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ABSTRACT A compact asymmetric coplanar strip (ACS)-fed monopole antenna is presented, which
operates within the Bluetooth and UWB frequency bands with the capability to simultaneously reject the
lower WLAN interfering band. The antenna consists of an inverted right triangle patch monopole loaded
by open-ended L-shaped slits not only to produce the additional 2.4 GHz passband to the UWB design but
also to achieve stopband characteristics around 5.2 GHz. The conceptual equivalent circuit model as well
as characteristic mode analyses are carried out in the design evolution process. The proposed antenna has
an overall size of only 20 mm × 10 mm, having the smallest area among the so far developed designs,
which can be easily integrated within any wireless gadgets. A prototype is fabricated and measured to
validate the design, demonstrating the predicted behavior fairly achieved by full-wave analysis. The antenna
−10 dB operating bandwidth ranges from 2.38 to 2.42 GHz and from 3.35 to 11 GHz while rejecting
from 4.69 to 5.2 GHz. Unlike the unwanted stopband, where the radiation characteristics are adequately
deteriorated, the proposed antenna fairly provides stable omni-directional radiation patterns in the H-plane,
and has an average efficiency (gain) of 87.3% (2.6 dBi) in the desired passband. As far as the antenna transient
behavior is concerned, an adequate measured (simulated) system fidelity factor of 0.7 (0.68) is achieved for
the transmission of impulse-type UWB signals in the face-to-face configuration.

INDEX TERMS ACS-fed, compact, monopole, Bluetooth, UWB, band-notch.

I. INTRODUCTION
With the exponential pace of technology, portable wireless
gadgets with low power consumption, large bandwidth, and
more importantly, small dimensions are very attractive in
today’s competitivemarket. The twowidely-used license-free
Bluetooth (2.4-2.48 GHz, 40 channels with 2 MHz spacing)
and UWB (3.1-10.6 GHz, over 100% fractional bandwidth)
technologies are key enablers for mobile and short-range
communications [1], [2]. The evolution of such systems
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demands the development of compact sized multiband anten-
nas covering both the aforementioned frequency bands.

The design of a single port planar UWB antenna has
reached a mature state with most of the recent designs com-
pact in size with a −10 dB lower frequency edge usually
around 3 and 4 GHz (Table 1). However, applying conven-
tional techniques, such as inserting a quarter or half guided
wavelength parasitic slits into the UWB design, to produce a
lower additional resonant frequency around 2.4 GHz would
lead to either increased antenna dimensions or potentially
deteriorate the performance of the original design due to
coupling with other antenna radiating elements. It is even
more challenging to simultaneously make such a design
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TABLE 1. Comparison among single port Bluetooth/UWB/Multiband
planar antennas in literature.

non-responsive to certain frequencies to avoid being inter-
fered by narrowband and higher powered co-existing radio
signals, such as the IEEE 802.11 WLAN family around
5.2/5.8 GHz and to achieve a compact size.

The choice of the feeding structure is also an impor-
tant consideration in designing compact antennas. Coaxial,
microstrip (MS) and coplanar waveguide (CPW) transmis-
sion lines are the frequently used connection media in printed
designs depending on the application. Recently, the asym-
metrical coplanar line having a single lateral ground plane
compared to the twin lateral grounds in the CPW line, often
called asymmetrical coplanar strips (ACS), has attracted the
attention of antenna engineers due to leading to smaller
designs while adopting similar principles to coplanar trans-
mission line [3]. Among those feeding techniques, the copla-
nar technology is more popular as it is uniplanar, which offers
manywell-known advantages such as low dispersion and easy
integration with high frequency integrated circuits. It is also
preferred in portable and body-worn scenarios due to getting
less detuned in proximity to lossy media such as the human
body [4], [5]. Some examples of very recent compact UWB
studies fed by MS, CPW (grounded CPW) and ACS can be
found in [6], [7], [8], and [9], respectively.

