Progress In Electromagnetics Research M, Vol. 91, 69–79, 2020

A Silicon-Based Ferrite Loaded Miniaturized On-Chip Antenna with
Enhanced Gain for Implantable Bio-Telemetry Applications
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Abstract—To make a truly compact size system on-chip (SoC) device for wireless bio-telemetry
application, the design of a miniaturized on-chip antenna (OCA) with enhanced gain becomes a prime
challenge in recent time. Unsuitable Si (Silicon) substrate and relatively larger antenna size at lower
microwave frequencies make it even more challenging for the researchers. In this work, an OCA is
designed on a low resistive (ρ = 10 ohm·cm) Si substrate by using standard CMOS technology process.
The top metal layer of CMOS layout has been used for designing the antenna to reduce fabrication
complexity. By using slot miniaturization technique, the proposed antenna size of λ0 /22 × λ0 /21.4 mm2
is achieved and operable at ISM 915 MHz band for biotelemetry applications. A gain enhancement
technique for OCA is proposed by introducing a 0.2 µm thin ﬁlm of Cobalt Zirconium Oxide (CoZrO)
ferrite material, and the gain is enhanced by +12.28 dB with the bandwidth and fractional bandwidth
(FBW) of 1.14 GHz and 124%, respectively. The simulation results of the proposed antenna with coating
of bio-compatible material show its potential applicability for implantable bio-telemetry applications.
An equivalent circuit of the proposed OCA is presented and veriﬁed by ADS circuit simulator.

