Chapter 6

On-Chip Antenna: Challenges and Design
Considerations
Atif Shamim1 and Haoran Zhang1

This book chapter focuses on on-chip antennas (OCA). The challenges associated
with OCA design, implementation, and characterization are discussed in detail. In
addition, this chapter highlights the research work that has been conducted in this
field to date. This chapter concludes by proposing future research directions in the
field of OCA.

6.1 Introduction
Presently, the most common approach for the realization of a wireless system is
through the assembly of discrete components, such as digital integrated circuits
(IC), mixed-signal ICs, radio-frequency integrated circuits (RFIC), and passive
components, on printed circuit boards (PCB), as displayed in Figure. 6.1. This
arrangement is known as system-on-board (SoB) [1], and there are several
problems associated with this conventional SoB approach. Since separate ICs are
mounted on the PCB, each IC requires a bulky and costly IC package for physical
protection and input-output (I/O) connections from the chip set to the system board.
This involves the use of on-chip bond pads and bond wires, which limits the chip’s
performance and reliability. The overall system in this approach occupies a large
size, and the realization cost is high. In addition, since various types of ICs are used
for one system, different design and fabrication processes are required for the
realization of RFICs, digital ICs, and mixed-signal ICs, which unfortunately creates
issues of compatibility and reliability. Other than the ICs, antennas are designed on
a separate PCB, which must be integrated with the PCB containing ICs and other
discrete components. In some cases, the antenna can be on the same PCB as the ICs.
This PCB antenna is connected to the RFIC through bond wires and bond pads,
which unfortunately introduce additional radio-frequency (RF) insertion loss and
transmission uncertainty because the RF properties of these bond wires and bond
pads are not well characterized, especially for higher frequencies. To resolve the
aforementioned problems associated with SoB, the best solution is to combine all
discrete components on a single chip, an arrangement known as system-on-chip
(SoC) [2].
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Figure 6.1 System PCB integrated with RFIC, mixed-signal IC, digital IC, and
separate PCB antenna
Over the past few decades, the aggressive miniaturization of complementary metal
oxide semiconductor (CMOS) transistors, followed by Moore’s law, has promoted
the development of ICs into a higher-integration level, which makes it possible to
integrate the complete system on a single chip, realizing an SoC. The highly
integrated SoC provides the benefits of low cost, small physical size, light weight,
and low power consumption, which facilitate the realization of portable and highly
compact devices, such as internet of things (IoT) sensors and compact radar
systems. Due to the rapid development of ICs, the digital module, analog module,
and RF front-end can be integrated on a single chip. However, some issues remain
in combining all different modules in one chip. One major issue is that each circuit
module requires its own specialized process. If all the circuit modules are
integrated in one chip, the process might not be suitable for all of them being in the
best performance. Nonetheless, it is feasible to integrate all the circuit modules in a
single chip; however, the bottleneck for a real wireless SoC is the realization of an
on-chip antenna (OCA). The typical chip sizes are on the order of a few millimeter
squares to around 100 mm2. However, the antenna size is proportional to the
wavelength, which is quite large at low frequencies. As a result, the typical antenna
size is much larger than the size of the available chip space for low-frequency
applications. For example, a typical WiFi antenna length is approximately 60 mm,
so it cannot be efficiently realized on a chip. Moreover, after the integration of all
the circuit modules, there is limited space for the realization of OCA. Over the past
two decades, driven by the high demands of high bandwidth and system
compactness, tremendous efforts have been made in the development of
millimeter-wave (mm-wave) and sub-terahertz applications. The use of mm-wave
and sub-terahertz frequency bands has significantly decreased the antenna sizes
(due to shorter wavelengths), providing the possibility of implementing the antenna
on the chip. Figure. 6.2 illustrates the concept of OCA integration with ICs. Since
the OCA can be fed by the circuit through an on-chip transmission line, the
influence of bond wires and bond pads can be eliminated. Furthermore, integrating
OCA and circuits in the same chip removes the restriction of 50W impedance
matching. Instead, more flexible methods of impedance matching can be applied,
providing IC and antenna designers with greater design freedom. However, it is
difficult to realize an OCA with high performance in a typical CMOS process.
Many challenges related to the OCA still must be tackled. These issues are
discussed in detail in the following section.
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Figure 6.2 Concept of system-on-chip

6.2 On-Chip Antenna Challenges
As mentioned in the previous section, OCA presents an excellent solution for the
applications that require higher integration levels and lower cost. However, it is
feasible to realize the OCA in the commercial CMOS processes, and there remain
many challenges related to the OCA. In this section, challenges of OCA are studied
from the perspectives of design, layout, and characterization.

6.2.1 Incompatible CMOS Stack-Up
Bulk silicon is the most commonly used substrate in standard CMOS processes. It
has low resistivity and is highly suitable for the circuits. Its abundance ensures a
lower cost for CMOS processes. However, the bulk material properties of silicon
and the CMOS stack-up are not suitable for efficient realization of OCAs.
A typical CMOS stack-up is depicted in Figure. 6.3. A 300–500 µm thick
silicon substrate is located at the bottom. On top of the silicon substrate, thin layers
of dielectrics (around 7–15 µm thick) are embedded with 6–9 metal layers, each of
which has a thickness approximately 500 nm, except for the top metal layer, which
has a thickness of 1–2 µm. The metal layers are typically used to realize the passive
components, such as capacitors, inductors, and transmission lines. The
interconnections are also implemented in these metal layers and use the inter-layer
vias. Among all the metal layers, the top layer is the best choice for the
implementation of OCA because its relatively higher metal thickness can minimize
the skin depth effect, especially for the antennas in mm-wave and sub-terahertz
frequency bands. The dielectric layers (typically SiO2) between the metal layers
provide good insulation. On top, the chip is typically covered with a thin layer of
silicon nitride or polyimide for protection, which is known as the passivation layer.
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Figure 6.3 Silicon-based CMOS stack-up
6.2.1.1 Low Radiation Efficiency
Low radiation efficiency is the most critical issue for the effective realization of an
OCA. The primary reason for low radiation efficiency is the use of the lowresistivity silicon substrate in commercial CMOS processes.
As a semiconductor, the silicon substrate has a low resistivity of around 10–15
Ω·cm, which is an advantage for IC design, since low resistivity is helpful for
avoiding latch-up issues. Latch-up occurs due to current conduction by parasitic
NPN or PNP devices formed in the substrate. By using low-resistivity substrates,
the gain of these devices is reduced, which reduces the likelihood of latch-up [3].
However, the use of a low-resistivity substrate is catastrophic for OCA design.
When the antenna is closely placed on top of this silicon substrate with low
resistivity, the electromagnetic (EM) waves find a low resistive path in the silicon
substrate. Thus, the silicon substrate absorbs most of the RF power, which is
dissipated in the silicon substrate in the form of heat [4] rather than being radiated
in the air, as displayed in Figure 6.4. As a result, OCA offers very low radiation
efficiency.
In addition to the property of high loss, the silicon substrate also has a high
permittivity value of 11.9. This results in more EM fields in the substrate compared
with the free space radiation. In fact, the ratio of the power that is trapped in the
substrate compared with the power that radiates into the air can be calculated
approximately using the following equation [5]:

Pair
1
= 32
Psub e r
where Psub is the power trapped/absorbed in the substrate, and Pair is the power
that is radiated in the air. According to the equation, 97% of the total power is
coupled to the typical bulk silicon substrate, while only 3% RF power is radiated in
the air. The power coupled in the substrate is mostly dissipated as heat. Some
power is radiated from the substrate in unintended directions; however, this is an
issue that will be discussed in the following sub-section.
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Figure 6.4 Overview of system-on-chip and on-chip antenna challenges
6.2.1.2 Surface Waves
Other than the low radiation efficiency, the OCA suffers from the generation of
surface waves due to the high permittivity of the silicon substrate and its large
thickness. These high-order surface waves distort the desired antenna radiation
pattern. The typical thickness of the silicon used in the CMOS foundries is in the
range of 300–700 µm, which is considered electrically thick for mm-wave
frequency applications. In addition, the high permittivity of the silicon substrate
reduces the guided wavelength in the substrate. As a result, high-order surface
waves can be generated in this silicon substrate. The antenna substrate always
supports one surface wave mode as least. This surface wave mode is known as the
TM0 mode, which does not have a cut-off frequency, so they are always being
excited. The following equation reveals the surface wave cut-off frequency for
higher modes:

f cut -off =

nc
4h e r - 1

where n is the surface wave mode number (n = 0, 2, 4… for TMn modes; n = 1,
3, 5… for TEn modes), c is the speed of light in free space, h is the thickness of the
substrate, and er is the substrate permittivity. According to the equation, the larger
substrate thickness and higher permittivity lead to a lower cut-off frequency; as a
result, more surface waves with higher modes can be excited. For example, a 77
GHz OCA can excite a higher-order surface wave—TE1 mode, which has a cut-off
frequency of 56.8 GHz—if the antenna has a silicon substrate with a permittivity of
11.9 and thickness of 400 µm.
As displayed in Figure 6.4, surface waves can radiate at substrate side surfaces
and surface discontinuities, such as truncations and cavities in the substrate, which
cause changes in the radiation pattern and polarization characteristics. An
investigation of how the surface waves distort the radiation pattern of OCA has
been conducted in [6]. As presented in Figure 6.5, a satisfactory donut-shaped
radiation pattern is obtained when the silicon substrate thickness is 20 µm. As the
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silicon substrate thickness increases, the radiation pattern begins to distort.
Especially when thickness is increased to 500 µm, high-order surface waves are
generated in the substrate, which completely distort the original radiation pattern.

(a)

(b)

(c)

Figure 6.5 3-D radiation patterns of a planar on-chip bowtie antenna at 77 GHz
for various silicon thicknesses. (a) 20 um thick silicon, (b) 50 um thick silicon, (c)
500 um thick silicon [6]

6.2.2 Co-design of Circuits and On-Chip Antenna
In an on-chip implementation, the antenna and circuits are placed very close to
each other due to the limited space available on the chip. Thus, their influence on
each other’s performance can no longer be ignored. The coupling between the
OCA and the other on-chip components, particularly on-chip inductor, capacitors,
and RF interconnects, can be detrimental for system performance. Therefore, a codesign strategy for the circuits and antenna must be adapted to eliminate surprises
after the chip has been fabricated; however, reliable and efficient simulation
mechanisms, for the co-design approach, are still far from optimal. In this section,
the issue of crosstalk between the OCAs and circuits is discussed first. Afterward,
the co-simulation approach and its challenges are presented.
6.2.2.1 Coupling Effects between OCAs and Circuits
As previously mentioned, the antenna is typically realized on a separate PCB;
therefore, the crosstalks or coupling effects between circuits and antennas are not
significant due to the large distance between them. However, the SoC is a highly
integrated environment in which the OCAs and circuits are integrated in a single
chip with extremely small spacing between them. In this case, the crosstalks or
coupling effects cannot be ignored. Since the field of OCA is relatively young, few
papers have investigated the coupling effects between the OCAs and on-chip
circuits [7, 8].
Unwanted coupling effects can distort the OCA’s input impedance matching
and radiation performance, such as radiation efficiency and radiation patterns. The
close-by metals from the circuit part can alter the OCA’s current distribution; thus,
the OCA’s input impedance and radiation performance can be affected. The circuit
part primarily comprises active components, passive components, and some other
elements, such as bond pads and dummy metal fills. The feature sizes of active
components, such as transistors and diodes, are very small; therefore, they do not
strongly impact the OCA’s performance; however, the passive components, such as
inductors, capacitors, and transmission lines, have relatively large sizes
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(proportional to the operation frequency), and their presence in the close vicinity of
the OCA is detrimental. In addition, the side length of a bond pad is typically larger
than 50 µm, which is considered large, particularly for a mm-wave OCA. On the
other hand, dummy metal fills are used in all metal layers to fulfill the specific
layout rules defined by the CMOS foundries. Though dummy metal fills have
relatively small dimensions, they are placed in large numbers in close proximity
and thus cause unwanted coupling effects. Figure 6.4 illustrates the coupling effects
between an OCA and some close-by metals.
Negative effects can occur on the circuits’ performance, as well, such as the
frequency response of an amplifier’s gain being distorted by unwanted coupling.
Other than the coupling of electromagnetic energy through air, coupling can also
occur through the substrate. The noise currents, generated by OCA, are injected
into silicon substrate [9]. When the noise currents in the substrate reach the active
region of the circuits, the circuit performance will be affected [10], as presented in
Figure 6.6. Conversely, the noise currents generated by the circuits’ active region
can flow toward the critical area below the OCA and influence the antenna’s
performance. One good solution to avoid the noise currents is through the use of
guard rings that can isolate the OCA and circuits’ active regions [11-13].

