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AN INVESTIGATION OF CONFORMABLE ANTENNAS
FOR THE ASTRONAUT BACKPACK COMMUNICATION SYSTEM

1. INTRODUCTION

During periods of extravehicular activity it is obviously important that communication and
telemetry systems continue to function independent of the orientation of the astronaut. A
system of antennas must therefore be designed that will provide the necessary isotropic
coverage using circular polarization over both the transmit and receive frequency bands.
To avoid the inherent physical limitations to motion that would be incurred with any sort
of protruding antenna, it is necessary that the radiator be essentially flush-mounted or

conformable to the structure on which it is attached.

Several individual antenna elements are needed for the desired coverage. Both the partic-
ular elements chosen and-their location determine the ultimate radiation pattern of the
overall system. For these reasons a two-fold research plan was undertaken. First, indi-
vidual elements were investigated and designed. Then various mounting locations were
considered and the radiation patterns were predicted taking into account the effects of the

astronaut’s backpack.



2. ANTENNA ELEMENT

The required antenna element (as distinguished from the array in the complex scattering
environment in which it is to be placed) is discussed in this section. The general x:équire-
ments for the element are that it produce a circularly polarized (CP) pattern over as wide
a beam as possible and have two distinct bands each having a bandwidth of 2-2.5% with
a separation between the band centers of 8-10%. The element is to be unobtrusive in the
sense that it has a low profile exterior to the backpack and does not require any space

within the backpack except that required by a feeding coaxial transmission line.

Several designs are presented. Two of them involve reactive loading to provide distinct
dual band behavior. As an alternative, a thick-substrate element is also considered, in

which the bandwidth is sufficient to cover both the transmit and receive frequencies.
2.1 Previous Work

Earlier work (1,2] has presented a method of designing dual-band microstrip elements with
band separations that are adjustable by using reactively-loaded microstrip elements. The
reactive load, which can be realized as a lumped element, or as a distributed element such
as an open or short-circuited transmission line or resonator, splits the mode of interest in
the original microstrip element into two distinct modes with radiation patterns essentially
indentical to those of the original, parent mode. This technique has been successfully ap-
plied to rectangular microstrip elements with linear polarization; and is equally applicable
to a square microstrip element driven by a pair of lines feeding two adjacent edges in phase
quadrature. Such an element can theoretically produce perfect CP broadside (the direction

normal to the plane of the element) and good CP over an angular region centered about

broadside.

Almost square, rectangular patches are also investigated and are shown to provide cir-
cular polarization without the use of hybrids. The details of each of the designs are given

in Section 3 and have been recently reported [3].



2.2 Element Design

In order to obtain dual-frequency operation from a microstrip patch element, two different
approaches are possible. One approach is to design the element to be resonant at the two
different frequencies. The other approach is to make the element sufficiently broad band
so that both frequencies are within the bandwidth of the element, which may imply a thick
substrate. If the two specified frequencies of operation are sufficiently cl‘ose‘together SO
that the broad band element is feasible, this is the simplest method. The advantage of the

dual frequency approach is that the element is usually more conformal.

Figs. 2.1-2.3 show three representative ways in which a dual band CP microstrip ele-
ment may be constructed. Fig. 2.1 shows a broad band element which simply consists
of a single patch antenna on an éiectrically thick substrate. Fig. 2.2 shows a dual fre-
quenéy element obtained by reactively loading a single patch. Fig. 2.3-shows a different
dual frequency design in which two stacked patches are used, each resonant at a different
frequency. In this study the elements of Figs. 2.1 and 2.2 were experimentally investigated
to explore the feasibility for use in the NASA program application. These two elements
are discussed further in the subsections that follow. The third element design has been
investigated by others in the past [4], and was not studied during this investigation. Other
elements such as printed spiral antennas hold great promise for obtainin.g large bandwidth

CP operation, but were also not investigated in this study.

Although the actual design requirements specify transmit and receive frequency bands
near 14 GHz, a lower scaled frequency of approximately 3 GHz was used for each of the
elements investigated. This was done simply for ease in fabrication. In principle, both
impedance and pattern data should remain vaild for the higher design frequency if all
dimensions are scaled down accordingly. The higher operating frequency will result in
microstrip elements which are much more conformal. This would be particularly advanta-

geous for the thick-substrate patch discussed in section 2.4.

2.3 Reactively Loaded Patch Antenna



Earlier work has established the utility of using a nearly square, diagonally fed microstrip
patch for circularly polarized applications. Previous work has also demonstrated the fea-
sibility of obtaining dual-band operation from a linearly polarized patch by using a single
reactive load. The addition of two reactive loads to the nearly square patch gives rise to
the possibility of providing circular polarization over two distinct frequency bands. The
geometry of such a patch is shown in Fig. 2.2. For the purposes of this experimental study,
the reactive loads were obtained by using sliding shorts on the back side of the ground
plane, shown in Fig. 2.2a. In the final design, the loads could be implemented monolith-
ically as microstrip stubs, as shown in Fig. 2.2b. An empirical study was undertaken to
determine the radiation and circuit properties of the antenna shown in Fig. 2.2a. For this
study two special cases were investigated: the nearly square patch and the exactly square

patch.

2.4 Broadband Microstrip Antenna on Electrically Thick Substrate

It is well known [5] that the bandwidth of a microstrip patch increases with substrate thick-
ness. Hence the bandwidth can be increased directly with no additional effort by simply
using a thicker substrate. There is of course a limit to which the bandwidth can be in-
creased. This limit usually occurs when the patch element is approximately 0.25 dielectric
wavelengths from the ground plane. At this thickness, depending on the patch dimensions,
bandwidths on the order of 25% - 50% may be obtained. There are normally a couple of
disadvantages with having a very thick substrate, however. One is that the antenna ele-
ment is simply no longer as conformal. The severity of this disadvantage depends on the
application, and the frequency range of operation. For an operating center frequency of 14
GHz, the dielectric wavelength in a teflon- fiberglass material having a permittivity of 2.33
is 1.404 cm. In order to have a bandwidth of about 15%, the substrate thickness should
be approximately 0.15 dielectric wavelengths. This gives a substrate thickness of 0.21 cm,

which is physically still relatively thin.

