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In this study, the principle of band suppressing an UWB antenna by attaching a small resonator is explained by developing its
equivalent circuit. The realized UWB antenna is a conical monopole antenna that contains a split loop for band suppression. The
conicalmonopole antenna corresponds to a transmission line terminatedwith load impedance, and the split loop is an LC resonator.
The coupling between the conical monopole antenna and the split loop is represented as mutual inductance. Equivalent circuits for
the UWB antenna suppressing single band [WLAN] and dual band [WLAN, WiMAX] have been suggested, and these equivalent
circuits provide insight into the performance characteristics of the developed band suppressed UWB antenna to which a small
sized resonator is installed. Simulation and measurement results on the input impedance and VSWR of the proposed equivalent
circuit are closely matched. Thus, the validity of the equivalent circuit is confirmed.The measurement results demonstrate that the
proposed antenna exhibits a gain of over 3 dBi in the working band and has an omnidirectional radiation pattern. Band rejection
has been also implemented by split loops.

1. Introduction

Since 2002, the FCC has permitted the commercial use of
the 3.1 GHz∼10.6GHz band to meet the need of high ca-
pacity communication at short ranges. Since then, research
on developing antennas for UWB wireless communication
systems began in earnest. Mainly, the planar type antennas
have been developed [1–6], and a few three-dimensional
antennas have been reported [7–11]. Interference occurs in
UWB systems because other communication bands coexist
within this frequency range. In order to solve this problem,
band-notched UWB antennas that contain a stub or a small
resonator have been reported [12–21].

Equivalent circuits that describe the performance char-
acteristic of band rejection UWB antennas have been also
reported [22–26].The equivalent circuit models were derived
from macro model and vector fitting [22, 23]. However, the
equivalent circuits of these two studies are not appropriate
for explaining operational characteristic of antennas, because

they lack consideration on the electromagnetic property of
antennas structures. Although overall figure of equivalent
circuit was derived for the antenna structure, the way of
treatment was similar to category of the above two studies
[24]. There are studies that report the equivalent circuit
derived from electromagnetic property of antennas structure.
But impedance result of the equivalent circuit is not close
to simulation result or they show about 30% rejection band
difference between equivalent circuit and simulation result
[25, 26]. In our study, the equivalent circuit of band sup-
pressed UWB antenna is rooted on electromagnetic property
of antennas structure, and also VSWR of the equivalent
circuit matches with simulation within 10%. Although the
equivalent circuit composed of a planar type transmission
line and split ring resonators has been reported [27], research
specifically regarding equivalent circuits of UWB antennas
which include small resonators has been scant.

In this paper, several equivalent circuits of band rejection
UWB antennas that include small resonators are investigated
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Figure 1: Geometry and dimensions of primitive UWB antenna.

and the physical reasoning of each assigned element value is
provided. The equivalent circuits are realized for the conical
monopole antenna with split loops. The conical monopole
antenna is representative of wide band antennas and can be
implemented for UWB by adjusting the length and angle of
the cone. The split loop is an open shaped resonator whose
resonant frequency is controlled by adjusting the diameter
of the loop. In this study, a split loop that resonates at
WLAN (5.8GHz) and a split loop that resonates at WiMAX
(3.5GHz) were attached to UWB antenna. A single band
[WLAN (5.8GHz)] suppressed UWB antenna and dual band
[WLAN (5.8GHz), WiMAX (3.5 GHz)] suppressed UWB
antenna were realized and their equivalent circuits for these
antennas were proposed. The equivalent circuits were vali-
dated by comparing their input impedance and VSWR with
the realized antennas, which implemented bands notched
at WiMAX and WLAN and exhibited an omnidirectional
radiation pattern and a measured gain of over 3 dBi.

2. Conical Monopole UWB Antenna

The geometry and dimensions of the conical monopole
antenna for UWB are depicted in Figure 1.

The structure shown in Figure 1 is modeled as a spherical
coaxial transmission line, and the characteristic resistance is
obtained from (1) [28]. The angle of the cone is set to 45∘ to
give 50Ω.

𝑍0 = 60 ln(cot 𝜃2) . (1)

The length of the cone has to be decided after the angle of
the cone is established. As the length of the conical monopole
antenna increases, the input impedance converges to the
characteristic impedance of a spherical coaxial transmission
line. Obviously, the length of the cone cannot increase to
infinity.Thus, a proper length should be selected and its value
can be determined through (2a), (2b), and (2c) [29], where
𝑘 is the wave number and ℓ is the length of the conical
monopole antenna.

