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Abstract. This article presents a design method for a miniaturized, Circularly Polarized
(CP), concentric ring-shaped monopole on-chip antenna for 24 GHz short-range application.
The proposed antenna covers a 22{29 GHz automotive radar spectrum with a resonance
at 24 GHz. Taking a simple circular ring-shaped patch as the reference antenna, this
study introduces a small gap in the closed-loop structure that helps provide the required
travelling wave current distribution to realize the CP property. Then, a smaller circular
ring is incorporated inside the reference antenna to improve the antenna performance in
terms of the CP characteristics. Finally, the proposed antenna is tuned to obtain the CP
characteristics in the desired band ranging from 23.2 GHz to 27 GHz with 3{dB with Axial
Ratio (AR) bandwidth of 3.8 GHz. It o�ers a maximum gain of {4.5 dBi and wide angular
range coverage (HPBW > 75� in both E and H-plane). The standard CMOS process with
only one level of mask (metal patterning) is used to better understand the functions of the
designed antenna. Compact size (3.8 mm � 4 mm � 0.678 mm), simple design layout,
and high performance make the antenna a suitable candidate for System-on-Chip (SoC)
application.

© 2023 Sharif University of Technology. All rights reserved.

1. Introduction

The ever-growing demand for a miniaturized, low-cost
complete Radio Frequency (RF) system has encouraged
researchers towards a proper design and implemen-
tation of on-chip antennas. The main feature that
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has brought this emerging domain to the attention
of the research community is the feasibility of an-
tenna integration with other necessary analog and
digital modules on the same silicon wafer to make an
application-speci�c, truly-e�ective, compact System-
on-Chip (SoC) at a very reasonable price. In addition,
on-chip antennas eliminate the need for bond wires
and impedance matching networks. However, the main
drawback here is the electrical properties of silicon
wafer, i.e., low resistivity and high relative permittivity,
which are ill-suited for designing an e�cient antenna
on it. These two factors result in absorption and
dissipation of power instead of radiation. As a result,
both gain and e�ciency of the on-chip antenna become
very low. Although it has been investigated that the
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dielectric loss in high-resistive Si is less than that
in low-resistive Si [1,2], such high-resistive Si is not
suitable for the bulk CMOS process. Consequently, dif-
ferent methods such as inserting an arti�cial magnetic
conductor layer beneath the antenna [3] and incorpo-
rating a convex-shaped silicon lens at the backside of
the substrate [4] have been reported to improve the
antenna e�ciency.

Another important issue that should be taken
into consideration while designing an on-chip antenna
is to avoid or minimize the e�ect of interference from
other electronic circuit components integrated on the
same silicon wafer. In a standard CMOS process
layout, there are 6{7 metal layers embedded in the
insulating layers. The antenna is generally placed on
the top metal layer while di�erent circuit components
are integrated on the bottom layer. One of the methods
to prevent the coupling of EM signal with the substrate
as well as other circuit components integrated within
the substrate is to use one intermediate metal layer as
the ground for the antenna, as proposed in [5]. Such an
intermediate ground layer isolates the antenna from the
lossy Si substrate and thus, prevents the interference
of the RF signal with other circuits designed on the
substrate.

The on-chip antenna is mainly used for short-
range applications like intra- and inter-chip commu-
nication [6,7], biomedical application [8,9], RF energy
harvesting [10], and short-range automotive radar ap-
plication [11,12], to name a few. Designing on-chip
automotive radar sensors is a trendy topic because in
the present scenario, a traveler's primary concern while
taking a step out is whether or not they will safely
reach their destination. This fearful thought comes to
mind automatically as daily newspapers are currently

ooded with coverage of severe road crashes happening
in every part of the world. Vulnerable Road Users
(VRUs) are the primary victims of road crashes. The
VRUs are referred to as those who have no protective
metal shielding, such as pedestrians, pedal cyclists,
and motor cyclists [13]. To reduce the number of
road crashes and their severity, smart vehicular systems
equipped with advanced radar technology are now
used and they help drivers in a reliable environment
sensing. European Commission (EC) issued a standard
transport policy in September 2001, aiming to diminish
road fatality to a great extent [14]. Radar technology
is currently becoming a crucial part of the European
e-safety program owing to its most attractive feature,
i.e., weather independent characteristic. For such
an application, European Conference of Postal and
Telecommunications Administration (CEPT) released
5 GHz bandwidth starting from 21.65 to 26.65 GHz in
2005. In 2002, US-based organization Federal Commu-
nication Commission (FCC) allocated 22{29 GHz band
to short-range automotive radar applications [15].

