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Abstract— In this paper three different empirical
techniques, for design of wideband U-slot microstrip
patch antennas on infinite, grounded substrates (εr

= 1.0, 4.0, and 6.15), has been studied extensively.
Methods I and III, developed by the present authors,
commonly utilize the property of dimensional invariance
in designing the radiating patch of the U-Slot microstrip
antenna. These two methods use empirical (quadratic)
curve-fit equations, and formulas for design of probe-fed
rectangular patches, respectively, to initiate the corre-
sponding probe-fed U-Slot patch designs. The second
(method II) approach, published earlier by different
authors, principally utilizes the distinction between
four resonant frequencies and calculates the various
dimensions associated with the U-Slot patch radiator.
The initial U-slot designs from the three empirical
techniques have been further optimized for enhanced
bandwidths via: (a) parametric simulation, and (b)
built-in global optimizers such as Powell and Genetic
algorithms in the commercially available microstrip
CAD software, IE3D. Extensive analysis, based on: (a)
comparison of the three empirical design algorithms
(methods I, II and III) , and, (b) impedance behavior
(and VSWR characteristics) of U-slot antennas on low,
medium and high permittivity substrates, show that
method III is generally superior to methods I and II.
Additionally, since the overall U-Slot patch dimensions
follow the relation W

L ≈ 1.385 (methods I and III), and,
W
L ≈ 2.0 (method II), U-Slot designs via methods I

and III have lower cross-polar levels in the principal
(φ = 0◦, 90◦) planes compared to those obtained via
method II.

I. INTRODUCTION

Microstrip antennas are an extremely popular
choice for wireless applications due to their low-
profile, ease of fabrication and integration with RF
circuitry [1], [2]. However, conventional probe-fed,
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microstrip patch configuration antennas suffer from
low bandwidth characteristics. Recently, wideband
impedance characteristics were achieved by properly
etching a U-shaped slot on the metallic surface of the
rectangular radiating patches, as in Fig. 1, on both
foam [3] and microwave substrates [4]. (In this paper
bandwidth of an antenna is dictated by the range of
frequencies for which the return loss is ≤ -10 dB).
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Fig. 1. Physical topology of probe-fed, wideband, U-slot mi-
crostrip antenna on microwave substrate. The dimensions shown
here are independent of the coordinate system; the probe location
however, is defined w.r.t the coordinate system which is located
at the center of the rectangular patch. Note that the U-Slot is also
located symmetrically with respect to the origin. In this paper the
probe has a radius rp and is located on the x-axis i.e., yp = 0,
and, F= L

2
+ xp as shown here.

While no analytical models are available to de-
scribe the working of this novel U-slot microstrip an-
tenna configuration, two different empirical methods
to initiate the design of wideband U-slot antennas
were presented in [5] and [6]. The subject of this
investigation is to present a comparative analysis of
these empirical techniques to design wideband U-slot
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microstrip antennas.
The empirical technique in [5] is based on dimen-

sional invariance relationships observed in the U-slot
geometry, and some empirical design equations. The
design equations in [5, Section VI] were developed
for specific substrate permittivities and thicknesses.
The method in [6], which has been described here in
subsection V. B for the sake of completeness, assumes
the existence of four distinct resonant frequencies to
determine the dimensions of the U-Slot. However, the
applications of these equations were carried out on U-
slot antenna on low permittivity (εr = 2.2) dielectrics
only.

For most cases, the U-slot antenna geometries de-
signed via the empirical techniques documented in [5]
and [6] need to be further optimized, through the use
of CAD tools like IE3D [7], for achieving the desired
wideband impedance bandwidth behavior. The ability
of these empirical techniques to generate initial U-slot
antenna geometries, which can be rapidly optimized
using the global optimizer sub-routines in IE3D is
presented in [8]. The results indicate that the empirical
technique in [5] generates initial U-slot antenna de-
signs, which are more suitable for rapid optimization
via IE3D. Extensive parametric modeling results are
also presented in [5], [9] and [10] to aid designers
in the selection of parameters for rapid optimization
of initial U-slot antenna geometries. While the use
of parametric modeling results is advocated in [6,
Section V] for further optimization of the U-slot
antennas, no methodology/procedure is available.

Apart from these results, the capabilities of built-
in optimizers in IE3D, namely Genetic, Powell and
Random algorithms, for rapid optimization and gen-
eration of wideband U-slot topologies are documented
in [11]. The results reported in [11] are restricted
to optimization of initial U-slot antennas designed
via empirical method in [5]. A systematic approach
to setting up the optimization simulations on IE3D
is also described therein. The effects of dielectric
permittivity and thicknesses on the performance char-
acteristics like impedance bandwidth, gain etc., of the
U-slot antennas on low, medium and high substrate
permittivities are examined in [12]. These results
enable a designer to select an optimal combination of
substrate permittivity (εr) and thickness (h) - given
a center frequency of operation (fr) of the U-slot
antenna. Such optimal selection would lead to reduced
optimization cycle time.

One of the main purposes of this investigation, in
addition to comparative analysis, is to present a third
empirical technique for the design of wideband U-slot

antennas, that is distinct from [5], [6]. A comparative
analysis of the capabilities of the three empirical
methods to generate initial U-slot antenna geometries,
which can be rapidly optimized with minimum num-
ber of optimization cycles, is also investigated in this
paper, including some appropriate case studies. To
that end, parametric ([5], [9], [10]), and global opti-
mization techniques, with the commercially available
CAD software IE3D [7], are used for a comparative
assesment of the three empirical design techniques.

The scope of the results presented here are re-
stricted to probe-fed, single-layer U-slot antenna ge-
ometries on infinite grounded substrates, modeled and
simulated using CAD tool IE3D. The capabilities of
the global optimizers namely Genetic, and Powell
optimizers are restricted to their implementations in
IE3D [7]. Since optimization is an open-ended pro-
cess, the procedure is stopped after achieving the de-
sired wideband impedance characteritics. Therefore,
in some cases, these designs could be modified for
further enhancement of bandwidth characteristics.

The empirical equations for the resonant frequen-
cies in [6] and [13] have been validated for low
permittivity substrates in [14]. The third empirical
technique (method III), described in Section III of this
paper, employs the algorithm developed in [15] based
on the information in [2]. The outline of the remainder
of the paper is described next.

The basic problem of wideband U-slot antenna de-
sign is presented in Section II. The detailed algorithm
of the proposed technique (i.e. the third empirical
technique), to initiate the design of wideband U-slot
antennas, is presented in Section III. The methodol-
ogy followed to initiate the design of wideband U-
slot antenna geometries via the different empirical
techniques is outlined in Section IV. Three design
examples are presented in Section V, to illustrate the
abilities of the three empirical methods to initiate
the design of wideband U-slot antennas. The results
of simulation performance of the these initial U-slot
antennas are discussed in Section VI. The step-by-step
procedure used to optimize the initial U-slot antennas
to achieve wideband impedance charcteristics is also
described in this section. Finally, the results of the
paper are summarized in Section VII, followed by the
list of relevant references.

II. PROBLEM DESCRIPTION

The problem associated with wideband microstrip
designs as discussed in [5, Section III], concerns
forming a loop in the input (Zin) impedance on the
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Smith chart. The loop should lie within the VSWR
≤ 2 circle, and most of the frequencies should be
contained by the loop. All empirical techniques, fol-
lowed by appropriate optimization schemes, are solely
concerned in generating a U-slot design that closely
satisfies this criterion.

The technique in [5, Section VII] relies on empir-
ical design equations derived with specific substrate
permittivity (εr) and thickness (h). However, it is quite
impractical to derive similar equations for all possible
εr and h combinations. Therefore, the applicability
of these relations over all practical values of εr and
design center frequency (fr) remains very tedious.

The information gleaned from the review of [5]
suggests seeking an alternate method to the design
of U-slots that is much more straightforward; thus
a possible alternate approach has been described in
Section III.

The method in [6] is based on resonant frequency
equations obtained via parametric simulations on U-
slot antenna geometries on low permittivity (εr =
2.2) dielectrics. The applicability of these equations
to design wideband U-slot antennas on medium and
high permittivity dielectrics has not been documented.
Also, the algorithm presented in [6, Section III] may
generate non-physical and ambigous values for certain
values of input specifications. (This aspect of the
algorithm is further explored in Section V).