Figure 6.6 Substrate noise coupling [10]
6.2.2.2 Co-Simulations of OCAs and Circuits
Typically, antenna design is performed in an EM simulator, such as Ansys
HFSS [14] or CST STUDIO SUITE [15], which rely on solving Maxwell equations
with appropriate boundary conditions. Circuit designers, on the other hand, do not
require EM simulations and therefore use simulators such as Cadence [16] or
Keysight ADS [17] for circuit simulations, which generally perform voltage- or
current-based nodal analysis. Integrated circuit design in particular relies heavily
on Cadence simulations that use the technology files for device models from the
relevant foundry. Unfortunately, there are only a few mainstream simulation tools
that can run both EM and circuit simulations simultaneously, but even in these
simulators, capturing the coupling between OCA and the circuits is not completely
feasible. For this reason, the OCA design is normally first optimized in an EM
simulator; then, its layout is exported to an IC design tool, such as Cadence.
However, the antenna structure cannot be simulated in the IC design tool, so the
complete system (circuits and antenna) cannot be simulated together. This is
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because the EM simulators are based on solving Maxwell equations in the meshed
fields to obtain the exact EM performance of the 3D structures, which also
accounts for all the coupling effects [18]. However, the coupling effects and
antenna characteristics, such as radiation performance, cannot be modeled and
simulated in circuit simulators because circuit simulators typically rely on nodal
voltage- and current-based calculations of lumped or distributed equivalent models.
Similarly, circuit performances cannot be simulated in EM simulators.
The antenna must be simulated in the exact same manner as it is connected to
the circuit, and vice versa. Although it is challenging to run a true co-simulation,
several methods exist for partially investigating the effects of OCA and the circuits
on each other. The most common method for including the OCA’s effects on
circuit performance is to extract the OCA’s S-parameters from the EM simulator
after optimization and import them into an IC design tool. Then, the circuit can be
co-simulated with the OCA’s input impedance characteristics. As presented in
Figure 6.7(a), the OCA’s S-parameters are imported into Cadence to run a cosimulation with an on-chip voltage-controlled oscillator (VCO). Normally, it
requires several iterations between the EM simulator and IC design tool to achieve
an optimized deign with good impedance matching between the circuit and the
OCA. This, however, considerably increases the complexity and simulation time.
In addition, the extracted S-parameters of the OCA are in the frequency domain
and cannot be directly used in the time-domain analysis [19]. In addition, the
OCA’s S-parameters are influenced by the port impedance in the EM simulator, so
it is important to ensure that the interface impedance is consistent with the port
impedance in the EM simulator. To include the influence of circuit and other onchip metal structures on the OCA’s performance, the conventional method is to
model the close-by metal structures, such as passive circuit components, bond pads,
and dummy metal fills, in the EM simulator to ensure that the simulated OCA’s
performance is reliable and accurate, as presented in Figure 6.7(b). However, this
approach also encounters several challenges. First, layout is the last stage of the IC
design, and since the antenna and circuit designs are done in parallel, the antenna
designer must re-optimize the antenna after the IC layout is complete. Second,
although the layout of the circuit part, including the passive components, bond pads,
and dummy metal fills, can be imported in the EM simulator from the IC design
tool, the circuit models are still not representative of the real case, as the circuit is
not working in the EM simulator. For example, the coupling effects between an
OCA and a close-by inductor without any currents differ from the case of the OCA
being close to an inductor with currents. In addition, including the exact layout of
the metal structures in EM simulation can dramatically increase the simulation time.
Moreover, the EM simulators are unable to account for all the attributes in the
semiconductor processes, which can be studied well only in the IC design tool [20].
This issue can be resolved only when the full-wave EM simulations and circuit
simulations can be run together, in either a single simulator or two simulators
running in conjunction.
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(a)

(b)

Figure 6.7 (a) Co-simulation in Cadence, (b) co-simulation in HFSS

6.2.3 On-Chip Antenna Layout Issue
In the IC design cycle, after the schematic design, there is another critical step that
can significantly affect the OCA’s performance. This step is the chip layout
drawing, which is restricted by the design rule check (DRC). During the layout
drawing stage, DRC is an important process for ensuring that the chip layout
fulfills the rules defined by the semiconductor foundries. Each semiconductor
foundry has its own set of rules to ensure sufficient fabrication margins such that
the chip fabrication has good repeatability and minimum variability in the
fabrication process.
Among hundreds of rules in the DRC, three types of design rules are critical
for OCA design. The first is the requirement of a certain metal density in each
metal layer because the metal density impacts the etching rate in the fabrication
stage. Global metal density rules indicate the metal density required for the entire
chip, while local density rules define the metal density requirements for a certain
area, normally an area of 100 µm ´ 100 µm. The typical metal density range is 30%
to 70%. To meet the metal density requirement, a large number of dummy metal
sheets should be placed in the empty area, while many slots should be etched on a
large metal sheet surface. Figure 6.8 reveals that the blue dummy metal fills are
placed in an empty area in all layers, while some slots are etched in the black large
antenna patch metal. Once the slots and dummy metal sheets are introduced in the
OCA area, the antenna’s performance can deteriorate. In particular, the close-by
dummy metal blocks can cause undesired interference with the OCA. The second
type of critical design rules is the metal layer design rule, which indicates the
maximum/minimum metal wire width, minimum spacing, and minimum size of the
enclosure. Normally, the lower limits of the wire width, spacing, and enclosure size
do not affect the OCA performance, as they are of the nanometer scale, while mmwave and sub-terahertz antennas only require micron-scale fabrication resolution.
However, the upper limit of the metal wire’s width is approximately 20–30 µm,
which can restrict the antenna design’s flexibility. The third type is the via design
rule, which includes the requirements for the size of a single via and the size of a
via array. In the case of OCA design involving multilayers, a solid RF connection
between the layers is highly desired, so the single via size and via array size play an
important role.
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Figure 6.8 Microscope view of an RFIC with dummy metal fills
Some other design rules could potentially affect the OCA. Thus, when
designing the OCA, all these design rules should be considered and properly
included in the simulations to avoid discrepancies between the simulations and the
final measurements.

