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Abstract: In this paper, a circular Sierpinski shaped on-
chip fractal antenna with defected ground structure (DGS) is
presented for Ku-band applications. The fractal and defec-
ted ground structure are employed to achieve higher
bandwidth for the entire Ku-band (12-18 GHz). The proposed
on-chip antenna (OCA) with a footprint area of 47 mm? offers
wide bandwidth of 7.22 GHz (11.94-19.13 GHz) with the
resonating frequency of 15 GHz. At the resonating frequency,
the designed antenna shows a peak gain of -19.76 dBi and a
radiation efficiency of 55.6%. The co-polarization (CP) and
cross-polarization (xP) characteristics of the proposed OCA
shows good isolation of 18.05 dBi and 17.44 dBi in the two
principal planes with ¢ = 0° and 90° cuts respectively. The
measured result of the designed OCA prototype shows a
good performance over the desired frequency band.

Keywords: antenna miniaturization; defected ground
structure; fractal antenna; gain enhancement; Ku-band;
on-chip antenna.

1 Introduction

Integration of the large component like antenna and other
RF front end circuits such as low noise amplifiers, voltage
control oscillators, and power amplifiers on the same chip
makes system on chip (SoC) technology-based devices
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truly compact and economical [1]. However, it becomes
challenging to implement a standard Ay/2 size antenna,
especially for lower microwave bands like L, S, C, X, Ku, K
with a frequency of less than 30 GHz. Because the operating
wavelengths at these frequencies are much higher when
compared to the small size chip area. Though a miniatur-
ized antenna can be accommodated within the small chip
area, it suffers from low gain due to significant aperture
loss of the antenna. It is investigated that the lossy prop-
erties of silicon (Si) also cause substrate loss and reduce
radiation efficiency [1]. Because of this low gain and effi-
ciency, the SoC device with a smaller antenna is not used
for long-distance communication [1, 2]. However, for short-
range communication applications like intra and inter-chip
communication [2], radio frequency identifications (RFIDs)
[3], single-chip radar [4], defense systems [5], etc., these
antennas offer flawless performances. By integrating two
different on-chip antennas (OCAs) on Si wafer, a phased
array is proposed for defense and satellite applications at a
resonating frequency of 14 GHz with a bandwidth of 2 GHz
in [5]. In [6], four on-chip antennas are integrated using
180 nm technology in a phased array system operating at
17 GHz with 2.4 GHz bandwidth. An on-chip synthetic
aperture radar transceiver with a center frequency of
15 GHz and bandwidth of 1.45 GHz is reported in [7].
Various techniques based on fractal geometries such as
bow-tie [8], Koch [9], and defected ground structure (DGS)
[10] have been proposed to enhance the bandwidth of
OCAs. The fractal bow-tie and Koch geometry-based OCAs
are designed at 190 GHz and 60 GHz respectively, while the
DGS based antenna is implemented at THz frequency. The
reported higher bandwidth OCAs are designed to operate at
higher frequencies, specifically with the resonating fre-
quency greater than 60 GHz. However, to the best of the
author’s knowledge, the OCA with higher bandwidth and
satisfactory radiation characteristics for lower microwave
frequency remains to be addressed.

This work takes an opportunity to present an on-chip
antenna covering the entire Ku-band with a frequency
range from 12 to 18 GHz. To achieve the complete Ku-band
from a CPW fed simple circular radiating patch; a
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Sierpinski shaped fractal geometry is introduced in the
patch radiator and two circular arc shaped DGSs symmet-
rical with respect to the feed line are implemented. The
detailed design steps and consideration of the proposed
OCA are discussed in Section 2. The analysis of the antenna
performance and its characteristics with simulation and
measured results have been presented in Section 3. Finally,
a brief conclusion has been drawn in Section 4.