To explore the above-mentioned band, several
works have been reported in the recent past from
both industry and academia. Experimental validation
of a 24 GHz Frequency-Modulated Continuous Wave
(FMCW) radar system module comprising a transmit-
ter and �ve-element array antenna along with a digital
signal processing unit was reported in [16] to measure
the accurate distance. In [17], a 24 GHz radar system
module of 3 cm � 3 cm in size containing a Circularly
Polarized (CP), dual-orthogonal fed microstrip patch
antenna for automotive applications was presented.
Array antennas like Microstrip Franklin Array Antenna
(MFAA) and grid array antenna designed on ROGERS
Corp. substrate for short-range radar applications were
discussed in [18] and [19], respectively. All of these
antennas are termed as o�-chip antennas as they are
designed on Printed Circuit Board (PCB). With the
advancement of on-chip technology, radar transceiver
circuits are now being realized on a silicon wafer using
di�erent process technologies like Si-Ge [20,21], Si-
CMOS [22,23], Si-Ge BiCMOS [24], etc.

Most of the antennas designed for radar system
are Linearly Polarized (LP) o�-chip antennas [25{27].
However, a 24 GHz LP on-chip antenna was reported in
[28]. In [29], a 24/60 GHz dual-band on-chip antenna
was introduced using CMOS technology. The LP
antennas possess inherent critical shortcomings. For
example, if the electromagnetic signal re
ected from
the target is rotated at angle � upon propagation, the
power received by the LP antenna at the receiving
end is reduced by a factor of cos �, which reduces the
overall e�ciency of the radar system. This problem
can be sorted out by replacing the LP antenna with a
CP antenna since the CP antennas can receive signal
e�ectively even when the signal is rotated.

In this context, this paper presents a highly
miniaturized, CP on-chip antenna with wide angular
coverage and signi�cant gain for precise object scanning
in 24 GHz automotive short-range radar application.
The proposed antenna is designed with the standard
CMOS process layout in mind, so that it can be
easily integrated with other necessary RF modules,
with the goal of creating a compact automotive SoC
radar in the future. It o�ers the advantage of less
space consumption and lower cost than those of the
conventional o�-chip radar system.

The rest of the paper is organized as follows.
Section 2 addresses detailed antenna design steps,
followed by the results and analysis given in Section 3.
Section 4 discusses post fabrication work. Finally,
Section 5 presents the concluding remarks.

2. Proposed CP on-chip antenna

2.1. Design layout and fabrication process
A cross-sectional view of the fabrication process layout
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Figure 1. Fabrication process layout.

is illustrated in Figure 1. In this study, a Floating
Zone (FZ) was �rst processed, and 675 �m thick
excessively pure 600 silicon wafer (tan � = 0:01 and
"r = 11:8) with an orientation of <100> was chosen
as the substrate for designing the antenna. Initially,
on the surface of the wafer, two thin insulating layers
of SiO2 ("r = 4) with a thickness of 0.05 �m and Si3N4
("r = 7:5) with a thickness of 0.15 �m were grown
through thermal oxidation and Low-Pressure Chemical
Vapor Deposition (LPCVD) processes, respectively.
The stack of silicon-di-oxide and silicon nitride was
chosen for stress balancing. The key factor in adopting
an insulating layer before metallization is that metal
can di�use into the semiconductor material and make
a metal-semiconductor junction (Schottky Barrier).
As a result, adhesion of a metal to the insulator
is a completely better option than adhesion to the
semiconductor, and the insulating layer contributes
to IC compatibility. Finally, at the top, Aluminium
(Al) layer of 3 �m in thickness was used to realize
the radiating structure. It was deposited using DC
magnetron sputtering, followed by a metal masking
process through 365 nm UV lithography. Finally, metal
was removed using the chlorine-based RIE etching
process and photoresists were stripped out through
oxygen plasma cleaning.

