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1. Introduction

With the beginning of the new information era, necessity of wideband wireless communica‐
tions technology is increasing rapidly due to the need to support more users and to provide
information with higher data transmitting rates. Ultra-wideband (UWB) technology could
be the most suitable technologies that promise to revolutionize high data rate transmission
and enable the personal area networking industry leading to new innovations and greater
quality of services to the end users. A UWB system is found to be extremely useful and con‐
sists of various satisfying features such as high data rate, high precision ranging, fading ro‐
bustness, and low cost transceiver implementation. UWB is regarded as a very promising
and fast emerging low-cost technology with uniquely attractive features inviting major ad‐
vances in wireless communications, sensor networking, radar, imaging, and positioning sys‐
tems [1, 2].

Antennas are indispensable elements of any wireless communication systems. For UWB
communication systems, the antennas must be of low profile, compact size, light weight,
low cost and conformable to the architecture of the mounting devices. Amongst various
types of antennas such as log periodic, TEM horn, stacked patch, spiral and planar structure,
the antenna with planar profile seems to be the most preferred choice [3-5]. It has the ad‐
vantage of low profile in size, compactness, and easily embeddable into wireless devices or
integratable with other RF circuitry

In recent years, printed slot antennas are under consideration for use in UWB applications
and are getting more and more popular because of the merits of wide frequency bandwidth,
low profile, lightweight, ease of fabrication and integration with other devices or RF circui‐
tries. Compared to the electrical antennas, slot antennas have relatively large magnetic fields
that tend not to couple strongly with near-by objects, which make them suitable for applica‐
tions wherein near-filed coupling is required to be minimized [6]. A conventional narrow
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slot antenna has limited bandwidth, whereas wide-slot antennas exhibit wider bandwidth.
Recently, different printed wide-slot antennas fed by a microstrip line or coplanar wave‐
guide have been reported [7, 8]. Apart from these antennas, monopole like slot antennas
have also been reported to have wide bandwidth characteristics [9-11]. By using different
tuning techniques or employing different slot shapes such as rectangle, circle, arc-shape, an‐
nular-ring, U-shaped [12-16], different slot antennas achieved wideband or ultra-wideband
performance. A square slot antenna excited by a CPW-fed widened tuning stub was pro‐
posed in [17]. By properly choosing the location and size of the tuning stub, the proposed
antenna achieved a bandwidth of 60% with an overall dimension of 72 mm × 72 mm. In [18],
a novel broadband design of a CPW-fed square slot antenna loaded with conducting strips
has been introduced. The -10 dB impedance bandwidth of the proposed slot antenna is more
than 60%. In [19], a printed wide-slot antenna fed by a microstrip line is introduced. By em‐
ploying an arc-shaped slot and a square-patch feed, the antenna achieved an impedance
bandwidth ranging from 1.82 GHz to 7.23 GHz. Although the antenna achieved a good im‐
pedance bandwidth with an overall dimension of 110 mm × 110 mm, it does not operate
within the entire UWB. The design of a printed wide-slot antenna with a rotated slot is pre‐
sented in [20]. The impedance bandwidth of the antenna varies with the rotation angle of
the slot and can maintain 50.2% with suitable angle. More recently, the design of a printed
wide-slot antenna for wideband applications is proposed in [21]. The antenna consists of an
E-shaped patch and E-shaped slot and achieves an impedance bandwidth of 120% (2.8 - 11.4
GHz). However, the antenna does not possess a compact profile having a dimension of 85
mm × 85 mm. A new CPW-fed tapered ring slot antenna was presented in [22]. With an
overall size of 66.1 mm × 44 mm, the proposed antenna achieved an impedance bandwidth
range of 8.9 GHz (ranging from 3.1 - 12 GHz). The actual bandwidth was, however, limited
by the distortion of radiation patterns.

In this chapter, a printed wide slot antenna that achieves a physically compact planar profile
having sufficient impedance bandwidth and omnidirectional radiation pattern is proposed
for UWB communication systems. By etching a microstrip fed rectangular tuning stub as ra‐
diating element and a tapered shape slot in the ground plane, the proposed antenna ach‐
ieved a UWB characteristics. The antenna structure is flat, and its design is simple and easy
to fabricate.

