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Abstract

With the evolution of 5G and 6G network architectures, the demand for highly compact sys-
tem-on-chip-based devices with high data transfer capabilities has been increased signifi-
cantly. While the advancement of very large-scale integration technology with the
continuous scaling of complementary metal–oxide–semiconductor nodes put forward to inte-
grate different functional modules of a complete system on a single IC board, the antenna
being the largest component still remains outside of the chip. Integration of the antenna
and other functional modules of a system on the same chip leads to produce a really compact
and economical design. Though on-chip antenna (OCAs) have several other advantages and
emerging applications, they have some design challenges in terms of low gain due to losses in
the substrate, requirement of miniaturization at lower microwave frequencies (LMFs) (par-
ticularly, below 10 GHz), unavailability of proper design rules, etc. In this paper, analyzing
the design challenges of OCAs, their current research trends and future perspective applica-
tions are discussed.

Introduction

In 1994, silicon (Si) is introduced as a microwave substrate in characterizing the coplanar
transmission line [1], and then after 5 year in 1999, the first integrated dipole antenna is
designed to study the feasibility of antennas on Si substrates [2]. After that, an unparalleled
development in designing on-chip antennas (OCAs) is noticed for the wide frequency spec-
trums starting from lower microwaves (1–30 GHz) [3–7] to millimeter (mm)-waves (30–
300 GHz) [8–10] and terahertz (THz) bands [11–13].

However, the progressive evolutions of very large-scale integration (VLSI) circuit technol-
ogy drove to integrate the complete electronic system on a single chip, which in turn is known
as system-on-chip (SoC). The SoC technology enables integration of all the functional modules
of the transceiver such as digital baseband and RF front-end on a single chip, and results in
achieving the goal of realizing the most demanding features of a compact system with reduced
power consumption and cost [14]. However, an antenna being the largest component, still
remains outside of the chip and increases the overall size of the transceiver system.
Inclusion of the antenna along with other functional modules in the same chip provides sev-
eral advantages in addition to benefits of SoC mentioned above. For reference, making an off-
chip antenna and bringing the same to connect with other parts of the transceiver system
requires the constraint of maintaining the same port impedance, which is usually 50Ω.
However, OCA and the other circuitries of the transceiver can be designed together on the
same substrate. This gives the flexibility of matching an arbitrary value of the antenna imped-
ance (ZA = RA + jXA) with its complex conjugate (RA− jXA) by changing other parameters
from the remaining part of system components. Thus, the inherent issue of matching the
antennas’ port impedance with the specific value of the transceiver or feeding port impedance
is vanished. Furthermore, it removes the requirements of costly flip-chip connections between
the integrated circuits and the off-chip antenna.

A typical application of OCAs integrated on SoC is demonstrated in Fig. 1. The introduced
OCAs are used for short range communications like inter-chip and intra-chip communication,
wireless clock distributions, RFID’s communication, etc. Usually, the complete signal trans-
mission links were carried out through the wire connections as shown in Fig. 1(a).
Interconnections of large circuit components are made through thin conducting path. In
the highly denser integrated circuits, the interconnecting network becomes too complex.
Also, because of transmission delay through the thin conduction path, it does not support
the present requirement of higher data rate (≈GBs). Finally, but not the least, several intercon-
necting thin wires produce severe attenuation losses as the frequency of operations increases
[15]. Figure 1(b) illustrates a similar configuration of Fig. 1(a), just by replacing the wired-
connections with wireless connections using OCAs integrated on the same chip. The inclusion
of OCAs in the SoC devices provides multiple leverages like, low latency rate, reliable
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communication, less transmission losses, reduced complexity of
communication network, and significant reduction of area due
to the absence of wires which makes the device more compact.
Also, the antenna along with the other circuitries of the device
can be monolithically implemented on the same chip. Thus, the
OCA provides an overall technological edge to the SoC devices
in terms of data carrying capacity, low latency, and compactness
by fulfilling the users’ requirements.