6.2.4 On-Chip Antenna Characterization
Typically, the IC fabrication is outsourced to commercial CMOS foundries, such as
Taiwan Semiconductor Manufacturing Company (TSMC) or GlobalFoundries,
among others. After the chip is ready, the most important and challenging step is
the accurate and reliable characterization of the OCA.
The conventional antenna characterization is performed in an anechoic
chamber by connecting the antenna to a network analyzer through an SMA
connector, as presented in Figure. 6.9(a). This connector-based characterization
method is convenient and accurate for measuring relatively large-sized antennas;
however, this is not feasible for OCA characterization. The dimensions of the
connector and its signal pin are on the scale of a few centimeters and millimeters,
respectively, while the sizes of OCAs are typically on the orders of hundreds of
micrometers, depending on their operation frequencies. Moreover, the RF pads for
the measurement of OCAs are even smaller, typically in the range of 50 × 50 µm2
to 100 × 100 µm2. In such a case, the OCA is too small to be connected through the
connector. Therefore, instead of the SMA connector, an RF probe is commonly
used for getting access to the OCA, as displayed in Figure. 6.9(b). The RF probe is
specially manufactured for proper landing on the RF pads of RFICs and OCAs.
The tiny tips of the RF probe can be landed on the RF pads accurately with the help
of a microscope. The OCAs cannot be tested in standard anechoic chambers; thus,
specialized chambers are required, which are very expensive. One such chamber is
illustrated in Figure. 6.10. It is a commercially available mm-wave anechoic
chamber. Covered with an EM absorber, the chamber contains a theta/phi-direction
rotatable disk attached with the reference antenna, a fixed arm for probe landing
and placing the OCA at the chamber center, and a microscope as a part of the
vision system to ensure accurate and reliable probe landing on chip pads. In
addition, there are some customized chambers dedicated for OCA measurements
[21-24]. Although such an anechoic chamber can be used for the characterization

Running head chapter title 13
of an OCA’s reflection coefficients and radiation patterns, there are still several
challenges related to the measurement accuracy of probe-based characterization.

(a)

(b)

Figure 6.9 Antenna characterization method. (a) connector based, (b) probe based

Figure 6.10 Probe-based OCA characterization set-up in µ-Lab anechoic chamber.
Among all the challenges related to probe-based OCA characterization, the
interference between the RF probe and OCA is considered the most critical. As
depicted in Figure. 6.9(b), the RF probe consists of a large conductor body, and the
probe tips are attached to a metallic arm, which is partially covered by the EM
absorber. With the presence of the close-by large conductor body of the RF probe,
EM waves get reflected from the probe body. The directly radiated EM waves from
the antenna and the reflected waves from the probe conductor body interfere with
each other. The final radiation pattern is the superposition of the radiated and
reflected waves. The maximum and minimum radiations can be obtained at certain
angles, depending on the phase difference between the radiated and reflected waves
[25], as presented in Figure. 6.11. As a result, the OCA’s radiation pattern is
distorted due to the presence of the probe’s conductor body. Other than the
influence on the antenna’s radiation patterns, the unwanted interference between
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the OCA and probe’s conductor body and uncovered probe tips can cause
unexpected changes in the reflection coefficient, though the probe’s inner
impedance has been de-embedded through the impedance calibration [26]. Another
challenge related to probe-based characterization is the self-radiation of the probe,
itself. As previously mentioned, the probe tips are not covered by the EM absorber.
Since the RF probe itself also radiates, the final radiation pattern is a superposition
of the OCA’s radiation pattern and the probe’s radiation pattern [27]. To
investigate the probe self-radiation, the probe’s radiation pattern is characterized
when the probe is connected to a calibration 50 W load, which represents a wellmatched antenna. In such a case, only negligible radiation occurs from the 50 W
load, so the measured radiation pattern can be approximately considered as the
probe’s self-radiation. The measured radiation pattern of a 60 GHz probe is
presented in [27], which reveals that the maximum gain of the probe self-radiation
is almost -21 dBi. This maximum defines the gain measurement sensitivity of the
probe-based measurement system. This probe self-radiation is negligible for highgain antenna measurement; however, it is considerable for the measurement of
low-gain antennas, such as OCAs. Due to the low gain of the OCA, the probe selfradiation is comparable with the antenna’s gain, thus causing the inaccuracy in the
OCA’s radiation pattern characterization. There is another drawback of probebased OCA characterization: the radiation blockage in the probe area. Due to the
presence of the probe, the OCA’s radiation, in certain directions, is blocked by the
probe body and its supporting arm. Thus, a complete radiation pattern cannot be
obtained by the probe-based characterization method.

Figure 6.11 Interference between OCA’s radiation and its reflection from probe

6.3 On-Chip Antenna Overview
Despite the challenges mentioned in the previous section, much work has been
conducted in the area of OCAs. Throughout the past two decades, tremendous
efforts have been made to resolve the aforementioned challenges and issues related
to OCAs. This section highlights the important work conducted in this area. It is
organized with respect to the most prominent challenges and their solutions in this
field. In this section, we begin by introducing several existing approaches for the
gain and radiation efficiency enhancement of OCAs. These enhancement
approaches primarily consist of the modification of lossy silicon substrate and the
use of reflection surface, superstrate, focusing lens, and MEMS structures, which
are explained in detail in this section. On the other hand, regarding the antenna and
circuit co-design issue, some important co-design strategies are discussed. These
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can be applied to obtain more accurate and reliable results. In addition to the codesign strategies, two co-design simulators, which can run both the circuit and EM
simulation at the same time, are introduced. Toward the end of this section, the
latest improvement methods for probe-based OCA characterization are presented,
which can decrease the undesired probe interference and self-radiation.

6.3.1 Gain and Radiation Efficiency Enhancement
As mentioned in Section II, the low radiation efficiency of OCAs is one of the
major challenges related to OCA design and is primarily caused by the
incompatible silicon substrate. To minimize the silicon substrate’s negative
influence on OCA performance, many researchers have been working on
enhancement methods for OCA gain and radiation efficiency.
6.3.1.1 Modification of Incompatible Silicon Substrate
The lossy silicon substrate is the main cause of OCAs’ low radiation efficiency.
Essentially, there are three key negative-impact factors on OCAs’ radiation
efficiency due to the commercially used silicon substrate: low resistivity, high
permittivity, and relative large thickness. A relatively straightforward approach is
to alter the aforementioned properties of silicon substrate to decrease the losses in
the substrate. Bulk micromachining and proton implantation are the two wellknown methods for the modification of silicon substrate properties.
Bulk micromachining is a fabrication process used to form trenches or cavity
structures in silicon or other substrates via selective etching [28]. It can be used to
thin the silicon substrate under the OCA area. The overall relative permittivity of
the mixture of air cavity and silicon substrate under the OCA area consequently
decreases from 11.9 to a much lower value. However, more importantly, the
overall loss due to the silicon substrate is also reduced. Bulk micromachining has
been widely used for radiation efficiency enhancement [11, 29, 30]. For example,
in [29], an air cavity was formed at the backside area of the on-chip patch antenna
through selective etching, as presented in Figure. 6.12. Comparison simulations
between on-chip patch antennas with and without air cavity were performed, which
presented around a 28% radiation efficiency enhancement with the help of the air
cavity.