Another disadvantage often associated with antennas on thick substrates is the strong
excitation of surface waves. This produces two undesirable effects. First, it reduces the

eficiency of the antenna, efficiency being defined as the radiated power relative to the total



(radiated plus surface-wave) power. Secondly, the excited surface waves may propagate to
considerable distances and diffract off of the substrate edges, which may cause a serious
interference effect in the radiation pattern. Both of these disadvantages may be elim‘i‘nated,
however, by simply truncating the dielectric directly around the perimeter of the patch.
The patch in essence then becomes a modified dielectric resonator, having a conductive
top surface. Such a patch antenna may be square in shape, and fed at the centers of two
adjacent edges with a 90° phase shift. The phase shifter should be broad-band, such as
a 3 dB hybrid. Fig. 2.1 shows such an element, along with a possible monolithic feeding

arrangement.



3. MEASURED RESULTS
3.1 Nearly Square, Diagonally Fed, Reactively Loaded Microstrip Antenna

To begin, an unloaded microstrip radiator was fabricated for initial testing. Its dimensions
were 3.13 cm by 2.90 cm and it was etched on a Duroid 5870 substrate with a thickness
of 0.3175 cm and a relative permittivity of 2.35 as shown in Fig. 3.1. When fed at the
point (z = fa1,y = fa2) = (0.52, 0.48 cm) the impedance as a function of frequency was
measured using an HP8510 network analyzer with the results shown in Figs. 3.2 and 3.3.
Circular polarized behavior was found near 2.964 GHz, with the spinning-linear pattern

shown in Fig. 3.4.

Next, reactive loads were added to the radiating structure by attaching sliding short-
circuited loads on the back side of the ground plane, as shown in Fig. 3.5. As the lengths
of these stubs were changed, various reactive loads could be simulated. As the stub lengths |
are increased different circular polarization “modes” can be obtained. The first patch in-
vestigated had its loads inset a distance d = 0.70 cm in from each edge. When stub lengths
of s; = 3.95 cm and s; = 4.43 cm are chosen, the impedance plots shown in Figs. 3.6
and 3.7 are obtained. Two pairs of peaks are clearly visible. When the radiation pattern
is measured, it is found that linear polarization in the z-direction is obtained near the
right-most peak of each of the pairs, while linear polarization in the y-direction is found
at the left-most peak of each pair. In between each pair (near 2.487 GHz and 3.382 GHz)

circular polarization is obtained (as shown in Figs. 3.8 and 3.9).

As the length of the stubs are increased a second mode can be found. When s, = 8.6
cm and s; = 9.38 cm the impedances shown in Fig's. 3.10 and 3.11 are obtained. The
major change in characteristics is the shifting of the circular polarization frequencies closer
together in frequency (2.699 GHz and 3.312 GHz). The resulting patterns are shown in
Figs. 3.12 and 3.13. Similar data for a third mode are shown in Figs. 3.14-3.17 and for a
fourth mode in Figs. 3.18-3.21.

Additional sets of data were taken for several other stub lengths and feed points with

the goal of learning how the various parameters affected the separation of the two res-
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onant frequencies. To illustrate this behavior more clearly, summary graphs have been
prepared to show the behavior of the circular polarized resonant frequencies as a function
of the stub lengths. Fig. 3.22 shows this data for the case of a feed location of (0.15, 0.15
cm) and a load inset of d = 0.35 cm. This information is also shown in Fig 3.23 where only
the separation between the upper and lower resonant frequencies is shown. Here the modal
behavior is more clearly seen. In each case the best circular polarization (smallest axial
ratio. at broadside) occurs very near the minimum of each of the modal curves. Similar
data is shown in Figs. 3.24 and 3.25 for the case of a feed at (0.09, 0.09 cm) and load
insets of d = 0.50 cm, and in Figs. 3.26 and 3.27 for a feed at (.29, .33 cm)and load insets
of d = .70 cm. The data for four different inset positions are then plotted in the graph
of Fig. 3.28. The three curves represent the different modes with the higher order modes
giving the smaller band separations. Thus, the band separation is seen to decrease both

for higher mode number and for increasing load inset distances.
3.2 Square, Reactively Loaded Microstrip Antenna

During the investigation of the nearly square patch, it was discovered that dual band cir-
cular polarization could also be obtained from a square patch by using different reactive
loads for the two spatially orthogonal modes. This geometry is depicted in Fig. 3.29.
Measurements were then taken for different feed and load inset positions to investigate the
possibilities of providing the required dual band, circularly polarized characteristics. In
each instance, a square patch 2.96 cm on a side was etched on Duroid 5870 of thickness

0.157 cm and relative permittivity 2.35.

" In the first case the patch was fed along the diagonal at f4; = f43 = 0.25 cm. The
impedance of the unloaded version was measured and found to be resonant at 3.196 GHz
as shown in Figs. 3.30 and 3.31, with the linearly polarized pattern (along the plane of
the diagonal) given in Fig. 3.32. Reactive loads were then added at inset positions of d
= 0.11 cm. The first circularly polarized (CP) mode was found for stub lengths of s; =
4.3 cm and s, = 4.48 cm, with the resulting impedance behavior shown in Figs. 3.33 and
3.34. Similar data are shown in Figs. 3.35 and 3.36 for the second mode with s, = 8.85
cm and s; = 9.03 cm; Figs. 3.37 and 3.38 for mode three with s; = 13.5 cm and s, =
13.73 cm; and Figs. 3.39 and 3.40 for mode four with s; = 18.4 cm and s, = 18.53 cm.
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This information is summarized in Figs. 3.41-3.44 which show the resonant frequencies of
the z and y polarized modes and their separations versus the corresponding stub lengths.
The center frequency of the CP band is shown as a function of each stub length in Figs.
3.45 and 3.46, and the CP band separation in Figs. 3.47 and 3.48.

