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ABSTRACT To reduce interference from other wireless communications, a compact super wideband
frequency diversity hexagonal shaped monopole antenna with switchable rejection band capabilities is
proposed. The patch consists of hexagonal structure with an open-ended horizontal slot that divides the patch
into upper and lower parts. The overall size of the proposed antenna is 36 mm x 36 mm x 1.6 mm on an
FR-4 substrate material with a loss tangent of fand= 0.02. The notch switchable features and the frequency
diversity are controlled by changing the length of the resonator through alternating the state of two inserted
parallel PIN diodes inside the horizontal open-ended slot. The upper part of the hexagonal patch is connected
to the negative terminal of the diodes and the biasing circuit in the back layer through a conducting via. The
lower part is connected to the positive terminal of the diode. When both diodes are OFF, the proposed antenna
behaves as a super wideband covering a bandwidth from 3.37 GHz to 27.71 GHz. When both diodes are ON,
there is a band notch and a frequency a frequency band (3.81 - 6.62 GHz) is filtered. The antenna’s radiation
pattern is broadsided directional, and the efficiency is observed 92.9% and 96% for the ON and OFF cases,
respectively. The reflection coefficient (S11) at the rejection band is —3.06 dB at 5.38 GHz. Hence, the
proposed super wideband antenna is well-suited for applications in wireless communications.

INDEX TERMS Super wideband, frequency reconfigurable, notch characteristics, PIN diodes, time-domain
analysis.

I INTRODUCTION ) ) techniques to offer SWB are discussed in [2], these tech-
Since the establishment of the unlicensed Ul.tra—Wlde niques include modifications to the patch and ground plane
Band (UWB) band of 3.1 - 10.6 GHz for Ultra-Wide Band  shapes besides adding different slot shapes or stubs in dif-

communications in 2002 [1], a considerable number of stud- ferent antenna locations. In [3], the antenna was designed to
ies have begun to embed super wideband (SWB) technology  cover a wide frequency range of 1.22 to 47.5 GHz by having a
into wireless communication devices to satisfy the need for concentric structured monopole patch shape and semi-elliptic

both long and short distance communication. Many super  ground plane with one notch at its top. A microstrip antenna
wideband (SWB) monopole antennas research are offered  had a shape of fractal hexagonal Sierpinski was described
to focus on bandwidth improvement techniques used in the in [4] realized an impedance bandwidth of 3.4 - 37.4 GHz.
ground plane, feed line, and the radiating patch. Different A stub on the top right corner of an octagonal ring patch
and a notch on the ground plane increases the impedance

The associate editor coordinating the review of this manuscript and bandwidth to span the frequency range of 2.59 to 31.14 GHz
approving it for publication was Kwok L. Chung ™. [5]. Two ground planes on the top side and a partial ground
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plane on the bottom side were used in [6] to offer bandwidth
in the band of 0.3-20 GHz.

Several antennas that exhibit a hexagonal shape have been
reported for super wideband coverage. In [7], a 31 mm X
45 mm x 1.575 mm SWB antenna, consists of a fractal cir-
cular patch with six iterations of a hexagonal slot inside it to
achieve an impedance bandwidth of 2.18 to 44.5 GHz. In [8],
an antenna with 36 mmx30 mmx 1.6 mm hexagonal patch
antenna with two rectangular slots in the ground plane offers
a bandwidth between 2.9 GHz to 14.75 GHz. Three itera-
tions of a hexagonal patch containing circular and triangular
elements are used in [9] with an antenna size of 25 mm x
30 mm x 0.8 mm to produce a bandwidth starting at 3.5 GHz
to 33.5 GHz at |Sy;| <10 dB. In [10], the fractal nature of
hexagonal rings and triangular elements are used to produce
an antenna that covers a frequency range of 3 - 25.2 GHz.

