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Abstract—There are important engineering issues in designing
reflector antennas that cannot be addressed by simply assuming a
perfect electric conductor (PEC) reflector surface. For example,
coatings may exist on antenna surfaces for protection, rain or
snow can accumulate on outdoor reflectors, and the deployable
mesh or inflatable membrane antennas usually do not have solid
PEC reflector surfaces. Physical optics (PO) analysis remains the
most popular method of reflector analysis owing to its inherent
simplicity, accuracy, and efficiency. The conventional PO analy-
sis is performed under the assumption of perfectly conducting
reflector surface. To generalize the PO analysis to arbitrary
reflector surfaces, a modified PO analysis is presented. Under
the assumptions of locally planar reflector surface and locally
planewave characteristic of the waves incident upon the reflector
surface, the reflection and transmission coefficients at every point
of the reflector surface are determined by the transmission-line
analogy to the multilayered surface structure. The modified PO
currents, taking into account by the finite transmissions of the
incident waves, are derived from the reflection and transmission
coefficients. Applications on the analyses of the rain and snow
accumulation effects on the direct-broadcast TV antennas and
the effects of finite thickness and finite conductivity of the metal
coating on a 15-m inflatable antenna are described and results
are presented.

Index Terms—DBS antennas, inflatable membrane, lossy ma-
terial, physical optics, rain/snow, reflector antennas.

I. INTRODUCTION

I N order to design and correctly predict the performance of
a reflector antenna, different analysis and synthesis tech-

niques have been developed [1]–[3]. Among these techniques,
physical optics (PO) analysis remains one of the most popular
for the calculation of radiation patterns. PO analysis usually
assumes the reflector surface under analysis to be perfect
electric conductor (PEC). The assumption of PEC reflector
surfaces is generally true as most reflector surfaces are merely
metal sheets that are much thicker than the skin depths of the
metals and with very high conductivities. There are, however,
many practical situations in which the assumption of total
reflection does not necessarily hold. The frequency-selective
surface (FSS) reflector antennas are manufactured from surface
materials which allow waves to pass through. To provide
a means of protection, the metal reflector surface(s) of a
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reflector antenna may be coated with a thin epoxy layer. In
case of bad weather, it is a common experience that receptions
from outdoor reflectors will be degraded by the rain or snow
accumulation on the reflector surfaces. An inflatable reflector
antenna is realized by coating a thin metal layer on a dielectric
membrane. If the thickness of the metal layer is much greater
than the skin depth of the metal, total reflection is expected. If
the order of magnitude of the metal thickness is comparable to
the skin depth, total reflection is not guaranteed. For a mesh-
deployable antenna, the reflector surface is usually perforated
metal surface or empty spaces with some interwoven metal
wires running in between. In any of the examples described
above, the assumption of PEC for the reflector surfaces is
definitely inappropiate. In order to analyze these situations, PO
analysis must be modified in such a way for which nontotal
reflection, in general, can be correctly accounted.

Mesh-deployable and FSS reflectors have been topics of
research interest for decades. Publications including the the-
oretical analysis and experiment application can be found
[4]–[7]. Inflatable reflector antenna has also attracted a lot of
attention since two to three decades ago [4], [8], [9]. Though
researches on the electrical aspects of inflatable antennas are
abundant, most of the analyses still assumed the reflector
surface to be perfectly conducting. Some experiments have
been conducted in relation to the effect of dielectric coating,
rain precipitation, and snow accretion on the performance of
reflector antennas [10], [11], but not much work has been
done on the general analysis and simulation of the situations.
To the best of the author’s knowledge, no rigorous analysis
on the effect of finite thickness and finite conductivity of
metal coatings on inflatable antennas or the effects of coating,
partial depletion of coating, rain and snow accumulations on
the performance of the 18-in direct-broadcast TV antenna has
been found in the literature.

This work extends the conventional PO analysis of reflector
antennas to an analysis capable of handling general reflector
surfaces. Section II explains the methodology of the solution
for the modified PO analysis. Derivation of the modified PO
currents on arbitrary multilayered planar surfaces follows in
Section III. Based on the currents obtained, the formulation of
the modified PO currents on general reflector surfaces is then
presented in Section IV. The approach is in close resemblance
to the analyses of mesh-deployable antennas [5] and FSS
antennas [7]. A computer program is developed for the PO
analysis of reflector antennas with arbitrary surfaces. Applica-
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tions of the modified PO analysis, including the effects of rain
precipitation and snow accumulation on the direct-broadcast
TV antenna and the effects of membrane’s finite thickness
and finite conductivity on inflatable antennas, are illustrated
in Section V. A conclusion of the major achievements of
this work is summarized in Section VI. Finally, a method
of solution to the general plane-waves propagation through
isotropic and homogeneous multilayered media is presented
in Appendix A for completion.