The main goal of this study is hence to design a com-
pact coplanar-fed planar multiband antenna, which operates
within Bluetooth and UWB frequency bands with the ability
to simultaneously reject the lower WLAN interfering band.

For this purpose, a comprehensive state-of-the-art study was
first carried out considering not only planar antennas covering
both the 2.4 GHz and UWB frequency bands [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33],
[34], [35], [36], [37], [38] but also recently developed com-
pact multiband designs [39], [40], [41], [42], [43] since the
intended notch band in the proposed design forms a triband
2.4/3.5/5.5-11 GHz antenna (Table 1). Note that due to the
difference in antenna material and dimensions, radiating
properties were excluded for a fair comparison. Moreover,
since the antenna physical size is the main novel aspect of
the work, for each of the considered feeding structures, the
conducted review study considers only the smaller antenna
structures reported in literature rather than making a com-
parison with bigger antennas lately developed. The following
observations were made: wide

• among the 2.4 GHz/UWB antennas, independently of
the feeding structure, the proposed design herein is
smaller than the recently developed designs; by 65.8%,
61.5%, 43.2% and 38.4% compared to those presented
in [10], [19], [26], and [38], which are fed by coaxial,
CPW, MS and ACS, respectively;

• among the multiband designs, where a comparison
among previously reported antennas was lately made
in [39], the structure in the current work occupies 10.7%
less area compared to that in [40]. Note that the smallest
ACS-fed multiband design presented in [43] operates at
a 4.1% higher frequency while not being able to cover
the 3.5 GHz WiMAX (or 5G) deployment band;

• compared to the smallest asymmetrical UWBdesign [44]
(not listed in Table 1 due to not covering the 2.4 GHz
band), the size of the proposed antenna is 0.85% smaller.
It is worth noting that developing an ACS-fed UWB
antenna covering the 2.4 GHz band while being capable
to reject a certain interfering band in a compact size has
not yet been reported.

The rest of the paper is outlined as follows. Section II
presents the antenna design concept and configuration.
Section III addresses the experimental results, while conclud-
ing contributions of this study are provided in Section IV.

II. ANTENNA DESIGN AND STRUCTURE
A. GEOMETRY
Fig. 1 shows the configurations, design parameters and pho-
tograph of the proposed antenna. The monopole comprises
an inverted right triangle patch with two truncated L-shaped
open-ended slits printed on a 60-mil low-loss Rogers RO4003
substrate (εr=3.55, tanδ=0.002). It is fed using the SMA
connector, soldered to a 50-� ACS feedline with a 3 mm
signal strip width and a 0.2 mm gap between the signal strip
and the coplanar ground; the SMA connector was considered
in the full-wave simulations (Fig. 1a), performed using Ansys
HFSS electromagnetic (EM) solver [45]. The backside of the
substrate is devoid of metallization. The antenna occupies
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FIGURE 1. Proposed antenna: (a) schematic geometry used in the
simulation, (b) prototype photograph; a = 10 mm, b = 20 mm,
c = 1.4 mm, d = 18.8 mm, e = 6.5 mm, f = 2.75 mm, g = 0.2 mm,
i = 0.25 mm, j = 0.2 mm, k = 16.5 mm, w = 3 mm, l = 7 mm.

FIGURE 2. Schematic geometry of various antennas involved in the
design evolution process. The yellow-colored parts were considered to be
copper in the numerical models.

an overall area of 20 mm × 10 mm (Fig. 1b), which can be
utilized in array or MIMO antenna configurations at a low
cost [46].

to achieve the desired antenna performance without
increasing the antenna size, weight, complexity or bulkiness.

