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MICROSTRIP ANTENNA STUDY FOR
PIONEER SATURN/URANUS ATMOSPHERIC ENTRY PROBE

SUMMARY

The design parameters of a microstrip antenna were studied to determine
its performance characteristics as affected by an atmospheric entry probe
environment, The technical literature was reviewed to identify the known design
and performance characteristics. These data were used to evaluate the expected
effects of mission environments on the microstrip antenna design proposed under
Contract NAS 2-7328 for the Saturn/Uranus Atmospheric Entry Probe (SAEP). Radia-
tion patterns and VSWR measurements were made to evaluate the performance in the
SAEP thermal environment.

Results of the literature search and pattern tests confirm that the micro-
strip antenna is a good choice aé a transmitting antenna on the SAEP. The
microstrip antenna is efficient, compact, and well suited to a space environ-
ment. Precise design parameters have not yet been given in the literature and
thus some antenna design and test are still necessary. The pattern can be con-
trolled with a minimum beamwidth of 60 degrees (air substrate: e.g., honeycomb
structure) and a maximum on the order of 100 degrees with higher dielectric
constant substrates. The power handling capacity is good and can be improved
by covering the antenna with a dielectric cover.

Temperature and high energy radiation appear to be the primary environmental
factors which affect the resonant frequency of the microstrip antenna. The cal-
- culated effect was 0.57 MHz increase in resonant frequency due to temperature
and a maximum of 2.7 MHz for gamma radiation.

The temperature test results show that the shift in resonant frequency of
the microstrip antenna was 1.15 MHz, about twice that calculated. The pattern
shape remains essentially constant and the axial ratio increases. The increase
in axial ratio is reasonably small with the net loss in circular polarization
gain being only 0.5 dB. These tests were run with 2.54 cm (1.0 in.) thick layer
of insulation as a dielectric cover and shows the insulation cover has na signifi-
cant effect on the microstrip antenna performance.



INTRODUCTION

The objective of this study is to define and evaluate the performance
characteristics of the microstrip antenna proposed for the SAEP telecommunica-
tion transmitting antenna. The study approach consisted of: (1) analyzing
the principle performance parameters to determine the effects of the outer
planet environments, and (2) testing the electrical performance of a micro-
strip antenna at elevated temperature. This is an extension of Contract
NAS 2-7328.

The microstrip antenna is a relatively new device, which appeared in the
Titerature only recently. It is characterized by a low profile and a radia-
tion pattern akin to an open-end waveguide. The input impedance is relatively
high and normally reguires some form of impedance transformation. The micro-
strip antenna is not a broadband device but has sufficient bandwidth for many
spacecraft and missile applications.

This report covers the available literature, and in some cases, material
yet unpublished which was obtained in discussions with the respective authors.
Test results for the microstrip antenna with an insulating cover are also con-
sidered to further evaluate the environmental effects on the antenna performance.
The test results are compared with predictions based on information found in the
literature.



DESIGN CONSIDERATIONS

This section discusses the design consideration and general characteristics
of the microstrip antenna. '

General

The microstrip antenna is basically a metallic panel patch which is sup-
ported parallel to a ground plane by a layer of dielectric material. In practice,
such a physical relationship can readily be obtained by the use of a double clad
(i.e., metalized on both sides) circuit board commonally used for printed circuit
fabrication. The metal on one side of the dielectric substrate serves as a ground
plane. The metal on the other side of the substrate is etched away so as to leave
a patch of metal and the necessary feed transmission line. A sketch of a rectan-
gular microstrip antenna is shown in Figure 1. The length of the radiating patch
antenna is approximately one-half wavelength in the dielectric substrate. The
width of the patch is usually about one-half wavelength in free space but may
vary from this for particular applications. The thickness may vary from 0.079
to 1.27 em (1/32 to 1/2 in.) or more depending on the operating frequency,
bandwidth, and efficiency requirements.

Characteristics

This section discusses the various characteristics and parameters associated
with the microstrip antenna. The material presented is based on the information
given in References 1 through 5 and private communication, P.C., with the authors
J. Q. Howell and R. E. Munson, and C. M. Kaloi.

Shape - The microstrip antenna radiating patch (element) may be rectangular,
square, circular and probably elliptical. The use of these shapes leads to
characteristics such as dual frequency, dual polarization and circular polariza-
tion. For example, the rectanqular elements can be utilized as a dual frequency
antenna with orthogonal polarization at each frequency. A square or circular



element can be fed to obtain orthogonal polarizations at the same frequency or
circular polarization. The literature does not show the particular advantages
of a circular or square microstrip antenna. However, for a particular applica-~
tion, the form factor of one or the other may be of significant advantage for
implementation (e.g., the circular shape of the SAEP ideally accommodates a
circular microstrip antenna). It also appears that the circular element has a
more symmetrical circular polarization, CP, pattern beam than a square element.

Size - The basic size relationship of the microstrip antenna is illustrated
in Figure 1. The length, L, which is parallel tc the input feed transmission
line is one-half wavelength, Ae/2, as modified by the dielectric constant. The
nominal width, W, is approximately one-half wavelength in free space, but it
may vary around that value depending on the application, The thickness, t, of
the substrate or the distance between the radiating patch and the aground plane
is small (t << i) compared to a wavelength in order to maintain a low profile
low weight device. Thicknesses of 0.079 cm (1/32 in.) and up have been used
over a wide frequency range. The literature did not indicate an upper practical
thickness limit since one of the principal advantages of the microstrip antenna
is its Tow profile., However, this 1imit is probably established by the onset of
higher order modes in either the radiating patch or the feed transmission line
or both, or the input impedance characteristics.

The primary factor other than the wavelength at the operating frequency
which determines the size of the antenna is the dielectric constant of the
substrate. The dielectric constant, € reduces the characteristic length by
the factor 1//5;} To the first order, the length (L) of a microstrip antenna is

1
= (1)

r

—
i
l\)fy

where A is the free space wavelength and €y is the substrate dielectric con-
stant, Additional information from Kaloi (P.C.)} (Figure 2) indicates that in
the frequency range considered (370 to 420 MHz) both the dielectric thickness
and dielectric constant have second order effects which reduce the character-
istic microstrip element below that calculated by equation (1). The square



microstrip element was assumed in arriving at the data in Figure 2, A reduction
in the microstrip element length below that calculated by equation (1) is also
apparent when considering the reactance of a small inductance associated with
the radiation resistance of the radiating slots shown in Figure 1 {also see
Figure 3 in Reference 1}. The microstrip element Tength must be slightly less
than )e/2 in order to just cancel the reactive component and achieve resonance.
Since the reactive component of the slot impedance is a function of the width,
the amount of compensation will vary with substrate thickness. Munscn estimates
the actual microstrip element length to be about 0.48xe to 0.49xe.

For a circular element, the expression relating size to frequency for the
lowest order resonance is

a = 184 () L (2)

£r

where a is the radius of the circular element. Appendix I gives a table of
design and measured resonant frequencies for several antennas covering frequen-
cies of UHF to C-band.

An array of microstrip antenna elements can be obtained with a single strip
where the strip is fed with a corporate feed system as shown in Figure 3. In
order to exéite only the TEM (transverse electric magnetic) mode, the number of
feed points required is greater than the number of wavelengths of the strip and
is equal to 2, 4, 8, 16, 32, etc. For example, if the Tength of the microstrip
radiator is 11 ae, the number of feeds must be 16. This requirement is due to
the requirements for binary power division and maintaining uniform phase dis-
tribution. This configuration gives a broadside radiation pattern where the
beamwidth is dependent on the microstrip length. If this strip is wrapped
around a cylindrical vehicle, such as a missile or spacecraft, only patterns
free of nulls in the roll pattern (TMOm free space modes) will be excited.

The excitation of higher order modes would resuTt in nulls in the roll pattern.
From the titerature, it is not clear whether or not a continuous strip could

be used successfully in a planar configuration with other than a uniform ampli-
tude and phase distribution, even though the number of feeds exceeds the number
of wavelengths (N/AE) by one, for the purposes of pointing the beam off broadside.



This can be accomplished, however, by cutting the strip into discrete microstrip

elements.

