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Tis paper presents a triband antenna with a simple design for X-band applications. Te proposed antenna is designed based on
a patch with a truncated corner slot and complementary split-ring resonators in the ground plane. In this way, the antenna
exhibits three operating bands and its resonant frequencies can be controlled independently by changing dimensions of the slot in
the patch and the resonator structures in the ground plane. In addition, due to the antiresonant behavior of the complementary
split-ring resonator structures, the antenna exhibits a notch-band characteristic at 10.7GHz. A parametric study is performed to
provide a detailed understanding of the independent resonance tuning behavior of the antenna. Both simulated and measured
results of the proposed antenna are presented, which are in good agreement. Te proposed antenna shows three operating bands
in the X-band including (with absolute and relative bandwidths) 9.4–9.7GHz (300MHz, 3.14%), 10.3–10.6 GHz (300MHz,
2.86%), and 11.05–11.32GHz (297MHz, 2.66%). In addition to that, a notched band of 10.6–11.05GHz is introduced to exclude
operation in the frequency bands of radiometric observation systems (10.6–10.7 GHz). To the best of our knowledge, this work is
unique in its combination of independent tuning of three frequency bands of operation with single-layer implementation in the X-
band. Such a structure provides additional degrees of freedom to the antenna design, customizing operation in the required bands
while avoiding operation in other bands.

1. Introduction

Te rapid advancement of wireless communication tech-
nology has motivated the increase of system capacity and the
implementation of multimode communication. Terefore,
demands for mobile terminals working in several frequency
bands are increasing. Space limitations on mobile terminals
and limited spectrum resources make multiband antennas
more advantageous compared to single-band antennas. Such
a choice simultaneously reduces the required number of
antennas and maximizes operation in the required fre-
quency bands. With several advantages of the X-band over
other frequency bands such as low interference from rain
fading and low noise, the X-band is used for civil, military,

government radar applications and satellite, and terrestrial
communications. In the feld of sensing and radar, the X-
band not only hosts maritime radar but also other radar and
Doppler-based motion sensing systems. Tese systems are
applied in alarm systems, bird migration detection, or radar-
activated obstruction lighting system for wind turbines. Te
frequency allocated for these systems may difer by country
(such as motion sensing in the 9.2–10.6GHz range), thus
a multiband design that can be easily and independently
tuned to operate at diferent frequencies will be very de-
sirable at a global scale. Several approaches in designing
multiband antennas have been proposed [1–8], such as
loading U-slots on the patch with an air-gap as substrate [1],
using multilayered patch structure [2], introducing
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arc-shaped strips and inverted L-shape stubs [3], using
a truncated-corner square slot loaded with a set of split-ring
resonators (SRRs) [4], introducing slits of various sizes in
a patch [5], loading metalized shorting vias and etching
invertedmultiple U-shapes slots to obtain size reduction and
multiband behavior [6], integrating complementary split-
ring resonators (CSSRs) on the ground plane [7], and using
E-shaped fractal patches [8]. However, these approaches are
difcult to integrate into one circuit board due to the ad-
ditional fabrication complexity, as they may require air-gaps
[1], metallic cavity [4], multilayered structures [2], and
shorting vias [6]. Moreover, the resonant frequencies of
these multiband antennas cannot be controlled in-
dependently, except [4]. Tis then limits their design fex-
ibility and practical applications. In addition to that, the
design of a multiband antenna for high-frequency bands is
rarely reported so far due to the antenna in the bands
normally which is small in size, causing the resonances to be
very sensitive to dimensional fabrication tolerances, making
the resonant frequencies hard to be controlled in-
dependently. On the other hand, narrow operating band-
widths might be required for specifc applications since
a broadband antenna receives and transmits unwanted
signals out of the interested band. Tis then requires the
possible integration of preselection flters to suppress out-
of-band signals, which increases design complexity. For
example, X-band (8–12GHz) hosts numerous communi-
cation, radar and sensing systems such as maritime radar,
amateur radio, or short-range devices such as microwave
motion sensors. High-power narrow-band systems, such as
radar, may cause possible electromagnetic interference to
sensitive low-power systems.Te bands 10.6–10.68GHz and
specifcally 10.68–10.7 GHz are used for radiometric ex-
ploration and are under regulatory protection from un-
wanted radiation. Terefore, system designers need to
ensure that emissions, which may also originate from
higher-order parasitic frequency conversion in the receiver
path, are not emitted from the transmitting and receiving
antennas. To overcome this, many band-notched techniques
have been proposed, including square-ring patches with T-
shaped slits [9], microstrip open-loop resonators [10],
printed open-slot antenna [11], U-shaped parasitic strips
along the feed line or in the radiator patch [12–14], an
Archimedean spiral slot for fltering feature was introduced
in [15], and using electromagnetic band-gap (EBG) struc-
tures [16, 17], or SRR and CSRR structures [17–21]. How-
ever, the aforementioned method cannot be applied in
a straightforward manner to a multiband antenna, as this
will strongly impact its resonant frequency. Tis becomes
even more challenging when these antennas are being
designed for higher frequencies such as X-band due to their
size compactness. Besides providing multiband operation,
a unique method of integrating the CSRR (complementary
split-ring resonator) structure was also demonstrated to
signifcantly miniaturize and improve the performance of
a patch antenna [22]. Tis paper presents a triband antenna
with notched band behavior for X-band applications. Te
operating frequencies of the proposed antenna can be
controlled independently by tuning the dimensions of the

