point, and c is 

larger when the top surface of the vias faces the stronger current area of the square patch. 

Considering the threshold conditions illustrated in Section 3.2.2, the introduction of too 

many vias makes the resistance increase, which is undesirable for AMC resonance. 

Therefore, in this unit cell design, two vias originate from the ground plane and form 

metallic posts. Figure 3.7 illustrates the AMC with the metallic posts introduced. Two 

metal posts are placed along the x direction symmetrically, in the same direction as the 

electric field of incident waves, with a distance of Gp from the near side unit edge. The side 

length of the horizontal section of posts is denoted as Lp, and the height of posts is Hp.  

 

(a) 
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(b) 

Figure 3.7 Geometry of AMC with metallic posts connecting to the ground plane (a) Top view, 

(b) Front view 

A comprehensive study investigating the effect of the geometrical parameters of the 

metallic posts on the AMC resonance frequency was conducted to achieve the best results. 

The gap Gp between the metallic posts and the adjacent side edge was varied from 20 to 

110 μm, the metallic post height Hp was tuned from 1 to 10.5 μm to see the effect on AMC’s 

performance. The results are shown in Figure 3.8.  

              

(a)                                                                               (b) 
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Figure 3.8 Tuning effect of metallic posts on the AMC resonance frequency: (a) Sweep of the gap 

between the metallic posts and the adjacent unit side edge, (b) Sweep of the height of the metallic 

posts 

              

(a)                                                                              (b) 

Figure 3.9 Current distribution on (a) the square patch, and (b) the ground plane 

In Figure 3.8(a), the gap between the posts and the side edge of the unit cell, Gp varies from 

20 to 110 μm, while the dimensions of the posts, Lp and Hp , are fixed as 6.7 μm and 10.5 

μm respectively. It is found that the AMC resonance frequency (fAMC) decreases gradually 

until Gp reaches 70 μm, then there is a sharp depression at Gp =73 μm, after which it 

rebounds. As Figure 3.9(a) and (b) show, the current on the square patch is mainly 

distributed along the upper and lower side edge, which is opposite to the situation of the 

ground plane. It means that when Gp increases but is less than 73 μm, the additional 

inductance formed by the two metallic posts increases significantly, while the capacitance 

between the square patch and the top surface of the metallic posts decreases a little. 

According to Equation 3.16, vp decreases and the resonance frequency is reduced. However, 

when Gp goes larger than 73 μm, the inductance increase slightly, but the capacitance 
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decreases significantly, which means the decreasing capacitance dominates in Equation 

3.16 and, thus, the resonance frequency rebounds. 

According to Figure 3.8(b), the height of the metallic posts, Hp is varied from 1 to 10.5 μm 

while keeping Lp and Gp fixed at 6.7 and 73 μm respectively. It illustrates that fAMC shows 

a constant trend of decrease when Hp is increased. That is because when Hp increases, the 

introduced inductance and capacitance both increase. Thus the phase velocity and the 

resonance frequency are reduced. 

From the results of the parameter sweep discussed above, it is clear that the presence of 

metallic posts brings about a tuning effect on the resonance frequency fAMC. It is seen to 

first descend and then rise with an increase in parameter Gp, and shows an inverse 

proportionality to Hp. 

3.3.3 Thin AMC with Embedded Guiding Structures 

The stack-up of a standard CMOS process provides about six layers of metal. The metal 

layer inside the dielectric slab of AMC can be smartly used to reduce its resonance 

frequency. As Figure 3.10 shows, the electric fields around the embedded guiding 

structures have to make a detour so that the electromagnetic waves passing through the 

silicon dioxide also make a longer path, thereby increasing the electrical thickness of the 

oxide layer. In this section, the geometry of the silicon substrate, ground plane, periodic 

square patch layer and the oxide layer are kept the same as in Section 3.3.2. As Figure 3.11 

shows, the metal layers between the patch layer and the ground plane are utilized for 

fabricating the embedded guiding structures. Considering the influence of the resistance on 

the AMC resonance, only one metal layer is utilized for embedded guiding structures in 
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this design. The two symmetric guiding structures have planar dimensions of Lg and Wg. 

The gap between the structures and the edge of the unit cell is defined as Gg while Hg refers 

to the distance from the ground plane to the embedded guiding structures.  

 

Figure 3.10 Electric fields detour around the embedded guiding structures  

 

(a) 
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(b) 

Figure 3.11 Geometry of AMC with embedded guiding structures (a) Top view, (b) Front view 

To ascertain the effect of guiding structure parameters on the AMC’s thickness reduction, 

a parametric sweep of each geometrical parameter of the embedded structure was 

undertaken. The gap between the structure and the unit edge Gg was varied from 5 to 45 

μm. The height of the structures Hg was ranged from 1 to 10.5 μm. The length of the 

structures Lg was tuned from 200 to 390 μm and the width Wg was varied from 50 to 250 

μm. The simulated sweeping results are shown in Figure 3.12. 

        

(a)                                                                               (b) 
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(c)                                                                                  (d) 

Figure 3.12 Tuning effect of embedded guiding structures on the AMC resonance frequency: (a) 

Sweep of the gap between the embedded guiding structures and the adjacent unit side edge, (b) 

Sweep of the height of the embedded guiding structures, (c) Sweep of the length of the embedded 

guiding structures, (d) Sweep of the width of the embedded guiding structures 

 

(a)  
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(b) 

 

(c) 

Figure 3.13 Electric field distribution in the silicon dioxide: (a) Top View (b) Front view, and (c) 

Side view 

According to Figure 3.12(a), the gap Gg is varied while the height, length and width of the 

embedded guiding structures are fixed as 4, 220 and 90 μm respectively. It is noted that the 

resonance frequency is inversely proportional to Gg. This is because the electromagnetic 

fields in the silicon dioxide concentrate around the upper and lower side edge, as Figure 

3.13(a) shows, thus the bending of the radio-wave propagation path decreases with Gg 

increasing. 