2 Design of on-chip antenna for Ku-
band

2.1 Design consideration

The silicon (Si) based CMOS technology is the preferable
choice to the semiconductor firms for fabricating ICs. The
proposed OCA is designed using standard 0.18 pm CMOS
technology. In the CMOS design layout, generally, 9-11
metal layers are sandwiched between the silicon dioxide
(Si0,) layers, as shown in Figure 1. The metal layers are
made of aluminum, gold, or titanium. Copper is not rec-
ommended for on-chip applications to prevent contami-
nation effects in a cleanroom environment. The SiO, layer
is oxidized or deposited over the Si wafer depending upon
the thickness of the layer. Generally, the antenna is
designed on the top layer of the CMOS metal stack to ach-
ieve maximum radiation characteristics and reduce fabri-
cation complexity. In this work, the proposed antenna is
designed on the top metal layer. The top view and the
layered view of the proposed antenna structure are depic-
ted in Figure 2(a) and (b) respectively. The thin oxide layer
between the bottom-most metal layer and low resistive Si
wafer provides the isolation between them. The SiO, layer
is also behaved as a mask to protect the Si surface from the
impurity diffusion and acts as a passivation layer.
Although the low resistive Si wafer is lossy, it is well suit-
able for designing other components of the ICs [1]. One can
control the Si wafer resistivity by adding the doping sub-
stances, however, this would increase the additional
design step and cost. The conventional planar antenna,
like a microstrip patch embedded with low loss substrate,
shows a very low bandwidth due to its high quality factor
(Q-factor). The proposed OCA implemented on the lossy Si
substrate is intended to operate over the complete Ku-band
with a wide bandwidth of 6 GHz. To achieve such a wide
band, a circular-shaped Sierpinski fractal is introduced on
the circular radiating patch, and two circular arcs sym-
metric with respect to the CPW feed line are etched out from
the ground.
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Figure 1: A standard layout of 0.18 pm CMOS technology.

2.2 Proposed design

The design steps of the proposed antenna with their
respective electric field distributions are shown in
Figure 3(a)-(e). Initially, a metal layer of thickness ‘m; is
stacked on the oxidized Si wafer with oxide thickness ‘o .
Then, a simple circular patch of radius ‘a’ as shown in
Figure 3(a) is designed with a resonating frequency of
15.27 GHz. To design both the ground and the radiating
patch in the same plane, from the outer periphery of the
circular patch, a circular slot of width ‘g’ is etched out
which also isolate the patch and the remaining part of the
outer periphery of the circular strip as shown in Figures 2(a)
and 3(a). As the size of the OCA is too small to fit with the
sub-miniature version A (SMA) connector for feeding with
co-axial cable, a co-planar waveguide (CPW) feed excita-
tion is chosen for exciting the antenna. The antenna with a
CPW feed line of length ‘f; and width ‘f,,’ is excited by a
Ground Signal Ground (GSG) probe of 200 pm pitch. In the
zeroth iteration, bandwidth of the patch antenna is ob-
tained as 4.85 GHz covering from 12.85 to 17.7 GHz. Though
this bandwidth is good enough for Ku-band application,
with the aim of realizing higher bandwidth for the entire
Ku-band, the Sierpinski fractal is introduced. The 1st to 3rd
growth stages of the fractal structure are shown in
Figure 3(b)-(d). Generation-wise, the radius of the circular
slot of the fractal pattern is decreased as a/4, a/8 and a/16,
where ‘a’ is the radius of the circular patch as shown in
Figure 2(a). Finally, two circular arc shaped slots are etched
out symmetrically with respect to the feed line. The arc
angle ‘@’ and width ‘w’ as indicated in Figure 2(a) are
optimized for a resonance frequency of 15 GHz with a band
width of 7.22 GHz. All the parameters of the proposed an-
tenna are optimized for a resonating frequency of 15 GHz
and their optimum values are listed in Table 1.
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Figure 3: Stepwise improvement with vectored current distribution of the proposed antenna; (a) A CPW fed simple circular patch antenna,
(b) the first generation stage, (c) the second generation stage, (d) the third generation stage of Sierpinski fractal, and (e) the antenna with two

arc shaped DGS.

