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Abstract

In this paper, a small ultra-wideband (UWB) antenna with two stop bands by a compact elec-
tromagnetic bandgap (EBG) cell loaded with two new open meander slots is presented. With
the coupling of the EBG cell to the feedline, the stop bands are formed. The designed EBG cell
is a mushroom type that has the advantages of being able to independently control the stop
bands, high responsiveness selectivity of stop bands, easy switching, the need for fewer EBG
cells, and low impact on the working characteristics of the antenna. To have a better under-
standing of the proposed EBG mechanism, characteristic mode analysis is used. The size
reduction of the suggested antenna is obtained by halving the reference antenna relative to
the axis of symmetry. The measurement results for —10 dB adaptation are from 2.73 to 13
GHz with stop bands at 3.51 GHz (12.9%) and 5.34 GHz (14.1%). The radiation behavior
of the minimized antenna is similar to that of a reference antenna. Minimized UWB antenna
with transmission function and group delay with small variations in the operating frequency
range is suitable for small multiple-input and multiple-output (MIMO) and diversity systems.

Introduction

Ultra-wideband (UWB) communications have high-frequency bandwidth with high data
transmission speed, use of short pulse modulation to reduce fading effects due to the multi-
path received signal, and low power consumption due to low power spectrum density
[1, 2]. UWB technology can be widely used in impulse radio, high speed communications
over short distances, medical applications, radars, sensors, positioning, and imaging [3].
Printed broadband antennas are inexpensive and affordable, small in size, less complexity,
and light in weight [4]. UWB signals need to be protected against a higher power and low
bandwidth interferences located within the UWB spectrum [5]. Elimination of interference
is possible by placing different types of parasitic elements, stubs, slits, and gaps individually
or in combination with the radiation patch, feedline, or ground plane [6]. Electromagnetic
bandgap (EBG) structures are widely used to stop unwanted response, improve radiative prop-
erties, and reduce cross-coupling [7]. Also, mushroom EBG cells are widely used to eliminate
interference in UWB antennas with the advantage of low effects on radiation profile and
accurate determination of stop band frequencies with dispersion plots.

In [8], by using the main resonance and far higher resonances of the EBG cell, more than
one stop band is obtained from an EBG cell. A pair of slitted EBG cells were investigated to
eliminate WiMAX and WLAN band interference with the slow selectivity of stop bands [9]. In
[10], the elimination of interference with sharp selectivity at the frequencies of 5.2 and 5.8 GHz
was achieved by utilizing two pairs of compact EBGs with two inverted U-shaped gaps. In [11],
with a compact single asymmetric EBG cell with two inverted C-shaped slots, a square slot,
and two via connections, three interfering bands were removed. In [12], with an asymmetric
slitted EBG cell with a rectangular patch and via connection in the lower corner of the patch
near the feedline, three stop bands are achieved. With the help of two different EBG cells in the
shape of the meander line and three U-shaped slits of different sizes in the radiation patch, five
interference bands were removed [13]. In [14], with two via connections with coupling from
the sides and connecting the vector diodes in an EBG cell with fractal structure, it is possible to
continuously tune the stop bands by changing the bias voltage of the diodes independently of
each other. In [15], by placing a compact multi-via EBG cell near the feedline and using a sin-
gle p-i-n diode, a switchable UWB antenna with triple-band notched and dual-band notches
capability is provided.

This paper provides a compact EBG cell loaded with a new meander open slot configur-
ation to eliminate narrow bandwidth interferences in the UWB spectrum used in personal
LANSs, high-speed area communications, and imaging sensors. By studying modal currents
in the EBG cell, it is possible to disclose the behavior of eigenfrequencies. To increase the
matching quality and bandwidth of the proposed small UWB antenna, a semicircular ground
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Fig. 1. Small UWB antenna designed with two stop bands.

plane with a square slit below the taper feedline is used. Reduction
of the dimensions of the reference antenna reduces the size of the
proposed antenna by 48%. The built-in antenna has a bandwidth
of —10 dB from 2.73 to 13 GHz with stop bands at 3.51 GHz (440
MHz) and 5.34 (770 MHz). The designed wideband antenna has a
small structure, simplicity of design, low manufacturing cost, and
a stable radiation characteristic in all directions.