Other extensively deployed systems such as WLAN and
WiMAX cause interference to SWB communication net-
works, so a demand to design an SWB antenna that can reject
these specific bands. A hexagonal patch enclosed by a hexag-
onal slot is etched in a 25 mm x 25 mm x 1.6 mm antenna
to create a notch in the band 5.83 GHz - 6.05 GHz [11]. Two
layers of hexagonal patch antenna (SMHPA) that operate in
the range of 2-6 GHz are used as slots to create three-band
notches centered at 2.8, 3.98, and 5.78 GHz [12]. Employ
complementary split-ring resonators CSRR and complemen-
tary spiral resonators CSR to provide one notched band for
WLAN (5-6) GHz [13]. One stopband at 5.5 GHz is achieved
by two L-shaped resonators linked to the ground plane with
two shorting tracks on the sides of the antenna [14]. Intro-
ducing two equal slots introduced a patch creating one single
rejection at 3.75 - 4.875 GHz [15]. A meandered bowtie
antenna having six rejecting bands and seven operating bands
has been reported in [16] for modern 5G communications by
connecting the left bowtie portion to the ground plane via a
shorting pin.

Nowadays communications have an urgent need to recon-
figure some characteristics in the antenna to meet several
demands. Reconfigurable antennas have four types, fre-
quency, polarization, pattern, and bandwidth, or combining
two or more reconfigurable aspects in one design. Antennas
that change their resonance frequency are known as fre-
quency reconfigurable antennas. PIN diodes, varactors, and
MEMs switches are electronic ways that are used to establish
a reconfigurability process. PIN diodes are commonly used
because of their rapid switching speed, dependability, low
biasing voltage required, little current values while switch-
ing, and being small. PIN diodes are used to filter certain
frequency bands with frequency diversity according to the
ON-OFF state [15]. In [17], a circular patch antenna with a
PIN diode and a varactor was used to tune the notch cen-
tral frequency from 4.2 GHz when PIN diodes are ON to
5.8GHz when it is OFF. A UWB antenna is designed with
three PIN diodes placed at the ground plane slot to switch
between UWB band 1.86 - 10.89 GHz, two stopbands at
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2.7 - 3.5 GHz, and 5.43 - 6.44 GHz, and different three notch
frequencies [18].

A square patch with a modified shape has different geo-
metrical slots in the patch and ground plane to create a
filtration process for WLAN and WiMAX applications as
explained in [19]. By placing two PIN diodes in the slots,
frequency shift occurs in switching between UWB band that
covers 3.1 - 12 GHz, creating two different single notches
in the desired frequency band either at 3.3 - 3.7 GHz or
4.9-6.3 GHz and creating two notches at 3.3 - 3.7 and
5.1 - 6.5 GHz. Frequency reconfigurability was described in
[20], where a slotted triangular-shaped patch is used with
four PIN diodes that are placed at different positions in the
rectangular slot in the ground plane. Changing the ON-OFF
state of the four PIN diodes will create two, three, or four
notch frequencies in the 4 - 15 GHz frequency range and
change their locations. The author in [21] suggested two PIN
diodes in the inverted U slot on the patch and keeping the
varactor to a certain place anywhere along the slot will tune
the notch frequency in the range 2.7 - 7.2 GHz.

The authors in [22], embed one PIN diode in the small size
antenna, 8 x 27.5 mm?, that has a patch like the G-shaped,
and he controls its state to switch between UWB frequency
band 2.8 - 12.6 GHz when the diode is ON and creating a band
filter at 3.5 - 4.95 GHz when the diode is OFF. In ref [23],
tuning the center of the notch band is achieved by inserting
one PIN diode in the split ring resonator of the S-letter shape
patch, where it occurred at 3.25 GHz when the diode is ON
and shift to 5.5 GHz in the OFF state. A UWB antenna that
operates in the range 3 - 10.6 GHz is proposed in [24], with
two PIN diodes are placed in the patch slots to reject the
WiMAX 3.3-3.7GHz and 5 - 5.30 GHz WLAN applications
according to the diode states. Moreover, after placing the two
diodes in the microstrip lines that were etched parallel to the
ladder shape slot and adjusting their position had adjusted
the current path which affected the location of the notch
center frequency in the range 3.3 - 5.5 GHz [25]. In [26],
the author designed an antenna with two band notches by
etching two folded end U-shaped slots in the patch, besides
they had provided a switchable function using two PIN diodes
to switch between UWB band 2.7 - 10.7 GHz, creating one
notch at 5.5 - 6.15 GHz and two-band notches at 3.2 — 4.2 and
5.5-6.15 GHz.

