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Analysis and Characterization of
Multilayered Reflector Antennas: Rain/Snow
Accumulation and Deployable Membrane

Hung-Piu Ip and Yahya Rahmat-Samiiellow, IEEE

Abstract—There are important engineering issues in designing reflector antenna may be coated with a thin epoxy layer. In
reflector antennas that cannot be addressed by simply assuming acase of bad weather, it is a common experience that receptions
perfect electric conductor (PEC) reflector surface. For example, from outdoor reflectors will be degraded by the rain or snow

coatings may exist on antenna surfaces for protection, rain or - .
snow can accumulate on outdoor reflectors, and the deployable accumulation on the reflector surfaces. An inflatable reflector

mesh or inflatable membrane antennas usually do not have solid @ntenna is realized by coating a thin metal layer on a dielectric
PEC reflector surfaces. Physical optics (PO) analysis remains the membrane. If the thickness of the metal layer is much greater

most popular method of reflector analysis owing to its inherent than the skin depth of the metal, total reflection is expected. If
simplicity, accuracy, and efficiency. The conventional PO analy- yha order of magnitude of the metal thickness is comparable to

sis is performed under the assumption of perfectly conducting . L
reflector surface. To generalize the PO analysis to arbitrary the skin depth, total reflection is not guaranteed. For a mesh-

reflector surfaces, a modified PO analysis is presented. Under deployable antenna, the reflector surface is usually perforated
the assumptions of locally planar reflector surface and locally metal surface or empty spaces with some interwoven metal
planewave charact_eristic of the waves incide_nt_ upon the reflect_or wires running in between. In any of the examples described
surface, the reflection and transmission coefficients at every point above, the assumption of PEC for the reflector surfaces is
of the reflector surface are determined by the transmission-line - . . . .
analogy to the multilayered surface structure. The modified PO deﬂmtgly |napprop|ate..I.n Orqef to analyze these s!tuat|ons, PO
currents, taking into account by the finite transmissions of the analysis must be modified in such a way for which nontotal
incident waves, are derived from the reflection and transmission reflection, in general, can be correctly accounted.
coefficient'_s. Applications on th_e analyses of the rain and snow Mesh-deployable and FSS reflectors have been topics of
accumulation effects on the direct-broadcast TV antennas and (egearch interest for decades. Publications including the the-
the effects of finite thickness and finite conductivity of the metal . . . L
coating on a 15-m inflatable antenna are described and results oretical analysis and experiment application can be found
are presented. [41-[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
. INTRODUCTION been conducted in relation to the effect of dielectric coating,
N order to design and correctly predict the performance &in precipitation, and snow accretion on the performance of
a reflector antenna, different analysis and synthesis te¢gflector antennas [10], [11], but not much work has been
niques have been developed [1]-[3]. Among these techniquégne on the general analysis and simulation of the situations.
physical optics (PO) analysis remains one of the most populk# the best of the author's knowledge, no rigorous analysis
for the calculation of radiation patterns. PO analysis usua@p the effect of finite thickness and finite conductivity of
assumes the reflector surface under analysis to be perf@étal coatings on inflatable antennas or the effects of coating,
electric conductor (PEC). The assumption of PEC reflectp@rtial depletion of coating, rain and snow accumulations on
surfaces is generally true as most reflector surfaces are metBf performance of the 18-in direct-broadcast TV antenna has
metal sheets that are much thicker than the skin depths of #igen found in the literature.
metals and with very high conductivities. There are, however, This work extends the conventional PO analysis of reflector
many practical situations in which the assumption of tot@ntennas to an analysis capable of handling general reflector
reflection does not necessarily hold. The frequency-selectisérfaces. Section Il explains the methodology of the solution
surface (FSS) reflector antennas are manufactured from surféfethe modified PO analysis. Derivation of the modified PO
materials which allow waves to pass through. To provideurrents on arbitrary multilayered planar surfaces follows in
a means of protection, the metal reflector surface(s) of Sgction Ill. Based on the currents obtained, the formulation of
the modified PO currents on general reflector surfaces is then
Manuscript received October 7, 1997; revised June 9, 1998. This work wagesented in Section IV. The approach is in close resemblance
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tions of the modified PO analysis, including the effects of rai@: -
precipitation and snow accumulation on the direct-broadcast . )
TV antenna and the effects of membrane’s finite thicknesg'= - i x H'\ 7
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.

M = -fx(E+E)

S =hx (Hi+HY)

Il. 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 th® and H fields at any observation
point outside the source(s) (the antenna in this case) can
be obtained upon the calculation of the surface currents Ign 1. Application of the equivalence theorem on the reflector surface for
a surface completely enclosmg the source(s) The curreayﬁem calculation.
include both the electrid, (') and magnetid,(7) currents

and are merely the result of the total electric and magnetite incident and reflected fields (Ei + E?‘) and, thus, the
fields on the surface magnetic current on the back side of the reflectdf?) is

M,(7) = —a x [B{(7") + E7 (7] (1) almost the same as the one on the frgaf/) and the net
B s magnetic current is close to zero (i.&d/ + M ~ 0). As
LGy = ix [H (") + B (7))l ss (2) oone O B et e

oe ) 7 S a result,M; is negligible and, thus, only; is necessary for
M, (7') = =i x E*(7")|s» (3) the computation of the antenna pattern. PO analysis usually
(7)) =i x H' (7| g (4) assume the reflector surface under analysis to be PEC and so
) - total reflection on the reflector surface is a consequence, i.e.,

where 7 and 7 are the position vector and outward — —1. Under this assumption, only, (7') exists and the

unit normal of a source point on the reflector surfacgne PO surface current,(7') on the reflector surface can be
Ei(F/H(), EN(F)/H"(7") and E'(7)/H'(7") are ritten as [3]
the incident, reflected, and transmitted electric/magnetic field -  mi
intensities on the reflector surfac®’ and S® are the front Jo(7) = 20 x H'(7). ()
(illuminated) and back (shadow) surfaces of the reflectanpon the calculation of/,(7"), the E(+) and H () fields

respectively. at any observation poinP with position vector7 can be

Upon the calculation of the surface currents, the resullantcalculated from (5) and (6) by simply excluding the magnetic
and H fields at any observation point can then be expressggrrent M, (7).