loaded slot as well as the CSRR structures. To the best of our
knowledge, there is no multiple independent frequency
tuning capability for a multiband antenna reported at such
a high frequency thus far. Te proposed approach to de-
signing multiband antennas with fexible frequency as-
signment is efective and highly desirable for wireless devices
working in the X-band.

2. Antenna Design and Simulation

2.1. Antenna Confguration. Te proposed antenna is
designed based on a patch antenna with several modifca-
tions on the top and bottom layers to obtain multiresonant
frequency as well as notched-band characteristics. As shown
in Figure 1, a truncated corner square slot is added in the
square radiating patch as the top layer (Figure 1(a)). Te
bottom layer acts as a ground plane, which is defected by two
complementary split-ring resonators (CSRRs) as shown in
Figure 1(c). Te radiating patch and ground plane are made
from copper and separated by a dielectric layer of Rogers
5880 (εr� 2.2, tanδ � 0.0009), as shown in Figure 1(b). Te
optimized dimensions of the proposed antenna are listed in
Table 1. In the next section, parametric studies will be
presented to investigate the behavior of the antenna with
diferent dimensions and locations of the slot and the CSRR
structures.

3. Simulation Results

3.1. Antenna Evolution. Figure 2 illustrates step-by-step
evolution of the proposed antenna from a conventional
square patch with a fundamental resonance at 11.4GHz. By
introducing a truncated corner slot on the radiating patch,
an additional resonance at 9.7GHz is produced, while the
original resonance shifts downwards from 11.4GHz to
10.8 GHz. Tis is a result of mode splitting of the degenerate
rectangular patch modes, which distributes their currents
now in the direction and perpendicular to the slot’s main
axis (see Figures 3(a) and 3(b)). As the next step, two CSRR
structures are added onto the ground plane of the slotted
antenna. Te slotted antenna loaded with CSRR structures
produces a higher resonance at 11.3GHz, whereas the two
lower resonances are downshifted signifcantly. Moreover,
a frequency band notch is produced, centered at around
11GHz, as shown in Figure 2. Te creation of both the band
notch and the higher antenna resonance is based on the
resonant and antiresonant frequency characteristics of the
CSRR structure, which is explained and illustrated in the
following subsection.

3.2. Efects of the Slot. A parametric study of the slot is
performed in this section to investigate its efect on the
antenna’s resonant frequencies. Firstly, we investigate the
resonant characteristic of the antenna with diferent ori-
entations of the slot, as shown in Figure 4. Te slot is rotated
in the patch plane around z-axis with angles of 0, 45, 90, and
135 . As shown in Figure 4, the resonance of the proposed
antenna is strongly infuenced by the orientation of the slot.
We found that the orientation of ϕ� 45° produces the best
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performance in terms of number of resonances and fre-
quency band notch. Also, the resonant behavior of the
antenna versus the dimensions of the slot is then studied and

illustrated in Figure 5. As shown in Figure 5(a), when the
length (S) of the slot varies from 4.9 to 5.3mm, the lowest
resonant frequency of the antenna is downshifted, while the
other resonances remain almost unchanged. Similarly,
Figure 5(b) illustrates that by varying the length of the
truncated corners (t) from 2.3mm to 2.6mm, the center
resonance of the antenna is shifted upwards, while both the
lowest and highest resonances are nearly unaltered.

3.3. Efects of CSRR Structures. Te CSRR unit cell is sepa-
rately studied and its simulated scattering parameters are
shown in Figure 6. In [23], the extraction of S parameters for
a split-ring resonator unit cell using the perfect electric and
perfect magnetic boundary condition was introduced. Te
inset of Figure 6 shows the simulated model of the CSRR
unit cell. Te boundary condition of this unit cell is con-
structed similar to the condition when the CSRR structures
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Figure 1: Confguration of the proposed antenna: (a) top view, (b) side view, and (c) bottom view.

Table 1: Dimensions of the proposed antenna.