However, implementation of antennas on a chip leads to mul-
tiple design challenges. First, the integration of antenna becomes
difficult due to its large size, especially for lower microwave oper-
ating frequencies. Although antenna miniaturization techniques
[16] can be applied to make its size compatible to chip, reduction
of antenna’s aperture reduces the gain as well as radiation
efficiency. Second, to the VLSI industry, Si is the first choice as
a substrate for integrating circuit. In contrary, low resistivity
(ρ≈5–10Ω cm) and high permittivity (ϵr = 11.9) of Si are not
suitable for antennas. By considering a simple patch antenna,
its working principle is illustrated in Fig. 2. The antenna radiates

both toward air and substrate. The low value of ρ governs ohmic
loss and a part of the energy is wasted in the form of thermal
energy which results in increased substrate temperature. The high
ϵr attracts and couples the electro-magnetic (EM) wave to produce
surface waves within the substrate instead of radiation in the
free-space as shown in Fig. 2(b). As an outcome, with reduced
gain and efficiency, it radiates less in air as shown in Fig. 2(c).

Generally, OCAs are used for short range applications like
intra-chip and inter-chip [17–19], short range radar [20, 21],
RFID tags [22, 23], biomedical implantable devices [24, 25],
etc., where along with the efficient radiation characteristics, low
power, compact system, capable in fast data communication is
the prime concern. Moreover, the present and upcoming gener-
ation of the communication networks such as 5G and 6G demand
more traffic handling capacity, reduced latency, and less energy
consumption. To achieve such targeted performance, design of
efficient antenna on Si by overcoming associated hindrance is
required. A brief overview regarding performance improvement
of OCAs is discussed in [26], however, the discussion is limited

Fig. 2. OCA with Si as substrate: (a) top view of a CPW-fed patch antenna; (b) EM wave radiation; and (c) radition output and substrate loss.

Fig. 1. An example of on-chip communication.
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to the use of artificial magnetic conductors (AMCs) thus required
a detailed review with potential future scopes.

This paper demonstrates some important design challenges
associated with OCAs and their trending solutions along with
some perspective future applications. Section “Prime challenges
in OCA” displays the important role of the substrate and various
methods for designing an efficient antenna. The developments
made toward improvement of OCA performances are explored
in Section “Remedies.” The immense potential future applications
of OCAs are highlighted in Section “Future scope.” Finally, the
overall conclusion is drawn in Section “Conclusion.”

Prime challenges in OCA

Limitation of the antenna on Si

Most of the semiconductor industries preferred Si-based comple-
mentary metal–oxide–semiconductor (CMOS) technology for the
fabrication of ICs. This is because the thermal, electrical, and
mechanical properties of Si are perfectly suitable for IC design.
As an OCA needs to be integrated along with the other circuit
components of ICs on a single chip, the Si as substrate becomes
obvious choice for designing antenna despite of its unsuitability.

To study the antenna performance on Si, a conventional
quarter-wave monopole antenna is designed by considering per-
fect electric conductor (PEC) as a ground surface of the antenna
[Fig. 3(a)] and its performance is compared with the monopole
antenna where silicon substrate is used as ground as shown in
Fig. 3(b). The EM simulation software, high frequency structure
simulator (HFSS) is used to study the antenna performance.

For the case of grounded PEC, the current distribution is uni-
form throughout the thin surface of the PEC and, as expected, the
magnitude of the current is zero. It is because, a part of the mono-
pole antenna radiated field is incident on the conductor surface
and the same is completely reflected back toward the upper
side. Therefore, in the upper half of the radiation zone, the result-
ant field is obtained with the superposition of the direct and
reflected fields while there is no radiation in the lower half.
Thus, no power dissipation is observed through the grounded
PEC surface as shown in the Fig 3(a).

On the other hand, the traditional micro-fabrication technol-
ogy deals primarily with Si as a substrate material targeting the
batch fabrication process and precise lithographic structure real-
ization. Inherently, Si is a lossy dielectric material for which the
antenna performance, specifically, efficiency and subsequently
the gain of antenna is affected if the antenna is made it.
Figure 3(b) shows that significant current is distributed within
the Si substrate when a monopole antenna is designed on it.
This is because, in contrast to PEC, Si is not able to reflect the
incident EM wave completely. As a result, some part of EM
waves resided within the substrate due to relatively higher value
of dielectric constant and form surface waves and some part of
the penetrated EM wave power is transmitted from the bottom
surface of the substrate. Furthermore, because of finite resistivity,
contact of the radiator with the silicon substrate at the feed/exci-
tation point causes a major current sinking within the dielectric
material. Therefore, a significant amount of input power fed to
the antenna is wasted when the antenna is designed on Si sub-
strate even with a separate PEC layer as ground of the antenna.
For reference, the wastage of power becomes worst when a printed
monopole or dipole antenna is designed on silicon substrate.
According to [8], for a dipole antenna designed on Si, 97% of