The stepwise S;; characteristics of the antenna are
plotted in Figure 4. The resonance frequency, bandwidth
and gain as obtained at each design steps are presented in
Table 2. In the first iteration of the fractal structure, the
bandwidth is increased by 450 MHz from 12.85 t0 18.16 GHz.
The bandwidth of the antenna is also increased in the
second and third iteration of the fractal with 450 MHz and
310 MHz, respectively. From Table 2, it can be seen that due
to the increase in electrical length of the patch at every
growth stage of the fractal, the resonating frequency shifts
towards left from 15.27 GHz in the Oth iteration to 15.13 GHz
in the 1st iteration, then to 15.08 GHz in the 2nd iteration
and, finally to 15.05 GHz in the 3rd iteration. The

incorporation of the fractal pattern in the patch effectively
reduces its aperture area which leads to reduce the antenna
gain at each fractal growth stage. Further growth in the
fractal stage leads to increase the design complexity.
Therefore, the DGS with two arc shaped slots are created as
the final design step of the proposed antenna. The DGS slot
disturbs the current distribution in the ground plane,
which affects the effective inductance and capacitance of
the transmission line and leads to improve matching and
enhance bandwidth [11]. The incorporated two arc slots in
the ground help to achieve the entire Ku-band with a wide
bandwidth of 7.22 GHz from 11.91 to 19.13 GHz. It is to be
noted here that the inherent property of DGS in
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Table 1: Optimized values of design parameters associated with the OCA.

Parameters r a w fw fi g m, 0; 6()
Values (mm) 2 0.69 0.3 0.45 0.83 0.36 1000 3000 87.37

conventional microstrip patch antenna enables back
radiation which reduces the antenna gain [11]. However,
here the radiation due to DGS is superimposed with the
main lobe radiation and as an outcome, the gain of the
proposed OCA is enhanced.

The vectored current distributions of the radiating and
ground surfaces under each design step are shown in
Figure 3(a)-(e). It can be observed that in all the design
steps, the radiating patch is excited in its dominant TM;;o
mode. It can be seen from Figure 4 that at the resonant
frequency of the respective design step, the impedance
matching is progressively improved and with the incor-
poration of the DGS best matching is observed. As a result,
the radiating patch excitation current density through the
feedline is gradually increased after each design step and
the maximum density of excitation current can be observed
in the final step of the design. To see the designed antenna
characteristics over the entire Ku band, the distribution of
surface current density at different frequencies of the band
is studied. For reference, the surface current density at the
two cut-off frequency of the band (12 GHz and 18 GHz) and
atresonant frequency (15 GHz) are depicted in Figure 5 (a, b
and c). At all the frequency under consideration, the
similar nature of the surface current density is noticed. This
indicates that the designed antenna provides stable radi-
ation characteristics throughout the band.

S11 (dB)
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- == 0" Iteration
Teeooeee 1% Iteration
40 .. 2™ Iteration
1= 3" Iteration
509 3 Iter. with DGS
10 12 14 16 18 2
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Figure 4: Return loss characteristics of the proposed OCA under
each design step.

Table 2: Resonance frequency, bandwidth, and gain at each design
step of the OCA.

Iteration Resonance freq. (GHz) Bandwidth (GHz) Gain (dBi)
Oth 15.27 4.85 -17.78
1st 15.13 5.3 -18.14
2nd 15.08 5.75 -18.36
3rd 15.05 6.06 -19.87
3rd with DGS 14.99 7.22 -19.76

2.3 Parametric analysis

The fabrication and integration of SoC devices on a single
chip are sensitive towards its parameters. A small change
in the simulated value of the parameter can lead to an
undesired result. Thus, the analysis of certain parameters
is generally asked by the IC manufacturing firm from the
designers before going into fabrication process. Few
important parameters are optimized parametrically and
discussed below:

2.3.1 Feed width

The importance of feed line width in an antenna design is
significant as it is logarithmically related to antenna
impedance [12]. Figure 6 shows the variation in return loss
when the feed width changes from 0.30 to 0.50 mm. It shows
that best the matching of the feed line impedance with 50-Q
characteristic impedance is obtained at 0.45 mm and shows
minimum reflection at this feed width. The impedance
matching is significantly affected with the variation of the
feed line width as with every change in the feed width of
+0.05 mm, the return loss is changed about 5 dB.