For the next case the same 2.96 cm square patch was used with loads still at d = 0.11 cm
and the y-coordinate of the feed remaining at f4; = 0.25 cm. The z-coordinate of the feed
~ was then allowed to vary and the impedance and patterns were measured. This was done
in an attempt to excite the lower frequency mode of each pair more strongly. The case of
faz = 0.475 cm, s; = 18.1 cm, and s, = 18.48 cm is shown in Fig. 3.49; that for f4 =
0.775 ¢cm, s; = 18.2 cm; and s, = 18.53 cm in Figs. 3.50-3.52, and that for f;; = 1.15 cm,
sy =-18.3 cm, and s; = 18.43 cm in Fig. 3.53.

Next the feed was allowed to move in both directions with -the data taken for the first
five modes for fy; = 0.45 cm and fg5 = 1.05 cm. This is shown in Figs. 3.54-3.56 for s, =
4.5 cm and s, = 4.48 cm; Fig. 3.57-3.59 for 5; = 9.1 ¢m and s, = 8.98 cm; Fig. 3.60-3.62
for 33 = 13.7 cm and s, = 13.78 cm; Figs. 3.63-3.65 for s; = 18.4 cm and s, = 18.73 cm;
and Figs. 3.66-3.68 for s; = 24.8 cm and s; = 25.03 cm.

Summary graphs of this data for the resonant frequencies of the z and y-polarized modes
are shown in Fig 3.69-3.76. Similar data with parameters identified in individual ﬁgure
captions are shown in Figs. 3.77-3.99 for the case of fg = 1.05 cm, f4» = 0.45 cm, and d
= 0.35 cm, and in Figs. 3.100-3.123 for the case of f3; = 0.85 cm, fg; = 0.45 cm, and d =
0.60 cm.

3.3 Single Broadband Microstrip Antenna

An experimental patch resonator was built on a 0.9525 cm thick Duroid material hav-
ing a permittivity of 2.33. The patch dimensions were 3.0 x 3.0 cm, which gave a resonant
frequency near 3.13 GHz. In the experimental study a commercially available 90° hybrid
was used instead of a monolithic hybvrid. The feeds were along the centerlines of the patch,

inset a distance .65 cm from the edges. At this feed location the input impedance at either



port is approximately 100 ohms at resonance. In order to obtain a 50 ohm match the
feeds would have to be inset further toward the center of the patch. Fig. 3.124 shows the
measured impedance at one of the antenna ports, with a 50 ohm load on the other port.
Fig. 3.125 shows part of the impedance locus plotted on a 100 ohm Smith chart. The two
frequencies f; and f; correspond to the 2.0 SWR bandwidth limits. The bandwidth is ap-
proximately 15%. Fig. 3.126 shows the real and imaginary parts of the input impedance,
with the band limits indicated by the arrows at the bottom. Fig. 3.127 shows S;; looking
into the 50 ohm hybrid when connected to the patch. The performance is shown for an
open circuit on the isolated port of the hybrid and for a 50 ohm load on the isolated port.
For a wide band match, the hybrid should be matched on the isolated port. The match
looking into the hybrid should be considerably improved if the patch impedance were 50
ohms. Figs. 3.128-3.130 show the measured spinning-linear pattern of the patch at three
frequencies, corresponding to near resonance and approximately 6% on either side of the
resonant frequency. These patterns would probably also improve if the patch impedance

was 50 ohms, due to a better match in the feeding circuit.



4. ANALYSIS OF THE ANTENNA ARRAY ENVIRONMENT

In order to determine whether adequate antenna performance and coverage is achieved, it
is necessary to compute radiation patterns of the proposed microstrip antenna elements in
their operating environment. Since it is not possible to model the entire astronaut/back-
pack in detail, approximate modeling techniques can be used to to assess element designs

and antenna placement.

Since the antenna elements are electrically small and the field distributions on the patch
_antennas are relatively independent of the operating environment, it is possible to replace
them with equivalent magnetic dipoles for far field computations. Due to the large elec-
trical size of the backpack assembly and the suited astronaut, general full wave analysis-
techniques are not possible. Therefore, we must use approximate high frequency techniques
to predict the field behavior. For such an analysis it is necessary to simplify the backpack
geometry. Several simplified models can be used. For our problem, it is known that in
many instances electrically large circular cylindrical structures can be approximated by
rectangular structures [6]. Therefore, our approach will be to model the astronaut back-
pack as a rectangular block structure, approximately accounting for its effect by computing
the geometrical optics and edge diffraction contributions from the edges near the source.
In a similar fashion, the effects of the astronaut’s head, body, arms, and legs, as well as
the MMU, can be modeled by rectangular blocks and analyzed.By geometrical diffraction

procedures.

The modeling effort can be divided into three stages: First, a simplified block model for
the backpack is developed. This model is used to determine the position and number of
antennas necessary to give complete coverage, without the astronaut present. Next, we
will demonstrate the effect the astronaut has on the radiation pattern of the backpack
antennas. In the final stage of the coverage analysis, we will discusé the effects of arm and

leg positions on the radiation patterns.
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4.1 Discussion of Analysis

As mentioned previously, we will use high frequency electromagnetic techniques to- approx-
imate the fields radiated by antennas on the astronaut backpack. More specifically, we will
use the Geometrical Theory of Diffraction (GTD). A detailed discussion of this method is
given by Kouyoumjian and Pathak [7]. To model the backpack and astronaut geometries,
we will use finite flat plates. These plates are very useful for modeling general shapes
and are ideal-for GTD analyses. Each plate is specified by its corners, in an arbitrary
coordinate system, and is not limited to a particular number of vertices as long as all the
edges lie in the same plane. These plates can be joined to form wedges and the appropriate
field diffraction can be determined. The algorithm developed for this study is sufficiently
general to handle any geometry that can be modeled with plates, and it only requires
the locations of all the corners and sources. Techniques have been developed such that
all geometrical factors are computed automatically. The dominant first order diffraction
events are calculated, along with dominant specular reflections and blockage effects. The
present code does not include higher order diffraction events, such as slépe diffraction or
corner diffraction. In addition, it does not account for multiple reflections or diffractions.
However, these contributions-are usually much less than the first order effects, particularly
for objects which have dimensions greater than a few wavelengths (as is the case for this
'problem). The results given by this algorithm compared very favorably with the results

from more accurate/exact solutions for several test cases.
4.2 ‘Backpack investigation’

To begin, we studied the radiation of antennas mounted on the backpack without the
astronaut present. In this way we were able to determine th-e optimal positions for the
antennas to achieve near complete coverage. Figures 4-1 to 4-4 show the model used for
the backpack. Note that it consists of 11 flat plates of different sizes and shapes. Also note
that several of the tested antenna positions are marked on these diagrams. To represent a
circularly polarized antenna we used two orthogonal magnetic dipoles, with a quadrature
phase shift. To present the field pattern results we have isolated each antenna, and in
general only show the fields radiated by one antenna in each plot. This greatly simplifies

the interpretation of the results. Also note that all the patterns presented show a curve
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representing the maximum electric field component received at the observation point and
the minimum electric field received at the observation point. Therefore, the difference

between the two curves is the axial ratio for the radiated field (spinning dipole pattern).

