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SUMMARY

A survey of three common classes of antennas namely, lens, reflector and microstrip array
and a fourth, the less common reflector array for SATCOM at EHF is given. The optics and
feeds for steerable multi-beam and phased-array antennas are discussed. A basic relation
between antenna gain, size and scan angle or field of view is derived. Adaptive null steering for
interference rejection is reviewed. The influence of antenna configuration on beam control per-
formance is noted. An experimental study of an IF adaptive beam controller was undertaken.
Advantages and disadvantages of IF analog implementation of beam control are discussed. Cir-
cuit componerits required for beam steering and control are also reviewed.

The conceptual designs of a microstrip phased array for the ground segment and a
controlled-beam reflector antenna system with hybrid steering are presented to illustrate the
influence of the major issues. Finally, recommendations on promising technologies for further
investigation and development are identified.
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Chapter 1
INTRODUCTION

SATCOM systems operating at EHF are being vigorously developed in many countries for
next generation implementation because of frequency and satellite congestion at lower frequen-
cies and because of the larger bandwidths available. The higher frequency allows the use of
smaller and lighter weight antennas to achieve a given communication objectives. It also means
lower power is available for jamming because of physical limitations of electron devices. The
increased bandwidth offers greater anti-jam protection and lower probability of intercept. How-
ever, at the present time concepts on complex and versatile systems fully exploiting these
advantages are not well understood. In addition, device and component technologies for EHF
are as yet inadequately developed for implementation of such advanced systems. The objectives
of this Contract are to survey the current state of art on all aspects related to controlled-beam
antennas for EHF SATCOM systems, and to identify in depth investigations necessary to arrive
at realistic system specifications, overall design approaches and promising technologies for
implementation.

Because of the many areas of technologies involved, the study is divided into two major
parts in eight sections. The first half of the study deals with three major antenna classes,
namely, lens, reflectors and microstrip array, as well as a fourth less common class the reflector
array. The optics and feeds for steerable multi-beam and phased-array antennas are discussed
for each class when applicable. A basic relation between antenna gain, size and scan angle or
field of view is derived. Considerations on suitability of each class for the space and ground
segments are given. The second part of the study is devoted to the concept and capabilities of
beam control and its implementation. Adaptive null steering for interference rejection is
reviewed. The influence of antenna configuration on beam control is noted. Advantages and
disadvantages of IF analog beam control are studied in experiments and stringent requirements
on device performance are noted. Devices and circuits required for phase and amplitude con-
trol are then reviewed. Lack of developments in EHF devices and circuit technology are found.
Two sample designs are given, a ground segment microstrip array and a space segment
controlled-beam reflector antenna system with hybrid steering. The Report concludes with
recommendations of promising technologies for further investigation.

Each Section of the Final Report is prepared by a co-investigator as listed in the Table of
Contents.



Chapter 2
EHF LENS ANTENNAS.
K.G. Balmain
1.

Review Material Available on Microwave Lenses.

The subject of lens optics for visible light comprises a very large body of useful reference
material, the best example being the book by Born and Wolf [1]. A number of books contain
extensive material specifically related to microwave lens antennas: they are by Silver [2], Brown
{31, Jasik [4], Hansen [5], Collin and Zucker [6], Cornbleet [7], and Button and Wiltse [8]. In
addition there is a brief review paper by Kay [9], and lenses are included in the review paper by
Ricardi [10]. In the present report the emphasis is placed on large-aperture lenses for use on
synchronous-orbit satellites. '

2.

Comparison Between Lenses and Paraboloidal Reflectors.

Lenses have the advantages of no feed blockage and reduced sensitivity to mechanical
inaccuracy. Lenses have two surfaces plus the medium between the surfaces, or in other words
they have three major degrees of freedom for design compared to the one surface-shape factor -
for a reflector. These extra degrees of freedom permit lens designs to be optimized for special
purposes such as beam scanning, by means of the imposition of appropriate constraints. One
example of such a constraint is the ‘Abbe sine condition’ which for incident rays parallel to the
axis can be stated as:

h

—

sinf

where h is the distance of a ray from the axis, 8 is the angle a focal ray makes with the axis,
and f is a constant. In other words, any such incident ray and the corresponding focal ray are
constrained to intersect in the same circle of radius f. This condition ensures that all parallel
rays entering a lens at a small angle to the axis come to a focus in the focal plane, a result hav-
ing obvious relevance to beam scanning.

On the debit side, lenses tend to be complicated, costly and heavy. The lens medium is
often frequency sensitive, resulting in narrow bandwidth. Furthermore, the efficiency can be
low due to power absorption in the lens medium, due to reflections at both surfaces and due to
radiation into grating lobes when the lens medium is a periodic structure. In addition, most
lens designs (and printed-circuit antennas as well) involve exposed dielectric surfaces which
could lead to energetic-electron and ion charge accumulation and arc discharging in synchro-
nous orbit.

3.

Beam Requirements and Lens System Examples.

The coverage of a large circular area by multiple circular spot beams arranged in a close-
packed hexagonal pattern has been discussed by Cummings, et al. [11]. If B, is the angle sub-
tended by the large circular area and 8 is the angle subtended by the illuminated spot, and
further if Dy and D are the apertures required to produce beams of angular widths 8, and S,
then

Dy=\ /By and D=\/p




(the exact relations depend on the field taper toward the aperture edge). If N is the number of
beams arranged in the close-packed hexagonal pattern with one central beam, then

N=3M?*+3M+1 and D=QM+1)D,

where M is an integer. The numbers of beams available in this pattern are as follows for the
allowed values of the index M;

M2M+1 N
0 1 1

1 3 7

2 5 19
3 7 37
4 9 61
5 11 91
6 13 127
7 15 169
8 17 217

Consider for example 91 beams distributed over the earth’s disc as viewed from a satellite in
synchronous orbit, the disc subtending an angle 8y;=17.3 ° at the satellite. The spot beam
angle is therefore

_ B0 _ 173 _ °
A=om+1 = 11 =B
At a frequency of 43.5 GHz, A = 6.90mm and the required aperture diameter is
=A__069 _
D = 3 137/573 25.2 cm or 36.5\

The required scanning angle is slightly less than £9 °from boresight. This spot-beam pattern
could be produced by a lens illuminated with an array of approximately one-wavelength aper-
ture horns located in the focal plane and having the same arrangement as the desired beam pat-
tern. Such a system is sketched in Figure 1. -

A quite different approach would be to have a feed-horn array with an aperture distribu-
tion that is the Fourier transform of the desired spot beam. In optical terms this would involve
producing a real image of the feed array well within the Fresnel region of the system. One way
to accomplish this is to place a 'field lens’ at the focus of the ’objective lens’ as shown in Fig. 2.
In Fig. 2, the region between the two lenses contains rays which are parallel, which means that,
ideally, the two lenses may be separated by any distance, not just the distance F shown in the
figure. The separation distance f + F (the confocal arrangement) has been mentioned by
Ricardi [10] who notes that, for plane wave incidence on the field lens, the scanning angle of
the emergent plane wave is reduced by the ratio of the focal lengths.

4.

Solid-Dielectric Lenses.

A useful example of solid-dielectric lens design is given by Mayhan and Simmons [12] for
a 61 GHz non-scanned 76 cm diameter plano-convex lens made of Rexolite (e,=2.55), with the
plane surface facing a corrugated-horn feed giving approximately a -17 dB illumination taper.
The lens had an F/D of 0.83 and produced a 1.33° beam, with first sidelobes at -30 dB. A
comparison prime-focus-fed paraboloid produced a 1.40 ° beam, with first sidelobes at -28 dB
and significantly worse sidelobe performance further from the main beam, probably due to aper-
ture blockage by the feed horn and supports.



The scanned-beam analysis by Kreutel [13] of a hyperboloidal plano-convex lens with the
convex side facing a dipole feed shows that the primary coma of the lens must always be worse
than that for a similar-sized paraboloid reflector by a factor of the order of 4. The paper con-
cludes that lenses of this type are best suited to apertures of 20\ to 40X and maximum fields of
view of =4 to =5 beamwidths. The EHF SATCOM antennas for use in space would probably
be at or over the stated upper limits on both aperture and field of view.

A ‘bifocal’ variant of the solid-dielectric lens is described in the book by Hansen [5], hav-
ing two off-axis focal points. The basic two-dimensional design was ’rotated’ to produce a circu-
larly symmetric lens and the lens contours were determined by computer. The designs had
off-axis focal angles of =20 °, diameter 50 A (16" to 18") at A = 8.6 mm and a feed taper of 11
dB in both planes. Over a =20 ° scan the beamwidths increased less than 10 percent and
sidelobes stayed below -19 dB, for F/D = 2. For F/D = 0.96, a scan of =10 °was achieved.

Holt and Mayer [14] give a detailed ray-tracing procedure for designing a three-
dimensional, two-point-corrected, zoned scanning lens. However, Cloutier and Bekefi [15]
point out that a microwave aplanatic lens (corrected for spherical aberration and coma) can per-
form just as well as a two-point-corrected lens. Cheston and Shinn [16] review scanning aberra-
tions and conclude that for two-dimensional scanning with a thin lens, the maximum scanning
angle is limited by astigmatic aberrations. Ramsay [17] derives a universal curve giving the loss
of gain in scanning: for example, he shows that for D=100x (1 ° beamwidth), F/D = 1 and
scan angle of =9 ° the loss of gain on scanning can be kept to 0.5 dB. For situations such as
on an aircraft where entirely mechanical scanning can be tolerated, Rotman and Lee [18] have
built a two-frequency 20/44 GHz plano-convex Rexolite lens antenna with gains of 27/34 dBi.

Lee [19] has recently designed a specially-contoured 44 GHz lens to produce a broad main
beam (3 9 with fast roll-off and very low sidelobes (-32 dB measured). This lens performed
poorly as a scanner, but zoning in order to approximately satisfy the Abbe sine condition solved
the problem [J.J. Lee: personal communication].

A very promising zoned scanning-lens for use at 44.5 GHz has been designed theoretically
by Rotman [20]. It has F/D = 1.5, D=90A=24", n=1.59, minimum thickness of 1/4" and
weight less than 10 pounds. The predicted boresight gain is 48.5 dB (beamwidth = 0.73 9 for
a -10 dB illumination taper, and the predicted first sidelobe level is -22 dB. Scanning perfor-
mance over £9 °is predicted to be very good but experimental verification remains to be car-
ried out.

5.