the power is coupled with the Si and only 3% is radiated into
air. This wastage of power within the substrate leads to reduce
the antenna efficiency and hence the antenna gain.

These studies indicate unsuitability of Si as an antenna sub-
strate and a quest for its alternatives is required. In this regard,
gallium arsenide (GaAs) [10, 27, 28] and silicon germanium
(SiGe) [29, 30] are used and because of their high resistivity as
compared to Si substrate, an improved characteristics of OCA is
investigated. However, these substrates are used in specific appli-
cations due to their limited availability and higher cost.

Limitation of design rule check

In the process of IC design, it is important to verify the design
rules for each component before consideration of a specific design
layout. This is because, all individual foundries have their own
certain set of rules to ensure good fabrication maintaining toler-
ance limit and design repeatability. Among the hundreds of
design rules, some specific rules such as metal density in each
layer of the CMOS layout, thickness of metal and oxide layers
with spacing between them, and maximum number of vias with
dimensions, need critical attention in the designing of OCA
[14]. In general, for any semiconductor foundry, the allowable
metal density for a given layer should be between 30 and 70%.
The thickness of the top metal layer wherein OCA is usually
designed is limited to 20 μm. However, such metal thickness is
not suitable to achieve efficient radiation characteristics of the
designed OCA, particularly at LMF range. Thus, it is always
recommended to analyze the DRC for the feasibility of realizing
the designed prototype by reducing the possible fabrication errors.

Requirement of miniaturization at lower frequencies

As per Moore’s law [31], the integration of circuit components on
a fixed footprint area of a chip becomes double in every 2 years.
This continuous advancement in the VLSI technology enables to
produce the size of the IC-based end products much smaller than
ever. On the other hand, the standard antenna size should be λ0/2
for its optimum performance. Here, λ0 is the free-space wave-
length. Now, for higher operating frequency (over 30 GHz at
mm-wave, sub-mm-wave, and THz bands), the normal λ0/2
antenna is small enough to accommodate within a chip.
However, the actual problem appears at lower frequencies
(below 30 GHz) where the size of antenna becomes significantly
large and antenna miniaturization essentially required to fit
within a comparatively smaller chip area. Miniaturization is a pro-
cess where the electrical length of antenna is increased without
affecting its physical length in such a way that the operating fre-
quency shifts toward the lower side. However, this process directly
affects the antenna aperture subsequently the gain and radiation
efficiency as these are directly related to the aperture size. Thus,
one has to always make a compromise with the antenna perform-
ance and higher miniaturization so as to accommodate the
antenna within the smaller chip area by fulfilling the desired radi-
ation characteristics for the intended applications.

Remedies

The major challenge of designing an OCA with efficient radiation
characteristics is to overcome the substrate loss. In this regard, it is
essential to reduce the substrate coupling of EM wave.
Thus, several techniques, based on the introduction of the
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dielectric resonator, AMC, micro-electromechanical systems
(MEMS), micro-machining, and partially shield layers, focus
primarily on reducing substrate loss. As far as the design rule is
concerned, the standard CMOS technique is followed in most
of the reported studies. The primary reason behind is that it
provides a fixed set of rules to antenna designers as well as
integration compatibility of the antenna along with various
other IC components. However, this leads to select Si as a
substrate for the antenna. Various methods that are used to
reduce the substrate loss are discussed in the following section.

Application of dielectric resonator

The successful deployment of upcoming 5G and 6G communica-
tion networks at mm-wave frequency require small size, high gain,
and efficient antenna. The microstrip or the printed circuit planar
antenna techniques have several advantages: low cost, light-
weight, and easy integrability with the system chip. However,
because of the conduction loss associated with metal at higher fre-
quencies and the substrate loss for the significant coupling of the
fringing fields with the Si, the efficiency of such antenna becomes

Fig. 3. Study of E-field distribution on PEC and Si
ground cases for vertical monopole.