II. SOLUTION METHODOLOGY

The PO analysis is based on the theory of PO equivalence,
which can be considered as a limiting case of the more gen-
eral equivalence theorem [12, pp. 329–334]. The equivalence
theorem states that the and fields at any observation
point outside the source(s) (the antenna in this case) can
be obtained upon the calculation of the surface currents on
a surface completely enclosing the source(s). The currents
include both the electric and magnetic currents
and are merely the result of the total electric and magnetic
fields on the surface

(1)

(2)

(3)

(4)

where and are the position vector and outward
unit normal of a source point on the reflector surface,

, and are
the incident, reflected, and transmitted electric/magnetic field
intensities on the reflector surface and are the front
(illuminated) and back (shadow) surfaces of the reflector,
respectively.

Upon the calculation of the surface currents, the resultant
and fields at any observation point can then be expressed
as [12, pp. 279, 286]

(5)

(6)

where is the angular frequency,and are the permittivity
and permeability of free-space,is the free-space wavenum-
ber, is the distance from the observation point to the source
point, is the reflector surface, , and the time
convention is adopted.

As shown in Fig. 1, owing to the continuity of the electric
field at any material interface, if the reflecting surface is thin
or the reflection coefficient is close to 1, the tangential
component of the transmitted field on the back of the
reflector is close to the sum of the tangential components of

Fig. 1. Application of the equivalence theorem on the reflector surface for
current calculation.

the incident and reflected fields and, thus, the
magnetic current on the back side of the reflector is
almost the same as the one on the front and the net
magnetic current is close to zero (i.e., ). As
a result, is negligible and, thus, only is necessary for
the computation of the antenna pattern. PO analysis usually
assume the reflector surface under analysis to be PEC and so
total reflection on the reflector surface is a consequence, i.e.,

. Under this assumption, only exists and the
the PO surface current on the reflector surface can be
written as [3]

(7)

Upon the calculation of , the and fields
at any observation point with position vector can be
calculated from (5) and (6) by simply excluding the magnetic
current .

Since the assumption of total reflection does not hold
for a non-PEC reflector surface, both the electric and
magnetic currents exist on the reflector surface and the
computation of the far-field radiation pattern of a reflector
with non-PEC surface structure requires the calculation of both
currents.

The calculation of and requires the knowledge of
the reflection and transmission coefficients (and ) at every
point on the reflector surface (see Sections III and IV for
details). Obtaining the reflection and transmission coefficients
is, in general, not an easy task owing to the finiteness in
dimensions and nonplanarity in curvatures of most reflector
surfaces and the nonplanar wave nature of the electromagnetic
waves incident upon the reflector surfaces.

Fortunately, two approximations allow the problem to be
greatly simplified. In order to calculate the and fields
numerically, the reflector surface has to be subdivided into a
number of subsurfaces. If the subdivision is sufficiently small,
the reflector subsurfaces can be approximated by locally planar
subsurfaces. The reflector is usually assumed to be large in
terms of wavelength and the feeds are in the far-field zones
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Fig. 2. Plane waves incidence on multilayered planar surface: perpendicular
polarization(~Ei

?, ~Hi

?), and parallel polarization(� ~Hi

k, ~Ei

k).

with respect to the antenna surface so that the waves impinging
upon the reflector surface are virtually locally plane waves.
Based on these approximations, namely, the locally planar
approximation of the reflector surfaces and the locally planar
approximation of the incident waves, the current distribution
within each of the subsurfaces is essentially constant and the
integration of the current distribution then essentially becomes
a summation of the currents on each of the subsurfaces. This
suggests that the reflection and transmission coefficients can
be deduced from the solution to the canonical problem of
plane waves propagation through infinitely two-dimensional
(2-D) planar multilayered structures. Hence, the key point of
the analysis is to compute the total currents on each of the
planar approximation to the subsurfaces, which in turn requires
the knowledge of the reflection and transmission coefficients
at that subsurface. The methods of solution of computing
the reflection and transmission coefficients of plane waves
propagation through 2-D, infinitely planar multilayered media
can then be implemented into the evaluation of the modified
PO currents. One method of solution is the application of the
transmission line theory, as summarized in Appendix A.