B. DESIGN EVOLUTION PROCESS
With the aim to show how the antenna was originally
designed, the commonly used gradual changing structure
technique [47] was employed to achieve the desired antenna
performance in limited space without increasing the antenna
size, weight, complexity or bulkiness. The miniaturization,
adding and subtracting controlled matching bandwidths were

FIGURE 3. Effect of structural modifications shown in Fig. 2 on the
antenna input reflection coefficient: (a) ANT-1 to 4, (b) ANT-4 to 7.

reached herein using a proper combination of known tech-
niques and geometries noting that not only preserving the
compactness of the antenna but also adjusting desirably its
matching bandwidth requires substantial effort, which makes
the design innovative (see Table 1). Fig. 2 shows the con-
figurations of the various antennas involved in the design
evolution process. Fig. 3 shows, in two sub-figures to avoid
the overlap of the curves, the input reflection coefficients of
the considered structures.

ANT-1 is the original monopole, which tends to radiate
only around 4 GHz (Fig. 3a). The lower left corner of the
radiation patch was then gradually truncated by a triangle
with the angle ‘α’ between the hypotenuse and the base
(Fig. 2); ‘α’ for ANT-2 to ANT-4 is 23.2◦, 42.8◦ and 61.4◦,
respectively. As observed in Fig. 3a, cutting that beveled
corner effectively broadens the antenna bandwidth due to
modifying the capacitive coupling between the antenna patch
and ground plane, consequently neutralizing partially the
patch inductive nature to produce nearly pure resistive input
impedance across the band of interest; the larger the angle ‘α’
the greater the−10 dBmatching bandwidth. ANT-4 provides
an ultra-wide bandwidth ranging from 3.3 to beyond 11 GHz
(≃108%) based on |S11| ≤ −10 dB (Fig. 3a, solid green
curve).

Since the lowest operating frequency of ANT-4 is lim-
ited to 3.3 GHz, an additional resonator is required to
make the antenna operate at a lower frequency to cover the
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Bluetooth band. The reflection coefficients of ANT-5 and
ANT-6 show that the 2.4 GHz passband can only be due to
the inclined L-shaped slit S1 (Fig. 3b, blue dashed-curve),
whereas the horizontal L-shaped slit S2 produces the stopband
around the 5.5 GHz (Fig. 3b, red dashed-curve). It can also be
seen that the combination of the two slits into one structure,
i.e. ANT-7, leads to the target design to cover the Bluetooth
and UWB frequencies while rejecting the lower 5.2 GHz
WLAN band (Fig. 3b, black dash-dotted curve). For further
insights, the following remarks are worthwhile noting: wide

• the total length of both slits S1 and S2 is about λg/4 cal-
culated at the corresponding frequency (λg = λ0/

√
εeff ,

where εeff = (εr + 1)/2, λg and λ0 are the guided
and free-space wavelengths, respectively); the length
of slots S1 and S2 is c+d and e+f, respectively, which
is approximately λg/4 calculated at 2.4 and 5.2 GHz,
respectively. To accommodate the long wavelength slit
S1 into the radiation patch, a small tilt angle with respect
to the beveled edge was introduced instead of increasing
the width or length of the antenna.

• the addition of the inclined slit S1 into ANT-4, which
forms ANT-5, does not detune the ultra-wide matching
bandwidth having a marginal effect on the UWB spec-
trum (Fig. 3b, blue dashed-curve);

• the addition of the horizontal slit S2 into ANT-5, which
forms ANT-7, results in a slight downshift of the stop-
band from 5.5 to 5.2 GHz due to the close proximity
to the inclined slit S1 (Fig. 3b, red compared to black
dashed-curve). The lower 2.4 GHz band remains unaf-
fected by that proximity keeping the same frequency and
reflection coefficient level (Fig. 3b, black dash-dotted-
curve).

To sum up, we demonstrated that, while preserving the
antenna compactness, the proper addition of the resonat-
ing slits to the antenna radiating elements would provide
unprecedented degrees of freedom in controlling the pro-
duced extra radiating modes either to broaden the antenna
matching bandwidth by creating additional resonances or to
make the antenna non-responsive to interfering bands by cre-
ating notches within its bandwidth. That can be very attractive
in designing a more compact antenna without increasing the
size, weight, complexity and bulkiness.