as [12, pp. 279, 286] Since the assumption of total reflection does not hold

. : . . o ikR for a non-PEC reflector surface, both the electiit) and
By = L [ [(Jo(F") - V)V + K27 ds’ magnetic(}M,) currents exist on the reflector surface and the

we Jg 4R ; ; o
kR computation of the far-field radiation pattern of a reflector
— / M, (7" x V<C ) ds’ (5) With non-PEC surface structure requires the calculation of both
s 4r R currents.
oo J - o e IRR The calculation of.J, and M, requires the knowledge of

H(7) = Ton [(M (7) - V)V + KM, (7)) 7 % the reflection and transmission coefficientsand ) at every
o IkR point on the reflector surface (see Sections Ill and IV for
+/S T.(7') % V( R ) s’ (6) details). Obtaining the reflection and transmission coefficients

is, in general, not an easy task owing to the finiteness in

wherew is the angular frequency,and . are the permittivity dimensions and nonplanarity in curvatures of most reflector
and permeability of free-spacg,is the free-space wavenum-surfaces and the nonplanar wave nature of the electromagnetic
ber, R is the distance from the observation point to the soureeaves incident upon the reflector surfaces.
point, S is the reflector surfacej = /-1, and the time  Fortunately, two approximations allow the problem to be
conventione’** is adopted. greatly simplified. In order to calculate th® and H fields

As shown in Fig. 1, owing to the continuity of the electrimumerically, the reflector surface has to be subdivided into a
field at any material interface, if the reflecting surface is thinumber of subsurfaces. If the subdivision is sufficiently small,
or the reflection coefficienl” is close to—1, the tangential the reflector subsurfaces can be approximated by locally planar
component of the transmittef field (Et) on the back of the subsurfaces. The reflector is usually assumed to be large in
reflector is close to the sum of the tangential components tefms of wavelength and the feeds are in the far-field zones
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| and
67" = (27 cos ¢T* + G sin ') cos 671 — 2/ sin 6. (9)

The incidentE and H fields impinging upon the interface,
i.e., z/ = 0, can then be written as

By = {~$ EL(#) + 87 Ej(#)}eF T (10)
() = OB + BT )

wherek = 2%, E (7/) and E (/) are the perpendicular and
parallel polarizations of the incidei# field, respectively, and

F = k,[(27 cos ¢+ sin ¢ sin 671457 cos 677 (12)

The transmitted? and H fields exiting the structure, i.e.,
2z = d whered is the total thickness of the multilayered

Fig. 2. Plane waves incidence on multilayered planar surface: perpendicu?gl;ucwre’ are given by

polarization(E",, H', ), and parallel polarization—j, Ej). Et(Fb) _ {—(;)fiTJ_Ej_ (") + éﬁTHEﬁ (Ff)}eij,gf.,ﬂ, (13)

= 1 A . Ao . 70 b

HY(7) = {077 EL (7)) + ¢Tim Ej (7)Y e KT (14
with respect to the antenna surface so that the waves impinging ™) 77{ 1) ! ”( )} a4
upon the reflector surface are virtually locally plane waveghere -, and 7, are the transmission coefficients of the

Based on these approximations, namely, the locally plang&pendicular and parallel polarizations of the transmitied
approximation of the reflector surfaces and the locally plangg|q at the back surface respectively, and
approximation of the incident waves, the current distribution

L. . . b — ~
within each of the subsurfaces is essentially constant and the 7 =+ daf (15)

integration of the current distribution then essentially becomes

. -the position vector of the point of transmission on the back
a summation of the currents on each of the subsurfaces. -'ﬁ'ﬁfacg P

suggests that the reflection and transmission coefficients Calk: oy the reflecteds and H fields can be exoressed b
be deduced from the solution to the canonical problem of Y P y

plane waves propagation through infinitely two—dimensiona@‘(;f) — {—J)f’TLEi(Ff) + éfTr”Eﬁ(;f)}e—ﬂ?”Ff (16)
(2-D) planar multilayered structures. Hence, the key point of 1 . ‘ . ‘ I

the analysis is to compute the total currents on each of th" (7)) = ={6/"TLE| (7)) + ¢/" T Eji(7) e 7 (17)
planar approximation to the subsurfaces, which in turn requires K

the knowledge of the reflection and transmission coefficientéerel’ | andl’ are the reflection coefficients of the perpen-
at that subsurface. The methods of solution of computiicular and parallel polarizations of th€ field at the front
the reflection and transmission coefficients of plane waveésgrface, respectively

propagation through 2-D, infinitely planar multilayered media};,, _Fi_ 2(];3 Yy

can then be implemented into the evaluation of the modified Y “ﬁ i F o i ofi  of Fi
PO currents. One method of solution is the application of the = ko[(27 cos ¢ + 47 sin @) sin 67" — 2/ cos 6] (18)

transmission line theory, as summarized in Appendix A. ¢/ = —&f sin ¢ + §7 cos ¢’ (19)
and
I1l. MoDIFIED PO QURRENT ON gIT — — (& cos ¢+ sin ¢) cos 071 — 3 sin 671, (20)