III. M ODIFIED PO CURRENT ON

PLANAR MULTILAYERED STRUCTURE

To construct the modified PO currents on planar multilay-
ered surface illuminated by plane waves of oblique incidence,
a local coordinate system is first defined at the interface. The
waves are decomposed into the perpendicular and parallel
polarizations (as illustrated in Fig. 2) where , , ,

, , are the local Cartesian and spherical coordinate
systems at the front surface, is the unit vector in the
incidence direction, and are the the and coordinates
of the incident waves with respect to the local spherical
coordinate system, and are the incident and

fields at the observation point

(8)

and

(9)

The incident and fields impinging upon the interface,
i.e., , can then be written as

(10)

(11)

where , and are the perpendicular and
parallel polarizations of the incident field, respectively, and

(12)

The transmitted and fields exiting the structure, i.e.,
where is the total thickness of the multilayered

structure, are given by

(13)

(14)

where and are the transmission coefficients of the
perpendicular and parallel polarizations of the transmitted
field at the back surface, respectively, and

(15)

is the position vector of the point of transmission on the back
surface.

Similarly, the reflected and fields can be expressed by

(16)

(17)

where and are the reflection coefficients of the perpen-
dicular and parallel polarizations of the field at the front
surface, respectively

(18)

(19)

and

(20)

The transmission and reflection coefficients for the perpen-
dicular and parallel polarizations at the front interface can be
obtained from (78), (79), (88), and (89) in Appendix A and
are repeated here as follows:

(21)

(22)

where

for perpendicular polarization
for parallel polarization

(23)
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and are the intrinsic impedance and propagation constant
of the th medium, respectively, , where
and are the indexes of the semi-infinite incident and trans-
mitted media, respectively, is the real angle of incidence at
the semi-infinite incident medium, and are the complex
angles of incidence and transmission at theth medium and
the semi-infinite transmitted medium respectively, is the
thickness of the th medium

(24)

(25)

(26)

(27)

(28)

for .
The total electric and magnetic currents and

on the front interface of the multilayered surface
structure are contributed from the incident and the reflected
fields and are given by

(29)

(30)

(31)

(32)

where represents the loci of points on the front interface
and is the unit outward normal on the front interface
at .

The total electric and magnetic currents and
on the back interface of the multilayered surface

structure are contributed from the transmitted fields only and
are expressed by

(33)

(34)

(35)

(36)

where represents the loci of points on the back interface
and is the unit outward normal on the back
interface at .

Thus, the total modified PO currents consist of both the
electric and magnetic currents, where the values on the front
and back sides are given by (29)–(36).

Since no assumption has been made on the materials com-
posing the multilayered planar surface, the analysis discussed
in this section is generic and can be applied to any infinitely
planar multilayered surface structure provided the parameters
of the material for each layer can somehow be obtained.

If the total thickness of the layers are negligibly small
compared to wavelength, and the transmission and
reflection coefficients at the interface are, from the continuity

of electric field across the boundary, simply related as

(37)

(38)

In that case, the total magnetic current vanishes since the
electric fields on both sides of the multilayered structure must
be equal (i.e., continuity of electric field across boundary) and
the total current simply reduces to the electric current only.
The total current at the interface is given by

(39)

Substituting (11), (14), and (17) into (39), the current can
be written as

(40)

where

(41)

The current given by (40) is the modified PO current
deduced in [5] and [7] for the analysis of thin-mesh deployable
and frequency-selective surface reflector antennas. Note that
the modified current in this case is essentially the conventional
PO current less the induced current due to
finite transmission of the plane waves through the multilayered
media.

If the layers are replaced by a perfect electric conductor,
becomes zero owing to zero transmission and the

analysis is further simplified to the conventional PO analysis.

IV. M ODIFIED PO CURRENT ON

LAYERED REFLECTOR SURFACE

As discussed in Section I, a reflector surface is divided into
subsurfaces for numerical computation and each subsurface is
approximated by a tangent plane about some pointwithin
the subsurface. The modified PO currents are evaluated from
(29) to (36), as detailed in Section III. Upon the evaluation
of the modified PO currents, the and fields at any
observation point can be calculated from (5) and (6).

In order to calculate the currents, the local coordinate
systems at every tangent plane must be defined. The
direction is defined as , where is the inward
normal at . Assuming the reflector surface is described by
an analytical equation , where
are the Cartesian coordinates of with respect to the main
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reflector coordinate system, then the unit normal at any
point on the reflector surface can be obtained from

(42)

where

The and directions can be specified by any two
orthogonal unit vectors lying on the tangent plane. The ori-
entations of and are absolutely immaterial to the final
result. One way of defining the vectors is as follows:

(43)

(44)

if

(45)

(46)

if .
To obtain the perpendicular and parallel directions for the

decomposition of the field into the two polarizations, the
direction of incidence must first be calculated. The direction
of incidence is the direction from the phase center of the feed
to the point where the approximating tangent plane to the
subsurface is defined. can be evaluated by joining the phase
center of the feed to the point. If the center of the feed and
the point are denoted by and with
respect to the main reflector coordinate system then

(47)

Thus

(48)

(49)

where and are the unit vectors in the perpendicular and
parallel directions, respectively.

