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Abstract—This paper presents a novel frequency reconfigurable monopole antenna that has switchable
notch characteristic at center frequency of 5.3 GHz. The proposed antenna consists of a defective ground
structure (DGS) to enhance the impedance bandwidth from 3.17 to 13 GHz. The F-shaped parasitic
element with three stubs (two vertical and one horizontal) are located on the back side of the radiating
patch to achieve the band rejection characteristics from 4.9 GHz to 5.7 GHz. The metallic ground plane
structure is connected or disconnected to the F-shaped parasitic element through stubs by means of
p-i-n diodes. Experimental demonstration of applications of the proposed antenna structure as 5.3 GHz
notched band ultra-wideband (UWB) antenna with all diodes in the OFF-state and as 5.3 GHz radiator
for wireless local area network (WLAN) with all diodes in the ON-state is reported. In both the cases,
good agreements between measured and simulated return losses, radiation patterns and realized gains
are observed.

1. INTRODUCTION

Ultra-wideband (UWB) monopole antennas are the most promising solution for communication systems
due to their low profile, low cost, light weight, ease of fabrication, wide impedance bandwidth, simple
structure and flexibility of integration with other microstrip circuits. The Federal Communications
Commission (FCC) has allocated an unlicensed band that ranges from 3.1 to 10.6 GHz that produces
a low equivalent isotropically radiated power (EIRP) of —41.3dBm [1]. However, other narrowband
systems, such as Wi-MAX (3.4-3.69 GHz), IEEE 802.11a WLAN (5.15-5.35 GHz, 5.725-5.825 GHz)
and HIPERLAN (5.45-5.725 GHz), generally affect the UWB system in terms of signal interference. In
order to overcome the problems related to signal interference, band-notched UWB antennas are required
and hence, are frequently used due to their ability to utilize the complete spectrum in the absence of
interfering signals in its close proximity [2].

In recent years, it is observed that frequency reconfigurable radiators are widely used with wireless
devices due to ease of switching to a desired resonant frequency for operation over multi-serviced radio
spectrum [3,4]. Structures that combine two independent antennas operating in different frequency
bands with a single feed and able to perform efficient switching and tuning between two or more
operating bands have been widely discussed [5—8]. For minimizing the interference between narrow band
and UWB systems, several types of printed antennas with reconfigurable band notch characteristics have
also been proposed in the literature [9-11]. Some studies also highlight the use of p-i-n diode, varactor
diode and RF micro-electromechanical system (MEMS) switches towards the design of reconfigurable
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printed antennas that are able to switch between available spectrums besides providing complete
coverage within UWB and band-notched UWB of the single/dual tunable bands [9-13]. The use of
switchable and tunable notch in UWB filter incorporating a total of sixteen p-i-n diodes connected in
parallel has also been proposed by some researchers [14].

In this communication, a novel frequency reconfigurable monopole antenna with switchable notch
characteristics between UWB and WLAN is presented. The proposed antenna is capable to switch
between 5.3 GHz notched-band UWB antenna to 5.3 GHz WLAN antenna. The proposed antenna
structure utilizes an F-shape parasitic element with three stubs connected and disconnected with metallic
ground plane using p-i-n diodes to form the reconfigurable structure.

2. ANTENNA DESIGN AND ANALYSIS

2.1. Basic Monopole UWB Antenna Design

The design of the proposed antenna structure was initiated with the consideration of monopole UWB
antenna having the overall size of antenna as 22 x 29 mm?, as shown in Fig. 1(a). The proposed antenna
structure is located on the z-y plane, and its normal direction is parallel to the z-axis. The antenna is
designed on an FR-4 glass epoxy substrate (dielectric constant €, = 4.3 and loss tangent tand = 0.025)
with thickness of the substrate d = 1.6 mm and fed by a 50-{2 microstrip line. The optimized length
of the feed line is fixed at 6 mm. The gap ‘g’ between the rectangular patch and ground is 0.5 mm.
To achieve 50- impedance, the width of the feed line ‘W’ is calculated according to [15]. The lower
cutoff frequency of the rectangular monopole UWB microstrip radiator corresponds to VSWR < 2
calculated using [16]. For the patch dimensions, length of the patch Lp = 16.5mm, width of the
patch Wp = 11.5 mm and ground-patch gap g = 0.5 mm, the calculated value of lower cutoff frequency
is 3.82 GHz. The size of the designed rectangular patch is 16.5 x 11.5mm?. The optimum value of
the ground length is 5.5 mm, and width of the ground is equal to the width of the substrate. After
simulating and optimizing antenna configuration without DGS for maximum impedance bandwidth
using Computer Simulation Technology (CST) Microwave studio simulator [17], it is observed that the
impedance bandwidth (reflection coefficient < —10dB) is 8.04 GHz (3.55 to 11.59 GHz). The dimensions
of the basic monopole UWB antenna after optimization are as follows: L; = 22mm, W, = 29 mm,
L, =16.5mm, W, = 11.5mm, W; = 2.8 mm, Ly = 6 mm, L, = 5.5mm, g = 0.5mm, W, = 6.1 mm,
Wy =425mm, d = 1.6 mm, dy = 4.5mm, dy = 18.5mm, h; = 1l mm, hy = 4mm, v = 0.25 mm.