PLANAR MULTILAYERED STRUCTURE
To construct the modified PO currents on planar multilay- The transmission and reflgction coeﬁ‘icient§ for the perpen-
ered surface illuminated by plane waves of oblique incidend@?“'_ar and parallel polarizations at the frpnt mterfag:e can be
a local coordinate system is first defined at the interface. TRBtained from (78), (79), (88), and (89) in Appendix A and
waves are decomposed into the perpendicular and parafiE§ repeated here as follows:

polarizations (as illustrated in Fig. 2) whefe’, v/, 2%), A+ B - z(C+2)
(r/, 87, ¢7) are the local Cartesian and spherical coordinate P,y = AT B L Z(C+ Qt) (21)
systems at the front surfac&’ is the unit vector in the 4 ! 7t

incidence directiony’* and#/* are the thep andé coordinates LT = 2 (22)
of the incident waves with respect to the local spherical T Ay z% + Zi(C + Z%)
coordinate system&’ (/) and H'(#*f) are the inciden# and where
H fields at the observation point/
Z = {nk sec @y, for perpendicular pqlarization 23)
(;)fi — —27 sin ¢t + §f cos B (8) 7 cos B, for parallel polarization
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71 and-y,, are the intrinsic impedance and propagation constait electric field across the boundary, simply related as

of the kth medium, respectivelyk = 4,1,2,---.n,t, wherei

andt are the indexes of the semi-infinite incident and trans-
mitted media, respectively; is the real angle of incidence at

the semi-infinite incident mediund,,, andé, are the complex
angles of incidence and transmission at thth medium and
the semi-infinite transmitted medium respectively, is the

thickness of thenth medium

A Bl _ A Bil|4 By|  [An Ba| oy
C D| |Ci Di||Cy Dy Cn Dy
Ay = cosh(vyy, cos0,,d,n) (25)
B,,, = sinh(~,, cos0,,dn) 2, (26)
Cn = Smh(rymZCOS Omdm) (27)
D,,, = cosh(vy, cosb,,dn) (28)

form =1,2,---,n.
The total electric and magnetic currents'/ (/) and

1+, =7,
1=Ty=m.

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/,(7*f) at the interface is given by

Jo(#) = x [H'(7) + H"(7) - H')].  (39)

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

T(#) = JTO) = () (40)

where

TP = 20 x HY(#)

M{ (7)) on the front interface of the multilayered surface

structure are contributed from the incident and the reflected

fields and are given by

=

.J;‘wf)—nfx[ﬁ‘(rf) A wesr (29)
S ) P lress (30
M;‘m‘)— X (B + B ress (3)
FE) 4 B P lres (@)

N 2 ST e o
Ty = Zad x {000 By () + Hi By}

Al x {27 [cos 67" sin ¢/ir | B ()
n

+ cos ¢fiT||Ef| (ff)]
+ /[ — cos 6% cos T B (7
+ Sin (/)f7T||E_"i| (Ff)] }

(41)

where S/ represents the loci of points on the front interface .
andn/ = —2/ is the unit outward normal on the front interface The current/,(#) given by (40) is the modified PO current

at 7.
The total electric and magnetic currentg?(#") and

deduced in [5] and [7] for the analysis of thin-mesh deployable
and frequency-selective surface reflector antennas. Note that

M?"(7")) on the back interface of the multilayered surfacthe modified current in this case is essentially the conventional
structure are contributed from the transmitted fields only aRD current "O(7f) less the induced current/*(7/) due to

are expressed by

(i) = Abe% rvess (33)
= ( )| b Csh (34)
Mﬁ(f") xE%* Mvess (35)
T BN e g (36)

where S? represents the loci of points on the back interface

finite transmission of the plane waves through the multilayered
media.

If the layers are replaced by a perfect electric conductor,
JIt(#f) becomes zero owing to zero transmission and the
analysis is further simplified to the conventional PO analysis.

IV. MoDIFIED PO QJRRENT ON
LAYERED REFLECTOR SURFACE

and 7 = —af = 3/ is the unit outward normal on the back As discussed in Section I, a reflector surface is divided into

interface ati*’.

subsurfaces for numerical computation and each subsurface is

Thus, the total modified PO currents consist of both thegpproximated by a tangent plane about some pfinithin
electric and magnetic currents, where the values on the frahé subsurface. The modified PO currents are evaluated from

and back sides are given by (29)—(36).

(29) to (36), as detailed in Section Ill. Upon the evaluation

Since no assumption has been made on the materials carihthe modified PO currents, th& and H fields at any
posing the multilayered planar surface, the analysis discussdxervation point can be calculated from (5) and (6).
in this section is generic and can be applied to any infinitely In order to calculate the currents, the local coordinate
planar multilayered surface structure provided the parameteystems at every tangent plane must be defined. Fhe

of the material for each layer can somehow be obtained.

direction is defined ag/ = —#f, where#  is the inward

If the total thickness of the layers are negligibly smathormal atP. Assuming the reflector surface is described by

compared to wavelengtlfi/ ~ S® and the transmission andan analytical equationp =

f(xP,yP)a where (-TP,yP, ZP)

reflection coefficients at the interface are, from the continuigre the Cartesian coordinates Bfwith respect to the main
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reflector coordinate system, then the unit normél at any
point P on the reflector surface can be obtained from

1
Al = —(—2fe — U y + %) (42) Tangen
/fg% + fg +1 Plan
where
af af
fac = 5. f’y = -
dx r ay r Feed n

The 2/ and §/ directions can be specified by any two

orthogonal unit vectors lying on the tangent plane. The ori- ké\\xk\ PO C T a Tt T
entations ofz/ and¢’ are absolutely immaterial to the final o .
result. One way of defining the vectors is as follows: >\> N MU= M+ Myt -+ M,
N
=3 x3f (43) Feed |
Qf =s5f x 3 (44) Fig. 3. Calculation of the total modified PO currents on a subsurface.
if & #£ 27 ' . .
resultantkE and H fields, a single-reference coordinate system
#=gx3 (45) must _be defined and all the quantities expre_ssed in the local
YR IS, (46) coordinate systems have to be transformed into the reference
yo== coordinate system. One way of doing this is to use the main
if £ = 37, reflector coordinate system as the reference. All the quantities