1. INTRODUCTION
In the last ten years, there have been many new emerging diseases which have no treatment, vaccine,
possible prevention or control [1]. Some of these diseases, such as Brain disorders, Heart dysfunction,
Pulmonary heart diseases, may be controllable in the initial stage but due to non-continuous monitoring,
become incurable and threat to human lives. Bio-telemetry devices such as implantable medical devices
(IMDs) are one of the eﬀective solutions which provide continuous monitoring of health conditions not
only for patients but also for normal persons to avoid any health hazards. IMDs are implanted inside
the body by any surgical method for monitoring the health in a continuous manner. Presently, IMDs
become eﬀective for biotelemetry application due to continuous monitoring, precise drug delivery, and
health care in some critical diseases like respiratory diseases, nervous system diseases, cardiac diseases,
cancer, and in many others [2, 3].
Figure 1 shows the typical block diagram of communication between an IMD and monitoring
device placed outside of the host body. In Fig. 1(a), the bio-signal, i.e., information of the host
body, is sensed by sensor placed inside the IMD. This bio-signal is processed and transmitted through
a wired link to the monitoring device which is placed outside the body. The inherent problems
associated with wired communication are attenuation, latency, and propagation delay. Thus the wired
communication with IMDs makes the device not only bigger and complex but also ineﬃcient and
less reliable. Incorporation of OCA (on-chip antenna) into the IMD makes the device compact in size,
provides a wireless connectivity between IMDs and monitoring devices (as shown in Fig. 1(b)), and oﬀers
reliable and faster communication than wired one. The implementation of OCA in IMDs not only makes
the system compact by removing complex wired network but also provides easy implantation to the host
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Figure 1. An implantable bio-telemetry monitoring system (a) IMD with wired connection (b) with
wireless connection using OCA.
body. However, demand of compact IMDs needs miniaturized antenna to fabricate within the small
area of the integrated chip and easy implantation. Thus, many antenna miniaturization techniques like
slotting, shorting, meandering, loading, etc. have been successfully incorporated [2]. Another challenge
for an on-chip antenna designer is the losses due to Si substrate. The IC industries mostly prefer Si
substrate for fabrication of ICs. However, due to low resistivity and high permittivity, Si (ρ = 10 Ω·cm,
εr = 11.9) produces huge substrate loss which drastically reduces the performance of OCAs in terms
of gain and eﬃciency. To enhance the gain and eﬃciency of the OCA diﬀerent techniques such as
Si lens [4], electronics band gap (EBG) structure [5], dielectric resonators [6, 7], artiﬁcial magnetics
conductors (AMCs) [8], partially shield layer (PSL) [9], high impedance layers [10], un-doped Si [11], and
micro-machining [12, 13], have been successfully introduced. Most of these gain enhancement methods
have been presented at higher microwave and THz frequency where wavelength is quite small, and thus
the required antenna size comes down to smaller values. However, at the lower microwave frequency,
the size of antenna becomes so large that it may not ﬁt into the integrated chip of system and larger
reduction of antenna size leads to reduction in gain and eﬃciency drastically. It is found from the
literature that ferrite material is useful to enhance the performances of miniaturized antenna. In [14],
it is investigated that the gain of an 80% miniaturized water quenched Co2 Z hexaferrite antenna is
enhanced by 15.60 dB compared with a dielectric antenna operating at 200 MHz. In this regard, the
thin layer of CoZrO (Cobalt Zirconium Oxide) ferrite material is introduced as an alternative to improve
the gain characteristics of compact miniaturized OCA.
This paper proposes a miniaturized OCA with improved gain at ISM 915 MHz band for wireless
biotelemetry applications. To enhance gain of the proposed antenna, the thin ferrite material layer
of CoZrO is sand-witched in between top metal patch and SiO2 . The proposed antenna with ferrite
layer shows improved gain and eﬃcient radiation characteristics with wide bandwidth for high speed
communication. The Si3 N4 layer is coated over the OCA to make it bio-compatible for implant devices.
The design consideration and structure of the proposed OCA have been discussed in Section 2. Stepwise
equivalent circuit analysis with the current distributions on OCA is also explained in Section 2. Along
with that, parametric analysis of some of the important design parameters is shown later in this
section. All the results and explanations are discussed in Section 3. Finally, a comparative analysis is
demonstrated in Section 4, and then conclusion has been drawn in Section 5.
2. ANTENNA DESIGN
2.1. On-Chip Antenna Layout Consideration
The standard layout diagram of CMOS technology as in [9] is shown in Fig. 2(a). Initially, this standard
layout is considered as the reference layout for designing the proposed OCA. The antenna is designed
on the top metal layer of the CMOS layout stack. Generally, in CMOS technology, a thin silicon dioxide
(SiO2 ) layer is grown/deposited over a Si substrate to provide isolation between metal and substrate.
Still, due to the lossy electrical properties (ρ = 10 Ω·cm, εr = 11.9) of Si, it causes large amount
of substrate loss and reduces the gain and eﬃciency of an OCA. Further to mention that the idea of
integrating antenna on the same IC wafer is relatively new, and there is no such design rules in foundries
to realize the antenna with optimum radiation characteristics. In this regard, the major objective is
to design a on-chip antenna with improved gain and reduced substrate loss. Thus, in the proposed
OCA, as shown in Fig. 2(b), a high resistive Cobalt Zirconium Oxide (CoZrO) ferrite material layer
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Figure 2. The process layout diagram of standard CMOS
technology and the layout proposed for the antenna. (a)
Standard CMOS layout. (b) Proposed layout for OCA.

Figure 3.
Top view of the
proposed OCA (Removing Silicon
nitride layer).