2.2. Reference antenna design
To better understand the function of the CP on-
chip antenna, �rst, a Coplanar Waveguide (CPW) fed,
circular ring-shaped radiating patch was designed, as
shown in Figure 2. The feed line with the Gsg/Wf/Gsg
con�guration of 0.11/0.18/0.11 (mm) was also used
here to achieve 50 
 characteristics impedance. Since
the available RF connectors cannot be �tted with this
type of tiny-sized on-chip antenna, GSG (Ground-
Signal-Ground) probe is generally used for character-
izing the fabricated antenna prototype. The GSG
probe provides a precise planar contact for both ground
and signal lines of the CPW feed, and the proper
pitch size (spacing between signal and ground) of the
probe ensures excellent performance. CPW feeding in
designing an on-chip antenna is highly recommended
for the following reasons:

(a) It simpli�es fabrication step and reduces the man-
ufacturing cost and time as well since only one
mask is required to fabricate this CPW feed;

Figure 2. Geometry of the reference monopole on-chip
antenna (where, Lg = 1:375 mm, Wg = 1:7 mm,
Wf = 0:18 mm, Gsg = 0:11 mm, R1 = 1:04 mm, and
R2 = 0:5 mm).

(b) It eliminates the need for via holes;
(c) It allows the computer-controlled on-wafer mea-

surement technique in a more precise manner up
to several tens of GHz;

(d) It has the potential to o�er wideband characteris-
tics due to its low dispersion;

(e) It reduces radiation loss; and
(f) It o�ers easy integration of other surface mounting

devices in a very compact way.

Microstrip line feed is mostly avoided in such
cases because the standard CMOS process does not
support enough separation between the ground plane
and radiating element. As a result, the performance
of the antenna will be degraded to a great extent
due to the formation of image current [30]. Further,
other modules of a SoC may be adversely a�ected by
the interference caused by the metal layer acting as a
ground plane for microstrip feed.

The variations in the return loss (S11) charac-
teristic for di�erent values of circular patch radius
(R1) are presented in Figure 3. According to the
observations, the parameter R1 is responsible for the
variation of both upper and lower cuto� frequencies.
With an increase in the R1 value, the lower cut-o�
frequency gradually shifts to the left side while, the
upper cut-o� frequency shifts to the right side, resulting
in bandwidth enhancement. The optimum value of
R1 = 1:04 mm provides the best S11 characteristics
with a resonating frequency of 24 GHz.
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Figure 3. Return loss characteristics for di�erent values
of R1 with a �xed optimum value of R2 = 0:5 mm.

Figure 4. Return loss characteristics for di�erent values
of R2 with a �xed optimum value of R1 = 1:04 mm.

Figure 4 shows the e�ect of altering the values of
the circular slot radius (R2) on the S11 characteristics.
In case R2 changes from 0.35 mm to 0.95 mm, even
though the upper and lower cut-o� frequencies remain
almost the same, gradual improvement in the curve
of the characteristics is clearly noticed. Based on
these two parametric studies, it can be deduced that
the resonating frequency of the antenna can be tuned
through proper selection of R1 and R2. In this design,
the resonating frequency of 24 GHz is obtained with
the optimum values of R1 and R2 as 1.04 mm 0.5 mm,
respectively. This reference antenna covers the ultra-
wideband automotive radar spectrum and exhibits the
fractional bandwidth of 107.25%.

2.3. Realization of the circular polarization
Polarization of the EM wave indicates the magnitude
and time-varying orientation of the electric �eld vector.
Depending on the current distribution in the antenna

Figure 5. Design steps of the CP antenna (a) Inclusion of
the gap (G = 30 �m) and (b) incorporation of the inner
loop (R3 = 0:3 mm and R4 = 0:16 mm); all other
parameters are same as reference antenna.

structure, the radiated �eld becomes either linear or
circular. A loop antenna with standing-wave current
distribution usually generates a LP wave [31,32]. On
the contrary, a uniform travelling wave circular current
distribution is required to generate a CP wave [33].
Di�erent techniques used for creating a travelling wave
current distribution in a loop-structured antenna are
listed below:

1. Exciting the antenna with two di�erent sources of
equal magnitude and phase di�ered by 90� [34];

2. Using the antenna loaded with resistors [35]; and

3. Using the antenna loaded with a reactance [36].

Among these three techniques, the last one is
employed in this design because of its easy implementa-
tion. In order to incorporate such reactive load, a small
gap (G) as a perturbation element is introduced in the
designed reference antenna, as shown in Figure 5(a).
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Figure 6. S11 comparison of the reference antenna,
antenna with gap, with gap and inner loop.