Fig. 4. An on-chip dielectric resonator antenna.

Table I. Current state-of-the-art in on-chip DRA

Ref.
fr

(GHz) d G Other parameters

[32] 135 λ0/5.5 6.2/7.5 Mode TEδ13,δ15; η = 46
and 42 with DR ϵr = 10

[33] 24.40 λ0/5 −1, 0 η = 41 and 31 with DR
ϵr = 9.6

[34] 60 λ0/1.08 7 η = 79.3 with DR
ϵr = 10.9

[35] 340 λ0/1.2 10 η = 80 with DR ϵr = 9.8

[36] 340 λ0/0.4 8.6 η = 54 with DR ϵr = 11.9

[37] 340 λ0/0.73 7.9 η = 74 with DR ϵr = 11.9

[38] 350 λ0/1.23 10 130 nm SiGe BiCMOS
used; DR ϵr = 9.8;
BW = 65 GHz; η = 75

[39] 3.5 λ0/6.12 1.2 180 nm CMOS DR ϵr =
24; FBW = 14%; η = 87

d = maximum dimension of antenna, G = gain (dB), η = efficiency (%), BW = bandwidth.
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poor. Elsewhere, dielectric resonator antennas (DRAs) are usually
made up of lossless dielectric materials such as ceramics which
makes them less lossy compared to the metallic counterparts at
higher operating frequencies. DRAs characterized with relatively
higher dielectric constant reduce substrate loss by reducing the
fringing fields and become a suitable candidate for designing
high gain and efficient OCAs at mm-waves, sub-mm-waves, and
THz frequency ranges [32–39]. The dielectric constant of DR
material is an important parameter and it mainly controls the
antenna characteristics. Moreover, DRAs are equally applicable
for wide frequency spectrum. The DRA is usually placed on the
top of planar antennas as shown in Fig. 4 or in some cases,
mounted with the non-planar antennas [39, 40]. Because of
higher permittivity compared to air, it enhances the directive
gain of the antenna [41]. Also, in some cases, the DR materials
themselves act as radiators when directly fed with the excitation
probe [39, 42]. However, at LMFs the planarity is lost with the
comparatively larger size of DR and some special care is required
for the packaging of the three-dimensional (3D) structure. The
state-of-the-art reported OCAs using DRA is listed in Table 1.
It shows that the achieved antenna gain is less due to miniaturization
at LMF [33, 39] while OCAs designed at sub-mm wave offer suffi-
cient gain without requirements of any miniaturization [35–38].
The problem of gain reduction due to miniaturization can be sorted
out by operating DRA at higher-order modes. In [32], the feed
point of DRA is optimized to shift the higher-order modes –
TEδ13, TEδ15 modes and sufficient gain of 6.2 and 7.5 dBi are
respectively achieved with an OCA size of λ0/5.5. Another import-
ant aspect of the designing OCAs using dielectric resonators is
observed in [39] where, without any metal layer of CMOS stack,
Si substrate is used as ground for the antenna and DRA is used to
increase the directive gain and efficiency by 12.3 dBi and 41%
respectively. Usually, another intermediate metal layer is utilized as
a reflector/ground to minimize the effect of substrate loss [43–45].
However, in the proposed antenna in [39], the DR material with
high permittivity and high resistivity confines most of the fields
and allows maximum radiation toward air instead of substrate and
thus eliminates the requirement of the metal layer for reduction of
substrate losses.