is introduced over SiO2 . The selection of a proper ferrite material is also very important as the high
quality factor (Q) with high permittivity (εr ) ferrite works as a resonator, and it does not allow to
radiate itself eﬃciently. Also a low εr and low Q ferrite will produce losses like eddy currents, which
again reduces OCA eﬃciency [15]. The selection of CoZrO ferrite is an ideal choice here as it has εr = 4,
μr = 4.5 with Q = 10–15 (frequency dependent), which is a good compromise between the high and low
values of quality factor and permittivity. Insertion of CoZrO restricts EM waves toward the substrate
and hence reduces the substrate loss that leads to improving the antenna gain. The placement of a
ferrite layer is made such that it does not aﬀect the resonant frequency of the proposed antenna [16].
Generally, a thin layer works perfectly as an insulator and isolates the metal and substrate eﬀectively.
As ferrite is not a bio-compatible material, a bio-compatible layer of Silicon Nitride (Si3 N4 ) is coated
over the metal layer to make the OCA more suitable for the bio-telemetry application (e.g., implantable
devices) and thus reduces harmful eﬀects on implantee’s tissues. The Si3 N4 layer will also work as a
passivation layer to protect the metal radiator from environmental hazards.
2.2. Design Structure
The top view of the proposed antenna is shown in Fig. 3. The OCA comprises a simple patch fed with
co-planar waveguide (CPW) feed having two ground pads. The CPW feed is an obvious choice of a
small OCA as it provides a planar feed structure which can be easily aligned and fed by suitable GSG
probe. A 1.2 mm CPW with two 0.5 × 2.9 mm2 size ground pads is used to feed the antenna. A Si wafer
of 375 µm thickness has been used as the substrate over which a SiO2 layer of thickness of 2 µm has
been deposited. A 0.2 µm thin ﬁlm of ferrite material is included in modiﬁed CMOS stack over which
0.5 µm thin metal layer of the antenna is designed as depicted in Fig. 2(b). A Si3 N4 layer is optimized to
0.5 µm thickness for 915 MHz band. Ideally, the antenna size for 915 MHz band would be λ0 /2 = 32 cm,
but such a large size antenna is not suitable for the on-chip application. Hence, a slotting technique
of microstrip patch miniaturization has been used to reduce the size of the chip antenna. For this,
two rectangular ‘C’ shaped rings have been used in the center of the rectangular slot of the patch as
shown in Fig. 3. The optimized ring strip width and gap between the two rings is 0.375 mm for desired
center frequency. These slots increase the electrical length of the patch without disturbing the physical
length and hence decrease the frequency signiﬁcantly. It gives a reduction of size up to λ0 /21.2, and
the optimized dimension of the whole on-chip antenna is 15 × 15.4 × 0.306 mm3 , which is miniaturized
and compatible with chip dimensions. The proposed OCA structure has been designed and simulated
on ANSYS HFSS.15 platform.
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Table 1. Parametrically Optimized parameters of proposed OCA.
Parameters

ls

R1

ws

L1

l

C1

wn

g0

h

Optimized Value

15.4 mm

10 mΩ

15 mm

0.45 nH

12 mm

8.08 pF

6 mm

0.15 mm

0.377 mm

Parameters

w

ΔL

εr

ΔC

ln

R0

pl

Q

y0

Optimized Value
Parameters

14 mm
L0

26 nH
s

11.9
C0

0.0047 pF
sw

4.5 mm
L 0

50 Ω
fw

3.5 mm
C 0

1.4
pw

3.3 mm

Optimized Value

3 nH

0.375 mm

6 pF

0.375 mm

3.5 nH

1.2 mm

7.5 pF

0.5 mm

2.3. Design Parameters
All the parametrically optimized parameters of the miniaturized antenna for the center frequency
915 MHz are shown in Table 1. The representations of parameters are as follow: ls = Substrate
length, ws = Substrate width, l = Patch length, w = Patch width, ln = Slot length, wn = Slot width,
sw = Strip width, s = Strip (slot)gap, pw = Ground pad width, pl = Ground pad length, fw = Feed
width, h = Substrate height, Q = Patch antenna quality factor, and y0 = Inset feed length. In the
design of OCA, some of the parameters are limited by IC design foundry process like CMOS, GaAs,
SiGe, etc. In diﬀerent technologies, there are diﬀerent numbers of metal layers with ﬁxed thickness [17].
So some important parameters like substrate thickness (used to reduce resonant frequency), metal layer
thickness (causes gain improvement), choice of substrate material, etc. are in limited control of an
antenna designer. With these foundry level limitations, suitable miniaturization technique and a proper
feed selection (here CPW feed) play an important role to control the characteristics of the antenna with
improved radiation performance.
2.4. Equivalent Circuit analysis
Analytically, the equivalent circuit model of the ferrite loaded OCA is presented in this section. Fig. 4(a)
shows the current distribution on the surface of a simple patch antenna. The maximum current density
on a patch is near feed line, and along the length it gets lesser and at the end almost zero. The design
of patch is optimized to resonate at 1.2 GHz. As shown in Fig. 4(b) in the equivalent circuit of the top
layer on-chip patch can be represented as parallel R1 , L1 and C1 , and the value of these parameters can
be calculated as [18]
εe ε0 le w −2  πy0 
cos
(1)
C1 =
2h
l
1
(2)
L1 =
C1 ω 2 r
Q
(3)
R1 =
C1 ωr
Here, le is the eﬀective length, and εe denotes the eﬀective permittivity. These parameters can be
calculated as [19]