As Figure 3.12(b) shows, when Gg is 5 μm and the dimensions Lg and Wg are fixed, fAMC 

goes down before the height Hg reaches 4 μm, and then rebounds to 107 GHz. According 
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to the front view of the electric field in the silicon dioxide, as shown in Figure 3.13(b), the 

electromagnetic fields are stronger at the space near the square patch. When Hg increases, 

the propagation of more electromagnetic waves is bent by the embedded guiding structures, 

thus fAMC decreases. However, when the embedded guiding structures are too close to the 

square patch, they provide the reflection function but not guiding, which is similar to what 

the ground plane does. The vectors of the electric field near the side edge of the embedded 

guiding structures are shown in Figure 3.14(a). It can be noticed that when Hg reaches 8 

μm, the electromagnetic fields near the embedded guiding structures do not detour. The 

reflection characteristic of the embedded guiding structures causes the increasing trend of 

the resonance frequency when Hg is larger than 4 μm. 

In Figure 3.12(c), Lg rises from 200 to 390 μm while other parameters are fixed. It can be 

noticed that fAMC dramatically falls first and then bounces to about 104 GHz. According to 

Figure 3.13(b), when the length of the structure increases from 200 to 220 μm, the 

propagation of more proportion of the radio waves meander, and the bending effect of the 

embedded guiding structures on the waves is enhanced. However, when Lg is larger than 

220 μm, the guiding property fails but reflection occurs which causes the rebound of fAMC. 

The electric field distribution near the embedded guiding structures when Lg reaches 300 

μm is shown in Figure 3.14(b).  

In Figure 3.12(d), Wg ranges from 50 to 250 μm while other parameters are fixed. The 

resonance frequency decreases until Wg = 90 μm, after which fAMC rises with increasing Wg. 

As Figure 3.13(c) shows, the increasing Wg causes more detour for the electromagnetic 

waves passing through the silicon dioxide. However, when Wg is larger than 90 μm, the 

AMC resonance frequency rebounds. The electric field in the silicon dioxide when Wg = 
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180 um is shown in Figure 3.14(c). It can be found that the electromagnetic wave does not 

meander near the embedded guiding structures when Wg is too large, and the reflection of 

the embedded guiding structures leads to the increase of the AMC resonance frequency. 

To sum up, the closer the embedded guiding structures are to the unit cell edge, the lower 

is the resonance frequency; in contrast, fAMC shows a sharp decrease and then a rise with 

the increasing height Hg and dimensions, Lg and Wg of the embedded structure. 

 

(a)                                                                        (b) 

 

(c) 

Figure 3.14 Vectors of the electric field in the silicon dioxide: (a) Hg = 8 μm (b) Lg = 300 μm, 

and (c) Wg = 180 μm 
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3.4 AMC Backed On-chip Antenna 

3.4.1 Monopole Antenna with Thick AMC Backed 

In this section, considering a chip with acceptable dimensions, the monopole antenna is 

backed with 4×4 finite AMC surface initially. Compared to the simulation of thick square 

patch based AMC in Section 3.3.1, the dimensions of the 4×4 finite AMC surface are 

optimized due to the degeneration from an infinite to a finite AMC surface, so that its 

reflection phase, as shown in Figure 3.15, undergoes cross zero degrees at 94 GHz with a 

bandwidth of 3.8 GHz. 

Table 3.3 Geometrical parameters of 4×4 finite thick AMC surface (all in μm) 

Lu D T TAMC Ts. 

600 590 0.5 27 500 

 

 

Figure 3.15 Reflection phase of 4×4 finite thick AMC surface 
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As Figure 3.16(a) shows, the monopole antenna is fed by a coplanar waveguide (CPW), 

where the length of the arm and the signal line is defined as La and Lf respectively while 

the width of the arm and the signal line are noted as Wa and Wf respectively. At the same 

time, the gap between the signal line and the pair of ground is set as G, and the width of 

the ground is defined as Wgnd. It can be noticed that the interconnection between the 

monopole arm and the signal line is located at the center of the chip. The use of a wave 

port is unsuitable for the simulation of this model because the substrate is too thick. In 

order to excite it with lumped port, the ground is extended by Wf / 2 and connected with a 

metal strip whose width and length are Wf / 2 and 2Wgnd+2G+Wf respectively. The 

additional strip will be removed during fabrication. As shown in Figure 3.16(b), the 

distance from the antenna layer to the square patch layer is denoted by Ha. Table 3.4 

presents the geometrical parameters of the monopole antenna. 

 

(a) 
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(b) 

Figure 3.16 Simulation model of thick AMC backed planar monopole antenna: (a) Top view, (b) 

Front view 

Table 3.4 Geometrical parameters of planar monopole antenna with thick square path based AMC 

(all in μm) 

La Lf Wa Wf Wgnd Ha G 

213 200 20 50 200 2.5 15 

 

The simulated reflection coefficient S11 and the normalized radiation pattern of the planar 

monopole antenna are shown in Figure 3.17. According to Figure 3.17(a), the monopole 

antenna is well-matched at 94 GHz with the return loss of 18.8 dB. Figure 3.17(b) shows 

its normalized radiation pattern in E-plane and H-plane. With the in-phase reflection 

provided by the thick AMC, it shows boresight radiation with a gain of 4.5 dBi and 

radiation efficiency of 45% at 94 GHz. 
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(a)                                                                         (b) 

Figure 3.17 Simulation results of the monopole antenna backed by thick AMC: (a) S11, (b) 

Normalized radiation pattern in E-plane (xoz-plane) and H-plane (yoz-plane) 

By adding a sweep of the distance from the AMC to the monopole antenna, Ha ranged from 

0.5 to 5 μm, it is found that when the antenna is very close to the AMC surface, at a distance 

of less than 1.5 μm, the gain of the monopole antenna is pretty low as shown in Figure 3.18.  

