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ABSTRACT

A tunable band-notch printed monopole antenna is presented, exhibiting a wide impedance
bandwidth from 1.5 to 5.5 GHz with good impedance matching (VSWR < 2) and a tunable
rejected frequency band from 2.38 to 3.87 GHz. The band-notching is achieved by adding an
inner chorded crescent element within a driven element of a similar shape. By varying the value
of the varactor which is placed between the inner and outer arcs, the desired variable rejected can
be obtained. Simulated and measured results show wide impedance bandwidth with a tunable
band notch, stable radiation patterns, and consistent nearly constant gain. The antenna is suitable

for mobile and portable applications.

Index Terms— Wideband antenna, Tunable notch, Varactor diode, Monopole antenna.
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1. INTRODUCTION

The printed wideband monopole antenna has been widely adopted in commercial and military
applications. With attractive features such as low cost, small size and ease of fabrication, this
antenna has received increasing attention with developments in communication technology.
Many versions have been reported over the last decade [1-12], covering a wide range of

frequency bands and diverse applications.

However, due to the coexistence of different wireless standards, radiation in some of these
frequency bands may generate interference to (or from) the communication systems such as
the Wireless local area networks (WLAN) of IEEE802.11b/g and IEEE802.11a standard
(2.4-2.485 GHz) and Worldwide Interoperability for Microwave Access for IEEE802.16
bands (2.5-2.69 GHz, 3.3-3.7 GHz) bands. In an Ultra-wide band (UWB) system, owing to
its low power emission characteristic, interference has become a serious problem and the
UWRB antenna requires a band-suppression feature. Popular methods of adding the frequency
band-notch function are embedding slots [13-16], introducing different shapes of parasitic
strip radiator [17], defected ground structure (DGS) [18], or employing slots and DGS
methods simultaneously [19]. Table I shows the differences between these antennas in terms
of operating frequency band, impedance bandwidth, antenna size, tunability, and tunable

notched frequency range.

Table I shows clearly that these antennas [13-19] cannot simultaneously cover mobile and
UWB applications. For example, the designs in [17-19] are only capable of operating in

UWB applications while antenna geometries in [13-15] can cover the mobile bands of the
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universal mobile telecommunications system (UMTS) (1.92-2.17 GHz), IEEE 802.11 a/b/g
(2.4-2.485 GHz, 5.15-5.35 GHz) and lower band UWB (3.1 — 4.8 GHz). In contrast to [13-
19], this paper reports a printed tunable notch monopole antenna that achieves a size
reduction and has the potential to simultaneously cover both mobile and UWB
communication applications from 1.5 to 5.5 GHz except at the Wireless local area networks
(WLAN) of IEEE802.11b/g and IEEE802.11a standard (2.4-2.485 GHz) and World
Interoperability for Microwave Access (WIMAX) for IEEE802.16 bands (2.5-2.69 GHz,

3.3-3.7 GHz) bands.

Moreover, these antennas [13-19] have fixed rejected frequency bands which cannot be
altered after fabrication. Recent studies considered adaptive frequency suppression methods
using switched PIN diode [20, 21] and varactor diode [22-27] techniques. These allow easy
rejection of variable interference using components internal to the antenna, thus minimizing

size increase and losses.

By compromising between the bandwidth, antenna size and tunable frequency range of
notched antennas, some tuning methods were proposed in [20-27] to enable multi-notch
operation, as shown in Table 1. In comparison with these, [20-27], the present antenna design
has advantages of covering mobile and UWB application with a targeted band notch as
compared to [22-24,26-27], and of operating in other existing wireless bands such as
GPS/L1(1.565-1.585 GHz), Iridium satellite band (1.616-1.6265 GHz), personal
communications service (PCS) band (1.85-1.99 GHz), digital cellular service (DCS) band
(1.71-1.88 GHz) in contrast to [25]. Also, it accomplishes a size reduction compared with