2. Antenna configuration

The geometry and configuration of the proposed antenna is illustrated in Figure 1. The an‐
tenna consists of a tapered shape slot etched out of the ground plane and a microstrip line
fed rectangular tuning stub for excitation. The tuning stub fed by microstrip line of 50 Ω
characteristics impedance is printed on one side of an inexpensive FR4 substrate of thickness
1.6 mm, with relative permittivity 4.6 and loss tangent 0.02 while the slot is etched out on
the other side. The reason for choosing FR4 substrate material is its low cost. Despite of rela‐
tively high loss tangent, the antenna fabricated on FR4 achieved moderate gain and efficient,
which are sufficient for UWB wireless communications. The slot in the ground plane con‐
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sists of two sections: the rectangular section of dimension W3 × L1 and the triangular section,
which is tapered with a slant angle α = 900 for a length L2 and has strong coupling to the
feeding structure. The distance between bottom edge of the tuning stub and lower edge of
the tapered shape slot is h. Therefore by properly selecting the slot shape and tuning stub, a
good impedance bandwidth and radiation characteristics can be achieved. The overall size
of the proposed antenna is only 22 mm × 24 mm, which can be considered as one of the
smallest UWB slot antenna found in open literature.
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Figure 1. Geometry and detailed view of the proposed slot antenna.

3. Effects of designed parameters

Based on this design, some sensitive parameters are studied numerically in order to investi‐
gate the influence of the parameters on antenna performance. In the simulation only one pa‐
rameter was varied each time, where as the others were kept constant. All simulation was
carried out by employing Zeland’s IE3D based on method of moment [23].

3.1. Effect of the tuning stub

Usually a large slot is used in a wide-slot antenna to achieve a high level of electromagnetic
coupling to the tuning stub. Therefore variation of the tuning stub shape and slot shape will
change the coupling; and thus control the impedance matching. In order to optimize the
coupling between the microstrip-line and the tapered slot, different stub shapes are studied.
The rectangular shape tuning stub is compared with four other stubs as shown in Figure 2.
Figure 3 shows the simulated return loss curves for the five different stubs. It is observed
that, for elliptical and circular shape tuning stubs, the impedance matching become very
poor due to poor electromagnetic coupling between the feed-line and tapered slot. The rec‐
tangular shape tuning stub shows a good coupling with tapered shape slot proving a wider
impedance matching for UWB application.
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Figure 2. Different tuning stub shape (a) Rectangular (b) Circular, (c) Square, (d) Elliptical and (e) Tapered.
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Figure 3. Simulated return loss curves for different tuning stub shape

3.2. Effect of slot shape

The wide-slot antenna is well-known to have wide impedance bandwidth though its operat‐
ing bandwidth is limited due to the degradation of the radiation patterns at higher frequen‐
cies [7]. Through the numerical study on different slot shapes as shown in Figure 4, it is seen
that currents flowing on the edge of the slot will increase the cross-polarization component
in the yz-plane and cause the main beam to tilt away from the broadside direction in the xz-
plane. Unlike the conventional wide-slot antenna proposed in [17], the slot in the ground
plane of the proposed antenna with tapered shape is surrounded by ground strips of small
width, which makes the antenna very compact. Moreover, introduction of the tapered slot
instead of the rectangular slot changes the electric field distribution by reducing the longest
current path and reducing the slot size. As a result, the impedance matching is much im‐
proved, especially at lower frequencies, resulting in overall enhancement of operating band‐
width as shown in Figure 5. It is also observed that high-frequency performance can also be
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improved by employing tapered slot structure, and a tapered-shape slot matched with a rec‐
tangular tuning stub can produce wider bandwidth than with a circular, elliptical, and
square-shaped slot.
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Figure 4. Different slot shape (a) Circular, (b) Elliptical, (c) Square and (d) Tapered.
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Figure 5. Simulated return loss curves for different tuning slot shape.