Antenna design

Small UWB antenna designed with two stop bands is shown in
Fig. 1 that includes a circular patch, an incomplete semicircular
ground plane with a wide square slit below the feedline, and an
EBG cell with a new open meander slot coupled to the tapered
feedline. The low-cost dielectric used is FR4 with &,=4.4, tand
=0.02, and thickness 1.6 mm. All simulations were performed
with ANSYS HEFSS. Parametric study was used to finalize the
value of the parameters. That is, only one design parameter
changes each time. Design parameters are: Wy, =15mm, L,
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Fig. 2. Miniaturization process of the suggested UWB antenna.

=35mm, w; =3 mm, d,=12.9 mm, d, =20 mm, g=0.2 mm, d,
=5mm, d.=2mm, w,=8mm, [,=8mm, [;=25mm, L,=2
mm, l;=15mm, l,=15mm, [,=4mm, d,=0.4mm, w,=0.5
mm, [;=1mm.

Figure 2 shows the miniaturization process of the suggested
UWB antenna. Further minimization can be achieved by halving
the reference antenna (#1) along the axis of symmetry. By halving
the reference antenna, the width of the feedline is also halved,
which almost doubles the feedline impedance. This mismatch of
impedance in antenna #2 increases the level of |S;;|. In antenna
#2, instead of halving the feedline, you can use a full-width feed-
line. In the reduced antenna (#3), the impedance matching is not
disturbed and the resulting |S;;| is similar to the reference
antenna (#1). Since the electrical lengths of antennas #1 to #3
are equal, the lower edge of the working band and the location
of the resonances in the three antennas are approximately the
same. In antenna #3, by halving and modifying the reference
antenna, a 48% reduction in the antenna area is achieved. In add-
ition, as of the |Sy,| results clearly indicate, the first resonant fre-
quency of the minimized antenna (#3) is lower than that of the
reference antenna (#1). The reason for this downward shift
toward the first resonance is to create a longer current path
along the edges of the feedline and the semicircular patch of mini-
mized antenna, while in the reference antenna, currents flow is
more concentrated along the edges of the circular patch.

To fully grasp the performance of the proposed antenna and
EBG unit cell, characteristic mode analysis (CMA) is used [16].
With the help of the modal currents, the role of each mode in the
function of structure can be observed. CMA is the study of an
eigen set of orthogonal modal currents for a conductive structure.
CMA is source-independent and related to the geometry of the con-
ductor. Two factors for better representation of CMA are modal sig-
nificance (MS,,) and characteristics angles (a,,). MS,, is equal to |1 +
A" Where 1, is an eigenvalue. At the resonance frequency is A,, = 0
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Fig. 3. Mode significances and characteristic angles of the first six modes of the pro-
posed minimized UWB antenna. (a) Mode significances. (b) Characteristic angles.

and MS,, = 1. For n < 0 or n > 0, the structure is in capacitance-mode
or inductive-mode. Further, a;,, = 180 — tan;' which at eigenfre-
quency A,=0 and a, =180. The «,, indicates energy storage close
to 90° or 270°.

Figure 3(a) shows the modal significances of the first six reson-
ant modes for the proposed halved UWB antenna. In the simula-
tion, conductive surfaces in the form of PEC with zero thickness
and a substrate with zero dielectric loss are used. It can be per-
ceived that when the modal significance approaches one in this
figure and the characteristic angle equals 180° in the following fig-
ure, namely Fig. 3(b), an eigenfrequency will occur. Therefore, the
eigenfrequencies of the first six modes are obtained respectively at
2.93, 5.92, 7.03, 10.36, 13.12, and 14.07 GHz. The corresponding
eigencurrents are plotted and also shown in Fig. 4 where current
paths were marked with black arrows. Based on the state of eigen-
current in each mode, we can determine the contribution of each
part of the antenna to the total performance of designed antenna,
for example, at the state of 1st and 2nd modes, it is obvious that
the contribution of circular patch itself outweighs the effects of
ground plane. The difference between 1st and 2nd modes, how-
ever, is in the longitude of the currents which later is not in-phase
with the feedline, hence 2nd mode occurs relatively at higher fre-
quency. It is worth mentioning that the modal bandwidth for 1st
and 2nd modes is much less than the modal bandwidth for higher
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Fig. 4. Current distributions at eigenfrequency of each mode: M; at 2.93 GHz, M, at
5.92 GHz, M at 7.03 GHz, M, at 10.36 GHz, Ms at 13.12 GHz, and M at 14.07 GHz.

