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Compact Ultra-Wideband Antenna with Triple Band Notch
Characteristics Using EBG Structures
Mahadu A. Trimukhe* and Balaji G. Hogade

Abstract—A compact ultra-wideband (UWB) antenna with triple band-notch characteristics is
proposed. The proposed antenna employs fractal and two via edge located (TVEL) electromagnetic
band gap (EBG) structures near the feed line to cause triple frequency band notch characteristics
over WiMAX (3.3 to 4.0 GHz), WLAN (5.1 to 5.8 GHz), and satellite downlink communication (7.2 to
7.8 GHz) frequency bands. The proposed antenna is designed and fabricated on a 24×24×1.6 mm3 FR4
substrate. It oﬀers impedance bandwidth (VSWR < 2) from 2.9 to 11.2 GHz except over the notched
bands. The antenna has nearly omnidirectional radiation patterns and steady gain over the desired
UWB. The measured results agree with the simulated ones.

1. INTRODUCTION
Ultra-wideband systems have gained the attention from researches due to high data rate capacity,
low power consumption, low cost, reduced interference, and precise localisation and positioning.
UWB systems operate over 3.1–10.6 GHz frequency band, as assigned by the Federal Communications
Commission (FCC) in the year 2002 [1].
UWB technology, however, interferes with adjacent narrow microwave frequency bands, viz.
WiMAX (3.3–3.6 GHz), WLAN for IEEE 802.11a (5.15–5.35 GHz and 5.725-5.825 GHz), and ITU
downlink satellite communication (7.25–7.75 GHz). Band-stop ﬁlters can be used to reduce interference
from these bands, but these increase the cost and system size. Therefore, a compact UWB antenna
with multi-band notch characteristics is in demand and of interest to current researchers.
Various techniques have been employed to realise UWB antennas with band-notch characteristics [2–16]. Slots of diﬀerent shapes, such as U shape slot, U shape slot with parasitic strip, three C
shape slot, and inverted U slots, have been introduced in the radiating patch and ground plane in [2–7].
The eﬀective length of resonating slots of diﬀerent shapes is about half a wavelength. Introducing a
slot is a useful technique to achieve band-notch characteristic [2, 4]. Multiple slots can be designed to
achieve multi-band notch characteristics [3, 5, 6]; however, multiple slots aﬀect the gain, eﬃciency, and
radiation pattern of an antenna. Another technique is the insertion of a resonator structure (such as
split ring resonator and electric ring resonator) to obtain band-notch characteristics [8–10]. However,
these techniques are diﬃcult to design. Recently, EBG structures have been used in various antenna
designs since they reduce surface waves, spurious response and improve the antenna eﬃciency [11].
EBG structures are used to design a compact UWB antenna with band notches in [12–17]. In [12], a
single band notch circular shape UWB antenna is designed using four centre located via (CLV) EBG
structures on a 39 × 35 mm2 substrate. Single CLV-EBG and edge located via (ELV) EBG are used [13],
to obtain single band notch in an elliptic shape UWB antenna on 38 × 40 mm2 substrate. In [14], two
spiral EBGs are used to obtain dual band notches. The antenna is designed on a Ro4350B substrate
of 30 × 35 mm2 dimension. Four CLV EBG structures are used in [15], to achieve dual band notches in
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a circular shape UWB antenna on a 42 × 50 mm2 substrate. A dual band notch elliptical shape UWB
antenna (38 × 40 mm2 ) which uses a single two via double slot (TVDS) EBG to obtain band notches
over 4.38–4.70 GHz and 5.56–6.28 GHz has been reported [17]. The antenna structures in [12–16] have
large dimensions and use multiple EBG structures to achieve dual band notch characteristics. In [17],
dual band notches are achieved by using a single TVDS-EBG, but the antenna size is large.
In this paper, a novel and compact UWB antenna with triple band notch characteristics using two
EBG structures is proposed. TVEL-EBG structure is used to achieve WiMAX and X band notch while
a fractal EBG structure obtains WLAN band notch.
2. ANTENNA GEOMETRY AND DESIGN THEORY
2.1. UWB Antenna
The geometry of the proposed antenna with design parameters is depicted in Fig. 1. The antenna is
designed using a 1.6 mm thick FR4 substrate having dielectric constant and loss tangent of 4.4 and 0.02,
respectively.
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Figure 1. Geometrical structure of the proposed antenna.
Optimized parameters of the antenna are L = 24 mm, W = 24 mm, P 1 = 6 mm, P 2 = 2 mm,
P 3 = 1.9 mm, P 4 = 6.6 mm, P 5 = 0.4 mm, P 6 = 1.9 mm, P 7 = 5.6 mm, P 8 = 6.2 mm, D = 2.2 mm,
XF = 3 mm, LG = 7.6 mm, P G = 0.30 mm.
The structure is designed using multiple branches to resonate at diﬀerent but close by frequencies
which electromagnetically couple with each other to provide UWB. To reduce the size of the antenna
slots are introduced in each branch since slots increase the eﬀective current density and path length.
Now triple band notch characteristics are achieved by introducing two EBG structures viz. TVEL-EBG
and fractal EBG. The antenna is fed using a 50 Ω microstrip line. Antenna structures are simulated
and optimized using High-Frequency Structures Simulator (HFSS) software. The eﬀective current path
length Le1 corresponding to the central resonating frequency of the lowest band (fr 1) can be calculated
using Eq. (1).
Le1 = (D + 0.5XF + P 8 + P 6 + P 2 + P 1 + P 2 + P 6)
fr 1 = 7.2/Le1

