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When designing printed wide-slot antennas, the shape or profile of the tuning stub is a key geometric structure that affects the
impedance bandwidth of the antenna. This article introduces a new process for designing tuning stub shapes, which are the
blended results of a diamond and a circle. By using different geometry shapes, the design could generate a series of bandwidths
with a regular trend. Detailed investigations and analysis were conducted on some key geometry parameters to explore their
impact on the impedance bandwidth of the antenna. To certify the new design method, several prototypes were simulated,
developed, and measured. The experimental and simulated results showed good agreement with each other. The results indicate
that by properly selecting various blended shapes, a BW range from 80.1 to 117.3% for a VSWR of less than 2 could be
obtained, which provides a convenient model for a wideband antenna design.

1. Introduction

Printed slot antennas have gained popularity in a wide range
of applications due to their simple structure and compact-
ness. The antennas have an intrinsically narrow impedance
bandwidth that hinders wide-bandwidth applications [1].

Several research efforts have made incremental improve-
ments to mitigate this weakness. Among the various
research investigations, widening the slot size was an
efficient approach to increase the antenna bandwidth.
The initial pioneering work focused on optimizing the
geometry of the slot shape to improve the bandwidth
[1]. Coplanar waveguide- (CPW-) fed slot antennas are
another important kind of wideband antenna. Similarly,
by appropriately designing the shape of the stub and slot,
the antenna bandwidth could be considerably optimized.
In [2], a slot antenna with a circular tuning stub and a
circular slot has been investigated, which produces a band-
width of 143.2%. Later, similar attempts were conducted
for wideband antennas [3–7].

Designing antennas to specifically obtain a preferred or
required impedance bandwidth is typically not optimal
because of its limited application; because any antenna
design heavily relies on the experience of the designers, lim-
ited application antennas are not economical. Evolution
algorithms were introduced next; they were used to ensure
the design process is more automatic and intelligent [8–13].
Instead of the evolution algorithms, which require multiple
iterations, another attempt is to build various bandwidths
using a single-design process [14–16].

Based on our previous research work in [17, 18], a
novel design method called the shape blending algorithm
is proposed when optimizing the shape of the tuning stub.
To build a rectangular slot antenna, a series of shape
transformations using a shape blending process was used.
The blending was made using a diamond and a circular
shape; the tuning stub generated a continuous set of imped-
ance bandwidths. The parametric analysis on the shape
blending coefficient is performed to explore its impact on
the antenna bandwidth.
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2. Shape Blending

Shape blending is a transformation process that changes one
shape into another via a series of intermediate steps [19],
generally interchangeable with shape morphing and shape
averaging. The process was originally developed by computer
science researchers and engineers and has been playing
an important role in the field of computer graphics and
animation. Later, the technique soon spread to other
domains [20, 21].

In this paper, shape blending is used to produce the
antenna’s geometric structures (e.g., tuning stub) that results
in various impedance bandwidths. The first step is to
determine the shape for the source and the destination, as
shown in Figure 1. The source is a circle while the destination
is a diamond.

Vertex correspondence and path interpolation are the
two major obstacles to overcome in the next two steps. If
both the source and the destination were polygons, with an
equivalent number of vertices, the vertex correspondence
process could be reduced to establish a corresponding
relationship between the vertices. Generally, the vertices
representing a shape are chosen to indicate its topological
characteristics; therefore, many correspondence methods

have been developed and investigated. In this paper, the ray
firing method is used for the vertex correspondence problem
because of its simplicity and ability to process basic geometric
shapes. As illustrated in Figure 2, the circle and the diamond
are positioned so that their centers overlap with each other.
Several rays originate from the center, and each ray intersects
with the two shapes. The two intersected points on the
same ray are paired. In this way, the vertices A1–A12 have
correspondence with the vertices B1–B12, respectively.

Once the correspondence is established, the blended
overlapping shapes can be measured using the corresponding
vertices. The computation is done by either linear interpola-
tion or some other tricky spline curve interpolation between
each pair of corresponding vertices. Therefore, this process is
called path-interpolation. From another perspective, the
method determines how a vertex An moves to the corre-
sponding point Bn. As shown in Figure 2, we adopt a basic
linear interpolation. For example, the blended polygon C
could be characterized by

C t = 1 − t A + tB = 1 − t A1 + tB1,… , 1 − t An + tBn

= C1 t ,… , Cn t ,
1

where A and B are the source (the circle) and the destination
(the diamond), respectively, and n = 12. The parameter t
reflects the blending degree between the source and the
destination, which is called the blending coefficient.

This process could be characterized by a function
using the pseudocode recorded in Algorithm 1. The inputs
of the function are two polygons, A and B, which repre-
sent the source and the destination shape, respectively.
The blending coefficient is t. Both A and B have n vertices,
A = A1, A2,… , An and B = B1, B2,… , Bn . The return
value of the function is a polygon C = C1, C2,… , Cn repre-
senting the resulting blended shape.