An empirical technique which generates the desired
wideband impedance results with the least number
of optimization cycles may be considered superior
to others. This observation forms the basis of the
comparative analysis. In this investigation, the number
of optimization cycles may be characterized/identified
on the basis of the following features:

• Number of optimization variables required.
• Range of optimization required in the variable.
• Optimization time.

III. AN EMPIRICAL PROCEDURE FOR WIDEBAND

U-SLOT ANTENNA DESIGN (METHOD III)

The empirical method in [5] relies on derived
empirical formulations to obtain W

h ratio, and the sub-
sequent use of dimensional invariance relationships
to design the U-slot antennas. As mentioned earlier,
derivation of these empirical equations for every prac-
tical substrate permittivity and thickness combinations
becomes quite cumbersome. The proposed empirical
technique employs semi-analytical techniques [1, ch.
4], [2] to design a rectangular patch geometry, and

subsequently uses the dimensional invariance rela-
tionships to design a U-shaped slot on the radiating
rectangular patch.

To that end, cavity model based, custom built Fast
Iterative Code (FIC) [15] is utilized to obtain the
dimensions of the rectangular patch following the
appropriate information in [2]. The algorithm of FIC
[15] is briefly described below.

(i) Select the substrate permittivity (εr), thickness
(h) and operating frequency (fr) for the design
of rectangular patch. The information presented
in [14] may be used in the optimal selection of
εr, h. In addition, the total number of iterations
ITMAX is also required as input.

(ii) To account for the fringing effects, a slightly
higher frequency for ≈ 1.25fr is chosen and
the resonant length (L) of the radiating patch
is calculated via the formula:

L =
c

2fo
r
√

εr
. (1)

A nominal patch width W≈ 1.5×L is also
selected in order to facilitate the working of the
FIC algorithm.

(iii) The effect of fringing fields on the resonant
length of the rectangular microstrip antenna are
calculated as

∆L =
0.412h[εeff(W ) + 0.3](W

h + 0.264)
[εeff(W ) − 0.258](W

h + 0.8)
,

(2)
where the effective relative permittivity

εeff(X) =
εr + 1

2
+

εr − 1

2
√

1 + 10h
X

, (3)

and the symbol X ⇒ L or W, in (3).
(iv) The resonant frequency of the rectangular patch

is now computed via (Hammerstad’s)[1, p. 267,
Eq. (4.28)]

fH =
c

2(L + ∆L)
√

εr
, (4)

and (James’s)[1, p. 267, Eq. (4.31)]

fJ =
fo

r εr

(1 + X )
√

εeff(L)εeff(W )
(5)

empirical formulas, where,

X =

(
h

L

)[
0.882 +

(0.164(εr − 1)
ε2
r

)

+
εr + 1
πεr

(
0.758 + ln[1.88 +

L

h
]
)]

.(6)
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(v) Having computed fH and fJ the algorithm
checks for the condition

min(fH , fJ) ≤ fr ≤ max(fH , fJ). (7)

In [2] it has been shown that the measured
resonant frequency, defined by �m(Zin) = 0,
remains bounded by these two limits for low
and moderate permittivity substrates. (For high
permittivity substrates, resonances may not oc-
cur if the substrate thickness is too large. In that
case the frequency at which the VSWR is the
lowest may be considered to satisfy (7)).

(a) if the condition (7) is satisfied, the proce-
dure stops, and resonant length L of the
rectangular patch is thus found.

(b) if however, fr < min(fH , fJ), then a new
frequency for ⇒ for −0.05×fr, with for given
in step (ii), is selected and the procedure is
repeated till the condition in (7) is satisfied.

(c) if fr > max(fH , fJ), then a new frequency
with for ⇒ for + 0.05 × fr, with for given
in step (ii), is selected and the procedure is
repeated till the condition in (7) is satisfied.
In the steps (a) to (c) fr is the original
operating frequency as in step (i). If the
conditions (v) (a), (b) or (c) are not sat-
isfied in the total number of iteration steps,
ITMAX, then the algorithm stops.

(vi) The patch resonant length L and width W ≈
1.5 × L are obtained whenever (7) is satisfied.

The U-slot design now proceeds with the knowl-
edge of the broader dimension W as in Fig. 1. Note
that the patch resonant length, L, is redundant in
the design of the U-slot. With the knowledge of W,
the dimensional invariance properties [5, Section IV,
Table I] are employed to obtain initial design of the
U-slot.

In the process of obtaining the complete U-slot
dimensions via the dimensional invariance relations,
it was observed that W

L ≈ 1.385, where L is the
overall length of the U-slot as shown in Fig. 1, and
is distinct from the length L obtained earlier for
the rectangular patch from the Fast Iterative Code
[15]. An alternate approach would be to apply W
= 1.385 L, in step (vi) in the preceding algorithm
and then obtain the complete U-slot antenna geometry
via the dimensional invariance relations. However, this
alternative approach is not pursued in this paper.

Having obtained the complete set of dimensions,
this antenna is then modeled and simulated via com-
mercial CAD tool IE3D (or equivalent). Based on the

location and size of the impedance locus obtained
on the Smith chart, the antenna geometry is further
optimized for wideband performance. Note that, with
the exception of the procedure used to obtain the
dimensions of the width of the radiating patch, all
the steps (to generate the location and dimensions
of a U-shaped slot) are common to methods I and
III. However, it must be emphasized that both these
empirical methods produce different set of dimensions
of the U-slot antennas.

The criteria h
√

εr

λ ≈ 0.1, 0.12, 0.14 and 0.18 [12]
are used to obtain initial values of substrate permittiv-
ity (εr) and thickness (h), to design wideband U-slot
antennas on air (εr = 1.0), low (εr ≈ 2.94), medium
(εr ≈ 4.5) and high (εr ≈ 9.8) permittivity dielectrics,
respectively. These choices of inputs, satisying the
above criteria were observed to have small overall
optimization cycles [12].

IV. METHODOLOGY

A brief description of the empirical techniques used
to initiate the design of wideband U-slot antennas are
presented in this section. Methods I and III essentially
are based on [5] and Section III, respectively, hence
are omitted here for brevity.

In [6], the effect of variation of : (a) the length
of the vertical arms of the slot (Ls - t), lengths
of (b) the horizontal arms of the slot (Ws), and
(c) the rectangular radiating patch (L), on the res-
onant frequencies (assuming four distinct resonant
frequencies occur) are documented for U-slot antenna
on low (εr = 2.2) permittivity substrate. Based on
the observation of these specific parametric modeling
results, empirical equations are dervied for each of the
last three resonant frequencies of the U-slot geometry.
These formulas, coupled with equations in [1, ch.
4, pp. 266 - 268] to design probe-fed, rectangular
microstrip antennas, are used to obtain a complete set
of dimensions of U-slot antenna geometry. However,
as the empirical formulas for resonant frequencies are
based on parametric studies of U-slot antenna on low
permittivity (εr = 2.2) dielectrics, their applicability
to initiate the design of wideband U-slot antennas on
other (medium or high) permittivity dielectrics remain
unknown. The details of implementing the empirical
design algorithm [6, Section III], and its validation,
are included in Section V. B of this paper.

The wideband U-slot microstrip antenna may be
considered as a structural perturbation to the classical
probe-fed, rectangular microstrip patch. Therefore,
once a rectangular patch antenna is designed via any
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of the analytical methods in [1, ch. 4], a U-shaped slot
may be etched on the surface of the radiating patch.
This is the basis of a third (method III) empirical
method to initiate the design of wideband U-slot
antennas as presented in Section III. The location and
size of the slot on the radiating patch are obtained
from the dimensional invariance relations presented
in [5, Section IV]. The salient features of the three
empirical techniques are summarized in Table I.

TABLE I

SUMMARY OF EMPIRICAL TECHNIQUES TO INITIATE DESIGN

OF WIDEBAND U-SLOT MICROSTRIP ANTENNAS

Method Basic Concepts & Features Reference Inputs Re-
quired

I Empirical design equations
to calculate W

h
ratio and

dimensional invariance re-
lations.