(1)

The calculated value of Le1 for fr 1 = 3.1 GHz is 23.7, while the simulated value is 23.2. The slight
discrepancy is because Eq. (1) does not take into account the eﬀect of thickness and permittivity of the
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substrate.
The two EBG structures used near the feed line to achieve desired band notches are discussed in
following subsection.
2.2. EBG Structure
EBG structures behave as a parallel LC circuit, and current ﬂowing through via and ground plane
results in an inductor L while the gap between the adjacent EBG units results in capacitance C [18].
The values of L in Henry and C in Farad are approximately given by [18].
(2)
L = μ0 h
where μ0 = permeability of free space, h = substrate height, and


ω1 ε0 (εr + 1) −1 2ω1 + pg
C=
cos
(3)
π
pg
where w1 is the width of the EBG metal patch; PG is the gap between two EBG cells; ε0 and epsr
are the permittivity of air and relative permittivity of the substrate, respectively. Bandgap BW is
approximately determined by [18].
Δω
(4)
BW =
ω
Geometry and equivalent L-C circuits of TVEL and Fractal EBG are shown in Fig. 2 and Fig. 3,
respectively. In TVEL EBG, capacitance C1 is predominantly due to outer slot. L1 is due to the current
ﬂowing in via close to feed line and outer rectangular metallic ring. The nonuniform width of outer slot
helps in achieving wideband notch. C3 is due to inner slot and inductance L3 due to current ﬂowing in
inner via and inner rectangular metallic strip. In fractal EBG, C2 is due to slots and L2 due to current
ﬂowing in the center located via and fractal metallic patch. Central band notch frequencies of TVLE
and fractal EBG structures can be given as:
1
(5)
fci = √
2π LiCi
Here i = 1, 3 is for TVLE and i = 2 for fractal EBG structures.
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Figure 2. Geometries of the EBGs. (a) TVEL EBG. (b) Fractal EBG.
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Figure 3. Equivalent circuits. (a) TVEL EBG. (b) Fractal EBG.
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2.3. Evolution of Fractal EBG
A conventional square mushroom-type EBG has dimensions < 0.1λ0 × 0.1λ0 where λ0 is the free space
wavelength corresponding to central band notch frequency [12, 13]. A fractal EBG with unit dimensions
of 4.4 mm × 4.8 mm is designed to reduce the dimension of conventional EBG. Fig. 4 shows the unit
element of same dimensions of the fractal EBG and conventional mushroom-type EBG. The conventional
EBG oﬀers band notch characteristics from 5.6–6.2 GHz while fractal EBG structure rejects WLAN
frequency band from 5.1 to 5.8 GHz. The dimension of fractal EBG is 11% less than that of conventional
EBG. It also oﬀers improved wideband notch characteristics compared to conventional EBG.
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Figure 4. (a) Fractal EBG. (b) Conventional mushroom EBG.
The parameters for fractal EBG are: W 2 = 4.4 mm, L2 = 4.8 mm, n = 1 mm, o = 0.2 mm,
p = 0.25 mm, q = 0.3 mm, r = 0.25 mm, s = 0.25 mm, t = 0.25 mm, d2 = 0.94 mm.
Evolution of fractal EBG is shown in Fig. 5. As the metallic surface area decreases in fractal EBG,
the magnitude of eﬀective surface current density increases, and inductance increases. Beside this,
the impedance of fractal EBG becomes more resistive than the conventional EBG. The gap between
the metallic strips of fractal EBG results in capacitance; therefore, capacitance increases in a fractal
EBG. The capacitive eﬀect dominates over the inductive eﬀect; therefore, the impedance of fractal
EBG is more capacitive than conventional EBG. The real and imaginary parts of the impedance of
conventional and fractal EBGs are shown in Fig. 6. The band notch frequency decreases due to an
increase in capacitance in fractal EBG as shown in Fig. 7.

