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Abstract

Frequency- and time-domain characteristics as well as indoor propagation channel impulse
response of a compact dual band-notched ultra-wideband (UWB) slot antenna are investi-
gated in this paper. The antenna consists of a narrow rectangular radiation patch and a rect-
angular wide slot in the modified ground plane. A pair of L-shaped stubs are connected to the
radiation patch to obtain band-notched property in WLAN band and a narrow straight stub is
placed on the back side of the substrate to create band-notched characteristics in X-band
downlink satellite communication system. Moreover, two small parasitic strips are added to
the radiation patch to enhance the bandwidth (BW) of the antenna up to 14 GHz. A compre-
hensive study on time-domain and indoor propagation channel characteristics of the pro-
posed antenna is also presented throughout the paper. A ray-tracing approach based on
geometrical optics is applied to analyze the indoor channel characteristics. The designed
antenna not only has a wide BW and compact size but also has appropriate radiation and
time-domain characteristics over the antenna operating BW. The measured and simulated
results are in good agreement. These advantages make the proposed antenna as a desirable
option for UWB impulse radio applications.

Introduction

Ultra-wideband (UWB) antennas are more and more appreciated in the recent years after
determining 3.1–10.6 GHz by the US Federal Communications Commission (FCC) [1]. In
[2], a differential-fed technique is used to design UWB antenna with unidirectional radiation
patterns. In [3], a new substrate-integrated magneto-electric dipole antenna is presented for
UWB applications. In [4], a composite cavity-backed folded structure is proposed to design
a bowtie UWB antenna. Wide bandwidth (BW) is one of main features of the UWB antennas
[5–10]. In [11], two L-shaped stubs on the back side of the substrate are introduced for BW
enhancement. In [12], two semi-circle slots in the ground plane are employed to enhance the
BW up to 23 GHz. In [13], to improve the impedance BW, a notch is cut from the ground
plane and the edges of the radiation patch are chamfered with specific dimensions. In [14],
by cutting two pairs of U-shaped slots in the ground plane, additional (third and fourth) reso-
nances at 11 and 14 GHz are excited and much wider impedance BW can be produced.
However, this ultra-wide frequency range of UWB systems leads to interference with narrow
band wireless communication systems like Wireless Local Area Network (WLAN) that works
on frequencies of 5.15–5.35 and 5.725–5.825 GHz as well as X-band working on frequencies of
7.25–7.75 GHz for satellite applications. Hence, an especial UWB antenna is required to
remove interfering bands.

There are many methods to remove interfering bands such as using slot in the ground
plane and main patch of the antenna [15–17] and adding resonators on the ground plane
or main patch of the antenna [18, 19]. In [20], a T-shaped and a pair of L-shaped stubs are
added to UWB antenna structure to reject WiMAX and WLAN spectrum. In [21], an inverted
X-shaped slot and a pair of coupled C-shaped parasitic structures are employed to achieve
band-notched characteristics. In [22], by employing an inverted T-shaped stub connected to
the ground plane and two U-shaped and Ω-shaped slots in the modified patch, triple band-
notched properties are obtained. In most recently reported articles, only frequency character-
istics of UWB antennas are investigated.