C. EQUIVALENT CIRCUIT MODEL ANALYSIS
In order to further explain the operating principle of the
two added slits on the UWB performance from the circuit-
level point of view, the conceptual equivalent circuit model
for the proposed antenna was developed (Fig. 4a). The ini-
tial approximate values for the lumped components were
defined from the HFSS simulated antenna input impedance
(Zin), and the equivalent lumped circuit parameters were then
optimized using Keysight advanced design system (ADS)
simulations [48].

In Fig. 4a, Za represents the complex input impedance
of the UWB antenna (ANT-4), which consists of multiple
(1, 2, . . . , n) RLC resonant tanks connected in series [6].

FIGURE 4. Equivalent electrical model and input impedance plots
obtained from the EM and circuit models for the various antennas
involved in the design evolution process.

In the case of ANT-4, n=4 due to having four adjacent
resonant frequencies overlapping with each other (Fig. 3b).
Note that the addition of the series capacitor C0 and induc-
tor L0 to the RLC circuits is indeed necessary to correctly
produce the imaginary part of the antenna input impedance
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at the fundamental lower band. To model the two S1 and
S2 slits, since compared to the UWB reference ANT-4, the
real part of ANT-5 and ANT-6 input impedance has a peak
value of 60 � and 190 � both at 2.4 and 5.2 GHz, respec-
tively, while the imaginary part is almost unchanged with
the trend from a positive (inductive) to a negative (capaci-
tive) reactance value within the operating bandwidth (Fig. 4),
the equivalent circuit diagram can be modeled by a paral-
lel RLC resonant circuit connected in series with Za. In a
parallel RLC circuit, the input impedance is calculated by
jωRL · (R+ jωL − ω2RLC)−1, where the resonant frequency
is only dependent on the values of the inductor and capacitor
[ω0 = (LC)−1/2] whereas the bandwidth is controlled by
the capacitor and resistor values [BW = (RC)−1] [49]. This
explains the slight difference between the inductor, capacitor
and resistor values of ANT-6 (LS2, CS2 and RS2) compared
to those of ANT-7 (LS21, CS21 and RS21) since the addition
of the slit S2 in close proximity to the slit S1 leads to a slight
downshift of the stopband with reduced bandwidth (Fig. 3b).
Similar RLC values are expected in the circuit model of
ANT-5 (LS1, CS1 and RS1) to ANT-7 (LS12, CS12 and RS12)
as the presence of slit S2 alongside with S1 has no influence
neither on the resonant frequency nor on the bandwidth of the
2.4 GHz passband (Fig. 3b).

Fig. 4 compares the input impedance responses for
each design step of the proposed antenna obtained
from HFSS and ADS for the EM and circuit models,
respectively. As observed, the developed equivalent cir-
cuit models for ANT-4 to ANT-7 reasonably well pre-
dicted the results attained for the antenna EM models.
The optimized values obtained for the equivalent cir-
cuit models are as follows: L0=0.16 nH, C0=1.83 pF,
C1=2.1 pF, L1=0.36 nH, R1=57 �, C2=2.6 pF,
L2=0.74 nH, R2=52 �, C3=2.6 pF, L3=0.15 nH, R3=41 �,
C4=0.61 pF, L4=0.32 nH, R4=90 �, CS1=CS12=95 pF,
LS1=LS12=0.04 nH, RS1=RS12=51 �, CS2=14.83 pF,
LS2=0.05 nH, RS2=122�, CS21=14.95 pF, LS21=0.06 nH,
RS21=129 �.

D. CHARACTERISTIC MODE ANALYSIS (CMA)
Although CMA is usually used in the antenna design phase
to systematically achieve the desired performance, for a bet-
ter understanding of the bandwidth capability and radiation
potentials of the two resonant narrow slits inserted into the
radiation patch monopole as well as comparing the antenna
operation in presence and absence of the excitation port,
the modal significance and characteristic angle were also
computed for ANT-4 to ANT-7 in the range from 2 to 7 GHz
(Fig. 5). This source-free approach not only provides an
in-depth physical insight into the antenna design but also
makes it possible to explicitly investigate the capability of
resonant modes and radiation behavior of the antenna due
to being dependent only on the dielectric substrate, and the
size and shape of the monopole [50]. In CMA, a mode can be
considered strongly resonant when the modal significance is
unity and the characteristic angle is equal to 180◦ [50].