One of our initial concerns was that it would be very difficult to obtain adequate coverage
in the back of the pack since the presence of the MMU prohibited the mounting of an
antenna on the back face. To cover the back area an antenna was mounted at location 1
shown in the previous figures. Its far field patterns are shown in Figures 4-5 to 4-7. From
these results we note that an antenna at position 1 does a very good job of covering a broad
region above and behind the backpack. The slope of the back tends to steer the pattern
upward. The circular polarization (CP) is well maintained in this region. The pattern
starts to drop off near vertical and beyond the horizontal in the back. To compensate
for this decrease in the lower region an antenna is mounted on the bottom of the pack,
position 3. The corresponding patterns are shown in Figures-4-8 to 4-10. Note that this
antenna covers the lower region well and overlaps nicely with the position 1 antenna. Note
in all these patterns there is significant diffraction from the edges near the antenna. This
diffraction appears as the spill over around the edges and the scalloping in the main

beam.

To obtain coverage in the front an antenna is mounted- at position 2, just above the head
of the astronaut. The patterns corresponding to this antenna are shown in Figures 4-11
to 4-13. As expected, this antenna does a good job of covering the front area and does a
moderate job of covering the bottom forward region. Notice that in combination with the
antenna at position 1 (Figures 4-5 to 4-7), these two antennas adequately cover the region
directly above the pack. A better job of covering the vertical region is done by an antenna
at location 8 (Figures 4-14 to 4-16), however, this antenna does a poor job of covering
both the forward and rear regions. Therefore, it is probably a better decision to choose

the antennas at positions 1-and 2.

With the choice of the antennas in positions 1, 2, and 3 the front, rear, bottom, and top
regions are covered adequately. It remains to choose a location of an antenna that will
cover the sides. Four positions where considered, 4, 5, 6, and 7. The corresponding far

field patterns are shown in Figures 4-17 to 4-19, 4-20 to 4-22, 4-23 to 4-25, and 4-26 to
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4-28, respectively. Notice that the axial ratio for first three antennas is poor in the x-z
plane, as one would expect, whereas, the axial ratio for the antenna mounted on the slope
(position 7) is good in that plane. This antenna, however, does a poor job of covering
the side region. The plots show that there is very little difference between the other three
antennas, all seem to radiate the same. Position 4 is probably the best choice since 1t is
further away from the arms of the astronaut, thus reducing the effects of blockage. To
cover both side an antenna should be mounted at position 4 on both the left and right

faces of the pack.

In summary, we have found that for the backpack alone, adequate CP coverage can be
obtained by using 5 CP antennas mounted at positions 1, 2, 3, and 4. However, this
section did not address the problem of the astronaut blocking or scattering the fields of

the antennas.
‘4.3 Astronaut blockage |

In the previous section we found a backpack antenna combination that provided near
complete coverage. However, when the backpack is mounted on an astronaut, the radiation
patterns will be altered. To help quantitify this effect we have ‘modeled the astronaut using
flat plates and used our GTD analysis to solve for the far field antenna patterns. Figures
4-29 and 4-30 show the elementary model used for the astronaut. Although relatively
simple, this model is sufficient to determine the magnitude of the astronaut blockage effect
and to help identify problem areas. A side view of the complete model (astronaut and
backpack) is shown in Figure 4-31. As we did in the previous section, we will only consider

antennas individually.

The first example (Figures 4-32 to 4-34) shows the radiation patterns for an antenna
mounted above the head of the astronaut, in position 2. Notice that the fields are dra-
matically reduced for large 6 due to the blockage by the head. In addition, note that N
the other patterns are distorted by the field scattered from the body. Unfortunately, this
effect is difficult to eliminate. Other antenna locations suffer from similar effects. From
our earlier analysis, we found that the only other main contributor to the fields in this

blocked out region is the antenna mounted at the bottom of the pack (position 3). Figures
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4-35 to 4-37 show the patterns for this antenna in the presence of the astronaut. As one
might expect by examining the geometry in Figure 4-31, the fields radiated by this bottom
antenna are extremely distorted due to the blockage by the astronaut’s legs. Therefore,
due to blockage there is a blind spot in the pattern down below the astronaut, in front
of his feet. Figures 4-38 to 4-40 ‘show the patterns for the antenna in position 4, in the
presence of the astronaut. Note that they are signiﬁcantly different than the unperturbed

case shown earlier.
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location of (.52, .48 cm).
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Fig. 3.6 Real part of impedance verses frequency of the first mode for a loaded 3.13 by 2.90 cm rectangular
patch with a feed location of (.52, .48 cm ), load insets of d = .70 cm, and stub lengths of 51 = 395 cm and 52

= 443 cm.
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Fig. 3.7 Smith chart representation of the input impedance of the first mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 cm, and stub lengths of s7 =

3.95 cm and §9 = 4.43 cm.
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Fig. 3.8 Spinning linear pattern for the lower cp band of the first mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 cm, and stub lengths of s1 =

3.95 cm and s = 4.43 cm.
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Fig. 3.9 Spinning linear pattern for the upper cp band of the first mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 cm, and stub lengths of s =
3.95 c¢m and 59 = 4.43 cm.
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Fig. 3.10 Real part of impedance verses frequency of the second mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 cm, and stub lengths of s1 = 8.6
cm and s9 = 9.38 cm.
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Fig. 3.11  Smith chart representation of the input impedance of the second mode for a loaded 3.13 by 2.90
cm rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 cm, and stub lengths of s1 =

8.6 cm and s = 9.38 cm.
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Fig. 3.12 Spinning linear pattern for the lower cp band of the second mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 cm, and stub lengths of s1 = 8.6

cm and s = 9.38 cm.
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Fig. 3.13  Spinning linear pattern for the upper cp band of the second mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 cm, and stub lengths of s1 = 8.6
cm and 57 = 9.38 cm.
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Fig. 3.14 Real part of impedance verses frequency of the third mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 c¢m, and stub lengths of 51 =

13.35 cm and sp = 14.38 cm.
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Fig. 3.15  Smith chart representation of the input impedance of the third mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 cm, and stub lengths of s1 =

13.35 cm and sy = 14.38 cm.
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Fig. 3.16 Spinning linear pattern for the lower cp band of the third mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 cm, and stub lengths of s1 =
13.35 cm and s9 = 14.38 cm.