3.3. Effect of feed gap

The gap between the slot and the ground plane determines the matching between the feed
line and slot antenna. The effect of feed gap on the impedance matching was investigated in
[7] and [21]. It was found that by enhancing the coupling between the slot and microstrip
feed line, good impedance matching can be obtained. An optimum value of the impedance
bandwidth can be obtained for a certain optimum value of coupling. However, if the cou‐
pling increases further from this optimum value, the impedance matching becomes worse
due to over-coupling. Figure 6 shows the simulated results of the proposed antenna for dif‐
ferent feed gaps of -0.25, 0, 0.75 and 1.25 mm. It can be observed from the Figure that lower
edge frequency of the operating band is highly dependent on the feed gap, while the feed
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gap has a little effect on the upper edge frequencies. It is also observed that a feed gap of

0.75 mm can give the widest operating band with good return loss values. Table 1 is there‐

fore represents a good summary of the optimized parameters of the proposed antenna for

achieving the ultra-wide impedance bandwidth.

-35

-30

-25

-20

-15

-10

-5

0

2 3 4 5 6 7 8 9 10 11 12

Frequency(GHz)

R
et

ur
n 

lo
ss

(d
B

)

-.25mm 0mm

.75mm 1.25mm

Figure 6. Simulated return loss curves for different feed gap.

Parameter Value(mm)

W 22

L 24

W1 2

L1 10.75

w2 11

L2 7

W3 18

w 13

l 7

wf 3

α 900

h 0.75

Table 1. Optimized antenna parameters
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4. Antenna performance and characteristics

A prototype of tapered shape slot antenna with optimal parameters tabulated in Table 1 is
fabricated for experimental verification as shown in Figure 7. The antenna performance is
measured in an anechoic chamber using Satimo’s antenna measurement system and Agilent
E8362C vector network analyzer.

4.1. Input impedance characteristics and current distribution

The measured and simulated return loss curves of the proposed antenna are depicted in Fig‐
ure 8. It is seen that the proposed antenna exhibits a wideband performance from 3 to 11.2
GHz (115.5%) for -10 dB return loss value. The measured result agrees reasonably with the
simulated one across the whole operating band. The disagreement between simulation and
measurement is mainly due to the fabrication tolerance. It may also be due to the effect of
the feeding cable as the antenna is small. Despite being physically small than the antenna
proposed in [7, 13, 17, 20, 21], the antenna still achieved wide bandwidth to cover the entire
ultra-wide frequency band.
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Figure 7. Photograph of the realized antenna.
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Figure 8. Simulated and measured return loss curves of the proposed antenna.
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It is observed from the return loss curve that the proposed antenna is capable of supporting
multiple resonances. The first resonance emerges at around 3.4 GHz, the second resonance
at 6 GHz, third resonance at 8 GHz and fourth one at 10 GHz. The overlapping of these reso‐
nances, which are closely spaced over the spectrum leads to an ultra-wide operating band,
which support the principle presented in [24].

The input impedance of proposed antenna is shown in Figure 9. Though there is variation in
the frequency range from 5 - 8 GHz, it is seen in the Figure that the resistance is nearly flat
and tends to 50 Ω values while the reactance is relatively constant at 0 Ω. Moreover, at these
frequencies the measured phase of the input impedance is almost linear, which ensure that
all the frequency components of the signal have the same delay leading to less pulse distor‐
tions. It is also seen that at the higher frequency end the resistance and reactance are getting
away from 50 Ω and 0 Ω lines, respectively, i.e. the impedance matching is getting worse.
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Figure 9. Input impedance and phase of the proposed slot antenna.