Artificial Dielectric Lenses.

Artificial dielectrics are made using volumetric or planar distributions of metallic spheres,
discs, strips, wires, dipoles, dielectric spheres and voids [4]. The main advantage is weight
reduction in physically large lenses. The same principle can be used to achieve surface match-
ing with solid-dielectric lenses. Recent work with a single-layer dipole lens at 6.75 GHz [13]
reports -20 dB sidelobes over a 5 percent bandwidth for a design with F/D = 0.8, however, the
lens exhibited an aperture efficiency of 50 percent compared to 65 percent to 70 percent for an
equivalent paraboloidal reflector,. and it is clear that any such single-layer distribution of scatter-
ers would produce backlobes with magnitudes comparable to the main beam.

6.

Luneburg and Geodesic Lenses.

Relatively recent work on Luneburg lenses and other radially inhomogeneous spherical
solid-dielectric designs can be found in the papers by Webster [22], Kay [23], Mathis [24],
Schrank [25], and Rozenfeld [26]. Some of the types discussed are illustrated in Figure 3. The
single-shell-plus-core approximation to the Luneburg lens is dealt with in depth by Ap Rhys
[27] who reports theoretical and experimental work at 70 GHz on a 16 A diameter quartz-



polystyrene design (e,=3.80,2.46). The gain is 31.2 dB with the first sidelobe at -28 dB, and a
Teflon matching layer is expected to give an additional 1.1 dB of gain. A 32 \ diameter design
is expected to give a gain of 37.7 dB with sidelobes at -24 dB, and an 80'\ diameter design is
predicted to give a gain of 50.7 dB with -23 dB sidelobes. Essentially, these designs permit very
wide angle scanning, but they would be much heavier than lenses having an optical axis.

Geodesic lenses make use of the path-length variation in the space between two saucer-
shaped metal surfaces, as shown in Fig. 4 [28]. In a folded geometry this design has been
implemented at EHF [8]. However, this device scans in one plane only and it cannot be
adapted easily to the EHF SATCOM application.

7.

Bootlace Lenses.

Bootlace lenses (Gent lenses, Rotman lenses) scan in one plane only but like 2-
dimensional metal plate lenses they embody an important design principle, namely that of per-

fect off-axis focusing at a finite number of points as a substitute for (and improvement on) the "

use of the Abbe sine condition; see Rotman and Turner [29], Kales and Brown [30], Shelton
[31]. The concept is illustrated in Fig. 5.

8.

Waveguide Lenses.

Up to about 10 GHz a number of waveguide lens designs have been developed over the
last decade. An X-band design intended for synchronous-orbit application was described by
Dion and Ricardi [32], consisting of a 30" diameter zoned circular-waveguide array with F/D =
1.0 and fed by a 19-horn array. It provides earth coverage with 30 dB gain spot beams and
sidelobes at -20 dB. It has a bandwith of 10 percent for a 0.5 dB gain reduction and a 3 dB
half-power beamwidth. A subsequent analysis was carried out by Lu [33]. The above articles
indicate that the lens approach was decided on after considering competing reflector and
phased-array designs.

An X-band version of the Dion and Ricardi [32] stepped waveguide lens design was
described by Scott, et al. [34]. The lens had one spherical surface centered on the feed and one
ellipsoidal surface; it had a diameter of 46" and F/D = 1, with 1528 square waveguides
arranged in a square grid. The feed comprised 61 horns arranged on a spherical surface.
Single-horn excitation produced a 2 °beam, scanned over =9 °, with a -20 4B sidelobe level,
and excitation of all 61 horns produced an 18 ° nominally flat- topped beam (3 dB peak-to-peak
ripple).

The usual narrow bandwidth of waveguide lenses has been increased by constraining the
ray paths to have equal group delay [Ajioka and Ramsey [35]; Dion [36]]. In the Ajioka and
Ramsey work, a 46" diameter circularly-polarized lens fed with a 7-horn cluster was demon-
strated to function over 7 to 9 GHz with a maximum gain of 36.dB, 2 ° beamwidth, -20 dB
sidelobes and a =10 °scan (9 beams across) with sidelobes rising to —16 dB at the scan limits.
This design includes: a) a spherical inner surface to satisfy the Abbe sine condition, b) an ellip-
soidal outer surface (making the lens thickest on-axis in contrast to other types of waveguide
lens), and ¢) ‘half-wave-plate’ phase shifters inside the 1573 waveguide sections. The evolution

-of the group-delay concept is illustrated in Fig. 6.

A 110) diameter (24"), 55 GHz lens has been described by Dion [37], the lens having
been machined from commercially available aluminum ‘honeycomb’ stock. The design had
F/D = 1.5 and produced a 0.7 ° beamwidth as shown in Fig. 7. Random irregularities in the
cell width were believed to be responsible for the low efficiency of 18 percent and the irregular
patterns. Zoning was proposed as a curative measure although the machining technique used
would surely produce ragged zone edges.



9. N

Liquid Artificial Dielectrics.

Buscher [38] has described waveguide measurements at 35 GHz and 96 GHz on Kerr-
effect phase shifters employing suspensions of aluminum flakes in low-loss dielectric liquids
such as n-Heptane and FC-75 Fluorocarbon (with a surfactant to stabilize the suspension
against settling). With cells 10 free-space wavelengths long phase shifts up to 180 ° were

‘attained when a transverse voltage was applied, with the shifts being about 1 °to 2 ° per rms

volt in the 100 volt range. Losses ranged from 1 to 5 dB over the cell. The concept requires
more development but ultimately it is claimed to be promising for voltage-controlled EHF
lenses. The experimental difficulties include toxicity and flammability of the liquids used.

10.

Electronic Lens Control.

A beam-steering lens antenna derived from radome concepts (hence called RADANT)
has been described by Chekroun, et al. [39], Park [40], and Pauchard [41]. The lens is made up
of layers of parallel wires in which series-connected diodes have been inserted, as shown in Fig.
8. The diodes are used either ‘on’ or ‘off’, thus creating two phase-shift states. The addition of
continuous wires of different diameter (Fig. 9) introduces a sufficient number of adjustable
parameters to permit reduction of reflections to zero for both phase-shift states (normal
incidence only). Lenses of this type have been built for frequencies up to 15 GHz, but perfor-
mance data is not available. The RADANT appears to be useful only for linear polarization.

Wang, et al. [42] have recently built lenses consisting of PIN diode-controlled slot arrays
and PIN diode loaded spiral arrays which are similar in concept to the RADANT, as shown in
Fig. 10. They have carried out measurements up to 15 GHz but have achieved only marginal
agreement with moment-method theoretical calculations. They point out that the PIN diodes
are expensive, have forward bias properties which vary from diode to diode and are subject to
damage from electrical discharges.

11.

" The Problem of Charge Accumulation and Arc Discharge.

The region of synchronous orbit is characterized by the presence of energetic electrons
(tens to hundreds of keV), and furthermore the population of energetic electrons increases dur-
ing periods of solar activity (‘‘magnetic storm” periods). These electrons will penetrate into
exposed dielectrics such as lenses, thus building up a subsurface layer of negative electric
charge. The outer surface can become positively charged due to secondary emission and ion
accumulation, thus creating a high-field region near the dielectric surface. Breakdown can
occur, followed by propagation of the breakdown arc through the charged region and ejection of
both molten material and electrons. The total current of ejected electrons from laboratory
simulations of such discharge has ranged up to hundreds of amperes depending on the size of
the charged region which is drained during discharge (for references see the December issues of
IEEE Trans. Nucl. Sci., for 1976 through 1981.).

The problems caused by these discharges are clearly: 1) physical surface damage, 2)
electrical interference, 3) damage to electronic components such as phase-shifter diodes which
are integral parts of lenses or lens feeds, and 4) increased attenuation in lens material due to
electron-beam-induced conductivity. The ultimate solution will probably be the use of coatings
or of additions to produce enough surface or volume conductivity. to drain off the accumulated
charge. The state of the art is that such curative techniques are not yet fully developed. It is
worth pointing out that potential spacecraft charging problems have to be assessed even if
lenses are not used, because discharges on nearby exposed dielectrics such as thermal blankets
may damage antenna phase shifter diodes. Furthermore, there is reason to believe that
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penetrating radiation (fractional-megavolt electrons) may be intense enought to cause discharge
damage in shielded components, especially under conditons of nuclear-enhanced radlatlon from
the B-decay of radioactive debris.

12,

A Design Example.

The most promising multi-beam EHF lens design identified so far is that of Rotman [20],
which has already been discussed. A sketch and computed patterns are shown in Fig. 11, Its
specifications for operation at 44.5 GHz are: D=90\,=24", F/D = 1.5, minimum lens thick-
ness = 0.25", refractive index = 1.59, weight less than 10 pounds. For -10 dB edge illumina-
tion it exhibits a boresight gain of 48.5 dB, bandwidth of =1 GHz and minimum gain of 47.0
dB at edge of band and maximum scan (8.6 °from boresight). If full electrical scan could not
be implemented, then a tilting plane mirror could provide mechanical scanning (W. Rotman:
personal communication).

For a multi-beam antenna generating one beam per feed horn, with the horns in a close-
packed array, it is clear that the horn aperture diameter determines the minimum angular steps
in the scanned beam direction. For good coverage, the angular scanning steps would be
approximately equal to the -3 dB beamwidth, or in other words, the scanned beams would exhi-
bit -3 dB crossovers. To review this, we make the following definitions:

a = scan angle (in degrees).

Ao = minimum scan angle step (in degrees) determined by feed horn aperture
diameter. .

d = feed horn aperture diameter.
= lens diameter.
F = lens focal length.
A = wavelength.
6 = angle subtended at focus by lens radius (in degrees).
¢ = -3 dBbeamwidth of lens radiation pattern (in degrees).
From the geometry it is clear that

tanAa=d/F
and
tanf=D/2 F
or, approximately for small angles,
Ba 4 and —0— =2
57.3 F 57.3 2F .
It is well known that the -3 dB beamwidth of the lens can be expressed as
¢=kx/D

where k is of the order of one radian, dependent on the aperture illumination. The
design of Rotman [20] assumes a -10 dB lens edge illumination (-10 4B taper), for
which Rotman’s data gives k = 66.0 ° For the feed horn, consider a corrugated
horn with a small flare angle. For a 5 ° half-angle, the design data of Chan [43]
gives the following for -3 dBand -10 dB pattern half-angles:

0(—3dB) = 37.00/d and 6(—10dB) = 66.6\/d
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~

The numerical constants 37.0 and 66.6 would be somewhat larger for larger flare
angles.