[5] εr , h, fr

II Empirically derived reso-
nant frequency formula of
the U-slot geometry and
rectangular microstrip an-
tenna design equations in
[1, ch. 4, pp. 266 to 268]

[6] εr , h, fr , %
bandwidth,
(Ls−t)

W
ratio

III Design rectangular patch
microstrip antenna via ana-
lytical models in [1, ch. 4].
A U-shaped slot is cut on
the surface of the radiating
patch using dimensional in-
variance relations [5]

Section
III, this
paper

εr , h, fr

The initial U-slot antenna geometries obtained from
the three empirical techniques may require further
optimization to yield wideband impedance behavior.
These initial U-slot antennas are modeled and simu-
lated assuming infinite, grounded dielectrics via IE3D
[7]. Based on the impedance behavior of each of
these initial U-slot topologies, they were optimized
for further bandwidth enhancement. The optimization
of these initial U-slot antennas designed via the three
empirical techniques were carried out by the following
two approaches.

(a) Use of parametric simulation results in [5,
Section V], [9] and [10] in the selection of
optimization parameters, and subsequent vari-
ation of these parameters to generate wideband
impedance behavior.

(b) Selection of optimization variables based on the
parametric modeling results in [5, Section V],
[9] and [10] and use of global optimizers in
commercial CAD tool IE3D, namely Genetic,
Random and Powell optimizers [7] to generate

wideband radiators.

The immediately preceding steps (a) and (b) together
form the central part of this investigation as presented
in this paper. Results corresponding to steps (a) and
(b) are included in Sections VI A and B, respectively.

The ability of the three empirical methods to gen-
erate initial U-slot antenna geometries, which can
be rapidly optimized via these two approaches is
illustrated with some design examples in the ensuing
section.

V. CASE STUDIES AND DESIGN ISSUES

This section documents the capabilities and limi-
tations of the three empirical methods to initiate the
design of wideband U-slot antennas, via the following
design examples.

• Design Example (a): εr = 1.0 and fr = 0.9 GHz
• Design Example (b): εr = 4.0 and fr = 3.26 GHz
• Design Example (c): εr = 6.15 and fr = 2.4 GHz

In all the three examples U-slot antennas exhibiting
2:1 VSWR bandwidths ≥ 20% are considered wide-
band radiators.

A. Design Using Methods I and III

Applying the criteria h
√

εr

λ ≈ 0.10, 0.14 and 0.16
[12], substrate thicknesses (h) of 33.31 mm, 6.45 mm
and 7.56 mm were chosen to initiate the design of
U-slot antennas, for design examples (a), (b) and (c),
via empirical method in [5] (or method I). Here λ
corresponds to the respective design frequencies (fr)
of the design examples. Since no formulations exist
to initiate the design of U-slot antennas for design
example (a) via method I at h = 33.31 mm, the
empirical equations derived for εr = 1.0 and h = 18.0
mm [5, Table II] were used to obtain the W

h ratio.
As indicated earlier, this is one of the difficulties of
method in [5]. Similarly, empirical equations derived
for εr = 4.5 and h = 6.35 mm and εr = 4.5 and h = 10.0
mm were used to calculate the W

h ratios for design
examples (b) and (c), respectively. The remaining
dimensions of the U-slot antenna geometries for the
three design examples were calculated following the
procedure documented in [5, Section VII].

For U-slot antennas designed via method III, cri-
teria similar to those used for method I were used
to select the values of substrate thicknesses (h). The
cavity model based FIC and dimensional invariance
relations were then used to obtain the dimensions of
a rectangular patch and U-shaped slot, respectively.
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B. Design Using Method II

The algorithm for the empirical design method in
[6, Section III] (or method II), is described here
including its implementation and validation. The de-
scription is necessary for a comparative analysis of
the three methods, later in this paper.

The algorithm assumes existence of four distinct
resonant frequencies for the U-Slot patch antenna,
fres1, fres2, fres3 and fres4. Before presenting the
algorithm, the various physical distinctions associated
with the resonant frequencies are identified following
their original description in [6].

fres1 is associated with the resonance of the slot em-
bedded in the microwave substrate

fres2 is related to the resonance of the TM01 mode of
the patch

fres3 is dependent in a complex manner with the x-
and y-directed patch resonant modes

fres4 can be related to the resonance of the slot in air
including the effects of the “pseudopatch” that is
formed inside the U-Slot

Since no analytical theory is presented in [6], one
simply cannot be assured of the validity of these
distinctions. In addition, for electrically “thick” sub-
strates the existence of distinct resonant frequencies
is not always possible. However, it is also known
from the basic theory of microstrip antennas that an
increase in the electrical thickness (h

√
εr

λ ) of the sub-
strate increases the impedance bandwidth [1, p. 288,
Fig. 4.16]. This observation suggests that the design
technique in [6] may work well only for electrically
thin substrates. Consequently, one may expect that
the initial design of the U-Slot via [6] would exhibit
lower impedance bandwiths and hence would need
to undergo significant optimization cycles using the
CAD tool IE3D [7]. One of the major purposes of
this study is to investigate, via several case studies,
if the initial U-Slot design via [6] (or method II) is
indeed relatively difficult to optimize as compared to
the initial designs via methods I [5], and III. The
sequence of steps of the design algorithm from [6,
Section III] are summarized next. (The dimensions
are as shown in Fig. 1.)

Step 1: The algorithm requires the following
inputs: (a) fres3, (b) 10 dB return loss bandwidth
( ∆f
fres3

) in %, (c) the ratio Ls−t
W . One then calcu-

lates
fres2 =fres3 − ∆f

2
× 100, (8)

and,

fres4 =fres3 +
∆f

2
× 100, (9)

respectively.
Step 2: The substrate thickness (h) and permit-
tivity (εr) are chosen to satisfy

h ≥ 0.06
λres3(air)√

εr
. (10)

In (10) λres3(air) = v◦
fres3

is the free-space wave-
length corresponding to the frequency fres3, and
v◦ = 2.997925 × 10+10 cms/sec is the velocity
of electromagnetic waves in free-space.
Step 3: The overall resonant length (Fig. 1) of the
patch plus the extensions due to fringe effects, is
given by

L + 2∆L ≈ v◦
2
√

εrfres3
. (11)

Step 4: The overall width of the patch is given
by W = 1.5 × (L + 2∆L).
Step 5: The overall effective permittivity and the
patch resonant length extension are calculated
separately as,

εeff=
εr + 1

2
+

εr − 1
2

(
1 +

12h
W

)− 1
2

, (12)

and,

2∆L=0.824h
(εeff + 0.3)(W

h + 0.262)
(εeff − 0.258)(W

h + 0.813)
.

(13)
Interestingly, (12) and (13) are closely similar
and identital to equations (3) and (2), respec-
tively.
Step 6: The overall patch resonant length is now
re-calculated as

L=
v◦

2
√

εefffres3
− 2∆L. (14)

Step 7: The slot thickness, t, is calculated via the
relationship

t=
λres3(air)

60
. (15)

Step 8: Calculate the slot width

Ws =
v◦√

εefffres2
− 2(L + 2∆L − t). (16)

Step 9: Select Ls such that

Ls − t

W
≥ 0.3 and

Ls − t

Ws
≥ 0.75. (17)

Step 10: Calculate the effective permittivity and
the length extension of the “pseudopatch” as

εeff(pp) =
εr + 1

2
+

εr − 1
2

(
1 +

12h
Ws − 2t

)− 1
2

,

(18)
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and,

2∆pp =0.824h
(εeff(pp) + 0.3)(Ws−2t

h + 0.262)

(εeff(pp) − 0.258)(Ws−2t
h + 0.813)

.

(19)
Step 11: The quantity

b ≈ L − t + 2∆pp − 1√
εeff(pp)

×
(

v◦
fres4

− {2(Ls − t) + Ws}
)

. (20)

Step 12: The algorithm checks the condition

(Ls + b) ≤ L.

If this condition is not satisfied, one adjusts the
quantity (Ls−t) step # 9 and keeps recalculating
b in step # 11, till the condition in step # 12 is
satisfied and a physically realizable design for
the U-Slot microstrip patch antenna is feasible.