In impulse radio (IR) UWB systems, UWB antennas should be able to transmit and receive
extremely narrow pulses. Therefore, the time-domain performance of an UWB antenna should
be considered in designing process. This paper presents a new UWB antenna with dual band-
notched characteristics. By adding two L-shaped stubs to the narrow rectangular radiation
patch, the first notched band in WLAN spectrum is obtained. The second notched band in
X-band spectrum is achieved using narrow straight strip placed on the back side of the sub-
strate. Two small parasitic strips are also connected to the narrow rectangular radiation
patch to enhance the impedance BW of the antenna. The effect of the proposed antenna struc-
ture on transmitting and receiving of different UWB pulses such as Rayleigh, modulated
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Gaussian (MG), and square root raised cosine (SRRC) pulses in
different scenarios is fully investigated. The results are compared
in term of system fidelity factor (SFF), which is the similarity factor
between different signals. Moreover, the impulse response of the
proposed antenna system in indoor propagation channel is fully
investigated. A sub-band divided ray-tracing (RT) approach is
applied to simulate indoor channel characteristics. Also, a
frequency-domain measurement setup is applied to measure the
impulse response of the proposed antenna system in an anechoic
chamber and indoor environment. Table 1 compares several
recently reported UWB antennas with the proposed dual band-
notched UWB antenna. As seen from the table, the proposed
antenna has a compact and small size with very wide operation
BW from 2.7 up to 14 GHz. The gain of the proposed antennas
varies from 0.5 to 3.5 dB over the frequency BW. The low gain
values of the proposed antenna at low frequencies are due to the
relatively small electrical size of the antenna at these frequencies.

Antenna structure

The geometry and structure of the proposed antenna is shown in
Fig. 1. The antenna is realized on FR4 sub-layer with aspects
of 20 mm × 20 mm, thickness of 0.8 mm, and relative dielectric
constant of 4.4. A large slot with a size of 19 mm × 12 mm is cre-
ated as a radiation slot in the ground plane. The proposed
antenna includes a simple narrow rectangular patch connecting
to a 50 Ω microstrip feed line, the feed line dimensions are
1.35 mm × 5.2 mm. As shown in Fig. 1, two small parasitic strips
with given values are connected to the radiation patch and a small
rectangular slot with dimensions of 1.6 mm × 4 mm is etched out
from the ground plane. Two L-shaped stubs with a horizontal arm
of 5.4 mm and a vertical arm of 5 mm are positioned alongside
the antenna rectangular radiation patch. Finally, a rectangular
backed plane stub with a length of 11 mm and a width of
0.2 mm is added to the antenna structure.

Design procedure and frequency-domain characteristics

ANSYS-HFSS 15 based on the finite element method is applied to
optimize and simulate the proposed antenna in frequency domain.
Figure 2 demonstrates the design steps of the dual band-notched
UWB slot antenna, and the simulated S11 curves corresponding

to these steps are shown in Fig. 3. In the first step, a simple rect-
angular microstrip line and a rectangular slot with proper size in
the ground plane are applied to excite the dominant mode at
lower frequencies as shown in Fig. 3. A small rectangular slot is
etched out from the ground plane just below the microstrip line
for better impedance matching. In the next step, two L-shaped
stubs are added to the rectangular patch to obtain band-notched
property in WLAN spectrum. As seen from Fig. 3 in this step,
the impedance matching of the antenna is also improved especially
at middle frequencies of the band (6–11 GHz).

This is due to the fact that more electrical current paths and res-
onance features are created using these L-shaped stubs. At notch
frequencies, the antenna works in transmission line-like mode.

Table 1. Comparison of different recently reported UWB antennas

Ref Size (mm2) Bandwidth (GHz) Gain (dBi)

[2] 72 × 72 2.48–12.2 7–14

[3] 34 × 62 3.1–10.66 6–11

[4] 60 × 60 1.64–9.85 8–15

[5] 36.6 × 39 3.1–11.7 –

[6] 20 × 28 2.8–11.8 −1 to 3

[7] 25 × 37 3–11 0.8–2.8

[11] 26 × 30 2.1–20 0–3.5

[16] 26 × 26 2.75–14.2 0–3

[18] 35 × 35 2.2–12.8 0.5–5

[23] 40 × 44 3–11 −4 to 2

Proposed 20 × 20 2.7–14 0.5–3.5

Fig. 1. Geometry of proposed antenna (units: millimeters).

Fig. 2. Proposed antenna designing steps.
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At first notch frequency (5.5 GHz), the two L-shaped stubs act
as quarter wavelength resonator, and as shown in the next section,
the surface currents on these stubs and narrow rectangular radi-
ation patch are in opposite direction, and therefore they neutralize
the effects of each other, and hence band-notched characteristics
can be achieved.