[20-27].
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In summary, it is found that most of the fixed notch antennas cannot fully cover many
existing mobile standards [13-15] or the UWB spectrum [17-19]. One can also note that most
of the tunable notch antennas will only cover UWB systems [22-24, 26-27], except for the
work in [20-25] in which they also covered some existing mobile spectrum. To address this
limitation, a printed monopole antenna with tunable notch is investigated in this present
work. This is a modified version of the antenna presented in [11, 16], and our main purpose
here is to realize the idea of electronically tuning the band notch already created. This has
been done by accommodating a varactor diode at the appropriate position between the two
chorded crescent shapes. By varying its capacitance from 0.25 to 10.5pF, the notch band can
be swept downwards over a wide range from 3.5 GHz to 2.4 GHz to cover the Wireless local
area networks (WLAN) of the IEEE802.11b/g and IEEE802.11a standards (2.4-2.485 GHz)
and World Interoperability for Microwave Access (WIMAX) in IEEE802.16 bands (2.5-2.69

GHz, 3.3-3.7 GHz).

1I. ANTENNA DESIGN CONCEPTS AND STRUCTURE

The antenna geometry is shown in Fig. la. It consists of a driven two chorded crescent-
shaped radiator, which is similar to our previous work [11,16]. Prototypes have been printed
on an FR4 material of thickness 0.8mm, relative permittivity &= 4.4 and loss tangent 0.017,
with no ground plane directly underneath the radiator. The latter is fed by a 17.95%x1 mm
microstrip line, printed on the portion of the substrate that lies over the ground plane. The
microstrip line has an upper section (6.75 mm) and a lower section (11.25 mm). The lower
section has a characteristic impedance of 64 Q and is required for matching to the 50 Q input
port at the lower edge of the ground plane. It should be noted that the defected area size 24.75

mm % 26.25 mm located on the top of the ground plane is introduced to reduce the Q of the
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radiator and so raise the impedance bandwidth at the input port of the antenna. The antenna

was modelled using the both HFSS [28] and SEMCAD software packages [29].

The simulated VSWRs of the crescent and chorded crescent-shaped antennas, with complete
and defected ground plane, are shown in Fig. 1b. As would be expected, removing a section
of ground plane under the radiator reduces stored energy and greatly improves the impedance
matching bandwidth. The total dimension of the proposed antenna is 57 mm X% 37.5 mm
which is acceptable for application in a mobile device. The wider impedance bandwidth
characteristic of the proposed antenna can be realized by adding a chordal strip to the outer
crescent shape, as in [11]. This antenna is a modified version of that in [11,16], but has a
larger bandwidth than reported in [11], and offers a tunable notched band characteristic in
contrast to [16]. The notched band was achieved by adding an inner chorded crescent shape

to a chorded crescent shape similar to that presented in [16].

The design procedure of this antenna is elaborated here to offer some physical insight into its
operation and the rationale for its geometry. The design process starts from modifying the
geometry of the chorded crescent-shaped antenna in [16] to provide wide tunable rejected
bands to cover coexisting WLAN (2.4 — 2.485 GHz) and WiMAX (3.3 — 3.7 GHz). Fig. 2
plots and compares the VSWR of the proposed antenna without a varactor and the antenna in
[16]. It was interesting to observe that a 4.25 GHz centered notched band can be achieved by
adding an inner chorded crescent shape with the outer chorded crescent shape presented in
[16], but without a tapered sickle-shaped slot in the outer radiator. This is because the
parasitic inner chorded crescent shape has a length of approximately 36.5 mm which is

equivalent to a half-wavelength at 4.25 GHz. As a result, this structure acts as a resonator to
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suppress a band of frequencies around 4.25 GHz. However, this rejection frequency does not
meet the design objective and a varactor is therefore required to down-shift it. With the
proposed structure, that helps in accommodating the varactor at a fixed location between the
two chorded crescent shapes for tuning the rejection band. Moreover this also enables the
outer and inner shapes to be completely separated and not short circuit the dc potential

difference across the varactor when it is implemented in practice.