modes. This happens due to two factors; one is the appearance of
higher modes of patch and the latter is due to the huge effect of
defected ground plane on the performance of antenna. This is
clearly observable at eigencurrents of the 3rd and 4th modes,
where two equal currents form at the edges of the ground plane
thanks to the cut under feedline. The nature of 3rd and 6th
modes seems to be the same and their contribution to the radi-
ation pattern should be small; however, they have a significant
role on the impedance matching. The presence of 4th and 5th
modes is simply due to the existence of higher modes of the cir-
cular patch, where the antenna is expected to maintain its rela-
tively stable pattern characteristics, albeit slightly distorted at
higher frequencies.

To have a better interpretation of antenna UWB performance,
in Fig. 5, a parametric study has been carried out for d,, d, and d..
Figure 5(a) shows the simulation results for different values of d..
It is observed that by etching a square under the feedline, the
bandwidth and impedance matching are improved at frequencies
above 9 GHz. Figures 5(b) and 5(c) depict the simulate |S,,| for d,
and d;. It is clear that by shaping the ground plane, the signal
reflection at the middle and lower operating band of the antenna
can be minimized or improved. In fact, by manipulating the
ground plane, the electromagnetic coupling between the ground
plane and the radiation patch can be tuned. It should be noted
that the truncated ground plane has no effect on the lower edge
of the impedance bandwidth at 2.7 GHz.

Figure 6 shows the CMA properties of the open slotted
meander line EBG unit cell. Eigenfrequency in any curve is
when MS,, =1 and «, = 180. Using an optimization process, the
initial dimensions of the EBG can be easily determined. In the
simulation, conductive surfaces in the form of PEC with zero
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Fig. 5. For the first six modes of the proposed open slotted meander line EBG unit
cell: (a) mode significances, (b) characteristic angles.

thickness and a substrate with zero dielectric loss are used. Within
1-15 GHz, there are six resonant frequencies at 3.64, 5.33, 7.21,
7.65, 8.62, and 11.89 GHz, respectively. The bandwidths of MS
>0.707 for all modes are very narrow. This especially can be
seen in the case of the first-order mode (M;) of the EBG and
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Fig. 6. Eigencurrent distributions of the first six resonant modes of the proposed EBG
at the eigenfrequency of each mode: M, at 3.64 GHz, M, at 5.33 GHz, M3 at 7.21 GHz,
M, at 7.65 GHz, M5 at 8.62 GHz, and Mg at 11.89 GHz.

its higher mode M, and M;. In addition, the slotted meander
line also resonates at a narrow band in its main mode which is
M, but this is not quite true for its upper mode, My, where it reso-
nates with slightly higher bandwidth. To expand the bandwidth, it
is possible to introduce lossy components to the structure of
either via or slot, such as resistors. Modes M, and M; are the
degenerative modes of the patch which can be found when
there is no slot on the EBG patch. These modes normally overlap;
however, due to the existence of the two embedded slots, this
symmetry has lost and the M, mode is slightly shifted toward
the lower frequencies.

To reach a better understanding, the normalized current distri-
bution of the first six modes of this slotted EBG structure is
shown in Fig. 7. For this case, we have used CST Studio Suite’s
field monitor to acquire the surface currents of the proposed
structure with the same scale. In Fig. 7, current paths were marked
with black arrows. From Fig. 7, it is obvious that in the studied
frequency range, there is one mode related to the zeroth-order
resonance of the EBG structure, namely M;, which is directly
associated with the existence of via in the middle of the mush-
room. As seen, the current flow on the patch is directly toward
the center of the EBG patch and to the location of the via, as if
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Fig. 7. Radiation patterns of the modal electric fields of the first six modes at: M; at
3.64 GHz, M, at 5.33 GHz, M5 at 7.21 GHz, M, at 7.65 GHz, M5 at 8.62 GHz, and Mg at
11.89 GHz.

it plays the role of a current vacuum. Mj is also related to M; with
the difference that the surface currents are exiting the via toward
the edges of the EBG patch, so its influence is not prevalent. The
current distribution for the state of the unit cell at modes M, and
Mg is along the length of the slot, with the difference that for M,,
the first resonance of the slot is excited while for Mg, it is the
higher resonance. As the order of the modes increases, the length
of the current paths becomes shorter and current nulls appear.
The wider bandwidth of M also can be explained within this
frame. It is important to note that modes M, and M; are the
interstice modes of the square patch, and since the rotational sym-
metry at x and y directions is not satisfied, the current distribution
at mode M, occurs prior to Ms.