To obtain the perpendicular and parallel directions for tHeXpressed in the local coordinate systems can be transformed
decomposition of the® field into the two polarizations, the into the main reflector coordinate system through the Eulerian
direction of incidencé:‘ must first be calculated. The directiontransformation [13].
of incidence is the direction from the phase center of the feedThe method of analysis remains the same as that of the
to the pointP” where the approximating tangent plane to theonventional PO analysis except that the conventional PO
subsurface is defined’ can be evaluated by joining the phasélectric current has to be replaced by the modified PO electric
center of the feed to the poitt. If the center of the feed andand magnetic currents. Considering the currents on the front
the pointP are denoted by, yr, zr) and(zp, yp, zp) with  and the back sides of the reflector surface, (5) and (6) can be

respect to the main reflector coordinate system then rewritten as
~ N N - _ijj
G TR T TR e G R o N (OGO R R SN G e
V@p —zr)?+ (yp —yr)? + (zp — 2r)? we Jsi W'k}zb
j T rob 27 /b e I !
Thus . [(Js(F7) - V)V + k2T (7)) Py ds
Er= (8 x i) x I (48) S o—IkR! /
/A€|| YN (49) — . M,(7) x V<W> ds
wherel@l _andl_%” are the uni_t vectors in the perpendicular and _ J\ZfS(F”) « V<G—Jw> S (50)
parallel directions, respectively. P 4n RY
The total modified PO current on each of the subsurface is

the sum of all the modified PO currents originated from all the ) kRS
feeds in the system, as shown in Fig. 3. Since the transmlssm -4 [(M,(7) - V)V + k21\7[5(;f)]6 ds’
coefficientsr; and7,, as well as the reflection coefficierify W Jsr dr RS
andI',, are different for different polarizations of oblique j T 27 (7 eIk ,
incidences (Appendix A), the modified PO currents generated T wn o (M, () - V)V + kM, ( )| A RV ds
by each of thenth feed is a function of the angle of incidence kR
67 . The angled’, is defined as the angle betwegf) and 27, +/ TL(7) x V<‘3 ) ds’
wherelk? is the unit wave vector of the incident waves from st 4m R
the nth feed to the point”® where the approximating tangent . o—JKR"
plane to the subsurface is resided addis the outward unit +/ JL(7%) x V( o ) ds’ (51)
normal to the approximating tangent planefatz/ = —a/ St

can be calculated from (42) arid] can be evaluated from (47) Eor a far-field application
by replacing(zr, yr, 2r) bY (€ pn, yrn, 2rn) andk’ by k. y

So far, all the currents are expressed with respect to the ST~5 (52)
local coordinate systems of the subsurfaces. To calculate the R~ R~y (53)
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_snpf st =l _ati= ahi =
e JERY _ e gkt(F—7) _ e gkt e]k 7 (54)

e—IkR _ e—j#.(ﬁ—ﬁ") — o—ikRT | jkdcos(6'?) (55)

whereR/ and R? are the distances between the source poir
7 on the front interface and® on the back interface to the
observation point”, respectively.

Thus, (50) and (51) can be rewritten as

B i T
R e A
G A | O S
x/ [J\ng(;f)+M‘;(7ﬁb)ea’kdcos<0“>)] |
s/

ik dS’} (56)
Fig. 4. Typical dimensions of an 18-in direct-broadcast TV antenna.
- e kT - i : i
H() ~ jw {_6/ (MY (7) A. Direct-Broadcast TV Antenna: Effects of Rain
4mr si and Snow on the Antenna Performance
— — I i S - N ) A .
+ M0 )edkdcosOTNY] Ik T g G o Since the direct-broadcast TV antennas must be installed

N [ff(?f o ikdoos(8 )] ik o outdoor for satellite reception, it is _o_bvious that they are
/Sf () + 5 )e e * subjected to outdoor weather conditions. Analyses of the
(57) 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
V. APPLICATION effects of rain and snow precipitations on the performance of

Numerous source codes for the analysis of general reflec%? d|reclt—groadc§st T\f/ antenlr]8a§. di broad TV
antennas based on the PO current approach are readily obtaifyPical dimensions for an 18-in direct-broadcast an-

able. Most of these source codes, however, do not incluﬁaéma is shown in Fig. 4. The antenna is an offset parabolic

the non-PEC effect of the reflector surface. The modifié&ﬂecmr that has a circular projected aperture of diameter

PO currents on a subsurface generated by a single fee grin' A COSIne) fee‘?‘ Of_ Qo = Qy = 4‘0 and edge
an array of feeds can be calculated from (1) to (4), whel@pers at about 10 dB is simulated to provide the maximum

both the electric and magnetic currents are included. In the%%ss'ble antenna gain. The signals received from the satel-

equations, the reflection and transmission coefficients for bdtigs have Ia _frequenlcy :agge frohm 15'72 dtg 32'7 ?HZ arr:d
the perpendicular and parallel components are required.aAcrOISS_'po_ar'z"’lifn Ter\]'e etter ':c an 01\';'15 rgrg the
subroutine capable of evaluating these coefficients is writtefPP° arléafnon ”[ h]. Ie lcgnter rﬁquen(,;y. at d ) iz Ik?
To develop a program for the analysis of reflector antenn3s>Sumed for a the calcu ations. The goal is to gter_mmet N
with arbitrary surface structure, the reflector source cod gtenna far-field radiation patterns at the two principal cuts
can be modified by including the subroutine at the stage ©f — 0 _and</> - _90 ) and th(_en t_o analyze the p_erformance.

the modified PO currents calculation. With the modified P& Practice, left circular polarization (LCP) and right circular

current being calculated, the modified PO analysis discusdigarization (RCP) may be used in different areas of coverage
in Section IV can be performed. and, thus, the analysis should be performed with both circular

A computer program is developed for the modified P(Bolarizations. Throughout this section, however, only LCP is

analysis of general reflector systems. Applications to tﬁ\ésumed. The case of RCP will be the same as the LCP except

1 1 H (o]
analysis of reflectors with various surface structures are givg]ﬁ’]‘t the radiation patterns for the RCRyir= 90° plane are the

in the following sections. Although the program is capable 5f|irr_or images of the LCP_ ones abouj the- OO. axis. A beam
analyzing non-PEC dual and multiple reflector systems, ti?u'm [15] o?abou@ 0'3(2';]. the¢ =0 pLanrt]a |shobserye? fo:
emphasis of this work is primarily focused on single reflectdP€ LCP configuration. This agrees with the theoretical value

antennas. . [sin(6,) .