DEGREES

FREQUENCY 3.288000 GHZ

Fig. 3.17 Spinning linear pattern for the upper cp band of the third mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 c¢m, and stub lengths of s = 8.6
cm and s = 9.38 cm.
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Fig. 3.19 Smith chart representation of the input impedance of the fourth mode for a loaded 3.13 by 2.90
cm rectangular patch with a feed lqcation of (.52, .48 cm ), load insets of d = .70 cm, and stub lengths of 51 =

18.1 cm and s2 = 19.43 cm.



DEGREES

FREQUENCY 2.827000 GHZ

Fig. 3.20 Spinning linear pattern for the lower cp band of the fourth mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 c¢m ), load insets of d = .70 cm, and stub lengths of s| =

18.1 cm and s = 19.43 cm.
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Fig. 3.21 Spinning linear pattern for the upper cp band of the fourth mode for a loaded 3.13 by 2.90 cm
rectangular patch with a feed location of (.52, .48 cm ), load insets of d = .70 c¢cm, and stub lengths of s1 =
18.1 cm and 52 = 19.43 cm. '
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Fig. 3.29 Reactively loaded square microstrip antenna.
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Fig. 3.32 Linearly polarized radiation pattern (along the plane of the diagonal) for an unloaded 2.96 cm
by 2.96 cm square patch with a feed location of (.25, .25 cm).
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and s9 = 4.48 cm.



START 2. 4@‘@@ 00 GCHz
STOP 4 VONYACODY GHz

Fig. 3.34  Smith chart representatlon of the input 1mpedance of the first mode for a loaded 2.96 by 296 cm
square patch with a feed location of (.25, .25 cm), load insets of d = .11 cm, and stub lengths of s] = 4.3 cm

and s = 4.48 cm.
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Fig. 3.36 Smith chart representation of the input impedance of the second mode for a loaded 2.96 by 2.96
cm square patch with a feed location of (.25, .25 cm), load insets of d = .11 cm, and stub lengths of s1 = 8.85

cm and §2 = 9.03 cm.



l, U .i____._...]-_.- __7 R e e e e = e -..._._._._.g,_..._x-_._- g e

1
o !
E 200 [ e - S ST
(@]
-
~ i
S— [P S _4 VTN VARG RSP
|
<
[FE)
o

—
o
(@]

[T T T T "{
, |

o

I N

e s o
1

!
1}
|
i
!
!
i

R
|

i
R D N D R R

3.04 3.36 3.68 4.0
_ FREQUENCY .(GHz)

2.4

Fig. 3.37 Real part of input impedance verses frequency of the third mode for a loaded 2.96 by 2.96 cm
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Fig. 3.38  Smith chart representation of the input impedance of the third mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.25, .25 cm), load insets of d = .11 cm, and stub lengths of s1 = 13.5 cm
and s2 = 13.73 cm.
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Fig. 3.40 Smith chart representation of the input impedance of the fourth mode for a loaded 2.96: by 2.96
cm square patch with a feed location of (.25, .25 cm), load insets of ¢ = .11 cm, and stub lengths of s1= 184
cm and s9 = 18.53 cm.
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Fig. 3.49 Real part (right) and Smith Chart (left) representation of input impedance of the fourth mode
for a loaded 2.96 cm by 2.96 cm square patch with a feed location of (.25, .475 cm), load insets of d =
.11 cm, and stub lengths of s1= 18.1 cm and s2= 18.48 cm.



g e
4
1
SV R NOSIS AU S S -
i ; i £
e ~{ - =emf -4 200 5
i ) { ~—
_...)L_..~_1. e — i_...___ i.___.%_.— _— T\T
l e
. 100
| | o=
..__!__v_ ) S — .- l&]
o ...I = O
!
_.} _1
! i
i PUR

FREQUENCY (GHz)

Fig. 3.50 Real part (right) and Smith Chart (left) representation of input impedance of the fourth mode
for a loaded 2.96 cm by 2.96 cm square patch with a feed location of (.25, .775 cm) load insets of d =
.11 cm, and stub lengths of s1 = 18.2 cm and s2 = 18.53 cm.
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Fig. 3.51  Spinning linear pattern for the lower cp band of the fourth mode for a loaded 2.96 by:2.96 cm
square patch with a feed location of (.25, .775 cm), load insets of d = .11 cm, and stub lengths of s1 = 18.2 cm
and s2 = 18.53 cm.
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Fig. 3.52  Spinning linear pattern for the upper cp band of the fourth mode for a loadéd 2.96 by:2.96 cm
square patch with a feed location of (.25, .775 cm), load insets of d = .11 cm, and stub lengths of s1 = 18.2 cm

and s = 18.53 cm.
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Fig. 3.53 Real part (right) and Smith Chart (left) representation of input impedance of the fourth ‘mode
for a loaded 2.96 cm by 2.96 cm square patch with a feed location of (.25, 1.15 cm), load insets of d =