Figure 7. Axial ratio comparison of the reference
antenna, antenna with gap, and antenna with gap and
inner loop.

The air gap provides capacitive loading and according
to the observations, the resulting antenna structure is
a suitable candidate for generating the CP EM wave.
Finally, as shown in Figure 5(b), an extra inner loop, is
added to the proposed antenna to obtain the CP mode
within the desired band of operation.

The S11 and Axial Ratio (AR) characteristics of
the antenna in the respective design steps are presented
in Figures 6 and 7, respectively. Compared to the
reference antenna (Figure 6), incorporation of the air
gap leads to impedance mismatching, which in turn
causes degradation of the S11 characteristics. The
lower cut-o� frequency also shifts to the right due to
the reduced current conduction path. As observed in
Figure 7, such incorporation has a great impact on the
AR characteristics. It helps a LP reference antenna at
an axial ratio of � 20 to become CP with the axial ratio
of � 3 at two di�erent frequency bands (17.3 to 17.74
GHz and 20.5 to 21.7 GHz). The voltage drop across

the gap capacitor can be represented by an equivalent
load voltage VL [37], which is equal to IF =j2�fCG,
where IF is feed current, f the operating frequency,
and CG the value of the gap capacitor. In a certain
frequency range, this voltage will be equal to the feed
voltage (VF ). Given that it is capacitive loading, there
will be a 90� phase shift between them. Hence, the
condition needed for getting a CP antenna is provided.

The inner loop contributes signi�cantly to the
AR bandwidth improvement for the desired band of
operation. After its inclusion, the characteristic S11
remains the same as in the previous step (Figure 6),
while the AR bandwidth is considerably improved and
right-shifted to the intended band (23.2 GHz to 27
GHz) (Figure 7). The right-shifted AR bandwidth is
obtained due to the parasitic capacitance formation
between the outer and inner loops. This capacitance
appears in series with a gap capacitance. Since the
gap width is smaller than the separation between the
two concentric loops, the capacitance between the two
loops is less than the gap capacitance. As a result,
the lower value of the resultant series capacitance is
obtained. This lower value of capacitance will increase
the capacitive reactance, which leads to the shifting of
the minimum AR point towards right so as to better
realize the same VL and VF . With the inclusion of
the inner loop, a part of the feed power is induced
in the inner loop from the outer loop. Some of this
induced �eld is penetrated into the substrate and
the remaining part is spread in the surrounding air
medium. Therefore, the increased substrate loss leads
to a decrease in the quality factor (Q) of the antenna.
The AR bandwidth of a CP antenna is related to the
Q factor, as shown in [38]:

BWAR
CP =

ARmax � 1p
ARmax:Q

; (1)

where ARmax is the maximum allowable AR that
determines the bandwidth:

ARmax = eAR
dB
max[ln(10)=20] t 1 +ARdBmax[ln(10)=20];

(2)

where ARdBmax is the maximum allowable AR in dB.
By substituting the value of ARmax in Eq. (1), we can
write BWAR

CP as follows:

BWAR
CP =

ARdBmax[ln(10)=20]p
1 +ARdBmax[ln(10)=20]:Q

: (3)

Here, followed by performing the binomial expan-
sion in the denominator and neglecting the smaller
values, we can simplify Eq. (3) as follows:

BWAR
CP t

ARdBmax[ln(10)=20]
Q

t ARdBmax:(0:115)
Q

t 0:348
Q

: (4)
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Figure 8. Phase characteristics of the two orthogonal
�eld components of the proposed antenna depicted in
Figure 5(b).

Figure 9. Axial ratio characteristics for di�erent values
of theta on the �xed phi plane.

Thus, the decreased Q factor due to the inner loop
results in an improvement in the AR bandwidth of the
CP antenna.

Figure 8 shows the phase characteristics of two
orthogonal �eld components Etheta and Ephi of the
proposed antenna. In this �gure, the desired range
under consideration is encircled with an ellipse and the
extreme boundary of the region is marked with four
points of A, B, A0, and B0. The phase angles of the
component Etheta at two boundary points (points A
and B) are 96.4� and 88.5�, respectively. In addition,
the phase angles corresponding to the component Ephi
at the boundary points (point A0 and B0) are obtained
as 185.2� and 178.7�, respectively. Therefore, in the
desired frequency range, the phase di�erence between
the two orthogonal components is observed as approx-
imately 90�, which is another mandatory condition for
obtaining circular polarization property.