This is mainly because only modes M; and M, are efficiently
excited through coupling to the feedline. On the other hand, the
modes M;, M,, and Ms have equal amplitudes at some points
while the characteristic angles have a near 180° phase difference,
i.e. the eigencurrents weaken and nullify each other out at these
areas. The effects of partial excitation of the less significant
mode of My are still traceable in Fig. 6, however lacks the require-
ment of an effective removal band due to insufficient coupling.
Also, the characteristic modes of the halved patch antenna fall
exactly at this range that these modes are present where the
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Fig. 8. Design steps for two stop bands of the proposed minimized UWB antenna.

ground plane and higher order modes are both the main contri-
butors to the performance of the antenna. Therefore, the filtering
process of the unwanted frequencies of the patch at this range
becomes somewhat pointless unless the structure of the ground
plane is modified so that it resonates at much higher or lower
frequencies.

Figure 8 shows the steps for the development of the stop bands
for the suggested downsized UWB antenna. Antenna #1 has an
impedance matching from 2.67 to 13 GHz. In antenna #2, the
first stop band is created at 3.6 GHz by adjusting the EBG patch
dimensions and via connection diameter. In antenna #3, by load-
ing two open meander slots in the EBG square patch, an add-
itional stop band is created at 5.33 GHz. The length of the
meander open slot is about half the stop frequency wavelength.
An open meander takes up less space than a straight slot. To
reduce mutual coupling between meander open slots, they are
positioned in the opposite directions. The designed minimized
antenna has two elimination bands at 3.6 GHz (3.29-3.71 GHz,
12%) and 5.33 GHz (5.07-5.76 GHz, 12.7%). Figure 9 shows the
surface current distribution. In Fig. 9(a), at 3.5 GHz, the current
is concentrated around the via connection. Therefore, the little
current reaches the patch for radiation. In Fig. 9(b), the current
at 5.5 GHz is more intense along the edges of the loaded meander
slots. In addition, by changing the length and width of the open
meander slots, the location and bandwidth of the second stop
band can be adjusted, respectively. In Fig. 9(c), the minimum cur-
rent distribution in the EBG cell at 4 GHz is depicted. This indi-
cates that in the working bands, the coupled EBG cell has little
effect on the performance of the proposed antenna.

To have a better interpretation of antenna band stop perform-
ance, in Fig. 10, a parametric study has been carried out for EBG
position (ly), the gap between EBG cell and feedline (g), and via
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Fig. 9. Surface current distribution at: (a) 3.5 GHz, (b) 5.5 GHz, and (c) 4 GHz.

diameter (d,). Figures 10(a) and 10(b), respectively, represent the
simulated [S,| results for I, and g variations. It is clear that by
reducing the electromagnetic coupling between the tapered feed-
line and the EBG cell, the filtered bandwidth and peak value of |
S11] are reduced, while the effect of these changes on the location
of stop frequencies and the selectivity of stop bands is negligible.
It can be seen that changes in EBG location have less effect on
stop bands. In Fig. 10(c), as the diameter of the via increases,
the lower stop frequency increases, and on the other hand, the
position of higher stop frequency remains almost constant.
Therefore, with the d, changes, the first deletion band can be
controlled.