Figure 6.12 Geometry of micromachined patch antenna [29].
In addition to bulk micromachining, proton implantation is another nanofabrication method for improving on-chip antennas’ radiation performance. Proton
implantation is the process of implanting ions in the silicon substrate. Through
proton implantation, the resistivity of the silicon substrate can be increased,
resulting in improved radiation performance. For example, in [31], the substrate

16

Running head book title

resistivity increases from 10 W-cm to 106 W-cm by utilizing proton implantation.
Eventually, the OCA demonstrates a 5 dB gain enhancement at 10 GHz.
From this point of view, bulk micromachining and proton implantation are
capable of improving antenna radiation efficiency. However, both methods require
additional nano-fabrication processes, which lead to an increase in fabrication
complexity and higher fabrication cost. Moreover, entirely changing the silicon
substrate’s resistivity is not good for the circuits’ performance. This approach can
be suitable if the change is made in a selective manner so that it changes the
resistivity only in the area of the OCA.
6.3.1.2 On-Chip Reflecting Surface
Instead of altering the properties of silicon substrate, a proper on-chip reflecting
surface can be utilized to isolate the OCA from lossy silicon substrate. One easy
approach is to use a PEC surface in between the OCA and silicon substrate;
however, the radiation from the image currents in the PEC surface negatively
affects the radiation from the OCA due to the electrically small spacing between
the OCA and the PEC surface, as mentioned in Section II. Alternately, a perfect
magnetic conductor (PMC) surface can be placed in the metal layers underneath
the OCA to isolate it from the silicon substrate. This is beneficial, as in-phase
reflection occurs on the PMC surface in contrast with a PEC surface and can boost
the OCA’s direct radiation. However, since PMC surfaces do not exist in nature,
researchers have found an approximate equivalent in the form of artificial magnetic
conductor (AMC) surfaces, which mimic PMC surfaces for a particular frequency
range.
An AMC surface is realized through specially designed periodic structures
over a PEC surface that acts a ground plane [32], as presented in Figure 6.13. The
in-phase reflection performance of an AMC surface is primarily controlled by three
important factors: the thickness of the substrate between the periodic structure and
the ground plane, the size of the AMC surface, and the dimensions and shape of the
AMC unit cell. Among the three factors, the substrate thickness is fixed by the
CMOS stack-up. In theory, an infinite AMC surface behaves the same as a PMC
surface for a certain frequency range; however, the AMC surface size is always
restricted by the finite chip size. Therefore, the designed AMC surface size should
be a reasonable compromise between AMC performance and limited chip size.
Thus, for an on-chip AMC surface design, the dimensions and shape of the AMC
unit cell are typically the only parameters that can be controlled by the designer to
optimize the AMC performance. When the period of the periodic structure and the
dimensions of its unit cell are sufficiently small compared with the free space
wavelength in the operating frequency range, the structure can be assumed to be a
homogeneous surface, which can be described by the parameter of surface
impedance [33, 34]. Theoretically, the surface impedance of this AMC structure
can be tuned by making it resonant at the desired operating frequency through the
dimensions and period of the AMC unit cell. In this way, a very high surface
impedance can be achieved over the operating frequency range. In terms of an
equivalent circuit, when an RF signal travels toward an open load, the reflection
coefficient is positive, representing a zero-degree reflection phase shift. Similarly,
in-phase reflection occurs from the AMC surface due to the high impedance it
presents to the incident EM wave. Other than the period and dimensions of the
AMC unit cell, its shape too can affect the overall performance. In [35], a
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comparison between the different shapes of an AMC unit cell has been made by
studying their effect on bandwidth and return loss. Figure 6.14 displays five
common structures for an AMC unit cell. It has been concluded that the square
patch-based AMC surface has the widest bandwidth and lowest return loss among
the five structures. Due to the capability of in-phase reflection, an AMC surface has
been used to increase the radiation efficiency and boresight gain of OCAs [36-41].
For example, as presented in Figure 6.15, a 235 GHz double-layered dipole antenna
is fed by the ground-signal-ground (GSG) pads through a balun on the M6 layer,
while the entire structure is backed by a specially designed AMC surface on the
M1 layer. Eventually, the AMC-based on-chip dipole antenna presents a decent
gain of 0 dBi and a high radiation efficiency of 63%.

Figure 6.13 Geometry of a square patch-based AMC surface [32]

Figure 6.14 Geometry of a square patch-based AMC surface [35]

Figure 6.15 3D view of the AMC-based on-chip dipole antenna [36].
6.3.1.3 Superstrate
As mentioned in Section II, for a typical OCA, more EM energy goes to the highpermittivity silicon substrate instead of free space radiation. This is one of the
major causes of OCAs’ low radiation efficiency. One way to improve this situation
is by adding a high-permittivity substrate on top of the OCA, also known as a
superstrate.
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Figure 6.16 illustrates the superstrate-substrate concept that can be beneficial
for an OCA design. High boresight directivity can be achieved through this
arrangement. With proper design, radiated power in air can be enhanced compared
with the power coupled to the lossy silicon substrate, thus enhancing the radiation
efficiency, as well. Although the use of a superstrate tends to somewhat increase
the dielectric loss, it can be minimized by using low-loss material for the
superstrate implementation. Nonetheless, through the appropriate use of a
superstrate, the overall OCA gain can be enhanced at the boresight. To understand
and analyze the high-gain condition, transmission line theory is considered
convenient for theoretical investigation [42, 43]. This high-gain condition is also
known as the radiation resonance condition because the equivalent transmission
lines at the boresight under this condition act as a resonance circuit [42]. In terms
of transmission line theory, each dielectric layer can be treated as an equivalent
transmission line with a certain characteristic impedance. The thickness of the
superstrate layer greatly impacts the resonance condition. Theoretically, for the
high-directivity resonance condition, the thickness of the high-permittivity
superstrate must be equal to odd multiples of a quarter wavelength. In other words,
the superstrate behaves similarly to a quarter-wavelength impedance transformer
[42]. It is relatively easier to realize a superstrate, as it is simply a dielectric layer
with no metallization patterns required.