2.3.2 Oxide layer thickness (t,,)

Another parameter is oxide layer thickness which not only
isolates the metal and Si wafer, it also provides an equiva-
lent oxide capacitance (C,,) and the capacitance between
the metallic patch radiator and silicon wafer. This equiva-
lent capacitance plays an important role in obtaining reso-
nating frequency [2]. The oxide layer thickness also helps to
reduce the antenna radiated field intensity towards the Si
substrate and hence reduces substrate loss which enhances
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Figure 5: Analysis of current distribution of OCA for Ku-band. OCA at; (a) 12 GHz, (b) 15 GHz, (c) 18 GHz.

the antenna gain. For different values of SiO, thickness, the
gain variation of the proposed OCA is plotted in Figure 7. It
shows that the antenna gain varies from —22.98 to —19.76 dBi
with higher thickness offering higher gain, when the oxide
thickness, t,x changes from 2 to 3 pm. Due to the limitation of
the fabrication firm with 0.18 ym CMOS technology, the
maximum thickness of 3 um is taken. In the fabrication firm,
where the prototype of the design is fabricated, the
maximum oxide layer thickness of 3 pm can be achieved in
one run time of the fabrication process using plasma
enhanced chemical vapor deposition (PECVD) method.
Though, with multiple run higher oxide layer deposition can
be obtained, time consumption of the fabrication process
restricts to one run. The oxide deposition rate of the PECVD
tool used to fabricate the antenna is 25 min per micron.

3 Results and discussion
3.1 S,; characteristics

The S;; characterization set-up for the fabricated prototype
of the proposed design along with the strip of the fabricated
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Figure 6: Change in return loss characteristics of the OCA with the
variation of the feedline width at 15 GHz.

prototypes is shown in Figure 8. The setup consists of a
CASCADE Summit 11000 AP probe station having metallic
chuck, an electronic microscope, and a monitoring screen.
Initially, the probe calibration is performed using short
open load and thru (SOLT) test. Then, a 50 Q RF micro-
coaxial GSG probe is connected to the antenna under test
(AUT). An electronic microscope and a monitoring screen
are used to establish a proper connection between GSG and
AUT. The simulated and measured S;; characteristics are
plotted in Figure 9. The measured result of the fabricated
prototype shows a large bandwidth of 8.19 GHz and it is
higher as compared to the simulated bandwidth of
7.22 GHz. However, two deviations can be significantly
observed from the measured characteristic curve.

Firstly, the operable frequency band is shifted towards
the left side starting from 8.68 to 16.87 GHz instead of its
desired Ku band of 12-18 GHz. Secondly, a glitch
of —11.03 dB is appeared in the middle of the characteristic
curve at 13.66 GHz.

One of the primary reasons for these deviations is the
metal chuck of the probe station [1]. The prototype is placed
on this metallic chuck and fed with a GSG probe of pitch
size 200 pm. The metallic chuck not only acts as a spurious
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Figure 7: Variation of the OCA gain with the oxide layer thickness at
resonating frequency 15 GHz.
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Metallic chuck

Figure 8: Return loss characterization set-up of the proposed OCA
prototype (Courtesy: SCL).

ground for the CPW feed line of the antenna, but also leads
to create a parallel plate wave guide structure which results
in unexpected measurement results [13]. Also, the
reflections and scattering effect from probes and nearby
metallic objects produce the measurement errors [14, 15].
Moreover, the dissimilarity between material properties

T e

S S s = = == = = =nee =
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S11 (dB)

-40

e Simulated
------ Measured

-50

T T T T T ¥ 1
5 10 15 20 25
Freq. (GHz)

Figure 9: Simulated and measured return loss of proposed on-chip

antenna along with the fabricated prototype micrograph with GSG
feed (in inset).
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used for simulation and that for the fabrication can cause a
difference in results [16]. However, a bandwidth of 8.19 GHz
and 80% coverage of the desired band shows the closeness
of the results to that of simulated one.

3.2 Gain and efficiency

The simulated gain and efficiency of the proposed OCA are
plotted in Figure 10. Over the complete Ku band, the an-
tenna shows a good efficiency characteristic. The antenna
efficiency lies between 38 and 55.6% which is relatively
better as compared to the antenna reported in [17-19]. At
the resonating frequency, the peak gain of the antenna is
obtained as -19.76 dBi. However, on either side of the
resonating frequency the gain is decreased. In the left side
of the resonance frequency, the gain and efficiency are
decreased due to the following three reasons. Firstly, with
the decreasing frequency, the gain is decreased inversely
square of the corresponding wavelength. Secondly, mov-
ing away from the resonance frequency towards both left
and right side, the condition of impedance matching is
deviated (Figure 4). Lastly, the loss associated with the
Si substrate depends on frequency and with decreasing
frequency it is increased the substrate loss is relatively
less at higher frequency [20, 21]. Though with increasing
frequency gain is increased and the substrate loss is
decreased, however, significant impedance mismatch
leads to decrease the overall antenna gain in the right side
of the resonance frequency. Nevertheless, the proposed
antenna gain, and efficiency are suitable for the short-
range applications of the SoC based devices. An improve-
ment in antenna gain can be realized with proper
packaging of the antenna with other components of the
complete system [22].