In step 3, a narrow rectangular stub is positioned on the rear
side of the antenna to reject X-band spectrum. This stub acts as
half a wavelength resonator at 7.5 GHz. At this frequency, the sur-
face currents are highly concentrated on the straight stub backed
plane and are in opposite direction with those on the rectangular
radiation patch leading to band-notched properties in X-band
downlink satellite systems. Finally, in step 4, two parasitic strips
are added to the radiation patch to further enhance the antenna
BW. In fact, the coupling between the radiation patch and the
rectangular radiation slot can be tuned by using these parasitic
stubs. As shown in Fig. 3, a new resonance around 13 GHz can
be created in step 4. Figure 4 shows the simulated and measured
S11 (return loss) of the proposed antenna. The photo of the fab-
ricated antenna is also shown in the figure. The results are in
good agreement and the proposed antenna has very wide imped-
ance BW from 2.7 up to 14 GHz with dual band-notched charac-
teristics in WLAN and X-band spectrums. Figure 5 shows the
gain of the proposed antenna. The antenna gain is low at lower
frequencies. It can be due to the small size of the antenna, but
the gain increases as the frequency increases, because at higher
frequencies, the radiation patterns of the antenna are somewhat
directed. It can clearly be seen that there are two nulls in the
gain diagram at around 5.5 and 7.5 GHz. These nulls occur due
to the performance of the L-shaped stubs and straight conductor
backed plane in WLAN and X-band. The filtering structures have
no effects on the other frequencies, and the gain is almost con-
stant over the UWB band as shown in Fig. 5.

Figure 6 shows the radiation patterns of the proposed antenna
in two cut planes: H-plane (X–Z) and E-plane (Y–Z). It can be
seen that the proposed antenna has omnidirectional radiation pat-
terns in the X–Z plane and dipole-like radiation patterns in the Y–
Z plane. The radiation patterns have more distortions at higher
frequencies compared with lower frequencies, it could be due to
the excitation of higher modes at higher frequencies.

Conceptual equivalent circuit model of proposed antenna

To better understand the dual band-notched characteristics, first
the current distribution of the proposed antenna at different
notched bands is illustrated as shown in Fig. 7. Figure 7(a)
demonstrates the simulated current distribution at the first
notch frequency (5.5 GHz) related to the WLAN band and

Fig. 3. Simulated S11 of different steps shown in Fig. 2. Fig. 4. Measured and simulated S11 of the proposed antenna.

Fig. 5. Measured and simulated gain of the proposed antenna.

Fig. 6. Measured radiation patterns of the proposed antenna at (a) 4, (b) 6.5, and (c)
9.5 GHz.
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Fig. 7(b) illustrates the current distribution at the second notch
frequency (7.5 GHz) related to the X-band. It is observed that
the surface current is more concentrated on the L-shaped stubs
at 5.5 GHz and more concentrated on the backed plane straight
resonator at 7.5 GHz. At notched frequencies, the surface currents
on the main patch and filtering structures are in opposite direc-
tion as shown in Fig. 7 with dashed lines; therefore, they neutral-
ize the resultant fields of each other, which lead to the band
rejection properties at 5.5 and 7.5 GHz.