The next task is to further improve the impedance bandwidth and minimize the lower cutoff
frequency by introducing DGS technique. In [18], two V-shaped slots are inserted in the ground plane
structure to provide one more resonance, and two more resonances have been discussed. The impedance
bandwidth enhancement with rectangular, circular and fractal DGSs has also been proposed in [19].
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Figure 1. UWB monopole antenna structure, (a) front view without DGS, (b) back view with DGS.



Progress In Electromagnetics Research C, Vol. 77, 2017 147

In order to improve impedance bandwidth, the upper edge of the ground plane is shaped using two
rectangular slots of size 0.25 x 6mm? and 0.25 x 4mm? as shown in Fig. 1(b). The vertical path on
the rectangular slot is shown by ‘v’, and the horizontal paths are shown by ‘hqy’ and ‘hy’. The width
of the designed upper rectangular slot is hy + hy + h1 = 6 mm, and length is v = 0.25 mm. Similarly,
the width of the designed lower rectangular slot is hs = 4 mm, and length is the same as that of upper
rectangular slot.

The surface current path to the upper edge of the ground plane without DGS is W, = 29 mm,
whereas with DGS is Wy +4 x v = 30mm. It can be seen that the surface current path to the
upper edge of the ground plane is increased by 1 mm with DGS [17]. The current distribution on the
rectangular slotted ground plane affects the impedance bandwidth of the antenna. The two rectangular
slots in ground plane structure provide additional resonance at lower and higher cutoff frequencies. As
a result, the impedance bandwidth is improved, and the lower cutoff frequency is shifted to 3.17 GHz.
As illustrated in Fig. 2, the UWB antenna with slotted ground plane has a wider impedance bandwidth
than the same antenna without slots in the ground plane. The simulated results indicate a wider
impedance bandwidth ranging from 3.17 GHz to more than 12 GHz with DGS.
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Figure 2. Simulated return loss plot with and without DGS.

2.2. Reconfigurable Monopole Antenna with Switchable Notch Characteristics

The next step is to achieve the band-notched characteristics for the UWB antenna. The purpose
is to design band-notched UWB antennas to overcome the narrow band interference with the UWB
impedance bandwidth. The back view of the proposed reconfigurable UWB antenna with dimensions
is shown in Fig. 3(a). The ground plane consists of a horizontal F-shaped parasitic element with three
stubs (one horizontal and two vertical). The return loss characteristics with variation in different ground
plane parameters are exhibited in Figs. 4(a)—(c). It is observed that by varying ground plane parameters
of the F-shaped parasitic element: the length of the stub (L1), length of the stub (Ly) and width of the
stub (¢2). The bandwidth and center of the notched band can be controlled. The sizes of the vertical
and horizontal stubs, which are disconnected with the F-shaped parasitic element are 3.15 x 1 mm?
and 1 x 5.7mm?, respectively. Five MA-COM p-i-n diodes (MA4SPS402) are used as switches between
the gaps G = 0.3mm. Five inductors of 30-nH are used as RF chokes in the bias circuitry. The
additional optimized dimensions of the ground plane structure are as follows: W7 = 12mm, Wy = 4 mm,
W3 =5.7mm, Wy =2mm, G = 0.3mm, [; = 6.8 mm, [ = 10mm, I3 =4 = 3.15mm, t; = t4 = 1 mm,
to = t3 = 2mm, s = 0.5mm. The antenna structure with five 30-nH inductors used as RF chokes
in the bias circuitry and five p-i-n diodes is shown in Fig. 3(b). Figs. 5(a)-(b) show the return loss
plots at different diode states. In order to minimize the number of diodes, first two return loss plots
of Fig. 5(a) show that the diodes (D2 and Dy) are in ON state which indicates that lower edges of the
vertical stubs are always connected with ground plane. As a result, the surface current path of the
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Figure 3. Back view of the proposed antenna structure, (a) with dimensions, (b) with biased circuitry.
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Figure 4. Simulated return loss with variation in ground structure parameters, (a) stub length Ly, (b)
stub length Ly and (c¢) stub width ¢s.