𝑍in = 𝑍0 1 − Δ1 + Δ, (2a)

where

Δ = 𝑒−2𝑗𝑘ℓ 1 + 𝑗 (60/𝑍0)∑
∞
𝑛=1 ((2𝑛 + 1) /𝑛 (𝑛 + 1)) [𝑃𝑛 (cos 𝜃)]2 𝜁𝑛 (𝑘ℓ)

−1 + 𝑗 (60/𝑍0)∑∞𝑛=1 ((2𝑛 + 1) /𝑛 (𝑛 + 1)) [𝑃𝑛 (cos 𝜃)]2 𝜁𝑛 (𝑘ℓ)
(2b)

𝜁𝑛 (𝑘ℓ) = ℎ(2)𝑛 (𝑘ℓ)
ℎ(2)𝑛−1 (𝑘ℓ) − (𝑛/𝑘ℓ) ℎ(2)𝑛 (𝑘ℓ) . (2c)

𝑃𝑛 in (2a), (2b), and (2c) is the 𝑛th-order Legendre function
and ℎ(2)𝑛 in (2a), (2b), and (2c) is a second-kind Hankel
function. Figure 2 has been derived by calculating (2a), (2b),
and (2c). From Figure 2, if 𝑘ℓ is between 2 and 4, then
the impedance lies between 40Ω and 60Ω. The impedance
in this range results in a VSWR of 2 or below across the
frequency range 3.1 GHz to 10.6GHz. Taking into account
the above guideline and antenna trimming, the length of the
antenna is decided to be slightly longer than 40mm up to
48mm. The influence of the antenna ground size has been
explained in our preceding research work [18].

3. Split Loop

When the split loop resonates, its impedance changes rapidly.
Thus, the input impedance of the antenna with the split
loop varies drastically. At this moment, a mismatch occurs
between the antenna body and the feeding part. Because of
thismismatch, the antenna has a band rejection characteristic
if the split loop is attached to the antenna. The geometry and
the equivalent circuit of the split loop are shown in Figure 3.

The equivalent circuit of the split loop is an LC resonant
circuit. Inductance and capacitance of the LC resonator are
calculated from (3) and (4), respectively [30]. Equation (4) is
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Figure 3: Geometry of a split loop and its equivalent circuit.

the sum of loop capacitance and of gap capacitance loaded to
the loop.

𝐿𝑟 = 𝜇0𝑏 ln 𝑏
𝑎 , (3)

𝐶𝑟 = 1
3

𝜖0𝜋2𝑏
ln (𝑏/𝑎) +

𝜖0𝜋𝑎2
𝑔 . (4)

The resonant frequency of the split loop is determined from
𝑓𝑟 = 1/(2𝜋√𝐿𝑟𝐶𝑟). The dimensions of a split loop for
resonance value of 3.5 GHz and 5.8GHz resonance are found
from (3), (4), and the resonant frequency formula. The
determined dimensions are listed in Table 1.

The resonant frequency of the split loop is controlled by
adjusting its radius 𝑏. Two values of 𝑏 for each frequency
are written in Table 1. Upper values are calculated from (3)
and (4). Lower values are dimensions that were optimized
through simulating the antenna with the split loop. Little
difference is observed between the upper values and the lower
values. Thus, (3) and (4) can be used admittedly for deciding
the initial dimensions before the split loops are installed to the
antenna. In addition, the proposed equivalent circuit of the
split loop can be applied to the equivalent model of a band-
notched UWB antenna because the difference is not large
between the operating frequencies before and after the split
loop is mounted on the antenna.

Table 1: Dimension of split loop.

Frequency 𝑏 (loop radius) 𝑎 (wire radius) 𝑔 (gap)

3.5 GHz 6.5mm (calculated) 0.5mm 0.3mm
5.8mm (simulated)

5.8GHz 3.8mm (calculated) 0.5mm 0.3mm
3.5mm (simulated)
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Figure 4: Geometry of a cone type monopole UWB antenna with a
split loop.
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Figure 5: Position variation of the 5.8GHz split loop (𝑥1 = 10mm,
𝑥2 = 20mm, 𝑧1 = 4.2mm, 𝑧2 = 10mm, and 𝑧3 = 14mm).

4. Bands Suppressed UWB Antenna

4.1. Single Band SuppressedUWBAntenna. Aconicalmonop-
ole UWB antenna, combined with a split loop, is described in
Figure 4. The dimensions of the conical monopole antenna
are identical to the dimensions of Figure 1.

In order to decide the position of the split loop, we
exploit the VSWR variation by moving the split loop position
at 5.8GHz as illustrated in Figure 5. When the position is
near the feeding point, the antenna has on-band rejection
characteristic. On the other hand, when the position is far
from the feeding point, the antenna has out-of-band rejection
characteristic. These features are shown in Figure 6. This
characteristic is from the fact that the magnetic intensity
would be strong near around the feeding point. Hence, the
split loop should be put near the feeding point as indicated
by 𝑥1 = 10mm and 𝑧1 = 4.2mm in Figure 5. And this con-
figuration brings the magnetic field passed through the area
of loop perpendicularly.