Parameters Values (mm)
Wg 20
Wf 1.1
W 7
S 5.2
b� c 0.2
R 1.56
Lg 31
Lf 17.5
d 4
t 2.4
g 0.2
h 1.57
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placed under the slot patch radiator. Te perfect electric
conductor (PEC) boundary condition is set up on the left
and right faces of the waveguide, whereas the perfect
magnetic conductor (PMC) boundary condition is set up on
the front and back faces of the waveguide. Port 1 and port 2
are set up on the bottom and the top of the waveguide,
respectively. Te results show that the lowest values of the
transmission coefcient (S21) as well as the refection co-
efcient (S11) of the CSRR unit cell are obtained at 11GHz
and 11.3GHz, respectively. It is evident that the designed
CSRR unit cell simultaneously exhibits antiresonant be-
havior at 11GHz and resonant frequency at 11.3GHz. Te
characteristics of the split-ring resonator such as resonance,
antiresonance, and absorption were also presented in
[24, 25]. Tis explains the creation of the band notch at
around 11GHz and the resonance at 11.3 GHz of the pro-
posed antenna when loaded with the CSRR structures on its
ground plane.

By locating the CSRRs on the opposite side of the slotted
patch, the magnetic feld of the slotted patch will then excite
the CSRRs. We therefore study the CSRRs’ orientation to
determine their best location to magnetically couple with
and improve the performance of the antenna. Figure 7 shows
the refection coefcients of the antenna when the CSRRs on
the ground plane are rotated around the z-axis with angles of
0 , 45 , 90 , and 135 . It is observed that the orientation of the
CSRRs infuences mostly the notch band and the highest
resonance. When the CSRRs are placed with ϕ� 45, the best
notch-band performance at 11GHz and the best resonant
band at 11.3GHz are achieved.

Te fnal study in this section is carried out to un-
derstand the efect of the CSRR dimensions on the highest
resonance and notch-band behavior of the antenna. Te
radius R of CSRR is changed from 1.55mm to 1.58mm, as
shown in Figure 8. Both the frequency of the notch band and
the highest operating frequency of the antenna can be tuned

from 11.1GHz to 10.8GHz and from 11.41GHz to
11.09GHz, respectively. Te lowest resonance is kept un-
changed, whereas the middle resonance is slightly
downshifted.

Observations from Figures 5 and 8 indicate that the
resonant frequencies of the proposed antenna can be con-
trolled independently through the varying dimensions of the
slot and CSRR structures.

From the aforementioned parametric study, it can be
concluded that (i) the best performance of the antenna in
terms of operating bands and the notch band has been
achieved by locating both the truncated slot and the CSRR
structures at the angle of ϕ� 45° and (ii) the resonant fre-
quencies of the antenna can be controlled independently.
Te lowest resonance is tuned by varying the length of the
slot (S), the middle resonance shifts upwards with the in-
crease in length of the corner cutout (t), and the highest
operating frequency is tuned by varying the CSRR
radius (R).

3.4. Independent Frequency Tuning Mechanism. To better
understand the physical phenomena behind the in-
dependent frequency tuning, the current distributions on
the top and bottom layers of the antenna at the respective
resonant and notch frequencies are simulated and pre-
sented in Figure 3. From this fgure, it can be seen that the
surface current at 9.5 GHz is largely distributed on the
apexes (i.e., upper rightmost and lower leftmost corners) of
the slot, forming a standing wave. It should be noted that
the corner cutout t is fxed; therefore, the length of the
current wave increases when S increases, leading to the
downwards shift of this resonant frequency, as shown in
Figure 5(a). At the middle resonance of 10.5 GHz, the
surface current concentrates mainly on the long edges of
both truncated corners of the slot (Figure 3(b)). When t is
increased and S is fxed, the total length of this current wave
decreases, resulting in the upward frequency shift of the
middle resonance, as shown in Figure 5(b). Te fxed values
of t and S are listed in Table 1. At the notched frequency of
11 GHz, the surface current distribution shown in
Figure 3(c) (left) is minimal on the patch, whereas the
surface currents on the two CSRRs’ fow in opposite di-
rections (Figure 3(c) (right)) resulting in the mutual
elimination of their electromagnetic radiation. Tis ex-
plains the absence of radiation from the patch antenna and
the creation of the notch band.

In contrast, at the highest resonance, strong equidirec-
tional surface currents are distributed on the CSRR struc-
tures on the bottom layer (Figure 3(d) (right)). In contrast,
the surface current distribution on the top layer (Figure 3(d)
(left)) is signifcantly weaker than that observed at 9.5 and
10.5GHz. Tis observation indicates that the CSRR struc-
tures are important contributors to the highest resonance at
11.3 GHz. Consequently, this resonance as well as the notch
band move downwards when the radius R of the CSRR
structures increases, as shown in Figure 8. At the same time,
all three resonances are reasonably well decoupled, which
enables their independent tuning.
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Figure 2: Evolution of the proposed antenna.
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4. Experimental Results