For -10 dB edge illumination, the above formulas give the following, which is
independent of wavelength:

66.6

Aa _

el 2% G0~ 2.02
For -3 dB edge illumination, the same procedure gives
Ao _ 370 _
s = 2><~———6 €0 1.12

which should be corrected to a slightly larger value if the constant 66.0 ° were
replaced by some value closer to 57.3 °which would be more appropriate for a -3 dB
taper. In general the above formulas make it clear that even to approach a -3 dB
crossover level for the scanned beams, a -3 dB lens edge illumination would have to
be used with a consequent high level of spillover. With a -10 dB edge illumination
the scanned beams would be separated by a centre-to-centre angle of more than two
beamwidths. Thus, it is clear that electronic scanning coverage is limited by feed
horn diameter. Furthermore this approximate analysis shows why the X-band
multi-beam lens of Dion and Ricardi [32] ended up with an inevitable compromise
design of -5.2 dB lens edge illumination and -4.5 dB scanned-beam crossover levels.
One would have to either tolerate such a compromise or try to design a feed horn
producing the same pattern but having a smaller aperture diameter.

Two-lens EHF systems of the phased-array type illustrated in Fig. 2 could also
be designed. A detailed design would be requiréd in order to evaluate scanning
beam coverage and sidelobe levels. To date, no detailed discussions of such systems
have been found in the literature, so no information on matters such as scanning
aberrations is available., Obvious disadvantages of such systems are the increased
weight and increased system length, both associated with the presence of the addi-
tional lens.

13,

Conclusions.

Zoned dielectric lenses perform well and are light enough to be feasible in
single-frequency multi-beam EHF antennas. Feed horn aperture size limits elec-
tronic scanning coverage and could necessitate partial mechanical scanning in some
situations.

Other lens antenna types require further study to establish feasibility. Of
these, the phased-array type consisting of two zoned dielectric lenses is deserving of
particular attention. The diode-loaded-wire lens designs may be feasible eventually
at EHF, but extensive development is required to overcome the drawbacks which
have been identified.

All EHF lens designs which are presently feasible or potentially feasible
involve large amounts of dielectric material exposed to the energetic electrons and
ions which populate the synchronous-orbit region. The threat of material damage
and electromagnetic interference due to charge accumulation and resultant arc
discharge on these materials needs to be assessed, under both natural and nuclear-
enhanced radiation conditions, before space implementation can be recommended.
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Chapter 3
REFLECTOR ANTENNAS.
S. Dmitrevsky
1. .

Introduction.
This section will review the major features of reflector antenna at microwave frequencies

{11, [2].

The basic purpose of this type of antenna is to generate a distribution of amplitude, phase
and polarization on a section of a surface, usually a plane, called the aperture, such that the far
field pattern produced exhibits desirable properties such as beamwidth, sidelobe level, location
of nulls and polarization.

The prime source of the electromagnetic field in free space is usually an area the dimen-
sions of which are of the order of few wavelengths and the field radiated therefrom possesses
approximately spherical equiphase surfaces. A common aperture distribution is one in which
the phase is constant. With approximate spherical equiphase surfaces of the primary source an
easy way to obtain this distribution is to reflect the wave emanating from the primary source by
the surface of a paraboloid of revolution the focus of which is in the vicinity of the primary
source. This basic concept has evolved into many forms dictated by system requirements and
the need to optimize various aspects of the performance.

Methods of analysis of this category of antenna systems are simplified when the antenna
dimensions are very large compared to the wavelengths: it is possible to obtain good approxima-
tion of the performance by employing methods of geometrical optics, to be complemented
when necessary by inclusion of diffraction effects. .

The major problem with reflector antennas is the fact that the feed located near the focus
may lie in the region of reflected beam resulting in partial aperture blockage. This usually has
an undesirable effect on the antenna performance. Another effect potentially degrading the per-
formance is the distortion of polarization. These circumstances led to the development of
several variants of the basic reflector antenna system described above, some of which will be
described below.

Apecture blocking can be eliminated by using offset feed in which the feed located at the
focus of the paraboloid illuminates a section of the reflector not centered on the axis. An ex-
ample of this type of antenna is the parabolic horn antenna. This configuration eliminates the
problem of aperture blocking. The penalty incurred is the fact that the asymmetric excitation of
the reflector enhances the effects of geometric optical aberrations, the foremost of them being
the coma, especially if the feed is extended, a feed array rather than a single source, as is the
case in applications requiring scanning of the beam. An example of an antenna of this type is
shown in Fig. 1.

Another limitation imposed on the system as a whole is that of the size. The dimensions
of the paraboloid reflector are usually set by the requirements such as beamwidth or gain. The
geometric optical performance improves with increasing ratio of focal length to the antenna
dimension. This, however, may result in inconveniently large system, and may also require
large dimensions of the primary source aperture to ensure that its diffraction pattern does not
result in an objectionable level of spillover. The drawback may be removed by employing auxi-
liary reflectors, consisting usually of paraboloids, ellipsoids or hyperboloids of revolution, mutu-
ally confocal, the configuration having been so as chosen to obtain the desirable system features
with respect to size and aperture blocking [3). Fig. 2 shows an antenna system of this type.
Another example in this category is the Cassegrain antenna.
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It may -be expected that the increased number of reflections in a multireflector
configuration would contribute to the distortion of the original polarization generated in the
feed. This effect can be reduced by employing two geometrical optical properties of systems of
mutually confocal conoids of revolution. These are:

)] The pattern and polarization of a beam originating in a focus of a conoid of revo-
lution and propagating in the direction of the axis is preserved in the beam that
diverges after reflection from the second focus.

(ii) A beam originating in a focus of a conoid of revolution and undergoing multiple

- reflections by a system of mutually confocal conoids undergoes the same distortion
as a beam radiating and emerging from the focus of single equivalent conoid of
revolution.

These two results may be employed to optimize. the performance of multiple reflector
antenna systems. An example of the optimization procedure is shown in Fig. 3.

2.

Steerable Beam Reflector Antennas.

The requirement that the antenna beam be scanned, and that a null be generated in a par-
ticular directions imposes additional demands on the antenna system and its feed. Scanning can
be effected by mechanical means in that either the whole antenna system or the feed alone are
displaced as required, or by electronic means. Beam shaping can be achieved by electronic
means alone. Electronic means only will be considered in this report. These, however, can be
studied in some depth only if some specific requirements are identified. For the system under
consideration these are:

@) Narrow band geostationary communications system.

@ii) Downlink frequency 20 GHz.

(iii)  Uplink frequency 44 GHz.

(iv)  Scan angle for both channels 4 °x 10 °

) The uplink antenna to have a capability of synthesizing a null in arbitrary direction
within this scan range.

There are two Ways of effecting electronic scan in reflector type antennas. They are: A
@) -The multiple beam and,

(i) the phased array methods.

Employing optical terminology their operations can be described as follows:

@) In a multiple beam system the antenna images the scanned area on its own focal
plane [4].

(ii)  In a phased array antenna the feed array is imaged on the aperture, the aperture
distribution being the Fourier transform of the desired beam shape [5], {6].

It is evident that in both instances the primary feed covers finite area and is not even approxi-
mately a point source.

The choice between the two alternatives may be based on the considerations presented
below.

The prime feed consists of a finite number of radiators of the horn or microstrip
configuration. In a phased array system the signal in each of them has its amplitude and phase
adjusted to a desired value. This is more easily done in a receiver application where these ad-
justments can be made at IF rather than at the signal frequency.

In a multiple beam system a sector of the target area is illuminated by an element of the
feed array and scanning is accomplished by switching elements of the feed, a method suitable in
transmitter applications.
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For reasons mentioned above the review of the properties of antenna systems given below
is based on the assumption that the downlink antenna will be of the multiple beam type while
the uplink one will operate in the phased array mode.

3.

Dimensions of Main Reflectors.

This subsection will discuss the dimensions of main reflectors in relationship to the scan
range, gain, beamwidth and the number of independently controlled feed elements. The fol-
lowing designations will be adopted:

(a, B): angular dimensions of the scan,

0: the beamwidth,
N: the number of independently controlled elements or clusters in the feed array and,
D: the diameter of main reflector.

It is pointed out that the results obtained are approximate to within 20 percent in that
they were developed on the basis of certain simplifying assumptions such as circular reflector
shape and uniform aperture illumination. These assumptions were necessary unless one was to
consider specific configurations as the basis for analysis.

The relations to be derived are slightly different for the multiple beam and phased array
modes and will be discussed separately.
(i) Multiple beam systems:

Assuming hexagonal lattice coverage of the scan area, the beamwidth 6 and the scanned
solid angle « B are related by the equation

a 8= N¢* 27%/8
6 = 1.25(c B/N)* ‘ (1)

The approximate expressions for the diameter D and the gain G follow (with a, 8 expressed in
radians): "

= x/o = 0.8\ (N/a B)* (2a)
= 47/9* = 8N/a B 2v)

The values of 6, D and G are plotted against N in Fig. 4 for @ = 10 °and 8 = 4 ° (approxi-
mately 1/6 and 1/14 radians respectively), and A = 1.5 ¢cm in the 20 GHz downlink. The
choice of N as the independent variable was dictated by the expectation that it may be one of
the limiting factors in the realization of the system.

(ii) Phased array systems:

The distribution of the field amplitude and phase in the aperture plane of the main
reflector is a magnified image of the amplitude and phase distribution in the prime feed plane.
In as much as the feed consists of N identical elements with signals differing only in their
phases and amplitudes, the aperture plane is covered by N radiating areas with identical pattern
which combine in the far field in accordance with their phase and amplitude relationships. The
overall pattern is therefore the product of the pattern of individual feed element image in the
aperture plane, and the array pattern determined by the relative amplitudes and phases of array
elements. The discussion below is based on the following assumptions:

(a)  individual array element has aperture distribution similar to that of TE,; waveguide

mode (this assumption simplifies the calculations in that the pattern does not
devieate excessively from being axially symmetric),
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(b) amplitudes of all array elements are the same and,

(c)  the phase of individual elements varies lineraly over the array.