3.3 Co and cross polarization

In a low power SoC based device, the efficient use of the
power helps to reduce the overall power consumption of
the complete system. In an antenna, the power loss due to
radiation in unwanted directions causes radiation loss and
it degrades antenna gain and hence system performance in
terms of power consumption. The co-polarization (CP) and
cross polarization (xP) characteristics of an antenna reflect
the amount of power radiated in the desired and undesired
desired planes. The CP and xP characteristics of the an-
tenna in the two principal planes with ¢ = 0° and 90° cuts
are presented in Figure 11. The CP and xP components in
both of the planes are showing very good isolation of 18.05
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Figure 10: The simulated gain and efficiency characteristics of
proposed OCA.

and 17.44 dBi respectively. This indicates a good polari-
zation match and effectively less polarization loss. Hence,
it makes the OCA more efficient for low power SoC devices
used in Ku-band applications.

3.4 Comparative analysis

The comparative performance of the proposed antenna
with some of the reported OCAs for lower range of micro-
wave frequencies is mentioned in Table 3. The proposed
antenna characteristics are compared in terms of substrate
resistivity (p), size, gain (G) and efficiency (1). It can be seen
that, for the same operating frequency (f,) of the antennas
reported in [23, 24], the use of high resistive substrate and
SiGe HBT technology in [23] leads to realize higher gain as
compared to the antenna with the low resistive substrate in
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Figure11: The simulated Co-poland cross pol characteristics of OCA
at 15 GHz.
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[24]. Though high resistive substrate improves the antenna
gain, it is already mentioned in previous Section 1, that the
high resistive substrate materials are expensive and not
commercially used for other circuits in the device. The on-
chip antennas are mainly proposed for a short range
wireless communication. The OCA gain ranging be-
tween -50 and -70 dBi is sufficient for clock and data
distribution for intra- and inter-chip communication [19].
The proposed antenna with footprint area of 47 mm? shows
a peak gain of —19.76 dBi and efficiency of 55.6% at reso-
nating frequency. Along with that, a wide bandwidth of
7.22 GHz makes it suitable for high speed data
communication.

4 Conclusion

The proposed Ku-band on-chip fractal antenna with
defected ground structure exhibits significant character-
istics to enable short range communication. A standard
0.18 pm CMOS process with a low resistive Si wafer is used
for fabricating the prototype of the OCA. The Fractal and
DGS techniques are successfully incorporated to achieve a
wide bandwidth of 7.22 GHz for the entire Ku-band appli-
cation. The measured result of the prototype shows a well
compromised performance covering more than 80% of the
desired frequency band. However, the performance of the
measurement result can be improved by avoiding the metal
based environment surrounding the antenna by using mm-
wave absorbers and a wooden or insulated bottom chuck
[25]. In the two principal planes with ¢ = 0° and 90° cuts,
the simulation results of the OCA present a good isolation
0f 18.05 and 17.44 dBi between the CP and xP components.
This assures the efficient design of proposed OCA.

Table 3: Comparison of proposed miniaturized OCA with the pre-
viously reported OCAs for microwave frequency range less than
24 GHz.

Ref. OCA type fr p Size G n(%)
(GHz) (Qcm) (mm? (dBi)

[17] Dipole 9 10> 3.8x0.65 26 36

[18] Dipole 18 10 2x0.01 -36.5 NR

[19] ZigZag 15 20 2x0.02 -50 10.15
dipole

[23] Folded 24 10° 2.1x0.9 -2 NR
dipole

[24] Dipole 24 10 1.5x0.5 -8 NR

This Fractal 15 10 mx?2? -19.76 55.6

work patch
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