The ground plane must be somewhat larger than the microstrip radiating
element to eliminate back vadiation and form a unidirection pattern typical of
the microstrip antenna. Ground plane extensions of 2/20 to A/10 beyond the
radiating element are sufficient (Munson, P.C.). When the mounting surface
forms a larger ground plane around a microstrip antenna, the ground plane
extension on the substrate is governed by requirements for feed circuitry and
mounting screws.

Materials and Construction - In practice, double clad circuit board pro-

vides an attractive composite for obtaining the physical relationships required
to implement a microstrip antenna. Typical exampies are 3M Cu Clad K-6098 or
Rogers Corporation RT/duroid 5870 {or 5880). The substrate is a Teflon filled
fiberglass lTaminate which has a dielectric constant of 2.4 to 2.5 and is clad
with copper on both sides. The copper on one side of the dielectric substrate
serves as a ground plane and would be mounted against a particular mounting
surface. The copper on the opposite side is etched away so as to form a radiat-
ing patch, the feed microstrip transmission line or auxiliary transmission 1ine
components for impedance matching, phasing, or power division purposes. Figure
4 shows a circular microstrip antenna designed for application to the SAEP.
This antenna was constructed from 0.318 cm (1/8 in.) 3M Cu Clad K-6098 circuit
board.

The microstrip antenna may also be constructed from other materials which
can be bonded or otherwise held together in the proper physical relationship.
Test antennas have been constructed by NASA-LaRC using aluminum oxide (Er =
8.5) and plexiglass (sr = 2.7) as the dielectric substrate. Some foam, con-
trolled dielectric constant composites, and honeycomb structures could also he
used. Tne metallic ground piane, radiating eiement, and transmission Tine could
be thin sheet metal (e.g., foil), bonded to the substrate, or a deposited metal .
The particular materials selected depend on the environmental and mechanical
requirements as well as the electrical requirements.

Feed System - There are two principle methods for feeding a microstrip
antenna. The first is shown in Figure 1. Here the feed is a section of



:‘miCPOStrip t#éhsmission line) In this method, the transmission is "printed" on
‘the same side of the substrate as the radiating element. The width of trans-

mission 1in€{def&rmines the characteristic impedance of the transmission line.
The transmission Jine can be run parallel to the radiating element a short dis-

~tance from th?;e]ement without affecting the pattern, The spacing requirements

~are not reported in the literature. Since the input impedance of the microstrip

antenna is about 120 ohms, compared to the 50 ohm cable normally connecting the
antenna to a transmitter or receiver, the feed transmission line width can be
appropriately tapered or dimensioned to form one or more quarter wavelength
(A/4) sections as shown in Figure 5. One /4 section is sufficient to match

the antenna element to 50 ohms, but several i/4 sections can be used to increase
the bandwidth of feed transmission line (Reference 7). Carried to an extreme,
multiple A/4 transmission line sections would approximate a tapered transmission
Tine. The required impedance of a A/4 transformer is given by

u ZTransformer - ¢Zin X zout (3)

Figure 6 shows the use of tapered transmission 1ine and /4 transformer sections

for feeding a continuous microstrip radiator.

The second method for feeding the microstrip antenna is shown in Figure 7.
In this method the center of the microstrip element is grounded to the ground
plane and the coax connector shell is attached to the ground plane while the
center conductor of the connector is;aﬁtached to the microstrip element. The
antenna input impedance is a function df the distance from the center and may
be selected to be 50 ohms. This method of feeding appears to be more broadband
then the edge type feed because the rgquirement for additional impedance trans-
formation is eliminated. ' ! |

Radiation Pattern - The radiation %attern of a microstrip antenna is gen-
erally like that of an open end waveguide. One of the principle differences is
that the H-plane pattern does not have a shape null in the plane of the ground
plane, Figure 8 shows a typical E and H-plane pattern for a microstrip antenna.

For a given size microstrip antenna, the pattern will show the presence of higher
order modes similar to those of a waveguide aslthe frequency increases and the

wavelength decreases.



To a first order, the pattern of a rectangu]ar or square m1crostr1p anteh é;
pattern is composed of radiation from the edge opposite the feed entry and the ¥
edge adjacent to the feed. The spac1ng of these edges are defined by equation
(1). As the dielectric constant of the substrate chahges, the edge spacing
likewise changes and the pattern beamwidth changes. The beamwidth can be cal-
culated by considering the pattern of a two element array given by

F(e) = 2A [cos (gfsin 6)] (4)

where A is the amplitude of each element (assumed to be equal), S° is the element
spacing {obtained from equation (1)}),in electrical degrees, and ¢ is the angular
displacement from a direction normal to the plane of the elements, Typical
beamwidths for several dielectric constants are shown in Table I.

TABLE I
TYPICAL MICROSTRIP ANTENNA BEAMWIDTH

SUBSTRATE BEAMWI DTH
ey ( DEGREES)
1.0 (AIR) 60
1.5 76
2.0 90
2.5 106
3.0 120

The pattern of a circular microstrip antenna is similar to that sguare
element. It can be calculated by considering an element spacing of A vr,

where A is the radius of the circular eiement.

The beamwidth is also affected by .the ground p1anefsiié. Increasing the
size of the ground plane above the mihﬁmumfrequirement for estimating back
radiation narrows the beamwidth. However, the literature does not.give a formula
for estimating the ground plane size effétt Therafofe, radiation.pattern meas-

urements are necessary to determine the beam narrowing effect for each configura-
tion of interest.

8



Radiation patterns similar to those of annular slot or A/4 stub antennas
(i.e., a toroidal shaped pattern) can be obtained by feeding a circular element
in the center. Figure 9 shows a typica] pattern in any plane orthogonal to the
plane of the antenna for a center fed configuration. The polarization of this
pattern is vertical (i.e., parallel to the piane of the pattern).

Polarization - The microstrip antenna has Tlinear polarization for a single
feed as shown in Figure 1. Circular polarization can be obtained by feeding
adjacent sides of a square element with a 90° phase difference or a circular
element by separating the feeds 90°. Figure 10 shows typical CP feed systéms
for a circular element using a power divider and a 90° hybrid.

Figure 11 shows a two probe feed system based on the method shown in Figure
6 for obtaining circular polarization. This method requires an additional power
divider or hybrid external to the antenna to get the required phase between feeds.
Howell measured about 25 dB isolation between the feeds. The radiation pattern
for the dual probe configuration (Figure 12) shows excellent results. Howell
obtained ARs of only 2 dB at 90° from the beam center.

An alternate method for obtaining CP is shown in Figure 13. The two "ears"
which extend away from the circular radiating element, diagonal A, have the effect
of creating a conjugate input impedance relative to that of the orthogonal direc-
tion, diagonal B. By feeding the radiating element at the midpoint between the
diagonals, the impedances are added in parallel and the reactive components can-
cel yielding a reai <¢jnput impedance (see Reference 6 for examples). The conjugate
diagonal impedances yield quadrature excitation currents, and, therefore, a CP
radiatioﬁﬁpaﬁtern.

Imgedanée - The input impedance for a rectangular or square microstrip
radiator According to Munson is approximately 120 ohms at the feed point for
an element width of one-haif wavelength. The impedance at each radiating edge
(i.e., gap or slot) is 240 ohms. The microstrip element can be treated as a
Tow impedance (1 to 10 ohms} microstrip transmission Tine approximately one-half
wavelength Tong. The half wave transmission line essentially puts the two
radiating siots in parallel and results in the 120 ohm input impedance. This
value combares closely with Munson's&#P.C.) measured results. The details for
calculating the exact impedances are given in Reference 1, which is reproduced

in Appendix II.



Bandwidth - The bandwidth is the major limitation of the microstrip antenna.
The dominating factor is the low transmission line characteristic impedance (1
to 10 ohms) between the two radiafing slots. Munson indicates that typical band-
widths for a 0.079 cm (1/32 in.) substrate thickness at 1.0 to 2.5 GHz are about
1% for a 2:1 input VSWR. The bandwidth can be increased by increasing the sub-
strate thickness since the equivalent transmission line impedance increases with
the thickness, t, as given by

R = 120n -t 1.0 (5)

0 Wep & T

where W is the width of the microstrip antenna. An emperical formula for the
bandwidth {Munson, P.C.) is

Bandwidth (MHz) = 4 2 (77%§7‘(VSNR < 2:1) (6)

where f is the frequency in GHz and t is the substrate thickness in inches.
The 1/32 factor is convenient to retain since the double clad circuit board
is normaliy fabricated in increments of 1/32 in. (0.079 cm).