Under the above assumptions the beamwidths 0° and ©" for a rectangular main reflector
are given by

9'=.a/N1 » ®"=Q/N2 (3)

Combining the above relations to obtain the dependence of the total number of array elements
N; N, = Non the solid angle of the scan, @ 8 one obtains '

' ©'=qaB/N; Ny, =aB/N 4)
Introducing the effective circular beamwidth 9 by the equation
wo*/12% = ¢' @'’ (5)
one obtains the following equation '
9 = (12%m)%(aB/N)* = 1.05(aB/N)"* | (6)
The diameter D and the gain G are then (with « and B expressed in radians)
D = \/§ = (\/1.05) (N/ap)* (7a)
G = 47/9* = 11.3N/aB (7v)

The values of 9, D and G are plotted against N in Fig. 5fora =10 ° 8=4 °and A = 6.8
mm in the 44 GHz uplink.

It is apparent from Fig. 5 and Eqn. 7b that the number of elements in an array, the scan
angle and the antenna gain are dependent on each other. The complexity of the electronic cir-
cuitry in an adaptive system may limit the number of controlled elements reducing thereby the
gain for a given scan range.

As has been mentioned before, the gain of a phased array antenna is the product of the
gain associated with individual array element and the array factor. The beamwidth of the indi-
vidual element must cover the whole scan range, determining thereby its gain. The beamwidth
of the combined system is reduced by the application of the array factor which is inversely pro-
portional to the number of elements. If this number is small the desired antenna gain can be
obtained only by reducing the scan range. It is, however, possible to realize a large scan range
with small number of individually controlled array clusters containing several array elements.
The beamwidth associated with each cluster can be made sufficiently narrow to produce the
desired system gain. To retain a large scan range the phasing of elements within individual
clusters can be switched among several discrete states, identical for all clusters, to direct indivi-
dual beams to the desired sectors of the scan range. The system would avoid the complexity of
a large adaptive system in that only the outputs of the small number of clusters would be avail-
able for adaptive processing because the scan range switching is a discrete operation not requir-
ing complicated circuitry. :

As an example consider-a system requiring about fifty elements to achieve the desired
gain and scan capability, but in which the adaptive processing can handle seven inputs only.
Both sets of requirements can be met if the array is split into seven clusters containing seven
elements each. If the seven elements within each cluster are assigned seven appropriate,
discrete phase distributions, identical for all clusters, the antenna system will exhibit the gain
corresponding to a forty-nine element array, the desirable scan range and an adaptive process-
ing system will seven inputs only.
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4.

Feed Systems - Introduction

A feed system consists of a primary feed excited by or exciting the signal generating or
processing portion of the communications link, and the interface between it and the main aper-
ture. The primary feed element may be a horn, microstrip radiator, or any other source of elec-
tromagnetic radiation. At frequencies of interest in this study the wavelengths are appreciably
smaller than the elements of the feed, excepting the primary sources, and method of geometri-
cal optics may be applied to study the system behaviour, modified when appropriate by the limi-
tations imposed by diffraction.

The prime purpose of the intermediate feed elements is two-fold:
(i)  remove the feed from the main beam and,
(ii) reduce the size of the prime feed.

In the systems considered the main reflector aperture is always a section of a paraboloid of
revolution. The feeds fall into two categories depending on whether one deals with the multi-
ple beam or a phased array antenna.

5;

Feeds in Multiple Beam Systems.

In a multiple beam configuration a portion of the scanned area is imaged on a particular

element in the feed array which must be located in the focal plane of the prmcxpal reflector, in

the vicinity of the focus.

, To avoid aperture blocking it is a common practice to employ offset feed geometry as
shown in Fig. 1. The area A of the feed array is determined by the scan angles «'and B and is
given approximately by the equation

A=apf? (8)
where f is the focal length of the paraboloid. The equation is 6nly an approximation because
for offset configuration the distance between the centre of the reflector and the focus is larger

than f. If there are N elements in the array, the geometric mean of the dimensions of each ele-
ment, d is given by

d = (4/N)% = flap/N)* , (9a)

On substituting for N from Eqn. 2a this equation becomes

d =08 f\D (9b)
The transition between the Fresnel and Fraunhofer regions for the feed element aperture, d?/\
is approximately 0.5/2/2D? which, even for the smallest useful ratios D/f is much smaller than

f. The main reflector thus lies in the Fraunhofer region of the feed aperture. The beamwidth A
of an uniformely illuminated aperture is

Ad = 125D/ f (102)

The dimension of the feed beam on the reflector aperture, f¢ is thus equal to
of = 1.25D (10b)

This relation indicates the existence of some spillover., The phenomenon is due to the fact that

in order to assure complete coverage of the scanned area some beam overlap is necessary, -

whereas no overlap of feed elements in the feed array are possible.

It was mentioned in the Introduction that small values of D/ f ratio are desirable if aberra-
tions are to be reduced. The disadvantages accruing are:
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() increase in the dimensions of the antenna system and,
(ii) increase in the dimensions of the feed 'element aperture.
If d is to be equal to A the combination of Eqn. 2 and Eqn. 10b results in the relation
D=038f an

Should one employ a system with lower ratio of D/f, the dimensions of thefeed element aper-
ture, and the feed array itself may become inconveniently large. It is possible, however, to
avoid this disadvantage and still retain low D/f ratio by employing a hyperboloid auxiliary
reflector generating a virtual focus far from the main reflector as shown in Fig. 2.

6.

Feeds in Phased Array Systems.

The basic antenna arrangement in the phased array configuration consists of two para-
boloids, the main reflector and the smaller, confocal, coaxial secondary reflector the function of
which is to produce a magnified image of the feed array in the aperture of the main reflector.
An example of such system is shown in Fig. 6. The magnification, equal to the ratio f1/f? of
the focal lengths of the main and the secondary reflectors ranges usually from 3 to 7. Because
the focal length of the secondary reflector is appreciably smaller than that of the main one, the
image of the aperture of the latter lies in the vicinity of the focal plane of the former.

It will be useful to estimate the size of the secondary reflector. If f is the focal length of
the main reflector and n the magnification ratio, the focal length of the secondary reflector in
f/n. The image of the main reflector aperture lies in a plane approxiamtely perpendicular to the
axis of the paraboloids at the distance (n+1) f/n? from the vertex of the secondary reflector.
The dimension of the feed array is D/n (D is the diameter of the main reflector). Due to the
scan the dimensions of the secondary reflector will be larger as it has to intercept the rays com-
ing from all directions of the scan range. The dimensions are:

d, = (D/n) 1+a(n+1)/q]
dg = (D/n) 1+B(n+1)/q] (12)

where q = D/f.

For the values of « =10 °and 8 = 4 % n = § and q = 0.67 the dimensions of the secondary
reflector are . '

d

44

= D/2, dy= D/3

It follows from Eqn. 12 that the dimensions of the secondary reflector are reduced for
increasing values of n, the magnification. This can be accomplished by increasing the focal
length of the main reflector, or reducing the focal length of the secondary one. The disadvan-
tage of the former method is that the overall dimensions of the system are increased while the
second method is limited by the need to reduce the aberrations caused by the secondary
reflector.
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7.

Combined Uplink - Downlink Antenna System.

The switching mode of operation in the muitiple beam system is more suitable for down-
link operation while the phased array system is appropriate for the uplink service. It is also pos-
sible to employ a diplex system employing a common main reflector, a diplexer and dual feed
system [6]-[8]. A possible configuration of the system might consist of:

(a)  the main reflector,
(b)  a hyperboloid subreflector removing the feeds from the path of the main beam,

()  an interferometer diplexer operating in the transmission mode for the 44 GHz uplink and
in the reflection mode for the 20 GHz downlink beams,

(d) a secondary reflector imaging the main aperture on the phased array feed of the 44 GHz
uplink signal,

(e) another secondary reflector or a small lens imaging the scanned area on the feed array of
the 20 GHz downlink signal and,

(f)  the two feed arrays.

A dual feed system employing interferometer diplexer is shown in Fig. 7. It differs from
the system discussed in this subsection in that both channels are of the phased array type.

A critical element in the system is the diplexer. It can be either of a metallic mesh type
or a dielectric slab. The former suffers from the disadvantage that it is polarization sensitive
and its operation depends critically on the directions of the main beams. Both of these disad-
vantages are eliminated with the employment of a dielectric slab of high permittivity. In this
case the direction of propagation within the slab is only weakly dependent on the angles of
incidence. Calculations show that a rutile ceramic slab (relative permittivity 100) about 7 mm
thick would possess desirable characteristics.
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Chapter 4
MICROSTRIP ARRAYS.
" Y.L. Chow
1,
Introduction.

A microstrip antenna, like a printed circuit board, is compact, light weight, easily tran-
sportable and can be made to conform to the structure of the carrying vehicle such as a ship or
an aircraft. Because it can be made without pertruding parts, it is very rugged mechanically.
Because it is printed, it is simple and low cost when compared to other types of antennas such
as horns or reflectors.

Due to these advantages, the microstrip antenna is a logical choice for the earth-terminal
antenna for SATCOM. A microstrip antenna generally has a narrow bandwidth, say 2 to 5 per-
cent. Fortunately, this is the bandwidth required for the earth-terminal antenna.

We shall separate this discussion in microstrip antennas in two parts. The first part is the
literature survey and general discussions. The second part is the discussion of a recommended
microstrip antenna in the form of an antenna array for high gain.

Part A: The Literature Survey and General Discussions.
In this part of the report, we shall study:
(i)  the number of microstrip antennas needed for the directive gain requirement;
(ii) the effect and implementation of the beam scanning;
(iii) the shape and feed of the antenna elements to satisfy the requirements of versatility
in polarization and reduction in coupling between elements;
(iv) the corporate feed for a rectangular array;

(v)  the material of the microstrip substrate for low loss and compliability to form a con-
formed array on the carrying vehicle.

2,

The Number of Elements in the Antenna Array.

Bach [1] gave a formula of the following form for the directive gain D of a microstrip
antenna array of N elements:

D= Gel + 10 10g10 N (db) ’ (l)

where G is the element gain in dB. Because of the loading of the electric substrate, a micros-
trip antenna element is normally small in terms of wavelength and gives low antenna gain.
However, because the microstrip antenna radiates only in one direction due to the ground plane
the gain is doubled. As a result, we can say G,; = 4 dB for a microstrip antenna of any simple
shape, such as a dipole, a square or circular patch.

If we require an uplink gain of D = 48 4B, this would make the number of elements
required in (1) to be N = 2.51 x 10*. This number is far too large and is impractical for an
array.