Figure 9 shows the plot of the AR with respect to
� for two principal phi planes, i.e., phi = 0� (E plane)
and phi = 90� (H plane). On the phi = 0� plane, CP is

Figure 10. E�ect of gap dimension (G) on axial ratio
characteristics.

obtained within an angular range of �10� to 10� and on
the phi = 90� plane, it is achieved within the angular
range of �10� to 20�. This shows that CP polarization
is in the boresight direction of the antenna.

2.4. Parametric analysis
The outer radius (R3), inner radius (R4) of the inner
loop, and gap width (G) in the outer loop are para-
metrically optimized to obtain the desired 3-dB AR
characteristics.

2.4.1. E�ect of G
The e�ect of the gap dimension (G) on the 3-dB
AR bandwidth of the proposed antenna is shown
in Figure 10. It is observed that the antenna is
characterized by a linear polarization property for all
the values of G except G = 30 �m. Of note, the
magnitude of the gap voltage VL depends upon the
equivalent reactive impedance of the gap, which in turn
depends upon the value of CG and f . The CG value
further depends on the gap width G. Therefore, both
gap width and operating frequency control jVLj. At a
particular value of G (here it is 30 �m), jVLj is equal
to jVF j in certain frequency ranges, hence realization
of the CP antenna.

2.4.2. E�ect of R3 and R4
The e�ects of the variations in the outer radius (R3)
and inner radius (R4) of the inner loop on the AR char-
acteristics are shown in Figures 11 and 12, respectively.
An increase in the value of R3 reduces the separation
between the inner and outer loops; thus, the parasitic
capacitance increases. Therefore, at a particular value
of R3, the antenna becomes CP. On the contrary, an
increase in the value of R4 at a �xed R3 value reduces
the inner loop width, and its e�ect is re
ected in the
antenna polarization characteristics (Figure 12).

With the optimum values of G = 30 �m, R3 =
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Figure 11. E�ect of R3 on axial ratio characteristics.

Figure 12. E�ect of R4 on axial ratio characteristics.

0:30 mm, and R4 = 0:16 mm, the proposed antenna
achieves the axial ratio of � 3 dB in the frequency
range of 23.2 GHz to 27 GHz (14.6%). In this study, the
FEM-based EM simulator HFSS v17 is used to design
the 3D antenna structure.

3. Results and analysis

3.1. Simulated gain, e�ciency, radiation
pattern, and surface current distribution

The simulated gain and e�ciency characteristics of the
proposed antenna are depicted in Figure 13. The gain
of the proposed antenna is compared with that of the
reference antenna and according to the observations,
incorporation of the circular polarization leads to the
reduction of the gain. Traditionally, the gain of a CP
antenna was less than that of the reference LP antenna,
mainly for the following three reasons. The �rst reason
originates from the theoretical background that the
gain of a CP antenna would be at least 3 dB less than
that of the reference LP antenna [39,40]. The second

Figure 13. Gain and e�ciency plot.

reason is that the antenna gain is dependent on the
AR of polarization ellipse. More details about the gain
of an antenna starting from circular polarization with
AR = 1 through elliptical polarization with AR > 1
to the linear polarization with AR ! 1 are given in
[39{41]. Finally, to include the CP characteristics, the
designed reference antenna should be loaded reactively
or resistively. Here, the reactive loading is introduced
with the small gap G. Creation of the air gap results in
achieving CP property. However, the gap disrupts the
actual current conduction path and, at the same time,
it causes some undesired radiations from the edges of
the gap, which in turn reduces the overall gain of the
proposed antenna. The proposed CP antenna achieves
a gain of �10:4 dBi at 24 GHz, while the reference
antenna o�ers a gain of �3:3 dBi at that frequency.
The maximum gain achieved by the proposed antenna
is �4:5 dBi. The antenna e�ciency varies from 60% to
81% over the operating band.