.11 cm, and stub lengths of s1 = 183 cm and §2 = 18',43 cm.
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Fig. 3.54  Real part of input impedance verses frequency of the first mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .11 cm, and stub lengths of s1 = 4.5 cm

and s = 4.48 cm.
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Fig. 3.55 Spinning linear pattern for the lower cp band of the first mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .11 cm, and stub lengths of §s1=45.cm

and s = 4.48 cm.
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Fig. 3.56 Spinning linear pattern for the upper cp band of the first mode for a loaded 2.96 by’ 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .11 cm, and stub lengths of §1 = 4.5 cm

and s = 4.48 cm.
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Fig. 3.57 Real part of input impedance verses frequency of the second mode for a loaded 2.96 by 2.96 cm
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Fig. 3.58 Spinning linear pattern for the lower cp band of the second mode for a loaded 2.96 by’ 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .11 cm, and stub lengths of s = 9.1 cm

and sp = 8.98 cm.
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Fig. 3.59 Spinning linear pattern for the upper cp band of the second mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .11 cm, and stub lengths of s1 = 9.1 cm

and sp = 8.98 cm.
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and sy = 13.78 cm.
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Fig. 3.61  Spinning linear pattern for the lower cp band of the third mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .11 cm, and stub lengths of s1 = 13.7 cm

and s7 = 13.78 cm.
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Fig. 3.62 Spinning linear pattern for the upper cp band of the third mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .11 cm, and stub lengths of s1 = 13.7 cm

and s72 = 13.78 cm.
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Fig. 3.64 = Spinning linear pattern for the lower cp band of the fourth mode for a loaded 2.96 by 2.96 c¢m
square patch with a feed location of (.45, 1.05 c¢m), load insets of d = .11 cm, and stub lengths of s1 = 184 cm

and s = 18.73 cm.
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Fig. 3.65 Spinning linear pattern for the upper cp band of the fourth mode for a loaded 2.96 by 2.96 cm
‘square patch with a feed location of (.45, 1.05 cm), load insets of d = .11 cm, and stub lengths of s1 = 18.4 cm

and sp = 18.73 cm.



200 i+

'l 75 i . ..t ..-I.. e ... . PR

150

125 |

100 ¢

REAL (Z) (ohms)

50 : -

25 |

BEETVAD 400d EC
8I 3OV TYNISRIO

I
1
1
i
|
i

. ‘ 3.36
o FREQUENCY (GHz)

Fig. 3.66  Real part of input impedance verses frequency of the fifth mode for a loaded 2.96 by 2.96 c¢m
square patch with a feed location of (.45, 1.05 cm), load insets of d = .11 cm, and stub lengths of 51 = 24.8 cm
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Fig. 3.67 Spinning linear pattern forlthe lower cp band of the fifth mode for a loaded 2.96 by:2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .11 cm, and stub lengths of s1 = 24.8 cm

and s7 = 25.03 cm.
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Fig. 3.68 Spinning linear pattern for the uppé-r“c.p— band of the fifth mode for a loaded 2.96 by:2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .11 c¢cm, and stub lengths of 51 = 24.8 cm

and s2 = 25.03 cm.
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length of load #2 for a loaded 2.96 by 2.96 cm square patch with a feed location of (1.05, .45 c¢m ), and load
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Fig. 3.71 Upper frequency band ( the x-polarized band ) separation verses the short circuit stub length of
load #1 for a loaded 2.96 by 2.96 cm square patch with a feed location of (1.05, .45 cm ), and load insets of d
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Fig. 3.77 Real part of input impedance verses frequency of the first mode for a loaded 2.96 by 2.96 cm

square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of s1 = 4.75 cm
and s2 = 4.63 cm.
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Fig. 3.78 Spinning linear pattern for the lower cp band of the first mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of s1 = 4.75 cm

and s2 = 4.63 cm.
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Fig. 3.79 Spinning linear pattern for the upper cp band of the first mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of s1 = 4.75 cm

and s = 4.63 cm.
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Fig. 3.80 Real part of input impedance verses frequency of the second mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of 51 = 9.3 cm

and s9 = 9.23 cm.
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Fig. 3.81 Spinning linear pattern for the lower cp band of the second mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of s1 = 9.3 cm

and s = 9.23 cm.
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Fig. 3.82 Spinning linear pattern for the upper cp band of the second mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of 51 = 9.3 cm
and s9 = 9.23 cm.
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Fig. 3.83 Real part of input impedance verses frequency of the.third mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d =".35 cm, and stub lengths of s1 = 14.0 cm

and s92 = 14.13 cm.
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Fig. 3.84 Spinning linear pattern for the lower cp band of the third mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of s1 = 14.0 cm

and s = 14.13 cm.
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Fig. 3.85 'Spinning linear pattern for the upper cp band of the third mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of s1 = 14.0 cm

and sp = 14.13 cm.
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Fig. 3.87  Spinning linear pattern for the lower cp band of the fourth mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of 51 = 18.8 cm

and s = 19.13 cm.
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Fig. 3.88 Spinning linear pattern for the upper cp band of the fourth mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of s1 = 18.8 c¢cm

and s9 = 19.13 cm.
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Fig. 3.89 Real part of input impedance verses frequency of the fifth mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of s1 = 22.6 cm

and sp = 23.23 cm.
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Fig. 3.90 Spinning linear pattern for the lower cp band of the fifth mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, 1.05 cm), load insets of d = .35 cm, and stub lengths of s1 = 22.6 cm

~ and s7 = 23.23 cm.
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Fig. 3.91 Spinning linear o

pattern for the upper cp band of the fifth mode for a loaded 2 '
square patch with a feed location of (.45 1.05 1 i = oaded 2.96 by’ 2.96 cm
and 59 = 23.23 cm. (45, cm), load insets of d = .35 cm, and stub lengths of s] = 22.6 cm
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length of load #1 for a loaded 2.96 by 2.96 cm square patch with a feed location of (1.05, .45 c¢m ), and load
insets of d = .35 cm .



X X X XXX XX
X X X x X>g<
X X X X
3.60 | X X X &(
X ><>< X y
-~ X
= X X K && "%
) XXX && X>3< >$<>< ><><><
— X X X XXX
X X X% X&&
X X% X X% X
> 3.10 | “x X Xy X)$S< Xy
X
LJZ_J X X X¢ ¢ ><xx
> % % s
L X
- I 8% >gg<><
2.60 X % X X,
§( X XX X)(
X X XX
X XX &&
2.10 , l | r [
1.00 5.00 g.00 13.00 17.00 21.00 25.00

STUB LENGTH OF LOAD # 2 (CM)

Fig. 3.93 Frequency of lower linearly polarized band ( the y-polarized band ) verses the short circuit stub
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insets of d = .35 cm .