Figure 14 shows some measured values of bandwidth as a function of thick-
ness. Additiona] bandwidth data is given in Appendix I for a number of micro-
strip antennas having various shapes, substrate thicknesses, and operating
frequencies. This data shows bandwidths ranging from 0.9 to 3.5% based on a
VSWR of 3:7.

Efficiency - There is very Tittle reported in the literature on the effic-
iency of the microstrip antenna. Munson (Reference 1) shows the measured gain
of an X-band array of microstrip elements (0.079 cm (1/32 in.) substrate) equal
to theoretical maximum less the losses of the feed system transmission line.
Both Munson (P.C.) and Kaloi (P.C.) report microstrip element efficiencies of
80 to 90%. The sources of loss are the substrate material dissipation factor
(loss tangent) and thickness, and the microstrip element losses due to copper
conductivity or copper roughness, The substrate thickness probably has the
greatest effect on the efficiency. For example, at 400 MHz, the use

10



of a 0.079 cm (1/32 in.) substrate (sr = 2.5) thickness results in an efficiency
of about 65% whereas a 0.318 c¢m (1/8 in.) substrate thickness wouid result in
an efficiency of about 85%.

Power Handling Capability - No mention is made of power breakdown or power
handling capacity in the literature. Power breakdown tests were conducted on
the microstrip antenna proposed for SAEP application (Reference 8). No break-
down was detected at 395.35 MHz with a power of 50 watts (average) applied and
the pressure reduced from room ambient to 42.6 N/m2 (4.2 x 10‘4 atm). The Tlater
pressure is slightly below the critical pressure where minimum breakdown power
should occur. Munson (P.C.) reports peak pulse powers in the kilowatt range
for microstrip antenna elements designed for use at 1 to 10 GHz. Howell (P.C.}
reports testing of UHF microstrip with a power of 80 watts (average) applied
through the critical pressure region.

The power handling capacity of the microstrip antenna can be increased
substantially by coating the surface over the radiating element with a layer
of dielectric material to: (1) capture electrons (attachment) in its field
and prevent them from generating ions; and (2) provide a smooth surface which
keeps the voltage gradients to a minimum. According to Munson (P.C.), paints
have been tried but tend to absorb moisture and change dielectric properties.
The best results were obtained by laminating a layer(s) of cloth similar to
that of the substrate to the antenna surface. This matches the physical proper-
ties of substrate and provides a smooth surface, which also tends to improve
power breakdown characteristics. Munson (P.C.) reports a breakdown power im-
provement of 2-1/2 times using a Teflon-fiberglass laminate 0.397 mm (1/64 in.)
thick, The dielectric coating also affects the resonant frequency of the
microstrip antenna. However, the change is small and can be compensated for
in the design process.

Weight - The weight of the microstrip antenna is primarily dependent on
the density of the dielectric material used for the substrate. For most designs,
double clad circuit board is a satisfactory material for fabrication. The copper
is 3.56 or 7.11 x 107> cm (1.4 or 2.8 x 1075
for very thin substrates, the copper is a small part of the total weight. The
weight of a 0.079 cm (1/32 in.) circuit board (Teflon-fiberglass substrate) is

in.) thick on each side. Except

11



1.83 kg/me (.0026 1bm/in.?). Weights for other circuit board thicknesses can

be calculated by using this figure as a base. The weight of a UHF microstrip
antenna fabricated from 0.318 cm (1/8 in.) circuit is about 0.9 kg (2 1bs.).

A minimum weight condition for the SAEP application may be obtained by considep-
ing the SAEP aft heat shield for the dielectric substrate and adding conducting
surfaces appropriately. '

12



ENVIRONMENTAL EFFECTS

This section discusses the effects of some of the expected SAEP environ-
ments as related to the performance of a microstrip antenna.

General

The principle effects of the SAEP mission environments are related to the
effects of a particular environment on the electrical properties of the dielec-
tric substrate or on the atmosphere surrounding the electric fields of the
antenna. These effects can be controlled to some extent by choosing materials
which are stable in the environment, selecting design features which allow for
the shortcomings of the selected materials, and excluding an undesirable atmo-
sphere by appropriate techniques

Temperature

The principle effect of heating the microstrip antenna to an elevated
temperature is a change in dielectric constant of the substrate. Figure 15
shows data from 3M for their K-6098 copper clad stripline laminate which was
used for the proposed SAEP micrestrip antenna. The 1oss tangent also changes
but has no significant effect on the microstrip antenna because of the maximum
ragnitude is relatively low. For a temperature change from 294 to 344°K (70
to 160°F), the data in Figure 15 shows the dielectric constant decreases from
2.423 to 2.416. From equation (1) we can obtain

VEY'-l
f, = f

i

3|

£

395,50 Y2.423

v2.416
396.07 MHz.
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This gives a frequency change (f2 - f]) of 0.57 MHz.

Using the data of Kaloi in Figure 2, a frequency change of 0.66 MFz was
predicted by considering the slope of a cross plot of frequency versus di-
electric constant assuming a 0.318 cm {1/8 in.) substrate thickness.

High Energy Radiation

The effects of high energy radiation are limited to comparing before and
after effects (Reference 9) since the nature in which the radiation levels are
supplied do not usually permit measurements during radiation. Information about
recent radiation tests performed by NASA-GSFC were obtained from Robert Munson
(Ball Brothers Research Corporation} for three different substrate materials.
The test articles nad the following microstrip antenna parameters:

{a) Design Frequency - 4 GHz

(b} Size

1.588 ¢m (5/8 in.) square radiating patch
3.810 cm (1-1/2 in.) square circuit board and ground plane
0.079 cm (1/32 in.) circuit board thickness

The radiation type and dosage is given in Table II. One test article of
each substrate material received all the particle radiation dosage and one of

each substrate material received the gamma radiation dosage.
The resonant frequency shift measured by Ball Brothers after the radiation

exposure is given in Table III. The frequency shifts can be related to changes
in dielectric constant which can then be used to estimate the frequency change
for the SAEP application at 400 MHz. The frequency shift at 400 MHz can be
obtained by dividing the values in Table III by 10, The worst case is a 0.6%
frequency change. The frequency shift caused by this radiation is opposite
that caused by a temperature increase,

The Gamma radiation caused some delamination of the microstrip antenna
backside and at one corner of the radiating patch of the antenna fabricated
from K-6098. However, the antenna still functioned at the reduced frequency.
Since the delamination was observed at just one point, it is possible that

14



TABLE II
HIGH ENERGY RADIATION TEST ENVIRONMENT

ENERGY FLUENCE DOSE FLUX

PARTICLE TYPE “(mev) {part/sq cm) ~ (rads) (parts/sq cm/sec)
Protons 0.3 4x10%  2.7x10° 2 x 1010
Protons , 1.0 7.9 x 10]1 2.4 x ]06 2 X 1010
Protons 2.0 4x10'% 7.9 x10° *
Electrons 0.3 3x100° 1.1 x 108 2 x 101
Electrons 1.0 3 x 10M 9.0 x 106 2 X 1010

GAMMA - in air - cobalt 60 source
LEVEL - Dose Rate = 520 x 103 rads/hr

FLUX = 2.8 x 1012 y/en? s
EXPOSURE - Duroid and K-6098 200 hr
Polyguide 100 hr

* Determined by time required for turning accelerator on and off (on time
estimated at about 5 sec).

TABLE III
RADIATION TEST DATA - FREQUENCY SHIFT (MHz)

Radiation Type

" Material Gamma Particulate
Duraoid =27 -4
K-6098 -23 0
Polyquide -15 -9

Note: Frequency shift relative to 4 GHz.
it was not due entirely to the radiation.

