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Abstract

The current paper proposes a new, simple, methodical approach to broadband microstrip antenna design. The approach
relies on a reformuiation of the antenna-design problem as an impedance-matching problem, in which the antenna is
considered to be the matching device required to match the feed line to air. Thus, impedance-matching techniques, such as
Chebyshev transformers and a Klopfenstein taper, are employed to determine the antenna parameters necessary to satisfy a
set of specifications. Simulation resuits as well as measured results show that the proposed Matched-to-Air Microstrip
Antennas (MAMAs) qualify as a new class of broadband microstrip antennas, which have the advantages of relying on a
systematic approach (as opposed to the usual trial-and-error procedures that are now prevalent), as well as being very easy
to fabricate, using inexpensive off-shelf components.

Keywords: Microstrip antennas; broadband antennas; impedance matching; Chebyshev functions; Klopfenstein taper; FDTD

methods; moment methods

1. Introduction

]D)espitc the advantages of microstrip antennas — including their
small size, inexpensive cost, and ability to be integrated with
VLSI designs — they have the major disadvantage of low imped-
ance bandwidth (typically 1% to 4 % of the operating frequency).
This is a serious limitation for modern wireless communication
systems, which tend to skongly support multimedia services, as
well as for military applications such as frequency-hopping radars,
ground-penetrating radars (GPR), imaging, and other important
applications. Thus, it is the primary aim of many microstrip-
antenna designers to look for methods to improve the impedance
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bandwidth [1, 2]. The impedance bandwidth is defined as the range
of frequencies for which || <~10dB. The difficulty in deriving

analytical models for arbitrarily shaped microstrip antennas has led
designers to depend mainly on full-wave simulators, based on
numerical methods such as the Finite-Difference Time-Domain
(FDTD) and the Method of Moments (MoM) to test their intuitive
solutions. Thus, most available designs depend on a guess — simu-
late — redesign cycle, which is more-or-less a trial-and-error design
procedure. The present paper suggests an alternative approach to
the microstrip-antenna design problem. The broadband antenna is
considered to be a device that matches the feed-line impedance to
the intrinsic impedance of the air. The authors call this class of
antennas matched-to-air microstrip antennas (MAMAS).
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Figure 1. A three-dimensional view of a four-stage MAMA. 75
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Figure 5. This plot shows how the gain of the proposed MAMA
can be enhanced using an array of 5 x 5 elements spaced A,/2

apart.
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2. The Design Probedure for MAMAS
Based on Chebyshev Transformers

Initially [3], the substrate thickness 4 is chosen so as to avoid
higher modes. Typically, # <0.054y, where A, is the wavelength
at the design frequency. Based on this thickness and using the for-
mula in [4, 5], a suitable width, w, of the feed line is chosen to
design a line with a characteristic impedance of 50 ohms. To sim-
plify the design task, the antennas considered are built on an air
substrate, £, =1. (Note that all the formulas used in this paper are
simplified based on this). The problem of broadband microstrip-
antenna design is then perceived as that of matching the feed-line
impedance to the 1207 olun inwinsic impedance of air, Using the
Chebyshev multi-section impedance transformer [6], a microstrip
antenna has been designed to perform the matching task. Using
Chebyshev transformer tables [6], the value of the impedance for
each section of the multi-section transformer can be determined so
that the maximum reflection coefficient in the pass band does not
exceed a certain value, I',,. Once the impedance is determined for
each section, the patch parameters (patch width, w, length, /, and
height, ) corresponding to this impedance are determined so as to
satisfy the following three constraints:

1. The characteristic impedance of the patch, modeled
as a microstrip line, can be calculated using the
Hammerstad and Jensen formula {4],

2 h 7528
60log| —{6+0.2832exp —(30.666—)
w w

i 2
+ 1+[2—} = fQC,'Z,.ZL )
w

where fac; is a factor determining the ratio of the
impedance of wansformer section f to that of the feed
line (and is determined using Chebyshev design tables),
and Z,Z; is the feed-line impedance.