When Ha is 0.5 μm, the current on the arm of the monopole antenna is much less than that 

on the ground of CPW, which is shown in Figure 3.19 and means the antenna cannot be 

excited well if it is too close to the AMC surface. When the distance reaches 2.5 μm, the 

curve of the peak gain becomes stable. In this case, the suitable space, Ha, is 2.5 μm, 

introducing a trade-off between gain and the oxide thickness, where the total thickness of 

the oxide layer is 30 μm. 
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Figure 3.18 Peak gain of the monopole antenna with thick AMC versus the height away from the 

AMC 

    

(a)                                                                              (b) 

Figure 3.19 Current distribution on the monopole antenna when (a) Ha = 2.5 μm (b) Ha = 0.5 μm 

3.4.2 Monopole Antenna Backed by Thin AMC with Metallic Posts 

Because of the fringe effect of the finite AMC surface in contrast with the infinitely large 

AMC, the parameters of the 4×4 finite thin AMC with metallic posts are optimized and 

listed in Table 3.5. The thickness of AMC is reduced to 18 μm. Compared to the finite 
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thick AMC in Section 3.4.1, TAMC is reduced by 33% by adding metallic posts. Figure 3.20 

shows the reflection phase of the AMC, which shows a resonance at 94 GHz, with a 

bandwidth of 1.2 GHz. 

Table 3.5 Geometrical parameters of 4×4 finite thin AMC with metallic posts (all in μm) 

Lu D T TAMC Ts. Lp Gp Hp 

600 590 0.5 18 500 2 60 1 

 

Figure 3.20 Phase of the reflection coefficient of 4×4 finite thin AMC with metallic posts 

A monopole antenna identical to the one in Section 3.4.1 is placed 2.5 μm above the 

proposed thin AMC with metallic posts, as shown in Figure 3.21. It can be noticed that the 

metallic posts in each AMC unit cell are along the direction of the monopole arm. That is 

because the electric field direction in the previous AMC simulation should be the same as 

the electrical field radiated by the antenna in this case. It is found that the gain, in this case, 

is 1.2 dBi with boresight radiation. Figure 3.22 illustrates the peak gain of the monopole 

antenna with Ha varying from 0.5 to 5 μm. Considering the balance between the gain and 
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oxide layer thickness, the optimal distance from the antenna to the square patch layer of 

the AMC should be 1.5 μm, and the total oxide layer thickness becomes 20 μm. The 

dimensional parameters of the monopole antenna are optimized, as Table 3.6 shows. Figure 

3.23 presents that the antenna is well matched at 94 GHz with a return loss of 51 dB, and 

radiates in the boresight direction with a gain of 1.2 dBi and radiation efficiency of 23%. 

 

Figure 3.21 Monopole antenna backed by 4x4 finite thin AMC with metallic posts 
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Figure 3.22 Peak gain of the monopole antenna backed by thin AMC with metallic posts versus 

the height from the AMC 

Table 3.6 Geometrical parameters of the monopole antenna backed by thin AMC with metallic 

posts (all in μm) 

La Lf Wa Wf Wgnd Ha G 

200 181 20 50 200 1.5 15 

 

     

(a)                                                                    (b) 

Figure 3.23 Simulation results of the monopole antenna backed by the thin AMC with metallic 

posts: (a) S11, (b) Normalized radiation pattern in E-plane and H-plane  

3.4.3 Monopole Backed by Thin AMC with Embedded Guiding Structures 

In Section 3.3.3, the design of an AMC with embedded guiding structures is discussed 

which are distributed separately in each unit cell. However, in this section, the 

implementation of embedded guiding structures into the 4×4 finite AMC surfaces is 

adjusted, as Figure 3.24(a) shows, where only the structures on the chip edges have a gap 

of Gp away from the edge and dimensions of Lg and Wg. As Figure 3.24(b) illustrates, the 

embedded guiding structures are still located between the square patches and the ground 
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plane. At the same time, the embedded guiding structures between each adjacent unit cell 

along x direction are continuous with a length of Lg and width of 2×(Gg+Wg). That is 

because, in the previous AMC unit cell simulation, the electric field direction of the source 

is also along x direction. Table 3.7 gives the parameters of the 4×4 finite AMC with 

embedded guiding structures. The thickness of the proposed AMC is 16 um, which shows 

a 41% reduction as compared to the finite thick AMC. 

 

(a) 

 

(b) 

Figure 3.24 Geometry of the embedded guiding structures in finite AMC surface (a) Top view, 

(b) Front view 
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Table 3.7 Geometrical parameters of 4×4 finite thin AMC with embedded guiding structures (all 

in μm) 

Lu D T TAMC Ts. Lg Wg Gg Hg 

600 590 0.5 16 500 310 100 5 9.5 

 

 

Figure 3.25 Phase of the reflection coefficient of 4×4 finite thin AMC with embedded guiding 

structures 

As Figure 3.25 shows, the finite AMC with embedded guiding structures has zero-phase 

of reflection at 94 GHz with a bandwidth of 2 GHz. A monopole antenna having the 

identical dimensions as Section 3.4.1 is 2.5 μm above the proposed thin AMC with 

embedded guiding structure, as shown in Figure 3.26.  The antenna’s gain is 5 dBi. Then, 

the height of the antenna Ha is swept from 0.5 to 5 μm, and the variation of its peak gain is 

shown in Figure 3.27. It can be noted that when the monopole antenna is 1.5 μm above the 

AMC, it has the highest gain of 5.08 dBi. In this case, the total thickness of the oxide layer 

is 18 μm.  
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Figure 3.26 Monopole antenna backed by 4x4 finite thin AMC with embedded guiding structures 

 

Figure 3.27 Peak gain of the monopole antenna backed by thin AMC with embedded guiding 

structures versus the height above the AMC 

The optimized parameters of the monopole antenna, in this case, are listed in Table 3.8. 