The implementation of the above algorithm was
validated for the design of the U-Slot dimensions
of εr = 2.2 and h = 0.635 cms at fres3 = 2.15
GHz, as available in [6, Table IV]. However, when
the algorithm of method II was subsequentlly applied
to the calculation of the initial U-Slot dimensions for
εr = 4.0 and 6.15, one of the dimensions turned out
non-physical. The details are included in Table II,
below.

TABLE II

NON-PHYSICAL OUTPUTS OBTAINED VIA METHOD II ([6]),

REFERRING TO FIG. 1. (ALL DIMENSIONS IN MM)

Parameter; Example (b) Example (c)
(Type: Input/Output)
εr 4.0 6.15
(input)
h 6.45 7
(input)

∆f
fres3

(% bandwidth); 25 30
(input)
fres3 in GHz;(input) 3.26 2.4
(Ls−t)

W
; (input) 0.4 0.4

W; (output) 34.49 37.78
L; (output) 17.15 19.18
Ls; (output) 15.33 15.11
Ws; (output) 14.66 19.46
t; (output) 1.53 2.08
b; (output) -2.0018 -5.1102
Comment b < 0.0 b < 0.0

(non-physical) (non-physical)

At this stage, in view of the results in Table II, it
appears appropriate that a comparative analysis of the
three methods be presented. This, expectedly, would

help in understanding the salient features of method
II and its standing with respect to methods I and III.

Following [5], application of methods I and III is
initiated by the combination of substrate parameters,
satisfying the criterion h

√
εr

λ ≈ 0.14 for low and
medium permittivities. (For substrates with εr ≥ 6.0
a value of 0.18 was found to yield acceptable results
[5]). Beyond this point, methods I and III differ
noticeably and their intrinsic differences are briefly
summarized below.

For method I, assuming the substrate geometry is
known uniquely, empirical equations [5, Table II] are
used. (For situations where there exists no empirical
equations corresponding exactly to the particular sub-
strate type, an ‘average’ design procedure is adopted
as explained in detail in [5, Section VII]). The main
purpose of method I, however, is to obtain the appro-
priate W

h ratio from the empirical equations. Knowing
the substrate thickness, h, one readily calculates the
overall U-Slot patch width W for a typical εr and
design/operating frequency, fr. Once W is known,
the other dimensions of the U-Slot can be calculated
very quickly by using the dimensional invariance re-
lationships as in [5, Table I]. The rapid calculation of
the dimensions essentially resembles the back-of-the-
envelope process. The main disadvantage of method
I, however, is that the starting empirical equations are
available for a few select substrate cases, and hence
the accuracy of the average design procedures are
questionable. For greater accuracy, one needs to derive
empirical equations for a given combination of εr and
h, which in itself can be very tedious.

The preceding limitation of method I is circum-
vented by the algorithm of method III, described
in Section III. With the knowledge of the substrate
geometry and the design frequency, one can determine
the larger patch width, W, via eqs. (1) to (7). Once W
is known, regardless of the W

h ratio, the dimensional
invariance relationships from [5, Table I] can be used
to complete the U-Slot radiating patch design, just as
in method I. The primary advantage of this approach,
over method I, is that equations (1) to (7) apply to
an arbitrary class of substrate topologies, as long as
the assumptions of the cavity-model remains valid in
that particular case. (In [2] it has been shown that
these cavity-model formulas are applicable to εr ≈
12.0.) Thus even for substrates where the empirical
equations (method I) are not directly available, one
can still proceed to design a U-Slot by first obtaining
the overall rectangular patch dimensions (method III).
Since the theoretical validity of these cavity-model
formulas is well-known [1], [2], method III is far more
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versatile and expected to be accurate than method I.
Method II in [6], as discussed here, has some

inherent limitations in its applications. The two initial
U-Slot patch designs for εr = 4.0 and 6.15, as shown
in Table II, could yield non-physical dimensions, b,
(Fig. 1). Incidentally, one notes that from a numerical
standpoint the condition in step 12 is still satisfied
even with the negative value of the b dimension in Fig.
1. In absence of a comprehensive analytical theory for
the U-Slot, this apparent limitation for method II was
investigated as explained below.

Since the initial design [6] for the U-Slot relies on
the existence of distinct resonant frequencies, it maybe
hypothesized that the design algorithm would be phys-
ically viable if the parameter h

√
εr

λres3(air) is small. For

the two cases listed in Table II, one finds h
√

εr

λres3(air) ≈
0.09 and 0.125 for εr = 4.0 and 6.15, respectively.
The exact nature of dependence of b on the substrate
permittivity εr and thickness h is complicated, because
of the nature of the algebraic forms of the various
intermediate quantities as appearing in equations (12)
to (20). Preliminary examination of (20) indicates
that for b > 0, (physically realizable geometry), the
additional condition

L − t + 2∆pp � 1√
εeff(pp)

[
v◦

fres4
− 3.5Ws

]
(21)

needs to be satisfied. (Condition (21) easily follows
from the second condition in (17), and (20)). From
the present investigations, it appears that (21) is gen-
erally satisfied when h

√
εr

λres3(air) ≤ 0.075. Consequently,
in light of the current analysis, it appears that the
condition (10) in step 2 could be modified to read:

0.06 ≤ h
√

εr

λres3(air)
≤ 0.075. (22)

This implies that physically valid initial U-Slot patch
designs following the algorithm in [6] are feasible for
low permittivity substrates. This observation has the
further impact that these initial designs via [6] could
exhibit low, 10 dB return loss bandwidths. Hence,
these initial designs obtained from method II (or [6]),
when subjected to parametric or global optimization
schemes via commercial CAD softwares such as IE3D
[7], would require increased optimization cycles (as
defined in Section II).

However, it is emphasized that this aspect of imple-
menting the algorithm in [6] needs to be investigated
in more detail, before the condition (22) could be
considered acceptable.

The dimensions of the U-slot antennas obtained via
the three methods for design examples (a), (b) and

(c) are tabulated in Tables III, IV and V, respectively.
The U-slot antenna geometries obtained via methods
I, II and III, for the three design examples, were
modeled and simulated assuming infinite grounded
dielectrics via commercial CAD tool IE3D [7]. Based
on the location and size of the impedance locus on the
Smith chart, optimization parameters were chosen for
subsequent optimization of the initial U-slot antenna
geometries. The analysis of the results are discussed
in the following section.

VI. RESULTS AND DISCUSSION

The results of the performed simulations, and the
subsequent optimization of the initial U-slot antennas
designed via the three empirical methods, are dis-
cussed in details in this section. To that end, the results
obtained via the use of parametric simulation results in
[5], [9] and [10] are discussed next in part A, followed
by results obtained via IE3D global optimizers in
part B. In addition, boresight gain vs. frequency, and
principal plane (φ = 0◦ and 90◦) co- and cross-polar
radiation patterns, for initial and optimized U-Slot
patch geometries (for εr = 4.0 in Table IV), are also
included in part C for a complete understanding of
the antenna performance. A comparative performance
analysis of the three empirical design techniques,
based on bandwidth, gain and radiation characteris-
tics, is presented in part D.

A. Optimization via Parametric Modeling Results in
[5], [9] and [10]

The results of U-slot antennas, designed via the
three empirical techniques and further optimization
via parametric modeling results are shown in Figs.
2 to 14. The impedance loci of the U-slot antennas
obtained from the three empirical methods for design
example (a) are shown in Fig. 2. From the Smith chart
results, U-slot antennas designed via methods I and III
form impedance loops close to the center of the Smith
chart. In contrast, the U-slot antenna from method II
appears to be highly capacitive, with its impedance
loop on the lower half and farthest from the center of
the Smith Chart.

The impedance loci of the (final) optimized U-
slot antenna geometries obtained from methods I, II
and III, for design example (a), are shown in Fig. 3.
All three optimized U-slot antennas appear to exhibit
wideband impedance behavior.