If we take the back-off position of D = 36 dB, then with G,; = 4 dB, the number of ele-
ments required in (1) is N = 1580. To suit the corporate feeding network required for phase
scanning of the array, we raise N to 2048, i.e. 2!! or reduce N to 1024, i.e. 29, These are rea-
sonable numbers of elements since Murphy [2] has built a SEASAT satellite array of 1024 ele-
ments (see Fig.1).
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The directive gain assumes no los$es in the feeding network. With the network losses,
the absolute gain can be substantially lower than the directive gain. An example of this is given
by James, et al. [3].

Because of the losses in the feeding network increase with the array size James, et al. [3]
show that there is an upper limit to the absolute gain of the array. The absolute gain actually
decreases .beyond this limit of array size.

The array configuration can be a rectangular or a hexagonal (or triangular) grid. A hexag-
onal grid configuration may be more desirable because of the distance of grating lobes to the
main beam is farther for a given element density in the array. On the other hand it may be
difficult to use the corporate feed for the hexagonal grid. Therefore, if the corporate feed prob-
lem cannot be solved we may have to use the rectangular grid.

3.

The Effect and Implementation of Scanning.

When the array beam is electronically scanned from its-broadside direction, the beam
broadens. The broadening is proportional to the secant of the polar angle  from the broadside.
At ¢ = 60 °it is observed that sec§=2 and an array directive gain only suffers a loss of 3 dB.
The directive gain deteriorates rapidly beyond this point. It is recommended, therefore,
mechanical scanning be used for 6 beyond 60 ° '

The electronic beam scanning requires a corporate feeding network to the radiating anten-
nas. If 2048 elements are used, 2048 pin diode phase shifters are required. The details of the

“increments in the phase shifting, especially for the hexagonal array arrangement or for a curve

surface are to be designed.
4.

Corporate Feed for a Rectangular Array.

The corporate feed for a hexagonal array presents a difficult problem and is to be worked
out. The corporate feed for a rectangular array on the other hand is straight forward. An
example is given below.

A phase shifter can be attached to each element for scanning purpose. The number of
phase shifters will then be equal to the number of elements. If each of the elements has two
inputs (for circular polarization, cf. Section 5) then two corporate feed networks are required.
Thus, the number of phase shifters w1ll be equal to twice the number of elements.

In the corporate feed, various power splitters as in Fig. 2 (a), (b), (c) and (d) can be
used. Types (a) and (b) have insulation between the two branches and therefore the radiating
elements have no coupling through the feeding network. However, such splitters are larger
than types (c) and (d).

The power splitter can be made asymmetrical for nonuniform illumination across the
array. The phase error introduced can be compensated by a technique shown in (e) and (f).
The detail of the technique is given in [13].

5.

The Shape and Feed of an Antenna Element.

A versatile patch antenna which gives both linear and circular polarizations may be a
square patch fed by a 90 °hybrid [4], as shown in Fig. 3. By suitably adjusting the phases and
amplitudes of feeds 1 and 2 various polarization can be obtained.

A circular patch may be used without much difference in the radiation pattern of the ele-
ment. Because of the 90 ° hybrid feed, it may be difficult to space the antennas to form an
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array, especially the hexagonal grid array. Therefore, one may have to consider a ‘“‘two RF
boards structure”’, that is: the radiating antenna on top of the ground plane and the hybrid feed
below the ground plane. The interconnections are made by feed-through pins.

The square patch elements are more suitable for the square grid array and the circular
patch element are suitable for both the rectangular and hexagonal grid array.

Based on the experiments by Jedlicka, et al. [S] and the theoretical results by Chow and
Fang [6], it seems that the coupling between the square patch elements is about 4 dB higher
than that between the circular elements. This makes the circular patch elements a better choice
as the array elements.

The above coupling results are for elements on flat surfaces. It is believed that the cou-
pling results are similar for elements on a curved surface in a conformal array. Other types of
circularly polarized patch elements that are different from that in Fig. 3 are available. Some
examples are given below in Figs. 4 and 5. Their effect on coupling is not known but can be
calculated from the theory of Chow and Fang [6].

6.

The Material of the Substrate.

The substrate materials for a microstrip antenna and array are available in a Ball
Aerospace Report [7] or a book by Bahl and Bhartia [8]. Some of them are listed below.

(i)  Fibreglass reinforced with polyolefin (¢, = 24)

(ii)  styrene copolymer (e, = 2.53)

(iii) sapphire (e, = 9)

(iv)  aluminium (e, = 9.8)

(v)  types of PTFE (Polytetra fluoruethylene) (e, = 2.1 to 2.5).

They all appear to give about the same loss tangent (of the order of 1 X 1074). It appears that
higher dielectric constant material give smaller patches and therefore less coupling. However,
the material is more fragile and non-conformal. Because of the confomity difficulty it appears
that a lower €, material such as teflon-fiberglass may be suitable.

7.

Conclusions.

In summary, the above shows that one may be able to get 36 dB directive gain from a
1580 element hexagonal array. The element may be circular and gives linear and circular poli-
zations. The feed is connected through a 90 °hybrid and is fed from below the ground plane to
the antenna above. The substrate of the microstrip may be teflon-fiberglass with mechanical
flexibility required in a conformal array. The conventional feeding network is the corporate
feed. The phase shifters are of the pin diode type.

In the next part of this discussion we shall study the design of a particular microstrip
array.

Part B: A Tentative Design of a Microstrip Antenna Array.

Part A discussed in general terms the design requirements of the microstrip phased array
and their possible solutions. In Part B we shall be specific by discussing the design of a particu-
lar array. In this part, specific choices of design are chosen either because the choice of design
is better than the alternative, or because the choice is taken simply to eliminate unnecessary
decision between two or more equally well designs.

For the specific array design we study the following:




43

(i)  The 3-faced array pyramid for horizon to horizon scanning coverage.
(ii)  The circular disk antenna element for the circular polarization.

(iii) The phase shifters.

(iv) The array layout on each face of the array pyramid.

(v)  The feeder systems for the array.

In Section 12 the loss of the feeder system is discussed and from the discussion, the
microstrip feeder system (instead of the image line one) is chosen.

An novel feeder system, which has the lower loss than the image line system, but has an
easier fabrication than the microstrip system, is discussed at the end of this report.

The conclusion of this part discusses the array designs as a whole and gives some explana-
tions, with reference to Part A why some choices in the designs are made.

It may be noted that in this part we shall call the corporate feed a corporate feeder, and
the horn reflector feed the horn reflector feeder. These new terms are used so that the anten-
nas inside the horn reflector later in Fig. 18 can be called feeder antennas so that they are not
confused with the feed waveguide of the horn reflector or the antennas of the microstrip

antenna array.

8.

The Three-Faced Array Pyramid.
Before discussion the array pyramid we shall establish two points:

) For scanning without grating lobes but with the maximum gain, the element
separation should be kept at 0.5 Ao (free space wavelength) in the array. This
rules out the possibility of piggy-backing of the high frequency array elements
on the low frequency ones. Therefore we need in fact two separate arrays,
one for the uplink frequency (44 GHz) and one for the downlink frequency
(21 GHy).

(ii) A circular polarization is needed for the array since a mobile earth terminal
cannot maintain a constant linear polarization of its antennas with respect to
that of the antenna of the satellite.

With these two points established we shall now discuss the three-faced array pyramid.

A planar array cannot be scanned to the horizon because of the fattening of the beam
shape and the loss of circular polarization. Therefore, it can only be scanned to a maximum of,
say =60 °from its normal direction. To enable the scanning to the horizon Therefore, three
antenna arrays are needed, each one is to be mounted on a face of the pyramid of Fig. 6.

We may assume that the normal for each pyramid face is 45 °from the zemth direction.
Then each face of the pyramid will have a shape as shown in Fig. 7.

The uplink array has only half the linear dimension of the downlink array, therefore both
arrays can be fitted comfortably on a pyramid face as shown.

Except for the reduction in size, the uplink array and its antenna elements are identical to
those of the downlink array, therefore we need not distinguish these two frequencies in the dis-
cussion of the design of the antenna array.

9!

"The Radiative Element of the Array.

The radiative element of the array chosen for this design is the circular disk with a centre
short circuit and two-feed points at 90 °in azimuth angle from each other as shown in Fig. 8.
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Such locations of the feed points excite two orthogonal TM;; modes in the circular disk.

- The root of the TM;; mode is ka = 1.84 whre a is the radius of the disk. With e, = 2.1 for

PTFE substrate, we get
a= 1.84 _ 6.06 X 10° ' )
W€ [LoEQ f .
Therefore at frequency f = 20 GHz, a = 3 mm, and f = 40 GHz, a = 1.5 mm,

The PTFE substrate thickness can be 10 mil or 0.25 mm. This is acceptable as this thick-
ness amounts to 10 °electrically in free space even at 40 GHz,

The feed point location along a radius is not decided yet. However, from Long, et al. [9]
or from Bahl and Bhartia [10] one observes that it should be 1/3 radius out from the centre to
give a radiation impedance of 50 ohms,

10.

The Phase Shifters.
The directive gain of the array is given by

D=G,+10log N dB 3)

With G, = 5 dB, N = 1024 clements, we get D = 35 dB or the beamwidth of 3.5 ° For a
+60 °scan we need approximately 32 beam positions this means a 5 bit phase shifter. .

Following the phase shifter design of Amitay and Grace [11], the 5-bit phase shifter will
have the form shown in Fig. 9, 10 and 11. Fig. 11 is the driver for 4-bit phase shifter. A 5-bit
phase shifter is similar.

The detailed discussion on the phase shifter appears in Chapter 8 by Tiltek Limited in this
report, therefore it will not be repeated here.

11.

The Array Layout

A microstrip antenna array on the pyramid face is formed on a copper plate coated on the
top side by 0.25 mm of PTFE dielectric. On the top side the 1024 circular patch antennas are
arranged in a 32 x 32 square grid as shown in Fig. 12. For circular- polarization, each antenna
has two outputs this makes 64 outputs per row of antennas.and there are 32 rows in the array,
Each row of outputs from the bottom of the grid plane of the arrays is connected to a perpen-
dicular phase shifter and driver card as shown in Fig. 13. Each card has 64 inputs, and every
two inputs are connected to a hybrid for the required circular polarization. One arm of the
hybrid is corrected to a 5-bit phase shifter as shown in Fig. 14. Each phase shifter has an out-
put, and a driver board to activate the pin diodes.

12.

The Feeder Systems
a)  The Corporate Feeder.