To further investigate the physical behavior of the antenna, the put impedance of the
proposed antennas (without varactor, with 0.5 pF or 10.5 pF varactor) and the reference
antenna [16] are compared and analyzed in Fig. 3. At the lowest usable frequency band from
1.5 to 3 GHz, both the reference and proposed antennas show a linear increment of resistance
(from 28 to 55 ohm) and reactance varying from 4 to -25 ohm. Thus antennas exhibit a better
impedance matching at this frequency band. It is seen that two adjacent resonant frequencies,
1e. 1.7 and 2.75 GHz, can be found at the points where the reactance is zero and the

resistance 1s almost 50 ohm.

At the higher usable operating frequency band from 3 to 5.5 GHz, the reference antenna show
a changing resistance value between 40 to 50 ohm and reactance value between -8 to 30 ohm.
This response satisfies the good impedance matching condition to a 50 ohm load. The
impedance response of the proposed antenna without varactor shows a linear drop of the
resistance (from 50 to 10 ohm) from 3 to 4.25 GHz. After that, the resistance curve
drastically increases from 10 to 100 ohm and then drops sharply to 33 ohm. This indicates a
typical series-resonance and a parallel-resonant behavior occur at around 4.25 GHz and 4.75
GHz. When the proposed antenna is loaded with 0.5 pF varactor, it is clearly observed that at

the band-notched frequency 3.5 GHz, the reactance of this antenna becomes zero and the
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resistance value drops to its lowest value (4 ohm). Noticeably, this resistance value is almost
constant (less than 10 ohm) across the unwanted frequency band (3.3 — 3. 7 GHz). Likewise,
when the 10.pF varactor is used, the band-notched frequency shifts to 2.4 GHz with zero
reactance and resistance reduces to its lowest value (5 ohm). This response exhibits a typical

band-suppression characteristic.

By optimizing and studying the current surface of the proposed antenna, the position of the
varactor 1s so selected as to achieve maximum frequency tuning while least perturbing the
antenna matching. Its variable capacitance modifies the effective length of the inner chorded

shape.

III. RESULTS AND DISCUSSION

Fig. 2 shows the simulated VSWR for the proposed antenna with the inner chorded crescent
shape and both inner and outer chorded crescent shapes. As can be seen in Fig. 2, by adding a
strip to the outer crescent shape the proposed antenna resonates from 1.5 to 5.5 GHz,
achieving a wider frequency range compared to the authors’ previous work [11]. It should be
noted that the outer radiator is constructed from sections of two circles, each having a
different radius and center, thus enabling the resultant patch, taken with the effect of the
coupling to the defected ground plane, to radiate over two different frequency bands. The
larger radius controls the fundamental frequency, whilst the shorter radius may be tuned to
obtain the desired upper frequency. It is clearly seen that the two adjacent resonant

frequencies in the range VSWR < 2, are 1.5 GHz and 5GHz, and it is worth noting that the
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antenna’s impedance bandwidth is 3.5 GHz. This provides adequate coverage for GPS, DCS,

PCS, UMTS, WLAN and WiMAX bands.

A. Varactor and the DC Bias Circuits of Proposed Antenna

The practicalities of frequency tuning of the proposed antenna, using varactor loading with a
suitable DC bias circuit, were further explored. The packaged BBY52-02W varactor diode
has capacitance tunable from 0.25 to 10.5 pF over the 0 to 15 V reverse bias voltage range.
DC components for controlling the varactor are fitted on the back side of the PCB board, as
depicted in Fig.4. The DC voltage is isolated from the RF signal using a radio-frequency
choke of 100 nH with high-Q (>40), a tolerance of = 5%. The chip inductors feature a
monolithic body made of low loss ceramic wound with wire to achieve optimal high
frequency performance. Two 100 pF chip capacitors provide DC blocking in the microstrip
feed line and DC isolation of the short-circuited back strip. The capacitors used in this
measurement are miniature multi-layer ceramic capacitors with high Q (>40) and ultra-low

equivalent series resistance.

