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Abstract—In this paper we develop an empirical approach to the
design of Ultra Wideband (UWB) antennas employing the Inverse
Parabolic Step Sequence (IPSS). The relationships developed can be
used to miniaturize the antenna and achieve a good impedance match
over the UWB bandwidth. The overall aim of this process is to give
a good starting point for detailed numerical optimizations. We will
illustrate the use of these formulae in three different designs of IPSSbased antennas. A low loss duroid substrate of loss tangent, tan δ,
0.0009, low relative permittivity 2.2 and thickness 1.575 mm is used
to simulate these planar monopole antennas in Ansoft High Frequency
Structure Simulator (HFSS).

1. INTRODUCTION
UWB system may be defined as any radio system that has a bandwidth,
larger than 25 percent of its center frequency or a bandwidth of
more than 500 MHz [1], with reference to a Voltage Standing Wave
Ratio (VSWR) of < 2. UWB technology has significant potential due
to its employability in radar, remote sensing, geolocation and most
importantly in high speed Wireless Personal Area Networks WPAN’s.
These short range networks typically operate within a range of < 10
meters. Speeds which extend up to one Gbps, low power usage and
minimum interference levels are the promising features. A 7.5 GHz
spectrum, i.e., from 3.1 GHz to 10.6 GHz has been opened for UWB by
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the Federal Communications Commission (FCC) since 2002 [2] whereas
European Commission has allowed 6.0 GHz to 8.5 GHz bandwidth.
The two contesting radios for UWB application are multiband
orthogonal frequency division multiplexing, MB-OFDM, and Direct
Sequence, DS UWB. For MB-OFDM, the spectrum is equally divided
into 14 sub-bands of bandwidth 528 MHz each [3]. A first generation
MB-OFDM device is designed to frequency hop with equal probability
in the first three sub-bands centered at 3432, 3960 and 4488 MHz. On
the other hand, DS-UWB is supposed to work in two bands only, i.e.,
low band and high band. The low band covers 3.1 to 4.9 GHz part
of the spectrum whereas the high band covers 6.2 to 9.7 GHz. A first
generation DS-UWB transceiver operates in the lower frequency band.
Depending on the communication system requirements, the
antenna has to be designed with certain features. UWB antennas
may require not only impedance matching but also phase linearity for
minimum distortion of the input pulse. In addition, low cost and ease
of manufacturing are the other important points. Last but not the least
is the size of the antenna. This is important not only because of ease
of portability or space constraints, but also that relatively large three
dimensional monopole-like UWB antennas have high electric near fields
which cause unwanted coupling to the nearby objects [4, 5]. Not only
the antenna but also their feed networks can have adverse effects. UWB
antennas having an unbalanced feed network can experience significant
coupling even from any high-dielectric objects in the near vicinity [6].
The shortcomings which give rise to unwanted coupling are
not present when compact planar UWB antennas are employed.
These antennas form a specialized class which have been researched
extensively in literature [1, 5, 7–18]. Being planar and small size they
are easily packaged into a communication device. For feeding the
planar monopole antennas either microstrip line or CPW have been
commonly employed in the existing literature. The CPW has an
advantage of lower loss over the microstrip line. In addition, shunt
and series connections can be made on the same side as the antenna
in CPW, avoiding via or holes in case of the microstrip line [17].
In two recent conference papers [19, 20] the authors had proposed
two UWB antennas. In [19] an antenna geometry suitable for UWB
application is presented via the use of an Inverse Parabolic Step
Sequence (IPSS). A smaller physical size is demonstrated in [20] where
the authors further the concept of IPSS. In this paper we will discuss
the measurement results of these two IPSS UWB antennas. We
will discuss the miniaturization process and propose a new antenna
resulting from further miniaturization.
The rest of this paper in organized as follows. Section 2 discusses
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the measurement results of the antennas whose simulation only results
have been presented in [19, 20]. Section 3 will give details about
an empirical miniaturization process and present a new antenna
which results from this process. Section 4 discusses an electrical
miniaturization limit of the IPSS based antennas. Finally Section 5
will conclude the paper.
2. IPSS ANTENNAS: SIMULATION VS.
MEASUREMENTS
Previously we presented UWB antennas which are physically as well
as electrically small. The largest dimension of the antenna element
presented in [19] is 0.27λ whereas the largest dimension of the antenna
in [20] is 0.16λ. The reference λ is the wavelength of the UWB
frequency at 3 GHz.
For the antennas feed we use conventional coplanar waveguide
(CPW). We then employ our proposed curve sequence in the transition
region from the CPW feedline to the main radiating element. The total
number of resonant frequencies increases in the VSWR response when
we use multi-point curves instead of straight lines and hence the overall
match improves. The preference of curves over straight lines to enhance
the impedance bandwidth has been clearly demonstrated by Kan et al.
in [21]. They proposed novel planar CPW fed yagi antenna whose
driven as well as director elements are elliptically shaped instead of
being linear to improve the VSWR bandwidth. Similarly, Mehdipour
et al. [22] proposed yet another CPW fed planar UWB antenna. The
transition region connecting CPW to the main radiation element is
a tapered structure formed by ellipses for an enhanced match. The
antennas in Fig. 1 are simulated and fabricated on low loss duroid
5880 substrate of relative permittivity 2.2 and tan δ = 0.0009. The
characteristic impedance of the CPW for both the antennas is 50 Ω.
The IPSS antenna [19] is shown in Fig. 1(a). The dimensions are
27.1 mm × 30 mm × 1.575 mm. The parabolic step generating sequence
marked as 1–4 on the antenna has the following set of equations:
y1 (x)
y2 (x)
y3 (x)
y4 (x)