2. The muilti-section transformer technique is based on
the assumption that the length of each section is 4, /4.
Thus, the effective length of the patch [7] is taken to be
A3/4. This leads to the following equation:

Y 40264
I+1.4437p 72,
Y08 fo

3. For the patch to be an efficient radiator, the patch
width should be w=150/ 13, so the effective width of

the patch [2] is equated to this value, giving the third
constraint:
150 _

Jo
2

b BTS2 B2
log| —<6+0.2832exp —[30.666‘] + 1+[2—}
w W w
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Solving the three nonlinear equations determines the w, 4,/ values

for each section. The Chebyshev transformer technique was used
especially because it is known to give wideband matching. A typi-
cal MAMA, designed using this procedure, is shown in Figure 1. It
is believed that the simulation results will not be quite as expected,
due to the sharp transitions from stage to stage in the Chebyshev
design. Thus, to improve the results, the authors tried using the
Klopfenstein taper, which is the continuous generalization of the
Chebyshev multistage transformer.

3. Results of Chebyshev-Based ViIAMA

The authors tried several examples, using different numbers
of multiple sections. The first example was for an antenna operat-
ing at f =10 GHz. The number of sections was taken to be four,
with a maximum allowable reflection coefficient of 0.05. This
could be considered to be an over-design, to assure broadband per-
formance (the bandwidth was taken to be the range of frequencies
for which |$;;| <~10dB). All dimensions are in mm. The ground

plane size was taken to be 10 mm x 10 mm, and was found to be a
critical parameter for enhancing the bandwidth. The width of the
feed line was 1.6 mm, and the air substrate height was 0.3 mm (to
avoid exciting higher-order modes). The substrate height and feed-
line width made the feed-line impedance 47.125 ohms, which was
close enough to the 50 ohm standard, and which enabled the
authors to deduce the impedance of each section directly from
available Chebyshev tables. Solving the nonlinear equations cited
above, using a numerical software available online from
http://www.numericalmathematics.com, gave the following dimen-
sions for the antenna:

Section 1: I =4.5mm, w=9.1mm, 4=24mm

Section 2: /=3.1mm, w=6.6mm, h=3.9mm

6 8 10 12 14 16
frequency (GHz;
Figure 2. This figure compares the |Sl 1| parameters, in dB, of a

four-stage MAMA as calculated using both the Fidelity (—P—)
and IE3D (—) software packages.
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Figure 3. The total field gain of a four-stage Chebyshev
MAMA. The gain over the operating band ranged from 2 dBi
to 4 dBi, which is typical of microstrip antennas.
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Figure 6. The top two photos show the front and back views of
the prototype fabricated four-stage MAMA. The bottom photo
shows the return-loss measurement setup. The antenna was
connected directly to the network analyzer to avoid cable-
induced errors. The measurement procedure was proceeded by
a one-port calibration scheme (since the authors were only
interested in return-loss measurements).
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Section 3: /=1.8mm, w=2.8mm, h=7.3mm
Section4: /=1.1mm, w=0.65mm, A=11.9mm

All heights were measured from the ground piane. Both the IE3D
(Method-of-Moments simulator) and Fidelity (Finite-Difference
Time-Domain) simulators were used to simulate the designed
antenna. It is lerown that no numerical simulator is perfect. Thus,
using more than one simulator appears to be necessary for the
designer to gain confidence in a prospective approach before
moving to the prototyping step.

Figure 2 shows the |§);| parameters. The antenna’s band-

width was nearly 54%. Figure 3 shows the total field gain in dBi,
as calculated using both Fidelity and IE3D. The gain in the oper-
ating band ranged from 2 dBi to 4 dBi. Figure 4 shows the simula-
tion results for one section (one stage), two sections (two stages),
and three sections (three stages), and the whole MAMA. It was
clear that increasing the number of sections gradually improved the
antenna’s bandwidth. Figure 5 shows how the gain of the proposed
MAMA could be enhanced by using an array of 5 x5 MAMA
elements separated by A;/2.