Although the gain of the CP antenna is less that of
one LP reference antenna, they have two have di�erent
signi�cances from an application perspective. For ex-
ample, LP antennas are used with known polarization
characteristics of the signal at both transmission and
reception ends. However, this polarization character-
istic of the received signal alters with respect to the
transmitted one due to the transmission medium or
re
ection from some nearby obstacles; therefore, the
LP antenna may not be suitable. In these cases, the
CP antenna is preferred.

The 2D radiation patterns in both E and H planes
at four di�erent frequencies (23, 24, 26, and 27 GHz) of
the operating band are depicted in Figure 14 along with
the 3D pattern at 24 GHz. On the E plane, the pattern
looks almost like the one that is depicted in Figure 8.
The antenna exihibits HPBW of 115� and 75� on the E
and H planes, respectively. This type of antenna, with
its greater angular coverage, is a suitable candidate
for short-range automotive radar due to its ability to
accurately detect objects in the nearby environment
surrounding the host car.

To determine the polarization of the wave ra-
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Figure 14. Radiation pattern of the proposed antenna: 2D pattern at: (a) 23 GHz; (b) 24 GHz; (c) 26 GHz; (d) 27 GHz;
and 3D pattern at (e) 24 GHz.

diated from the antenna, the current distribution of
the radiating patch at 26 GHz is identi�ed and the
same is depicted in Figure 15. The direction of the
surface current at four di�erent time phases of 0�,
90�, 180�, and 270� is shown in Figure 15(a){(d),
respectively. At each 90� time phase, the current
vector is rotated about 90� in the clockwise direction.
This indicates that the excited current radiates a Left-
Handed Circularly Polarized (LHCP) wave. The E and
H �eld distributions in the radiating patch at 24 GHz
are shown in Figure 16(a) and (b), respectively. The E

�elds do not exist on the east and west sides, and the
arrows representing the E �eld are inward and outward
pointing to the south and north sides, respectively. The
H �elds form a closed loop, as shown in Figure 16(b).
This �eld distribution con�rms the excitation of TE11
mode at 24 GHz.

3.2. Measured S11 characteristics
The fabricated antenna prototype was characterized
using a probe station (CASCADE Summit 11000 AP
series) and a vector network analyzer (R&S VNA
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Figure 15. Surface current distribution at 26 GHz for
di�erent time phases; (a) 0�, (b) 90�, (c) 180�, and (d)
270�.
ZVA-40). Figure 17 shows the experimental setup for
characterizing the fabricated prototype. To start the
process, �rst, an antenna prototype is placed on the
metal base of the probe station. The RF cable supplies
the required signals as the input to the probe tip via
probe head interface from the VNA. GSG in�nity probe
with the pitch size of 250 �m is used to excite the
test antenna. The microscope just above the metal
base of the probe station is used to check the proper
alignment of the probe tip. The microscopic view can
be seen in the probe station monitor and depicted in
Figure 17(b). The probe is moved along the upward
and downward directions to con�rm the planarity of
the probe tips. If it imposes an equal number of
sliding marks from all three tips, the proper tip contact
with the wafer can be con�rmed. Next, the probe
tips are calibrated to get the best possible error-free
measurement result. Di�erent calibration algorithms
including SOL (Short Open Load), SOLT (Short Open
Load Thru), LRM (Line Re
ect Match), LRRM (Line
Re
ect Re
ect Match), etc. are usually implemented
within the VNA itself. Depending on the requirement,
one of the calibration techniques is chosen. In this
case, the SOL technique is implemented. The obtained
measured and simulated results are presented in Fig-
ure 18. An undesired discrepancy in the measured
result is observed in this �gure. The critical factor
responsible for this inconsistency is Residual Silicon
Substrate (RSS) e�ect. During the dicing process,
the extra silicon substrate of 0.2 mm in width is kept
to ensure that the die will be free from any kind of

Figure 16. Field distribution in the radiating patch at 24
GHz; (a) E �led distribution and (b) H �eld distribution.