According to Figure 3.28(a), the monopole antenna shows two resonance points: one is 

caused by the antenna at 94 GHz, the other one is at 96.5 GHz generated by the embedded 
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guiding structures. As Figure 3.29 shows, compared to the situation at 94 GHz, the 

embedded guiding structures on the left and right sides are excited to resonate at 96.5 GHz, 

which causes resonance point at 96.5 GHz in Figure 3.28(a). The AoC has a good 

impedance matching at 94 GHz with a return loss better than 25 dB and provides a 

boresight gain of 5.08 dBi while the radiation efficiency reaches 50%. 

Table 3.8 Geometrical parameters of the monopole antenna backed by thin AMC with embedded 

guiding structures (all in μm) 

La Lf Wa Wf Wgnd Ha G 

380 100 10 15 160 1.5 25 

 

          

(a)                                                                                  (b) 

Figure 3.28 Simulation results of the monopole antenna backed by the thin AMC with embedded 

guiding structures: (a) S11, (b) Normalized radiation pattern in E-plane and H-plane  
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(a)                                                                          (b) 

Figure 3.29 Current distribution on the embedded guiding structures (a) at 94 GHz, and (b) at 

96.5 GHz 

3.4.4 Investigation on the Size and Isolation of AMC Surfaces 

In the preceding sections, three finite AMC surfaces have been proposed and placed 2.5 

μm underneath monopole antennas with identical dimensions. Table 3.9 compares their 

thickness and gain enhancement performance. 

Table 3.9 Comparison of three kinds of finite on-chip AMC surfaces 

Type 
TAMC 

(μm) 

Thickness 

Reduction 

Enhanced Gain of 

AoC (dBi) 

Radiation 

Efficiency 

Conventional thick 

AMC 
27  4.5 45% 

Thin AMC with 

metallic posts 
18 33% 1.2 23% 

Thin AMC with 

embedded guiding 

structures 

16 41% 5.08 50% 
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It can be observed that the implementation of embedded guiding structures within the AMC 

leads to the greatest reduction in its thickness and provides a wider-band in-phase reflection. 

The monopole antenna integrated with the AMC that has embedded guiding structures also 

displays the highest gain, 5.08 dBi. The reasons for the relatively low gain of the AoC 

backed by the thin AMC with metallic posts are the higher conductor losses. When the 

input power is fixed as 1 W, the current densities on each metal part are listed in Table 

3.10. It can be noticed that the current on each part of the antenna backed by AMC with 

metallic posts is always stronger than that on the relevant parts, which means the losses of 

the model with metallic posts are larger and cause its lower gain and radiation efficiency. 

Table 3.10 Comparison of current density on each metal part (all in A/m) 

 Antenna 
Square 

patch 

Thickness 

reduction structures 

Ground 

plane 

Antenna backed by thin 

AMC with metallic posts 
79730 32429 4095 

Antenna backed by thin 

AMC with embedded 

guiding structures 

39490 7972 2350 1004 

 

The gain enhancement performance of a finite AMC surface is linked to the number of 

AMC unit cells. In this section, the investigation is based on the AMC with embedded 

guiding structures because it performs better than other types of finite AMC surfaces 

discussed. As Figure 3.30 shows, the peak gain of the on-chip monopole antenna is 

positively correlated with the number of AMC unit cells. When there is no AMC, the gain 

of the standalone AoC is only -3.3 dBi. Having the introduction of AMC, the gain of AoC 
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increases with the AMC unit cells growing in quantity, and it saturates when the number 

is larger than 16. So, in the following design, the AMC size of 4×4 is selected as a 

compromise between the chip size and the gain performance. 

 

Figure 3.30 Peak gain of the AoC versus the number of AMC unit cells 

The completely on-chip AMC can not only improve the antenna radiation, but also isolate 

the antenna from the substrate because the ground plane of AMC is placed at the upper 

surface of the silicon substrate. In a standard CMOS process, considering the transistor and 

circuit design, the resistivity of the silicon substrate is changed by doping in some cases. 

To study the isolation of the proposed on-chip thin AMC with embedded guiding structures, 

the resistivity of the silicon substrate is varied from 10-3 to 103 Ω-cm, and its effect on the 

AoC is recorded. As Figure 3.31 shows, when no AMC is implemented below the antenna, 

the gain varies dramatically with the increasing substrate resistivity, but it remains nearly 
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constant around 5 dBi when the on-chip thin AMC is loaded. The gain of a standalone 

monopole antenna on a heavily doped substrate (ρ=10-3 Ω-cm) is only -13.5 dBi, but it is 

4.9 dBi when the resistivity reaches 103 Ω-cm. This concludes that unless the AMC is 

introduced, the radiation performance of the antenna will be unstable when the substrate 

underneath is doped for transistor design. 

 

Figure 3.31 Substrate isolation of the thin AMC with embedded guiding structures  

3.5 Summary  

This chapter has compared three kinds of radiation reflecting surfaces, PEC, PMC and 

AMC, based on image theory and microwave theory. Based on their electromagnetic 

characteristics, PEC is not a good candidate for the gain enhancement of horizontal AoC 

placed above it, because the image current in the opposite direction causes radiation 

cancellation. Conversely, a PMC surface excites image currents that positively add to the 

radiation and improve gain. Unfortunately, PMC surfaces do not naturally exist, hence, 
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PMC-like properties are introduced in the desired frequency range through artificially 

engineered materials such as AMCs. The chapter then introduces the theory of AMC 

surfaces, and their operating principle is demonstrated from the perspectives of equivalent 

circuits and the optical ray model. Moreover, it presents the threshold conditions of AMCs 

when the ohmic losses are not negligible, such as for an electrically thin AMC designed in 

the stack-up of a CMOS process. 