It is noted in Section Il that if the reflector surface is thin 0, = arCSln{ 57k } =0.322 (58)
or the conductivity is high, the contribution from the magnetic
current is small and can thus be neglected. The exclusishered, andéd, are the squint angle and the angle between the
of the magnetic current simplifies the computer program ardaxis of the main reflector coordinate system and the boresight
reduces the time for calculation; a fact that might have to larection of the feed respectively arnfdis the focal length.
considered when efficiency and simplicity are more important Effect of Rain Precipitation:To protect against corrosion
than accuracy. and solar heating, some reflector antennas are covered with a
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Absolute Antenna Gain (dB)
Absolute Antenna Gain (dB)

30 p T

40 b

50 , ‘ . , 50 I . . ,
-15 -10 -5 0 5 10 15 -15 -10 -5 o] 5 10 15
Theta (degrees) Theta (degrees)

Fig. 5. Far-field radiation patterns in the = 0° plane of the di- Fig. 6. Far-field radiation patterns in the = 90° plane of the di-
rect-broadcast TV reflector antenna with rain precipitation. The thicknessct-broadcast TV reflector antenna with rain precipitation. The thickness of
of the water film is fixed at,, = 0.5 mm. The thickness of the dielectric the water film is fixed at,, = 0.5 mm. The thickness of the dielectric
coating varies from; = 0.5 to 1.00 mm. The “PEC” cases refers to the coating varies fromt; = 0.5 to 1.00 mm. The “PEC” cases refers to the
ones without water film and dielectric coating. ones without water film and dielectric coating.

layer of uniform, homogeneous, dielectric coating. Typical exauthor’'s knowledge, none of the commercially available direct-
amples of dielectric coatings includes fiberglass (e.g., epoxidepadcast TV antennas have a half-wavelength coating. Also,
and painting. Coatings are usually assumed to be uniform dmehr in mind that so far, all the computations assume the
thin, as suggested in [16], and, therefore, supposed to haveoperating frequency to be the center frequency at 12.5 GHz.
significant impact on the overall performance of the reflectors practice, the antennas receive a band of frequencies from
Thus, reflector surfaces are simply assumed to be PEC i&.2 to 12.7 GHz and, thus, the choice tf = 5.657 mm
most of the reflector analyses. This is true if the coatings am@nimizes the loss at the center frequency, but not at the other
thin compared to wavelengths and the reflectors are operatfrequencies. For this reason, it may be advantageous to make
under good weather conditions. In case of rainy conditiothe dielectric coating as thin as possible.
as shown later in this section, the presence of the dielectricEffect of Snow AccretionSince the direct-broadcast TV
coatings may have disastrous effects on the performanceaotenna must be installed outdoors, it is subjected to snow
the antennas. accretion in snowy areas. To align the antenna boresight
To demonstrate the effect of rain precipitation on the direatirection with the line-of-sight of the satellite to the antenna,
broadcast TV antenna, a water film of thicknggs = 0.1 the antenna is usually tilted. Depending on the angle of
mm and dielectric constant, = 55.4 — j35.45, as suggested elevation of the antenna, different amounts of snow will
in [10] and [17], is placed on top of a dielectric coating occumulate on the reflector surface. It is well known that the
relative dielectric constar; = 4.5 — 0.009 and thicknesses antenna performance is greatly degraded by the accreted
varying from¢, = 0.5 mm to 1.00 mm. The values of the snow on the reflector surface. Some experimental works
dielectric constants are calculated at 12.5 GHz. The resyltd] have been found in relation to the snow accretion on
are illustrated in Figs. 5 and 6. a communication antenna system, but none, to the best of the
For comparsion, the gain of an uncoated antenna with watarthor's knowledge, is related to the 18-in direct-broadcast
film of thicknesses ranging fror, = 0.05 to 0.1 mm is also TV antenna.
studied and the results show that for the range of thicknesse3he dielectric constant of the snow at 12.5 GHz is taken to
concerned, the gain of the uncoated antenna is pratically m&te, = 3.3 — j1.65, according to [12]. The thickness of the
degraded at all (less than 0.05 dB at worst). This is true sinseow is chosen to b& = 3 cm according to [11]. The snow
the range of thicknesses of the water film is small compareddocretion is simulated by a layer of uniform dielectric with
wavelength. In the presence of the dielectric coating, howevére above dielectric constant and thickness and completely
the loss due to the water film is strongly magnified. Fromovering the part of the reflector surface extending from the
Figs. 5 and 6, it is obvious that degradations in antenthattom to a certain heigtit above that bottom in the projected
performance under the influence of rain precipitation depenagerture of the reflector (Fig. 7).
very much on the thickness of the dielectric coating. The crossTo investigate the effect of different heights of snow accre-
polarization increases &g increases. More importantly, rapidtion on the performance of the direct-broadcast TV antenna,
loss in antenna gain is observed when the thickness of tie thicknesses of the dielectric coatingand snowt, are
coating increased from 0.50 to 1.00 mm. For a thickness képt constant. Figs. 8 and 9 show the resultstfoe= 3 cm
ts = 1.0 mm, the decrease in gain is about 3 dB, whichndt, = 1.00 mm. It must be emphasized that snow accretion
represents half of the total incident energy. If the thickness a reflector surface is highly nonuniform in thickness and the
is changed toty, = % = 5.657 mm, however, the loss dielectric constant varies slightly across the entire surface. The
in gain is expected to be minimized. To the best of thehoices of uniform thickness and constant relative permittivity



1600

Aas i rimd hid s

Fig. 7. Configuration of the snow accretion on the direct-broadcast TV
antenna. The reflector surface is covered by a layer of snow of haight
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from the bottom of the projected aperture of the antenna.
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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.at= 3 cm. The
thickness of the dielectric coating is fixed gt = 1.00 mm. The heights of
snhow 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

rect-broadcast TV reflector antenna with different heights of the sno@ross polarization, and gradual splitting and shifting of the
accretion. The thickness of the accreted snow is fixed;at= 3 cm. The

thickness of the dielectric coating is fixed gt = 1.00 mm. The heights of
snow varies fromh = 3 to 9 in. The “PEC” cases refers to the ones withou

accreted snow and dielectric coating.

mainbeam in thep = 0° plane occur as the height of the
snow increases. Fdr =5 in (4 in below the center), the loss
in gain is already about 3 dB.
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Aluminum 10+ 3000 A —
Kevlar 49 Composite : 25 um -
Indium Tin Oxide : 60 A"

D=15m

h=15m
Fig. 10. An inflatable antenna in space (source: NASA Shuttle Web: Elec- ‘ f=225m
tronics still camera photos at website address http://shuttle.nasa.gov/sts-77/ -
images/esc/day2.html). Fig. 11. Configuration of the 15-m offset-parabolic inflatable antenna.