The results of the initial and optimized U-slot
antennas designed via the three empirical techniques,
for examples (b) and (c), are in Figs. 4 to 8. The
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TABLE III
DIMENSIONS OF INITIAL AND OPTIMIZED, (VIA PARAMETRIC MODELING RESULTS IN [5], [9], [10])

U-SLOT ANTENNAS OBTAINED VIA THE THREE EMPIRICAL METHODS FOR DESIGN EXAMPLE (A),

REFERRING TO FIG. 1. (ALL DIMENSIONS IN MM)

Parameter Method I Method II Method III
Initial Optimized Initial Optimized Initial Optimized

εr 1.0 1.0 1.0 1.0 1.0 1.0
tan(δ) 0.0 0.0 0.0 0.0 0.0 0.0
h 33.31 33.31 25.0 25.0 33.31 33.31
L 159.24 159.24 131.56 131.56 129.42 129.42
W 220.38 220.38 249.83 249.83 178.85 178.85
Ls 110.24 110.24 80.45 80.45 89.46 89.46
Ws 85.65 85.65 48.12 55.0 69.51 69.51
t 12.33 12.33 5.55 5.55 10.01 10.01
a 24.5 24.5 2.99 2.99 19.98 19.98
b 24.5 24.5 48.12 48.12 19.98 19.98
F 79.62 83.62 65.78 65.78 64.71 66.71
Rprobe 3.0 4.0 2.0 2.0 3.0 3.5

TABLE IV
DIMENSIONS OF INITIAL AND OPTIMIZED, (VIA PARAMETRIC MODELING RESULTS IN [5], [9], [10])

U-SLOT ANTENNAS OBTAINED VIA THE THREE EMPIRICAL METHODS FOR DESIGN EXAMPLE (B),

REFERRING TO FIG. 1. (ALL DIMENSIONS IN MM)

Parameter Method I Method II Method III
Initial Optimized Initial Optimized Initial Optimized

εr 4.0 4.0 4.0 4.0 4.0 4.0
tan(δ) 0.002 0.002 0.002 0.002 0.002 0.002
h 6.45 6.45 5.5 5.5 6.45 6.45
L 21.18 21.18 17.96 17.96 18.44 18.44
W 29.32 29.32 34.49 34.49 25.54 25.54
Ls 14.66 14.66 16.01 13.53 12.76 12.76
Ws 11.39 11.39 15.94 12.0 9.93 9.93
t 1.64 1.64 1.53 1.53 1.43 1.43
a 3.76 3.76 0.95 2.43 2.84 2.84
b 3.76 3.76 1.0 2.0 2.84 2.84
F 10.59 9.59 8.96 8.96 9.22 7.72
Rprobe 0.635 0.635 0.635 0.635 0.635 0.635

TABLE V
DIMENSIONS OF INITIAL AND OPTIMIZED, (VIA PARAMETRIC MODELING RESULTS IN [5], [9], [10])

U-SLOT ANTENNAS OBTAINED VIA THE THREE EMPIRICAL METHODS FOR DESIGN EXAMPLE (C),

REFERRING TO FIG. 1. (ALL DIMENSIONS IN MM)

Parameter Method I Method II Method III
Initial Optimized Initial Optimized Initial Optimized

εr 6.15 6.15 6.15 6.15 6.15 6.15
tan(δ) 0.002 0.002 0.002 0.002 0.002 0.002
h 7.56 7.56 3.1 7.0 7.56 7.56
L 21.06 21.06 22.42 22.42 20.22 20.22
W 29.14 29.14 37.78 37.78 27.98 27.98
Ls 14.58 14.58 21.35 17.35 14.0 14.0
Ws 11.53 11.53 18.89 14.89 10.87 10.87
t 1.63 1.63 2.08 2.08 1.57 1.57
a 3.24 3.24 0.16 2.16 3.11 3.11
b 3.24 3.24 0.95 2.95 3.11 3.11
F 10.53 8.03 11.21 11.23 10.11 7.61
Rprobe 0.635 0.635 0.635 0.635 0.635 0.635
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Fig. 2. Comparison of impedance loci of initial U-slot anten-
nas from the three empirical methods for design on dielectric
substrates with εr = 1.0 via IE3D [7]; � − � − �- method I;
∗ − ∗ − ∗- method II; ◦ − ◦ − ◦-method III.
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Fig. 3. Comparison of impedance loci of final, optimized U-slot
antennas from the three empirical methods on dielectric substrates
with εr = 1.0 via IE3D [7]; � − � − �- method I; ∗ − ∗ − ∗-
method II; ◦ − ◦ − ◦- method III.

impedance behavior of the initial U-slot antenna de-
signs on εr = 4.0 (Fig. 4) and εr = 6.15 (Fig. 7)
show that the design via method II, for examples
(b) and (c), do not form loops close to the center
of the Smith Chart, in contrast with methods I and
III. Following parametric modeling results in [5],
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−2.0

0.4 3.01.0

Fig. 4. Comparison of Smith Chart results of initial U-slot
antennas from the three empirical methods on dielectric substrates
with εr = 4.0 via IE3D [7]; � − � − �- method I; ∗ − ∗ − ∗-
method II; ◦ − ◦ − ◦- method III.
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Fig. 5. Comparison of Smith Chart results of final, optimized
U-slot antennas from the three empirical methods on dielectric
substrates with εr = 4.0 via IE3D [7]; � − � − �-method I;
∗ − ∗ − ∗- method II; ◦ − ◦ − ◦- method III.

[9] and [10], these U-slot antennas were optimized
for wideband impedance characteristics, as shown in
Figs. 5 to 6 for example (b), and Fig. 8 for example
(c), respectively. In both cases, the final optimized
impedances loci form loops in the VSWR ≤ 2 region
of the Smith chart.

The choice of the optimization parameters (such as
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Fig. 6. Comparison of VSWR results of final, optimized U-slot
antennas from the three empirical methods on dielectric substrates
with εr = 4.0 via IE3D [7]; � − � − �- method I; ∗ − ∗ − ∗-
method II; ◦ − ◦ − ◦- method III.
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Fig. 7. Comparison of Smith Chart results of initial U-slot
antennas from the three empirical methods on dielectric substrates
with εr = 6.15 via IE3D [7]; � − � − �- method I; ∗ − ∗ − ∗-
method II; ◦ − ◦ − ◦- method III.

width of slot, length of slot, probe location etc.), is
based on the size and location of the impedace loci
of the initial U-slot antennas on the Smith chart, and
the knowledge of the parametric simulations results
documented in [5], [9] and [10].

To that end, probe location and radii were chosen as
optimization variables for U-slot antennas for example
(a), designed via methods I and III. In contrast,
for the U-slot antenna designed via method II, the
length of the horizontal arm (Ws) was chosen as the
optimization variables.
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−0.5

−1.0

−2.0

0.4 3.0 0.0

Fig. 8. Comparison of Smith Chart results of final, optimized
U-slot antennas from the three empirical methods on dielectric
substrates with εr = 6.15 via IE3D [7]; � − � − �-method I;
∗ − ∗ − ∗-method II; ◦ − ◦ − ◦- method III.
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Fig. 9. Optimization Process for U-slot antenna designed via
method I on dielectric substrates with εr = 4.0 using parametric
modeling results in [5], [9] and [10]; � − � − �- Initial,
unoptimized; Xp = 0.0, Yp = 0.0; ∗ − ∗ − ∗- Xp = 0.0, Yp =
0.5; ◦ − ◦ − ◦− Xp = 0.0, Yp = 1.0; all other dimensions of the
U-slot antenna are kept constant - all dimensions in mm.