The return loss curve or the input impedance can only illustrate the antenna performance as
a lumped load at the end of microstrip line [25]. The electromagnetic characteristics of the
antenna can only be understood by examining the current distributions behavior at reso‐
nance frequencies. Simulated surface current distributions on the antenna close to the reso‐
nance frequencies are depicted in Figure 10. Figure 10(a) shows the current distribution at
first resonance frequency of 3.4 GHz. The current pattern near the second resonance at
around 6 GHz is shown in Figure 10(b), representing approximately a second order harmon‐
ic. Figure 10(c) present third order harmonic at 8 GHz. Figure 10(d) plots a more complicat‐
ed current pattern at 10 GHz, corresponding to the fourth order harmonic. These current
distributions is also support the principle that the overlapping of closely spaced resonances
resulting in UWB characterization of the proposed antenna. At these four frequencies the
resonances are clearly observed on the edges of both the tapered shape slot and rectangular
tuning stub.
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Figure 10. Simulated current distributions at (a) 3.4, (b) 6, (c) 8 and (d) 10 GHz.

4.2. Radiation characteristics

Satimo Starlab 0.6–18 GHz anechoic chamber at University of Hong Kong is used for the
measurements of gain, total antenna efficiency, and radiation pattern [27]. This system uses
the near-field measurement techniques that allow measurement of electric fields within the
near-field of the antenna to calculate the equivalent far-field data of the antenna under test.
The near-field of an antenna is the area close to the antenna, where the electric charge and
electromagnetic induction effects occur. These effects fade out far more rapidly with increas‐
ing distance from the antenna (proportional to the cube of the distance) than the radiated
electromagnetic far-field that fades out proportional to the distance. Near-field effects be‐
come negligible more than a few wavelengths away from the antenna. Once the near-field
data have been measured, a Fourier transformation is used to calculate the equivalent far-
field data. The antenna, mounted on the test board, is positioned in the center of a circular
“arch” that contains 16 separate measurement probes. These probes are spaced equally apart
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along the circular surface. The antenna is rotated horizontally through 360°, and the combi‐
nation of this rotation and the array of probes allows a full 3D scan of the antenna to be car‐
ried out, allowing full 3D radiation patterns to be measured, plotted, and analyzed.
Information about antenna gain and efficiency can then be calculated from the far-field radi‐
ation pattern data. A coaxial cable was incorporated in the measurement system and the sys‐
tem was calibrated.
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Figure 11. Measured radiation patterns at 3.4 GHz and 6 GHz [solid line: co-polarization, crossed line: cross-polariza‐
tion].

Figures 11 and 12 show the measured 2D radiation patterns in two principal planes-namely,
the E-(xz) and H-(xy) planes for four resonant frequencies of 3.4, 6, 8 and 10 GHz. It can be
observed that at lower frequencies the antenna exhibit an omni-directional radiation pat‐
terns for H-plane and donut shape for E-plane with low cross-polarization field and patterns
are about the same as that of a typical monopole antenna. As the frequency increases, higher
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order harmonic introduced to patterns and both H- and E-plane become more directional
but still retain omni-directionality. Polarization purity can only be seen at low frequency re‐
gion where the cross-to-co polarization ratio is around -20 dB, in contrast to higher frequen‐
cies, where the cross-polarization is dominant especially in H-plane. The slight asymmetry
observed at higher frequencies in both in H -and E -plane may be due to the fact that micro‐
strip feed line itself act as a radiator.
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Figure 12. Measured radiation patterns at 8 GHz and 10 GHz [solid line: co-polarization, crossed line: cross-polariza‐
tion].

Figure 13 depict the measured 3D radiation patterns at 3.4 and 8 GHz. In the patterns the
red color indicates the stronger radiated E-field and the blue is the weakest ones. At low fre‐
quency of 3.4 GHz, the radiation patterns are almost omni-directional similar to a typical
monopole antenna. The radiation is slightly weak in z-direction. At the higher frequency of 8
GHz, the radiation becomes slightly directional with a null in the z-direction due to higher
order harmonics. The 3D omni-directional radiation patterns of the proposed antenna make
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it suitable for being used in different wireless communications especially in mobile commu‐
nication.