upper edge of the ground plane is increased, discussed in Section 2.1. In this case, the resonance of the
reconfigurable structure switching is due to bias state of the other three diodes, which is illustrated in
first two results of Fig. 5(a). Similarly, if diodes (D; and D3) are in ON state, the upper edge of the
vertical stubs are always connected with the F-shaped parasitic element. As a result, the overall length
of the F-shaped parasitic element is increased, which is designed for the 5.3 GHz notched frequency
band. On the bases of the biases state of remaining three diodes, the return loss plots are shown in
Fig. 5(a). In conclusion, when the vertical stubs are not connected with F-shaped parasitic stub and
ground plane, only 5.3 GHz band notched UWB antenna characteristics can be achieved. Further, to
switch the resonance in 5.3 GHz radiation with four diodes (D; to D) in ON-state, it is observed from
Fig. 5(b) that additional resonance is generated at 3.6 GHz with 5.3 GHz, having diode (D5) in the OFF
state. With diode (Ds) in the ON-state, the horizontal stub is now connected with ground plane and
F-shaped parasitic element, which increases the total length of the ground plane elements. As a result,
with all diodes in the ON-state, the maximum surface current at 3.6 GHz is concentrated around the
horizontal stub, and radiation occurs only at 5.3 GHz as depicted in Fig. 5(b).

The prototype of the proposed antenna is fabricated on an FR-4 substrate, which is connected to
a 50-Q0 SMA connector for signal transmission. The front and back views of the fabricated prototype
are shown in Figs. 6(a) and (b), respectively. Fig. 6(c) shows the zoomed view of the reconfigurable
section having five p-i-n diodes (D; to Dj5) and five inductors circuitry in a combination of three stubs
with parasitic element to connect or disconnect from the ground plane structure.
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Figure 5. Simulated return loss plot of proposed antenna with different diode states.
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Figure 6. Photograph of the proposed antenna, (a) front view, (b) back view, (c¢) zoomed view of the
reconfigurable section.

3. RESULTS AND DISCUSSIONS

The proposed antenna is printed on a 1.6-mm-thick FR-4 substrate of relative dielectric constant 4.3
and loss tangent 0.025. The return loss measurements are carried out using Anritsu MS2028C vector
network analyzer. In ground structure, five p-i-n diodes are connected in between the gap ‘G’ which
was modelled as a 0.1 resistance for the ON-state, and a 0.045-pF capacitance parallel with a 20-k{)
resistance in the OFF-state. The p-i-n diode has lower parasitic inductance (0.45-nH) and excellent ‘RC’
constant (0.23-pS), which make it ideal for higher frequency switches. The size of this diode is very
small (1290 um x 533 um), and the manufacturer recommends thermo-compression bonding to mount
it on the PCB [20].

The equivalent electrical model of single p-i-n diode is modelled in ADS (Advanced Design
Software), and the behaviors of the diode at higher frequencies are observed. The return loss and
transmission coefficient of the single p-i-n diode model at zero or reverse bias are also studied. It is
observed that at zero bias or reverse bias voltage (V. = =5V or —10V), the magnitude of the return
loss is greater than —10 dB, and transmission coefficient is less than —10 dB at entire frequency band up
to 13 GHz. The reason is that under reverse bias voltage condition, the values of ‘R,’ parallel resistance
and ‘Cp’ parallel capacitance increase with frequency increment, and device behaves as an open circuit
switch. At forward bias voltage (V; = 0.75V to 0.9 V), the forward current varies from 10 mA to 50 mA,
and ‘R’ series resistance decreases with frequency increment. As a result, the magnitude of the return
loss is less than —10 dB; transmission coefficient is greater than —10 dB; device behave as a short circuit
switch. The return loss and transmission coefficient of the single p-i-n diode model with forward bias
current for whole UWB band are also achieved.
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To simulate the structure with all the diodes in the ON-state, five metallic strips of the size
(0.5mm x 0.2mm) are placed to connect stubs with ground plane and F-shaped parasitic element
in the CST microwave studio. By eliminating the metallic strips, the simulation of the structure is
achieved when all the diodes are in the OFF-state. Moreover, to analyze the loading of diodes and
inductors on antenna structure, initially full-wave simulation of the antenna is done with one discrete
port in the place of each diode and each inductor along with input in CST. The simulated S-parameter
file with discrete ports is then imported into ADS for circuit modelling. The diode model and S-
parameter file of the inductors are used to complete the simulation setup in the ADS. The simulated
and measured return losses with OFF-states of the diodes are shown in Fig. 7(a). It can be observed that
the simulated operating bands of the antenna, 3.3 to 4.9 GHz and 5.7 to 10.3 GHz with 4.9 to 5.7 GHz
band-notched frequency, have good agreement for both simulation tools. The measured operating bands
of the proposed antenna are 3.5 to 4.9 GHz and 6 to 10.3 GHz with 4.9 to 6 GHz band-notched frequency.
As observed, satisfactory agreement has been obtained between simulated and measured results.
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Figure 7. Measured and simulated return loss plot of proposed antenna, (a) with all the diodes in the
OFF-state, (b) with all the diodes in the ON-state.