Introduction of artificial magnetic conductors

In an OCA, the primary reason of low gain and efficiency is due
to the coupling of the EM fields with the substrate. In this regard,
AMCs can be judiciously used to isolate the antenna from the
lossy Si. Table 2 shows the few recent developments on the
OCA using AMCs. AMC presents the properties of perfect mag-
netic conductor. It is to be noted that, use of PEC reflects the
waves out of phase, creates destructive interference and results
in decreased antenna efficiency. On the other hand, AMC exhibits
zero degree phase reversal at resonance. This zero phase reversal
of the waves produces constructive interference and contributes
to enhanced radiation performance of the antenna. Different
techniques to employ the zero phase reversal theory of AMC
have been introduced for enhancing the radiation performance
of OCAs [43–47, 49]. A two-layered dipole OCA (connected
using vias) is fabricated with a 14 × 7 unit cells of AMC ground
and the gain enhancement of 5 dBi with 63% of efficiency is
observed [43]. An AMC is designed using artificial engineered
superstrate meta-material to improve OCA characteristics in
[44]. The superstrate and lens allow radiation along a particular
direction and provides highly directive gain. The AMC works as
a shield as well as reflector for the EM waves and prevents propa-
gation toward Si. In [46], an additional layer of AMC is imple-
mented to mitigate the dielectric losses significantly. It [47], an
OCA gain of 9.8 dB is achieved by using AMC in the intermediate
between top layer antenna and substrate, and off-chip-based
ground below the Si wafer. This structure is improved for SoC
devices in [45], where both ground and AMC layers have been
shifted above the Si wafer as shown in Fig. 5. It can be seen
that the both AMC and ground in the proposed structure act as
the reflector as well as shield for EM waves to propagate toward
lossy Si. Thus, AMCs ensure highly improved radiation perform-
ance of OCAs. However, an additional metal layer for AMC
ground plane increases an extra step during fabrication process
and thus twofold increased in the design complexity.

Incorporation of MEMS-based technology

It is already mentioned that the high dielectric constant and low
resistivity of Si causes poor antenna radiation characteristics.
Introduction of MEMS isolates the OCAs from the lossy silicon
substrate mechanically. An MEMS technology is defined as a
miniaturized system which includes both mechanical and elec-
tronics components. Usually, MEMS technique allows us to
design cantilever, arch, suspension, or beam-like antennas on

Table 2. Current state-of-the-art in OCA using AMCs

Ref. fr d G Remarks

[43] 235 λ0/3.1 0 2-layer dipole with AMC to
improve char

[44] 71 λ0/7.68 −10.8 Gain enhanced with
superstrate and lens

[46] 60 λ0/3.3 −1.4 2-layer AMC for imp.
matching and gain enh.

[47] 220 λ0/4.5 9.8 Used a ground below Si
wafer

[45] 94 λ0/3.55 −1.4 Used a ground above Si
wafer

[49] 60 λ0/7.15 −1.36 Eff. improved and
reconfigurable with CMOS
switches

fr = resonating Frequency (GHz), G = gain (dB), d =max. dimension in terms of free-space
wavelength. Fig. 5. An OCA with AMC.
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substrates (as depicted a cantilevered OCA in Fig. 6). The radi-
ation pattern of these type of antennas are tilted at certain angle
depending upon the bending of the cantilever structure. These
type of antennas are useful for beam scanning and beam tilting
applications [48]. The separation from the lossy substrate made
them an efficient one in comparison with conventional planar
antennas. Table 3 shows the list of reported OCAs using MEMS
technology in the last 10 years. The technique is used to design
a composite right/left handed transmission line (RLH TL) based
miniaturized OCA in [50]. The composite RLH TL is used to real-
ize miniaturization as well as zero phase constant near resonant
frequency. This gives zeroth order resonance regardless of fre-
quency, which consequently helps for implementing compact cir-
cuit design. In [51], MEMS-based frequency reconfigurable OCA
is proposed and fabricated. The cantilevered prototype of OCA
can be oriented on both E- and H-planes from a fixed position
by using hinges and operated at 59 and 66 GHz resonance fre-
quencies. Using MEMS technology, a self-assembled 200 μm
wide and 1250μm long cantilever structured monopole antenna
with improved performance is proposed and fabricated in [52].
Unlike OCDRA, for which size constraints its application at
lower frequencies, MEMS technology offers applicability for
wide range of frequencies from lower microwave to THz band.
An OCA with high gain is developed for UWB applications at
3.2–11.9 GHz [53] whereas a 3D helical structure is designed

for 4 THz frequency band using MEMS [54]. However, the design
complexity of such antenna is increased awfully and, accordingly
these are recommended for specific application-based devices.

