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A 4-, 6-, 20-, and 30-GHz-Band Branching
Network Using a Multilaver Dielectric
Filter for a %’tellite Communication

Earth Station
SHUICHI SHINDO, ISAO OHTOMO, MEMBER,

Abstract—This paper describes a four-frequency broad-band branching
network for transferring microwave (4 and 6 GHz)- and millimeter-wave

(20 and 30 GHz)-band signals between an antenna and transmitter-

receivers in a satellite communication earth station, A filter for separating
the microwave band from the millimeter-wave band employs a multilayer
dielectric filter witli matching layers and is included in the primary
antenna feed system. The design method used for the multilayer dielectric
filter and the construction and experirneutal results of the four-frequency
broad-band branching network are described. Measurements show that
its insertion 10SS,VSWR, and axial ratio are less than 1.2, 1.2, and 2.1

dB, respectively.

L INTRODUCTION

A JAPANESE domestic satellite communication system

has been proposed by the Nippon Telegraph and

Telephone Public Corporation [1]. This system is charac-

terized by the simultaneous use of four frequency bands,

4, 6, 20, and 30 GHz. The use of microwave bands (4 and

6 GHz) as well as of millimeter-wave bands (20 and 30 GHz)

increases the feasibility of the communication systems.

The ratio of the lowest to the highest frequency is about

8 for the system under consideration. On the other hand,

the ratio is 2 or 3 at most for conventional microwave

communication systems (4-6 GHz) and millimeter-wave

communication systems (40–120 GHz). This fact indicates

extreme difficulty in realizing the hardware for antenna and

branching network. Especially, the conventional waveguide

branching network is not likely to be applicable, because

many higher order modes of the millimeter-wave bands

will propagate in the branching network and degrade

transmission quality.

An early paper reported the feasibility of using the

dielectric filter for the satellite communication earth

station [2]. In this paper, strict specification of a four-

frequency-band branching network, required for applica-

tion in a practical system, is considered in the operational

bandwidths of 0.5 GHz for 4- and 6-GHz bands, and of 3.5

GHz for 20- and 30-GHz bands. This antenna and branching

network, combined with a feed system, is composed of the

usual Cassegrain antenna, several beam reflectors, a
wide-band dielectric filter, and exclusively designed micro-

and millimeter-wave primary horns and band diplexers.
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Fig. 1. Multilayer dielectric filter.

This antenna and branching network is 1) free from un-

wanted higher modes, 2) has low loss, 3) is ultrabroad band,

and 4) is flexible in system fabrications.

The following reports on the design method for the

multilayer dielectric filter, construction, and experimental

results of the four-frequency-band branching network.

II. DESIGN METHOD FOR MULTILAYER

DIELECTRIC FILTER

Some examples of the application of the multilayer

dielectric filter have been shown [3], [4]. Here, the design

method is based on the image parameter method. Fig. 1

shows such a filter, utilizing two kinds of dielectric plates.

Ei, Er, and Et denote, respectively, the incident wave,

the reflected wave, and the transmitted wave. Quantities

.sI and 82 are the relative permittivities of the two different

dielectric plates and tl and t2are their thicknesses; &l’ and

82’ are the relative permittivities of the matching dielectric

layers and SI and $2 are the thicknesses of the matching

layers,

Now, in general, the reflection and transmission at the

multilayer dielectric plates are equivalent to the reflection
md transmission of the waveguide mode by multilayer

dielectric plates placed orthogonally in a waveguide [5].