The reconfigurable hexagonal-shaped antenna was also
reported in the literature [27]-[28]. In [27], a dual-band
complex shape of a hexagonal shape antenna loaded by a
complementary split-ring resonator (CSRR) and integrated
with a varactor diode has been reported in [27]. The antenna
has UWB coverage, and the varactor controls the level of the
rejection band without removing it completely. A hexagonal
microstrip antenna fed by a microstrip fed with a rectangular
cut in the feed to insert a PIN diode has been reported in [28]
to achieve dual-band operation. The ON and OFF states of the
diode are responsible for shifting the two resonances without
controlling the presence and absence of the rejection band.
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FIGURE 1. Antenna’s structure, (a) top layer, (b) baclayer, (c) side view.

TABLE 1. Optimized dimensions of the proposed antenna.

Parameters Values (mm) Parameters Values (mm)
WS 36 LS 36
W1 3 W2 1.5
A 9 B 2
S 1 D 2.5
Lf 9 wd 0.8
WG 31 w 22
L1 35 L2 45
c 0.5 Via radius 0.5
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FIGURE 2. S;; of the designed antenna for both diodes configurations.

In this article, a small size super wideband (SWB) fre-
quency diversity hexagonal monopole antenna with switch-
able rejection band capabilities is proposed. The antenna
covers a wide band with a percentage bandwidth of 156.6%
and a good bandwidth dimension ratio (BDR) reaches 978.8.
Furthermore, the antenna can activate or deactivate one wide
rejection band by adding two parallel common anode PIN
diodes at the patch horizontal open-ended slot and controlling
their ON/OFF states. The rejection band is produced when
both diodes are in the ON state which lies in the range of

VOLUME 10, 2022

(a) ANT I (b) ANT I (c) ANT Il (d) ANT IV
FIGURE 3. Proposed antenna design steps: (a) Hexagonal patch with the
partial ground (ANT I), (b) Modified hexagonal patch with the partial
grounlANT lIl), (c) Modified patch with the enhanced ground (ANT III), and

(d) Proposed design (ANT IV).
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FIGURE 4. S;; of the four designed antenna steps presented in Figure 3.

3.5 GHz to 4.95 GHz with the S;; level at the center of the
rejection band reaches to —4.34 dB. The antenna ON/OFF
states are modelled in an equivalent circuit by investigating
the parametric effect of their components. Also, the designed
antenna operation has been investigated in the time domain.
The analysis of the design of the frequency reconfigurable
antenna is outlined in Section 2. Proposed antenna analy-
sis and equivalent circuit model are illustrated in Section
3, experimental validation is outlined in Section 4, and the
conclusion is presented in Section 5.

Il. ANTENNA DESIGN ANALYSIS

A. ANTENNA STRUCTURE

The suggested patch antenna schematic diagram for the top,
back, and side views are shown in Figure 1. The simulations
and optimizations have been supported by high-frequency
structure simulator (HFSS) software. The antenna was built
using a low-cost substrate known as FR-4 (relative permit-
tivity of 4.4, loss tangent of 0.02) that has an overall size
of 36 x 36 x 1.6 mm?>. The patch has a hexagonal shape
with curved corners and is fed by a tapered feedline for
better impedance matching between the 50-2 coaxial cable
connected to the SMA connector and the high impedance at
the patch edge. A horizontal slot in the patch center with
a width of 1 mm is introduced to insert two parallel com-
mon anode PIN diodes with a footprint of 1 mm x 0.8 mm
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FIGURE 5. Sy, variations for various slot locations.
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FIGURE 6. The effect of adding the PIN diodes on the reflection
coefficient for (a) OFF case, and (b) ON case.

being placed at the center of the horizontal slot for frequency
diversity analysis. The diodes are connected via shorting vias
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FIGURE 7. Sy, variations for various diodes separations.

)

266667
H 233333
200000

16,6667
133333
10.0000
66667
33333
00000

FIGURE 8. Surface current distribution (a) at 3.17 GHz and (b) at 5.38 GHz.

to a separate DC biasing circuit placed at the bottom layer
as shown in Figure 1I and both diodes are activated and
deactivated simultaneously since they relate to the common
anode and common cathode configuration. The biasing line is
connected to a2 —5 V supply and passes through a 2.1 k€2 for
current limiting and a 1 «H inductor to act as an open circuit
to the RF signal and a short circuit for the DC biasing. The
proposed antenna ground plane has a trapezoidal shape with
five circular sleeves. Extensive parametric analysis has been
conducted on all the parameters and their optimized values
are recorded in Table 1.