Figure 5. Evolution of fractal EBG structures.
2.4. Two Edge Located Via (TVEL) EBG
The proposed TVEL and conventional TVEL EBG are shown in Fig. 8. The unit element of two EBGs
have the same size of 6 × 6 mm2 . The TVEL EBG in proposed antenna rejects WiMAX and X band
(3.4–4.4) GHz and (7.2–7.7) GHz, respectively. To design a compact EBG structure, the eﬀective values
for C and L are increased. Evolution of the proposed TVEL EBG structure is shown in Fig. 9. Metallic
strips are introduced to increase the metallic surface area and decrease the inductance. The decrease
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Figure 6. Real and imaginary impedances with Fractal and conventional EBG.

Figure 7. VSWR plot of fractal and conventional EBGs.
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Figure 8. Geometries of the EBGs. (a) Proposed TVEL EBG. (b) Conventional TVEL EBG.
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Figure 9. Evolution of the proposed TVEL EBG structures.

Figure 10. VSWR plot of proposed TVEL and Conventional EBG.
in the gap between the slots increases the capacitance. Outer metallic ring and the gap between the
two metallic rings determine the lower band notch frequency. As the surface area increases, inductance
decreases, but the capacitance increases due to decrease in gap between the slots. As a result, there
is a small decrease in central frequency of the lower band notch. The dimensions of the inner metallic
ring determine the upper band notch frequency. Since slot dimensions of the inner ring remain same,
capacitance remains same, whereas the inductance decreases due to an increase in metallic surface area;
therefore, the central frequency of the upper band notch increases. Hence, by optimizing the parameters
of TVEL EBG structure, both lower and upper band notches can be controlled. VSWR plots of the
proposed TVEL and conventional EBG are shown in Fig. 10.
The parameters for TVEL-EBG are: W 1 = 6 mm, L1 = 6 mm, a = 1 mm, b = 1.6 mm, c = 1.3 mm,
e = 3.2 mm, f = 3.9 mm, g = 0.88 mm, h = 1.84 mm, i = 0.55 mm, j = 2.5 mm, k = 3.9 mm,
m = 1.38 mm, l = 0.324 mm, d = 0.78 mm.
2.5. Eﬀect of Position of EBG Structures
EBG structures are capacitively coupled to feed line. At the central band notch frequency, EBG
structures get strongly coupled to feed line, and the antenna becomes non-responsive at these band
notch. As the gap between the EBG structure is increased, the capacitive coupling decreases, and the
central band notch frequency of the middle band increases due to decrease in capacitance between the
feed line and fractal EBG. Also, band notch characteristics degrade, and the maximum VSWR value of
the band notch decreases with increase in the gap between the feed line and fractal EBG as shown in
Fig. 11.
There is a little eﬀect on the lower band notch due to a small variation in the gap between the
feed line and TVEL EBG. However, as the gap increases, the capacitance between the gap and feed line
decreases. The inductance also decreases due to decrease in surface current on the outer metallic strip.

Progress In Electromagnetics Research C, Vol. 93, 2019

71

Figure 11. VSWR of gap between fed line and Fractal EBG structure.

Figure 12. VSWR of gap between fed line and TVEL EBG structure.
As a result, the central band notch frequency of the lower band increases marginally with increase in
the gap. The surface current on the inner ring and inductance decreases with increase in gap. As a
result, the central frequency of upper band notch increases with increase in gap between the feed line and
TVEL EBG as shown in Fig. 12. Combined eﬀect of gap between the fractal and TVEL EBG structures
and feed line on the three band notch frequencies is shown in Fig. 13. Since the EBG structures are
placed near the feed line, the proposed EBG structures can be incorporated in other UWB antennas
also to achieve the desired band notches.
To validate the bandgap characteristics of EBG cell, it is simulated in eigenmode solution, and
dispersion diagram based on rectangular (irreducible) Brillouin zone is plotted as depicted in Fig. 14.
Two band gaps exist in TVEL-EBG, and one band gap exists in fractal EBG structure as shown in
Figs. 10(a) and 4(b), respectively. The ﬁrst band gap (grey part) is between mode 1 and mode 2, centered
at fc1 = 3.45 GHz with lower cutoﬀ frequency fl1 = 3.1 GHz and higher cutoﬀ frequency fh1 = 3.8 GHz.
The second band gap (red part) is present between mode 2 and mode 3 centered at fc3 = 7.25 GHz,
with lower and higher cutoﬀ frequencies of fl3 = 7.0 GHz and fh3 = 7.5 GHz, respectively. For fractal
EBG ﬁrst band gap (green part) is between mode 1 and mode 2 centered at fc2 = 5.15 GHz with lower
and higher cutoﬀ frequencies of fl2 = 4.8 GHz and fh2 = 5.5 GHz, respectively.
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Figure 13. VSWR of gap between fed line and two EBGs structure.