B. Inflatable Antenna: Effects of Membrane’s Finite Thickne$sed of approximately 10.5-dB edge taper and the reflector is
and Finite Conductivity on the Antenna Performance left-circularly polarized. The reflector surface is assumed to

Inflatable antennas (Fig. 10) are built of a hydrocarbdf composed of Kevlar 49 composite of thickness250~°
dielectric layer (e.g., Kevlar, Mylar, Kapton) with a metafm @nd dielectric constart; = 3.45 — j0.05175 (according
coating (e.g., aluminum, silver, gold) on the reflective df [20]). a metal coating of aluminum of conductivity =
iiluminated side and another protective layer (e.g., silicoh96 x 107 S/m (according to [12]) on the reflective side and
oxide, indium tin oxide) on the radome or unilluminated sidén indium tin oxide coating of thickness 60 (according to
The conductivity of the metal is assumed to be very Iarﬂég]) and dielectricconstant = 4.0 — j0.013 (according to
(of the order of 18 S/m) and the thickness of the dielectric id21]) on the radome side.
assumed to be large compared to the skin depth of the metal deffect of Finite ThicknessTo study the effect of finite
that frequency. Hence, total reflection is resulted. However, tHickness on the antenna performance, different thicknesses
thicker the metal coating, the higher the cost of production arféf aluminum within the range of 3000 to ¥ are used. The
thus, it is desirable to know the limit of thickness, which resultgsults are depicted in Figs. 12 and 13. From the results, we
in acceptable degradations in the antenna performance. It BR§erve that except for the loss in gain, the copolarization
been suggested in [18] that if the thickness of the metal coatifigaracteristics are virtually unaffected. No beam-broadening,
is within the range of 100 to 3008, then the loss in antennasidelobe level increase or null-filling is observed. The sidelobe
gain due to the finite thickness or conductivity of the metal {§vels actually decreased insignificantly as compared to the
virtually negligible. However, no published results are givefiase of PEC surface. The loss in gain is negligible if the
to substantiate this observation. In [19], an aluminum coatifigicknesst,, is greater than several hundrell This is
of thickness 6@ is proposed for an inflatable antenna systenh)teresting since a thickness of several hundeds much
but no consideration is given to the possible degradationsSmaller than the skin depth of aluminum 20000A at
the antenna performance with that specified thickness. Foll.4 GHz) and yet finite transmission is virtually nonexistent.
high-performance satellite antenna system, the loss of gainfigr a thickness of 10@, the loss in gain is about 0.1 dB,
0.1 dB is already significant. It is thus desirable to have quawhich may be important for some application. The maximum
titative results showing the exact degradations of the anterfiegluction in gain is about 1.1 dB and occurs wign= 10 A.
performance for different thicknesses of metal. Moreover, it e cross polarization is slightly degraded as the thickness
stated [8] that the conductivity of the metal layer may degrade, is decreased from 3008 to 10 A. Cross-polarization
during manufacturing and packaging. To analyze the effect @¢gradations include the increase in maximum level, increase
degradation in conductivity on the performance of the antenni sidelobe level, and null filling, especially around the center.
metal layers of different conductivities must be used. The increase in the maximum cross polarization is at worst

This subsection gives some results of the effects of finigbout 10 dB and occurs a,, = 10 A. The maximum
thickness and finite conductivity on the performance of arross-polarization level, however, is at worst about 51 dB
inflatable reflector. The configuration is a 15-m reflectatown from the copolarization for all thicknesses for this
antenna operating at 1.4 GHZ-pand), typical for mobile circular-polarization operation.
communications. The antenna system, depicted in Fig. 11 Effect of Finite Conductivity:To analyze the effect of the
consists of a 15-m offset-parabolic reflector surface with offsdegradation in conductivity on the performance of the antenna,
heighth = 1.5 m and focal lengthf = 22.5 m. The large metal layers of conductivities = 10°, 10°, and10* S/m and
focal length (f/D = 1.5) is used for possible wide-anglethicknesst, fixed at 1000A are simulated. The results are
scanning applications. The feed is modeled by a cosine depicted in Figs. 14 and 15. From the results, we observe that
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Fig. 12. Far-field radiation patterns in tke = 0° plane of the inflatable Fig. 13. Far-field radiation patterns in thie= 90° plane of the inflatable

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

the loss in conductivity is disastrous. For the same thickness
tm = 1000 A, the loss in gain for a conductivity of0®

S/m (@ of mercury,§ ~ 130000 A) is about 0.45 dB. For

a conductivity 0f10°> S/m (& of graphite,§ ~ 430000 A) the

loss is about 3.7 dB—more than half of the total energy. The
copolarization decreases rapidly @adlecreases.

VI. CONCLUSION

Pattern (dB)

In this paper, a method of analysis for the reflector an-s
tennas with nonperfectly conducting surface structures Wa%
developed, and the analyses and characterizations of suth
reflector systems were presented. The proposed approachwas a T
modification of the conventional PO analysis that was capable s
of analyzing general reflector surface structures including i
nonperfectly conducting ones. The reflection and transmission ~ *° ) P 5 : '
of plane waves through multilayered media with the aids

of the transmission line analogy was studied. A computely. 14. Far-field radiation patterns in thie = 0° plane of the inflatable

subroutine was developed for this purpose. The derivati{ﬁi'ecmr antenna with different conductivities (S/m) of metal. The antenna

ipe . . .. Is a 15-m offset-parabolic reflector fabricated of mylar backed by aluminum
of the modified PO anaIyS|s was elaborated. Appllcatlo% the reflective surface and indium tin oxide on the radome surface. The

addressing the effects of rain precipitation and snow acctequency is 1.4 GHzI-band).