The total modified PO current on each of the subsurface is
the sum of all the modified PO currents originated from all the
feeds in the system, as shown in Fig. 3. Since the transmission
coefficients and , as well as the reflection coefficients
and , are different for different polarizations of oblique
incidences (Appendix A), the modified PO currents generated
by each of the th feed is a function of the angle of incidence

. The angle is defined as the angle between and ,
where is the unit wave vector of the incident waves from
the th feed to the point where the approximating tangent
plane to the subsurface is resided andis the outward unit
normal to the approximating tangent plane at.
can be calculated from (42) and can be evaluated from (47)
by replacing by and by .

So far, all the currents are expressed with respect to the
local coordinate systems of the subsurfaces. To calculate the

Fig. 3. Calculation of the total modified PO currents on a subsurface.

resultant and fields, a single-reference coordinate system
must be defined and all the quantities expressed in the local
coordinate systems have to be transformed into the reference
coordinate system. One way of doing this is to use the main
reflector coordinate system as the reference. All the quantities
expressed in the local coordinate systems can be transformed
into the main reflector coordinate system through the Eulerian
transformation [13].

The method of analysis remains the same as that of the
conventional PO analysis except that the conventional PO
electric current has to be replaced by the modified PO electric
and magnetic currents. Considering the currents on the front
and the back sides of the reflector surface, (5) and (6) can be
rewritten as

(50)

(51)

For a far-field application

(52)

(53)
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(54)

(55)

where and are the distances between the source points
on the front interface and on the back interface to the

observation point , respectively.
Thus, (50) and (51) can be rewritten as

(56)

(57)

V. APPLICATION

Numerous source codes for the analysis of general reflector
antennas based on the PO current approach are readily obtain-
able. Most of these source codes, however, do not include
the non-PEC effect of the reflector surface. The modified
PO currents on a subsurface generated by a single feed or
an array of feeds can be calculated from (1) to (4), where
both the electric and magnetic currents are included. In these
equations, the reflection and transmission coefficients for both
the perpendicular and parallel components are required. A
subroutine capable of evaluating these coefficients is written.
To develop a program for the analysis of reflector antennas
with arbitrary surface structure, the reflector source codes
can be modified by including the subroutine at the stage of
the modified PO currents calculation. With the modified PO
current being calculated, the modified PO analysis discussed
in Section IV can be performed.

A computer program is developed for the modified PO
analysis of general reflector systems. Applications to the
analysis of reflectors with various surface structures are given
in the following sections. Although the program is capable of
analyzing non-PEC dual and multiple reflector systems, the
emphasis of this work is primarily focused on single reflector
antennas.

It is noted in Section II that if the reflector surface is thin
or the conductivity is high, the contribution from the magnetic
current is small and can thus be neglected. The exclusion
of the magnetic current simplifies the computer program and
reduces the time for calculation; a fact that might have to be
considered when efficiency and simplicity are more important
than accuracy.

Fig. 4. Typical dimensions of an 18-in direct-broadcast TV antenna.

A. Direct-Broadcast TV Antenna: Effects of Rain
and Snow on the Antenna Performance

Since the direct-broadcast TV antennas must be installed
outdoor for satellite reception, it is obvious that they are
subjected to outdoor weather conditions. Analyses of the
direct-broadcast TV antennas under outdoor circumstances are,
therefore, highly desirable. Yet, not many works can be found
on this aspect. This subsection provides some results for the
effects of rain and snow precipitations on the performance of
the direct-broadcast TV antennas.

Typical dimensions for an 18-in direct-broadcast TV an-
tenna is shown in Fig. 4. The antenna is an offset parabolic
reflector that has a circular projected aperture of diameter
18 in. A cosine- feed of and edge
tapers at about 10 dB is simulated to provide the maximum
possible antenna gain. The signals received from the satel-
lites have a frequency range from 12.2 to 12.7 GHz and
a cross-polarization level better than 27 dB down from the
copolarization [14]. The center frequency at 12.5 GHz is
assumed for all the calculations. The goal is to determine the
antenna far-field radiation patterns at the two principal cuts
( and ) and then to analyze the performance.
In practice, left circular polarization (LCP) and right circular
polarization (RCP) may be used in different areas of coverage
and, thus, the analysis should be performed with both circular
polarizations. Throughout this section, however, only LCP is
assumed. The case of RCP will be the same as the LCP except
that the radiation patterns for the RCP in plane are the
mirror images of the LCP ones about the axis. A beam
squint [15] of about 0.32in the plane is observed for
the LCP configuration. This agrees with the theoretical value