The radiation exposure experienced by an antenna will be highly dependent
on the particular mission and geometrical and material (shielding) configura-
tions. The environment given in Table IV was used as an example of exposure
for comparison with the measured data. This environment corresponds to a
Jupiter probé mission using the Pioneer 10 results for the Jupiter radiation
environment where shielding against low energy particles including the solar
wind is provided by the aft heat shield.
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TABLE TV
SAMPLE OUTER PLANET MISSION ENVIRONMENT

FLUENCE DOSE

ENVIRONMENT (Eartic1es/cm2) (rads) (gm/cmz)
Solar Flare Protons 5 x 10° (E > 30 MeV) 1.2 x 10° 1.1
Jupiter Protons 5% 102 (E > 35 Me¥) 1.1 x 10° 1.4
Jupiter Electrons 4x10% (E> 3MeV) 1.2 x 10° 1.5

The radiation exposure to the antenna under this environment will be roughly
a uniform dose of 1.2 x 106 rads at any point within the material. The test
samples were 0.079 cm (1/32 in.) thick which corresponds to 0.18 g/cmz.

The application test data from Table III are the 1 MeV electron exposure
of 3 x 10 e/cn
of ]08 rads for the Duroid and K-6098 samples and 5 x 107 rads for the Polyguide
samples. (NOTE: 1 rad = 3.3 x 107 1 MeV e]ectrons/cm2 = 1.9 x 1010 COGO gamma
rays/cmz.) These radiations are penetrating enough to produce the approximately

e/cm” corresponding to 9 x 106 rads and the CO60 gamma exposure

uniform dose profile. The additional particulate exposures add progressively
higher doses to the surface of the samples. For example, the low energy protons
provide a surface dose of 2 x 109 rads for a depth of less than 0.25 um,

The 1 MeV electron exposure is roughly eight times the 1.2 x 106 rads
Jupiter probe environment while the gamma ray exposures exceed the probe dose
by factors of four to eight. Thus the measured electrical changes should be
an upper limit to those expected for this sample case.

Pressure

The primary effect of low pressure (space vacuum) is outgassfng of the
dielectric substrate. This could change the dielectric constant of the sub-
strate, but the degree is Tikely to be extremely small compared to the effects
of either temperature or radiation. A review of the consistituent of Teflon
filled fiberglass does not reveal any evidence of outgassing sufficient to

16



cause a change in electrical properties. Both Teflon and glass are inert at the
modest temperature of the SAEP mission.

The pressure environment during the operation of the microstrip antenna in
the SAEP mission is 3.04 x 103 N/m2 (0.03 atm) and greater. These pressures
are above that for minimum voltage breakdown. At 3.04 x 103 N/m2 (0.03 atm),
the breakdown power should be several times greater than the 50 watts obtained
at critical pressure (Reference 8).

Saturn/Uranus Atmosphere

An antenna breakdown test is warranted for a candidate outer planet probe
antenna because: (1} the 1ink for the communications will probably require
fairly high powers thus infering a possibility of breakdown; and (2) there
appears to be little analytical work on breakdown in typical outer planet
atmospheres -~ Hydrogen Helium with traces of water, methane, Neon and Ammonia.

A review of the literature (References 10 through 14) did not show a
simple technique for making a guantative estimate of the effects of the outer
planet atmospheres on the proposed SAEP microstrip antenna breakdown charac-
teristics. .Voltage breakdown of gaseous conductors is determined by the charge
production rate and the charge depletion rate. The charge production rate
herein is primarily governed by electron collisions. Ion collisions are less
efficient due to the lower ion mobilities. Radiation charge production is
insignificant as the domain of interest is at the lower atmosphere - as opposed
to the ionosphere where radiation is the dominant production mechanism. Sim-
ilarly thermal ionization, as in entry plasmas, is not a significant generation
mechanism for this problem. Concentrating on electron collisions, a charge
production rate for an outer planet atmosphere could be formulated.

The charge depletion rate is governed by diffusion, attachment and re-
combination. Diffusion (the ionization "wandering away" from the domain of
interest) may not be a dominate mechanization herein as the bulk of the trans-
mission will occur at the denser portion (postentry) of the atmosphere.
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Attachment (electrons attaching to neutrals (or the "walls") then being
neytralized by ions) will probably be the major depTletion mechanism because
of the dense atmosphere - transmission after blackout - and because of the
confines of the aft heat shield. Direct recombination is usually not a
dominant mechanism, however it does vary markedly with trace contaminants.

A theoretical formulation of the production and depletion rates for
candidate outer planet atmospheres will benchmark the validity of tests;
e.g., assuring no trace contamination. The tests in turn will feedback data
to extend the theory where fundamental information is lacking or obscure.
The tests should generally show lower breakdown levels than seen in air as
roughly indicated by Figure 16 (Figure 5.8 of Brown) and Table V (Table 4.3
of Cobine).

TABLE V
MEAN ENERGY REQUIRED TO PRODUCE AN ION PAIR BY AN ELECTRON IMPACT*

EFFECTIVE IONIZATION POTENTIAL, VOLTS

Uk* = 0.5 (10)3 - U Greater Than
Gas 1 (10)3 e.v. 4 x 103 e.v.
Air 45 32.4
H2 36
He 31
Ne . 43

* See Table 4.3, Reference 10
** ) = Electron Energy

Aging

A review of the aging properties of the microstrip antenna substrate
(Teflon-fiberglass) does not reveal any changes due to aging in a space vacuum
environment. The properties of alternate substrate materials should be checked

for similar properties before designing an antenna for long term space flight.
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Insulation Cover

The effect of a thermal insulation cover over the microstrip antenna is a
function of the dielectric constant and loss tangent of the insulation. The
insulation proposed of the SAEP has both a Tow dielectric constant (1.04) and
loss tangent (.0002). The results of the temperature tests reported in the
next section show the effect of a cover with similar characteristics on radia-
tion pattern and impedance is insignificant. The Titerature does not contain
data which can readily be used for an analytical prediction of cover effects.

An insulation cover, bonded to the radiating surface of a microstrip
antenna, could significantly increase the minimum breakdown power, since the
insulation material is also a dielectric material. "Althaugh the pressure
inside the insulation, a urethane foam, will equalize to ambient pressure,
the leakage rate is high and would not result in partial pressures within the
foam cells conducive to breakdown. However, even with adverse partial pressures
inside the foam cells, the improved attachment conditions created by the
presence of the foam cell walls would be expected to significantly increase
the minimum breakdown power of the microstrip antenna.
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TEMPERATURE TESTS

This section discusses the results of radiation pattern and VSWR measure-
ments made with a microstrip antenna temperature at room ambient and at 344°K
(160°F). These measurements were made to determine the effect of temperature
on the resonant frequency, the axial ratio, AR, and the AR bandwidth (AR < 2 dB
at pattern peak). The antenna proposed for SAEP was used for these tests,

General

Radidtion pattern and VSWR measurements were made with the microstrip
antenna temperature at room ambient and at 344°K (160°F). The latter is the
maximum temperature the antenna is expected to see during the SAEP mission.
The microstrip antenna (Figure 4) and ground plane were covered with a low
density foam (ETHAFQAM - 35,2 kg/m3 (2.2 ]bm/ft3D 1 in. thick with electrical
properties equivalent to insulation material (ECCOFOAM SH - 32.0 kg/m3 (2.0
]bm/fta))considered for the SAEP. Table VI gives the electrical properties
of these two materials. The properties of these two materials are so close
that the test results using either should be essentially identical. The

.simulated insulation was used in these tests because the literature did not
contain information suitable for analytical evaluation of the effect.