In the circle and diamond cases, we place both shapes in
the same coordinate frame so their centers both lie at the
origin point, as shown in Figure 3. The radius of the circle
is denoted as r. Since both the circle and the diamond are
symmetric about the x-axis and y-axis, we only consider
the first quadrant initially. A ray, y = x cos α 0 ≤ α ≤ π/2 ,
intersects with the circle and the diamond at Ai and Bi,

t = 0 t = 1

Figure 1: A circle and a diamond for the source and destination,
respectively.
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Figure 2: Illustration of the Ray firing algorithm.

Polygon shapeBlending(Polygon A, Polygon B, double t)
{

for i from 1 to n.
{

Get Ai’s coordinate xai, yai.
Get Bi’s coordinate xbi, ybi.
Calculate Ci’s coordinate: xci = (1− t)xai + txbi,

yci = (1− t)yai + tybi.
}
Construct polygon C with points Ci, 1≤ i≤ n

}

Algorithm 1: Polygon shapeBlending pseudocode.
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respectively. It is straightforward to get the coordinates of
the two corresponding vertices,

Ai

xai = r cos α,
yai = r sin α,

2

Bi

xbi=
r cos α

cos α + sin α
,

ybi =
r sin α

cos α + sin α

3

Then a blended point Ci between Ai and Bi could be
expressed as

Ci

xci = 1 − t xai + txbi = 1 − t r cos α + t
r cos α

cos α + sin α
,

yci = 1 − t yai + tybi = 1 − t r sin α + t
r sin α

cos α + sin α
4

The α value could be set to iπ/2m 0 < i <m , which gen-
erates a set of points Ci. Likewise, we could get another three
sets of points from the second, third, and fourth quadrants.
All the points build the final blended polygon C.

In this way, a series of blended results could be obtained,
as shown in Figure 4. With different values of t, a series of
blended results could be obtained, as shown in Figure 4.

3. Antenna Configuration

Figure 5 displays the basic form of the proposed antenna and
its geometry dimensions. The antenna is printed on a sub-
strate with thickness h = 0 508mm, and the relative permit-
tivity is εr = 3 66 with a size of L∗W. The rectangular slot
size is denoted as L1

∗W1. The width and the length of the
feed line are s and d + dw, respectively, which is connected
to a tuning stub with an outline rectangle in l∗w, as shown
in dashed lines in Figure 5. The feed line gap on the
ground plane is g. The shape blending method, described
in Section 2, is used to develop the geometry of the antenna
tuning stub. The tuning stub has an offset above the bottom
edge of the wide slot, which is denoted by dw.

To determine the layout parameters of the antenna,
ANSYS HFSS software is used for the simulation and optimi-
zation. The final dimensions of the developed prototype are
listed in Table 1.

4. Parametric Study

With the other geometry parameters fixed, the tuning stub
shape is provided by the t values, which primarily determines
the antenna bandwidth. Therefore, various shapes could be
constructed by varying the values of t and finally lead to the
achievement of various bandwidths. The simulations of the
proposed antennas with different t values are conducted,
and the simulated return loss results are plotted in Figure 6.
The bandwidth has a minimum when t = 0 and a bandwidth
of 4.28GHz. The bandwidth increases gradually as t changes
from 0 to 1. When t = 1 3, the bandwidth reaches a maxi-
mum of 9.64GHz, extending from 2.48GHz to 12.12GHz.
As the value of t continues to increase, the bandwidth begins
to decrease.

dw y
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Figure 5: Antenna configuration.
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Figure 4: Blended results between a circle and a diamond with a
variation of t values.
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Figure 3: Shape blending calculation between a circle and a
diamond.
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Actually, the idea behind the scene is as follows: we first
simulate the VSWR result of the circle (at t = 0) and the
diamond (at t = 1 0), whose bandwidths are 4.28GHz and
6.35GHz, respectively. The characteristic of the shape blend-
ing algorithm is that the blended result will have the proper-
ties of both the source circle and the destination diamond.
Therefore, the blending shape for 0 < t < 1 will likely result
in a bandwidth between 4.28GHz and 6.35GHz. In other
words, the bandwidth is expected to gradually broaden as
t changes from 0 to 1. When t > 1, there are two possibilities:
(a) the bandwidth will start to decrease immediately or (b)
the bandwidth will continue to increase before it decreases.
The simulated results turn out to be case b. From another
perspective, the wide slot contributes to the first and second
resonances, whereas the blended stub generates the third
one [22]. Therefore, we could see that the variation of t
has a very little impact on the positions of the first two
resonances. The coupling occurs somewhere between the
tuning stub and the ground plane. When t changes from
0 to 1.3, the impedance matching of the first two reso-
nances increases, which leads to the gradual widening of
the frequency bandwidth.

Table 2 compares the simulated bandwidths (VSWR≤ 2)
of various t values. To better illustrate the impact of parame-
ter t on the antenna bandwidth, the bandwidth results in
Table 2 are plotted in Figure 7.