Based on Figures 5 and 6, we used a 3.5mm radius split
loop to obtain a single 5.8GHzband suppressed characteristic
as seen in Figure 4.

Figure 7 is the equivalent circuit of the antenna shown
in Figure 4. The transmission line in Figure 7 corresponds to
the conical monopole antenna. Because the magnetic field of
the antenna passes through the split loop, mutual inductance
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Figure 7: Equivalent circuit of a band suppressed cone type
monopole UWB antenna.

exists between the two components. The transformer in the
middle of Figure 7 represents the combination of the conical
monopole antenna and the split loop. The load impedance
connected to the end of the transmission line is obtained from
the following equation, which is a retroactive formula about
the input impedance of the conical monopole antenna:

𝑍𝐿 = 𝑍0𝑍in − 𝑗𝑍0 tan𝛽𝑙
𝑍0 − 𝑗𝑍in tan𝛽𝑙 . (5)

In order to derive the impedance of the transformer, reflected
impedance is adopted.Thus, Figure 8 corresponds to Figure 7,
where 𝑍𝑅1 in Figure 8 is the reflected impedance of the
transformer of Figure 7. Equations (6a) and (6b) are the
interaction formula for the reflected impedance and the
elements which constitute the transformer.

𝑍𝑅1 = 𝑗𝜔3𝑀2𝐶𝑟
1 − (𝜔/𝜔0)2

, (6a)

where

𝜔0 = 1
√𝐿𝑟𝐶𝑟 . (6b)

In (6b), 𝜔0 is a resonance angular frequency of the
split loop. The values of 𝐿𝑟, 𝐶𝑟, 𝐿𝑐, 𝐶𝑐, and 𝑀 need to
be obtained before the input impedance of the equivalent
circuit in Figure 8 is calculated.𝑀 that appeared in (6a) and
(7) represents the mutual inductance between the conical
monopole antenna and the split loop. Equation (7) has been
derived by integrating the magnetic field passed through the
split loop. In order to obtain (8) and (9), the range occupied
by the split loop in the antenna has been considered.

𝑀 = ∫2𝜋
0

∫𝑏
0

𝜇0𝑟 𝑑𝑟 𝑑𝜃
2𝜋√(𝑟 sin 𝜃 − 𝑥1)2 + (𝑟 cos 𝜃 − 𝑧1)2 sin (tan−1 ((𝑟 sin 𝜃 − 𝑧1) / (𝑟 cos 𝜃 − 𝑥1)))

, (7)

𝐿𝑐 = 𝜇0𝑏
𝜋 ln

tan
𝜃2
2 cot 𝜃12

 , (8)

𝐶𝑐 = 4𝜋𝜖0𝑏
ln (tan ((𝜃2 − 𝜃1) /2)) . (9)

In here, 𝐿𝑐 and 𝐶𝑐 are the inductance and the capacitance
of the antenna, respectively. The dimensions for the 5.8GHz
split loop in Table 1 are used to calculate the element values.
The calculated element values from (3), (4), (7), (8), and (9)
are summarized in Table 2. These values have been used
to calculate the input impedance and the VSWR of the
equivalent circuit in Figure 8.

The input impedance andVSWR results of the simulation
and the equivalent circuit are plotted in Figure 9. The results
of the equivalent circuit are closely matched to those of
simulation. In particular, the center frequency 5.8GHz of the
suppressed band in Figure 9(b) is identical to the resonant

frequency 1/(2𝜋√𝐿𝑟𝐶𝑟) of the split loop. Thus, the proposed
equivalent circuit is quite good for analyzing the split loop
mounted antenna.

4.2. Double Bands SuppressedAntenna. Theantennawith two
split loops, which suppress the 3.5 GHz band and the 5.8GHz
band, is shown in Figure 10. The left side split loop is for
3.5 GHz band rejection and the right side split loop is for
5.8GHz band rejection.

The equivalent circuit of dual band suppressed UWB in
Figure 10 is exhibited in Figure 11. The reflected impedance
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Figure 9: Comparison of simulated and calculated result for the equivalent circuit (a) input impedance and (b) VSWR.

Table 2: Calculated result of elements for equivalent circuit in
Figure 8.

Split loop 𝐿 𝑟 𝐶𝑟 𝑀 𝐿 𝑐 𝐶𝑐
5.8GHz 9.68 nH 0.077 pF 1.01 nH 1.1 nH 4.4 pF

𝑍𝑅2 responsible for the left side loop appeared in series with
𝑍𝑅1 in Figure 8 to obtain equivalent circuit for Figure 10.