(58)

where and are the squint angle and the angle between the
axis of the main reflector coordinate system and the boresight

direction of the feed respectively andis the focal length.
Effect of Rain Precipitation:To protect against corrosion

and solar heating, some reflector antennas are covered with a
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Fig. 5. Far-field radiation patterns in the� = 0
� plane of the di-

rect-broadcast TV reflector antenna with rain precipitation. The thickness
of the water film is fixed attw = 0:5 mm. The thickness of the dielectric
coating varies fromtd = 0:5 to 1:00 mm. The “PEC” cases refers to the
ones without water film and dielectric coating.

layer of uniform, homogeneous, dielectric coating. Typical ex-
amples of dielectric coatings includes fiberglass (e.g., epoxide)
and painting. Coatings are usually assumed to be uniform and
thin, as suggested in [16], and, therefore, supposed to have no
significant impact on the overall performance of the reflectors.
Thus, reflector surfaces are simply assumed to be PEC for
most of the reflector analyses. This is true if the coatings are
thin compared to wavelengths and the reflectors are operating
under good weather conditions. In case of rainy condition,
as shown later in this section, the presence of the dielectric
coatings may have disastrous effects on the performance of
the antennas.

To demonstrate the effect of rain precipitation on the direct-
broadcast TV antenna, a water film of thickness
mm and dielectric constant , as suggested
in [10] and [17], is placed on top of a dielectric coating of
relative dielectric constant and thicknesses
varying from mm to mm. The values of the
dielectric constants are calculated at 12.5 GHz. The results
are illustrated in Figs. 5 and 6.

For comparsion, the gain of an uncoated antenna with water
film of thicknesses ranging from to mm is also
studied and the results show that for the range of thicknesses
concerned, the gain of the uncoated antenna is pratically not
degraded at all (less than 0.05 dB at worst). This is true since
the range of thicknesses of the water film is small compared to
wavelength. In the presence of the dielectric coating, however,
the loss due to the water film is strongly magnified. From
Figs. 5 and 6, it is obvious that degradations in antenna
performance under the influence of rain precipitation depends
very much on the thickness of the dielectric coating. The cross
polarization increases as increases. More importantly, rapid
loss in antenna gain is observed when the thickness of the
coating increased from 0.50 to 1.00 mm. For a thickness of

mm, the decrease in gain is about 3 dB, which
represents half of the total incident energy. If the thickness
is changed to mm, however, the loss
in gain is expected to be minimized. To the best of the

Fig. 6. Far-field radiation patterns in the� = 90
� plane of the di-

rect-broadcast TV reflector antenna with rain precipitation. The thickness of
the water film is fixed attw = 0:5 mm. The thickness of the dielectric
coating varies fromtd = 0:5 to 1:00 mm. The “PEC” cases refers to the
ones without water film and dielectric coating.

author’s knowledge, none of the commercially available direct-
broadcast TV antennas have a half-wavelength coating. Also,
bear in mind that so far, all the computations assume the
operating frequency to be the center frequency at 12.5 GHz.
In practice, the antennas receive a band of frequencies from
12.2 to 12.7 GHz and, thus, the choice of mm
minimizes the loss at the center frequency, but not at the other
frequencies. For this reason, it may be advantageous to make
the dielectric coating as thin as possible.

Effect of Snow Accretion:Since the direct-broadcast TV
antenna must be installed outdoors, it is subjected to snow
accretion in snowy areas. To align the antenna boresight
direction with the line-of-sight of the satellite to the antenna,
the antenna is usually tilted. Depending on the angle of
elevation of the antenna, different amounts of snow will
accumulate on the reflector surface. It is well known that the
antenna performance is greatly degraded by the accreted
snow on the reflector surface. Some experimental works
[11] have been found in relation to the snow accretion on
a communication antenna system, but none, to the best of the
author’s knowledge, is related to the 18-in direct-broadcast
TV antenna.

The dielectric constant of the snow at 12.5 GHz is taken to
be , according to [12]. The thickness of the
snow is chosen to be cm according to [11]. The snow
accretion is simulated by a layer of uniform dielectric with
the above dielectric constant and thickness and completely
covering the part of the reflector surface extending from the
bottom to a certain height above that bottom in the projected
aperture of the reflector (Fig. 7).