Te proposed antenna was fabricated andmeasured to verify
the simulation results. Figure 9 shows the measured re-
fection coefcient (S11), which is consistent with the
simulations, except for a slight downward frequency shifting
at the highest resonance and notch band. Tis small fre-
quency shift is of 0.1 GHz (about 0.90%) at both the highest
operating frequency and the notch band, where the simu-
lated center frequencies of the notch band and the highest

resonant band are 10.8 GHz and 11.4GHz and the measured
ones appear at 10.7GHz and 11.3GHz, respectively. Tis
may be attributed to fabrication tolerances due to the rel-
atively small CSRR dimensions. Te measurement shows
three operating bands of the antenna within the X-band.Te
center frequencies and −10 dB bandwidths of the operating
bands are 9.5GHz and 300MHz, 10.5 GHz and 300MHz,
and 11.2GHz and 297MHz, respectively. Te fabricated
antenna also provides a notch band from 10.6 to 11.05GHz
with its maximum at 10.7GHz.
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Figure 3: Current distributions on the top and bottom layers of the proposed antenna at resonant and notch frequencies: (a) 9.5 GHz,
(b) 10.5 GHz, (c) 11GHz, and (d) 11.3 GHz.
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Te far-feld measurement of the fabricated antenna is
performed using a Satimo Starlab system (Figure 10), with
the inset showing the top and bottom views of the fabricated
antenna. As shown in Figures 11 and 12, the measured
results show a good agreement with simulations. Te lower
measured gain and efciency can be explained by the im-
perfection of fabrication and misalignment of the mea-
surement setup due to the relatively small antenna
prototype. As shown in Figure 11, the fabricated antenna
shows a measured total efciency and gain above 70% and 5

dBi within the operating frequency bands, respectively. Due
to the losses of the feeding network and the measurement
environment, the measured gains and efciencies of the
fabricated antenna are a little less than the simulated ones.
Moreover, the efciency and gain of the antenna degrade
rapidly to around 10% and 0 dBi, respectively; at around
10.7GHz, this observation means that a notched band is
introduced here, as expected. Figure 12 shows the measured
radiation patterns of the proposed antenna at its resonant
frequencies in both E- and H-planes. It is worthy to note that
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at 9.5GHz, the E-plane is the plane spanned by the boresight
z-axis and the horizontal axis that has been rotated by
ϕ� −45° (rotated around the z-axis looking towards the
antenna), as shown in Figure 3. Meanwhile at 10.5 GHz and
11.3GHz, the E-plane contains the z-axis and the horizontal
axis rotated by ϕ� 45°. In general, the antenna shows a di-
rectional radiation pattern at three resonances at 9.5, 10.5,
and 11.3GHz with the main lobe of the antenna directed
towards the +z-direction. At 9.5GHz and 10.5GHz, the
radiation patterns are similar to that of a conventional patch

antenna. However, at 11.3GHz, the proposed antenna shows
a larger back lobe due to resonance of the CSRR structures
etched into the ground plane at this frequency, as
mentioned above.

Table 2 compares the proposed antenna with other
relevant compact planar multiband antennas reported in the
literature. Te proposed antenna exhibits the highest
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operating frequencies at the X-band with moderate gain
levels. In addition to that, the proposed antenna is one of the
simplest design with a single-layered substrate, which can be

easily fabricated using conventional PCB technology. On the
other hand, the proposed antenna is the second one among
the given works that show an independent frequency tuning
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characteristic. Considering all these advantages, the pro-
posed triband antenna is a practical candidate for applica-
tions in the X-band such as motion sensing or radar-
activated obstruction lighting system for wind turbines.

5. Conclusions

Tis paper presented triband antennae with integrated
notch-band characteristics while maintaining design sim-
plicity. Te proposed antenna is a patch loaded with a slot
and two CSRR structures in the ground plane, allowing it to
operate at three frequency bands and exhibit a band-notch
behavior (at 10.7 GHz) within the X-band. Most impor-
tantly, the resonant frequencies of the antenna can be
controlled independently by varying the dimensions of the
slot and CSRR structures.Temeasurement results validated
this antenna operating in three bands in the X-band in-
cluding (with absolute and relative bandwidths) 9.4–9.7GHz
(300MHz, 3.14%), 10.3–10.6GHz (300MHz, 2.86%), and
11.05–11.32GHz (297MHz, 2.66%) with an average gain
and efciency of 6.3 dBi, 78%; 5.3 dBi, 67%; and 5.6 dBi, 70%,
respectively. From these results, the proposed antenna can
be considered as a potential candidate for sensing and radar
applications in the X-band. Te proposed antenna has only
one notch band, a multiband antenna with multiple notch
bands will be more desirable. Te CSRR (or SRR) structures
with diferent dimensions should be combined in the future
work to design a multinotch band antenna. Section 5 clearly
explains the main fndings and implications of the work,
highlighting its importance and relevance.
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