10h −1/2
εr + 1 εr − 1
+
1+
(4)
εe =
2
2
w
(5)
le = l − 2Δl
where,

 ⎞
+ 0.262
⎠
hw
Δl = 0.412h ⎝
+ 0.813
(εe − 0.258)
h
The current distribution in the proposed ferrite loaded miniaturized OCA is shown in Fig. 4(c).
The principle of miniaturization of a patch antenna is to increase the travelling time of the current
⎛

(εe + 0.3)

w
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Figure 4. Current Distribution and Equivalent circuit with Impedance matching circuit. (a) Current
distribution; (b) Equivalent Circuit; of rectangular patch; (c) Current distribution; (b) Equivalent
Circuit; of proposed slotted OCA; (e) Impedance matching circuit.
stream along the length. Thus, to have miniaturization, two ‘C’-shaped rings are introduced into the
rectangular slot of the patch. The reason of selecting two ‘C’-shaped rings is that together they form
a slow wave structure which provides maximum delay for the travelling current stream. As can be
seen from the ﬁgure, the current density is now maximum in the slots. It also depicts that the current
travelling time from feed toward the other end of patch is more than that of a simple patch. As this
travelling time of current is increased, due to inverse relation, the resonant frequency comes down to
0.915 GHz from 1.2 GHz. This miniaturization can also be analysed from the equivalent circuit of OCA
as shown in Fig. 4(d), where ΔL and ΔC show the changes due to the slots and cause the frequency
shift. These changes in parameters can be calculated as
 