For better understanding the cable effect on the antenna performance, an antenna model with
a DC cable is simulated as shown in Fig. 5. This study was performed by gradually
increasing the total length of the wire from 30mm to 70mm and keeping the width at 0.5mm.
As can be clearly illustrated, the variation VSWR along with targeted notch at 3.5GHz over

the aforementioned lengths are more or less same when the a 0.5pF varactor is considered.
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The loaded proposed antenna prototype PCB along with varactor diode and passive
components 1s shown in Figs. 4b and 4c. It can be seen from the measurement results that by
varying the varactor DC bias from 5 V and 11V the band-notch center frequency would be
tuned to reject the band of WLAN (2.4-2.485 GHz) and WIMAX (3.3-3.7 GHz) as shown

in Fig. 6. A satisfactory continuously tunable notch occurs at all intermediate bias voltages.

B. The Current Surface of Varactor Proposed Antenna

For better understanding the effectiveness of the varactor, the current surface of the antenna
with and without the varactor was investigated in Fig. 7 at the center-rejected frequency of
2.4 GHz and 3.5 GHz. As shown in Fig. 7(a), the major currents for unloaded antenna at 2.4
and 3.5GHz appear around the feed point as the notched band was not created. However,
when a 0.5 pF is inserted in the proposed antenna to introduce the 3.5 GHz notched band, as
can be seen in Fig. 7 (b), the current is heavily trapped in the antenna’s radiator and it acts as
a resonator. Likewise, when a 10.5 pF is added for generating the 2.4 GHz filtered band as
shown in Fig. 7(c), again the strong current intensity presents on the antenna radiator that is

similar to the case of 3.5 GHz.

C. Radiation Patterns, Power Gain and Efficiency of the Antenna

Radiation patterns of the prototype antenna were measured in a far-field anechoic chamber
using an elevation-over-azimuth positioner, with the elevation axis coincident with the polar
axis (6 = 0°) of the antenna’s coordinate system. It should be noted that the coordinate
system is defined in Fig.1, while 0 is measured from positive Z-axis toward the XY plane and

¢ is calculated positive counter-clockwise from the X-axis in the XY plane.



International Journal of RF and Microwave Computer-Aided Engineering, vol. 25, no. 5, pp. 403-412, June 2015,
Article first published online: 6 NOV 2014, Wiley Online Library, DOI: 10.1002/mmce.20874; Online ISSN: 1099-
047X.

The azimuth drive thus generated cuts at constant ¢. The reference fixed antenna was a
broadband horn (EMCO type 3115) positioned at 4 m from the antenna under test. The
elevation positioner was rotated over ¢ € [—180° ,180° ] in 5° increments. Two pattern
cuts (i.e. the xz and yz planes) were taken at three selected operating frequencies, covering
approximately most designated bandwidth. The prototype’s radiation patterns at 1.6, 3.2 and
5.0 GHz when the varactor diode was excited by 5V and 11V were measured, and the
corresponding results cross validated with the simulation data as shown in Fig. 8. The results
show that the radiation patterns are nearly omnidirectional with distorted short-dipole
characteristics especially the simulated ones. It is noticeable that some discrepancy between
the simulated and measured patterns due to subtle differences between the simulated and
physical feeding arrangements. Moreover, because the issue of polarisation purity is not
critical for antennas used in portable devices, the high co- and cross- polarisation ratio of this
antenna is acceptable. In addition, the radiation patterns with the varactor excited at 11V were

quite consistent with those at 5V, and thus they are not presented here.

Fig. 9 shows the measured gain and the radiation efficiency of the monopole antenna in the
case of unloaded and loaded design. It is noted that the presence of the varactor only shifts
the notches and the gain does not change substantially. The unloaded antenna has a gain of
2.8 dBi at the notch band center frequency of 3.5GHz and 1.9 dBi at 2.48GHz .The peak
antenna gain at 5V dc excitation is reduced to -9 dBi and to -7.5dBi at 11V. This indicates
that there is approximately 11.8 dB and 9.4dB of gain suppression for the DC of 5V and 11V
corresponding to equivalent fixed lumped element capacitors of 0.5pf and 10 pf respectively.
The radiation efficiency curves of the analyzed models correspond well with the changes of

the gain curves. The radiation efficiency been determined by using Wheeler Cap method
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[30], which is a well - accepted experimental method of finding the practical efficiency [31].
It can be observed in Fig. 9 that the efficiencies are all around 80% over the wide band from
1.5 to 5.5GHz, except in the notch bands at 4.25GHz of unloaded antenna and
3.5GHz/2.4GHz when the antenna loaded with 0.5pF and 10.5pF respectively where the

efficiencies dropped to below 22%.