Fabrication and measurements

Figure 11 shows a sample of the minimized UWB antenna with
two stop bands inside the anechoic chamber. In Fig. 12, the mea-
sured |S;;| shows a —10 dB impedance matching from 2.73 to 13
GHz with two stop bands with sharp selectivity at 3.51 GHz (440
MHz, 12.9%) and 5.34 GHz (770 MHz, 14.1%). However, a fre-
quency shift is perceived in the measured response in the upper
working band. As shown in Fig. 11, the antenna specification is
acquired with a long 50 Q cable and an SMA connector where
the leaky current of the cable affects the measurement results. It
is best to print small UWB antennas on substrates with low loss
and low permittivity. Generally, the difference between the simu-
lation and measurement results is due to the accuracy of the print-
ing process, the accuracy of the substrate profile, the measurement
outside the chamber, the wide simulation range, and the soldering
of the connector. Figure 13 shows the S,; measurement setup. The
S,; was measured through connecting two similar antennas to a
PNA E83363C. PNA is calibrated on the antenna ports. A 5
cm-thick absorber was used to reduce the effects of outdoor
space between the two antennas. The distance between the anten-
nas is 60 cm, which is almost six times the smallest operating fre-
quency. Figure 14 shows the measured transmission parameters
for the suggested antenna in both face-to-face and side-to-side
positions. In Fig. 14(a), a large drop is spotted in the stop
bands and little change outside of it. In Fig. 14(b), the phase is
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Fig. 10. Simulated results of suggested minimized UWB antenna with two stop bands
for different: (a) /g, (b) g, (c) d..

linear along the working band except in the stop bands. In
Fig. 14(c), group delay is almost unchanged except in stop
bands. This indicates that the suggested minimized UWB antenna
is capable of sending and receiving short pulses without
distortion.

Figure 15 shows the radiation pattern in the principal planes.
As the frequency increases, the antenna pattern becomes slightly
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Fig. 11. Prototype of suggested minimized UWB antenna with two removal bands.

more oriented due to the asymmetry of the antenna. At 12 GHz,
in Fig. 15(c), there is eventually a greater difference between the
measurement and simulation results. In fact, the effects of cable,
connector, and soldering on the ground plane of the small
antenna at high frequencies are greater. Also, as the frequency
increases, the electrical length of the ground plane increases,
which makes the antenna pattern more inclined toward the
x-axis. Compared to the reference antenna (#1 in Fig. 2), the
cross-polarization level increases with the increase of frequency
are due to the symmetry of the current on the ground plane of
the reference antenna along the x-axis, and also the current
being out of phase which, in turn, cancel each other out. By
shrinking the reference antenna, one side of these currents on
the ground plane is removed and the other side increases cross-
polarization. To reduce cross-polarization at high frequencies in
the minimized antenna, it is recommended to reduce the width
of the ground plane.
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Fig. 12. Simulation and measurement results |Sy,| of suggested antenna.

Fig. 13. Measurement of S,; for the suggested antenna.

Figure 16 shows the measured peak gain for the suggested
antenna. Maximum and average gains are 2.5 and 1.95dBi,
respectively. Compared to the reference antenna (#1 in Fig. 2),
the gain of the reduced antenna is lower due to the reduction
of the antenna dimensions. In addition, at higher frequencies,
the gain of two antennas is similar, owing to the pattern of the
reduced antenna which is more directional. The simulated total
efficiency of the suggested antenna is presented in Fig. 17 that
is higher than 78% at all the operating band. The antenna total
efficiency is expressed as n,=m;xn, [17]. The n; indicates the
antenna impedance mismatch, which is equal to 7;=1— |Sn|2
and 7, is the radiant efficiency of the antenna, which is equal to
the ratio of the total radiated power to the total power accepted
by the antenna.

To prove the improvement of the present design over the state
of the art, a comparison with some of the latest designs of band
stops UWB antennas by mushroom-type EBG cells is listed in
Table 1. It can be seen that compared to [8-15], the size of the
proposed antenna is almost halved. Compared to [10] and [13,
14], fewer EBGs have been used to create two stop bands.
Furthermore, compared to [8] and [9], the proposed patch area
of EBG is smaller. The fewer number of the employed EBG
cells and the lower the amount of EBG area is, the less impact
the EBG has on the antenna radiation pattern and the easier it
is to match the impedance. Compared to [11] and [14, 15], the
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Fig. 14. Measured transmission parameters for the suggested antenna: (a) |S,4|, (b)
phase, (c) group delay.

number of vias per EBG cells is fewer, which leads to less costly
construction and less complexity. In addition, the selectivity of
the stop bands is higher compared to [9], which is due to the
squareness of the EBG patch, the location of the EBG cell, and
the proposed slits structure. In the long run, the proposed open
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Fig. 16. Measured gain for the suggested antenna.

meander slit structure allows easier reconfigurability and tunabil-

ity compared to [8-13]. Finally, although the EBG presented in

[11] has three removal bands by one cell, the proposed EBG
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Fig. 17. Simulated efficiency for the suggested antenna.
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personal computers, printers, scanners, speakers, wireless USB
hub, video recorder, automotive, and home networks. Also,
small UWB antennas can be used in wireless sensor networks
for environmental monitoring, traffic control, and healthcare.
Another application of UWB antenna is in location and ranging
awareness, i.e. for accurate positioning inside large buildings or
commercial stores. To increase the performance of UWB anten-
nas, the use of several elements in the form of multiple-input
and multiple-output (MIMO) is recommended, which can also
be used in 5G systems. Therefore, it is more appropriate to use
a single UWB element with minimized layout area.