Micromachining of Si wafer

Micromachining is appeared as a promising technology for
improving OCA characteristics. The technique is used to remove
the redundant part of the higher refractive indexed, lossy Si from
bottom surface of the substrate as shown in Fig. 7. The localized
etching technique is used to remove a redundant part of the back-
side Si appearing underneath the radiating antenna. The vacant
part is filled with the low loss dielectric medium having a lower
refractive index such as air (εrSi = 1) or polyamideqtoa “polymide”
has been changed to “polyamide”. Please check. (εrSi = 3.2). The
removal of Si wafer and then filling the vacant space with air
leads to reduce effective dielectric constant as well as substrate
loss and, subsequently improves radiation characteristics of the
antenna. It is investigated that the antenna performance can be
improved further by introducing high resistive material in the
vacant cavity created by micromachining the substrate. The devel-
opments of OCAs in the last 10 years using micromachining tech-
nology is shown in Fig. 8. In [55], where an addition of
benzocyclobutene and another polymer material in microma-
chined cavity helps to reduce substrate loss and achieve a gain
of 6.4 dB with a miniaturized λ0/3.7 size of OCA. 3D micro-
machining is another complex but effective technique to

Fig. 6. A cantilevered on-chip monopole antenna designed using MEMS technology.

Table 3. Current state-of-the-art in OCA using MEMS-based technology

Ref. fr d G Remarks

[50] 40 λ0/6.35 −16.8 Composite RL TL used
to minimize size

[51] 60.77 λ0/1.7,
λ0/2.2

−5.9,
−0.3

Movable plate
reconfigurable antenna

[52] 60 λ0/4 −1.29 Self-assembled
monopole on SU-8
photo-resist

[53] 3.2–
11.9

λ0/1.2 5.1 A UWB antenna

[54] 4000 λ0/0.3 17.6 Complex 3D helical
structure

fr = resonating frequency (GHz), G = gain (dB), d = max. dimension in terms of free-space
wavelength.

Fig. 7. An OCA designed using back-side micromachining.

Fig. 8. Current state-of-the-art in OCA using micromachining in recent years.

540 Harshavardhan Singh and Sujit Kumar Mandal

https://doi.org/10.1017/S1759078722000599 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078722000599


characteristics enhancement of OCAs. In [56], to design a com-
plete integrated antenna with high gain of 13.2 dB, 3D microma-
chining is performed. In this W-band antenna, an air-cored
helical structure is designed using multiple level of metal layers
connected through vias and integrated into the Si wafer.
Similarly, other high gain OCAs have been reported in recent
years for higher microwave and mm-wave frequency applications
using micromachining are depicted in Fig. 8 [57–62]. It is worth
mentioning here that the advantage of micromachining is that it
can be implemented along with the other gain enhancement tech-
niques as performed in [62]. In [62], the micromachined on-chip
DRA provides a high gain of 9.44 dB and 97% of efficiency. Thus,
to reduce losses due to Si, micromachining technique provides a
tool to remove the significant amount of lossy Si. Another signifi-
cant advantage with this technique is that it is a post fabrication
process and thus no fabrication complexity increases. However,
removal of substrate has to be optimized to maintain the mechan-
ical strength of the OCA and overall device.

Inclusion of dielectric and metal layers

Some of the techniques like incorporation of partial shield layer
(PSL) [63, 64], thin film of hafnium oxide [65], ferrite loading
[66, 67] in standard CMOS structure of OCA are recently
reported successfully for enhancement of radiation characteristics.
Connecting the top layered antenna with PSL through a metal via
increases the overall electrical path length and offers antenna
miniaturization. The PSL not only provides miniaturization by
increasing electrical length but it also acts as a shield for the
propagation of EM wave toward lossy Si and reduces the substrate
losses. A layer of HfO2 (εr ≈ 21–27) over the SiO2 layer refracts
the EM waves toward outer side for radiation instead of Si and
enhances the radiation efficiency. The ferrite loading as shown
in Fig. 9 is another good technique to improve the performance
of OCA significantly. The thin film inclusion in between the
metal and SiO2 completely isolates the radiating metallic layer
from Si wafer and thus reduces substrate loss. Along with that,
the ferrite layer adds an extra reactive element in antenna circuit-
ries which shifts the resonance toward a further lower operating
frequency and helps to miniaturize the OCA as well.