TABLE VI
ELECTRICAL CHARACTERISTICS

Material €r tan &

ETHAFOAM (220} 1.05 .001
ECCOFOAM SH 1.04 .0002
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Test Setup

The microstrip antenna was mounted in the center of a 82.55cm (32.5 in.)
diameter ground plane. The 82.55 cm (32.5 in.) ground plane is equivalent to
the SAEP diameter and was used for previous measurements (Reference 8). Three
thermocouples equally spaced around the antenna were attached to the radiating
surface of the antenna and three on the back side of the ground plane directly
opposite the surface thermocouples. One additional thermocouple was placed on
the back side of the ground plane directly behind the center of the antenna.
Figure 17 shows the relationship of the thermocouple to the edge of the antenna.
The thermocouple junctions were attached to 3.18 cm (1/8 in.) square nichrome
ribbon pads to ensure sufficient contact area. The temperatures were measured
sequentially by a Minimite instrument. The simulated insulation was held in
place by double backed tape around the antenna. The tape was not used over the
antenna because of a lack of adhesion to Teflon tape covering the surface of the
microstrip antenna,

Heat was applied to the back side of the ground plane by three heat tamps.
The lamp voltages were each controlled by a Variac. The desired temperature
was approached slowly in order to reach equilibrium condition when the peak
temperature of 344 (46, -0)°K (160 {410, -0)°F) was measured by the surface
thermocouples on the antenna. The equilibrium temperature conditions were very
stable and permitted adequate time to make the desired electrical measurements.
The temperature variation of the thermocouples was only about 5°F.

The electrical measurements were made in a large anechoic chamber. The
test setup for the VSWR measurements is shown in Figure 18. The frequency was
varied by a swept frequency generator, VSWR measured by a reflectometer and
recorded by a rectangular plotter. Figure 19 shows the test article mounted
on a tower for radiation pattern measurements. The patterns were measured using
rotating linear polarization in order to obtain the shape and axial ratio
simultanecusly.
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Test Results

YSWR Measurements - VSWR measurements were measured first to establish
the resonant frequency for the radiation pattern measurements. The VSWR of
the microstrip antenna at room temperature and without the simulated insula-

tion cover is shown in Figure 20. The addition of the simulated insulation
increased the resonant frequency about 0.05 MHz as shown by Figure 21. With
the temperature of the antenna at 344°K (160°F), Figure 22 shows the resonant
frequency increased to 396.8 MHz, an increase of 1.3 MHz., The two dips in the
VSWR plots are attributed to the maximum and minimum dimension of the antenna.

Radiation Pattern Measurements - The radiation patterns of the microstrip

antenna at room ambient temperature ave shown in Figure 23. The patterns
measured at 395.11 and 395.92 MHz represent the edges of the AR bandwidth

(AR < 2 dB at pattern peak). The patterns at the same frequencies (Figure 24)
with the temperature of the antenna raised to 344°K (160°F) shows an increase
in AR at 395.11 and 395.50 MHz but only a small increase in AR at 395.92 MHz.
The circular gain, however, only decreased 0.5 dB at 395.50 MHz (the resonant
freguency at room temperature) and remained essentially unchanged at 395.92 Miz.
It is also interesting to note that the AR at angles away from the beam center
decreased, the reverse of the AR characteristics at room temperature.

Patterns measured at the 344°K (160°F) resonant frequency (396.65 MHz)
and AR bandwidth edges (396.25 and 297.05 MHz) are shown in Figure 25. These
patterns are essentially identical to the corresponding patterns measured at
room temperature, |

Patterns measured to determine the effects of the simulated insulation
(2,54 cm {1 in.) thick) are shown in Figure 26. There is no significant dif-
ference in pattern shape or AR.

The symmetry of the patterns about the normal to the antenna, at 45° from
the normal, is shown in Figure 27. This pattern was measured during the test-
ing reported in Reference &.
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Discussion of Results - The frequency shift indicated by the VSWR measure-
ments was 1.3 MHz. The frequency shift indicated by the pattern measurements
was 1,15 MHz. This is a difference of 0.15 MHz, most of which can be accounted
for by the tolerance of the temperature control.

The radiation patterns show that the simulated insulation has no signifi-
cant effect on the characteristics of the microstrip antenna. Bonding the
insulation to the antenna could have an advantageous effect of increasing the
power handling capacity of the antenna by: (1) providing a dielectric coating
over the antenna; and (2) keeping the external Saturn/Uranus environment (i.e.,
constituent gases) away from the high electric field strengths of the micro-
strip antenna, thereby negating these potential effects.

The results of the radiation pattern measurements at 344°K {160°F) show a
shift of 1.15 MHz. The frequency shift based on the change in substrate dielec-
tric constant, based on 3M's published data, is 0.57 MHz as shown in the section
on ENVIRONMENTAL EFFECTS, under Temperature. This is about half of the frequency
shift measured. The difference is attributed to the difference in the actual
material as compared to smooth published data. The 3M material (and likely
the Roger's material can be purchased with measurements at rcom and elevated
temperatures on material taken from the material ordered. However, the pattern
and VSWR characteristic at the upper edge of the AR band do not show a signifi-
canflchange in circular gain. Therefore, it appears that the microstrip antenna
could be tuned so that the desired operating frequency extend slightly above
the upper AR band edge. Then, as the temperature increases, the resonant
frequency of the antenna passes through and beyond the operating frequency but
stays within the AR bandwidths.

Alternatively, a more broadband version of the CP microstrip antenna can
be designed using a hybrid or power divider as discussed in the section on
DESIGN CONSIDERATIONS. This would have no impact on the SAEP design as
presently configured since the added circuitry could be added without change
in size or weight of the microstrip antenna currently proposed for the SAEP,
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CONCLUSIONS

The microstrip antenna is an ideal antenna for the SAEP application. It
is compact and can meet the high "g" environment for entry in the outer planet
atmospheres, The electrical performance of the microstrip antenna is well be-
haved and to some degree can be configured to control gain and pattern beamwidth.
Wideband circularly polarized microstrip antenna designs are available which
have improved performance in the SAEP environment compared to that of the antenna

proposed.
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FIGURE 4
MICROSTRIP ANTENNA FOR CIRCULAR POLARIZATION
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COMMUNICATIONS

Fig. 7. High gain flat microstrip antenna.
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Fig. 8. Gain and pattern of 7.62 em x 12.7 em x 0.7% em microstrip

array at 992 GHz.
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|
R.F. INPUT
Fig. 9. Electrically scanned microstrip phased array (low cost and

low praotile).

An experimental model 7.62 em X 12.7 em X 0.79 mm (Fig.
7) was built and tested and confirms a gain (Fig. 8) in agreement
with the theoretical predictions (Fig. 6). The measured gain of
21 dB is also plotted on the predicted gnin curve (Fig. 6), The
microstrip antenna offers high gain for a low cosl. It also offers a low
profile antenna that can operate flush mounted to a metal surface.

VII. MicROSTRIP PHASED ARRAYS

By adding “pin diodes” for digital phase shifting, Fig. 9, to the
microstrip substrate an integrated electrically scanned antenna
is attained. The process of phasing the radiators to scan the beam
requires breaking up the microstrip radiators into individual
elements. The individual microstrip elements (a sample is shown
in Fig. 10) work just like the long microstrip radiator described
in the previous section. By using /. the length of the individual
microstrip radiators we can ecaleulute the resonant length, input
impedance, and bandwidth of the microgtrip radiator just as was
done in the previous section.

II-4

77

Fig. 11.

. Radiation pattern of microstrip patch. Patterns were measured
with spinning dipole to demonstrate low axial ratios to wide angle.

This works quite well except when the L of the individual radiator
is not reduced below 0.25 xo. For L < 0.25 X, the radiation resistance
of the microstrip radiator rapidly disappears, ie., the slots 4
and B are not long enough to match free-space efficiently because
their size has been reduced below cutoff for the modes that must be
matched to free space as deseribed by Harrington [4, p. 278].

Each of these microstrip radiators are rectangular microstrip
elements and each one produces a hemispherical coverage pattern,
Fig. 11. A conceptual model of the phased array shown in Fig. 9
was built and tested to demonstrate a complete microstrip electrically
scanned phased array. The patterns scanned to the angles predicted
with a gain within 1 dB of the expected gain, Fig. 12. The phase
shifters used were microstrip 80° hybrid phase shifters with diodes
in the two output legs. Driving two diodes in the two output legs
of the hybrid changes the phase of the reflected power in the re-
flerted port of the hybrid. The phase shift attained is twice the
distance the short reference is moved in the two output legs. Three
phase shifters were used in series for each element to produce
0°, 43° 90°, 135° 180°, 225° 270°, or 315° phasing of each element.
The phase shifters along with all of their de feed lines, de blocks,
RY blocks, the RF corporate feed network, the matching net-
work, and the microstrip radiators were all photo etched on one
side of one microstrip board.