The unit-cell simulation model of a square patch based AMC was given, and then 94 GHz 

AMC in a thick oxide layer of 29 μm was designed. To reduce the AMC thickness, the vias 

and other metal layers of the stack-up were utilized to create metallic posts and embedded 

guiding structures and introduced respectively in the silicon dioxide slab of AMC. By 

doing so, the AMC unit cell thickness was reduced to 13 μm. The effect of the geometrical 

parameters of the two kinds of implemented structures on fAMC was investigated by 

simulation.  

Furthermore, the three proposed AMC surfaces were implemented as 4×4 finite surfaces 

and used for the gain enhancement of a planar 94 GHz on-chip monopole antenna. It can 

be found the AMC with embedded guiding structures provides the best radiation 

performance of 5.08 dBi gain and has the thinnest oxide layer, 16 μm. Compared to a 

standalone AoC, the gain improvement reaches 8.38 dB. Moreover, the AMC backed 

antenna shows sound isolation to resistivity variation in the substrate. The resistivity of the 

substrate may be altered by doping for circuit design, and when varied from 10-3 to 103 Ω-

cm, corresponding to heavily doped and undoped silicon respectively, the gain of the on-

chip antenna shows a large variation range of 18 dBi. On the other hand, by adding the 
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proposed finite thin AMC with embedded guiding structures to the chip, the gain of the 

antenna is maintained around 5 dBi. 
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Chapter 4: Fabrication and Measurement 

Three different AMC structures are discussed in the previous chapter, and their simulated 

performance is compared. Of these structures, the on-chip monopole antenna backed by 

4×4 thin AMC with embedded guiding structures is selected to be fabricated as it exhibits 

the highest gain and the thinnest oxide layer. However, compared to a conventional stack-

up of CMOS processes, there is no adhesion film in the proposed model. In this chapter, 

the influence of the adhesion films on AoC is discussed, and an in-house CMOS compatible 

process is presented that is used for the fabrication of the prototype without the adhesion 

films. After that, the characterization setup and results of the prototype are shown, followed 

by a comparison of the simulated and measured results. 

4.1 Adhesion Films in Conventional Stack-up 

Typically, noble metals, such as copper, gold and silver are used to design conductors in 

electronic devices. However, the poor adhesion of these conductors to the oxide causes 

peeling. In order to improve adhesion, specialized adhesion layers are added in the stack-

up of a standard CMOS process, as shown in Figure 4.1. These extremely thin films (~10 

nm) are composed of chromium or titanium and are deposited between the oxide and the 

noble metallic films to bind the oxide with the layer of the noble metal.  
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Figure 4.1 Structure of the metal layers of a standard CMOS process  

The usage of the adhesion films helps the buildup of noble metal in device fabrication, but 

it reduces the average conductivity of metal layers and negatively affects the AMC and 

antenna radiation. AoC is a relatively new concept, and CMOS processes are not designed 

or optimized for its implementation. They have always been designed for device and circuit 

implementations, so these layers are meant for the fabrication of interconnects and thus, do 

not favor AoC. To investigate the negative influence brought by the adhesion films, the 

model in Section 3.4.3, monopole antenna enhanced by finite AMC with embedded guiding 

structures, is used for simulation, and 10 nm chromium films are modelled at the lower 

surface of copper layers as the adhesion films. Table 4.1 gives the peak gain and radiation 

efficiency at 94 GHz of the on-chip monopole antenna when certain metal layers have 

adhesion films. 

Table 4.1 Radiation performance when certain metal layers have 10 nm chromium films 

 M1 M2 M3 M4 Peak Gain (dBi) 
Radiation 

Efficiency 

Deposition 

of 

Adhesion 

Films 

    5 50% 

    -10.6 1.5% 

    -21.9 0.16% 

    3.6 36% 

    -24.6 0.09% 

 

In Table 4.1, M1 refers to the bottom metal layer that supports the ground plane of AMC, 

M2 represents the embedded guiding structures, M3 is the square patch layer of AMC, and 

M4 is the top layer where the monopole antenna is implemented. It is found that when all 
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copper layers have the adhesion films of 10 nm chromium, the antenna radiation 

experiences the greatest degradation, showing a peak gain of only -24.6 dBi and radiation 

efficiency of less than 0.1%. By comparing the radiation performance of each case, the 

negative influence caused by the 10 nm chromium film is sorted as: M3 (square patch) > 

M2 (embedded guiding structures) > M4 (antenna) > M1 (ground plane). It means if M3 

or M2 are engineered with the 10 nm chromium film but other layers have no adhesion 

films, the gain of the AoC is more destructively affected. The AMC cannot resonate under 

this condition because of the considerable resistance of the AMC. It provides PEC-like 

reflection and destroys the gain of the AoC. When only the antenna layer M4 has the 

adhesion layers, the damaging influence is less than that deposited on M3 and M2. That is 

because, in this case, the increased antenna resistance leads to some losses, but the 

resonance of the AMC is unaffected by the chromium films of M4, and it can provide in-

phase reflection for the AoC. When only the ground plane is realized on a 10 nm chromium 

film, the gain and radiation efficiency remain similar to the model without adhesion films. 

That is because the ground layer does not radiate. 

Furthermore, the thickness of the adhesion films has a significant effect on the antenna 

radiation. When the copper layer is fixed as 500 nm, but the thickness of the chromium 

adhesion film varies from 10 to 250 nm, as shown in Figure 4.2, the peak gain shows a 

direct proportionality to the thickness of chromium film. In other words, a thicker adhesion 

film leads to a higher peak gain.  
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Figure 4.2 Peak gain of the AoC versus the adhesion film thickness of chromium  

The impact of adhesion film thickness can be explained by the skin effect theory. The 

attenuation of electromagnetic waves in a lossy conductor is quite high, so the waves are 

mainly distributed in the area around the conductor surface. The skin depth δ is defined as 

the distance below the conductor surface where the amplitude of fields decays by e-1 from 

the initial value. Equation 4.1 gives the skin depth formula: 

1

f


 
                                                        (4.1) 

Where f is the working frequency, μ and σ are the permeability and electric conductivity of 

the conductor. According to Equation 4.1, the skin depth of chromium at 94 GHz is 595 

nm, much larger than the chromium film thickness in simulation. That means that the cross 

sectional area of the chromium film is so small that the surface resistance Rs becomes 

tremendous. Equation 4.2 gives the surface resistance as: 
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1
sR

t
                                                           (4.2) 

Where t means the depth where the energy is concentrated. For an infinitely thick conductor, 

t equals δ, but when the conductor thickness is less than δ, t should be the actual thickness. 