FIGURE 5. Modal significance and characteristic angle variation with
frequency for: (a) ANT-4, (b) ANT-5, (c) ANT-6, and (d) ANT-7.

Note that in order to simplify the process, due to the need
for huge computational power, zero thickness perfect electric
conductors was considered, which can be indeed ignored, the
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main objective being the physical interpretation of how the
two narrow slits introduced on the patch monopole influence
the antenna radiation performance. A review of previous
literature shows that such simplifications are very relevant
in spite of affecting the accuracy of the modal resonances,
where the CMA was usually carried out either without the
antenna dielectric material and ground plane or with loss-
less substrates and zero thickness perfect electric conductors
(e.g. [50], [51]). More importantly, it is well-known that all
those simplified scenarios have a minor impact on the distri-
bution of eigen currents on the radiating elements [52]. In the
full-wave simulations, the minimum modal significance was
set to 0.02, meaning that all the modes above that value were
calculated.

As observed in Fig. 5a, in the considered frequency range,
modes 1 and 2 are dominant in ANT-4while other modes start
to propagate at higher frequencies; the resonant frequency
of M1 and M2 is at 4.65 and 6.95 GHz, respectively. It can
be seen in Fig. 5b that when the slit S1 is added to ANT-4,
an additional resonant mode at 2.49 GHz is produced with-
out disturbing the two initial modes of ANT-4 at 4.65 and
6.95 GHz; the very steep slope in the characteristic angle
curve shows the narrowband behavior for that additional
mode (green dashed-plus curve). Similarly, as seen in in
Fig. 5c, the insertion of the slit S2 into the ANT-4 structure
leads to generate an extra mode at 5.75 GHz. This mode
however influences the first dominant mode of ANT-4 result-
ing in a reduced bandwidth (increased slope steepness of
the characteristic angle) and a slight downshift from 4.65 to
4.5 GHz (Fig. 5c, square-red curve). In the final structure
of the developed antenna, i.e. ANT-7, all the four main
modes are present resonating at 2.48, 4.45, 5.4 and 6.95 GHz
(Fig. 5d). As observed, the close proximity of the slit S2
to S1 led to a small downshift in the third mode M3 (from
5.75 to 5.4 GHz) and consequently in the second mode M2
(from 4.5 to 4.45 GHz). All these port-independent results
are perfectly in line with the behavior of antennas ANT-4 to
ANT-7 when they are fed at the port of feeding line (see the
explanations provided for Fig. 3b).

E. MODAL CURRENT DISTRIBUTION
To further demonstrate the antenna operation with aim to
highlight the role of the two resonant slits, the surface current
distributions derived from the eigenvectors were computed
for ANT-4 to ANT-7 (Fig. 6). The colors representing the
current distribution intensity go from dark blue (weak current
density) to green, yellow and to red (strong current density).
For the sake of comparison, the vector currents in ANT-4
were monitored at the resonant modes of ANT-7 to support
the explanations, whereas for ANT-5 and ANT-6 they were
simulated at the produced dominant mode frequency due to
the narrow slits.

A first look at the results in Fig. 6d and 6e indicates that
both slits S1 and S2 efficiently radiate due to the large amount
of currents mainly concentrated around the slits at their corre-
sponding dominant mode frequency. Moreover, the flow and

FIGURE 6. Modal current distributions: (a)-(c) ANT-4 at 2.48, 4.45 and
5.4 GHz, respectively, (d) ANT-5 at 2.49 GHz, (e) ANT-6 at 5.75 GHz, and
(f)-(h) ANT-7 at 2.48, 4.45 and 5.4 GHz, respectively. Scale: logarithmic
with 15 subdivisions ranging from 1E1 to 1E3 A/m.