Figure 6 shows the fabricated practical prototype. To be able
to measure the |S11| parameters using the HP 82720B network ana-

lyzer, frequency scaling was used to transfer the design point to
1 GHz. The measured retum loss compared with the simulation
results and the desired practical prototype are shown in Figure 7.
The bandwidth obtained was 74.5% of the 1.02 GHz cenwal fre-
quency. The radiation pattern was measured using the Lab-Volt
antenna ftraining kit. The differences between the practical and
simulated results had several reasonable causes. First, the antenna
was manufactured manually, and so it was difficult to achieve pre-
cise dimensions, especially for the substrate height at the feed line.
Second, the probe available in the lab had slightly different dimen-
sions than those desired (particularly shorter), and attempts to
manually solder a longer probe would have inevitably introduced
parasitic capacitance. In fact, the simulators used simply modeled
the probe feed using a vertically localized port scheme, which con-
siders the feed to result in a uniform field below the feed line at the
plane perpendicular to it, and thus the simulators did not capture all
feed details. Thirdly, the antenna was built on an air substrate, so it
was necessary to include a dielectric rod at the highest patch for
support. This rod had an adverse effect on the bandwidth predicted
by the authors from simulations. The rod was made of a cheap
melted glue material that is usually used with glue guns as an adhe-
sive for wood and plastic. Moreover, at the sides of the first verti-
cal wall, epoxy with a height of 3 mm was used to keep the feed
line at the desired height. Of course, a carefully chosen dielectric
could have been used to produce a less-adverse effect on perform-
ance, but the general motto that initiated our project was “broad-
band antennas from off-the-shelf components. The general theme
of the work was to encourage young designers to exercise their
innovative skills, without having to wait for expensive equipment
and materials to be available.

The radiation patterns are shown in Figure 8. They were
calculated at 1 GHz. However, the authors’ investigation of the
pattern at other frequencies within the operating range showed that
it was as if the pattern rotated slightly with changing frequency.
However, because the applications of the antenna are concerned
mainly with bandwidth, the shape of the radiation pattern is not of
primary importance (indeed, even if it is important, arrays of
MAMA elements can be used for radiation-pattern shaping.)
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The desired prototype results were based on [6], where, for a
Chebyshev-based MAMA,

|811| = 2010g(T .7, ),

%)
T,, = cos| n acos COS(ZﬂL]COSh —acosh~—-94 ,
0 n (me)

where 7 is the number of sections of the Chebyshev transformer.

4. Klopfenstein-Based fiama

As was pointed out earlier, it was believed that one of the rea-
sons for the differences between the practical and prototype results
for the Chebyshev-based MAMA was the sharp change from stage
to stage. Thus, it is natural to believe that using a tapered patch,
such as a Klopfenstein patch, is likely to produce better results.
The Klopfenstein taper {8] can be thought of as the limiting case of
the Chebyshev transformer when the number of sections
approaches . The design procedure based on the Klopfenstein
taper can be summarized as follows.

The procedure starts by specifying the maximum-allowable
pass-band reflection coefficient, I',, , taking into account consider-
able tolerance, as well as specifying the pass-band starting fre-
quency, f;. Thus, the length of the patch is determined using the

relations

; : UL B
T B .
P00 40 8.0 507 00 4.0 .20 0.3

i &
008
Armuth Pattern Gain Dlapoy
{dBl)

Figure 8a. The radiation pattern in the xy plane at 1 GHz. The
pattern can be considered omnidirectional, with the effect of
the ground plane clear. The authors’ simulations showed that
the pattern shapes did exhibit some changes over the operating
bandwidth. However, the changes in maximum gain and over-
all shape were acceptable for applications that are mainly con-
cerned with the bandwidth.
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Figure 8b. The radiation pattern in the xz plane at 1 GHz. The
other comments of Figure 8a apply.
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Figure 8c. The radiation pattern in the yz plane at 1 GHz. The
other comments of Figure 8a apply.

A=cosh™ [E)—J,
Fm
A
L=300—7,
(27)

where L is the length of the taper in mm and f; is the onset of the
pass band.