Figure 8 shows the surface current distribution of the
proposed design when t = 1 3 at 2.8, 3.6, and 7.1GHz,
which are the frequencies of the three resonances, respec-
tively. From [23], the resonant modes of the antenna
heavily rely on the geometry dimension of the tuning stub.
Figure 8(a) shows the current distribution of a wire

monopole antenna with a quarter wavelength [24], and
the antenna operates in fundamental mode at 2.8GHz.
The direction of the current is the same for both the
ground plane and the stub, which means that a standing wave
is formed in this case. At higher resonances (3.6 and
7.1GHz), currents in the stub flow upward, while the
currents in the ground plane flow in the opposite directions,
as shown in Figures 8(b) and 8(c); this indicates that travel-
ling waves dominate at these two resonances.

5. Experiments

To verify the analysis, several prototypes of the proposed
antennas with a variety of tuning stubs (t = 0, 0.3, 0.6, and
1.3) were developed. Figure 9 shows the fabricated proto-
types. Table 3 lists both the simulated and the measured
bandwidths of the prototypes.

Table 3 shows that the measured impedance bandwidths
and the simulated ones approximately agree with each other.
When t changes from 0 to 1.3, the measured absolute

Table 2: Antenna impedance bandwidths using t = 0, 0.3, 0.6, 1, 1.3,
1.6, and 1.9.

t
value

Frequency
range (GHz)

Absolute
bandwidth (GHz)

fc
(GHz)

Fractional
bandwidth

0 2.42–6.70 4.28 4.56 93.86%

0.3 2.37–7.79 5.42 5.08 106.7%

0.6 2.42–8.36 5.94 5.39 110.20%

1 2.45–8.80 6.35 5.625 112.89%

1.3 2.48–12.12 9.64 7.3 132.05%

1.6 2.56–11.37 8.81 6.965 126.49%

1.9 2.57–10.62 8.05 6.595 122.06%

Table 1: Antenna geometry parameters.
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Figure 6: Simulated return loss results for different t values.
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Figure 8: Simulated current distributions at (a) 2.8GHz, (b) 3.6GHz, and (c) 7.1GHz.
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Figure 9: The fabricated antenna prototypes.
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bandwidth increases from 3.9GHz to 8.65GHz. Meanwhile,
the simulated antenna bandwidth changes from 4.28GHz
to 9.64GHz. The resulting measured VSWR curves are
compared to the simulated ones, as illustrated in Figure 10.
There are some discrepancies between the measured and
the simulated VSWR curves, which is primarily due to
real-world complications such as the SMA connector.

As shown in Figure 5, the antenna located in the x-y
plane has its normal along the z-axis. Figures 11 and 12
illustrate the normalized radiation patterns of both measure-
ments and simulations at their center frequencies, (a) 4.7, (b)
5.6, (c) 6.0, and (d) 7.4GHz, respectively. Similar bidirec-
tional radiation properties can be observed on all the patterns
in the E plane or x-y plane. In the H plane or y-z plane,

all results show comparable omnidirectional patterns.
Figure 13 shows the simulated and measured gains of the
antenna prototypes. The measured results are in reasonable
agreement with the simulated ones. The antennas offer stable
gains (2–6 dBi) across their operational bandwidth.

6. Conclusion

Various wideband antennas have been developed by using a
novel shape blending method in this article. The relationship
between a gradual antenna bandwidth broadening and the
antenna’s associated geometric dimensions, especially the
blending coefficient t, is investigated and discussed in detail.

Table 3: Simulated and measured bandwidth comparison.

t
Simulated Measured

Frequency range (GHz) fc (GHz) Fractional bandwidth Frequency range (GHz) fc (GHz) Fractional bandwidth

Antenna 1 0 2.42–6.70 4.56 93.9% 2.79–6.69 4.74 80.1%

Antenna 2 0.3 2.37–7.79 5.08 106.7% 2.80–8.46 5.63 100.5%

Antenna 3 0.6 2.42–8.36 5.39 110.2% 2.86–9.21 6.03 105.3%

Antenna 4 1.3 2.48–12.12 7.3 132.1% 3.05–11.70 7.38 117.3%
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Figure 10: Simulated and measured VSWR.
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Figure 11: Simulated and measured radiation patterns in the E plane. (x-y plane).
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Figure 12: Simulated and measured radiation patterns in the H-plane (y-z plane).
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The analysis shows that by appropriately selecting the
blending coefficient t, the proposed design can achieve the
desired bandwidth. To certify the proposed antennas, four
prototypes are simulated, developed, and measured. The
experimental and simulated results showed good agreement
with each other. We can obtain a simulated bandwidth range
from 93.9% to 132.1% and a measured one from 80.1% to
117.3%. The analysis and experimental results provide
superb wideband antenna design processes that could be
served as a wideband antenna design guide.
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