VIII. CoxcLusions

Microstrip antennas constitute a new class of onmidirectional
antenna for missiles and satellites. These antennus are capable of
producing a predictable and neurly perfect onmidirectional coverage.
A new low cost low profile flat microstrip array is shown to have
90-percent aperture efficiency. In addition, the flat microstrip
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(COURTESY J. Q. HOMELL,
NASA-LaRC)

FIGURE 8

TYPICAL E - AND H - PLANE
PATTERNS OF A MICROSTRIP ANTENNA
(SQUARE ELEMENT, €~ 8.5, FREQ.= 1,7 GHz)



. (COURTESY J. Q. HOWELL
NASA-LaRC)

FIGURE 9

TYPICAL PATTERN OF A CENTER FED CIRCULAR MICROSTRIP ANTENNA
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FIGURE 12

{COURTESY J, Q. HOWELL
NASA-LaRC)

UHF ANTENNA RESPONSE TO BOTH HORIZONTALLY

AND VERTICALLY POLARIZED INPUT



FIGURE 13
PHOTO OF MICROSTRIP ANTENNA-CIRCULAR POLARIZATION WITH SINGLE FEED
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MICROSTRIP ANTENNA
BWITH SIMULATED
8 INSULATION
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FIGURE 18
VSWR TEST SETUP
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FIGURE 19
RADIATION PATTERN TEST SETUP
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FIGURE 20
MICROSTRIP ANTENNA VSWR WITHOUT SIMULATED INSULATION
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FIGURE 21
MICROSTRIP ANTENNA VSWR WITH SIMULATED INSULATION
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FIGURE 22
MICROSTRIP ANTENNA VSWR AT 344°K (160°F)



g N
\Mﬁ% “‘\Ti\'

hOAVATLY Mfégj
L
SR AR el
S
o i,
o
e R R e
N
=

N,

i,

o o,
DOTENNNSS

LR

; S

S s SR

LR I
B L

m::-# 175

.3
QQ‘O‘“‘

X
.
LR v% i
TSN 0“0’#“‘%%‘ g““'
R AR \ //4;:%““‘ P
R R NN A
b RS eal
15 et

i

FREQUENCY = 395,1 MHz

FIGURE 23
MICROSTRIP ANTENNA PATTERNS WITH SIMULATED INSULATION (ROOM TEMPERATURE)
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FREQUENCY = 395,50 MHz

FIGURE 23 {CONTINUED})
MICROSTRIP ANTENNA PATTERNS WITH SIMULATED INSULATION (ROOM TEMPERATURE)



FREQUENCY = 395,92 MHz

FIGURE 23 (CONCLUDED)
MICROSTRIP ANTENNA PATTERNS WITH SIMULATED INSULATION {ROOM TEMPERATURE)
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FREQUENCY = 395,11 MHz

FIGURE 24
MICROSTRIP ANTENNA PATTERNS WITH SIMULATED INSULATION (344°K(160°F))
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FREQUENCY = 395,50 MHz

FIGURE 24 (CONTINUED)
MICROSTRIP ANTENNA PATTERNS WITH SIMULATED INSULATION (344°K{160°F))
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FREQUENCY = 395,92 MHz

FIGURE 24 (CONCLUDED)
MICROSTRIP ANTENNA PATTERNS WITH SIMULATED INSULATION (344°K(160°F))




FREQUENCY = 396,25 MHz

FIGURE 25
MICROSTRIP ANTENNA PATTERNS WITH SIMULATED INSULATION (344°K(160°F)) ABOUT
INCREASED RESONANT FREQUENCY
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FIGURE 25 (CONTINUED)
MICROSTRIP ANTENNA PATTERNS WITH SIMULATED INSULATION (344°K(160°F)) ABOUT
INCREASED RESONANT FREQUENCY
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FREQUENCY = 397,05 MHz

FIGURE 25 (CONCLUDED)
MICROSTRIP ANTENNA PATTERNS WITH SIMULATED INSULATION (344°K(160°F)) ABOUT

INCREASED RESONANT FREQUENCY
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(a)
WITHOUT
INSULATION

(b)
WITH
INSULATION

FIGURE 26
EFFECT OF SIMULATED INSULATION ON MICROSTRIP ANTENNA PATTERN (395.5 MHz)
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FREQUENCY = 395.55 MHz

FIGURE 27
TYPICAL SYMMETRY OF A CIRCULAR MICROSTRIP ANTENNA (45° OFF ANTENNA NORMAL)



ANTENNA ELEMENT
SHAPE AND DIMENSIONS
(M)

SQUARE (2.54 x 2.54)

RE CTANGULAR (5.54 x 5.08)
ROUND (r** = 1.27)

SQUARE (2,97 x 2.97)
RECTANGULAR (0,958 x 0.762)

SQUARE {0.958 x 0.958)

ROUND* (r = 3.493)
ROUND* (r = 3,493)
ROUND* (r = 13.890)

DIELECTRIC
THICKNESS

(cM)

0.079

G.079

0,079

0.159

0.064

0.064

0.318

0.159

1.270

'APPENDIX 1
MICROSTRIP ANTENNA CHARACTERISTICS
RESULTS FROM J. Q. HOWELL PAPER (REFERENCE 3)

DIELECTRIC
CONSTANT

10.

10.

* FED THROUGH GROUNDPLANE FROM THE BACK.

** y 15 THE RADIUS

.59

.59

.59

CALCULATED
RESONANT FREQUENCY

(GHz)

. 387

MEASURED
RESONANT FREQUEMNCY
(GHz)

.378

BANDWIDTH
VSWR= 3:1
{ PERCENT}

I-1
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APPENDIX 11

{REPRINTED BY PERMISSION OF IEEE FROM
IEEE TRANSACTIONS ON ANTENNAS AND
PROPAGATION JANUARY 1974, VOLUME
PAGES 74-78)

Conformal Microstrip Antennas and Microstrip Phased

Arrays
HOBERT E. MUNSON

Abstract—A new class of antennas using microstrips to form the
feed networks and radiators is presented in this communication.
These antennas have four distinct advantages: 1) cost, 2) per-
formance, 3) ease of instailation, and 4) the low profile conformal
design. The application of these antennas is limited to small band-
widths. Phased arrays using these techniques are also discussed.

L. INTRODUOITION

High-velovity aireraft, missiles, and rockels reguire eonformal,
thin antennas. Ideally, an antenna “paper thin” would hest sust
the werodyniamie and mechanical engineer, This antenna would
neither disturb. the aerodynumic flow, nor wonld it pralrode
inwardly tn disrupt the mechanical stractare.

With a microstrip (a single side etehed) printed cireuit boanl
antenna, the two aforementioned goalg wre newrly atinined. In
addition, the desire for a lower st adenrna van e met heeange
the single printed cicenit (P board  (mierostrip) anfenna s
manufactured with the same low cost plati-eteh processes sed
to make electronic printed circuit boards. Fhe single boand s
photo etched on one side only (no Tront-te-back registration s
required ) ; no board alighments are required.

The micrnstrip phased array to be diseussed s an antonna -
carporating the bagic radinting uperfure with ita assoeinted miera-
wave feed svatem all printed on the outside of o printed circoi
board. It is a new wicrostrip device? that inchules an efticient
electrically thin niicrostrip radiator and integrided feed netwirk,
mat eliing network, phasing nedwork, switehing netwaork, awl filler

" network, if reguired.

Currently, solid-state componenis are alsu wlded directly o
this bourd to provide oseillators, amplifiers, phase shifters, switehes
and receivers. 1t wonld appenr that the feed hnes would interfers
with the radintion bul they do wot becanse They are elestrieally
close to the ground plane which s the haek of 1ie antenna, and
becgse the feed lines wre perpendicalur to the electrie field heing
emitted by the radintor, je., a metal geplum perpendicular 11 the
electrie feld.