The corporate feeder is assembled in a series of T-junction cards as shown in Figs. 15 and
16 that is, each 32 to 1 corporate feeder is to be etched on a card of aluminium coated copper
plate. As observed Fig. 15 a total of 33 such cards will be sufficient for the corporate feeder
system.

The Wilkinson isolated splitter [13] is used for each T-junction The Wilkinson isolated
splitter is shown in Fig. 2.
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(b) The Insertion Loss in a Corporate Feeder System

As pointed by James, et al. [14] that the conduction loss in microstrip feed line forms a
significant limit to the achievable gain in a microstrip array. As the array size grows, the direc-
tive gain will increase proportionally. However, as the array size grows the feed line lengths
become long and the feed line loss will eventually increase faster then the directional gain and
the net power gain of the array will therefore decrease.

Collier [15] has quantified the maximum of the net power gain if an array with corporate
feeder. Following his approach we arrive at the following for an N element square array with
elements spaced at 0.5 Ao (free space wavelength) from each other. First the directive gain is
that of Bach [1].

D=G,+ 10logy N dB (4)

where G, is the element gain, say 5 dB for microstrip paths.

The 0.5\, spacing of the elements implies that if the array area is L2, then 4 L2 / A§ = N,
where N is the number of array elements. As observed in Fig. 17 that in a corporate feeder the
length of feed line from the input point to any element is at least L or, more likely, L 3/2.
Then the net power gain of the array, modified from (4), is

G = G, + 10logg N \/_731- (5)

where F is the feed line loss in dB per wavelength.

For a microstrip line based on the measurements by Hori and Itanami [16] the factor F
seems to be a constant (with the minimum at about 0.04 to 0.06 dB per unit wavelength for
PTFE substrate), independent of frequency. This means that the net power gain in (3) is a
function only of the number of elements in the array. The higher loss in dB per metre in a
higher frequency does not affect the net power gain, as in this frequency the dimensions of the
array, and therefore the feed line lengths are shorter.

Fig. 17 plots the net power gain of the array versus the element number for different
losses. It appears that for 1024 elements. The microstrip line corporate feeder will have an
insertion loss of between 2 to 5 dB respectively for line lossess between 0.08 dB / Ay to 0.2
dB |/ \y. This kind of losses appear to be tolerable.

The image line has a loss less than 0.02 dB / A, according to Hori and Itanami [16]. Fig.
17 then shows that the corporate feed insertion loss can be no more than 0.5 dB. Such reduced
loss is accompanied by the expense of fabricating the image line and by the possibility of leak-
age from the dimensionally larger image line.

The two paragraphs above and Fig. 17 therefore show that if the feed line length can be
kept to 3 L/2 and the line loss can be kept to 0.05 dB / Xy, then the microstrip line corporate
feeder can be used, even at 44 GHz.

To end it is to be pointed out the insertion loss of pin diode phase shifter (5-bit) may be
on the average 2 dB. This loss was not included in the above calculations, but should be
included to get the absolute gain.

(c)  An Alternate (Horn Reflector) Feeder System

The previous section states that the insertion loss in the corporate feeder w1th image line
can have 0.5 dBloss. But because of its difficultly in construction, especially in the T-junctions
and quarter wave transformers, and because of the possibility of leakage, the microstrip line is
favoured. The corporate feeder of the latter line has a loss of about 1 to 3 dB.

To achieve the lower insertion loss of 1 dB, one has to be very careful in the etching pro-
cess of the microstrip line, especially at the high frequency of 44 GHz for the uplink. An alter-
native. system of feeding seems to be able to reduce the difficulty in construction and reduce the
insertion loss at the same time. This system is the horn-reflector system.
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A horn reflector [17] is a well known antenna as shown in Fig. 18. It is converted to a
feeder system through covering its aperture with an array of N feeder antennas, the antennas
may be linearly polarized microstrip patches.

The advantages of this system are as follows:
(1) It is a system easy to construct,

(2) It has low loss. According to Crawford, et al [17] the loss of the antenna is
only 0.09 dB. We can expect a similar small number for the corresponding
feeder system.

(3) It’s dimension normal to the aperture of the microstrip antenna array is not
large, but about the same as the aperture. In fact, this may be only twice as
long as the dimension of the corporate feeder mounted at the back of the
microstrip antenna array as shown in Fig. 15.

(4)  The horn reflector feeder system lends mechanical support to the flat micros-
trip antenna array.

The feeder antennas that radiate into the horn reflector have linear polarization, therefore
they can be simple circular disks identical to that in Fig. 8, but with only one, instead of two,
feeding point. Because of the similarity between the two antennas the details of the latter are
not repeated here.

13.

The Conclusions

The specific design of the array uses the three faced pyramid to enable the array to scan
from horizon to horizon. A planar phased array with some mechanical steering may do the
same, however, for mechanical clearance the mechanical steering device must raise the planar
array above the body of the carrying vehicle and therefore distroys the aerodynamic smoothness
in an airborne carrier. Therefore the mechanical steering is not considered.

As mentioned in Part A that the circular elements have less coupling than the rectangular
ones. Therefore they are easy to arrange in a square grid in Fig. 12 for the corporate feeder of
Fig. 15.

The phase shifter is taken from Tiltek’s Chapter 8 in this report. this phase shifter needs
two pin diodes per bit.

The: array layout is a square grid. It is chosen instead of the hexagonal grid because
square grid is easier to feed by the corporate feeder. However, if the horn reflector feeder is
used then the hexagonal grid may be used.

For ease of manufacturing and ease of packaging at the high frequencies of 21 and 44 GHz
all phase shifters and corporate feeders are printed on cards. This also makes it easier to delete
the corporate feeders cards and mount the array with its phase shifter cards directly on the horn
reflector feeder of Fig. 18.

An unexpected discovery in the report is that of the element separations are kept at 0.5
wavelength for arrays of all frequencies. then the insertion loss is nearly constant. This means
the microstrip corporate feeder can be used instead of the image line feeder. This way reduce
the complexity in the construction of the microstrip antenna array.

The horn reflector feeder is a novel idea, it is easy to construct, it has low loss and it can
feed a hexagonal array layout. Therefore it is a feeder that may warrant some serious con-
siderations. :

Finally, we may say that the above discussion points to the conviction that a 1024 element
microstrip antenna can be built. The insertion loss can be only 3 or 4 dB even for a microstrip
corporate feeder at 44 GHz
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One panel of 1024-element microstrip array for SEASAT satellite antenna.

(a) Front view, showing 8 subarrays of microstrip patches with integral micrstrip
corporate feeds.

(b) 'Rear view of one panel showing co-axial feed conneting 8 microstrip subarrays.



output

4 INpuUt se——————————————Output
1solatin A
nput r¢svs|or° M=
% m?éc:étd output
oulpgl
@ (d)
output —;_]—-l::_—_—'outpul wtmlToutpul
tnput nput
(c) (d)

©)

Fig. 2 Types of power splitter and phase errors that occur in in-line splitters.
(a) Wilkinson isolated splitter.
(b) Two-arm branch line isolated splitter.
(c) T-junction splitter.
(d) In-line splitter.

(e) Phase errors in an asymmetric power splitter. 0 = (actual electrical length -
physical mean path length) 01,02 = phase errors at bends; 03,04 = phase at
tapers w; = line width at input and outputs,

(f) Compensation method for phase errors in (e):
If ¥, > ¥, then d, > d, for exp(—j o t) time variation.

Circularly Pdlarized
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Fig. 4 Some possible configurations of microstrip patches for circular polarized applications.
(a) Offset rectangular open-circuit patches.
(b) Crossed-slot using four short-circuit patches.
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Fig. 5 Circular polarization of patches obtained by detuning of orthogonal modes.
(@) Almost square patch.
(b) Modes capacitively detuned with tabs and gaps at edges.
(c) Modes inductively detuned with central slot.
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Fig. 6 The pyramid with three equal faces for mounting the arrays.

101.54°
Downlink array (20 G Hz)

Uplink arroy
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Fig. 7 The layout of the arrays for up- and downlinks on each face of the pyramid.
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Chapter 5
REFLECTOR ARRAYS
Tiltek Limited ‘
1.
General

In a large class of antennas there is a primary antenna or feed, and a secondary antenna

which may be either a reflector or a lens.

The feed can take the form of one or more low gain horns, dipole-reflectors, or other type
of low gain structure intended mainly to illuminate an aperture of the secondary radiator.

The secondary surface is used to transform the incoming radiation from the feed into a
narrow beam emanating in the desired direction.

In the case where the secondary radiator is a reflector, it is common to have a shaped sur-
face such that the reflected beam may be derived from the incident rays by means of the princi-
ples of geometric optics, at least to a first order. Such is the case with parabolic and para-
boloidal sections. The surface impedance of such reflectors is usually zero since they are con-
sidered to be perfectly conducting. The effects of such reflectors my be determined purely by
their geometry. There is a more general class of reflectors, however, in which both the surface
geometry and the surface impedance may be used to redirect the incoming rays. This class will
be referred to here as reflector arrays since the change in surface impedance may be imple-
mented by properly choosing the terminal reactances of individual array elements.

An example of such a reflector array, termed a "reflectarray antenna" was given by Berry,
Malich and Kennedy [1]. Their experimental antenna surface was approximated by open-ended
surfaces of waveguides which were short circuited at appropriate distances behind the reflector
aperture which was flat (Fig. 1). With this array, aperture efficiencies of 60 percent or more
were obtained. It was also found that circular polarization could be achieved reasonably well
with this type of array. :

The reason why the "reflectorarray", and in particular the waveguide "reflectorarray", was
chosen lay in the opportunity which was presented for electronic steering. All that needed to be
done was to change the electrical length of the waveguide sections in an appropriate manner.
In the example cited, this was accomplished through the use of shorting diodes in each guide.
Thus, rapid scanning could be carried out without the necessity of employing elaborate cor-
porate feed structures. It was discovered that the short-circuit points could be calculated rea-
sonably well with a geometric optics approximation. It was found that diode losses could be
kept to less than 1 dB if 3 diodes per waveguide were used and beamwidths of 4 °to 5 °were
required. Despite the seeming benefits of this type of antenna, not much more appeared for
some time. This could be due to several reasons, including the need for further diode develop-
ment, the fabrication costs of large numbers of waveguide sections, and the concentration on
other reflector and lens types. "

The surface impedance concept was however used in both passive [2] and active retro-
directive antennas [3], [4].