It is interesting to note (from Table III) that, while,
methods I and III require two optimization variables
to produce wideband bandwidth characteristics, the
range of variation of each of these optimization vari-
able is quite small. In comparison, method II requires
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Fig. 10. Optimization Process for U-slot antenna designed via
method II on dielectric substrates with εr = 4.0 using parametric
modeling results in [5], [9] and [10]; � − � − �- Initial,
unoptimized; Ls = 16.01, Ws = 15.94, a = 0.95 and b = 1.0;
∗ − ∗ − ∗- Step1 -Ls = 12.0, Ws = 15.94, a = 2.43 and b = 2.0;
◦− ◦− ◦− Step2 - Ls = 12.0, Ws = 13.0, a = 2.43 and b = 2.0;
all other dimensions of the U-slot antenna are kept constant - all
dimensions in mm.
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Fig. 11. Optimization Process for U-slot antenna designed via
method III on dielectric substrates with εr = 4.0 using parametric
modeling results in [5], [9] and [10]; � − � − �- Initial,
unoptimized; Xp = 0.0, Yp = 0.0; ∗ − ∗ − ∗- Xp = 0.0, Yp =
0.75; ◦−◦−◦− Xp = 0.0, Yp = 1.5; all other dimensions of the
U-slot antenna are kept constant - all dimensions in mm.

only one optimization variable. However, the range
of variation required to achieve wideband impedance
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Fig. 12. Optimization Process for U-slot antenna designed on
dielectric substrates with εr = 6.15 via method II; � − � − �-
Initial; h = 3.1; ∗ − ∗ − ∗- h = 7.0; all other dimensions of the
U-slot antenna are kept constant - all dimensions in mm.
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Fig. 13. Optimization Process for U-slot antenna designed on
dielectric substrates with εr = 6.15 via method II; ∗− ∗−∗- h =
7.0, Ls = 21.35, a = 0.6 and b = 0.95; ◦ − ◦ − ◦- h = 7.0, Ls =
17.35, a = 2.16 and b = 2.95; all other dimensions of the U-slot
antenna are kept constant - all dimensions in mm.

characteristics is quite large (Ws - from 48.12 mm to
55.0 mm). This may increase the optimization time
and hence the optimization cycle for method II in
comparison with methods I and III.

For design example (b), the initial U-slot antennas
obtained from both methods I and III, form impedance
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Fig. 14. Optimization Process for U-slot antenna designed on
dielectric substrates with εr = 6.15 via method II; ∗− ∗−∗- h =
7.0, Ls = 17.35, a = 2.16, b = 2.95 and Ws = 18.89; ◦ − ◦− ◦-
Optimized- h = 7.0, Ls = 17.35, a = 2.16, b = 2.95 and Ws =
14.89; all other dimensions of the U-slot antenna are kept constant
- all dimensions in cms.

loops very close to the center of the Smith chart (Fig.
4). Therefore, only their probe locations were varied
to obtain wideband impedance characteristics as evi-
dent from Figs. 9 and 11, respectively. In contrast, the
U-slot antenna designed via method II does not form
an impedance loop close to the center of the Smith
chart. (Fig. 4). Hence, multi-step (multi-parameter)
optimizations must be pursued to achieve wideband
impedance characteristics. The multi-parameter/multi-
step optimization procedure is shown in Fig. 10.

As seen in Fig. 10, in step 1, the length of the
vertical arms of the U-slot are varied from 16.01 mm
to 11.53 mm. This optimization moves the impedance
loop closer to the center of the Smith chart. Then, the
width of the horizontal arm (Ws) is chosen as the
optimization variable in step 2 to shift the impedance
locus within the 2:1 VSWR circle.

A similar feature is observed in the optimization
procedure for U-slot antennas for example (c) via the
three empirical methods. For U-slot antennas designed
via methods I and III, the location of the probe feed
is chosen as optimization variable. The optimization
procedure of U-slot antennas designed via methods
I and III are similar to those shown in Figs. 9 and
11, and are omitted here for brevity. In contrast,
substrate thickness (h), width of the horizontal arm
(Ws) of the U-slot and lengths of the arms (Ls) were

chosen as optimization variables for U-slot antennas
designed via method II. The step-by-step optimization
procedure is documented in Figs. 12 to 14.

In the first step of the optimization process, (in
Fig. 12), the substrate thickness of the U-slot antenna
is increased from h = 3.1m to 7.0 mm, shifting the
impedance locus closer to the center of the Smith
Chart. Then, in the second step, the length of the
arms of the slot (Ls) are reduced, as shown in Fig.
13, to further move the impedance closer to the center.
Finally, the width of the slot (Ws) is adjusted to obtain
wideband U-slot antenna geometry as evident from
Fig. 14.

The 2:1 VSWR bandwidths of all the final, op-
timized U-slot antennas for the three design exam-
ples are tabulated in Table VI. The details of the
optimization procedure followed to obtain wideband
impedance results are discussed next.

TABLE VI
2:1 VSWR BANDWIDTHS OF PARAMETRICALLY OPTIMIZED

U-SLOT ANTENNA GEOMETRIES

DESIGNED VIA THE THREE EMPIRICAL TECHNIQUES FOR THE

DESIGN EXAMPLES (A), (B) AND (C)

εr method I (%) method II (%) method III (%)
1.0 34.21 34.29 29.47
4.0 37.58 30.56 36.81
6.15 30.20 40.39 31.54

B. Optimization via Global Optimizing Sub-Routines
in IE3D [7]

The results of global optimization of the initial U-
slot antennas designed via the three empirical tech-
niques, are presented in Figs. 15 to 18. While, all
three algorithms were used in the optimization studies,
only results from Genetic and Powell optimizers are
presented here.

The ability of the built-in optimizing sub-routines
in IE3D, namely Genetic, Powell and Random op-
timizers, to rapidly optimize initial U-slot antennas,
designed via method I, is discussed in [11] and is
omitted here for brevity. The results presented therein
indicate that the initial U-slot antennas designed via
method I can be rapidly optimized via global optimiz-
ers in IE3D. The sensitivity of these optimizers to the
selection of range of optimization is also documented.

In this section, the ability of the global optimizers to
rapidly optimize the initial U-slot antennas, designed
by methods II and III, is discussed. It must be em-
phasized at this point that, since IE3D is a general
purpose electromagnetic simulator, the designer must
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Fig. 15. Comparison of Smith Chart results of final, optimized
U-slot antennas designed via method II on dielectric substrates
with εr = 4.0. Optimization variables - Ls and Ws; �−�−�-
parametric modeling results based optimization, ∗ − ∗ − ∗- after
800 generations of Genetic optimizer and ◦ − ◦ − ◦− after 100
iterations on Powell optimizer.
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Fig. 16. Comparison of VSWR results of final, optimized U-
slot antennas designed via method II on dielectric substrates with
εr = 4.0. Optimization variables - Ls and Ws; � − � − �-
parametric modeling results based optimization, ∗ − ∗ − ∗- after
800 generations of Genetic optimizer and ◦ − ◦ − ◦− after 100
iterations on Powell optimizer.

essentially choose the optimization variables, criteria
and the range over which the antenna geometry must
be optimized. Here, parametric simulation results pre-
sented in [5], [9] and [10] play a vital role in selection
of optimization variables for IE3D (or CAD) based
optimizations.

For U-slot antenna designed via method II, both
length (Ls) and width (Ws) of the slot were chosen as
an optimization variable. Similarly probe location was

TABLE VII

DIMENSIONS OF FINAL, OPTIMIZED (VIA GLOBAL OPTIMIZERS

ON IE3D) U-SLOT ANTENNAS OBTAINED FOR U-SLOT

ANTENNA GEOMETRY DESIGNED BY METHOD II [6], FOR

DESIGN EXAMPLE (B), REFERRING TO FIG. 1. (ALL

DIMENSIONS IN MM)

Parameter Initial Genetic Opti-
mizer

Powell Opti-
mizer

εr 4.0 4.0 4.0
tan(δ) 0.002 0.002 0.002
h 5.5 5.5 5.5
L 17.96 17.96 17.96
W 34.49 34.49 34.49
Ls 16.01 12.85 14.1
Ws 15.94 12.0 11.65
t 1.53 1.53 1.53
a 0.95 2.55 1.9
b 1.0 2.56 1.96
F 8.96 8.96 8.96
Rprobe 0.635 0.635 0.635
lower freq.
(fl) in
GHz

- 3.1 3.1

upper
freq.(fu)
in GHz

- 4.1 4.1

Optimization
variable(s)

- Ls,Ws Ls,Ws

Optimization
criterion

- |S11| ≤ -10
dB

|S11| ≤ -10
dB

Number
of gener-
ations /
iterations

- 800 100

chosen as optimization variable for U-slot antenna
designed via method III. The dimensions of the final,
optimized U-slot antennas, designed via methods II
and III, obtained from IE3D are presented in Tables
VII and VIII, respectively. The various details of the
input used to set up these optimization simulations on
IE3D for these optimization studies are also presented
therein. The performance of the corresponding U-slot
antennas, optimized via parametric modeling results,
are also shown for comparison.