Assuming lossless dielectrics, propagation constants within

dielectric plates I and II are given by

p, = :%& Cos 0 (in I) (1)
o

/“0
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where 20 is wavelength in the free space and Ois the angle of

incidence. When the electric field is parallel to the plane of

incidence (called the E wave), the characteristic impedance

is given by

z~e = z~ Cos O/J; (3)

within I and by

Z2e = ZOJ.S2 – .s1sinz O/ez (4)

within II. Here ZO = ~,u.lgo. Considering the T - T’
section of Fig. 1 as a symmetrical two-port network, its

image impedance Zie and image propagation constant
Oie are given by

Zie = Z~e
J

(1 – Q*)CO+ (z2e/zle – Z,’/z*’ “ 0J2)Q

(1 – !2’)0 + (z,e/z2” – z2e/z,e “ CO*)L2

(5)

Oi’ = arc cosh
[

1

(1 + 0’)(1 + Q*)

“ {(1 – o#)(l – Q*) – 2(z1e/z*’ + z2e/z1e)oA2} 1
L

where

()

p,tl
m=tan —

2

()

/32t2
f2=tan —

2“

When (7) and (8) are the same, i.e., when

Ej
tz= —-”

Cos o “tl, (jj=Q
82 ~1 – zl/&2 “ sin 0

then (5) and (6) reduce to

Zie = Zle
J

1 – 0.)2+ z2e/zle – zle/z2e “ CO*

1 – co2 + zle/z2e – z2e/zle “ CD*

6ie = arc cosh
[

1

(1 + of)’

1‘{(1 – co’)’ – 2(z,e/z2e + z2’/z1’)uf} .

(:)
(7)

(8)

(9)

(lo)

(11)

Setting tlie = a; + jflie, we obtain 1) when O < co2 <
Z2e/Zl’ and Zle/Zz’ < C02,

lx,’ =0

1
Cos pie =

(1 + co2)*

“ [(1 – CD’)* – 2(z1’/Z2e + Z2e/Z1’)co2]

and 2) when Z2e/Zle s co’ s Zle/Z2e

1
cosh Uie = A

(1 + U’)*

“ [(1 - 0-)’)2 - 2(z1e/z2e + z2’/z1’)of]

fl~ = nn, n = 1,2,3, ””s.

w’

Fig. 2. Angular frequency versus components of image propagation
constant.

These relations are shown in Fig. 2. In other words, the

multilayer dielectric filter has bandpass characteristics

wherein Zze/Zle < 0J2 s Zle/Z2e in the reflection range.

Otherwise, there is a transmission range.

Similarly, when the electric field is normal to the plane of

incidence (called the H wave), the characteristic impedance

within dielectric plates I and II is given by

Zlh = zol~ Cos e (12)

Z2h = Zo/Jc2 – 61 sin2 e. (13)

Image parameters are obtained by replacing e with h in

(5), (6), (10), and (11).

When the angle of incidence is not zero, then Zle/Z2e

and Zlh/Z2h will be different. Hence Oie and 6ih are also

different. In “satellite communication, where there is no

fixed polarizing surface or where circular polarization is

used, eie and eih should be made equal. Thus we set

z~elzze = C* “ zlh/z2h. (14)

Then, from (3), (4), (12), and (13), we obtain

where

or

c! = CSC2 6 – Cotz 13jc*. (17)

The preceding relation is plotted in Fig. 3 with 0 as a param-

eter. In the figure, 2C/2h (lC is the cutoff wavelength cor-

responding to 0J2 = Zle/Zze and Ah is the free-space

wavelength corresponding to center frequency of reflection
range) and actually utilized dielectric materials are also

shown (with El = 1). As is seen from the figure for a

given C, in order to have a wide bandwidth it is necessary

to use materials of high permittivity with a small angle of

incidence. If materials of low permittivity are used, the

bandwidth will become narrow with a large angle of in-

cidence. For the satellite communication filter C should be

more than 0.9.
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Design Example

A multilayer dielectric filter meeting the following

specifications is desired: relative permittivities &l = 1 (air)

and Cz = 9.7, center frequency of reflection range fk = 24
GHz, reflection attenuation over 45 dB by image parameter,

and C = 0.95 (0 = 200).

First, from (3), (4), (12), and (13] we obtain Z2e/Zle =

0.3396 and Zzh/Zlh = 0.3036, Thus the reflection attenua-

tion P~~ and P~~ per section for E and H waves are

P~~ = 8,686 x arc cosh [(0.3396 + 1/0.3396)/2]

– 9.38 dB—

and

P~~ = 8.686 x arc cosh [(0.3036 + 1/0.3036)/2]

= 10.35 dB.