When all the p-i-n diodes are turned ON with a single power supply having total source current
of 50-mA, the F-shaped parasitic element is shorted to the ground plane and the horizontal stub. In
the diode OFF-state, the —10dB notch bandwidth centered around 5.3 GHz now shifts to 5.3 GHz
radiating frequency after diode switching. For all diodes at the ON-state, simulated (using CST and
ADS) and measured return losses are plotted in Fig. 7(b). It is observed from the return loss plot
that the radiating bands have now switched in the stopband, and notch center frequency turns into
radiating frequency. The F-shaped parasitic element designed at 5.3 GHz, now connected to the ground
plane through metallic stabs by the mean of p-i-n diodes, vanishes all the radiations from rectangular
patch and shifts the resonance at 5.3 GHz center frequency of the antenna structure. The differences
between simulated and measured results observed other than 5.3 GHz can probably be attributed to
imperfections of the components (five p-i-n diodes and five inductors), fabrication errors (over-etching)
and fed wires for biasing of the diodes.

The simulated surface current distributions on the radiating patch and ground plane with all diodes
in the OFF-state at different frequencies are presented in Fig. 8. As shown in Figs. 8(a)—(c), radiating
frequencies are 4, 7 and 9 GHz, respectively. It is observed that the vertical and horizontal currents are
more balanced at these frequencies. Fig. 8(d) shows that the surface current distribution at a center
notch frequency of 5.3 GHz is mainly concentrated around the parasitic element. The currents are
oppositely directed between the radiating edge of the rectangular patch and the edge of the parasitic
element, resulting in the band-notched characteristics at 5.3 GHz center frequency, whereas with all
diodes in the ON-state, the surface currents on the radiating edge and edge of the parasitic element are
same in direction, which supports the radiation at 5.3 GHz, as depicted in Fig. 8(e).
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Figure 8. Simulated surface current distribution on the rectangular patch and the ground plane when
all diodes are in the OFF-State (a) 4 GHz, (b) 7GHz, (c) 9GHz, (d) 5.3 GHz notch frequency. (e)
5.3 GHz when all diodes are in the ON-state.
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Figure 9. Measured 2D radiation pattern at 4 GHz, 7 GHz and 9 GHz when all diodes are in the OFF-
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The measured E-plane and H-plane radiation patterns of the proposed antenna at 4, 7 and 9 GHz
with all diodes in the OFF-state are displayed in Figs. 9(a)—(b), and that with all diodes in the ON-state
at 5.3 GHz is shown in Fig. 9(c). In this state, it is observed that the antenna exhibits omnidirectional
radiation characteristics at different operating frequencies. Fig. 10 displays the comparison between
the simulated and measured peak gains of the proposed antenna with all the diodes in the OFF- and
ON-states. With all the diodes in the OFF-state, it is observed that the antenna exhibits good gain over
the entire operating band, except a drastic decrement at the notched 5.3 GHz center frequency band.
In this state, the observed antenna gain varies between 2 to 6dB at different operating frequencies.
With all diodes in the ON-state, the proposed antenna radiates only at 5.3 GHz center frequency with
approximately 4dB gain. Good agreement between simulated and measured gains is observed. The
measured efficiency of the antenna in the both states of the diodes is also shown in Fig. 10. It is
observed that the efficiency of the antenna varies from 65 to 85% for the radiating bands, with all
diodes in the OFF-state. With all diode in the ON-state, maximum efficiency of 60% is achieved at
5.3 GHz.

4. CONCLUSIONS

A frequency reconfigurable antenna with switchable notch characteristics at 5.3 GHz center frequency
has been demonstrated successfully for the first time. By inserting an F-shaped parasitic element and
three stubs on the ground plane, a UWB antenna with band rejection characteristics can be obtained.
Five p-i-n diodes are used to switch 5.3 GHz center frequency band. The proposed antenna with all the
diodes in the OFF-state results in the UWB antenna radiating from 3.3 to 10.3 GHz with 4.9 to 5.7 GHz
band-notched characteristics. With all the diodes in the ON-state, the proposed antenna radiates at
center frequency of 5.3 GHz in the WLAN frequency band. For both cases of diodes in the ON- and
OFF-states, the simulated and measured results are compared, and a good agreement is observed.
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