= x2 +√3.31,
= 0.25 x + 11.77,
2
=x
√ − 13.15,
= x + 11.31,

2.7 ≤ |x| ≤ 2.982
2.982 ≤ |x| ≤ 5.048
5.048 ≤ |x| ≤ 5.170
5.170 ≤ |x| ≤ 7.115

(1)

The central feed of the waveguide is 3.62 mm × 10.6 mm and is
separated from the ground planes by 0.39 mm.
The Reflected IPSS antenna [20], is shown in Fig. 1(b). The
dimensions are 16 mm × 16 mm × 1.575 mm. Again it has a parabolic
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Figure 1. (a) IPSS Antenna. (b) Reflected IPSS Antenna
step generating function set given as follows:
yA (x) =
yB (x) =
yC (x) =
yD (x) =

x2 − 0.65,
√
0.833 x + 6.668,
x2 − 25.61,
√
1.614 x + 6.159,

2.5 ≤ |x| ≤ 2.958
2.958 ≤ |x| ≤ 5.856
5.856 ≤ |x| ≤ 5.975
5.975 ≤ |x| ≤ 7.933

(2)

Reflection of the entire set of curves given by Equation (2) in the
horizontal line y = 10.70 then yields the curves marked as A0 -D0 . The
central feed of the waveguide is 3.74 mm × 5.6 mm and is separated
from the ground planes by 0.33 mm.
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Figure 3. Reflected IPSS UWB
antenna: Simulation vs. Measurement.

The input VSWR measurement vs. simulation results for the
antennas are given in Fig. 2 and Fig. 3. As can be observed the
simulation and measurement results are in close agreement. For the
IPSS antenna, previously reported performance was for the frequency
range 3–16 GHz, whereas now the simulation and measurement results
both show an extended match up to at least 20 GHz. The connector
used is a standard sma pcb with maximum operational frequency of
18 GHz.
The choice of Rogers duroid 5880, which is PTFE-based low
relative permittivity and low loss substrate, is made to ensure minimum
dispersion and losses, over the entire impedance bandwidth, in general,
and higher frequencies in particular. A different CPW feedline-toantenna transition region geometry would be required to provide the
same impedance match for a different substrate because of different
relative permittivity and loss tangent. Quite expectedly, the Reflected
IPSS geometry when simulated on epoxy based FR-4 substrate
(relative permittivity 4.4 and loss tangent 0.02) shows predominant
mismatch over the same bandwidth. The IPSS method when applied
to a different substrate would yield a different set of equations. The
equations in that case would have same alternating exponents of x
as in Equation (1), i.e., 2 and 1/2 but the coefficients/stretch-factors
and constants/y-intercepts would be different to achieve the same
match. For the antennas in Figs. 1(a) and (b) these coefficients of
exponents and the corresponding constants are derived after exhaustive
simulations runs. However, from the trends observed in the coefficients
and constants of these two antennas we aim to predict the ranges of
these coefficients and constants for subsequently miniaturized antennas
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on duroid 5880 substrate. Of course, the empirical miniaturization
analysis of other IPSS-based UWB antenna families fabricated on
different substrates would yield distinct ranges of these coefficients and
constants.
3. MINIATURIZATION PROCEDURE
Miniaturization of UWB antennas is clearly important for many
applications. Here we derive empirically based formulae to enable
the size of our reference antenna to be reduced and still maintain a
reasonable input VSWR. We take as our reference the geometry of
Reflected IPSS antenna shown in Fig. 1(b). UWB Antenna elements
formed entirely by a single type of mathematical function have been
presented mostly in the literature [23–26]. A further miniaturization
of these antennas has not been reported. Little has been presented
in literature on the underlying procedure of impedance matching and
miniaturization. In this section, we present an empirical procedure
inferred from the design of inverse parabolic step antennas. The
purpose of this procedure is to produce an initial geometry which is
close to optimal to minimize numerical simulation complexity and time.
We will then apply it to propose a new UWB antenna from the IPSS
family to verify the application.
3.1. Useful Empirical Ratio and Values
3.1.1. CPW Feed
As a starting point, a square substrate is assumed (later detailed
numerical analyses can result in a slightly off-square geometry). Refer
to Fig. 1, if we define wa as the width of the antenna and lf as the
length of the central feed of the CPW then we have found that an
optimum impedance match occurs in the region of,
lf
≈ 0.35
(3)
wa
As wa = 30 mm and 16 mm for the experimental models of the IPSS
and Reflected IPSS antennas respectively, the values of lf for these
designs according to the above equation should be 10.5 mm and 5.6 mm.
As can be observed in Fig. 1, these values are in close agreement (< 1%)
to the actual values of 10.6 mm and 5.6 mm (resulting from detailed
numerical optimization).
The empirical ratio given by the Equation (3) holds true for IPSS
based antennas only. However, there is another family of CPW fed
square shaped planar UWB antennas reported by Kim et al. [1, 27]
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where a different ratio of wfa has been used. Although not explicitly
reported by the authors, for their proposed family of antennas a
l
constant value of wfa ≈ 0.27 has been used. Now recently, the authors
of [28] have proposed another antenna from the same family as [1, 27]
but using a different substrate. Quite interestingly, they have used
l
nearly the same ratio of wfa = 0.26. This implies a generalization for
l