In this section, a lumped element equivalent circuit model is
applied to provide an accurate explanation for the input impedance
of the proposed antenna. It is noted that the input impedance of the
proposed dual band-notched antenna is equivalent to the input
impedance Za of the reference UWB antennawithout band-notched
structures (L-shaped and straight stubs) connected with series and/
or parallel resonant circuits at the center frequencies of the notched
bands. If a UWB antenna is well matched, it can be modeled as a
50 Ω load. Figure 8 shows the simulated andmeasured input imped-
ance of the proposed antenna. From the simulated or measured
input impedance data, it is evident that the resistance is about
50 Ω and the reactance is close to zero over the UWB BW except
at the notched bands. In WLAN band, the input resistance is low
about 20 Ω at 5.2 GHz, while it is very high about 300 Ω at
5.6 GHz; while the reactance curves are varying from negative to
positive and positive to negative values, respectively. It demonstrates
a parallel resonance properties around 5.2 GHz and a series reson-
ance properties about 5.6 GHz. Similarly, in X-band, the resistance
is high about 120 Ω at 7.4 GHz and relatively low about 29 Ω at
7.8 GHz, while the reactance curves are varying from positive to
negative section and negative to positive section indicating parallel
and series resonance properties, respectively.

According to the above illustrations, the band-notched struc-
tures can be modeled by RLC resonant components as shown

in Fig. 9. To determine the parallel and series RLC components
(Rpn, Cpn, Lpn, Rsn, Csn, Lsn, where n = 1,2) the BW of the corre-
sponding notched band should be determined. For a parallel
RLC resonant circuit, BW is the limit where the resistance is
equal to or higher than 0.707 of the peak value. It can be deter-
mined from the results shown in Fig. 8. The RLC components
of a parallel resonant circuit can be obtained as follows: [23]

BWp = 1
RPCp

, (1)

f0p = 1

2p
������
LpCp

√ , (2)

where Rp, Lp, and Cp are the resistance, inductance, and capaci-
tance of the parallel resonant circuit, respectively, and f0p is the
center frequency of the band related to the parallel resonant fea-
ture. For a series RLC resonant circuit, BW is the range where the
resistance is equal to or lower than 1/0.707 of the minimum value.
The RLC components of a series resonant circuit can be achieved
using following equations:

BWs = Rs

Ls
, (3)

f0s = 1

2p
�����
LsCs

√ , (4)

where Rs, Ls, and Cs are the resistance, inductance, and capaci-
tance of the series resonant circuit, respectively, and f0s is the cen-
ter frequency of the band related to the series resonant property.
The approximate values of the lumped elements of the parallel
and series RLC circuits are determined initially using above equa-
tions. Afterwards, the lumped element equivalent circuit model is
adjusted and optimized using ADS 2016 software package.

The input impedance properties of the equivalent circuit
model are also shown in Fig. 8 and compared with those obtained
from the measurement and HFSS simulation of the proposed
antenna. It can be seen that the results are in good agreement.
The discrepancy is mainly because of the inaccurate modeling
of the UWB antenna. The calculated and optimized values of
RLC components obtained by ADS are given in Table 2.

Antenna characteristics in time domain

CST Microwave Studio software based on a time-domain finite
integration technique is applied to investigate the time-domain
performance of the proposed antenna. The antenna system con-
sidered for time-domain analysis includes two identical proposed
dual band-notched monopole antennas separated with a distance
of 50 cm from each other in the face-to-face and the side-by-side
scenarios. A frequency-domain measurement setup is used to
measure the antenna system transfer function in the anechoic
chamber. Thereafter, the impulse response of the proposed
antenna system can be obtained from the transfer function by
applying inverse fast Fourier transform. As indicated in [24],
frequency-domain measurements have the advantage of ability
to describe different excitation signals. This method is free from
ambiguity. Different pulses to be transmitted are defined in

Fig. 7. Simulated current distribution of the proposed antenna at (a) 5.5 and (b)
7.5 GHz.
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Matlab, and then by applying a fast Fourier transform, their fre-
quency response can be achieved. By multiplying these data
with the transfer function of the antenna system, the frequency
response of the received signals can be achieved. Finally, using
the inverse Fourier transform, the received signals in time domain
are obtained. In this case, the measurements are performed in the
anechoic chamber in order to achieve only the antenna effects and
eliminate the multipath effects of the surrounding environment.
Before analyzing the time-domain performance, the phase of
transfer function of the antenna system (phase of S21) is simulated
and measured for both the scenarios and shown in Fig. 10. It can
clearly be seen that the phase is almost linear over the entire UWB
band, which is suitable to achieve constant group delay for send-
ing and receiving of ultra-short pulses without distortion. As
shown in Fig. 10, two phase distortions occur at the two notch fre-
quencies because of the filtering structures in the antenna geom-
etry leading to the pulse shape distortion at these frequencies.
Figure 11 shows the group delay of the proposed antenna in

face-to-face and side-by-side cases. It is observed that the group
delay is chiefly constant over the desired BW except at two
notch frequencies.