It can be noticed that the surface resistance is inversely proportional to the conductor 

thickness in this case. When the chromium thickness grows, the surface resistance 

decreases and the conduction loss caused by the adhesion films falls, thus the gain of the 

antenna increases. 

4.2 Fabrication without Adhesion Film Deposition 

The previous section establishes that the introduction of adhesion films in the stack-up 

causes the degradation in antenna gain in spite of easier and more robust fabrication. To 

realize a fabricated prototype that exhibits the enhanced gain and radiation performance as 

proposed in simulations, certain modifications to the fabrication process are required. This 

section proposes a fabrication process where the adhesion films do not exist but the copper 

layers still bond adequately to the oxide.  

The stack-up of the proposed structure of the monopole antenna backed by ultra-thin AMC 

with embedded guiding structures is depicted in Figure 4.3. It consists of a silicon substrate 

whose thickness is 500 μm, a thin silicon dioxide layer of 18 μm and four layers of 500 nm 

copper films. M1 is the ground plane which is supposed to fully cover the substrate. M2 is 

the embedded guiding structures and is designed at 9.5 μm above the ground plane. M3 is 

the square patch layer of the finite AMC with a gap of 6.5 μm above M2. M4 is the planar 

monopole antenna, locating at 1.5 μm above M3. 
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Figure 4.3 Stack-up of the proposed structure 

The different stages of the fabrication process are described below and the back end of line 

(BEOL) process is visually shown in Figure 4.4:  

Step 1 - Wafer Cleaning: At the beginning of fabrication, the wafer is submerged into a 

glass dish filled with acetone, then it is put in an ultrasonic bath for five minutes, followed 

by another five minutes ultrasonic bath of isopropyl alcohol (IPA). Most of undesired 

foreign substances can be easily dissolved and removed in acetone and IPA. Then, the 

wafer is rinsed with deionized water and dried by a nitrogen spray gun.  

Step 2 - Metal Deposition for M1: Sputtering technique is selected to deposit 500 nm 

copper on top of the wafer. The clean wafer is delivered into the chamber of the ion-assisted 

deposition tool, and under direct current power of 400 W and pressure of 5 mTorr, the 500 

nm copper film is deposited in 792 seconds. 

Step 3 - Oxide Deposition between M1 and M2: The silicon dioxide layer is deposited 

through Plasma-Enhanced Chemical Vapor Deposition (PECVD). Firstly, the wafer is pre-

cleaned by nitrogen and ammonia gas. Then, the chamber temperature and pressure are set 

as 300 ℃ and 1000 mTorr respectively, and the gas flows of silane (SiH4) and nitrous oxide 
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(N2O) are set as 6 and 850 sccm with 20 W RF power. The deposition of a 9.5 μm silicon 

dioxide layer is achieved in 2 hours and 27 minutes. 

Step 4 - Surface Roughening: The bombardment of Argon atoms can make the surface of 

silicon dioxide rough, thereby improving the adhesion of copper films to the oxide. This 

step is carried out using a technique which has Argon plasma, such as PECVD and Reactive 

Ion Etching (RIE). After setting the argon flow as 500 sccm, both RF power and low 

frequency (LF) power as 100 mTorr at a 10-second pulse, only one minute is required to 

roughen the surface well, compromising little silicon dioxide. 

Step 5 - Lithography for M2: The proper usage of the photoresist forms a good contact 

surface for the lift-off solvent, thereby reducing the difficulty of lift-off and helps the 

copper stay on the oxide. The detailed procedure is given as follows. First, the wafer is 

coated with AZ 5214 image reversal photoresist by spinning. This is done in three steps at 

800, 1500 and 3000 rpm speeds and consumes 3, 3, and 30 seconds respectively. By doing 

so, the thickness of the photoresist ideally becomes 1.6 μm that is slightly larger than thrice 

the thickness of copper films. Secondly, it is prebaked at 110 ℃ on a hot plate for two 

minutes to solidify the photoresist. Then, the wafer is sent to the mask aligner for exposure. 

The wafer is covered with a patterned chrome dark mask and the area except intended 

pattern is exposed to ultraviolet (UV) light of 80 mJ/cm2. Next, it is placed on a hot plate 

of 120 ℃ for two minutes, in a process called reversal baking. Then the wafer is put back 

under the mask aligner and is exposed to 200 mJ/cm2 where the mask is replaced with a 

piece of blank glass.  Once exposed, the wafer is soaked in developer AZ 726 for one 

minute and the unexposed area of the resist at the first exposure is solved.  It is washed and 

dried by deionized water and nitrogen gas before metal deposition. The copper deposition 
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of M2 follows the same process as Step 2. Finally, the wafer is placed in a dish of dimethyl 

sulfoxide (DMSO) solvent for a gentle lift-off. The residual photoresist is solved, thus the 

copper above the resist is conveniently removed but the copper at the intended areas is kept.  

Step 6 - Oxide Deposition between M2 and M3: In this step, the gas, temperature and 

pressure are kept the same as Step 3 but the deposition time is changed to 1 hour 32 minutes 

and 52 seconds.  

Step 7 and 8 - Surface Roughening and Lithography for M3: Same as Step 5 and 6. 