Manuscript receivexl April 4, 1973 revised September 5, 1473,
The author is with the Ball Brothers Regearch Corporation. Bonlder.

Cola, H0302. e , N
i Patent N3 713 162 “Single slot cavity antennia assembly.” dated

Jan. 23, 1973,
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TO SHAPE

S

i )_HICROSTR?P
RADIATOR
FEED
NETWORK
| ] -
FEED /
POINTS INPUT 2 THICKMESS OF THE

PRINTED RCARD

Fig, . Miecrostrip wraparound nntenna.

This communiration wilt direnas micrortrip arvavs of theee geneeal
types: wraparound microstrip sntennss that weap arounl missiles,
rocketa, and satellitea to provide cmidirectional eoverage; lat
thin mivrosivip antennas thed provide o high gain fan beno oz n
peneil bemng o phased areay thet eonsista of flat ior earved) thin
mictnstrip anfenias with pin dides adided (o The mierosirip sob-
strate to provide an electronie beam steering enpabibily.

IT. MicRogTRIP WRAPAROUND ANTENNAS

The weaparound anfennas which provide omnidive rtions) coverage
are gimilar in performance teovernge wond bundwilthy 1o the stripe-
line tHwo luver 1O hoardt antennas digsengsed ey Waternan awl
Henrv [17], Campbell [27, and dobnson (5] T general, stripline
and mierostripy antennas will produce hansdwidths (VWD < 200
of B0 MHx to 1000 Mz in the L Dand aoal S band regions with a
b=t 2+ B variation in the roll plane. The unerostrip wraparound
nnlenay consisls of two parts: D omierostreip femd setwark and
20 mierostrip emlindor,

[ Mseunsrere Frpn Nerwoik

The microatrip ford petwork Fige Byoas o parenlled teorporaten
feedd petwirk where (wo-sway power spbts oo enqual line lengths
resull i egual power sl equal phase tooall of e Teed points,
The mimber of power divisions con be 20 1 & 16, ete, The nigmiler
of Teels, power divisions, vequived i@ dietaited by the maierosteip
raslintor. The numder of Teed points Ny nst eseesl The nanber
of wavelengthe in the diedeereie in Ahe L diveetion: Ve > by
Ly the number of wavelemethe i the alielecipie = £ 000 L
o dg the relntive diclestrie constant of The hoard matedsl heing
needs ¢, = K i Ivpieal D00 anly the PEA wodie 1 to be exeiled,
This e will in tnen exeite ondv TM g noales in (oo spuee ne
rodl pactforn variation o Yy < £ thee Dighor ander npardie= will he
existed an the wiero<tnip radintar, These mcales il paeite T3,
modke=cin free spaes |1, po276]0 T excitaton of higher order nedes
on the mierostrip eadiator will vesaltin braskup of the coll 1 plane
patterns, As an tt\run;)hu the nnmdser of ferds |'1'||||‘\|'l‘d faor an N b
2200 MHz oy = 127 conr o wenparonmed Tor o0 25 d-em missile wonld
he

fo—= aly = W70 e

LA

[ e [EXEN
20

N = HROS owd N p ean b 2008, TH D206, ote,
Thas N p st e 16,

Ty types af Teed nesseork ane used (o acomplish o 20 4 S 16,
ete, power sphit. Most often laperved lines, Figo 2 w00 e used 10
tromstor o WEAa dpmdanee To IR socshat ot can Ve comnbinend i
parallel with another 160 line, Thae e preovedine 1 shown in

I1-1
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b —oe]

& = THICKNESS OF ThE
PRINTED BOSRD

:
i

00 INPUT
{b)

Fig. 2. (a] Tapered line parallel feed network,

{b) Quarter-wave
transformer parallel feed network,

Fig. 2(h} for a quarter-wave transformer techniyue. The impedance
of the quarter-wive tranaformer i given by

Kieapstarmer = 18 M Hoa )V = (H0-50)11 = T8,

The number of feed points possible for o very fong radiator is
Limiterl only by the allowable systen ksses that ean be allosated
in the feed network. However, it is desiralile (o use the minimum
N g satisfying the eondition N p > Lp, 1 32 feeds were used instend
of 16 the preceding example would result in input impedanres
exceeding 0 8 which would be impossible (0 mateh efficientby
with mirrostrip feed lines.

1V, Mickosriie Baviaron

Two types of microstrip radiators ure generally used: the long
mierostrip rudinlor and the pateb radintor. The g microsi rip
tiliztor shown in Figs. 2a) naud th) i shown in top and side view
in Figs, 3¢n) nnd by, respectively. Gup A i an infinitesimal shi
(in .79 mm microsteip a/x = 1050 50 8 sl ). The admit tance
of & slol nuliator is given in Harrington [4, p. 1837 for small
kata/n <1y which s always the ense in microstrip anfenna

priclice
ke )?
G z |- (hee)
.t 24

B3 — 2 g ke
gy w PR 2log ke
An

i

[n most micromtrip applicstions ka /29 <1 and the comlnetaes
simplifies 10 €, = x/Ap = /30120 mhofm or £, = 1205 -,
The conductunee iy expressed in per unit length so that the resistance
of the Slot  in Figs. 300) and (b is abtained by dividing #. hy
the lenpth
i [20A
fa = — = —— = {ill},
I 2
The dielectrie under the mierostrip radindor cnn be trented
a8 a transmission line approximately 372 long. The problem with
the microgtrip Cransmission e is its very bw impedinee, typicalby
Ioto 10 2 This section of parallel-plate 1ransmission line does
transforns the Slot A impednnee feoem 60 € throagh small imedanees
near the center and hack tn 60 9 at Slot f# [sre Fig. 3ie) ] At this

1I-2
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TP VIEW

INPOT

MICROSTATR RADIATOR (COPPER)

SIDE VIEW
=t
sLeT B SLOT &
LOW LDSS
UIELFCTRIC
{TEFLON FLAFRGLASS
OR PALYTTHELENE)

THICKNESS - a

495
= A9y
_a..! M l—_ o

GRAUND r
PLANT {COPPER) §FEED LEFT DFF)

THE AUMITTANCES {OR [MPEDANCE] TRANSFORMATIONS

ELFQRE TRANSFORMAYIGN AFTER TRANSFORMATION

_.?_._‘n. R“ 7_-.‘"- E“SRB = %R#IE
EY
:

. s
¥in, GB'BH (’A‘BA tin, GB'Bﬁgsk'Ba %zud.
—— - R,
5 29 Gy = Gg r
H By o,
Fig. 3. Microstrip radiator,

point the two impedances combine in paratled 10 give
1 1 1 1 1

Fin Tu Ty - fii + fi‘l
#in = 3012

In the example shown in Fig. 3(n) this impedance is splil between
inur feed points with ench feed theoreticnlly sesing 120142, In praciice,
this is the measured impedanee, “This theory i very aceurate in
predicting the input impedanees for many designs ench with dif-
ferent froquencies, thicknesses, ferd poisd sepurations, and nuniher
of Jeed points, The previous diseussion did nod trent the implicn-
tions of the reactive component of the admittance B, beeause it
tloog net aflect the eonduetance component of admittance .
The cffect of the renclanve £, is to produer 4 resonance slightly
short of a half-wavelength. For example, we cun ennsider the ad-
mitiance of St o to be

Ya=6G+ B,

At distance of 035 on the parallel-plate transmisgion line, {he
admillwnee has been trunsfurmed to 1, = o4+ Ry oand these
admittunces combine directly in parallel with ¥, to produre ¥V, =
2, + 28 which is not resonatiee. Al wdistanee just shorl (usually
049 to 48K of a0 ladf-wavelength in the parallel-plate trans-
misstun line transformer the frunsformed admittance of Slot. 4 8

f! =1, - 1y

and at this length slightly short of o half-wavelength [haf2te112]
resoninee is established with no susceptanee

Vi =0 + 60 = 205,
Fia o= Ny /2
wne for the example
Zi = Kin = 304 {tolal resistanee)

fdin = 12092 (per leed),
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Fig.4. S band bandwidth (VEWTR 2-1) as funetion ni;ant.onna thickness.
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The handwidth of i microatrip antenna is dominated by the
microsiiei garallelplate transmission kine between Slot A and B.
Since the transmission line usually has an impedance close to 1 ¢
and the two slota have impedances close to 100 §2, the transforma-
tion exists usually for 1-percent bandwidth for VSWR < 2:1.
The bandwidth can be easily caleulated by adding

Vi, = YA + ¥z

(where the amount that ¥, is transformed depends upon fre-
quency.), and then evalusting the two frequency puints at which
the rewctances cause the VEWR to equal 2:1. Several measured
bandwidths of microstrip phased arrays are shown in Fig. 4
in vonjunction with the theoretical bundwidth ns raleulated earlier.