IV. CONCLUSION
A crescent-shaped antenna geometry with a tunable notch has been designed and presented.
The proposed antenna occupies an envelope dimension of 57 x 37.5 x 0.8 mm’ while
covering the required wide band with a sufficiently tunable rejection frequency band ranging
from WLAN (2.4-2.485 GHz) to WIMAX (3.3-3.7 GHz). The notch center frequency shift
was quite stable and consistent over the selected spectrum without a serious change in notch
bandwidth. The measured and simulated results using the lumped fixed capacitors and
varactor diode are in good agreement. The antenna can satisfy typical requirements of

bandwidth and interference reduction arising from current trends in wireless communications.
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Table and Figures Captions:

Table I: Comparison of the performance of the published tunable and fixed notch wide band

antennas. Where Ao is the wavelength of the lowest operating frequency

Figure 1: (a) Basic antenna structure, (b) Simulated VSWR of the crescent and chorded

crescent-shaped proposed antenna with and without defected ground plane

Figure 2: Simulated VSWR with the inner and outer chorded crescent shapes
Figure 3: Input Impedance of the proposed antenna.

Figure 4: The antenna prototype with DC bias circuit, (a) top view (b) bottom view
Figure 5: Cable effect on the antenna performance

Figure 6: Measured and simulated VSWR for proposed loaded varactor antenna with 5 and

11 DC voltages.

Figure 7: Current surface for, (a) the unloaded antenna (b) 0.5 pf loaded antenna, (¢) 10.5 pf
loaded antenna at 2.4GHz and 3.5GHz.

Figure 8: Simulated against measured normalized antenna radiation patterns for two planes
(left: x-z plane, right: y-z plane) at (a) 1.6 GHz, (b) 3.2 GHz and (¢) 5.0 GHz.

‘00000’ simulated co-polarization

‘+++++’ simulated cross-polarization
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—— ” measured co-polarization
-------- > measured cross-polarization

Figure 9: Measured peak gain and radiation efficiency for proposed unloaded and loaded

antenna
Table I
Operating Tunable notched
Ref Frequency BW (%) antenna size Tunability frequency range
Band (GHz) (GHz)
86.41 0.23 %0 x0.3040x 0.012 Ao No 2.96 -3.17 and
13 2:3-58 4.13 - 4.95
14 20-5.7 96.10 0.50 20 x0.5020x 0.18 Ao No 2.9—3.(Lagnd 4.6—
15 20-5.7 96.10 0.50 20 x0.50%0x 0.18 Ao No 3.39-3.83
16 1.5-55 114.28 0.28 Ao x 0.18 Aox 0.004 Ao No 3.4-3.69
17 31-10.6 107.88 0.24 Ao x0.37 Xox 0.015 Ao No 5.15-5.825
18 31-10.6 107.88 0.37 %0 x0.41 Xox 0.010 Ao No 5.1-6.2
19 31-10.6 107.88 0.37 %0 x0.19 45x 0.016 Ao No 5.1t05.9
20 1.5-5.0 107.69 0.22 40 x0.22 Xox 0.007 Ao Yes 1.6-2.5
22 3.1-16.0 56.35 0.41 2o x0.41 X0x 0.22 X9 Yes 3.9-4.1and 5.0-
5.5
23 3.1-10.0 107.45 0.82 20 x0.82%0x 0.20 Ao Yes 48-74
24 3.1-10.0 107.45 0.152% x0.31 20x 0.05 %o Yes 3.2-6.0
25 20-7.0 111.11 0.46 Ao x 0.48 Xox 0.005 Ao Yes 20-6
26 3.1-10.6 107.88 0.72 Ao x 0.88 Aox 0.005 Ao Yes 52-5.8
27 3.1-10.6 107.88 12 x12x0.19 %o Yes 4.6-6.2
Proposed 1.5-5.5 114.28 0.28 Ao x0.18 Aox 0.004 Ao Yes 2.38 t0 3.87
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Figure 7:
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