Step 9 - Oxide Deposition between M3 and M4: The setup of PECVD is kept the same as 

Step 3, with the exception of deposition time which is 23 minutes and 12 seconds in this 

step. 

Step 10 and 11 - Surface Roughening and Lithography for M4: Same as Step 5 and 6. 

Step 12 - Dicing: The wafer is machined into a number of 2.8×2.8 mm2 chips with a dicing 

saw 
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Figure 4.4 Fabrication process of the BEOL part  

As mentioned above, the steps of surface roughness and proper lithography enable the 

copper to stay on the oxide without the need of the adhesion layers. Using the process 

described above, the prototype is fabricated and presented in Figure 4.5. It can be noticed 

that the pattern and alignment of each metal layer are in fair agreement with the proposed 

structure, and there is hardly any metal exfoliation. Measured by a Vernier caliper, the 

dimension of the square chip is 2.8×2.8 mm2. The chip side length is 0.4 mm longer than 

that in the simulation model. This extension is kept to ensure that the device is not damaged 

by the dicing blade if the chip boundary is too close to the essential metal. The cross section 
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is viewed by an optical microscope, and the realized oxide thickness is found to be 18.18 

μm within a slight error of 0.18 μm from the simulation model.  

 

(a) 
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(b) 

 

(c) 

Figure 4.5 Fabricated ultra-thin AMC backed on-chip monopole antenna: (a) Top view from a 

microscope, (b) Cross-sectional view from the microscope, (c) Dimensional measurement with a 

Vernier caliper. 

4.3 Passive Measurement and Analysis of Prototype 

After fabrication and imaging check, the comprehensive measurement of input impedance 

and radiation was carried out in an Orbit μ-lab anechoic chamber integrated with an Agilent 

vector network analyzer (VNA) 5242A and relevant extender modules, The antenna under 

test (AUT) was fed by an Infinity probe I110-A-GSG-150. The setup of the impedance 

measurement is shown in Figure 4.6. The AUT was placed at the center of the chamber 
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and supported by a foam chuck. The AUT was excited by port 2 and the S22 provided by 

the chamber indicated the reflection coefficient of the AUT. The alignment and feeding 

probe landing were also assisted by a microscope and vision system. Before the return loss 

measurement, the system was calibrated to correct system errors using the short, open and 

load circuits from a Cascade 104-783 W-band impedance standard substrate (ISS). The 

simulated and measured reflection coefficients of the AUT are in fair agreement for in-

band response, as shown in Figure 4.7. It is evident that the on-chip monopole antenna is 

well matched from 92 to 98 GHz with a return loss of 16 dB at 94 GHz. Compared to the 

simulated results, it shows almost the same two resonance frequencies around 94 and 96.5 

GHz and gives a slightly wider impedance bandwidth. 
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(a) 

 

  

(b) 

Figure 4.6 Reflection coefficient measurement setup: (a) SNF anechoic chamber, (b) Probe 

landing 

 

Figure 4.7 Simulated and measured reflection coefficient of the AUT 
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The radiation performance was characterized in the same chamber, but the probe-fed AUT 

was connected to port 1, and the scalar-feed-horn-10 (SFH-10) antenna, used as a reference, 

was excited by port 2. Here the reference antenna was set as transmitter and the AUT 

worked as the receiver. The direct gain calibration was taken, as Figure 4.8 shows, prior to 

the radiation measurement. During the calibration, one additional lossy cable with known 

scattering parameters was introduced. Port 1 and port2 were directly connected by the two 

blue flexible cables and the lossy cable, thus the total system insertion loss was measured, 

and the gain of the AUT could be conveniently measured after that. 

 

(a) 



98 
 

 

(b) 

Figure 4.8 Direct gain calibration: (a) Block diagram, (b) Setup photo 

      

(a)                                                                             (b) 

Figure 4.9 Simulated and measured normalized radiation patterns at 94 GHz: (a) E-plane, (b) H-

plane 
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Figure 4.10 Peak gain versus frequency of simulation and measurement 

Once the calibration was done, the probe was moved to land on the AUT to begin the 

measurement. Due to the physical constraints of the chamber, the E-plane measurement of 

the AUT was ranged as θ = -20° to 230° while φ = -90°, and H-plane was θ = 0° to 360° 

while φ is zero. Figure 4.9 depicts the simulated and measured normalized radiation 

patterns at 94 GHz. The peak gain versus frequency is shown in Figure 4.10. Furthermore, 

to characterize the directivity and radiation efficiency of the prototype, the spherical 

radiation pattern with the exception of the probe part (φ= −30° to +30°, θ=20° to 130°) was 

measured with the azimuth step of 5° and the inclination step of 2° Then, the results were 

substituted into the following equation: 

,

,

sin

( , ) sinn

D
F

 

 



  





                                                     (4.1) 

Where ( , )nF    is the normalized radiation pattern. 
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Compared to the simulation results, it is noted that there exists a back lobe and several side 

lobes in the measured E-plane, while the measured H-plane pattern is almost matched 

except a backside radiated lobe. The measured peak gain is also in fair agreement with the 

simulated results showing an initial rise followed by a drop, in the impedance-matched 

frequency band (92 to 98 GHz). The highest value of the realized gain occurs at 94 GHz as 

5.85 dBi, while the highest gain in simulation is 5.1 dBi at 93.8 GHz. After measurement-

based calculation, the directivity is 8.22 dB, and the radiation efficiency is 57%. 

The discrepancy in radiation pattern and gain is caused by the extra chip area and probe 

effect. Due to the risks associated with dicing, the side length of each sample is expanded 

to 2.8 mm instead of 2.4 mm. Secondly, the huge conductor body and the uncovered tips 

of the feeding probe bring unwanted coupling and reflection. Figure 4.11 shows the post-

simulation model where the chip margin and probe body are both taken into consideration. 

The 7% difference of the radiation efficiency is caused by the missing data at the probe 

part. 