hμ0 π ln 2
(6)
ΔL =
8
l
 
ln
(7)
ΔC = Cs
l
where Cs = Slot gap capacitance and can be calculated as

s
h
Cs = 0.5hQe(−1.86 h ) 1 + 4.09 1 − 0.785
w
and


Q = 0.04598 0.03 +

 w 1.23 

(0.272 + 0.07εr )
h
Here, it is important to mention that the similar equivalent circuits of the antenna with and without
ferrite layer are observed. It is because the highly resistive ferrite layer implementation provides isolation
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Figure 5. Comparison of the S11 characteristics of the equivalent circuit simulated in ADS and that
for the antenna designed in HFSS.
between metallic patch and lossy Si substrate to enhance the antenna gain. This can also be understood
from the return loss characteristics of the OCA under the two cases as presented in Fig. 5. The ﬁgure
shows that there is some variation in the impedance whereas the resonance frequency remains same
under both the cases.
The calculated values of these parameters for the optimized antenna are given in Table 1.
Parameters R1 , L1 , C1 , ΔL, and ΔC are corresponding to the equivalent circuit of the patch, which
are calculated by utilizing Eqs. (1) to (7). However, Z0 and Z  0 (as shown in Fig. 4(e)) represent
the equivalent impedance due to antenna static impedance and probes self-impedance and obtained by
iterative tuning using ADS circuit simulator for matching with input 50 Ω impedance [20].
2.5. Parametric Analysis
The OCAs are so small that their characteristics are very sensitive to even slight variations of any design
parameters. The values of all the parameters are parametrically optimized. The eﬀect of dimensions of
the patch and slot can be understood from the concept of the conventional microstrip patch antenna.
However, during the fabrication process, there may be some variation in the metal and dielectric layer
thickness due to the imperfection in the fabrication process. This variation depends on the foundry based
data corresponding to the PDK of the manufacturing company. The typical range of such variation is
about ±5–10% when the design layout is developed by considering 180 nm standard CMOS technology.
Here, the eﬀects of the thickness of the ferrite and top metal patch layers on the antenna performance
have been observed by considering the process design kit (PDK) of the manufacturing ﬁrm. The
variations of S11 and gain characteristics of the antenna with the thickness of the ferrite layer are
plotted in Figs. 6(a) and (b), respectively. It shows that the ferrite layer thickness plays an important
role in the antenna gain characteristics. When the layer thickness increases from 0.1 µm to 0.3 µm,
the gain is increased to its maximum, and then it decreases when thickness moves toward the higher
values. At 0.5 µm the gain, as well as the return loss, is comparably low. Though slightly higher
value of maximum gain is obtained for the ferrite layer thickness of 0.3 µm, the gain variation over the
entire range of theta is better for the thickness of 0.2 µm. Thus the optimum value of the thin ﬁlm
ferrite layer thickness is chosen as 0.2 µm. Similarly, Figs. 7(a) and (b) depict S11 and gain of the
antenna against the changes in patch thickness. In these plots, it can be clearly seen that the return
loss and gain performances of the antenna are aﬀected by the patch thickness. For a lower value of
patch thickness, slightly less gain is observed due to the skin eﬀect of the RF signal. However, the
optimum patch thickness is obtained as 0.5 µm. In both the cases, the analysis shows that the little
(±0.1 µm) variation in parameters signiﬁcantly changes antenna performance. Hence, choice of optimum
thickness of the ferrite layers and patch becomes crucial for achieving optimum antenna performance.
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Figure 6. The variation of the S11 and gain characteristics with the variation of ferrite layer thickness.
(a) Return loss characteristics, (b) Gain characteristics.

(a)

(b)

Figure 7. The variation of the S11 and gain characteristics with the variation of patch thickness.
(a) Return loss characteristics. (b) Gain characteristics.
Keeping in mind about the deviation in fabrication, the antenna performance is checked with 5–10%
variation of the optimum patch and ferrite layer thickness. It is observed that within the tolerance
limit of fabrication error of the patch and ferrite layer thicknesses, the antenna gain is changed only by
±0.07 dB and ±0.127 dB, respectively. Thus, after fabrication, the antenna prototype is useful for the
desired application without degradation of its performance.
3. RESULTS AND DISCUSSION
The proposed antenna with a thin ﬁlm of CoZrO ferrite layer over SiO2 provides excellent gain
enhancement of +12.28 dB with 1.14 GHz bandwidth. Fig. 5 shows the comparison of return loss
characteristics of the on-chip simple patch, slotted patch with CoZrO ferrite layer as obtained by EM
simulation, as well as equivalent circuit analysis. The ﬁgure also shows the simulated return loss
characteristics of slotted patch without ferrite resonating at 0.915 GHz. It is ascertained that insertion
of the ferrite layer does not aﬀect the resonant frequency. It is also observed from Fig. 5 that there is
no eﬀect on bandwidth due to the introduction of ferrite layer, as the bandwidths are almost same in
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(a)
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(c)

Figure 8. Characteristics of the proposed Ferite loaded OCA (a) Plot of real and imaginary part of
impedance; (b) Eﬃciency comparison with and without Ferrite layer; (c) Gain performances of the
antenna with and without Ferrite and Si3 N4 layer.

Figure 9. Co & Cross polarization component in
XZ plane (φ = 0◦ ).