damage at the time of dicing. This extra lossy silicon
substrate adversely a�ects the return loss characteristic
of the test antenna. To validate this phenomenon, this
condition was created in the simulation environment.
The return loss characteristics of the antenna including
the RSS e�ect is also plotted in Figure 18 along with
the other two results. The graph con�rms that the RSS
e�ect degrades the antenna characteristics. The mea-
sured result is now matched with the post-fabrication
simulation result to a great extent. However, re
ection
from the nearby metal components like the base of
the probe station, probe tips, probe positioner, and
microscope causes the measured bandwidth to shrink.
In case all these negative factors are removed, the
measured results are expected to match perfectly with
the simulated one. The performance of the proposed
antenna is compared with that of other contemporary
antennas, the results of which are given in Table 1. Due
to the miniaturization and substrate loss, the gain of
the OCAs is lower than that of the PCB-based o�-chip
antennas. However, compared to the antenna reported
in [42], the proposed antenna o�ers a signi�cantly
improved gain of �4:5 dBi, which makes it suitable
for short-range automotive radar applications.
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Figure 17. Antenna characterization process (a) Antenna prototype placed on CASCADE Summit 11000 AP series GSG
probe station, (b) Microscopic view of the fabricated prototype, (c) 600 silicon wafer containing multiple antenna
prototypes [Courtesy: Semi-conductor Laboratory, Chandigarh].

Figure 18. Comparison of pre-fabrication,
post-fabrication, and measured result.

4. Post fabrication work

4.1. Gain enhancement
The proposed CP on-chip antenna has lower gain
than the conventional o�-chip antennas due to its low
resistivity and high dielectric constant ("r = 11:8)
of the silicon substrate. Low resistive silicon leads
to a signi�cant substrate loss, while high permittivity
con�nes the greatest portion of the power within the
substrate. These two factors contribute to degradation
of the on-chip antenna. However, the gain o�ered by
the proposed antenna is higher than that in [28,29,42].
To make the antenna suitably applicable to a real-case

scenario, some additional post-fabrication works should
be done to improve its gain characteristics. Though
high resistive silicon can be used to improve the gain
performance [43], the bulk CMOS process does not
support such high resistive silicon [44]. The alternative
and most suitable option for improving the OCA gain
is to apply the micromachining technique wherein a low
index region is introduced underneath the radiating
antenna by removing a portion of the Si wafer from
its bottom. The technique is very much useful as the
designed antenna layout is not a�ected, and it only
requires an additional post-fabrication step. In the
proposed antenna, a slanted walled cavity of 0.2 mm
in height is created just beneath the radiating patch
and �lled with air ("r = 1), as shown as an inset image
in Figure 19. The gain characteristics of the antenna at
di�erent design steps are depicted in that �gure. It can
be observed that incorporation of air cavity enhances
the gain of the proposed antenna even with respect to
that of the reference antenna under consideration.

4.2. E�ect of circuit element
In order to design a compact SoC using our designed
antenna in the near future, other necessary active
circuit elements like transistors, diodes, and passive
elements like inductors, capacitors, transmission lines,
etc. need to be placed in the close vicinity of the
antenna. Therefore, their e�ect on the performance of
the on-chip antenna can no longer be overlooked. The
feature size of the active circuit component is almost
very small; therefore, they cannot strongly a�ect the
performance of the antenna. On the contrary, the e�ect
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Table 1. Comparison between the proposed antenna and previously reported ones for 24 GHz application.

Ref.
no.

Antenna
type

Substrate Size
(mm3)

fc
(GHz)

BW or
fractional

BW

Axial
ratio
BW

(GHz)

Max.
gain
(dBi)

HPBW
(�) at

24 GHz
Application

[25] Array of
patches

Rogers
RO4003C

37� 71:9� 0:813 23.7 16.9% NA 11.1 150 (E-plane)
10 (H-plane)

Developed for
automotive

radar
applications

[18] Franklin
array

Rogers
Corp. RO4003

90� 25� 0:2 24 0.4 GHz
(23.8 to 24.2)

NA > 10 17 (E-plane)
82 (H-plane)

Designed for
vehicle blind

spot
information

systems

[19] Grid array RO3003 146� 18� 1:6 24 25% NA 11.59 145 (E-plane)
10.88 (H-plane)

Suitable for
UWB

automotive
short-range

radar sensors

[42]

On-chip
antenna with a
MIM capacitor
loading AMC

Si 3:56� 0:5� 0:29 24 11.3 GHz
(22.5 to 33.8)

NA {41.8 NM
Can be used
wireless chip
area network

[29] Meander-line Si 1� 0:75� 0:3 24/60

15.7 GHz
(10 to 25.7) and
8.2 GHz (58.4

to 66.6)

NA
{21.7 at 24 GHz)

and {6.5
(at 60 GHz)