 

Figure 4.11 AUT with the probe simulation model 
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As shown in Figure 4.12, the results between the measurement and post-simulation are 

matched, which verifies that the discrepancy is brought by the extra chip margin and the 

huge conductive probe body.  

        

(a)                                                                            (b) 

 

(c) 

Figure 4.12 Measured and post-simulated results: (a) E-plane radiation pattern, (b) H-plane 

radiation pattern, (c) Peak gain versus frequency 
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4.5 Summary 

This chapter investigates the effect of the adhesion films in conventional CMOS stack-up 

on the radiation performance of on-chip antennas. Because of the skin effect, the extremely 

thin adhesion films lead to undesirable power losses. The effect of various parameters of 

the adhesion film, such as thickness on the different metal layers, is quantified through a 

series of simulations based on 10 nm chromium films. As a solution, an in-house CMOS 

compatible process is presented which allows metal layer formation without the need of 

adhesion films. The proposed on-chip antenna backed by an ultra-thin AMC with 

embedded guiding structures has been fabricated through this fabrication process. 

Compared to the simulation model, the prototype has a larger footprint (2.8×2.8 mm2) to 

prevent dicing risk and has good agreement with the intended oxide thickness of 18 μm 

within a small error of 0.18 μm. 

Once the design is fabricated, and stack-up is verified through imaging tools, the prototype 

was characterized for input impedance and radiation performance. The AUT was 

connected to port 2 to measure its return loss. A well-matched frequency band between 92 

and 98 GHz was found experimentally with the reflection coefficient of -16 dB at 94 GHz. 

Then, the AUT was connected to port 1 as the receiver, and the reference antenna was set 

as the transmitter. According to the measured normalized radiation pattern, the main lobe 

is at boresight, and there exist some side lobes and a back lobe. The prototype exhibits a 

gain of 5.85 dBi and the radiation efficiency of 57% at 94 GHz. Through post-simulation, 

where the feeding probe model is introduced and the chip size is expanded as the prototype, 

the discrepancy such as the undesired lobes and higher gain is verified.  
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Chapter 5: Conclusion and Future Work 

In this work, thickness miniaturization for a true on-chip AMC was investigated for the 

purpose of gain enhancement of Antenna-on-Chip. The designed AMC includes a periodic 

layer as well as a ground plane above the silicon substrate. In this configuration, the AMC 

not only achieves in-phase reflection but also provides the necessary isolation for the 

antenna from the lossy silicon substrate.   

Initially, a conventional square patch based AMC operating at 94 GHz is designed. The 

infinitely large AMC reflecting surface is modeled as a unit cell problem with appropriate 

boundary conditions. In this simulation study, the thickness of the AMC comes out to be 

29 μm, which is difficult to be achieved in the relatively thin stack-up of standard CMOS 

processes. The resonance frequency of an AMC is inversely proportional to its thickness. 

To reduce the AMC thickness and make it comparable to the oxide layer of a CMOS 

process, metallic posts and embedded guiding structures are introduced by utilizing the 

existing vias and metal layers in the stack-up. The metallic posts and embedded guiding 

structures are located between the square patch layer and the ground plane of AMC, and 

the effect of their geometrical parameters on the AMC’s resonance frequency is studied. 

By implementing the two types of structures in the conventional thick AMC unit cell, the 

thickness is reduced from 29 μm to 13 μm which is a reduction of nearly 55%. Because of 

the degeneration of the AMC surfaces, the thickness of the finite 4×4 AMC with metallic 

posts is 18 μm and that of AMC with embedded guiding structures turns to be 16 μm. In 

order to assess the gain enhancement properties of the proposed AMCs, a planar monopole 

antenna was simulated by placing it 2.5 μm above the three AMC surfaces. The best 
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radiation performance was observed from the AoC backed by the AMC with embedded 

guiding structures. After optimization, the antenna is placed 1.5 μm above the AMC, 

providing 5.08 dBi gain at 94 GHz, and the total oxide thickness came to 18 μm. Compared 

to a standalone on-chip antenna, the gain in the presence of the proposed AMC is enhanced 

by 8.38 dB.  

The design was fabricated in KAUST NANOFAB through a CMOS compatible process, 

where no adhesion layers were deposited. Then, the input impedance and radiation 

properties of the prototype were characterized by using the anechoic chamber. It exhibited 

a good impedance matching at 94 GHz with a return loss of 16 dB, gain of 5.85 dBi and 

radiation efficiency of 57%.  A discrepancy observed in the results comprising of ripples 

in the radiation pattern, and enlarged gain was verified through post-simulation where the 

feeding probe model of measurement setup was added and the chip size was expanded as 

the prototype.  To the best of this author's knowledge, this is the thinnest on-chip AMC 

design, and the experimentally measured gain is the highest in the literature that is achieved 

without any off-chip components or post-fabrication processes. 

It is believed that some future work could be carried out to refine the study of this thesis. 

The future work includes, but is not limited to:  

 Accurate measurement of the radiation efficiency. In this thesis, the radiation 

efficiency of the prototype was found through post-calculation using incomplete 

spherical radiation pattern measurements due to missing data near the probe region. 

One solution to measure the entire radiation pattern is to design a bent but low 
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radiative feeding network. Thus the monopole antenna is perpendicular to the probe 

tip and the radiation data behind the antenna becomes accessible. 

 Radiation pattern measurement. The measured radiation pattern in E-plane was 

deformed by the feeding probe, and several side lobes were generated because of 

the undesired reflection and coupling of the probe. It would be better to investigate 

a method of the de-embedding of the probe radiation from regularly tested results. 

 Implementation of an antenna array. In this work, the thickness reduction and gain 

enhancement performance of the metallic posts based AMC was unsatisfactory 

compared to the AMC with embedded guiding structures. However, the vias can be 

utilized as multilayer interconnections and build up a feeding network to form an 

on-chip antenna array and improve the radiation performance further.  
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