Figure 10. Co & Cross polarization component
in Y Z plane (φ = 90◦ ).

both the cases. It is because the bandwidth depends mainly upon the substrate thickness and dielectric
constant of the substrate used in the design of antenna [21]. In all the cases, simulated return loss
curve shows excellent matching with 50 Ω input impedance as they are well below the 10 dB line. This
impedance matching can also be observed in Fig. 8(a), where the real part (resistive part) of impedance
is 49.84 Ω while the imaginary part (reactive part) is close to zero (0.04 Ω). One of the main reasons
of this matching is adequately tuned feed width as matching mainly depends on the width of feed line.
Fig. 8(b) shows the eﬃciency plot for desired range of frequency band. The eﬃciency of ferrite loaded
OCA also increases from 65% to 87% when it is compared with respect to the simple patch. It is because
the ferrite layer inclusion allows EM wave propagation towards air instead of inside substrate. This
eﬀect is visible in the plot of gain pattern of the proposed antenna in Fig. 8(c). Here initially the gain
obtained for the simple patch is −43 dB. One of the main reasons for low gain is substrate loss as most
of the EM wave energy absorbed by Si substrate is due to high permittivity. The addition of thin ferrite
in the structure provides the isolation to antenna from substrate without aﬀecting resonance condition.
The high resistivity of ferrite layer (∼ 104 Ω·cm) does not allow the EM energy to move toward the
Si (which has very high permittivity as compared to CoZrO) [14, 16]. To make the proposed antenna
eﬀective for IMDs, the complete OCA is coated by silicon nitride (Si3 N4 ) bio-compatible material. The
coating is very thin and does not aﬀect the antenna characteristics signiﬁcantly. This eﬀect can be seen
in the gain pattern of OCA in Fig. 8(c), where the gain with ferrite and bio-compatible layer is just
reduced by 3 dB. The reduction of gain is due to the higher radiation loss in Si3 N4 (εr = 7) than in air.
Also for implantable application, speciﬁc absorption ratio (SAR) should be maintained below 1.6 W/kg
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for 1 gm of volume of tissues, to avoid the harmful eﬀect of radiation on implanted body. This SAR
can be easily controllable by input power to the system. Also, the fractional bandwidth (FBW) in this
proposed OCA has been achieved as 124%. Because of the higher FBW, this OCA is applicable to high
speed biotelemetry communication at 915 MHz ISM band.
As SoC devices work with very low input power, eﬀective utilization of the power is required. Thus
waste of power radiation to or received from the undesired direction should be as low as possible. In
this regard, to observe the co-pol and cross-pol characteristics of the antenna, it is placed in XY plane
and facing toward +Z direction. Fig. 9 and Fig. 10 show the co-pol and cross-pol characteristics of
OCA in two principal planes, XZ-plane (φ = 0◦ ) and Y Z-plane (φ = 90◦ ), respectively. The co-pol and
cross-pol components are well-isolated by 10 dB (null side) and 25 dB (broadside) in XZ-plane while
6 dB (null side) and 25 dB (broadside) are in Y Z-plane respectively. This indicates signiﬁcant reduction
of unwanted interferences from or radiation to the cross-pole plane.
4. COMPARATIVE ANALYSIS
Gain enhancement with miniaturization is one of the major challenges in OCA due to its small size and
substrate loss. Table 2 provides a comparison between the gain enhancement techniques for miniaturized
OCAs as reported in diﬀerent published research works. In [22], a dielectric resonating antenna (DRA)
made with a high resistive silicon material fed by patch provides a gain enhancement of 6.7 dB. DR
material can also be used to enhance the gain and directivity of patch antenna [23]. However, the
main drawback with DR material is the non-planar structure of the antenna whereas in the SoC
applications all the structures including antenna are preferably planar. Also, the process of preparing a
high resistive DR material makes design costly and complex. Another interesting and popular technique
to enhancement of gain is electromagnetic band gap (EBG) structure. EBG periodic structure stops
EM waves to move towards substrate at resonant frequency and helps to increase gain. In [24], a patch
array shows the gain enhancement of 4 dB using an EBG structure at 60 GHz center frequency. A
circular cavity is used to provide air as the substrate and becomes comparably less lossy than Si, hence
increases the gain by reducing substrate loss [25]. These gain enhancement techniques are either costly
or the design structure gets complex. One of the most noticeable things is that the reported antennas
are mostly designed for higher frequencies. At higher frequencies the wavelengths are so small that
even λo /2 antenna size is suﬃcient for the chip size. In the proposed OCA, the slotted patch achieves
miniaturization of λo /21.2. A simple planar thin ﬁlm of ferrite layer has been used to enhance the gain
up to +12.28 dB in 915 MHz.
Table 2. Parametrically optimized parameters of proposed OCA.