Theta (Degrees)
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ooy Since thez component of any incident plane wave regard-

. v ,rj;\\ — ; A. Perpendicular Polarization
40 - / PEC.co' — -

‘ Y 'PEC.cr --—---

[ 10%6.cr’

less of its polarization is essentially TEM wave at normal
incidence, the transmission line analogy can be applied. A

g transmission line is completely characterized if its character-
§ istic impedance and propagation constant are specified.
E‘E To evaluate the equivalent impedance of theomponent
2 of the ray we notice that
&
Ey — Fe—vcos 6z (59)
H, = —H cos e~ 5% (60)
4 i i k : ' W 3 _E E
' * ! ! 4 ' ’ ! ! Z = Y = = 9 61
-60 ' ‘ ' : : = H, H cos@ 1 sec (61)

-4 2 0 2 4
Theta (Degrees)

. T o .
Fig. 15. Far-field radiation patterns in tlle= 90° plane of the inflatable where ) = \/? is the intrinsic |mpedance (.)f the medium.
reflector antenna with different conductivities (S/m) of metal. The antenhdOte that the square root may be complex since hotnd e
is a 15-m offset-parabolic reflector fabricated of mylar backed by aluminugan be complex in case of lossy system.
on the reflgctlve surface and indium tin oxide on the radome surface. TheThe equivalent propagation constant is just;ﬂte)mponent
frequency is 1.4 GHzI{-band). .

of the propagation constant

tion on the performance of the direct-broadcast TV reflector v, = ycosf (62)
antenna systems and the effects of finite thickness and finjgere
conductivity on the performance of a representative inflatable . .

) : : = i3 = jwy/ 63
antenna were presented. Results of analysis and engineering V= et gl = juvne (63)

characteristizations of the_ two antenna systems were detqilgdand ( are the attentuation and phase constants, respectively.
In general, both the electric and magnetic currents are requwmﬂe that the square root may again be complex since both
However, if the antenna surface is thin or the conductivit% and ¢ can be complex in case of lossy system. Thus

of the reflector su_rfgce Is high, appllgatlon of the electrlﬁ]e propagation constant and characteristic impedance of the
current may be sufficient. Though only single-refiector antenagd ivalent transmission line model of the above medium are
systems were studied, the analysis can be applied to multiglcose and ) sec, respectively

reflector antennas as well. Now consider the situation of oblique incidence on a mul-
tilayered system (Fig. 17). For oblique incidence, the trans-

APPENDIX A mission lines representing different media can be cascaded
PLANE WAVE PROPAGATION THROUGH as in Fig. 18, wherel and ¢ are the indexes to the semi-
PLANAR, MULTILAYERED STRUCTURES unbounded incident and transmitted media, respectively. The
THE TRANSMISSION LINE ANALOGY sine and cosine of, 6., ---, #,, can be obtained according

For any oblique incidence, the rays can be resolved into tvtv% Snell's Law of Refraction [12, p. 210]

components—one parallel and one perpendicular to the inter-

; . . . . Y4 sin 9]' = Yk sin Qk (64)
face. Consider the cases of perpendicillafield polarization .
inf = 22 siné; 65
of each of the ray components. The ray component parallel = SNtk = —— sInv; (65)
. . X : Vi
to the interface is physically a TEM wave traveling along
that interface (Fig. 16). The ray component perpendicular to cos B = /1 — sin? O, (66)

the interface is a TEM wave which produces a standing wave

pattern in ther direction due to the multiple reflections internafor j,k = 1,2,--- ,n,4,t.

to the multilayered structure (Fig. 16). If we consider the casesNote thaté, sin ¢, andcosé can be complex. The sign of

of parallel E-field polarization of the ray components insteadhe square root is chosen such that the wave is propagating

we arrive at exactly the same conclusion (Fig. 16). and attenuating ini-z direction, i.e.,

Since the modal voltages and currents of a TEM wave
system are well-defined, the transmission line analogy can be Re(yx cosby) = 0 (67)
applied. As the two components are not independent, solving Im(~g cos ) > 0. (68)
one will automatically solve for the other. Hence, it will be suf-
ficient to work entirely on the ray component perpendicular @y writing V' = E,, I = —H,, the cascaded transmission-
the interface £ component), where the equivalent transmissidine system can be represented by the cascaded matrices
line analogy can be used. mathematically [22, pp. 39-45]

Two cases of oblique incidence are possible, namely, the

parallel and perpendicular polarizations. We will consider them Vi - Ay Bi||A2 By |An Ba| |V 69
(69)
separately. Ci Di||C2 D2 Cn. Dy

%
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Propagation of waves through multilayered media: perpendicular

polarization {H,,—E.) for the perpendicular component ardf,, E.) for the

for m = 1,2,---,n. Note thatV;, I; are the incidence
voltage and current immediately before entering medium 1,
andV;, I, are those immediately after exiting mediumThus,

the overall reflection coefficienfl’,) at the first interface
and transmission coefficierit | ) at the last interface can be
expressed as follows:

[

Cyposg L npect, ) CyposBy . npecB) ) seeneeennoes

Cygos Oy . msec 0 )

(o L npsec 0y )

J = - d
1 n

Parallel Polarization

_E(1-Ty)
Li=—— (75)
where
zation Zz = T sec eia Zt = 7} 5€C et. (76)
Let
C D] [C Di||Cx Dy C, D,|
Solving forI'; and 7, we have
r A+ 2 - Zi(CH+ Z) 78)
T AT Evzi(c+ D)
2
L= . 79
T Ay Byz(c+ D) (79)