To investigate the effect of different heights of snow accre-
tion on the performance of the direct-broadcast TV antenna,
the thicknesses of the dielectric coating and snow are
kept constant. Figs. 8 and 9 show the results for cm
and mm. It must be emphasized that snow accretion
on a reflector surface is highly nonuniform in thickness and the
dielectric constant varies slightly across the entire surface. The
choices of uniform thickness and constant relative permittivity
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Fig. 7. Configuration of the snow accretion on the direct-broadcast TV
antenna. The reflector surface is covered by a layer of snow of heighth

from the bottom of the projected aperture of the antenna.

(a)

(b)

Fig. 8. Far-field radiation patterns in the� = 0
� plane of the di-

rect-broadcast TV reflector antenna with different heights of the snow
accretion. The thickness of the accreted snow is fixed atts = 3 cm. The
thickness of the dielectric coating is fixed attd = 1:00 mm. The heights of
snow varies fromh = 3 to 9 in. The “PEC” cases refers to the ones without
accreted snow and dielectric coating.

(a)

(b)

Fig. 9. Far-field radiation patterns in the� = 90
� plane of the di-

rect-broadcast TV reflector antenna with different heights of the snow ac-
cretion. The thickness of the accreted snow is fixed atts = 3 cm. The
thickness of the dielectric coating is fixed attd = 1:00 mm. The heights of
snow varies fromh = 3 to 9 in. The “PEC” cases refers to the ones without
accreted snow and dielectric coating.

in the above configuration reveal that the model of snow given
above is not equivalent to the realistic problem. Moreover, the
Jacobians for the projected aperture integration are assumed to
remain unchanged throughout the analysis. Such assumption
is good if the thickness is small compared to wavelength,
but discrepancy is expected if the thickness is large. The
analysis, however, does not intend to be exact, but instead
offers some insights into the ways the antenna performance
are changed. Though not exactly the same as the realistic case,
it provides some good estimates of the magnitude and trend
of degradations of the overall antenna performance and is thus
deemed to be useful in this sense.

According to the results, the degradations of the antenna
is highly dependent on the amount of snow accreted. In
general, dramatic decrease in antenna gain and increase in
sidelobe levels, rapid filling of nulls, gradual increase in
cross polarization, and gradual splitting and shifting of the
mainbeam in the plane occur as the height of the
snow increases. For in (4 in below the center), the loss
in gain is already about 3 dB.
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Fig. 10. An inflatable antenna in space (source: NASA Shuttle Web: Elec-
tronics still camera photos at website address http://shuttle.nasa.gov/sts-77/
images/esc/day2.html).

B. Inflatable Antenna: Effects of Membrane’s Finite Thickness
and Finite Conductivity on the Antenna Performance

Inflatable antennas (Fig. 10) are built of a hydrocarbon
dielectric layer (e.g., Kevlar, Mylar, Kapton) with a metal
coating (e.g., aluminum, silver, gold) on the reflective or
illuminated side and another protective layer (e.g., silicon
oxide, indium tin oxide) on the radome or unilluminated side.
The conductivity of the metal is assumed to be very large
(of the order of 10 S/m) and the thickness of the dielectric is
assumed to be large compared to the skin depth of the metal at
that frequency. Hence, total reflection is resulted. However, the
thicker the metal coating, the higher the cost of production and,
thus, it is desirable to know the limit of thickness, which results
in acceptable degradations in the antenna performance. It has
been suggested in [18] that if the thickness of the metal coating
is within the range of 100 to 3000̊A, then the loss in antenna
gain due to the finite thickness or conductivity of the metal is
virtually negligible. However, no published results are given
to substantiate this observation. In [19], an aluminum coating
of thickness 60̊A is proposed for an inflatable antenna system,
but no consideration is given to the possible degradations in
the antenna performance with that specified thickness. For a
high-performance satellite antenna system, the loss of gain by
0.1 dB is already significant. It is thus desirable to have quan-
titative results showing the exact degradations of the antenna
performance for different thicknesses of metal. Moreover, it is
stated [8] that the conductivity of the metal layer may degrade
during manufacturing and packaging. To analyze the effect of
degradation in conductivity on the performance of the antenna,
metal layers of different conductivities must be used.

This subsection gives some results of the effects of finite
thickness and finite conductivity on the performance of an
inflatable reflector. The configuration is a 15-m reflector
antenna operating at 1.4 GHz (-band), typical for mobile
communications. The antenna system, depicted in Fig. 11,
consists of a 15-m offset-parabolic reflector surface with offset
height m and focal length m. The large
focal length is used for possible wide-angle
scanning applications. The feed is modeled by a cosine

Fig. 11. Configuration of the 15-m offset-parabolic inflatable antenna.

feed of approximately 10.5-dB edge taper and the reflector is
left-circularly polarized. The reflector surface is assumed to
be composed of Kevlar 49 composite of thickness 2510
m and dielectric constant (according
to [20]), a metal coating of aluminum of conductivity

S/m (according to [12]) on the reflective side and
an indium tin oxide coating of thickness 60̊A (according to
[19]) and dielectric (according to
[21]) on the radome side.