[22]

Max.
Dimension
λo /1.76

[23]

λo /0.48

Patch array

60

4

EBG technique

[24]

λo /0.77

Log-periodic

216

7.7

Printed circular cavity

[25]

λo /1.77

Slot Antenna

130

13.2

DR material

This work

λo /21.2

Slot antenna

0.915

12

Ferrite layer

Reference

Antenna type

Frequency (GHz)

DRA

340

Gain enhancement
(dB)
6.7

Enhancement technique
High εr DR material

5. CONCLUSION
In this paper, the proposed antenna provides a gain enhancement using a CoZrO ferrite layer thin ﬁlm in
between radiator and SiO2 layer. The gain enhancement of +12.28 dB is obtained as compared to that
without using ferrite layer. By employing two rectangular ‘C’ shaped slots, the OCA miniaturization
up to λ0 /21.2 has been achieved successfully. An equivalent circuit of the OCA is presented, and
the circuit simulation results are well matched with the simulation results of antenna. It is observed
that proper selections of metal thickness and ferrite thickness are crucial to realization of the antenna
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with optimum characteristics. Proposed antenna shows excellent isolation between co- and cross-pol
components, which shows its applicability to low power handling devices. Proposed antenna with
a biocompatible layer of Si3 N4 material not only provides the gain enhancement but also oﬀers the
excellent fractional bandwidth of 124%. Thus, the proposed antenna becomes an ideal choice for high
speed ISM band telemetry devices applications.
ACKNOWLEDGMENT
The authors gratefully acknowledge ﬁnancial support provided by Visvesvaraya PhD scheme, Ministry
of Electronics and Information Technology (MeitY), Govt. of India, Grant No.PhD-MLA/4(29)/201516/01.
REFERENCES
1. Bloom, D. E., S. Black, and R. Rappuoli, “Emerging infectious diseases: A proactive approach,”
Vol. 114, No. 16, 4055–4059, 2017.
2. Kiourti, A. and K. S. Nikita, “A review of implantable patch antennas for biomedical telemetry:
Challenges and solutions,” IEEE Antennas and Propagation Magazine, Vol. 54, No. 3, June 2012.
3. Volakis, J. L., C.-C. Chen, and K. Fujimoto, Small Antennas: Miniaturization Techniques and
Applications, McGraw Hill, New York, 2010.
4. Mosallaei, H. and K. Sarabandi, “Antenna miniaturization and bandwidth enhancement using a
reactive impedance substrate,” IEEE Transactions on Antennas and Propagation, Vol. 52, No. 9,
September 2004.
5. Payandehjoo, K. and R. Abhari, “On-chip implementation of compact electromagnetic bandgap
structures for 60 GHz applications,” 2011 IEEE International Symposium on Antennas and
Propagation (APSURSI), 1816–1819, Spokane, WA, 2011.
6. Deng, X., Y. Li, C. Liu, W. Wu, and Y. Xiong, “340 GHz on-chip 3-D antenna With 10 dBi gain
and 80% radiation eﬃciency,” IEEE Transactions on Terahertz Science and Technology, Vol. 5,
No. 4, 619–627, July 2015.
7. Bijumon, P. V., Y. M. M. Antar, A. P. Freundorfer, and M. Sayer, “Dielectric resonator
antenna on silicon substrate for system on-chip applications,” IEEE Transactions on Antennas
and Propagation, Vol. 56, No. 11, 3404–3410, November 2008.
8. Nafe, M., A. Syed, and A. Shamim, “Gain-enhanced on-chip folded dipole antenna utilizing artiﬁcial
magnetic conductor at 94 GHz,” IEEE Antennas and Wireless Propagation Letters, Vol. 16, 2844–
2847, 2017.
9. Singh, H., S. Mandal, S. K. Mandal, and A. Karmakar, “Design of miniaturised meandered loop
on-chip antenna with enhanced gain using shorted partially shield layer for communication at
9.45 GHz,” IET Microwaves, Antennas & Propagation, Vol. 13, No. 7, 1009–1016, December 6,
2019.
10. Pan, S., D. Wang, C. Guclu, and F. Capolino, “High impedance layer for CMOS on-chip antenna
at millimeter waves,” IEEE Antennas Propagation Symp., 903–907, 2011.
11. Liu, Y., V. Pano, D. Patron, K. Dandekar, and B. Taskin, “Innovative propagation mechanism for
inter-chip and intra-chip communication,” IEEE 16th Annual Wireless and Microwave Technology
Conference (WAMICON), 1–6, Cocoa Beach, FL, 2015.
12. Liu, P., L. Chang, Y. Li, Z. Zhang, S. Wang, and Z. Feng, “A millimeter-wave micromachined airﬁlled slot antenna fed by patch,” IEEE Transactions on Components, Packaging and Manufacturing
Technology, Vol. 7, No. 10, 1683–1690, October 2017.
13. Dey, D. and R. S. Kshetrimayum, “High gain and eﬃcient patch antenna on micromachined GaAs
EBGs with increased bandwidth,” 2006 Annual IEEE India Conference, 1–5, New Delhi, 2006.
14. Bae, S., et al., “Miniaturized broadband ferrite T-DMB antenna for mobile-phone applications,” IEEE Transactions on Magnetics, Vol. 46, No. 6, 2361–2364, June 2010, doi:
10.1109/TMAG.2010.2044376.