The proposed antenna reflection coefficient (S11) is plot-
ted in Figure 2 for both dio’es’ status. When the diodes
are in the OFF state, the antenna covers an SWB of
3.37 - 27.71 GHz without any rejection bands while in the
ON state a notch will be created at 5.38 GHz with a frequency
range of 3.81 — 6.62 GHz, making the antenna has dual bands
2.76 —5.81 GHz and 6.62 — 27.61 GHz with a percentage
bandwidth (PBW) of 31.96 % and 122.64 % respectively with
a 10:1 bandwidth ratio.

B. ANTENNA DESIGN STEPS

The antenna design steps are shown in Figure 3 and the
simulated Sy; results for all steps are shown in Figure 4.
ANT I consists of a simple hexagonal patch, partial ground

VOLUME 10, 2022
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FIGURE 9. Time-domain results of the proposed ana showing (a) (a) Input pulse, (b) input spectrum, (c) Fourier transform of the input signal, and

(d) output signals.

plane, and 50 2 triangular tapered feedline. The hexagonal
shape was chosen because the bandwidth of a circular patch
antenna is higher than any other geometry, and the hexagonal
geometry is almost identical to a circular patch. The dimen-
sions of the hexagonal antenna are calculated by adjusting
the planar disc formula as explained in [29]. The tapered
feed line is a matching transformer between the point of
feeding and the hexagonal patch which will provide a smooth
impedance transition, reduce the reflection of the incident
wave, and enhance the antenna bandwidth [30]. Impedance
matching and improved bandwidth were achieved with the
help of ANT II and ANT III. In ANT II, after curving the
hexagonal patch vertices better impedance matching was
achieved while beveling the ground plane in ANT III and
adding five half-circular sleeves at the top of it provided wider
bandwidth of 2.91 — 27.54 GHz. Beveling the ground plane
and adding the sleeves improve the total bandwidth, raise the
inductive component of the input impedance, and generate
more resonant modes [31]-[33].
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The proposed antenna is shown in ANT IV, where an
open-ended horizontal slot is inserted at the center of the
hexagonal patch which divides it into upper and lower parts
to create a space for PIN diodes insertion. The PIN diodes are
represented by a 3 2 resistor when it is at the ON-state and
by a 0.2 pF capacitor when it is at the OFF-state [34]. The
upper and lower parts of the hexagonal patch are connected
to the negative and positive polarities of the (2-5) V external
DC biasing circuit respectively through vias between the top
and the back of the antenna. The S1; response for ANT IV in
its OFF state is like ANT III but with the ability to control its
frequency characteristics.

C. PARAMETRIC STUDY OF THE PROPOSED ANTENNA

A parametric study of the proposed antenna is oriented to
focus on the three main stages, namely, the location of the
horizontal slot, the number of diodes used in the slot, and
the distance between the diodes as depicted in Figures 5 - 7.
First, the horizontal slot has been varied along with the
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FIGURE 10. (a) Equivalent circuit model and (b) reflection coefficient of
the equivalent circuit model when the diodes are in the OFF case.

TABLE 2. Values of the components used in the circuit model for the OFF
case R, C (pF), L (pH)).

R1= R2 = R3 = R4 = R5 =
50.61 104.8 5.866 28.141 29.873
L= L2= L4 = L5 =
L3=0.058
813.24 30.564 190.29 515.23
Q= Q= = C4= C5=
0.385 8.767 3.139 1.521 3.105
R6 = R8 = R9 = Lf=
R7 =8.08
58.439 15.085 36.25 225.47
L6 = L7 = L8 = L9= Lp=
212.64 15436 164.89 200.77 675.14
C6= 7= 8= D1=D2=
=111
7.789 3.136 0.586 0.2

hexagonal patch and a sample of four locations and their
effects on the S is plotted in Figure 5. It is seen that it
affects the impedance matching over the complete frequency
range and the central location is the closest position to the
SWB behavior. After that, the PIN diode is placed inside the
slot and the effect of inserting one or two diodes is plotted
in Figure 6(a) for the OFF state and Figure 6(b) for the ON
state. Inserting two PIN diodes has modified the notch level
and the wideband characteristics for the ON state and SWB
range in the OFF state as well. Then the distance between the
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FIGURE 11. (a) Equivalent circuit model and (b) reflection coefficient of
the equivalent circuit model when the diodes are in the ON case.