B. Parallel Polarization

Cygost, L mpost, ) CpeosBy  TEosH ) emeeeeecncn  ygos By M gos )

¢ peosd L Myeos®; )

The situation for parallel polarization is very much the same

—_— — —

n

Fig. 18. Equivalent transmission lines for multilayered system
incidence: perpendicular and paral®lHield polarizations.

where
Ap, = cosh(ym cosOpmdm)
By, = sinh(~y, o8 0 dm) Zm
_ sinh(y, cos 0 dyy,)
m an

D,,, = cosh(y, cos O, d;m)

as that of perpendicular polarization. To find the equivalent
at obliqugpedence of the component of the ray, we observe that

E, = Ecosfe Y s82 (80)
Hy — He—cos 6z (81)
E, FEcost
(70) = 7 = Fy == = 7 cosf. (82)
71
(1) Again, the equivalent propagation constant is just it@m-
(72) ponent of the the propagation constant
(73) ~, =ycosf (83)
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where [8] M. Thomas, “Inflatable space structure$£EE Potentials vol. 11, no.
4, pp. 29-32, Dec. 1992.
y=a+j8= jw\//ﬁ (84) [9] L. C. Schroeder, M. C. Bailey, R. F. Harrington, B. M. Kendall, and

T. G. Campbell, “Design studies of large aperture, high-resolution earth

: ot science microwave radiometers compatible with small launch,” NASA
Thus, the propagation constant and characteristic impedance of Tech. Paper 3469, Nat. Tech. Inform. Serv., Sept. 1994,

the equivalent transmission line model of the above mediufb] K.-w. Lo and T. S. Bird, “Effect of dielectric coatings on parabolic
areycos andn cos#f, respectively. reflector antenna performancéylicrowave Opt. Technol. Leftvol. 8,

. . . . L _no. 1, pp. 1-4, Jan. 1995.
Now consider the situation of oblique incidence on a mulll] M. Shimba, T. Sato, and H. Koike, “The antenna pattern degradation by

tilayered system (Fig. 17). For oblique incidence, the trans- "~ snow accretion on the reflector surface,” IEEE Antennas Propagat.
mission lines representing different media can be cascaded Soc. Int. Symp.Syracuse Univ., Syracuse, NY, June 1988, vol. 2, pp.

N . . 871-874.

as 'n F|g: 18. The sine and cosine @f, 6, ---, 6, can be_ [12] C. A. Balanis,Advanced Engineering ElectromagneticfNew York:
obtained in exactly the same way as those for the perpendicular wiley, 1989. ) _
polarization—according to the Snell's law of refraction. ~ [13] D-W. Duan and Y. Rahmat-Samii, “Novel coordinate system and

.. .. rotation transformations for antenna applicationg|ectromagn. vol.
By writing V' = E,, I = H,, the cascaded transmission- 15 no. 1, pp. 17-40, Jan./Feb. 1995. PP 9

line system can be represented by the same cascaded matiffi¢gs®. Ramanujam, L. F. Lopez, C. Shin, and T. J. Chwalek, “A shaped

; ; ; : reflector design for the ‘Direct TV’ direct-broadcast satellite for the
as discussed previously. The overall reflection coefficigin) United States?,, IHEEE Antennas Propagat, Soc. Int, Synaimn Arbor,

and transmission coefficiert)) at the first interface can be MI, June 28-July 2, 1993, pp. 788—791.
expressed as follows: [15] D.-W. Duan and Y. Rahmat-Samii, “Beam squint determination in
conic-section reflector antennas with circularly polarized feetEZE
. — . Trans. Antennas Propagatvol. 39, pp. 612—619, May 1991.
Vi= Ez(l T F”) (85) [16] T. Battilana, “Ensurr—)p u%iformily W?]%n specifying p)::\int for reflectors:
Ei(l — F”) A novel technique provides precise measurements of reflector coatings
i = T (86) without need of sophisticated equipmentjicrowaves Radio Frequen-
’ cies vol. 27, no. 3, pp. 113-122, Mar. 1988.
[17] T. Y. Otoshi, “Maximum and minimum return losses from a passive
two-port network terminated with a mismatched loatEEE Trans.
Microwave Theory Techvol. 42, pp. 787-792, May 1994.
Z; =m;cosl;, Zy =1 cosb;. (87) [18] B. M. Kendall, MY C. Bailey, L. %p Schroeder, anyd R. F. Harrington,
) o “Inflatable antenna microwave radiometer for soil moisture measure-
Solving forI" and 7, we come to the results similar to those  ment,” in2nd Topical Symp. Combined Opt.-Microwave Earth Atmosph.

where

riv in ion V-Al Sensing Atlanta, GA, Apr. 1995, pp. 217-219.
derived Sectio [19] D. Lodgard, P. Ashton, M. Cho, T. Codiana, R. Geith, S. Mayeda, K.
A+B _z(c+ L Nagel, and S. Sze, “ISAAC: Inflatable satellite of an antenna array for
+ 2 -Zi(C+ %
1"” = Bt Dt (88) communications, final report 1987-88,” NASA Contractor Rep., NASA
A+ Z, T Zi(C + Z) CR-184704, California State Polytechnic Univ., Aerosp. Eng. Dept.,
9 Pomona, CA, 1988, vol. 6.
T = (89) [20] G. S. Hickey and T.-K. Wu, “A four-frequency selective surface

A+ 2 + Zi(0+ 7%) gzgczcérzaftMs:breﬂector antennalicrowave J, vol. 39, no. 5, pp.
—252, May 1996.
Hence. the same transmission lines for perpendicular ing_l] T. Gerfin and M. Gratzel, “Optical properties of tin-doped indium oxide
’ . determined by spectroscopic ellipsometry,”Appl. Phys.vol. 79, no.
dence can be used except that the impedances changed fromg, pp. 1722-1729, Feb. 1996.
sec B, t0 cosb,, form =1,2,---,n,1,t. [22] A. Ishimaru, Electromagnetic Wave Propagation, Radiation, and Scat-
tering. Englewood Cliffs, NJ: Prentice Hall, 1991.
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