The mujur limitation of the microstrip antenna is the Landwidth.
‘To substantially increase the bandwidth of mictostrip antennas
reciuires an increase of the thickness of the parallel plate Lrans-
former which increases the charpeterislic impedance of the trana-
former. This increuse in thicknesa ia undesirable if the antenna is
to remnin Jow profile and tonfermal. In most applications the
advantages of u low profile antenna ootweighs the dissdvantage
of its parrow bandwidth because present applications require
less than 1 perceni. Three other methinds of increasing the band-
widih are currently being investigated: 1) use of a high (&) dielertire
vonstant to decrease the eavity length: 2) increasing the inductance
of the microstrip radiator by eutting holes or slots into it. Experi-
ments show inrreased bandwidth but at the cost of efficiency, in
fuel the same increase could have been attained by using a more
lussy substrate; 1) broadbanding by sddition of resctive com-
punents us diseussed in Jasik [5] to reduce VRWR across & limited
bandwidth, Thia technique iz very limited usually to S0 perrent

of Afy/fu

V. MicrosThIP ANTENNA Partiisy COVERAGE FOR
OMNIAPPLICATIONS

The pattern covernge for the ommninntennn shown in Fig. 1
depends on the dinmeter of the missile. The limiting fartor in amni-
directionul pattern eoverage is a singular hole at the Lip and tail
of the missle which gets narrower ua the dinmeter of the missile
facreases, For instanee, 2 15-in diameter antenna produces a null
alung the missile axis of radius 1° ut the —8-dB gain level. The
fraction aren with gain below —5 dB is given hy

30 A10 a0 100 WAC 100
Fun = (f f sint 8 8 g +[ f sind dﬂd¢)/f f sin @ od dg
0° o o° 1ge n“ o"

= (L0002,

Converscly, 1he fruction of the area with gain above —8% dB i
L9998, or Y9495 percent cuverage with gain grealer Lhan —&8 dl3
The percent coverage increages without limit for larger Jiameters
until a nearly periecl covernge is nttained for 2 single linear polariza-
tinm.
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Fig. 6. {dain versus size for fial microstrip arrays {frequency is X band
or 10 GHz and A: = L.1R").

The percent coverage is only a function of diameter and is in-
dependent of antenna thickness. The theoretical and experimental
pattern covernges for micrastrip antennas on a sinooth oylinder
are given in Fig. 5 for gain grenter than — & dB.

IV, FLaT-PLATE MICROSTIRIP ANTENNAS

Unwrapping omniwraparound antennus and mounting them
flat on a metal surfuve or in free spare produces a high
gain fun beam sntenna pattern. By arraving several antennas
side by side, a pencil benmn 18 produced. Theoretivully, the micro-
strip radistors produce a uniform illomination of the aperture and
the gain of a uniformly illuminated aperiure is given by Hilver
(6] as

4w

Gu=T.

In praetice, the miceostrip feed line attentation subiriets from

thisa guin
4r 1
Grctuw) = 1Mk log (_A’—) -

g = ol

The attenuatinn is depemdent on frequeney and line length. At

\ band a microstrip line on 0.79a0m boaed has an afienuation

= 0.047 dB/rm. The length of the micrasteip fewt ling for a

given array 18 half of the height plus haif of the width of the array
Wooi"

L= 32
2 T3

therefore
a = (/I + H)

at X bund for & 12.7-em X 7.62-¢m antenna ey, = 0,45 dB. Cain
a8 a funetion of size for o square mierastrip areay is shown in Fig. 6.

I1-3
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High gain flat microstrip sntenna.

Fig. 7.

[ TR GAIN

el 13 o1 : -
ERRukye”
K

!
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N
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e
&P
. 8, Gain and pattern of 7.62 cm x 12.7 cm x 0.79 cm microstrip
Fig. 8 array at 9.92 GHz.
— L
MICROSTRIP
RAQIATOR
WICROSTRIP
CONTRAL _} PHASE SHIFFERS
IHPUT
WICRQSTAIP
'—1—| POWER SPLITTER
I
R.F. INPUT
Fig. 0. Electrically scanned microstrip plissed array (low cost and
low proflle),

An experimental model 7.62 cm X 12,7 em X 0.79 mm (Fig.
7) was built und tested and confirms a gain (Fig. 8) in agreement
with the theoretical predictions {Fig. 6). The measured guin of
21 dB i also plotted on the predicted gain curve (Fig. 6). The
microsinp sntenns offers lagh gain for atow vost. It also offers a fow
profile antenna that can operate flush mounied th o metal surface.

VII. Mi1croSTRIP PHASED ARRAYS

By adding “pin diodes™ for digital phase ahifting, Fig. 9, {0 the
microstrip substrate an integrated electrically ecanned antenna
is atinined, The process of phasing the radiators to scan the beam
requires breaking up the microstrip radiztors into individual
elements, The individual microstrip elemente (a sample is shown
in Fig. 1)) work just like the long miecrostrip radiator described
in the previous section. By using 7. the length of the individual
microstrip radistore we can calculate the resonmnt length, input
impedance, and bandwidth of the micrestrip radiator just as was
done in the previous section.

II-4

g

Fig. 10. Microsl.rir; radiator.

Fig. 11.

Radiatlon pattern of microstri; T
with spinning dipele to demonstrate low axial ratios to wide angle.

patch. Patierns were meagured

This warks quite well except when 1he L of the individual radintor
is not reduced below (.25 ho. For L < 0.25 A, the radistion resistance
of the microstrip radiator rapidly disappears, ie., the slois 4
and B are not leng encugh to match free-space effivienily hecause
their size has been reduced below eutoff for the modes that must be
matched to free space as deseribed by Harrington (4, p. 278].

Each of these microstrip radiators are reclangular microstrip
elements and each one praduces a hemispherical coverage pattern,
Fig. 11. A coneeptual model of the phused urray shown in Fig. 9
was built and tested Lo demonstrate a complele microstrip electrically
scanned phased array. The patterns scanned to the angles predicted
with a gain within 1 dB of the expected guin, Fig. 12. The phase
shifters used were anicrostrip 90° hybrid phuse shifters with diodes
in the two output legs. Driving two diodes in the two output leps
of the hybrid changes the phuse of the reflected power in the re-
flected part of the hybrid. The phase shift aiiained is twice the
distance the short reference is moved in the iwo output legs. Three
phase shifters were used in series jor each elemeni to produce
0°, 45°, 90°, 135", 180°, 225° 270°, or 315° phasing of each element.
The phase shifters along with atl of their de feed lines, de blecks,
RF blocks, the RF corporate feed network, the matching net-
work, and the microstrip rudiators were all photy etched on one
side of one microstrip board.

YIII, ConcLustons

Microatrip antennas constitute o new class of onmidirectionsl
antenna for missiles and eatellites. These antennas are capable of
praducing a predictable and nearly perfect onmidirectional coverage.
A new low cost low profile flat microstrip array is shown to have
O0-percent aperture efficiency. In addition, the flat microstrip
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Fig. 12. Electronically scanned 4 element array. — mansured patiern.
-~ predicted pattern.

arrays can be electronicully seanned with the addition of phase
shifters.

" These antennng are inexpensive to fubricule beeause of the
phode eteh process wsed in their manafacture, and inexpensive
to inslall becanse they are ronformal. Flectronically sennned micro-
atrip arrays make possible an ulira low profile {ronformal), low cost
design for phased arrays. 1t may be possible to entirely cover the
ouler surface of a missile or airerafl with these antennas without
large cost or weight pennalties.
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