Then, in order to obtain more than 45-dB attenuation, it is

necessary to use 5 sections (5 x 9.38 = 46.9 dB). Letting

fhbe the point of u = 1, we obtain tl= 3.32 mm and t2=

0.99 mm.

111, CONSTRUCTIONOF THE BRANCHING NETWORK

Fig. 4 shows the construction of an antenna and four-

frequency-band branching network combined with feed

system. The primary antenna feed system is composed of

well-known beam waveguide with three ellipsoidal reflectors

and two corrugated horns for the microwave and the

millimeter-wave bands. The dielectric filter is located at

the common focal point of three beam reflectors, and the

corrugated horns are placed at the other focal points.

First, the frequency band 4-6 GHz is separated from 20-30

GHz by the dielectric filter. Then, using second-stage band

diplexers, 4 GHz is separated from 6 GHz and 20 GHz is

separated from 30 GHz.
The wide-band dielectric filter described here is composed

of multilayer dielectric plates designed as reported in the

previous section and obliquely with respect to the incident

waves. This dielectric filter is designed so that the milli-

meter wave is reflected obliquely from its surface and the

microwave is transmitted through it. Thus the microwave

and millimeter-wave bands are independently fed by each

su bref Iector
. .....-==.$ (14m@) ,,,. . .

..\ ,,
,,’. .-.>. .,

$.
/-

main refe

(lo

12)

E I rotatlona .#3
:10m2)

-wave
rrugated barn

Ier-wave
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I-%
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\

microwave microwove

corrugated band-d [plexer
horn

Fig. 4. Construction o! antenna and four-frequency-band branching
network combined with feed system for satellite communication
earth station.

TABLE I
MATERIALS OF THE MULTILAYER DIELECTRIC FILTER

FIVE ALUMINA PLATES E~=97 I x 10-4 t2= 099

MAIN

SIX LAYERS OF AIR (QUARTZ SPACERS) t, =332

* Experimental values measured at 38.9 GHz.
** Emerson& Cuming, Inc., ECCOFOAM Q-R.

corrugated horn. The band diplexers are composed of

transmit–receive filters to separate transmitted signals (6 and

30 GHz) from received ones (4 and 20 GHz), circular

polarizers to convert a linear-polarized wave 1:0 a circular

one, and a TMO ~ mode coupler to track a satellite. The

transmit–receive filter for each band is constructed by a

slot-coupled-type coupler with reflecting metal plate.

For the design of the branching network, the following

four points are particularly taken into consideration.

1) A beam waveguide composed of twcl ellipsoidal

reflectors is designed for microwave and millimeter-wave

bands, such that the radiation patterns of 30 GHz from 4

GHz have the same beamwidths at the subrefllector plane.

2) Dielectric materials of the filter are carefully selected

to operate for the high-power transmitted signals for the

up link (6 and 30 GHz), as shown in Table 1.
3) Since the dielectric filter is installed obliquely, the

two orthogonally polarized waves have different reflection

and transmission coefficients. Therefore, deterioration of

the desired circular polarization can occur. To avoid this

effect, the optimum incident angle has been chosen. More-

over, it was attempted to reduce the phase difference between

the two orthogonally polarized waves.
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Fig. 5, Theoretical characteristics of the multilayer dielectric tilter
with matching sections (61 = 1, Cz = 9.7).

Fig. 6. 500-mm* muhilayer dielectric filter.

4) The dielectric filter has matching sections, in order to

reduce undesired reflection of the microwave bands, that

consist of two kinds of dielectric plates. The design is shown

in the Appendix.

Fig. 5 shows the theoretical transmission characteristics

of the multilayer dielectric filter. The incident angle 0 of

the dielectric filter is 20’. This filter consists of a five-layer

main section with a center frequency of 24 GHz in the stop-

band, and of two-layer matching sections with a center

frequency of 5.5 GHz in the passband. Alumina plates and

quartz spacers are piled up alternately in the main section,

and solid quartz and foamed quartz are stacked in the main

section. No change in dielectric constants of these materials

was observed over a temperature range of up to 500”C.