The group delay highly varies at notch frequencies. It can be
described by the results shown in Fig. 10 where the phase non-
linearities and band-notched characteristics occur at these fre-
quencies. Because of the above-mentioned advantage of describ-
ing different input signals, in this paper, Rayleigh, MG, and
SRRC pulses are applied as excitation signals and different
received pulses are compared in term of SFF. These signals BW
is between 3 and 11 GHz. Figures 12–14 demonstrate the input
and received different signals and their power spectral densities
(PSDs) in dB for both face-to-face and side-by-side cases. The
FCC indoor mask is also shown in these figures for comparison.
It is seen that the PSDs of the received MG and SRRC signals fully
comply with power spectrum-limited mask defined by FCC, while
the PSD of the received Rayleigh pulse does not agree well with
the limited mask, especially at lower frequencies. The received

Fig. 8. Input impedance of the proposed antenna: (a) resist-
ance and (b) reactance.

Fig. 9. Lumped element equivalent circuit model
of the proposed antenna.

Table 2. Optimum values of lumped elements in equivalent circuit model

Elements Values (Ω) Elements Values (PF) Elements Values (nH)

RS1 14 CS1 0.02 LS1 34.2

RS2 32 CS2 0.01 LS2 42

RP1 280 CP1 5.5 LP1 0.14

RP2 100 CP2 16.3 LP2 0.02
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signals experience few ripples and fluctuations in its duration time
due to the antenna structure and band-notched characteristics.
Two sharp decreases occur in their PSD diagram at the two
notch frequencies indicating that the part of the input signals
that covers these frequency bands is distorted and the antenna
cannot radiate effectively; therefore, band-notched characteristics
can be achieved at these frequencies. To evaluate different
received signals in both the scenarios, the SFF [25], which
describes the correlation between the input and received signals,
is computed and its values are tabulated in Table 3. The SFF
changes between 0 and 100%. A SFF value of 100% demonstrates
that the received signal is fully matched with the input signal,
while a value of 0 shows that the received signal is fully different
than the input signal. A distortion higher than 50% can cause the
pulse approximately unrecognizable [25]. It is seen from Table 3

that the similar results are obtained in the face-to-face and the
side-by-side scenarios showing again that the proposed antenna
radiates omnidirectionally. The obtained SFF values for MG
pulses are more than those of Rayleigh and SRRC pulses. It is
because of the wider BW and high-level power of Rayleigh and
SRRC pulses under the influence of more filtering effects of the
proposed antenna. However, for different pulses and scenarios,
the results show that the SFF values are quite acceptable (>50%)
for UWB impulse communication [25].

Indoor propagation channel characteristics

Because of low-power constraint of UWB systems, which is
determined by FCC, these systems are applied chiefly in indoor
environments. Therefore, in designing of such systems,

Fig. 10. Phase of the proposed antenna system in (a)
face-to-face and (b) side-by-side scenarios.

Fig. 11. Group delay of the proposed antenna system in (a)
face-to-face and (b) side-by-side scenarios.