Other techniques

There are many other techniques like silicon lens [68], ion irradi-
ation [69], asymmetrical patch [70], impure Si wafer (high

resistivity Si) [71, 72], and split ring resonators (SRRs) [73] are
some of the popular and trending techniques recently, which
have been reported for enhancing the radiation characteristics
of OCAs. In [68], a rectangular-shaped Si lens is used to increase
gain by 8–13 dB. The PSL not only provides the miniaturization
by increasing electrical length but also acts as shield for the propa-
gation of EM wave toward lossy Si [63]. Ion irradiation in [69]
leads to less losses from Si wafer and subsequently enhancement
in gain is observed. The asymmetry in the patch’s slot changes the
radiation of antenna and improves the directive gain [70].
Similarly, high resistivity Si wafer doesn’t absorb much EM
waves and reduces losses as reported in [71, 72, 74]. In [73],
the SRRs geometry and their coupling with the master antenna
can be set in such a way that they create an additional resonance
that cancels gain drops. Thus, these techniques provide improved
radiation characteristics of OCAs. However, the requirement of
miniaturized and efficient OCA for SoC applications always
brings challenges for antenna researchers.

Future scope

As the 5G and 6G generation technologies are continuously
demanding smaller systems, on-chip antennas are going to be
very significant in terms of providing chip level compactness.
This also opens many area for researchers to explore and utilize
their knowledge of designing miniaturized antenna for small
SoCs. Some of them are given below.

Adequate use of emerging substrates

Over the years, the semiconductor market is mostly relies on the
use of substrates like SiGe, GaAs, SiC, and InP [14]. Parallelly, the
growing industries have started to explore the opportunities of
utilizing some emerging substrates like galium–antimony com-
pound (GaSb), indium–antimony compound (InSb), galium
nitrate (GaN), galium oxide (Ga2O3), aluminum nitrate (AlN),
etc. [75]. These emerging substrates have higher resistivity (e.g.
the electrical resistivity of InP and GaAs material in the order
of 106–108Ω cm, million times better than that of Si), which pro-
vides excellent isolation and substrate insulation and subsequently
results better radiation characteristics to OCAs. However, such
emerging wafers are expensive and their low cost alternatives
are in development process. According to a market study report
by Yole Development, these emerging substrates are going to
cover more than 200% of its current market in upcoming years
[75]. Thus, it opens new area of research for the antenna designers
to analyze the electrical and thermal properties of these engi-
neered substrates and provide efficient OCAs with improved radi-
ation characteristics.

OCA in space application

The latest advancements in space-based devices such as nano-
satellites, pico-satellites, femto-satellites, etc. [76] have opened
another vital area for the OCA applications. The evolution of
small satellites leads to many emerging applications like radar
and sensors [77], telemetry, surveillance [78], hardware testing,
academic operations and laboratories [76, 79], land deformation
detection [80], weather foresighting [81], and many more.
Generally, a satellite contains different modules like control sys-
tem, power supply, communication system, payload, mechanical
system, etc. A communication system is the pivotal part andFig. 9. Inclusion of a thin ferrite layer into standard OCA’s layout.
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many small conventional antennas are utilized for intra and inter-
satellite communication. As the miniaturization is the prime
requirement of these systems, OCAs bring compactness to the
overall system. Using the novel engineered semiconductor sub-
strates [75] and continuous emergence of novel techniques for
enhancing radiation characteristics promises the efficient OCAs
for these applications.

Massive MIMO technology

The present communication technology is going to shift toward
the 5G and 6G networks for which compact devices supporting
high speed data transfer, low latency rate, and reliable transmis-
sion are required. Multiple input multiple output (MIMO) and
massive MIMO technology is used to fulfill these requirements
[82–84]. The massive MIMO-based 5G and 6G devices consist
of around hundreds antennas in their RF front-end. The separate
feed network of such higher number of antenna elements by pro-
viding proper impedance matching becomes complex and needs
higher space. MIMO system with OCAs may alleviate the require-
ment of separate feed network with additional constraint of
impedance matching. Thus, use of OCAs may be the ideal choice
for the MIMO architecture to make a compact and economical
system for the future generation networks. There are few works
have reported on OCA-based MIMO systems [85, 86]. A folded
dipole on-chip MIMO antenna fabrication and its measurement
has been demonstrated in [85]. Another highly miniaturized
folded dipole along with radar sensor is designed for angular mea-
surements using MIMO networks in [86]. Still, the future gener-
ation networks demand highly miniaturized on-chip MIMO
antennas which pave the another interesting and vibrant research
area of MIMO OCAs.