Theoretical curves were calculated from the conventional

F-matrix method. The main section is designed to satisfy

the stopband attenuation of over 25 dB and the matching
transformer sections to give equal-ripple characteristics in

the passband.

IV. EXPERIMENTAL RESULTS

Figs. 6 and 7 show the multilayer dielectric filter and

overall view of the four-frequency-band branching network,

set up for indoor experiments. Four kinds of radiation

patterns at an equivalent subreflector plane are measured

at a distance of about 6 m from beam reflector no. 1. A

measuring pickup horn is moved along the x and y axes
for E and H waves as shown in Fig. 8. The radiation

patterns of the E wave are shown in Fig. 8. They have nearly

the same beamwidth from 4 to 30 GHz. H-wave patterns

TABLE II
OVERALL TRANSMISSION CHARACTERISTICS OF THE

FOUR-FREQUENCY-BAND BRANCHING NETWORK

FREQUENCY (GHz) 4 6 20 30

-M: 2 :( 3.7 -4.2) (5.925-6.425) 077-21.2) (27.5-31,0)

INSERTION LOSS (d~)
~m —

BEAM WAVEGUIDE 0.3 0.3 0.3 0.4

DIELECTRIC FILTER 0.7 0.6 0. I 0. I

BAND -DIPLEXER 0.2 0.2 0.7 0,5

AXIAL RATIO (dB) 1] 0.7 I 0.8 I 2,1 I 20

* Theoretical values include losses of corrugated horn, feedome,
spillover, and surface roughness of beam reflectors.

are also in good agreement with the E-wave patterns at

every frequency. By way of an example, the comparison of

E- and H-wave patterns at 4 and 20 GHz is shown in Fig. 9.

The radiation patterns of they axis for E and H waves have

nearly the same beamwidth and are similar to the patterns

of the x axis at every frequency.

A waveguide phase shifter was constructed using multi-

hole arrays in the axial direction of a circular waveguide,

in order to compensate for the phase difference of the

dielectric filter between the two orthogonally polarized

waves. This results in the axial ratio being below 0.8 dB for

the microwave bands and 2.1 .dB for the millimeter-wave

bands. It shows that the phase difference is reduced to half

of the value without the phase shifters.

Table II shows the overall characteristics of the four-

frequency-band branching network measured between

reflector no. 1 and the band diplexer. The overall insertion

loss is below 1.2 dB for the microwave bands and 1.1 dB

for the millimeter-wave. bands, in agreement with the

theoretical values. These measured values include the

insertion losses of the dielectric filter, 0.7 dB for the micro-

wave bands and 0.1 dB for the millimeter-wave bands.

The latter loss was measured by placing a metal plate at

the same focal point. These losses caused the absorption

of dielectric tan 8 and, for the microwave bands, the scat-

tering from the quartz spacers are in agreement with the

theoretical values.

Finally, to examine the characteristics of TMOI mode
propagation from the” corrugated horn to beam reflector

no. 1, the difference was measured’ between the maximum

points of the main beam radiation pattern and the null

points of the TMOI mode radiation pattern at 4 and 20

GHz. These differences were less than 1/20 of the – 3-dB

beamwidth. It is so small that the accuracy in tracking the

satellite may be sufficiently maintained.

V. CONCLUSION

The 4-, 6-, 20-, and 30-GHz-band branching network,

using a multilayer dielectric filter, has successfully been

constructed. It is concluded that this branching network
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Fig. 8. Radiation pattern frequency characteristics at an equivalent
subreflector plane (E wave).

APPENDIX

In passbands (4 and 6 GHz), there is about l-dB fluctua-

tion of the transmitted wave for the E wave and about 1.5

dB for the H wave. Since this is directly related to the

transmission loss for these bands, this fluctuation must be

reduced. For instance, it is possible to design a Chebyshev

filter [6], but this cannot be practical unless many kinds

of dielectrics are utilized. Thus the method. of adding

matching dielectric layers in front and back using two kinds

of dielectrics layers was chosen. This new design method is

described in-the following.