Fig. 12. Input and received Rayleigh signals and their PSD (dB)
in (a) face-to-face and (b) side-by-side scenarios.
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investigations and analyses on indoor propagation channels
should be performed. In this section, the indoor propagation
channel characteristics of the proposed antenna in a typically

indoor office will be analyzed. An RT approach based on the
geometrical optics and uniform theory of diffraction is applied
to simulate the impulse response of the UWB propagation chan-
nel. The conventional RT methods can only be used for narrow
band systems where the antenna radiation characteristics and
electrical properties of materials are assumed constant over the
desiring frequency BW. However, UWB systems do not follow
the narrowband assumptions. This method requires to be chan-
ged for UWB applications. In our study, a sub-band divided RT
approach is applied to cover the channel characteristics over the
UWB BW. The steps of a sub-band divided RT method is shown
in Fig. 15.

These steps are as follows:

(1) The total BW is divided into several sub-bands, each of which
should be narrow enough for assuming same frequency
characteristics.

(2) The traditional RT method is used to obtain the correspond-
ing delay profiles at the center frequency of each sub-band.

Fig. 13. Input and received MG signals and their PSD in (a) face
to face and (b) side by side scenario.

Fig. 14. Input and received SRRC signals and their PSD in (a)
face to face and (b) side by side scenario.

Table 3. SFF values of proposed antenna system for different pulses in different
scenarios

Different scenarios
Simulated SFF

(%)
Measured SFF

(%)

Rayleigh pulse,
face-to-face

64 61

Rayleigh pulse,
side-by-side

63 64

MG pulse, face-to-face 86 85

MG pulse, side-by-side 85 84

SRRC pulse, face-to-face 73 75

SRRC pulse, side-by-side 71 70
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(3) Afterwards, the Fourier transform is used for achieving the
channel transfer function at each sub-band; the accurate
parts are extracted and combined together to obtain a new
frequency response for the entire BW.

(4) Ultimately, the frequency responses are transformed back to
the time domain applying an inverse Fourier transform to
obtain a delay profile that is valid for the entire BW.

The total BW is divided to 15 sub-bands. The channel impulse
responses (CIRs) at each sub-band are achieved by considering the

propagation phenomena (reflections, diffractions, and refractions).
At each sub-band, the simulated frequency-dependent radiation
patterns of the proposed antenna is incorporated in the RT
model. It can be easily done since in the RT approach the angle
of arrival and the angle of departure are given. Also at each sub-
band, the electrical characteristics of the environment materials
derived from the literature [26] are inserted in the RT model.
The realistic indoor environment selected for simulation and meas-
urement is shown in Fig. 16. It consists of a room with four walls, a
ceiling and floor constructed from the concrete, a glass window,

Fig. 15. Steps of sub-band divided ray tracing
method.

Fig. 16. Geometry of indoor propagation channel
and ray tracing reconstruction model.
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wooden door, and wooden shelves. A wooden table and a comfort-
able chair are placed at the left side of the room as well as an office
desk with an armchair are positioned in the room as shown in
Fig. 16. The constructed three-dimensional RT model is also
shown in Fig. 16. The overall size of the room is 4.7 m × 5.2 m ×
2.8 m. In order to achieve an accurate model for realistic indoor
propagation channel, the simulations and measurements should
be computed for a large amount of points. A grid of receivers
with 10 × 10 points are placed over the same 10 cm × 10 cm area
on the table with 1 cm resolution. The transmitter is placed at
the right side of the room below the shelves with a distance of
2.85 m from the center point of the receivers. The height of the
transmitter and receiver is the same in order to avoid polarization
mismatch loss. For truncating the simulation time, in the RT
model, only the rays with one diffraction and three reflections or
less are considered, because the higher order reflected or diffracted
rays have no significant energy and can be ignored. Figure 17
demonstrates the CIR of the proposed scenario (indoor UWB
channel) at the center point of receivers when the two proposed
antennas are applied as transmitter and receiver antennas. The
power of transmitter and noise floor are 10 and −90 dBm, respect-
ively. For the better view, the CIRs of the sub-bands numbered by
1, 5, 7, 9, and 12 are only shown. We know from Friis formula that
signals experience more free space loss at high frequencies com-
pared with the low frequencies. However, because of higher gain
values of proposed antennas at higher frequencies, it is seen
from Fig. 17, comparing the first received impulses (line of sight
ray) at different sub-bands, the signal amplitudes are almost
fixed except at notched sub-bands. At notch frequencies (sub-
bands 5 and 10), because of the band-notched properties of the
proposed antenna, the amplitude and number of multipath com-
ponents are very low as desired. A frequency measurement setup
is used to measure CIRs and power delay profile (PDP) of the pro-
posed scenario. Because of the Fourier transform relation between
the channel’s impulse response and transfer function, it is possible
to achieve the CIR by measuring the channel transfer function
(S21). This method is to be accurate like many time domain
approaches when time-variant channel and long distance are not
taken into account [27].