FIGURE 7. Surface current distributions on ANT-7 at: (a) 2.4 GHz,
(b) 3.7 GHz, and (c) 5.2 GHz. Scale: logarithmic with 15 subdivisions
ranging from 1E0 to 1E3 A/m for an input power of 1 W.

oppositely-directed currents along the slits, which are similar
to those in transmission lines, indicate that the maximum
current at the end of both slits (low impedance or short circuit)
is transformed to high impedance (open circuit) at the other
end due their approximate λg/4 length. The location of low
and high impedances on the radiation patch indicates the
impact of the large currents produced by the two open-ended
slits on the excited surface currents in the antenna.

Comparing the currents in Fig. 6a and 6f shows that in the
close proximity of the resonating slit S1, the privileged current
direction on the radiation patch orients similarly to that along
the slit. Although there is a large oppositely-directed current
toward the antenna feed point and the currents near the base
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of the monopole are reoriented, since the original antenna
(ANT-4) does not radiate around 2.4 GHz, the impact on the
antenna excited surface currents cannot be destructive at that
frequency. Instead, the high amount of current all around the
patch and partly on the ground, which is strong enough to
even redirect the currents, clearly reveals that the antenna is
resonant at that frequency.

Comparing the currents at the 4.45 GHz passband in pres-
ence and absence of the slits, shown in Fig. 6b and 6g,
illustrates the marginal impact of the slit S1 on the current
direction over the patch and coplanar ground. However, the
variation in the orientation of the currents at the top of
the patch near the slit S2 indicates the influence of the latter
on the antenna behavior. This further explains the slight
downshift of the antenna dominant mode (Fig. 5c compared
to 5a) and notch band (Fig. 3b, red curve compared to back
curve) when the slit S2 was inserted in the patch.

Comparing the currents in Fig. 6c and 6h shows that the
slit S2 creates a large current, which in its close proximity,
the currents on the patch also tends to orient along the same
direction. The amount of the currents flowing towards the
antenna port are large enough to highly disturb and deform the
currents approaching the feed point. Therefore, destructive
interferencewith the excited surface currents can be expected,
which makes the antenna non-responsive at that frequency.

All the above results clearly validate the design concept of
the proposed antenna. A very similar behavior in the surface
current distributions can be seen in Fig. 7 when the antenna
was fed through the SMA (of course at the right frequencies)
compared to those obtained from the characteristic mode
theory at each of the considered frequencies; the current
directions shown in Fig. 6f to 6h, not only on the patch
monopole but also on the coplanar ground plane, fairly agree
well with those illustrated in Fig. 7a to 7c, respectively. This
further indicates the appropriate feeding location to obtain
the intended radiation properties. Additionally, the electric
currents mostly concentrated on the edge portions of the
S1 and S2 slits at 2.4 and 5.2 GHz, respectively, indicate
that those elements have the most significant influence on
the antenna operation at those frequencies. Hence, the band-
pass and bandstop resonances can be precisely controlled by
adjusting the corresponding slits dimensions.

F. PARAMETRIC STUDY
The key parameters influencing the added (2.4 GHz) and
subtracted (5.2 GHz) resonant frequencies are the lengths
and positions of the slits S1 and S2. In order to demonstrate
that, Fig. 8 showcases the input reflection coefficient of the
antenna as function of the slits parameters.

A first look at the results reveals that any variations in the
dimensions of each slit strongly influence the corresponding
resonant frequency (S1 and S2 resonant modes vary in the
range between 2-3 GHz and 5-6 GHz) with hardly any impact
on the other mode frequency (Fig. 8). A closer look indicate
that the length and width of each of the slits S1 and S2
can be adjusted to precisely adjust their resonances within

FIGURE 8. Simulated antenna input reflection coefficients as a function
of the slits parameters: (a) S1, (b) S2.

FIGURE 9. Measured and simulated reflection coefficient of the proposed
antenna.

the antenna matching bandwidth. Therefore, by appropriately
tuning the resonator dimensions, the two additional bandpass
and bandstop can be achieved at desired frequencies.