The following equations are then used to derive the imped-
ance profile required to match the feed line to air:

1 r 2
InZ(y)=—In(ZyZ —°A2¢(—¥—1,A], 0<y<L
(»)=5n(Z D* o a L =y=

x.[](A 1—!’2)
¢(X,A)=—®(—X,A)=IT;—dY, |x|$1
0 Nl=r
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Figure 7. A comparison of the practical and simulated results with the synthesis prototype for a four-stage MAMA. The synthesis
prototype had a target of a 130% bandwidth centered at 1 GHz. The simulation results predicted a 76.4% bandwidth centered at
1.1 GHz, while the actual practical results had a 74.5% bandwidth centered at 1.02 GHz. The differences in the locations of the
resonance frequencies as well as in the return-loss levels were explained in the parametric study. It was clear from the above figure
" that increasing the number of stages indeed improved the impedance bandwidth. However, practical experience dictated that the
results of the fabricated antenna should be more accurately perceived as two adjacent disjoint bands at 1.2 GHz, because of the
narrow match (just -11 dB) at this point, which made this particular frequency sensitive to any variation in measurement settings
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Figure 10. This plot compares the simulated and practical
results for the Klopfenstein MAMA prototype. It was clear
that in terms of bandwidth size, both the practical and simula-
tion results were in perfect agreement. However, there were
differences in the matching levels between the simulated and
practical results. The differences may have been due to several
reasons, which are explained in the text.
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A very simple method for calculating the impedance profile is pro-
vided in {9]. Once the impedance profile is calculated, it is easy to
sample it at any desired rate, and to solve the following nonlinear
equations simultaneously to determine the patch width and height
at any point along the length of the patch:

P 7528
60log| —4{6+0.2832exp —[30.666—J
w w

2
+ 1+(2£J =2,
w

where Z; is the sampled impedance of the Klopfenstein profile,
and

150

Ji

A PRNEES B2
log) —46+0.2832exp —(30.666—} + 1+(2—]
w w w

5. Results of the Klopfenstein-Based
MAMA

The simulated Klopfenstein design was operated at a starting
frequency of 10 GHz. The profile was sampled at 10 points, and
the maximum reflection coefficient in the pass band was specified
to be 0.2. The ten points yielded the following patch profile:

5 8 10 12 14 16 10 0
Feequency {LHz)

Figure 9a. The Klopfenstein MAMA |S,,| parameters. The

simulation results of the Klopfenstein MAMA showed its abil-
ity to comply with the designer’s specifications, compared to
the Chebyshev MAMA (i.e., comparing Figures 2-4 with Figure
9 showed similar results in terms of impedance bandwidth,
total field gain, and antenna efficiency, despite the fact that the
maximum reflection coefficient in the pass band was specified
to be 0.2 for the Klopfenstein design, while for the Chebyshev
MAMA an over-design had to be used to obtain the desired
characteristics). The apparent reason for this is the smoothness
of the Klopfenstein taper, compared to the sharp changes in
the Cbebyshev MAMA profile.
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Figure 9b. The total Klopfenstein MAMA field gain. The other
comments of Figure 9a appiy.
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Figure 9c. The Klopfenstein MAMA efficiency. The other
comments of Figure 9a apply.

!=0mm, w=9mm, A=2.4mm
1=1.0994513mm, w=68.849385mm, w=_8.4mm, 4=2.7mm
1=2.1989026 mm, w=7.7mm, A=3.2mm
1=3.2983539mm, w=6.8mm, A=3.7mm
!=4.3978052mm, w=>5.7mm, A=4.5mm
1=5.4972565mm, w=4.5mm, 2=55mm
1=6.5967078mm, w=3.3mm, 2=6.6mm
1=7.696159mm, w=2.3mm, A=8mm

1 =8.7956103mm, w=1.5mm, 2=9.4 mm
1=9.8950616mm, w=09mm, ~2=10.9mm
1=10.994513mm, w=0.6mm, 2=12.3mm

The |5, 1| parameters are shown in Figure 9.