TABLE 3. Values of the components used in the circuit model for the ON
case (R (), C (pF), L (pH)).

R1= R2= R3= R4 = R5 =
27.948 19.705 11.053 72466 89.642
L1= L2= L3=2.236 L4= L5=
86054k | 39477 M 250.83 287.74
C1= Q= = ca= C5=
0575 6.795 238.12 1.506 2.1
R6 = R7 = RS = RO = Lf=
25544 11847 53.583 39.276 24125
L6 = L7= Lg= L9= Lp=
430.47 7.871 469.34 280.77 1954k
C6= 7= 8= o= D1=D2=

6.4 3.964 0.149 12114 3

diodes has been monitored and the results are illustrated in
Figure 7 where the SWB has been achieved for the OFF-state
scenario at 1.25 mm from the patch center.

The antenna surface current density has been studied for
the case of both activated diodes to indicate which portion
of the antenna is responsible for creating the first resonance
and the first notch in the S| curve. As can be seen from
Figure 8, the left portion of the slot along with the two diodes
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FIGURE 12. Optimization of the circuit components when the diodes are ON for (a) higher frequency band, (b) resonance and notch level, (c) lower

frequency band, and (d) higher frequency range.

has a maximum surface current of 50 A/m are responsible for
the antenna resonance at 3.175 GHz. Meanwhile, the right
slot portion along with the feedline upper terminal has a
dominant effect in creating the rejection band at 5.38 GHz.

IIl. PROPOSED ANTENNA ANALYSIS
A. TIME-DOMAIN CHARACTERISTICS
A substantial aspect of SWB structures is the calculation of
the spreading that occurs when the antenna transmits and
receives a pulse wave. The pulse based SWB schemes which
employ supplying very narrow pulses in time have a rare set
of design requests for antennas. As a result, more investiga-
tion and assessment into the time domain performance of an
SWB antenna are required. The pulse distortion and fidelity
factor of the radiated pulse are the most crucial time-domain
characteristics. It establishes the amount of pulse distortion
caused by the antenna.

In the suggested antenna model, a normalized Sth order
Gaussian derivative is set as an input signal. The pulse interval

VOLUME 10, 2022

for both ON and OFF states is 190 ps as shown in Figure 9(a)
with a little reduction in the input pulse interval for the
ON state due to the rejection band, and it will have the
SWB spectrum from 2 — 28 GHz in the frequency domain
as demonstrated in Figure 9(b). The Nth Gaussian pulse is
characterized in the time domain by eq. 2 hence Hy(t) is
the nth Hermit polynomial, and its fifth-order polynomial
is offered in eq. 3. [35]

2

Gt) = Ae 27 (1)
on=2C_ iy g ( ! ) G() ()
= ar =Y e\ Ay )

Hs (1) = 328> — 160£> + 120t 3)

The Fourier transform of the input signal is plotted in
Figure 9(c) which is look like the reflection coefficient for
the OFF and ON states produced in the frequency domain
and described in Figure 2. The output normalized signal is
illustrated in Figure 9(d) for both diodes status, and it has a
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TABLE 4. Comparison with different frequency reconfigurable antennas.