The two split loops are placed symmetrically at the same
positions as seen in Figure 10. Each split loop shares the
inductor of the conical antenna with the other split loop.
This condition can be construed as series connection of the
two reflected impedances. The reflected impedance 𝑍𝑅1 and
impedance 𝑍𝑅2 in Figure 11 are for the 5.8GHz and 3.8GHz
split loop, respectively.

The dimensions of the 3.5 GHz and 5.8GHz split loops
in Table 1 were entered into the equations of the elements,
and then each element value was calculated. The results of
calculation are tabulated in Table 3. The input impedance
and VSWR of the equivalent circuit in Figure 11 are obtained
from the values in Table 3. The values of 𝐿𝑐 and 𝐶𝑐 have been
optimized between the radius of the 5.8GHz split loop and
that of the 3.5 GHz split loop.

To investigate the rotational angle effect between two
loops, 3.5 GHz split loop was rotated 10∘ with respect to the

Table 3: Calculated result of elements for the equivalent circuit in
Figure 11.

Split loop 𝐿 𝑟 𝐶𝑟 𝑀 𝐿 𝑐 𝐶𝑐
3.5 GHz 20.09 nH 0.097 pF 1.77 nH 1.2 nH 4.7 pF
5.8GHz 9.68 nH 0.077 pF 1.01 nH 1.2 nH 4.7 pF

fixed 5.8GHz loop like Figure 12. The contours in Figure 13
show comparisons ofVSWR for Figures 10 and 12.Weobserve
that VSWR does not change even when one loop is rotated
about the reference loop. Therefore, any angle placement
between 3.5GHz loop and 5.8GHz loop is acceptable as far
as the split loops are located near the feeding point.

The fabricated antenna is shown in Figure 14.The inverted
triangle in the structure is the conical antenna. The plane
at the bottom is the ground of the antenna. The coaxial
feeding part locates between the apex of the conicalmonopole
antenna and the ground plane.The two split loops of different
radii are attached to expanded polystyrene whose dielectric
constant is almost unity.

VSWR results of simulation, measurements, and the
equivalent circuit are similar to each other as shown in
Figure 15. The center frequencies 3.5 GHz and 5.8GHz of
each suppressed band in Figure 15 are identical to resonance
frequencies 1/(2𝜋√𝐿𝑟𝐶𝑟) of the two split loops that vary in
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Figure 11: Equivalent circuit of two bands suppressed conical
monopole UWB antenna.

radius. This suggests that the equivalent circuit of the dual
band-notched UWB antenna indeed describes the rejection
characteristic of an UWB antenna, which includes two small
resonators with different resonant frequencies.

5. Antenna Gain and Radiation Pattern

The antenna gain and radiation pattern of the proposed
antenna are shown in Figures 16 and 17, respectively [18]. In
here, two nulls at 3.5 GHz and 5.8GHz are observed as band
suppression, as expected.

The antenna gain is over 3 dBi in the working band and
the dropped gain at the target rejection bands of 3.5 GHz and
5.8GHz is observed in Figure 16. The radiation patterns in
Figure 17 are omnidirectional and show a 5 dBi antenna gain
at 4.5 GHz. Based on the presented figures, we know that the
realized antenna properly functions as a band rejected UWB
antenna.

6. Conclusion

In this paper, a conical monopole antenna installed with
split loops was designed to work as a band suppressed UWB
antenna. The equivalent circuit for the designed antenna was
proposed to describe the performance characteristic of a
band rejected UWB antenna that includes small resonators.
The equivalent model of the realized antenna is a circuit
composed of a transmission line and a transformer.The trans-
mission line corresponds to the conical monopole antenna
and the transformermodels the coupling between the LC res-
onator and the implicit inductance of the conical monopole
antenna.The equivalent circuits for the UWB antenna notch-
ing single band (5.8GHz) and dual band (3.5 GHz, 5.8 GHz)
were derived, respectively. The input impedance and VSWR
of the equivalent circuits agreed with the results of simulation
and measurement. In particular, the suppressed bands of the
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Figure 12: Top view of the antenna when 3.5GHz split loop is
rotated.
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Figure 14: Fabricated dual band suppressed conical monopole
UWB antenna.
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equivalent circuits are identical with the results of simulation
and measurement. The realized dual band suppressed UWB
antenna shows the omnidirectional characteristic and over
3 dBi antenna gain at frequencies where rejection does not
occur. The suggested equivalent circuits provide physical
insight into the operational mechanism of band suppressed
UWB antennas and also help to bridge the gap between the
physical antenna structure and its performance.
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