As seen from the figures, both Genetic and Powell
optimizers on IE3D generate wideband impedance
behavior in U-slot antenna geometries designed via
method II. In contrast, in Figs. 17 and 18, only
Powell optimizer appears to generate wideband U-slot
antenna topologies for U-slot designed via method III.
Overall, the results from the global optimizers in IE3D
are in good agreement with the information obtained
from optimization studies based on parametric mod-
eling results in [5], [9] and [10].
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Fig. 17. Comparison of Smith Chart results of final, optimized
U-slot antennas designed via method III on dielectric substrates
with εr = 4.0. Optimization variables - probe location; �−�−�-
parametric modeling results based optimization, ∗ − ∗ − ∗- after
400 generations of Genetic optimizer and ◦ − ◦ − ◦− after 100
iterations on Powell optimizer.
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Fig. 18. Comparison of VSWR results of final, optimized U-
slot antennas designed via method III on dielectric substrates with
εr = 4.0. Optimization variables - probe location; � − � − �-
parametric modeling results based optimization, ∗ − ∗ − ∗- after
400 generations of Genetic optimizer and ◦ − ◦ − ◦− after 100
iterations on Powell optimizer.

C. Comparison of Gain and Radiation Characteris-
tics

In the previous sections of this paper, focus had
been directed towards broadband characteristics of U-
Slot geometries generated from the three empirical
techniques, viz., methods I, II and III. Return-loss
and impedance data for both initial (unoptimized)
and final (optimized) U-Slot designs have shown that
method III, introduced in Section III of this paper, is a

TABLE VIII

DIMENSIONS OF FINAL, OPTIMIZED (VIA GLOBAL OPTIMIZERS

ON IE3D) U-SLOT ANTENNAS OBTAINED FOR U-SLOT

ANTENNA GEOMETRY DESIGNED BY METHOD III [SECTION

III], FOR DESIGN EXAMPLE (B), REFERRING TO FIG. 1. (ALL

DIMENSIONS IN MM)

Parameter Initial Genetic Opti-
mizer

Powell Opti-
mizer

εr 4.0 4.0 4.0
tan(δ) 0.002 0.002 0.002
h 6.45 6.45 6.45
L 18.44 18.44 18.44
W 25.54 25.54 25.54
Ls 12.76 12.76 12.76
Ws 9.93 9.93 9.93
t 1.43 1.43 1.43
a 2.84 2.84 2.84
b 2.84 2.84 2.84
F 9.22 6.57 6.445
Rprobe 0.635 0.635 0.635
lower freq.
(fl) in
GHz

- 3.0 3.0

upper
freq.(fu)
in GHz

- 4.2 4.2

Optimization
variable(s)

- probe
location

probe
location

Optimization
criterion

- |S11| ≤ -10
dB

|S11| ≤ -10
dB

Number
of gener-
ations /
iterations

- 400 100

better choice for wideband applications of all the three
empirical techniques. However for a complete perfor-
mance appraisal of the three methods, it is necessary
to examine other aspects of antenna performance,
namely, the gain and radiation characteristics. To
avoid tedium, results for gain vs. frequency and co and
cross-polar radiation patterns in the φ = 0◦ and 90◦

cardinal planes are included in this subsection for
substrate permittivity εr = 4.0 and for both initial
and optimized U-Slot designs from each of the three
techniques. The dimensions of the U-Slot antenna
from the three techniques are available in Table IV
(for both initial and optimized cases). Figs. 19 to 24
shows the relevant results, and are briefly discussed
below.

In Figs. 19 and 20 the peak boresight (φ = 0◦, θ =
0◦) gain is seen to be slightly higher for designs via
methods I and II, compared to method III. Interest-
ingly, the peak gain occurs at 3.2 GHz for designs via
methods II and III, while for method I the gain is at
the peak around 2.8 GHz in both initial and optimized
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Fig. 19. Boresight gain vs. frequency for initial U-Slot patch
designs for data in Table IV and dielectric substrates with εr = 4.0
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Fig. 20. Boresight gain vs. frequency for optimized U-Slot patch
designs for data in Table IV and dielectric substrates with εr = 4.0

designs.
Following the design example in [5, Section VII],

empirical equations from [5, Table II] for substrate
εr = 4.5 were used to calculate the W

h ratio for
εr = 4.0 at a resonant frequency of fr = 3.2 GHz.
Subsequently the dimensional invariance relationships
[5, Table I] were used to obtain the other dimensions
of the U-Slot for εr = 4.0. Thus, when the method
I design was simulated via IE3D [7], the peak gain
occured at 2.8 GHz as seen in Figs. 19 and 20. This
can be realized since U-Slot dimensions obtained via
method I (using empirical equations for εr = 4.5)
were not appropriate for εr = 4.0.

One also notices in Figs. 19 and 20 the peak
boresight gain differences between U-Slot designs
from methods I and III are roughly 1 dB but occur
at frequencies of 2.8 GHz and 3.2 GHz, respectively.
The same figures also show that U-Slots designs via
methods II and III have different peak boresight gains,

but at the same frequency of 3.2 GHz. These features
are briefly explained, below.

For U-Slots designs via methods I and III, we
note from Table IV that W

L = 1.385 for both cases.
The overall radiating (patch) area for U-slot design
via method I is larger than that via method III. In
addition, h

√
εr

λ ≈ 0.12048 (method I at 2.8 GHz),
and ≈ 0.14028 (method III at 3.2 GHz), respectively.
Since the radiation efficiency, er, decreases with in-
crease in h

√
εr

λ values [1, p. 288, Fig. 4.16], [2, p.
247, Fig. 5.8], it follows that the overall boresight
(φ = 0◦, θ = 0◦) gain from [1, p. 277, Eq. (4.54)]

G(θ, φ)=erD(θ, φ). (23)

will be larger for method I compared to method II.
The same line of arugment can be extended to show
that peak boresight gains for designs via methods I
and II at 2.8 GHz and 3.2 GHz, respectively, will
be the same as seen in Figs. 19 and 20. (We note
from Table IV that the overall U-Slot patch areas via
methods I and II are almost the same.)

The radiation patterns of the initial and optimzied
U-Slot geometries obtained from each of the indi-
vidual methods I, II and III in Figs. 21 to 24 are
discussed, briefly, next.
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Fig. 21. Co-polar (Eφ) and cross-polar (Eθ) patterns for the
initial U-Slot patch designs or data in Table IV and dielectric
substrates with εr = 4.0, in the cardinal plane Φ = 0◦, at f =
3.26GHz.

The co- (Eφ) and cross-polar (Eθ) radiation patterns
in the φ = 0◦ principal planes are shown in Figs. 21
and 22 for the initial and optimized cases, respectively.
One notices that the design via method II has the
highest level of cross-polar component in comparison
with the other two designs. Also, method III design
has the lowest crosspolar level.
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Fig. 22. Co-polar (Eφ) and cross-polar (Eθ) patterns for the
optimized U-Slot patch designs or data in Table IV and dielectric
substrates with εr = 4.0, in the cardinal plane Φ = 0◦ at f =
3.26GHz.
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Fig. 23. Co-polar (Eφ) and cross-polar (Eθ) patterns for the
initial U-Slot patch designs or data in Table IV and dielectric
substrates with εr = 4.0, in the cardinal plane Φ = 90◦, at
f = 3.26GHz.

One notices identical characteristics in the radiation
behavior in the φ = 90◦ principal plane as shown in
Figs. 23 and 24. The crosspolar (Eθ) levels are much
higher for the design via method II when compared
to methods I and III.

The reasons can be traced back to the designs
in Table IV. From this table, one notices that the
W
L ≈ 1.385 for the U-Slot designs via methods I

and III. Quite interestingly W
L ≈ 1.98 for the U-

Slot design from method II. Since W
L ≈ 1.5 yields

a patch with lowest crosspolar power [1, p. 290, Fig.
4.17], one can conclude that the overall dimensions of
a rectangular U-Slot patch via method II would yield
the highest crosspolar levels as shown. In contrast for
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Fig. 24. Co-polar (Eφ) and cross-polar (Eθ) patterns for the
optimized U-Slot patch designs or data in Table IV and dielectric
substrates with εr = 4.0, in the cardinal plane Φ = 90◦ at f =
3.26GHz.