Figure 6.16 The superstrate-substrate concept
Recently, on-chip implementations of superstrate layers have been reported for
enhancing the OCA’s radiation performance [37, 44-46]. For example, in [44], an
89 GHz elliptical slot antenna has been realized in a CMOS 0.13 µm process with
an off-chip quartz superstrate, as illustrated in Figure 6.17 (a). Through the
integration of the quarter-wavelength superstrate, the OCA achieves 6.4 dB of gain
enhancement and approximately a 20% radiation efficiency enhancement. Since a
relatively thicker superstrate is realized for OCA gain enhancement, it can also
protect the chip from the environment. An example of the superstrate layer acting
as the chip package, in addition to providing gain enhancement, has been
demonstrated in [37]. However, one downside is that considerable reflection can
occur at the interface between the high-permittivity superstrate and the air, if the
design is not optimized appropriately. Furthermore, surface waves can be generated,
which can distort the radiation pattern and degrade the radiation efficiency to some
extent. To resolve the generation of surface waves in the superstrate, an artificial
dielectric layer (ADL) has been proposed to be used as a superstrate layer for OCA
[47, 48]. A dielectric material’s equivalent relative permittivity can be increased to
a high value by embedding several layers of specially designed non-resonant
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periodic metallic structures, known as the ADL. The ADL can be used as a
superstrate layer for OCAs’ gain enhancement without any surface waves due to its
anisotropic properties [47]. In [48], an ADL superstrate with an equivalent relative
permittivity of 32 has been designed and stacked on top of an on-chip dipole
antenna, as presented in Figure 6.17 (b). This resulted in a considerably high
radiation efficiency of 87 % and a decent gain of 6.8 dBi at 280 GHz.

(a)

(b)

Figure 6.17 (a) Stack-up for on-chip elliptical slot antenna with off-chip quartz
superstrate [44], (b) on-chip dipole antenna loaded with artificial dielectric
superstrate [48]
6.3.1.4 Focusing Lens
Lens structures have been widely used in optical systems; however, lens can also
be used in the microwave or mm-wave range of frequencies for directivity
enhancement. Similar to the superstrate case, lens can be beneficial for OCA
radiation performance enhancement.
Primarily three different lens configurations have been investigated for OCAs’
gain enhancement in the literature [5, 49-56]. The first is the use of a silicon
hemispherical lens at the backside of the chip [5, 49-53], as displayed in Figure
6.18 (a). As mentioned in Section II, the generation of high-order surface waves is
a critical issue for OCA design. In addition, most radiated waves are absorbed by
the silicon substrate. The advantage of a backside silicon hemisphere lens is that it
can help to transform the unwanted backside radiation and surfaces waves into
useful radiation from the backside [5]. Moreover, the silicon lens behaves as a heat
sink to dissipate the heat generated by the active on-chip circuits. The silicon lens
must be specially designed with respect to the OCA’s operational frequency. For
example, in [49], a silicon lens has been designed and attached to the backside of
the 120 GHz OCA’s silicon substrate, as presented in Figure 6.18 (a). A matching
layer has been coated on top of the silicon lens to match the characteristic
impedance in silicon (110 Ω) to the characteristic impedance in air (377 Ω) [5].
This helps to achieve a high gain of 16.7 dBi and a radiation efficiency of 86.4% at
122 GHz. However, this approach restricts the OCA’s radiation to the backside,
and all the radiated EM waves must pass through the lossy silicon substrate. In
addition, the unwanted small air gap between the chip and silicon lens can cause
impedance mismatching [55]. Alternately, a boresight hemispherical lens has also
been proposed for OCAs’ gain enhancement [54-56]. In this configuration, the
dielectric lens is placed on top of the OCA at a certain distance, which is typically
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one focal length. Figure 6.18 (b) displays a 300 GHz OCA placed in a multilayered low-temperature co-fired ceramic (LTCC), where the silicon hemispherical
lens has been placed on top of the OCA with an air cavity between them [54]. In
this design, the OCA achieved more than 90% radiation efficiency. One of the
major issues for the conventional hemispherical lens is that it has a relatively large
size compared with the OCA. To reduce the lens size, a Fresnel lens has been
proposed to enhance the OCA’s boresight gain [57]. For enhanced functionality,
the chip package has been shaped into a Fresnel lens structure for gain
enhancement. As presented in Figure 6.18 (c), a Fresnel-lens-shaped package
provides protection and gain enhancement.

(a)

(b)

(c)
Figure 6.18 (a) Silicon hemispherical lens attached to the backside of IC [49], (b)
structure of OCA with boresight silicon hemispherical lens in LTCC [54], (c) OCA
with superstrate layer in a proposed Fresnel lens package[57]

6.3.2 Co-Simulation of OCAs and Circuits
As previously discussed, conducting accurate co-simulations of OCAs and circuits
that account for all kinds of couplings between the two (through substrate and
through air) is challenging. In this section, several state-of-art co-simulation
methods and simulators are introduced.
CST STUDIO SUITE [15] provides a co-simulation approach, which is named
a transient EM/circuit co-simulation solution. In this solution, the 3D structures of
the OCA can be symbolized by a block in a schematic, while the circuit
components are connected to the ports of this 3D OCA’s structure block. Then, a
single simulation is performed with exactly the same excitation defined in the

Running head chapter title 21
circuit simulation. The circuit’s output is then fed to the OCA for EM simulations.
The EM and circuit simulations run simultaneously, indicating that the currents and
voltages are continuously exchanged at the interface of the circuit and OCA’s
block. This approach is beneficial because of its bidirectional simulation nature and
faster simulation speed, as the OCA’s full S-parameters are not required [18].
However, there does not yet exist an example that reveals that this simulation
approach has been used for the co-simulation of the OCA and the circuits.
Nonetheless, the main drawback is that this approach does not account for the
OCA’s radiation in addition to the coupling effects between the OCAs and the
circuits, as this is only a schematic-level simulation. Similarly, in [19], the partial
element equivalent circuit (PEEC) theory has been presented to model the antenna
as an equivalent circuit with several lumped circuit components. This approach
enables a co-simulation between the antenna and the circuits in both the frequency
and time domain; however, this also does not include the coupling effects. To
incorporate the coupling effects in the co-simulation, WiPL-D Microwave proposes
a different co-simulation strategy [58]. The OCA’s EM models can be preparameterized and imported into the circuit as any other circuit component. The
inclusion of the EM models enables the investigation of an OCA’s radiation and
coupling effects between the OCA and the circuits. However, only limited options
of antenna types are available in the 3D model library of the simulator, which
restricts the design freedom for antenna designers.
In addition to including EM models of the antennas in the circuit simulations,
the lumped circuit components can be imported in the EM simulator for cosimulations. In [59], the lumped circuit components and their characteristics are
included in EM simulation through the finite difference time domain (FDTD)
updating equations. The lumped circuit components contain active sources;
nonlinear circuit elements, such as diodes and transistors; and linear circuit
elements, such as resistors, capacitors, and inductors. When a circuit component is
placed between the two nodes, its performance can be characterized by the I-V
curve between the two nodes, where I and V represent the current flows through the
circuit components and the voltage across the two nodes, respectively. According
to Maxwell’s curl equation (as presented below), the electric currents that flow
through the circuit component, denoted as an impressed current density of Ji, are
the sources that lead to the generation of electric fields and magnetic fields in the
computational domain [60].
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+ σ e E + Ji
∂t

where the electric field E and Ji can be expressed by the following two equations:

!"
E = −∇V

!" !
I = ∫ J ⋅ ds
S

where S is the cross section of a unit cell perpendicular to the flow direction of the
current. With the help of this approach, the circuit simulation can be transformed
into an EM simulation, making it possible to run a true co-simulation for the OCAs
and the circuits in an EM simulator. This functionality has been integrated into an
EM simulator: the Computational Electromagnetic Simulator (CEMS) [59].
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6.3.3 Advance On-Chip Antenna Characterization Methods
As mentioned in Section II, the accurate and reliable characterization of the OCA is
one of the major challenges. The OCA cannot be measured through connectorbased methods in a conventional chamber. Although in recent years, a few
dedicated chambers for OCA characterization have become commercially available,
they are quite expensive and complicated to use. As OCAs’ characterization
requires RF probe feeding, which is much larger than the antenna itself, a number
of issues arise, such as unwanted interference and self-radiation of the probe. To
improve the accuracy and reliability of OCAs’ characterization, several potential
solutions are discussed in this section.
In some cases, OCAs are connected to the circuits on the same chip, making it
impossible to directly measure the OCAs’ reflection coefficient by landing the RF
probe. In [26], a focus ion beam (FIB) has been used to cut off the connection
between the OCA and its driving circuits so that independent impedance
characterization can be performed without the loading effects from the circuit part.
However, cutting off the connection is an irreversible process. In [61], a deembedding process for a balun circuit has been conducted in a simulator to
eliminate its effects on the characterization of OCAs’ reflection coefficient. In
addition to the aforementioned issue, the unwanted coupling effects between the
probe conductor body and the OCA can cause considerable discrepancies between
the simulated and measured results, though the influence of the probe’s inner
impedance can be eliminated through proper calibration at the plane of the probe
tips. In [62], an air coplanar probe has been modeled in HFSS, as illustrated in
Figure 6.19, and its ABCD matrix has been obtained by exciting it from the coaxial
side and landing the probe on short, open, and load calibration substrate in HFSS.
Following this, a new simulation is performed after the calibration substrate is
replaced with the OCA in HFSS. Based on the simulated results from the above
two simulations, the de-embedding process is applied to remove the probe’s inner
impedance influence on the OCA reflection coefficient. The coupling effects
between the probe and the OCA are also included in the simulation. Therefore, the
simulated results with the probe model, after de-embedding, demonstrate
satisfactory agreement with the measured results.

Figure 6.19 3D schematic of the chip and probe model feeding the L antenna [62]
Other than the characterization of the OCA’s reflection coefficient, the
radiation pattern’s measurement is strongly affected by the presence of the RF
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probe, as discussed in Section II. Several methods have been presented in the
literature for minimizing the probe’s negative influence on the measurement of the
OCA’s radiation pattern [23, 25, 63, 64]. To eliminate the influence of probe selfradiation, two probe radiation de-embedding methods are proposed in [63]. Two
measurements are required for the first method. As presented in Figure 6.20 (a), the
RF probe is placed in the air while remaining close to the OCA. In this setup, the
probe’s self-radiation can be measured, denoted as S21(P1). In the second setup, the
RF probe is landed on the OCA to excite it. Then, the overall radiation pattern S21(2)
can be obtained, which is a combination of probe self-radiation S21(P2) and the
OCA’s radiation S21(a). To obtain only the OCA’s radiation, the probe self-radiation
can be de-embedded from the measured radiation pattern. Although the probe selfradiation is not available in setup 2, it can be obtained by scaling the magnitude of
the probe self-radiation in setup 1. Eventually, the antenna radiation can be
calculated from the following equation [63]:
(a)
(P 2)
(2)
(P1)
S21
= S21(2) - S21
= S21
- ScalingFactor ´ S21

Another method has been proposed in [63] for de-embedding the influence of
the probe self-radiation. As displayed in Figure 6.20 (b), this method requires two
identical OCAs and RF probes. The S21 results are measured in four different
measurement setups. For the first setup, both probes are landed on OCAs, indicated
as (P, A)(P, A). For the second and third measurement setups, one RF probe is
landed, while the other probe is floating in the air, denoted (P)(P, A). In the last
measurement setup, the measured S21 parameter (P)(P) is obtained when both
probes are not landed and are in the air; then, the desired S21 parameter of the OCA
to OCA, denoted (A)(A), can be calculated according to the phasor subtraction, as
follows [63]:

( A)( A) = ( P, A)( P, A) - ( P )( P ) - ( P )( P, A) - ( P, A)( P )
However, the de-embedding results of the S21 are obtained for only one
direction. To obtain the radiation pattern based on this de-embedding method, the
relative locations of the two OCAs can be adjusted to obtain the radiation pattern
on the horizontal plane, as presented in Figure 6.20 (b). However, this approach
requires multiple probe landings, which is time consuming and has a high chance
of damaging the probe and RF pads.
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(a)

(b)

Figure 6.20 Probe radiation de-embedding methods: (a) one probe based, (2) two
probe based [63]
Although the probe self-radiation can be de-embedded by applying the
aforementioned methods, the strong interference between the OCA and RF probe
still exists. Several strategies have been employed to minimize the unwanted
reflection from the probe conductor body [23, 25, 64]. A probe with less
interference and smaller radiation blockage has been proposed in [64]. As
illustrated in Figure 6.21 (a), the probe tip feeder has been modified so that the
large probe conductor body is moved away from the OCA. Therefore, the
interference between the OCA and the RF probe is minimized. Moreover, the
radiation blockage area is reduced to only 20 degrees. A similar approach has been
presented in [25], in which an extended waveguide is used to increase the distance
between the probe tips and the probe conductor body, as displayed in Figure. 6.21
(b). To further reduce the interference and radiation blockage area, a bent RF probe
has been proposed in [23]. Figure 6.21 (c) reveals that the large probe conductor
body is moved to the backside of the OCA by bending the waveguide between the
probe tips and probe conductor body. In addition, an RF absorber is inserted
between the OCA and the probe to further decrease the interference.

(a)

(b)

(c)
Figure 6.21 Novel probe configurations for less interference: (a) probe with less
scattering [64], (b) extended probe model [25], (c) bent probe model [23]

6.4 Emerging Trends
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It is well established that many advantages exist to integrating antennas on the chip,
such as a lower overall cost, smaller physical size, lighter weight, and lower power
consumption, among others. All these features are extremely important for portable
and compact wireless devices, such as wireless sensors for IoT applications or
compact radar systems, among others. With the aforementioned competitive
advantages and due to the relevant emerging applications, it is expected that the
field of OCA will surge further in the foreseeable future. This section describes
some of the emerging trends that will dictate the future directions of research in the
field of OCAs.