III. RESULTS AND DISCUSSION
To validate the proposed design, a prototype of the antenna
was fabricated, and measured results in terms of input reflec-
tion coefficient, far-field radiation patterns in the two main
E- and H -planes, total efficiency and peak realized gain
at several frequencies of the desired passbands and the
unwanted stopband are presented. The antenna time domain
radiation properties in terms of impulse response and system
fidelity factor are also reported.
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FIGURE 10. Measured and simulated normalized radiation patterns of the
proposed antenna at: (a) 2.4 GHz (lower passband frequency), (b) 3.7 GHz
(middle passband frequency), (c) 4.9/5.2 GHz (stopband frequency), and
(d) 9.5 GHz (higher passband frequency). Dashed-black (solid-red) and
dashed-green (solid-blue) are the measured (simulated) E- and H-plane,
respectively.

Fig. 9 plots the simulated and measured antenna reflection
coefficients demonstrating a fairly good agreement between
the results. The antenna −10 dB bandwidth ranges from
2.38 to 2.42 GHz and from 3.35 to 11 GHz while rejecting
from 4.69 to 5.2 GHz (|S11|max = −4.9 dB, which is equiv-
alent to VSWR 3.6). These results confirm that the proposed
antenna not only operates within both the Bluetooth and
UWB frequency bands but also is capable to reject the lower
WLAN band within its matching bandwidth.

Fig. 10 depicts the measured and simulated normalized
far-field radiation patterns of the proposed antenna, in both
E-plane (y-z) and H -plane (x-z), at three different repre-
sentative passband frequencies (2.4, 3.7 and 9.5 GHz) and
at the stopband frequency (4.9 GHz in experiments and
5.2 GHz in simulations). Although the cable currents caused
the ripples in the measured patterns, a reasonably good agree-
ment between the measurement and simulation results was
achieved. As seen in Fig. 10a, 10b, and 10d, in the considered
passbands, the antenna exhibits nearly omni-directional and
fairly bidirectional coverage in the H - and E-plane, respec-
tively; the radiation properties are relatively stable in the
operating bands and the slight tilt in the E-plane is known
to be due to the asymmetric coplanar ground. However, the
highly deteriorated radiation characteristics observed in the
unwanted stopband (Fig. 10c) demonstrate the rejection capa-
bility of the proposed antenna; a fact is corroborated in [53].

Fig. 11a plots the measured and simulated antenna peak
realized gains as a function of frequency; experiments were

FIGURE 11. Measured and simulated (a) realized gain, and (b) total
efficiency of the proposed antenna.

conducted with a 100 MHz step. As observed in the fig-
ure, the measured results reasonably follow the numerical
ones. The antenna gain within the entire band of interest
vary from 1 to 4.1 dBi, except at the 2.4 GHz passband
and the 4.9/5.2 GHz stopband; the measured (simulated)
gain values at 2.4 and 4.9/5.2 GHz are −0.2 (0.43) dBi
and −2 (−0.27) dBi, respectively. The measured antenna
average gain from 3.3 to 4.7 GHz and from 5.2 to 11 GHz
is 1.1 and 3.1 dBi, respectively. In the 2.4 GHz band, the
limited antenna gain is explained by the significant amount
of oppositely-directed high intensity current along the slit
S1 (Fig. 7a), which causes ohmic losses. Although the lat-
ter effect is nearly unavoidable in miniature antennas, the
in-band gain of the proposed antenna is considered adequate
for practical low power applications, whereas the significant
gain decrease (roughly from 1 down to −2 dBi in experiment
and from 2.5 to −0.3 dBi in simulation) in the stopband
can sufficiently eliminate possible disturbances from other
co-existing systems.