NM

Can be used
for dual-band

millimeter-wave
communication

systems

[28] Conductor
backed dipole

Si 3� 0:5� 0:3 24 10 GHz
(20 to 30)

NA {8 NM
Designed for
short-range
applications

This
work

Concentric
loop antenna

Si 3:8� 4� 0:678 24
8.5 GHz

(21.9{30.4)
Measured value

3.8 (23.2 to 27) {4.5 115 (E-plane)
75 (H-plane)

Proposed for
short-range
automotive

radar
application

Figure 19. Gain comparison of reference antenna,
proposed antenna, and micromachined proposed antenna.

of the passive components (whose size depends upon
the operating frequency) cannot be ignored until an
e�ective design strategy is opted. To analyze the whole

system, two di�erent simulators are needed; then, the
antenna part is simulated in Ansys HFSS or CST studio
suite based on the solving maxwell equation in the
meshed structures, and the circuit part is simulated in
the simulators like cadence or ADS based on the voltage
or current bases nodal analysis. First, the antenna
part is simulated in the EM simulator and then, their
S parameter is extracted and imported to the circuit
simulator. The optimization of both simulators is
continuously performed until an optimum solution is
obtained. It requires extensive research and it will be
addressed in our next research article.

In this article, the e�ect of the most common
circuit element, i.e., inductor, on the performance of
the proposed antenna is analyzed. Both the on-chip
inductor and antenna are designed using the HFSS
design kit. The antenna is normally designed on the top
metal layer due to the available larger metal thickness
for e�cient signal transmission through air. The



S. Mandal et al./Scientia Iranica, Transactions D: Computer Science & ... 30 (2023) 1314{1329 1325

Figure 20. On-chip inductor design: (a) inductor model and (b) process layout.

Figure 21. E�ect of circuit elements on antenna: (a) incorporation of the �rst inductor, (b)incorporation of second
inductor, and (c) return loss characteristics.

circuit element is generally placed in the intermediate
metal layers, and they are connected to the antenna;if
required, it can also be placed on the top layer. In this
study, a 2.5 turn rectangular spiral inductor is designed
(the inductor model is shown in Figure 20(a)) on the
intermediate metal layer to analyze its e�ect on the
characteristics of the antenna designed on the top metal
layer. The process layout is shown in Figure 20(b). The

line width and line spacing of the inductor are taken
as 15 �m and 1.5 �m, respectively. The spiral inductor
is designed in the M2 layer of 2 �m in thickness while
the underpass is designed in the M1 layer of 0.5 �m in
thickness, and they are connected through vias. First,
a single inductor was placed, as shown in Figure 21(a)
and then, another inductor with the same speci�cations
is added (Figure 21(b)) to check if any changes will
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happen due to the presence of that inductor, as shown
in Figure 21(c). According to the graph, incorporation
of the �rst inductor causes lower cut-o� frequency to
be right-shifted. Apparently, it can be deduced that
these changes result from the inductor e�ect. Of note,
the oxide layer thickness is now obtained as 9.8 �m,
while its previous value is 0.5 �m. The thicker oxide
layer results in a decrement in the capacitance value,
which in turn forces the lower cut-o� frequency to be
right-shifted. This is further proved by incorporating
the second inductor. According to the observations,
the return loss characteristics remain approximately
the same as obtained after the inclusion of the �rst
inductor. Therefore, it can be concluded that the
antenna works in an e�cient way, considering the e�ect
of the most common circuit element, i.e., inductor, and
it is expected to remain operable considering the real
e�ect of the other circuit elements too.

5. Conclusion

In this study, a circularly polarized on-chip antenna
covering short-range automotive radar spectrum
(22{29 GHz) was designed with just one additional
pattern masking level, and the e�ects of the important
design parameters on the antenna characteristics were
analytically evaluated. The proposed antenna provided
wide angular coverage along with the maximum gain of
�4:5 dBi. The measurement results show that unlike
the conventional microstrip patch antenna, any change
in the substrate dimension during the fabrication
process greatly a�ects the performance of the on-chip
antenna. From the post-fabrication simulation and
measured results, it can be inferred that Residual
Silicon Substrate (RSS) plays an important role in the
performance of the fabricated prototype, and this role
of the substrate should be taken into account during
the antenna design process in the simulation platform.
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