The theoretical prototype for the Kiopfenstein-based MAMA

is given by
2
SO
1 ZL i
S11/=20log{0.5| In—= |cos=
| ul 08 Z cosh 4

0.5
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The dimensions of the ground plane were optimized to give the
best possible bandwidth. The ground plane finally used had dimen-
sions of 12.7mm x 82 mm with the feed line at an offset of
1.35 mm to the right of the ground plane’s midpoint on the x axis.
From Figure 9, it was clear that although the specified maximum
reflection for the Klopfenstein taper was higher than that for the
Chebyshev taper, similar results were obtained. This showed that
the Klopfenstein taper had a greater ability to conform to design
specifications, which could be expected as a result of its smooth
profile. However, this comes at the expense of ease of fabrication
and an increase in antenna volume.

In an attempt to make the fabrication process easier, the
authors proposed and implemented an alternative Klopfenstein-
based scheme. To make the fabrication process easter, the values of
w and & that satisfy the efficient radiation conswaint and comply
with the Klopfenstein taper were obtained through solving the fol-
lowing two equations, but only at the first and last point of the
taper:

150_
o
2

, 57528 22
- 6+0.2832eXp —(30.666—} + l+(2—]
w w w

[ 2
1+(2i)
w

h 2 7528 |
60log( —4 6+0.2832exp (30.666—] +4/
w w \

= Zklop;

Atimuth Pattemn Gain Display
(cBh)

Figure 11a. The radiation pattern of the Klopfenstein MAMA
in the xy plane. The pattern is shown at a frequency of
0.9 GHz. However, investigations of the patterus at other fre-
quencies showed that the shape of the patterns did not change
significantly with changes in frequency. However, there was a
noticeable change in terms of gain level from the lower fre-
quencies (from 1.0 to 1.5 GHz) to the higher frequencies (at 2
to 3 GHz).
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Figure 11b. The radiation pattern of the Klopfenstein MAMA
in the xz plane. The other comments of Figure 9a apply.

Elevafion Pattern Gain Display
{dBi)

Figure 11c. The radiation pattern of the Klopfenstein MAMA
in the yz plane. The other comments of Figure 9a apply.

where Zklop; is the Klopfenstein-taper impedance at sample point

i. The two points obtained were then considered to be the trace of a
plane parallel to the x axis. The whole Klopfenstein patch was then
forced to lie within this plane (which inclined at angle &, where

tanf = :;A—z— ). This was done by considering the height at each point
y

known through the inclination angle of the plane through the sim-

ple relation

Z = Zinjtial +Aytand,

where 2., is the height at the initial sampling point of the

Klopfenstein taper. Thus, only the width of the patch is left to
determine, through
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= Zklop;

In the fabrication process, the antenna is first fabricated in the
horizontal xy plane. Thus, the calculated parameters should be put

into the format (w, Le). A suitable CAD program is then used
cos

to draw the 1-1 pattern of the Klopfenstein patch. After printing,
this pattern is simply fixed by tape to a copper sheet and, using
suitable scissors, an exact copy of the pattem in cepper is fabri-
cated. To adjust the inclination angle, the patch is supported at the
beginning and middle using suitable dielectric rods, having heights
equal to those calculated according to the inclination angle.

The authors used both /E3D and 602-suite programs to gener-
ate and print the 1-1 pattern. Figure 10 compares the simulation
and practical results with the Klopfenstein MAMA prototype based
on this approach. It was clear that in terms of bandwidth size, both
the practical and simulation results were in perfect agreement.
However, there were differences in the matching level between the
simulation and practical results. The differences may have been
due to several reasons. First, three small dielectric supports were
used along the length of the Klopfenstein MAMA patch to keep it
at the proper, calculated slope. Second, even with the dielectric
support used, it was still quite difficult to maintain the feed height
and patch inclination at the exact values deduced frem the synthe-
sis procedure. It is important to emphasize that these practical tol-

_erances were left as they were intentionally to highlight the success
of the Klopfenstein MAMA in achieving the prescribed broadband
performance, even when constructed based on an inexpensive
design procedure hampered with practical tolerances. The possibil-
ity of obtaining broadband performance using simple, inexpensive
antennas was one of the main aims of the current thesis.