A vector network analyzer (VNA) is applied to measure the
magnitude and phase of the channel transfer functions by con-
necting two proposed antennas to the ports of the VNA in the
proposed indoor channel. Afterwards, the CIR can be achieved
using the inverse Fourier transform method. The TX antenna is
fixed while the RX antenna is moved on the grid mentioned earl-
ier through the rail controlled by a laptop. The transmitted power
is 10 dBm and the noise floor is −90 dBm.

The frequency measurements are preformed over the
UWB frequency range (3.1–10.6 GHz) with a frequency step of

Δf = 4.86 GHz leading to 1601 frequency samples. From this
frequency sample interval of 4.68 MHz, a time response about
200 ns duration is achieved by inverse Fourier transform option.
Several multipath properties such as average delay, RMS delay
spread, and maximum excess delay can be achieved from PDP.
The PDP is the power of a signal received at the receiver through
a propagation channel as a function of time delay. The PDP is
achieved from averaging the square values of the normalized
CIRs obtained over all the grid points and removing the propaga-
tion delay. Figure 18 demonstrates the PDP extracted from the
sub-band divided RT method and measurement data. A good
agreement between simulation and measurement results is
achieved. The small difference between results is because of the
approximation of material electrical properties used from the litera-
ture, the high-order propagation mechanism (reflection, diffrac-
tion, and refraction) which are not considered by the RT model,
and the angular spatial resolution which determines the direction
of launched rays in the RT model. The angular spatial resolution
selected in our RT model is 1°. The lower values of angular spatial
resolution lead to more precision. Moreover, the number of sub-
bands is an important parameter on accuracy of simulation results.
By increasing the number of sub-bands, more accurate results can
be achieved but the computational time increases greatly.

Conclusion

In this paper, a novel compact UWB slot antenna with a size of
20 mm × 20 mm is introduced. The proposed antenna has a
wide BW ranging from 2.7 up to 14 GHz and two notched
bands in WLAN and X-band. By adding a pair of L-shaped
stubs to the main rectangular patch, the first band-notched prop-
erty in the 5–6 GHz band (WLAN band) can be achieved.
Moreover, by employing these stubs, impedance matching of
the antenna is highly improved specially at middle frequencies
of the band. The second band-notched characteristic is obtained
in the 7–8 GHz band (X-band) by inserting the straight resonator
printed on the back side of the substrate. Finally, a pair of small
parasitic strips are connected to the main patch to further
enhance the BW of the antenna. In order to show the mechanism
of the proposed antenna, a lumped element equivalent circuit
model is presented and studied. The proposed antenna shows sat-
isfying radiation characteristics in both the H-plane and the
E-plane. The time-domain performance of the proposed antenna
in the face–to-face and the side-by-side scenarios with different
excitation pulses is also investigated in detail. The results show
that the proposed antenna is a suitable candidate for UWB IR
applications. Moreover, the indoor CIR of the proposed antenna
in the simple office room is fully investigated and the simulated
and measured results are compared.

Fig. 17. Channel impulse response of different sub-bands.

Fig. 18. Simulated and measured power delay profile of indoor propagation channel.
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