Ref. Size Bandwidth Notch Gain Switching Rejection band
No. - T x A, Covered band GHz (or %) (dB) techniques ON/OFF BDR
[7] 31x45%1.575  0.33x023 S,C, X, Ku, K  2.18-44.5(181%) - None - 2389
(8] 36x30x1.6  0.35x029  S,C,X,Ku  2.9-14.75(134.3%) - None - 1323.2
[9] 25x30%0.8  0.29x0.35 S,C, X 3.5-33.5(162.2%) - None - 1598
[10] 25x30%0.8 0.25x0.3 S,C, X 3-25.2(157.4%) . None . 2098.7
3.71-5.83 (44.4%)
[11] 25x25x1.6  0.49x0.49 S,C, X 6.05-12.15(67%) 8 None . 15.4
[12] 40x70x1.6  0.27x0.47 S,C, X 2-6(100%) 09,5.8,1.9 None . 788
[17] 26x36.5x1  0.22x031 S,C, X 2.52-9.32 (114.9%) 45 2 PIN diodes No 1684.8
2 varactors
[18] 50%60x1 0.31x0.37 S.C.X 1.86-10.89 (141.6%) 9 3 PIN diodes yes 1234.5
[19] 31x18x0.8  0.32x0.19 S,C, X 3.1 12 (117.9%) -2.573 2 PIN diodes yes 1939.1
[20] 60x65%1.6 14x152  S,C, X, Ku 715 (72.7%) 3.125 4 PIN diodes No 342
[21] 30x30x0.8  0.28x028  S,C,X,Ku  2.8-17.9 (145.9%) -1.33 2 PIN diodes yes 1861
2 varactors
[22] 8x275x1.6 __ 0.07x0.26 S,C, X 2.8-12.6 (127.3%) 355 1 PIN diodes yes 6994.5
[23]  49.4x35x0.257 _ 0.5x0.35 S.C.X 310 (107.7%) -1.896 2 varactors No 615.4
[24] 33x21x1.6  0.33x0.21 S,C, X 3-10.6 (111.8%) 3,5 2 PIN diodes yes 1613.3
[25] 24x12x0.787 _ 0.25x0.12 S,C, X 3111(112.1%) 3,5 2 PIN diodes yes 3736.7
[26] 20x20<0.8 _ 0.18x0.18 S,C, X 27-107 (1194%) _ -3.26, -3.14 2 PIN diodes yes 3685.2
[27] 30x40x0.76  0.2x0.27 S,C.X 2-8 (120%) 2,4 2 varactors No 22222
[28] 40x40%0.16 0.2x0.2 S 1.48-1.99 (29.4%) - 1 PIN diode No 735
This work  36x36x1.6 0.4x04 S,C, X,Ku, K 3.37-27.71 (156.6%) -4.34 2 PIN diodes yes 978.8

pulse width of fewer than 1.5 ns and less than 1.4 ns for the
OFF and ON states respectively, in which the signal distortion
is around 60% in the first 0.5 ps, then it reduces rapidly after
that.

B. EQUIVALENT CIRCUIT MODEL

The suggested SWB antenna equivalent circuit model has
been optimized using the ADS software for both OFF and
ON states of the diodes and their calculated S1; are plotted
and investigated in this section. The equivalent circuit model
for SWB antenna in its OFF state is shown in Figure 10(a),
it consists of an inductor in series with the first parallel RLC
circuit to represent the tapered feedline, then an induct’r ‘Lp’
in series with two shunt capacitors of 0.2 pF that representing
the two diodes in their OFF states. After that eight cascaded
RLC circuits produce the SWB behavior [3]. The equiva-
lent circuit Sj; compared to the HFSS model is depicted
in Figure 10(b) for the OFF case where the SWB range is
achieved. The detailed optimized circuit components value
is summarized in Table 2. Similar analyses were conducted
for the antenna while the diodes are active with replacing
the two shunt capacitors with two shunt resistors of 32
and re-optimizing the circuit components value to create a
rejection band within 3.81 — 6.62 GHz. The circuit and its Sy
response are shown in Figure 11 and the optimized values are
listed in Table 3.
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FIGURE 13. (a) Fabricated prototype (front and back views) and (b) the
proposed antenna measurement setup inside the anechoic chamber.

C. PARAMETRIC ANALYSIS OF THE CIRCUIT MODEL
An optimization process has been conducted on all cir-
cuit components shown in the Figures above to check their
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FIGURE 14. The proposed antenna simulated and measured results when the diodes are in the OFF state for (a) Reflection coefficient, (b) Peak realized

gain, (c) Radiation efficiency, and (d) Group delay.

impacts on the antenna response and the components with
major effects are discussed in this section. Initially, varying
the value of the input inductan’e ‘Lf’ will have an impact
on the antenna at higher frequencies (above 10 GHz), the
value of t’e ‘Lf” for 200 pH, 300 pH, and 400 pH are visu-
alized in Figure 12(a) and as the inductance decreased the
S11 SWB range will be obtained, and the optimal value is
241.25 pH. The second investigated component ’s ‘C2’ and
its effect is shown in Figure 12(b). It has an effect of the
rejection band level at 5.38 GHz while maintaining the higher
frequency band. The value of resist’r ‘R4’ is also investigated
in Figure 12(c) for its effect on preventing the creation of
another notch and hence increasing the frequency range of
operation. Finally, the induc’ance ‘L9’ has a major effect on
the antenna Si; termination. It is noticed that as the induc-
tance got reduced, the frequency sweep increased to match
the desired antenna response as illustrated in Figure 12(d).
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IV. FABRICATION AND MEASUREMENTS