the existence of a constant ratio of wfa for a particular family of CPW
fed UWB antennas. Due to the complex electromagnetic nature of the
devices an analytic proof of this is not trivial.
The CPW center feed line to the side ground separation for IPSS
and Reflected IPSS antennas have been kept at 0.33 and 0.39 mm. In
later simulations we had found that increasing this distance to 0.59 mm
maximum did cause an improvement in the VSWR performance of
these antennas. Moreover, the separation of the main radiating element
from the ground planes should be close to 0.4 mm. The width of the
central feed should be kept in the range 3.6–3.8 mm. Following the
central feed a small horizontal straight line, marked as n on Figs. 1(a)
and (b), of length 0.6–0.9 mm should be used.
3.1.2. Inverse Parabolic Step Sequence
Determining the IPSS is important not only for impedance matching
but also for the overall length of the antenna. The empirical approach
to selecting initial design of antenna is based on the study of the
functions in Equations (1) and (2) and the straight lines which connect
the start and end points of these curves.
The layout for the empirical approach to select the parabolic
sequence is illustrated in Fig. 4 and Fig. 5. We start by considering
the straight line L0 connecting the start point of the first curve, i.e.,
ya to the end point of the last curves, i.e., yd . According to the
conventional equation of a straight line, y(x) = mx + c, the slope,
m0 , of this line should lie in a specific range. This slope range is
predicted from the trend present in the slopes of similar lines in the
IPSS and Reflected IPSS antennas. For an antenna smaller than the
reference geometry, m0 should be ≥ 1. Now consider the equation
set (1) and (2). Here again, we get, by observing the trends in the
slopes of the lines connecting start and end points of each curve in
these two equations, the ranges for the slopes of similar lines in smaller
antennas. For an antenna smaller than our reference antenna, i.e.,
the Reflected IPSS antenna these slope ranges in order should be:
ma = 5.4 − 5.5, mb = 0.2 − 0.3, mc = 8 − 10 and md = 0.3 − 0.4.
As can be observed that there are only two type of functions,

376

Saleem and Brown

√
i.e., y = x2 + α and y = τ x + θ alternating in both the equation
sets (1) and (2). We can determine the length of the central feed from
Equation (3) and by keeping its width in the prescribed range we can
derive P0 (x0 , y0 ) the coordinates of the initial point of the first curve.
These coordinates give us the value of α and c. Solving these equations
will yield the coordinates of the end point of the first curve/start point
of the second curve in the set. Moreover, the approximate formulation
yd
md

m

c

L0
yc

b

m

yb

a

m

m0
ya
P0 (x 0 ,y0 )