U-Slot designs via methods I and III, the crosspolar
levels are comparatively smaller by roughly 10 dB.

This phenomenon was also observed for U-Slot
designs on εr = 1.0 and 6.15 substrate geometries. It
is interesting to note that both the boresight gain and
crosspolar levels could be explained fairly accurately
from the corresponding characteristics of a probe-fed
rectangular patch having the same overall W and L
dimensions. This phenomenon suggests that the effect
of the slot in the U-Slot patch is primarily to cancel
the probe-inductance and produce a second resonance
and contribute to the wideband characteristics.

D. Summary of Comparative Performance Analysis of
Three Empirical Design Methods

In this section the main features of the three meth-
ods are summarized in Table IX.

In [5, Table II] (method I) the empirical (quadratic)
curve-fit equations were developed from IE3D code
[7] (method of moments) simulation results to obtain
relationships of the generic form

W
h

=C2f2r + C1fr + C0, (24)

where fr is the design (or operating) frequency in
GHz. In the above, the constants, C2,1,0 need to be
determined for specific substrate εr and h. Note that
fr is not necessarily the resonant frequency. In fact, as
observed in [5], for U-Slot designs on higher εr sub-
strates a proper resonant frequency on the Smith Chart
may not strictly be found, but a minimum VSWR for
a given fr may still be viable. This approach, though
very tedious, is in principle applicable to all classes
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TABLE IX

Performance Evaluation of the Three Empirical Design Techniques

Empirical
Techniques

General Features of Initial De-
signs

Performance and Features of Optimization Approach

Parametric Modeling Results [5], [9], [10] Global optimizers in IE3D (Genetic and
Powell) [7]

Method I [5]
(1) Initial designs, for most

cases, exhibit wideband
characteristics and have an
overall W

L
≈ 1.385.

(2) Use of the empirical equa-
tions in [5, Section VI, Ta-
ble II] may not always work
well for all substrates, but is
unique for substrates with
h
√

εr
λ

≥ 0.1
(3) Acceptable boresight

gain and cross-polar
performance observed for
low to high permittivity
substrates

(a) Most significant control on wide-
band performance is exercised by a
proper choice of the substrate thick-
ness, or equivalently, the h

√
εr

λ
≥

0.1 parameter.
(b) Peak values of boresight gains and

pattern shape remains relatively un-
affected in the final optimized design

(c) Readily optimized for enhanced
bandwidth performance with smaller
computational resources

(i) Results from parametric optmization
studies agree with the global op-
timizers, viz., Genetic and Powell
algorithms in the commercial soft-
ware, IE3D

(ii) Other features are the same as that of
parametric optimization scheme(s)
for method I

Method II [6]
(4) The empirical design al-

gorithm assumes four dis-
tinct resonant frequencies,
although the first one is
never used in the design of
the U-Slot.

(5) The design approach
could yield negative or
non-physical values for
the dimension b shown in
Fig. 1 for select substrate
permittivities and yet
the algorithm would
still predict successful
completion of design

(6) Physically realizable
designs appear viable
on smaller substrate
thicknesses and may not
demonstrate wideband
performance, compared to
methods I and III

(7) The initial designs have an
overall W

L
≈ 2.0 and

have high cross-polar lev-
els compared to methods I
and III; the boresight gain
is however higher than the
designs via method III

(d) Parametric simulation approaches
applied to the initial design from
method II does indeed yield 10
dB return loss bandwidths ≥ 20%.
(See Table VI for select performance
data.)

(e) Since initial designs from method II
often exhibit poor bandwidths, their
optimization for enhanced band-
width performance generally re-
quires several optimization variables
over wide ranges resulting in in-
creased demands on available com-
putational resources. This is the ma-
jor disadvantage of using method II.

(f) Other antenna parameters such as
boresight gain, radiation patterns re-
main largely unaffected in the final
optimized design

(iii) The dimensions of the optimized U-
Slot designs via global optimizers
(Genetic and Powell algorithms) in
the IE3D are different for the iden-
tical set of constraints. (See Table
VII.)

(iv) Parametric and global optimization
results show acceptable agreement
in performance behavior. ((See Figs.
15 and 16 for impedance and VSWR
performances, respectively.)

(v) Optimizing the design for bandwidth
does not appear to affect the gain
and radiation pattern behavior

Method III,
Section III,
this paper

(8) This empirical design al-
gorithm is more verstatile
and straightforward than
method I, because it starts
with the design of a rect-
angular patch that is exten-
sively documented and well
understood [1], [2].

(9) The initial design has the
lowest cross-polar compo-
nents of all three methods
studied here. It also has
the smallest boresight gain.
The overall patch W

L
≈

1.385.

(g) Of all the three empirical design
techniques, method III requires the
least number of optimization cy-
cles for designs exhibiting enhanced
bandwidths

(h) Other features were observed to be
identical to (b) and (c) for method I,
above

(vi) The dimensions of the optimized U-
Slot designs via global optimizers
(Genetic and Powell algorithms) in
the IE3D are nearly identical for
the identical set of constraints. (See
Table VIII.)

(vii) Parameric and Global optimizer re-
sults are agree very closely. (See
Figs. 17 and 18 for impedance and
VSWR performances, respectively.)

(viii) Gain and radiation patterns remain
almost unaffected in the final op-
timized design for enhanced band-
widths.
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of substrates, and hence will work for those values
of h

√
εr

λ where the cavity model may not be accurate.
This feature is unique only to method I and thus merits
its application.

Method II is additionally constrained by the design
algorithm [6] that proceeds by assuming a-priori ex-
istence of four distinct resonant frequencies of the U-
Slot. As shown here, this additional assumption could
sometimes result in non-physical dimensions for the
U-Slot geometry. However, this apparent drawback of
method II needs to be investigated in the future in
more details for larger values of h

√
εr

λ . The present
investigations found that it generated physically re-
alizable U-Slot designs on low εr substrates with
smaller h values.

Method III is versatile but is strictly restricted to
substrate geometries satisfying the criterion h

√
εr

λ ≤
0.1 dictated by the applicability of the cavity model
formulas [1], [2]. (However, for the U-Slot designs
presented and studied here, method III did not show
any limitations when applied to high εr substrates.)
The design of the rectangular patch and its modifica-
tion by the dimensional invariance technique to realize
the U-Slot, appears to be the most straightforward
of all the three approaches, and is free from the
limitations that are intrinsic to methods I and II.

VII. CONCLUSION

In this investigation three empirical methods for the
design of a probe-fed, U-Slot microstrip patch anten-
nas on substrate permittivities εr = 1.0, 4.0, and 6.15
has been extensively studied for a comparative as-
sessment of their performances. The analysis of the
results from the three algorithms suggest that two
of the methods (I and III), generate initial designs
that exhibit superior wideband behavior. In contrast,
method II was found to be limited to electrically thin
and low εr substrates. Consequently, initial designs
via method II have smaller bandwidths compared to
other two techniques. Interestingly, the initial designs
via methods I and III had lower peak cross-polar
levels, when compared to method II by a factor of
10 dB. This was attributed to the fact that overall U-
Slot patch dimension W

L ≈ 2.0 (via method II). In
comparison, W

L ≈ 1.385 for U-Slot designs via I and
III, which is close to the optimum value of W

L ≈ 1.5
for a retangular patch. Therefore, methods I and III
generate initial U-Slot patch designs that have good
return loss bandwidths, and cross-polar performances
when compared to method II.

Parametric, and global (Genetic and Powell) opti-
mization methods were employed for further band-

width enhancements of the three designs. The results
showed that intital designs via methods I and III were
rapidly optimized when compared to method II. Since
method II design worked well when restricted to sub-
strates with low h

√
εr

λ , its optimization for bandwidth
enhancement was feasible with more (input) variables
and allowing wide range parametric variations, result-
ing in increased computational resource requirements.
The optimization process(es) did not affect the far-
field (gain, radiation) behavior for all the cases studied
here.
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