Comparisons between different theoretical approaches to some of the problems involved
were made by Appel-Hansen [5] who considered a Van Atta Reflector consisting of Half-Wave
Dipoles. He was able to determine the effect of scattering and coupling on the radiation pat-
tern. '

Recently Wang, Blount, Ryan and Puskar have studied "Diode-Switched Reflectors and
Lenses" [6]. In these structures, antennas sections were switched in or out, by means of pin
diodes which were connected in series between them. One of the authors has mentioned
(Wang) that a lack of low-cost pin diodes would probably hinder the use at present of this type
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of antenna.

A possible competition for the reflector array is the so-called "Radant" antenna mentioned
elsewhere. This is a switched lens type of antenna in which diodes are used to switch the lens
properties. Compared to a switchable reflector, a switched lens has several drawbacks which
will be enumerated later.

2.

Possible Use of Electronically Controlled Reflector Arrays at EHF.

One of the main criticisms which may be laid against the use of electronically controlled
reflector arrays at EHF is the high cost of the phase or amplitude controlling elements. Yet this
is' really no different from the cost of controlling elements in any kind of phased array, and in
fact the requirements may not be as stringent in the reflecting case.

A great advantage of the diode controlled refecfing array over the switched lens lies in the
biasing circuitry of the former which can be accessed from the back of a conducting plane.

A further advantage of the reflector is the possibility of fabricating (printing) all of the
reflecting elements, plus the coupling lines and reactances, on a flat plate, thus largely obviating
the need for an elaborate three dimensional structure.

Another benefit lies in the possibility of designing a reflector array as a conformal surface
when this is required. Additionally, the inclusion of an elementary sub-program in the overall
control program could perform the task of electronic beam stabilization, should this be required.

3.

Areas of Investigation..

In considering a circularly polarized reflector array the following areas of investigation
should be included:

o Type of array element. It is felt that these should be flat structures such as
crossed-dipoles, patches, slots, etc.;

o grounding of elements. Attention must be paid to the grounding in order to
minimize fabrication cost and simplify the biasing circuits;

0 feed circuits and location, including types of 90 °phase shifters for.polarizers,
etc.; ‘

phase shifting mechanisms;

cell size necessary to approximate a continuous impedance surface. Relation-
ship between number of cells, cell size, gain, etc.;

o connecting lines between elements and the allowable space between elements
on which to mount (or print) associated components;

o possibility of using dual frequency elements; number, size and position of feed
clements;

o probable cost per element.
4.

Method of Approach.

In an investigation such as that envisaged here, a theoretical model, probably based on the
impedance surface concept, would be devised. Both computer studies and model experiments
would be carried-out to establish the validity of the basic concepts.

The reflector array in principle seems capable of producing, at one extreme, the same kind
of agile performance as the phase array, while at the other extreme it may also be capable of




63

performing the function of a more usual multi-beam reflector antenna. It has an extra advan-
tage in the fact that its geometry lends itself to fabrication methods compatible with future
microwave integrated circuit techniques.
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Figure 1 Waveguide array reflectarry with staggered rows




Chapter 6
CONTROLLED-BEAM ANTENNAS.
J.L. Yen
1.
Introduction.

The most unique character of satellite communications (SATCOM) systems is that many
users in widely separated locations can share the same satellite. The sharing can be based on
time, frequency, the way in which the signal is coded and the position of the user. This very
character which makes SATCOM so useful also makes it very vunerable to disruption by
interference. For secure communications it is therefore necessary to encode the signals with
unique time, frequency and code characteristics so as to make the channel impervious to
interference. When these methods fail further discrimination based on the spatial separation
between user and interference using antennas capable of sophisticated beam control has to be
introduced. Because both user and interference often move and change their transmissions,
methods capable to adapt to changing scenarios need be used. In this Section we survey
controlled-beam or adaptive antennas with special emphasis on EHF SATCOM. In addition, we
list some unsolved problems and some promising approaches to practical systems. The
hardware required for implementation are discussed in Section 7 of this report.

Adaptive antennas for extraction of desired signals from undesired interferences were first
introduced in radar and sonar. Lately, considerations for communications purposes are gaining
attention. The adaptive concept, being general and robust, have found many other fields of
application such as noise cancelling, echo suppression, equalization and in adaptive control sys-

. tems. It is also related to many nonlinear spectral estimation techniques such as auto regressive

and maximum entropy methods. A large body of knowledge on adaptive system is in existence.
As examples we quote the recent special issues [1], [2] of IEEE publications devoted to these
topics. Interests on adaptive antennas are gaining even at a faster rate. Prior to 1979 the
number of papers on the topic are limited. This is followed by over 20 papers in 1980 and 30 in
1981 published in open journals. In addition, two books [3], [4] appeared in 1981. Certain
laboratories have also emerged as leaders in the field: For a review of adaptive systems in gen-
eral we refer to the tutorial paper by Widrow [5], and for adaptive satellite antennas, we refer to

- the excellent surveys by Cummings, Jain, and Ricardi [6] and by Mayhan [7]. In view of the

vast amount of material available, the following contains a concise review of the fundamental
concepts emphazising some new aspects important for SATCOM which have not been studied
before.

2.

Controlled-Beam Antennas.

A controlled-beam antenna is a system that in the presence of many signals incident from .
different directions, it is capable of separating the desired ones according to control instructions
and deliver them to the system output. It performs two functions, beam steering under exter-
nal control and removal of undesired interference by identifying them as they are received. It
is a steerable beam adaptive antenna. Fig. 1 shows the structure of a controlled-beam antenna.
It consists of a number of fixed elements each with an independent output port. The signals
from the element ports are linearly combined in a separator to remove the undesired interfer-
ences. To locate the directions of desired and undesired signals the element ports are also con-
nected to a correlator which estimates the coherence matrix of the scenario. The controller
then analyses the scenario and, together with external control commands and the system out-
puts, controls the separator to select the desired signals:
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The outputs of the antenna should be undistorted replicas of the desired incident signals.
For antenna configurations in which an incident signal arrives at each element with no relative
delay, separation of different signals can be accomplished by weighting of each element before
combining. If a signal arrives at each element with different delays, delay compensation using a
transversal filter is required [8]. When the fractional bandwidth is small delay compensation is
replaced by phase shifting. The signal separator can therefore be iniplemented in the fashions
of Fig. 2. The degree of separation that can be achieved, i.e. the nulling resolution, depends on
the antenna configuration, the element field patterns and the signal bandwidth.

When a single signal is incident on the antenna the response of each element port has a
unique phase and amplitude, depending on the antenna configuration and the source direction.
When many signals from different directions are incident on the antenna, the cross correlations
of signals generated at the element ports, i.e. the coherence matrix, characterize the powers and
directions of the incident scenario. The correlator estimates the coherence matrix from which
the control processor takes action. When the incident signals are mutually independent, the
coherence matrix and hence the ability to analyse different scenarios depends on the element
cross power pattern, the baseline (or element position difference) configuration and the signal
bandwidth. These dependences have not been fully noted before and will be discussed later in
more detail.

The signal separation is commonly optimized according to certain criterion of performance
and the separator weights are derived from the well known Wiener filter theory. Let the cri-
terion be that the mean square error between the antenna output and the desired signal is a
minimum. Let X; be the jth element port output, d the desired signal, W the weight vector, R
the coherence matrix

R = E[XJ x;:] '

and S the steering vector
S =Elx; d’

The optimum weights are given by the Wiener solution
W0 = R™IS

If all incident signals are stationary, using W, determined from the received signal statistics will
achieve the optimum output in the steady state. The controller derives the optimum separator
weights W, from the coherence matrix and external control constraints. The constraints can be
in the form of the coded nature of the desired signal [9], the desired signal direction [10], [11]
or the power level [12]. In fact, it is possible to separate all the signals when its number is’ less
than the number of elements in the antenna using the eigenvector beams [13], [14]. The
implementation of the processor can make use of different algorithms. With some very simple
and widely used iterative algorithms such as the LMS [5], the coherence matrix R need not be
estimated explicitly, hence the correlator and the controller merge into a single unit.

In some systems the desired signals come from fixed locations having fixed frequencies
while in others the signals come from different directions at different times at varying frequen-
cies. In most situations interferences are of unknown locations with varying frequencies and
can turn on and off unexpectedly. The antenna therefore sees many different scenarios and
must adapt to each scenario to discriminate against undesired interferences. To achieve this the
antenna configuration must be chosen so it can satisfy the steady state performance required.
In addition, fast adaptation to varying desired and undesired signals is also necessary. The con-
vergence time of various adaptive algorithms and their trade-off with processing complexity, an
aspect which is now well understood, will be discussed later.




3.

Antenna Configuration and Signal Separation.

In earlier works on adaptive antennas small elements with little directivity are used to
form an array. The output of elements are combined with appropriate weights just as in an
ordinary antenna array, but with the added requirement of not only having maximum response
in a desired direction, it must also have nulls at the directions of the interferences. Hence, the
term adaptive array is used. More recently, considerations for SATCOM applications lead to
the use of narrow beam antennas as elements. In addition to considering element locations the
element directive pattern also has to be included. In a series of papers [15] - [19], Mayhan and
his colleagues analyzed many aspects of antenna configurations and their nulling properties.
However, most of these studies were based on numerical simulations. Due to the importance
in the selection of appropriate configuration to achieve given objectives, we discuss the basic
relation between antenna configuration and signal separation from a heuristic point of view for
better understanding,

First it is necessary to distinguish between a phased array and a multi-beam antenna. A
phased array consists of many similar elements with their phase centers distributed over a cer-

tain array configuration. A signal arrives the at elements with a particular delay distribution

depending on the element positions, and the direction of incidence. With each element having
a beam covering the required field of view, the signal of each element port will have almost the
same amplitude but with different delay or, in case of narrow band signals, different phase. A

. multi-beam antenna on the other hand makes use of a large aperture with different feeds gen-

erating almost similar beams in a certain beam configuration. The beams must overlap some-
what so that the cluster covers the desired field of view (FOV), A signal arriving from a partic-
ular direction will generate a large signal from the port whose beam points toward the source.
As discussed in Sections 2 and 3, the optics of a phased array is to image the aperture onto the
feeds while a multi-beam antenna images infinity onto the feeds. Thus, the array configuration
and output phases of element ports provide information on incidence directions in a phased
array while the beam field pattern configuration and output amplitudes of beam ports yield
information on direction for a multi-beam antenna.