The presented antenna has been fabricated on a double-
sided FR-4 substrate with a thickness of 1.6 mm and is
shown in Figure 13(a), then it is mounted in an ane-
choic chamber to get its far-field characteristics as shown
in Figure 13(b). The measurements are conducted on the
antenna Sy, peak realized gain, radiation efficiency and
group delay as Figures 14 and 15 demonstrate for the OFF
and ON cases respectively.

The measured and simulated S;1 are shown in Figure 14(a)
when the diodes are in the OFF state, a good agreement
between the results is achieved. The antenna peak real-
ized gain and radiation efficiency measured and simulated
curves are shown in Figure 14(b-c) where the maximum gain
achieved for the OFF state is 7.28 dB at 23.84 GHz and
the minimum value within the operating range is 1.15 dB at
8.89 GHz and for the radiation efficiency it varies between
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96 % at 3.37 GHz to 75.6 % at 25 GHz. The group delay in
the signal across the tested antenna is under 10 ns as shown
in Figure 14(d).

A similar comparison between simulated and measured
results is obtained for the proposed antenna in the ON
states of the PIN diodes. The results in Figure 15(a-c)
for S11, peak realized gain, radiation efficiency, and group
delay are in good agreement. The antenna has a rejection
band around 5.2 GHz with peak realized gain being varied
between -4.34 dB at the notch center frequency to 7.63 dB at
23.84 GHz. The achieved maximum efficiency is 92.9 % at
23.32 GHz and the group delay is less than 1 ns.

The suggested antenna radiation pattern has been mea-
sured inside the anechoic chamber to validate the simulated
results. Both E-plane (YZ-plane) and H-plane (XZ-plane) are
shown in Figure 16 when the diodes are in the reverse biased
mode for selected frequencies of 4.21 GHz, 10.19 GHz,
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17.99 GHz, and 24.36 GHz where the resonances are located.
The patterns show an omnidirectional arrangement (along the
E-plane) and a quasi-isotropic arrangement (along H-plane)
at the lower frequency band (4.21 GHz) then the omnidi-
rectional behavior starts to deteriorate at higher frequencies.
The antenna radiation patterns when the diodes are forward
biased are plotted in Figure 17 at the first resonant 3.17 GHz,
first notch 5.38 GHz, and two other resonances at higher
frequencies 15.7 GHz, and 25.9 GHz. As in the OFF sce-
nario, the antenna exhibits an omnidirectional pattern in the
E-plane (¢= 90°) at the lower frequency resonance 3.17 GHz
with a quasi-isotropic behavior in the H-plane (¢= 0°). The
rejection band (5.38 GHz) has an arbitrary pattern without
any noticeable major lobes.

The proposed antenna has been compared to other related
works available in the literature in various aspects and the
comparison is summarized in Table 4. The BDR is computed
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V. CONCLUSION

A compact hexagonal frequency diversity antenna with the
utilization of two PIN diodes is presented and thoroughly dis-
cussed. The antenna patch has been enhanced with a tapered
feed and curved edges at its vertices while the partial ground
plane is enhanced with beveled edges and five circular sleeves
being added to its top edge.

The antenna exhibits an SWB range (3.37 — 27.71) GHz
when the diodes are in an OFF state with a rejection band
being created at the lower frequency range (3.81 — 6.62)
GHz along with two resonances (2.76 — 3.81) GHz and
(6.62 — 27.61) GHz when the diodes are in ON state. The
antenna achieves a peak gain of 7.28 dB and 7.63 dB at
23.84 GHz with a maximum efficiency of 96 % and 92.9 %
for OFF and ON states respectively. The S1; at the notch
reaches —3.06 dB with a sharp reduction in the gain to
reach —4.34 dB at notch center frequency. A time-domain
analysis and equivalent circuit models have been introduced
and explained for the two diodes scenarios. The conducted
measurements confirm the simulated results with a high
agreement.
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