The first step is to design an impedance transformer

which transforms the free-space impedance (assuming 1 Cl)

into the image impedance of a multilayer dielectric filter

at the center frequency of the transmission range. This

transformer can be realized with dielectric lmaterials in
general. Letting co, be the center frequency, then, from (10),

the ratio of transformation is given by

0

-10 -

----------- E - wave
,,

60

0

1>-

..--._ —-- ----.-=: -
.-. . -.. .-.~+ .\

.... ..,; .-”

-60
-=1

_,20,20
-720 -480

measuring pick-up horn distance %(mm)

Fig. 9. Radiation pattern E/H-wave characteristics at an equivalent
subreflector plane (4 and 20 GHz).

has low loss and broad-band characteristics, and can be

applied to various antenna systems for use in future satellite
communications systems. Because the microwave-band

axial ratio is very low, this network can be applied to the

two independently polarized waves to reuse the satellite

communication frequency bands.

I:R =
J

1 – @P2 + z~/z~ – zl/zz ‘ a~2 (Al)

1 – (DP2+ zJz2 – ZJzl ‘ Copz

where Z1/Z2 is the ratio of the characteristic impedance of

the E or H wave. Choosing a two-stage Chebyshev trans-

former [7], characteristic impedances Zl(rn) and Z2(m) of

the matching layers are given by

q(m) = [J(R–1)2+R+R–1 ‘/2 ~A2)—-
4 tan2 # 2 tan2 #1

z2(wz) = R/zI(m) (A3)
\

where

Cos (b = Cos Cpc/Jii (A4)

and +C is the electrical length corresponding tc’ bandwidth.
The size of the Chebyshev ripple is given by

~=+l– Re2–”WC2
WC = C(,S @ (A5)

– 4R 2WC >

where @ is the electrical length of the matching layers. The

values of El’ and ‘cz’ of Fig. 1 can be determined by Zl(rn)

and Zz(m).
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The High-Power X-Band Planetary Radar at
Goldstone: Design, Development, and

Early Results
ROB HARTOP AND DAN A. BATHKER, SENIOR MEMBER, IEEE

Abstract—Selected critical microwave components for a 400-kW
very-long-pulse (several hours) X-band radar system are discnssed from
theoretical and practical viewpoints. Included are the special-sized
waveguide and flanges, hybrid power combiner, conplers, switches,
polarizer, rotary joints, feedhorn, and radome. The system is installed

on the National Aeronautics and Space Administration/Jet Propulsion
Laboratory 64-m-diam reflector antenna at Goldstone, CA.

I. INTRODUCTION

T HE 64-m-diam antenna at Goldstone, CA (Fig. 1),

operated by the Jet Propulsion Laboratory (JPL)

for the National Aeronautics and Space Administration

[1], is equipped with a rotatable asymmetric hyperboloidal

subreflector that permits the use of multiple feed systems

at the Cassegrain focus. The subreflector can be precision

indexed to a fixed number of positions (presently five) to

allow each feed to properly illuminate the main reflector.

Proper illumination is here defined to mean that each feed,

in turn, produces a spherical phase front emanating from Fig. 1. The 64-m-diam antenna at Goldstone, CA.

the prime focus, indistinguishable from that of a perfectly

symmetric feed system except for minor amplitude illumina-

tion imbalance. Because the spherical phase fronts from
no paraboloid “scan loss” is incurred; the minor amplitude

the various feeds are not degraded, perfect axial pointing
imbalance inherent in this multiple feed system does cause

a negligible (< O.01-dB) illumination loss. In addition,
of the overall system is maintained among the feeds and two of the feeds are capable of simultaneous operations.

through a dual-reflector system consisting of a dichroic

Manuscript received May 17, 1976; revised August 2, 1976. This plate and ellipsoidal reflector; these two feeds typidally
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ministration under Contract NAS 7-100. This paper presents the

operate simultaneously when the hyperboloid is indexed

results of one phase of research carried out at the Jet Propulsion for the dichroic plate position [2].
Laboratory, California Institute of Technology, Pasadena, CA.
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