Conclusion

In this paper, a small UWB antenna with two stop bands, wide
bandwidth, simple structure, and stable specifications for radi-
ation pattern, gain, group delay, and transmission function in
the working frequency range was presented. Two stop bands

Table 1. Comparison of the proposed antenna with other band stops UWB antennas by mushroom type EBG cells

Reference [8] [9] [10] [11] [12] [14] [15] This work
Antenna bandwidth 18-12 2.5-13 2.9-12 2.5-11 3.07-12 2.8-12 2.6-11 2.73-13
Antenna mm X 60 x 55 30 x40 35x39 21x18 31.2x30 24 x24 35x35 15x 35
size mm
1% 0.33x0.36 0.25 % 0.34%0.38 0.18 x0.15 0.32x0.31 0.22x0.22 0.3x0.3 0.14 x
0.33 0.31
Substrate E 3.55 4.4 3.55 4.4 4.4 4.4 2.2 4.4
h 1.52 1.6 0.813 1.6 1.6 1.6 1.57 1.6
(mm)
EBG technique Non-periodic EBG EBG EBG EBG EBG cells EBG EBG
CRLH EBG loaded loaded loaded loaded with loaded loaded
with with with two with fractal with with two
different inverted inverted different structures two open
lengths U-shaped C-shaped lengths split meander
open slots and a L-shaped ring and slots
edge slits square edge slits a
slots square
slots
No. of EBG cell 2 2 4 1 1 2 1 1
No. of notches 5 2 2 3 3 2 3 2
f. of notches (GHz) 2.44/3.59/ 3.5/5.5 5.25/5.9 3.5/5.5/8.2 3.63/5.48/ 3.5/5.35 3.5/ 3.5/5.34
5.38/8.28/ 7.35 5.75/8.4
10.58
Band of notches 2.15-2.6/3.4- 3.2-3.7/ 5.15-5.35/ 3.2-3.7/ 3.45-3.9/ 3.2-3.75/ 3.4- 3.2-3.64/
(GHz) 3.9/4.9-5.8/ 5.1-5.8 5.75-6.15 5.1-6/7.8- 5.14-5.84/ 5-5.8 3.55/ 5.08-5.85
8.1-8.6/10.4- 8.5 5.15-5.7 5.5-
111 5.75/
8.3-8.9
EBG size (mm x mm) 7.5%7.5/10 x 8x10 4.45 x4.45 6 %6 9.4x45 6x6/ 8x8 8x8
22.8 4.4x48
No. of EBG cell via 2 2 4 2 1 3 3 1
Symmetry of EBG Yes No No No No No No Yes

1» Lowest frequency of the operating band; h, substrate thickness, f., center frequencies of notches; antenna bandwidth: |S;;|<—10 dB.

has a lower number of vias, a simpler structure, and no slot at the
ground plane of the EBG cell.

This antenna can be used in many portable consumer elec-
tronics for high speed and short-range communications such as

https://doi.org/10.1017/51759078721001161 Published online by Cambridge University Press

with sharp selectivity were created by coupling a compact EBG
cell loaded with open meander slots to the feedline. The designed
compact slotted EBG cell had little effect on the characteristics of
the UWB antenna and is easy to switch. The proposed EBG cell
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was examined by the CMA, which helps to grasp the behavior of
the band stops. Halving and modifying the reference antenna
reduces the size of the designed antenna by 48%. Practical results
were done and showed a —10 dB impedance matching from 2.73
to 13 GHz with stop bands at 3.51 GHz (3.20-3.64 GHz, 12.9%)
and 5.34 GHz (5.08-5.85GHz, 14.1%) to eliminate WiMAX,
C-band communications, and WLAN. The suggested small
UWB antenna with two stop bands was considered to be suitable
for compact portable integrated systems such as chip transceivers
and medical imaging.
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