Effect of Finite Thickness:To study the effect of finite
thickness on the antenna performance, different thicknesses
of aluminum within the range of 3000 to 10̊A are used. The
results are depicted in Figs. 12 and 13. From the results, we
observe that except for the loss in gain, the copolarization
characteristics are virtually unaffected. No beam-broadening,
sidelobe level increase or null-filling is observed. The sidelobe
levels actually decreased insignificantly as compared to the
case of PEC surface. The loss in gain is negligible if the
thickness is greater than several hundred̊A. This is
interesting since a thickness of several hundredÅ is much
smaller than the skin depth of aluminum ( 20 000 Å at
1.4 GHz) and yet finite transmission is virtually nonexistent.
For a thickness of 100̊A, the loss in gain is about 0.1 dB,
which may be important for some application. The maximum
reduction in gain is about 1.1 dB and occurs when Å.
The cross polarization is slightly degraded as the thickness

is decreased from 3000̊A to 10 Å. Cross-polarization
degradations include the increase in maximum level, increase
in sidelobe level, and null filling, especially around the center.
The increase in the maximum cross polarization is at worst
about 10 dB and occurs at Å. The maximum
cross-polarization level, however, is at worst about 51 dB
down from the copolarization for all thicknesses for this
circular-polarization operation.

Effect of Finite Conductivity:To analyze the effect of the
degradation in conductivity on the performance of the antenna,
metal layers of conductivities , , and S/m and
thickness fixed at 1000Å are simulated. The results are
depicted in Figs. 14 and 15. From the results, we observe that
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(a)

(b)

Fig. 12. Far-field radiation patterns in the� = 0
� plane of the inflatable

reflector antenna with different thicknesses of aluminum. The antenna is a
15-m offset-parabolic reflector fabricated of kevlar backed by aluminum on the
reflective surface and indium tin oxide on the radome surface. The frequency
is 1.4 GHz (L-band).

the loss in conductivity is disastrous. For the same thickness
Å, the loss in gain for a conductivity of

S/m ( of mercury, Å) is about 0.45 dB. For
a conductivity of S/m ( of graphite, Å) the
loss is about 3.7 dB—more than half of the total energy. The
copolarization decreases rapidly asdecreases.

VI. CONCLUSION

In this paper, a method of analysis for the reflector an-
tennas with nonperfectly conducting surface structures was
developed, and the analyses and characterizations of such
reflector systems were presented. The proposed approach was a
modification of the conventional PO analysis that was capable
of analyzing general reflector surface structures including
nonperfectly conducting ones. The reflection and transmission
of plane waves through multilayered media with the aids
of the transmission line analogy was studied. A computer
subroutine was developed for this purpose. The derivation
of the modified PO analysis was elaborated. Applications
addressing the effects of rain precipitation and snow accre-

(a)

(b)

Fig. 13. Far-field radiation patterns in the� = 90
� plane of the inflatable

reflector antenna with different thicknesses of aluminum. The antenna is a
15-m offset-parabolic reflector fabricated of kevlar backed by aluminum on the
reflective surface and indium tin oxide on the radome surface. The frequency
is 1.4 GHz (L-band).

Fig. 14. Far-field radiation patterns in the� = 0
� plane of the inflatable

reflector antenna with different conductivities (S/m) of metal. The antenna
is a 15-m offset-parabolic reflector fabricated of mylar backed by aluminum
on the reflective surface and indium tin oxide on the radome surface. The
frequency is 1.4 GHz (L-band).
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Fig. 15. Far-field radiation patterns in the� = 90
� plane of the inflatable

reflector antenna with different conductivities (S/m) of metal. The antenna
is a 15-m offset-parabolic reflector fabricated of mylar backed by aluminum
on the reflective surface and indium tin oxide on the radome surface. The
frequency is 1.4 GHz (L-band).

tion on the performance of the direct-broadcast TV reflector
antenna systems and the effects of finite thickness and finite
conductivity on the performance of a representative inflatable
antenna were presented. Results of analysis and engineering
characteristizations of the two antenna systems were detailed.
In general, both the electric and magnetic currents are required.
However, if the antenna surface is thin or the conductivity
of the reflector surface is high, application of the electric
current may be sufficient. Though only single-reflector antenna
systems were studied, the analysis can be applied to multiple
reflector antennas as well.