Figure 13. Measured 3D radiation pattern in xy, yz and xz-planes at (a) 3.4 and (b) 8 GHz.
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4.3. Gain and radiation efficiency

The measured peak gain of the proposed slot antenna is shown in Figure 14. From the Fig‐
ure, it can be seen that the proposed antenna achieves an average peak gain of 3.81 dBi. The
maximum realized gain is 5.4 dBi at 9.8 GHz, where the radiation patterns become slight di‐
rectional.
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Figure 14. Measured peak antenna gain.
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Figure 15. Measured radiation efficiency.

The realized radiation efficiency of the proposed antenna is shown in Figure 15. It is seen
that the fabricated antenna achieves an average radiation efficiency of 77.9% and the maxi‐
mum efficiency is 88.2%. Despite of fluctuations observed in the curves due to wider band‐
width, the proposed slot antenna achieves good gain and radiation efficiency with a
compact profile in comparison with the other reported microstrip line fed planar antennas
and is similar to those proposed in [17] and [26].
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5. Time domain behavior

Since UWB systems directly transmit narrow pulses rather than continuous wave, the time
domain performances of the UWB antenna is very crucial. A good time domain performan‐
ces is a primary requirement of UWB antenna. The antenna features can be optimized to
avoid undesired pulse distortions. For a transmitting/receiving antenna system as shown in
Fig. 16(a), the transfer function (S21 parameter) is required to have flat magnitude and linear
phase response over the operating band to minimize the distortions in the received signal
waveform and is defined as [28-30]
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In terms of this transfer function the port-to-port S21 between transmitting and receiving an‐
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where ω=2πf, f is the operating frequency, C0 is the velocity of light, (θ, φ) is the orientation
and T

→
TX and T

→
RX are the transfer functions of the transmitting and receiving antennas re‐

spectively. If S21 is measured using two identical antennas, for single polarization, the trans‐
fer can be calculated as
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The distance, R is to be derived from the S21 data itself.

The group delay is defined as the negative derivative of the phase response with respect to
frequency and usually used to evaluate the phase response of the transfer function. The
group delay gives an indication of the time delay of an impulse signal at different frequen‐
cies. Ideally, when the phase response is strictly linear, the group delay variation is zero.
The transfer functions and group delay between a pair of proposed antennas had been
measured inside an anechoic chamber with dimension of 4 m × 4 m × 8 m using Satimo’s
StarLab antenna measuring equipment. Since UWB technology employed in short range
communication systems, in the measurements the transmitting and receiving antennas are
placed face-to face at distance 0.5 m apart as illustrates in Figure 16. The measurements were
taken at different azimuth angle in xz-plane.
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Figure 16. Setup for transfer function and group delay measurement (a) schematic diagram and (b) in anechoic
chamber.
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Figure 17. Magnitude and phase of the measured transfer function.
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The magnitude and phase of the measured transfer function of the proposed antenna are
shown in Figure 17. It is observed that the magnitudes of the transfer function are relatively
smooth over the whole UWB frequency range and the variation is less than 10 dB. Linear
phase response is also observed within the frequency range from 3 - 10 GHz as depicted in
Figure 17. The measured group delay as shown in Figure 18 demonstrates relatively con‐
stant responses over the entire UWB frequency band. The average variation in the group de‐
lay is less than 1.3 ns, which corresponds very well to the phase of the transfer functions.
This small variation in transfer function indicates that the proposed antenna does not distort
the phase of the transmitted/received signals, which is a primary requirement of UWB appli‐
cations.
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Figure 18. Measured group delay of the proposed antenna.

6. Conclusion

The design of a compact printed wide slot antenna has been proposed and implemented for
ultra-wideband applications. The proposed antenna consist of a tapered shape slot and rec‐
tangular tuning stub, and fabricated onto a 22 mm × 24 mm× 1.6 mm size FR4 dielectric sub‐
strate. The measured results show that the proposed antenna achieves good impedance
matching constant gain, stable radiation patterns over an operating bandwidth of 3 to 11.2
GHz (115.5%) to cover the entire UWB. The stable radiation pattern with a maximum gain of
5.4 dBi and good time domain behaviors makes the proposed antenna a suitable candidate
for practical UWB applications.
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