( GHZ )

UPPER BAND SEPARATION

.20

.85

.70

.45

. 20

.00

X
| X
X
273 y X
X
i v %
X XX X X
> X X
X X XS
¢

s X,

X XK
%
>

X
X, X X
X MM
%

X

X

9.00 13.00
STUB LENGTH OF LOAD # |

5.00

17.00
(CM)

21.00

25.00

Fig. 3.94 Upper frequency band ( the x-polarized band ) separation verses the short circuit stub length of
lJoad #1 for a loaded 2.96 by 2.96 cm square patch with a feed location of (1.05, .45 cm ), and load insets of d

=.35cm.



™ X
©0.95 | XX
X
= X Z X
— X
= X X
<0.70 _ 9 Xy
o 9 7 X S 20K X
o e X ngx ><><
= X
5 X x S
0.45 | >3§§<><>< X 75 X
0 X XX
= 25Kl >&x
._D_l ><><><><><
0.20 . ; I , ,
1.00 5.00 9.00 13.00 17.00 21.00 25.00

STUB LENGTH OF LOAD # 2 (CMY)

Fig. 3.95 Lower frequency band ( the y-polarized band ) separation verses the short circuit stub length of
load #2 for a loaded 2.96 by 2.96 cm square patch with a feed location of (1.05, .45 cm ), and load insets of d

=35cm.



(GHZ)

CENTER FREQUENCY OF CP BANDS

~No

Fig. 3.96

N

W

(X

N

.60

.10

.60

.10

% ' X, X
% X X
§ % % %&
>s<>< )S& X X>$<
X X X« X
i X 0% X
X &X& X, %
X>§S< y >$<
X X
I
X
5.(I)O 9.60 13?00 17.'00 21:00

1.00

STUB LENGTH OF t OAD # |

( CM )

25.00

Center frequency of cp bands verses the short circuit stub length of load # 1 for a loaded 2.96
by 2.96 cm square patch with a feed location of (1.05, .45 c¢cm ), and load insets of d = .35 cm .



( GHZ )
N [ oY ~

CENTER FREQUENCY OF CP BANDS

(N

Fig. 3.97

.10

.60

.10

.60

.10

1

§§ X >%; && | x&<
X
X X K
X X X ><’><><X
] ><>< &&( &Sg( X
X X s X&S( X
y ‘
Y % <
. by a
X % |
X
X
.00 5.00 9.00 13.00 17.00 21.00
STUB LENGTH OF LOAD # 2 ( CM)

25.00

Center frequency of cp bands verses the short circuit stub length of load # 2 for a loaded 2.96
by 2.96 cm square patch with a feed location of (1.05, .45 cm ), and load insets of d = .35 cm .



~
50'95 ]
N o
=
]
—
<0.70 |
<C
o X
o X
O
X
<045 R
= | 75 sexoaS
o X
o > X
0.20 I ; l , .
1.00 5.00 9.00 13.00 17.00 21.00 295.00
STUB LENGTH OF LOAD # | (CM)

Fig. 3.98 Cp band separation verses the short circuit stub length of load # 1 for a loaded 2.96 by 2.96 cm
square patch with a feed location of (1.05, .45 c¢m ), and load insets of d = .35 cm .



~
£0.95 ]
- K
=
[
—
<0.70 |
<C
T y
m o
2 Wxx
=0.45
N S
o X)@(X
0.20 | | | ~ |
1.00 5.00 9.00 13.00 17.00 21.00 25.00

STUB LENGTH COF LOAD # 2 (CM)

Fig. 3.99 Cp band separation verses the short circuit stub length of load # 2 for a loaded 2.96 by 2.96 cm
square patch with a feed location of (1.05, .45 cm ), and load insets of d = .35 cm .



300 ; 1= e
L | _ -
“a
3 200 [P N S R —— PP
~
~—— - — — JI"'
]
<
[ ]
o

] fK

N

0 i - i e o el FENUU SRV Mo~ =S
|
r—- ..... o r» - ...».--..11-.- + e e { e - — e Rt o s s s e e
e - s -; — e
L-‘-._......_J.........,_..___s_.-,:_....._.... Lo e e e ._..‘L,.._..._... SRRV S NN DR
2.4 2.72 - 3.04 3.36 3.68 4.0

FREQUENCY (GHz)

Fig. 3.100 = Real part of input impedance verses frequency of the first mode for a loaded 2.96 by :2.96 cm
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and s7 = 4.33 cm.
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Fig. 3.101 Spinning linear pattern for the lower cp band of the first mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, .85 cm), load insets of d = .60 cm, and stub lengths of s1 = 4.4 cm

and s = 4.33 cm.
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Fig. 3.{102 Spinn’ing linear pattern for the upper cp band of the first mode for a loaded 2.96 by:2.96 cm
square patch with a feed location of (.45, .85 cm), load insets of d = .60 cm, and stub lengths of s1 = 4.4 cm

and 52 = 4.33 cm.



REAL (Z) (ohms)

Fig. 3.103

square patch with a feed location of (.45, .85 cm), load insets of d=

and 57 = 9.08 cm.