APPENDIX A
PLANE WAVE PROPAGATION THROUGH

PLANAR, MULTILAYERED STRUCTURES:
THE TRANSMISSION LINE ANALOGY

For any oblique incidence, the rays can be resolved into two
components—one parallel and one perpendicular to the inter-
face. Consider the cases of perpendicular-field polarization
of each of the ray components. The ray component parallel
to the interface is physically a TEM wave traveling along
that interface (Fig. 16). The ray component perpendicular to
the interface is a TEM wave which produces a standing wave
pattern in the direction due to the multiple reflections internal
to the multilayered structure (Fig. 16). If we consider the cases
of parallel -field polarization of the ray components instead,
we arrive at exactly the same conclusion (Fig. 16).

Since the modal voltages and currents of a TEM wave
system are well-defined, the transmission line analogy can be
applied. As the two components are not independent, solving
one will automatically solve for the other. Hence, it will be suf-
ficient to work entirely on the ray component perpendicular to
the interface ( component), where the equivalent transmission
line analogy can be used.

Two cases of oblique incidence are possible, namely, the
parallel and perpendicular polarizations. We will consider them
separately.

A. Perpendicular Polarization

Since the component of any incident plane wave regard-
less of its polarization is essentially TEM wave at normal
incidence, the transmission line analogy can be applied. A
transmission line is completely characterized if its character-
istic impedance and propagation constant are specified.

To evaluate the equivalent impedance of thecomponent
of the ray we notice that

(59)

(60)

(61)

where is the intrinsic impedance of the medium.
Note that the square root may be complex since bothand
can be complex in case of lossy system.

The equivalent propagation constant is just thecomponent
of the propagation constant

(62)

where

(63)

and are the attentuation and phase constants, respectively.
Note that the square root may again be complex since both

and can be complex in case of lossy system. Thus,
the propagation constant and characteristic impedance of the
equivalent transmission line model of the above medium are

and , respectively.
Now consider the situation of oblique incidence on a mul-

tilayered system (Fig. 17). For oblique incidence, the trans-
mission lines representing different media can be cascaded
as in Fig. 18, where and are the indexes to the semi-
unbounded incident and transmitted media, respectively. The
sine and cosine of , , , can be obtained according
to Snell’s Law of Refraction [12, p. 210]

(64)

(65)

(66)

for .
Note that , , and can be complex. The sign of

the square root is chosen such that the wave is propagating
and attenuating in direction, i.e.,

(67)

(68)

By writing , , the cascaded transmission-
line system can be represented by the cascaded matrices
mathematically [22, pp. 39–45]

(69)
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Fig. 16. Ray components parallel and perpendicular to the interface: perpendicularE-field polarization [(Ey; Hz) for the perpendicular component
and (Ey ;�Hx) for the parallel component] and parallelE-field polarization [(Hy ;�Ez) for the perpendicular component and(Hy ;Ex) for the
parallel component].

Fig. 17. Propagation of waves through multilayered media: perpendicular
and parallelE-field polarizations.

Fig. 18. Equivalent transmission lines for multilayered system at oblique
incidence: perpendicular and parallelE-field polarizations.

where

(70)

(71)

(72)

(73)

for . Note that , are the incidence
voltage and current immediately before entering medium 1,
and , are those immediately after exiting medium. Thus,
the overall reflection coefficient at the first interface
and transmission coefficient at the last interface can be
expressed as follows:

(74)

(75)

where

(76)

Let

(77)

Solving for and we have

(78)

(79)

B. Parallel Polarization

The situation for parallel polarization is very much the same
as that of perpendicular polarization. To find the equivalent
impedence of the component of the ray, we observe that

(80)

(81)

(82)

Again, the equivalent propagation constant is just thecom-
ponent of the the propagation constant

(83)
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where

(84)

Thus, the propagation constant and characteristic impedance of
the equivalent transmission line model of the above medium
are and , respectively.

Now consider the situation of oblique incidence on a mul-
tilayered system (Fig. 17). For oblique incidence, the trans-
mission lines representing different media can be cascaded
as in Fig. 18. The sine and cosine of, , , can be
obtained in exactly the same way as those for the perpendicular
polarization—according to the Snell’s law of refraction.

By writing , , the cascaded transmission-
line system can be represented by the same cascaded matrices
as discussed previously. The overall reflection coefficient
and transmission coefficient at the first interface can be
expressed as follows:

(85)

(86)

where

(87)

Solving for and , we come to the results similar to those
derived in Section V-A1

(88)

(89)

Hence, the same transmission lines for perpendicular inci-
dence can be used except that the impedances changed from

to for .
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