It is also clear from the figure that despite the smoothness of
the Klopfenstein MAMA, the difference in the matching level
between simulation and practicat results and the synthesis proto-
type were still quite large. Possible causes for this were the fol-
lowing. First, the formula for the characteristic impedance used in
the synthesis procedure was derived for the case of a rectangular
patch, and this is not the case for a Klopfenstein MAMA. More-
over, since the Klopfenstein MAMA could be considered to be a
series of patches, each having a length approaching zero, it was
difficult to include the effective length in the same way as it was
included for a rectangular patch. Third, as the height increased (the
maximum height was at the tip of the patch), the possibility of the
patch operating with higher-order modes increased, and conse-
quently deviation from the TEM assumption on which the synthe-
sis formulas were based occurred. However, from a practical point
of view, all of these factors are not that important, as long as the
antenna’s performance (impedance bandwidth) was acceptable.
Thus, adding complexity to the synthesis procedure to avoid these
pitfalls is quite unjustified.

Figure 11 shows the radiation patterns of the Klopfenstein
MAMA at 1 GHz. The patterns were considered to be omnidirec-
tional and the effect of the finite ground plane was clear. The
measured radiation patterns for both “the Klopfenstein and
Chebyshev MAMASs were done in an ordinary microwave lab (as
opposed to an anechoic chamber), using the LabVolt antenna
training kit. The measured patterns were in good agreement with
the simulated results shown. The minor differences were easily

80

18 s
7 7

85 65
8 8

5% 5%

g s s §

45 45 -
4 4

35 3
3 3

25 25
2 2
92803 075 t 125 18 175 2 22525275 3

Frequency (GH2)

Figure 12a. The calculated total field gain of the fabricated
Klopfenstein MAMA prototype. The gain ranged from 3 dBi to
7.25 dBi over the operating range.
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Figure 12b. The calculated efficiency of the fabricated
Klopfenstein MAMA prototype. The efficiency ranged from
85% to 97% ever the operating range.

accounted for, given the measurement setup, and understanding
that the kit used was equipped with only a few support mechanisms
that were not particularly ideal for maintaining the antennas in the
correct position needed to get perfect agreement between experi-
ment and simulation.

Figure 12 shows the total field gain and antenna efficiency
(including the effect of the return loss, as well as losses due to sur-
face waves) as a function of frequency. It was clear that the total
field gain ranged from 3 dB to 7.25 dB, and that it increased with
an increase in frequency. The antenna efficiency ranged from 85%
to 97% over the operating bandwidth. This high efficiency was to
be expected, due to the principle on which Klopfenstein MAMA
was built, which ensured that the antenna was matched to both the
feed line and to the air into which it radiated.
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6. Conclusions

The present paper introduced a new class of broadband anten-
nas, which combines the advantages of being simple to design and
very easy and inexpensive to fabricate. The simplicity of the design
procedure and of the resulting antenna structure are a result of the
new formulation presented by the authors for the antenna design
problem as an impedance-matching challenge. Thus, the authors
hope that this paper encourages researchers to direct their attention
to design procedures that have solid mathematical foundation, and
that are liable to yield simple structures that can be easily fabri-
cated from inexpensive components. As has been clearly demon-
strated by this paper, these approaches are systematic, and can
design simple, high-performance antennas, as opposed to the more
complicated designs that are usually suggested by researchers at the
present time, and which aim to achieve similar perfonnance but at
a much higher expense.
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Ideas for Antenna Designer's Notebook

Ideas are needed for future issues of the Antenna Designer’s
Notebook. Please send your suggestions to Tom Milligan and
they will be considered for publication as quickly as possible.
Topics can include antenna design tips, equations, nomographs,
or shortcuts, as well as ideas to improve or facilitate
measurements. &)
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