6.4.1 Drive Toward Higher Frequencies Reaching Terahertz Bands
With the maturity and refinement of CMOS processes, it is feasible to have
operating frequencies that reach the sub-terahertz bands (100–300 GHz) or even
early terahertz bands (300–3,000 GHz). The size of the antenna becomes extremely
small, and thus, it becomes feasible to have antenna arrays on chip rather than only
a single antenna. This is extremely attractive for phased arrays, particularly for
imaging systems. Moreover, there is more available bandwidth for the OCA in the
sub-terahertz and terahertz frequency bands, which is beneficial for extremely
high-data-rate communication systems.
Recently, considerable research has focused on the sub-terahertz and terahertz
OCA designs, which can be applied in multiple important applications, such as
high-data-rate communication systems, short-range radar systems, medical
detections, and imaging [53, 65-71]. In [65], a 340 GHz patch OCA is realized and
integrated with a receiver front-end in 40 nm CMOS technology, which is a good
candidate for the applications of THz biomedical imaging. In another work, a 300
GHz dipole OCA is integrated with an ASK receiver circuit for the application of
high-data-rate communication [53]. This antenna achieves a high gain of 24 dBi by
packaging the chip with a silicon lens. In addition, the antenna has a large
bandwidth of more than 50 GHz, which makes it possible for the overall system to
achieve a high data rate of 24 Gbps for a communication range of 3 m. Other than
the investigation of sub-terahertz OCAs, some examples demonstrate the CMOS
OCA designs in terahertz frequencies [68-71]. For example, in [70], a graphene
patch antenna is proposed for a wireless on-chip network at 2.5 THz. This
graphene-based OCA is compatible with the CMOS process. In simulations, a gain
of 5 dBi has been achieved.
Although there exist many attractive applications for sub-terahertz and
terahertz OCAs, several challenges must be tackled in the near future. First, OCAs
in the sub-terahertz and terahertz frequency range also suffer from low radiation
efficiency. This is more critical for these high-frequency bands because the RF
power generated on chip is low. The issue of surface waves is also more prominent
at these frequencies. Second, as the frequency increases, the probe feeding also
becomes complicated for the characterizations of the OCAs due to the size of the
probe tips being comparable to the OCAs.

6.4.2 OCA Becoming a Key for Biomedical Wireless Implants
Recently, with the rapid development of biomedical technology and the
personalized healthcare system, biomedical implantable devices have attracted
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much attention. The concept of implanting a medical monitoring or treatment
device in the human body, which can send out information about health conditions
in a wireless fashion, has opened many doors for healthcare providers [72].
Naturally, the space is limited to biomedical-implantable devices; thus,
compactness and low power consumption are two important features for such
devices. The OCA, as an ultimate solution for compactness, is considered to be the
best candidate for the realization of wireless biomedical implantable devices. It is
important to design miniaturized OCAs while keeping an acceptable radiation
performance to ensure efficient communication between the device and its reader.
In addition to the challenge of OCA miniaturization, the human body effects must
be considered during the design stage of the implantable OCA because the
presence of human body tissue can strongly degrade the antenna’s performance.
Some examples of biomedical implantable OCA can be found in the literature. For
example, in [73], a chip is proposed to be implanted in the human eye for
monitoring the intraocular pressure, as presented in Figure 6.22. In this chip, a
specially designed octagonal loop acts as both the inductor for the VCO and the
antenna for the transmitter at 2.45 GHz. Designed in a 0.18 µm CMOS process, a
5.2 GHz receiving monopole OCA is also integrated in the same chip for wirelessly
powering the chip. Overall, an acceptable read range of ~10 cm is achieved for this
wireless sensing system. To miniaturize the OCA size, a highly meandered
differential wire OCA is presented in [74], which realizes a detection range of
approximately 6 cm with a -42 dB link gain at 900 MHz. With improvements in the
CMOS processes and maturity of OCA technology, improved performance can be
achieved in future, which will open doors for the widespread use of OCA
technology in biomedical applications.

Figure 6.22 Implantation of the SoC in the anterior chamber of the human eye [73]

6.4.3 Advanced Simulation Platforms for Co-design of OCAs and
Circuits
A true co-design simulation platform is one that can include all aspects, such as
coupling effects, the influence of OCA radiation on IC performance, and
impedance matching, among others. The time-consuming iterative process between
an OCA simulator and an IC simulator can be avoided through this approach.
However, a simulator, which can provide the aforementioned simulation features
simultaneously, is not available at present. Although several co-simulators have
been developed recently [18, 58], and a novel co-simulation strategy has been
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proposed in [59], there remain many unresolved issues. Issues include the port
definition in the EM simulator not being compatible with the circuit simulation, or
the requirement of extremely small meshing for the fine structures in the circuit
layout, which increases the EM simulation time considerably, or truly capturing the
coupling effects between the OCA and the circuits; these are some of the many
deficiencies that the existing simulators have. This is an active area of research for
computational tool developers on both the computational EM and circuits side.

6.4.4 Specialized CMOS Process for OCA
As mentioned in Section II, the incompatibility of the commercially used CMOS
stack-up is the major reason for the OCA’s low radiation efficiency and the
excitation of unwanted surface waves. A silicon substrate with low resistivity and
thin intre-metal dielectric layers is suitable for IC designs; however, the bulk
material properties of the silicon substrate and the CMOS stack-up are not suitable
for the efficient realization of OCAs. Nonetheless, with the growing interest in
OCA, questions are being raised regarding specialized processes that offer the best
of both worlds, referring to processes that can accommodate circuits and antennas
efficiently. Some mainstream foundries are investigating this issue. However, there
exist several examples that demonstrate considerable radiation efficiency
enhancement of OCAs by applying specialized fabrication processes, such as bulk
micromachining or proton implantation [11, 29-31]. However, these modifications
are for the entire substrate and thus are not useful for circuits. One possible solution
is selective alteration of the silicon substrate (i.e., pockets of high resistivity are
created in bulk Si, in which the OCA can be realized efficiently, while the
resistivity remains unchanged in the circuit area). Other options, such as realization
of OCA on the thick-field oxide rather than the metal layers on the thin oxides,
may also be beneficial. Based on the above discussion, it can be seen that it is
required that antenna designers, IC designers, and nanofabrication engineers work
in close collaboration to develop specialized CMOS processes that are suitable for
the efficient integration of both OCAs and circuits.
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