THz devices applications

Typically, the frequency spectrum between 300 GHz and 3 THz is
defined as the THz band. The design of antenna for the THz com-
munication network is one of the most attractive areas of research
as it offers large bandwidth for high speed data communication
operating at less crowded spectrum. Meanwhile, there are some
hindrances in terms of high path loss in the free-space and limited
range of coverage. However, in the THz band, the major advan-
tage of OCA is the size of the antenna becomes comparable to
the normal IC chip. As an outcome, even without any miniatur-
ization the antenna can be accommodated and the realized
antenna can provide good radiation characteristics [87, 88]. In
[88], the graphene-based on-chip antenna array has been
employed to empower energy-efficient, multi-modal inter—chip
communication protocol for multichip systems in the THz
range. Thus, OCAs may play an important role for the upcoming
networks in the THz range.

Biomedical applications

In the last two decades, the increased in-vivo implant reliability
with demand of low-miniaturized electronics devices steered the
biomedical instrumentation world toward the development of
smaller wireless electronic devices, such as bladder pressure mon-
itoring [89], intelligent gastric and cardiac pacemakers [90, 91],
implantable pacemakers and defibrillator [92], and deep brain
stimulator [93]. The Medical Implant Communication System
utilizes some fixed frequency bands such as (MICS-415MHz

band), ISM 915MHz, 2.45 GHz band) for transmitting data of
implantable devices. The normal antenna size operating at this
frequency band is larger and subsequently, this results in large
device. Implantation of large device requires painful invasive sur-
gical procedure and should be avoided. Thus, the miniaturized
OCA emerged as a solution for the smaller system. However,
miniaturization comes at the cost of reduced gain and efficiency.
Usually, the implantable devices are used in the short range and
high data rate communication with far field gain of − 30 dBi
and efficiency between 1 and 5% are adequate [94, 95]. Thus,
OCAs become suitable for implantable biomedical applications.
Nevertheless, implantable antennas required some pre-requisite
design conditions such as human body likewise simulation and
characterization environment. Moreover, the antenna must follow
two other critical parameters to become suitable for any implant
applications namely Biocompatibility and specific absorption
ratio (SAR) limit test. In order to make a system biocompatible,
an OCA needs to be simulated with a layer of biocompatible
materials like Teflon (εr = 2.1, tanδ = 0.001), ceramic alumina
(εr = 9.4, tanδ = 0.006), Si3N4 (εr = 7, tanδ = 0.005) [94]. For
SAR test, IEEE C95.1-1999 standard suggest that, the average
SAR level at or below 1.6 watts per kilogram (W/kg) taken over
the volume containing a mass of 1 g of tissue that is absorbing
the most signal [14, 94]. Although, many OCAs for biomedical
devices have been reported [51, 65, 71, 96, 97] still, the improve-
ment of radiation performance under implant environment is
much needed. However, the continuous demand of miniaturized
implant devices keep motivates researchers for delivering user
friendly and small implant devices.

Conclusion

OCAs are found to be beneficial in wide range of applications as
detailed in this paper. The research on this field is still in the flour-
ishing stage. Therefore, it manifests several research opportunities
such as the new design concepts based on improving antenna per-
formances, the optimum position of the antenna in the system with
increased radiation characteristics by minimizing power loss, and
the effect of radiated EM wave with other circuit components, inves-
tigation of the novel antennas for the upcoming modern communi-
cations. Along with substrate losses, significant miniaturization of
the OCA in the low frequency significantly affects its radiation per-
formances. Hence, the prosperity of OCA is more suitable in the
mm-wave and Terahertz communications. Also, it will play a vital
role in achieving a completely compact RF-SoC system.
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