D B S S e Byt R S
j | 5
300 f =y = '--,L——- R Et B e Sy
SRR S
200 VORISR SNSRI, - Pty WCSUSUANEDU RN - - -
100
et b dmn § e e - ! ‘r.-..-
0 ,.._-? oo
\
—re e B iGNt e —ra . - e e ¢ AR S et
!
RO . -w.....__.._..,-..-..-.........-—,—_.r_,._.x._.,..~..~.~.....--<. — - —— -
L e RSN SUGUPIRUvR U S, ,,_"‘,-‘. U OIS -_.i,.....,*..L_.__.._..._}
2.4 2.72 3.04 3.36 . 3.68 4.0

FREQUENCY (GHz) -

Real part of input impedance verses frequency of the second mode for a loaded 2.96 by:2.96 cm

60 cm, and stub lengths of 51 = 9.1 cm



90 DEGREES
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Fig. 3.104 Spinning linear pattern for the lower cp band of the second mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, .85 cm), load insets of d = .60 cm, and stub lengths of s = 9.1 cm

and s2 = 9.08 cm.
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Fig. 3.105 Spinning linear pattern for the upper cp band of the second mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, .85 cm), load insets of d = .60 cm, and stub lengths of s1 = 9.1 cm
and s2 = 9.08 cm. ' '
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¢ third mode for a loaded 2.96 by :2.96 cm
d = .60 cm, and stub lengths of §1 = 13.7 cm
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FREQUENCY 2.926000 GHZ

Fig. 3.107 Spinning linear pattern for the lower cp band of the third mode for a loaded 2.96 by:2.96 cm
square patch with a feed location of (.45, .85 cm), load insets of d = .60 cm, and stub lengths of s1 = 13.7 cm

and s72 = 13.93 cm.
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FREQUENCY 3.363650 GHZ

Fig. 3.108 Spinning linear pattern for the upper cp band of the third mode for a loaded 2.96 by:2.96 cm
square patch with a feed location of (.45, .85 cm), load insets of d = .60 cm, and stub lengths of s1 = 13.7 cm
and 59 = 13.93 cm. '
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and s9 = 19.43 cm.
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Fig. 3.110 Spinning linear pattern for the lower cp band of the fourth mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, .85 cm), load insets of d = .60 cm, and stub lengths of s1 = 18.9 cm

and s = 19.43 cm.
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FREQUENCY 3.287500 GHZ

Fig. 3.111  Spinning linear pattern for the upper cp band of the fourth mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, .85 cm), load insets of d = .60 cm, and stub lengths of s1 = 18.9 cm

and s2 = 19.43 cm.
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square patch with a feed location of (.45, .85 cm), load insets of d = .60 cm, and stub lengths of s1 = 22.3 cm
and s = 23.38 cm.
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FREQUENCY 3.035000 GHZ

Fig. 3.113  Spinning linear pattern for the lower cp band of the fifth mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, .85 cm), load insets of d = .60 cm, and stub lengths of s1 = 22.3 cm

and s9 = 23.38 cm.
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Fig. 3.114 Spinning linear pattern for the upper cp band of the fifth mode for a loaded 2.96 by 2.96 cm
square patch with a feed location of (.45, .85 cm), load insets of d = .60 cm, and stub lengths of s1 = 22.3 cm

and sy = 23.38 cm.
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Fig. 3.120 Center frequency of cp bands verses the short circuit stub length of load # 2 for a loaded 2.96 by
2.96 cm square patch with a feed location of (.85, .45 cm ), and load insets of d = .60 cm .
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Fig. 3.124 Measured impedance at one port with 50 ohm load on other port.
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Fig. 3.125 Impedance locus on 100 ohm Smith Chart.
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Fig 3‘.128 Spinning linear radiation pattern 6% below resonant frequency at 2.968 GHz.
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Fig. 3.129 Spinning linear radiation pattern at resonant frequency of 3.145 GHz.
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Three dimensional view of the backpack model.
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Fig. 4.2 Side view detail of the backpack model.
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Fig. 4.3 Front view detail of the backpack model.
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Fig. 4.4 Top view detail of the backpack model.
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Fig. 4.5 Normalized far field radiation pattern of antenna at position 1 on backpack - 10 dB/division ((1) =

09).
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Fig. 4.6 Normalized far field radiation pattern of antenna at position 1 on backpack - 10 dB/division (© =
900).



Fig. 4.7 Normalized far field radiation pattern of antenna at position 1 on backpack - 10 dB/division ((D =

1900),



Fig. 4.8 Normalized far field radiation pattern of antenna at position 3 on backpack - 10 dB/division ¢ =
00).



Fig. 4.9 Normalized far field radiation pattern of antenna at posit’ion 3 on backpack - 10 dB/division (6 =
900).



Fig. 4.10 " Normalized far field radiation pattern of antenna at position 3 on backpack - 10 dB/division ((1) =
900). ‘



Fig. 4.11 Normalized far field radiation pattern of antenna at position 2 on backpack - 10 dB/division (¢ =
00). '



- Fig. 4.12 Normalized far field radiation pattern of antenna at position 2 on backpack - 10 dB/division (6 =
900). |
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Fig. 4.14 Normalized far field radiation pattern of antenna at position 8 on backpack - 10 dB/division (¢ =
00).
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Fig. 4.15 Normalized far field radiation pattern of antenna at position 8 on backpack - 10 dB/division © =
900).
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Fig. 4.17 Normalized far field radiation pattern of antenna at position 4 on backpack - 10 dB/division ((t) =
00). ‘ '



Fig. 4.18 Normalized far field radiation pattern of antenna at position 4 on backpack - 10 dB/division (8 =
900). |
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Fig. 4.20 Normalized far field radiation pattern of antenna at position 5 on backpack - 10 dB/division (¢ =
00). | ‘
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Fig. 4.21 Normalized far field radiation pattern of antenna at position 5 on backpack - 10 dB/division (O =
9090).
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is. 4.23 Normalized far field radiation pattern of antenna at position 6 on backpack - 10 dB/division



Fig. 4.24 Normalized far field radiation pattern of antenna at position 6 on backpack - 10 dB/division (@ =
900).
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Fig. 4.25 Normalized far field radiation pattern of antenna at position 6 on backpack - 10 dB/division ((I) =
900).



Fig. 4.26
09).

Normalized far field radiation pattern

of antenna

at position 7 on backpack - 10 dB/division (¢ =
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Fig. 4.27 Normalized far field radiation pattern of antenna at position 7 on backpack - 10 dB/division (& =
900).
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Fig. 4.29 Front view detail of astronaut model.
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Fig. 4.30 Side view detail of astronaut model.
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Fig. 4.31 Side view detail of astronaut and backpack models.
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Fig 4.35

Far field radiation pattern of antenna at
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Fig 4.36 Far field radiation pattern of antenna at position 3 on backpack with astronaut (6 = 900),




AN









v
«

Fig 4.40 Far field radiation pattern of antenna at position 4 on backpack with astronaut (¢ = 900),