Progress In Electromagnetics Research M, Vol. 91, 2020

79

15. Von Aulock, W. H., Handbook of Microwave Ferrites, Academic Press, New York, 1965.
16. Mitu, S. S. I. and F. Sultan, “Beam scanning properties of a ferrite loaded microstrip patch
antenna,” International Journal of Antennas and Propagation, Vol. 2015, Article ID 697409, 8
pages, 2015.
17. Cheema, H. and A. Shamim, “The last barrier: on-chip antennas,” IEEE Microw. Mag., Vol. 14,
No. 1, 79, January 2013.
18. Bahl, I. J. and P. Bhartia, Microstrip Antennas, 46, Artech House, Dedham, MA, 1980.
19. Meshram, M. K. and B. R. Vishvakarma, “Gap-coupled microstrip array antenna for wide band
operation,” Int. J. Electronics, Vol. 88, 1161, 2001.
20. Pele, I., A. Chousseaud, and S. Toutain, “Simultaneous modeling of impedance and radiation
pattern antenna for UWB pulse modulation,” IEEE Antennas and Propagation Society Symposium,
Vol. 2, 1871–1874, Monterey, CA, USA, 2004.
21. Pozar, D. M. and D. H. Schaubert, “Microstrip antennas: the analysis and design of microstrip
antennas and arrays,” IEEE Press, New York, 1995.
22. Li, C. and T. Chiu, “340-GHz low-cost and high-gain on-chip higher order mode dielectric resonator
antenna for THz applications,” IEEE Transactions on Terahertz Science and Technology, Vol. 7,
No. 3, 284–294, May 2017.
23. McKinzie, W. E., D. M. Nair, B. A. Thrasher, M. A. Smith, E. D. Hughes, and J. M. Parisi, “60GHz 2 × 2 LTCC patch antenna array with an integrated EBG structure for gain enhancement,”
IEEE Antennas and Wireless Propagation Letters, Vol. 15, 1522–1525, 2016.
24. Mou, J., Q. Xue, D. Guo, and X. Lv, “A THz detector chip with printed circular cavity as package
and enhancement of antenna gain,” IEEE Transactions on Antennas and Propagation, Vol. 64,
No. 4, 1242–1249, April 2016.
25. Hou, D., Y. Xiong, W. Goh, S. Hu, W. Hong, and M. Madihian, “130-GHz on-chip meander slot
antennas with stacked dielectric resonators in standard CMOS technology,” IEEE Transactions on
Antennas and Propagation, Vol. 60, No. 9, 4102–4109, September 2012.