Figure 4. Empirical approach to calculating the Inverse Parabolic
Step Sequence.
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predicts the values of τ as ≥ 1 for the second curve and ≥ 1.7 for
the fourth curve. Having known the start points and the equations
of curves and straight lines connecting the ends, we can solve for the
entire parabolic step sequence. We will then check whether the slope
m0 is ≥ 1. As a variant, a partially reflected geometry is then chosen
for the main radiating element as shown in Fig. 5. This is discussed in
the following sub-section.
3.2. Further Miniaturized UWB Antenna: Application of
the Empirical Design Rules
To show the utility of our proposed miniaturization empirical rules and
formulation, we will propose an antenna smaller than our reference
geometry of Fig. 1(b). Starting with an antenna size of 12 mm ×
12 mm × 1.575 mm, we get from Equation (3) the length of central
feed, lf = 4.2 mm. Following the procedure in sub-section 3.1 we
choose an initial value of the central feed width as 3.6 mm, ground to
feed separation at 0.5 mm and distance of the radiating element from
ground planes at 0.4 mm. From these, we get the ground planes width
and the coordinates of the start point, P0 (x0 , y0 ) of the IPSS. From
the empirical projection ranges we keep the values of line slopes as
ma = 5.4, mb = 0.26, mc = 8.9 and md = 0.40. We also select values
of τ = 1 for the second curve yb and τ = 1.8 for the fourth curve yd .
The equation of the sequence becomes:
ya (x) =
yb (x) =
yc (x) =
yd (x) =

2
x
√ − 2.05,
x + 4.505,
x2 −
√ 12.656,
1.8 x + 3.878,

2.5 ≤ |x| ≤ 2.872
2.872 ≤ |x| ≤ 4.388
4.388 ≤ |x| ≤ 4.501
4.501 ≤ |x| ≤ 5.912

(4)

The antenna is shown in Fig. 5. The sequence is marked as a-d on the
antenna. It can be observed that curves b, c and d are reflected in the
line y = 8.16 to form curves b0 -d0 .
A final step is to complement the antenna geometry by optimizing
the angle θ or the slope tan θ of the line rq shown in Fig. 5. Considering
line rq, if point r is fixed and q is moved along the top edge of the
substrate this varies the angle θ. When q is at the top right corner
of the edge, the line rq (and its reflected image in the y-axis or the
line x = 0) would form a pi/trapezium top section of antenna. At this
point θ = 31.1◦ . As q moves from the top right corner to the mid-point
of the top edge of the antenna, line rq (and its reflected image in yaxis) would form a pointed/triangular top section of the antenna. At
this point θ = 146.7◦ . An optimum angle θopt = 59.1◦ is achieved for
best impedance match from the range 31.1◦ –146.7◦ as shown in Fig. 5.
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Figure 6. VSWR performance of π-hat IPSS Antenna.
From here we get the equation of the optimized straight line rq given
as below:
y (x) = 1.67x + 5.319, 2.872 < x < 4
The resulting section of the antenna forms a π-hat shape. The
VSWR of the antenna is shown in Fig. 6. A VSWR < 2 over a
frequency range of 4.2–15 GHz can be observed. If, instead of using this
partially reflected geometry, we use purely reflected or scaled geometry
as in case of Fig. 1(b), a 12.8% reduction in percentage bandwidth is
observed as shown by Fig. 6.
4. AN ELECTRICAL MINIATURIZATION LIMIT
It can be calculated that the Reflected IPSS antenna is 0.16λ with
reference to its lowest operating frequency of 3.0 GHz and has a
percentage bandwidth of 127.3%. The π-hat antenna is 0.168λ
(increase of 5%) and has a percentage bandwidth of 112.5%. As
expected, we achieved miniaturization at the cost of percentage
bandwidth [22] as lowest matched frequency has moved from 3.0 GHz
to 4.2 GHz. As the dimensions of the Reflected IPSS antenna are
16 mm × 16 mm × 1.575 mm or its volume being 403.2 mm3 and the
dimensions of the π-hat antenna are 12 mm × 12 mm × 1.575 mm
or its volume being 226.8 mm3 , it is a reduction in volume by an
amount of 43.75%. However, a physical size reduction by an amount
of 43.75% as compared to a loss in percentage bandwidth of 14.8% is a
reasonable compromise. In another study to further establish the limit
of electrical miniaturization for this family of antennas, an antenna size
of 8 mm × 6 mm × 1.575 mm with same substrate was again simulated
in HFSS. The lowest matched frequency in this case was found to be
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6.0 GHz reinforcing the figure of 0.16λ. This is indicative of a lower
miniaturization limit of 0.16λ for IPSS based antennas.
5. CONCLUSION
In this paper we present an empirical approach to the miniaturization
of IPSS based UWB antennas. The approach is derived from the
study of the parabolic curves and the lines which subtend them. The
empirical formulae derived for the IPSS class of antennas have been
applied to produce a more compact form, termed as the π-hat IPSS
antenna. In this paper we have also given a lower limit to the electrical
size of the IPSS based antennas.
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