Fig. 11b exhibits the measured and simulated total effi-
ciency of the proposed antenna, showing a good agreement
between the results. As it can be seen, an average efficiency
of over 87.3% across the entire antenna band of interest was
achieved, except at 2.4 and 4.9/5.2 GHz bands; the measured
(simulated) efficiency values at 2.4 and 4.9/5.2 GHz are
approximately 56.1% (59.7%) and 46.7% (39.6%), respec-
tively. That efficiency value at 2.4 GHz can be explained by
the high intensity oppositely directed currents around the slit
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FIGURE 12. Measured and simulated Tx and Rx signals of the proposed
antenna: input (solid-black), simulated (solid-blue), measured (dash-red).

S1 (Fig. 7a). The sharp efficiency drops in the vicinity of
the stopband (from 87% down to 46.7% in measurement and
from 86% to 39.6% in simulation) causes adequate deteriora-
tion in the radiation properties in the band.

For the transmission of impulse-type UWB signals, the
transient response of the proposed antenna was also inves-
tigated to assess the pulse distortion in the received signals.
To quantify the level of distortion, the system fidelity factor
(SFF) [54], which reflects the correlation between the trans-
mitted (Tx) and the received (Rx) time signals, was calculated
for a Gaussian input pulse rather than fidelity factor (FF)
due to being a measurable quantity [55]. The measurement
setup makes use of two identical antennas in face-to-face and
side-by-side configurations with 30 cm distance in between
to validate the far-field condition, as can be seen in Fig. 12.

Fig. 12 shows the simulated and measured Tx and Rx
time signals of the proposed antenna demonstrating a rea-
sonable prediction of the antenna transient response for the
considered configurations; the measured (simulated) SFF
of the antenna is about 0.7 (0.68) and 0.66 (0.62) for the
face-to-face and side-by-side cases, respectively. The ring-
ing distortions observed in the impulse response in simula-
tions and measurements is due to the impedance mismatch
at the stopband; a fact corroborated in [53]. Although the
antenna compact dimensions impacts its transient behav-
ior, the level of pulse distortion is considered acceptable
(SFF>0.5 [54], [55]), which is suitable for the use in the
impulse-type UWB systems. It is worth noting that since SFF
takes into account the amount of distortion induced by both
the Tx and Rx antennas, it would always have smaller values
compared to FF as well as FF of the system [56].

IV. CONCLUSION
A compact multiband planar monopole antenna for Blue-
tooth and UWB applications was proposed with band rejec-
tion characteristics around the IEEE 802.11 WLAN family.

The antenna has a simple structure and is fed by an
asymmetric coplanar strip, where the overall area is only
10 mm × 20 mm, the smallest so far reported, which can be
easily integrated with any smart wireless device for portable
IoT applications. Two L-shaped open-ended slits were intro-
duced in the patch monopole not only to produce the addi-
tional 2.4 GHz band to the original UWB design but also to
simultaneously create the stopband around 5.2 GHz. The con-
ceptual equivalent electrical model for the proposed antenna
was developed to explain the operating principle of the slits
on the UWB performance from the circuit-level point of view.
The theory of characteristic mode was also applied for the
physical interpretation of the radiation mechanism of the
loaded slits on the antenna design process.

Measured results confirmed that the proposed antenna has
suitable characteristics for reliable wireless communications.
The antenna−10 dB operating bandwidth covers from 2.38 to
2.42 GHz and from 3.35 to 11 GHz, in which there is a
notched band from 4.69 to 5.2 GHz. In the desired pass-
bands, the antenna provides almost omnidirectional radia-
tion patterns in the H -plane, radiates efficiently (87.3% on
average) with acceptable gains (2.6 dBi on average). The
deteriorated antenna radiation properties, in terms of pat-
tern, gain and efficiency, in the stopband demonstrated the
capability of the antenna to effectively reject the out-of-band
interference signals. For the transmission of impulse-type
UWB time signals, the proposed antenna demonstrated an
acceptable transient performance with system fidelity factors
of 0.7 and 0.66 in face-to-face and side-by-side configura-
tions, respectively. Therefore, the proposed antenna is a very
competitive candidate for future Bluetooth and UWBmodern
applications.
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