(a)

(b)

Figure 14. Dispersion diagram for (a) TVEL EBG structure, (b) Fractal EBG.

3. SIMULATION AND MEASUREMENT RESULTS
The proposed antenna is fabricated on an FR4 substrate and tested using an Agilent VNA (8722ET).
The prototype antenna, and simulated and measured VSWRs are shown in Fig. 15 and Fig. 16,
respectively. Structure with EBG has triple band notches at 3.65 GHz (3.3–4.0 GHz), 5.45 GHz (5.1–
5.8 GHz) and 7.5 GHz (7.2–7.8 GHz), thus TVEL-EBG oﬀers dual-band gap, and fractal EBG provides
single band gap characteristics. Measured results agree with simulated ones.
Figure 17 shows the surface current distribution at three centre notched frequencies at 3.65 GHz,
5.45 GHz, and 7.5 GHz, respectively. When the antenna operates at the ﬁrst notch 3.65 GHz and
third notch 7.5 GHz, high concentration of surface current in the TVEL-EBG structure indicates the
band notch, while the concentration of surface current distribution at 5.45 GHz indicates the second
notch. The real and imaginary impedance variations of the proposed antenna with and without EBG are
presented in Fig. 18. Real part of the impedance due to EBG structures tends to be +∞ (positively high)
while the imaginary part tends towards −∞ (negatively high) resulting in band notch characteristics.
The gain and eﬃciency of the proposed antenna are shown in Fig. 19(a) and Fig. 19(b). The
maximum gain is 5.1 dBi at 8 GHz. Gain varies from 1.8 dBi to 5.1 dBi over the UWB except at notched
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(a)
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Figure 15. Photographs of the fabricated antenna: (a) top view; (b) bottom view.

Figure 16. Simulated and measured VSWR of UWB antenna without EBG and with TVEL EBG and
fractal EBG.

(a)

(b)

(c)

Figure 17. Surface current distribution at the frequency of (a) 3.65 GHz (b) 5.45 GHz. (c) 7.5 GHz.
bands. The averaged eﬃciency of the proposed antenna is 82% with a peak eﬃciency of 89%.
Radiation patterns in the E-plane and H-plane at 3.00 GHz, 5.00 GHz, and 9.00 GHz are shown in
Fig. 20. There is a little tilt in radiation patterns at 9.00 GHz frequency. The antenna oﬀers nearly
omnidirectional patterns in H-plane and nearly ﬁgure of 8 patterns in E-plane.
Comparison of the proposed antenna with reported state of art antennas using EBG structures is
listed in Table 1. The proposed antenna is smaller in size and uses only 2 EBG structures viz. TVEL
and fractal EBG as compared to all reported antennas.
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(a)
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Figure 18. Impedances of UWB antenna without EBG and with EBG (a) real part, and (b) imaginary
part.

(a)

(b)

Figure 19. (a) Gain of proposed antenna. (b) Eﬃciency of proposed antenna.
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Figure 20. Comparison of measured and simulated radiation patterns of the proposed antenna: (a),
(c), and (e) H-plane, (b), (d), and (f) E-plane.

Table 1. Comparison of TVEL-EBG and Fractal EBG structures to other EBG structures used for
Band notch in UWB antenna.
Ref.

Size (mm2 )

Type of EBG

εr /h

No. of EBG

No. of Band notched

12

39 × 35

CMT

3.38/0.8

04

Single

13

38 × 40

ELV

4.5/1

01

Single

14

30 × 35

Spiral

3.66/0.762

02

Dual

15

42 × 50

CMT

4.4/1.6

04

Dual

16

42 × 50

CMT

4.4/1.6

02

Dual

17

38 × 40

TVDS

4.4/0.8

01

Dual

Proposed

24 × 24

TVEL/Fractal

4.4/1.6

02

Triple
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4. CONCLUSION
In this paper, a novel compact UWB antenna is designed with triple band-notched characteristics
using TVEL-EBG and fractal EBG structure. VSWR ≤ 2 is obtained over UWB from 2.9 GHz to
11.2 GHz with band notches at WiMAX (3.3–4.0 GHz), WLAN (5.1–5.8 GHz), and satellite downlink
communication (7.2–7.8 GHz). The proposed technique using EBG structures near the feed line can be
incorporated in other UWB antennas also to achieve the desired band notches. The proposed antenna
oﬀers high eﬃciency and nearly omnidirectional radiation pattern.
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