Consider the hexagonal multi-beam antenna discussed by Mayhan [15], [16], a seven
beam cluster covering the field of view, as shown in Fig. 3a. The circles are equal level con-
tours which describes the amount of overlap. Due to symmetry, the equal level contours
between two adjacent beams are seen to be the hexagon correpsonding to the inverse lattice as
shown in Fig. 3b. The seven beams are combined with equal amplitude and phase to cover the
entire FOV in the quiescent mode. If an interference located within the centre beam as shown
in Fig. 4a is to be cancelled while covering the entire FOV as completely as possible, it is seen
that the central beam should have a negative sign with reduced amplitude while the outer
beams remain the same so that the desired null is produced. The numerical result of [15] is
shown in Fig. 4b for comparison. However, due to hexagonal symmetry a ring null would be
produced which is undesirable. To reduce this effect, introduce a small phase difference
between the beams to destroy the hexagonal symmetry, but not large enough to produce ripples
in quiescent beam. In the presence of interference the central beam need to change both
amplitude and phase to produce the desired null. Since there is no hexagonal symmetry the
null will no longer be a ring as shown in Fig. 5a. The corresponding numerical results in [18]
are shown in Fig. 5b. Finally, instead of requiring near complete coverage of FOV, it is
required to maximize the gain at desired position while nulling the interferences. For the
scenario of Fig. 6a we need to change the sign in one beam to produce the null and in two
beams in the opposite side to enhance the desired direction by adding the side lobes. As a
result two null contours are introduced which compares well with the numerical result of [15] .
shown in the same Figure. As the frequency is changed the beam shape of a multi-beam
antenna will change. If the beams are generated using nondispersive means the beam direc-
tions will not vary with frequency. The hexagonal equal level contour between adjacent beams
depends only on beam directions and hence will remain unchanged. If an interference source is
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located on the equal level hexagon, the beam weightings required to cancel the interference will
not depend on frequency. Thus we expect the signal separation ability of a multi-beam antenna
to be relatively independent of frequency.

Next we consider phased arrays. A phased array generally makes use of identical ele-
ments each with a beam covering the FOV. The phase centres of the elements are located in
certain regular or irregular fashion forming the array. The elements collectively cover an aper-
ture area either densely or thinly. A beam is formed by appropriate weighting of the elements.
The phase distribution in relation to the array configuration determines the direction of the
beam while the amplitude distribution controls the beam shape. Since the steering of a phased
array requires insertion of delay, which can be approximated by phase shift only for small frac-
tional bandwidths, adaptive antennas using phased arrays are in general more frequency depen-
dent, and hence requiring transversal filters for large bandwidths. An adaptive array can be
considered as a superposition of two patterns, a quiescent beam and a maximum directivity
beam scanned to the direction of the interference source by appropriate phasing and weighted to
form a null at the interference direction. Most of previous work on adaptive antennas dealt
with uniformly spaced linear arrays with the odd papers discussing circular arrays [13].
Recently Mayhan and his colleagues [17], [19] discussed thinned arrays for adaptive antennas.
These arrays appear to perform well on their nulling resolution.

The beam forming properties, of arrays are well understood since the early studies of
Schelkunoff [20]. Extensive literature on many aspects of arrays including phased arrays [21],
[22] are in existence. The radiation pattern of an array distributed over a regular lattice is
characterized by periodic patterns with respect to the inverse lattice of the array. Only the por-
tion of the pattern in the visible spectrum is important. The main beam of the array is
inversely proportional to its total dimension. With the same number of elements, the main
beam can be made smaller by using large element spacings. However, this reduces the spacings
of the inverse lattice such that a copy of the main beam can move into the visible spectrum
resulting in undesirable grating lobes. By using nonuniform spacings the grating lobes can be
smeared into plateaus [23]. An example of improvement in average coverage of adaptive arrays
realized by nonuniform spacing due to Mayhan [17] is shown in Fig. 7. '

Among the measures describing the effectiveness of adaptive antennas against interfer-
ence, the minimum loss in gain in the user direction as a function of the angular user-
interference separation characterizing nulling resolution is of importance. Since interference
cancellation depends on a maximum directivity beam pointing towards the interference direc-
tion, the maximum dimension of the antenna D/X is the principal factor controlling nulling
resolution. Fig. 8 from Mayhan [7] shows a typical result with angular spacing replaced by
miles on earth’s surface at 20 ° elevation angle from a geostationary satellite. It can be used as
a general guide to decide on D/\ for specified nulling performance. Another important meas-
ure, again from Mayhan, is the average percent coverage of FOV with a given link margin as a
function of D/Asiném, where #m is the half angle of FOV. In this case the antenna is required
to cover as much of the FOV as possible since the desired user position is unknown. Fig. 9
shows the degradation of coverage versus increase in number of interference sources.

4.

Antenna Configuration and Scenario Analysis.

The last section discusses the ability of an antenna configuration in separating from
different directions. The way a controlled-beam antenna adapts to a scenario of incident signals
depends on the coherence matrix of the signals incident on the antenna, which in turn depends
on the cross power patterns between element pairs. Although this is related .to the signal
separation characteristics of the antenna configuration, the latter relation being dependent on
the element field patterns is quite different. In an N-element antenna there are only N weights
for signal separation while the coherence matrix has N (N + 1) /2 independent elements for
scenario analysis. Early work on adpative linear arrays of uniform spacing deals with signals
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delayed by equal amounts; hence, it is closely related to the temporal behaviour of signals on a
delay line [24]. The coherence matrix is of Toeplitz form due to the redundancy of baselines.
The large amount of literature on temporal signal analysis can therefore be directly applied. As
soon as two dimensional antenna configurations are introduced the added spatial dimension no
longer have equivalence in the temporal behaviour of signals. Thus, the ability of an antenna
configuration to analyse scenarios through the coherence matrix. need be fully understood
before a configuration can be selected intellegently. This aspect of the problem has not
received attention in existing work on adaptive antennas. In the.following we discuss some of
the fundamental considerations and the questions that need be answered.

For a single source located in one of the element beams of a multi- beam antenna the
coherence matrix has a single large diagonal element for that beam and has smaller magnitudes
for correlation between that beam and its close neighbors. The coherence matrix is Hermitian
but non Toeplitz despite that for a configuration of regular form the cross power pattern
between elements exhibit certain symmetry. The detailed behaviour of the coherence matrix
depends on beam overlap and the side lobe distribution of each beam. For the seven element
hexagonal beam antenna of Fig. 3 the regions in the FOV where various cross power patterns
are significant are shown in Figure 10. The responses of the cross power patterns constitute the
coherence matrix of the signal scenario.

For a phased array the response of all elements have the same magnitude but with
different phases. The coherence matrix therefore has element phases depending on the baseline
or position different between elements in relation to the incidence directions. For an N ele-
ment array there are N (N-1)/2 baselines. If the array is linear and uniformly spaced there are
only N-1 independent baselines, all the others being redundant. The coherence matrix is then
Toeplitz and much of our knowledge on such matrices applies. It is well known in radio inter-
ferometry that the coherence matrix are samples of the Fourier transform of the source distri-
bution. From these samples the source positions and intensities can be deduced. It is the basis
of image reconstruction of incoherent source distribution. by synthesis radio telescopes [25].
The relation between baseline configuration and image reconstruction is well understood, partic-
ular for nonuniform element distributions. For example a five element Arsac linear array with
spacings 1,1,4,3 will sample baselines 1-9 with only one redundancy. This array is therefore
superior to a uninform five element array in source resolution. Various two dimensional arrays
for nearly uniform sampling of the baseline space have been well studied [26]. The role of
baseline distribution in adaptive arrays has not yet been studied. For example in [19] a seven
element triangular array is compared with a seven element rotated double triangle array by
simulation. It is found that the variations of weight versus frequency for the two arrays are
strikingly different, the former being much more simple. It is possible that baseline redundancy
is the cause of the adverse frequency dependence of the double triangle array. As shown in
Fig. 11 the rotated triangular array has only 15 independent baselines out of the total of 21,
while the triangle as 18 independent ones. In [17] the uniform circular array was found to have
superior performance over a triangular one. We again conjecture that this is because of the
superior baseline configurations of the uniform circular array. In fact, an odd element circular
array has completely nonredundant baselines covering a circle as shown in Fig. 12. It is there-
fore important to investigate the effects of baseline configuration on scenario analysis, adaptive
algorithm, and in turn, source separation and nulling bandwidth.

5.

Adaptive Algorithms.

Many algorithms have been used in deriving element weights by the controller for desired
signal separation. The most direct algorithm is to estimate the coherence matrix and perform a
matrix inversion. This is known as sample marix inversion algorithm or SMI [27]. For an N
element uniform linear array it is found that approximately 2N snapshots is sufficient to derive
the optimum weights. In terms of data required the SMI is probably the most efficient. How-
ever, since matrix inversion requires N° multiplications it implies excessive computational
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burden. Furthermore, it is difficult to implement without using a microprocessor.

A much simpler algorithm is a gradient method known as the least mean square or LMS
algorithm [5]. In this method the coherence matrix need not be estimated, instead an iterative
procedure is used to update the weights based on the current input and the error from desired
output. This procedure is very simple to implement (see Fig. 13) in either analog or digital
form, hence is widely used. However, the convergence depends on the spread of signal powers
and thermal noise in the system. The larger the spread the slower is the convergence. The
simplicity in implementation is negated by more snapshots of input signals required to approach
the steady state. It is therefore inferior in adapting to fast changing scenarios. A third method
is to diagonalize one row and one column of the coherence matrix at a time [28] to decorrelate
the channels as shown in Fig. 14. The parallel-pipe-line operations permit faster implementa-
tion of the algorithm. Finally, SMI does not measure the state of the weights as part of the
algorithm for error correction. A feedback path based on Kalman filter can be introduced [29].
l[?or]a detailed comparison of the different algorithms we refer to the excellent paper by Hudson

30].

Among the extensive works on adaptive algorithms we note two major areas of neglect.
The first is that the space-time behaviour of signals have not been properly taken into account
in the transversal filter treatment of broad band signals. If a system requies a K tap delay line
for each of the N elements the total' number element-delay ports is KN [8]. The usual way is
to treat the KN dimension coherence matrix in the same way as if they are completely indepen-
dent. However, if the signals are divided into K narrow band channels there is a common
threat between the scenarios from the different channels. Thus, it should be possible to analyse
the overall scenario by treating K coherence matrices of dimension N instead of a single matrix
of dimension KN. The second area of neglect is the role of antenna configuration, in particular
baseline configuration, on the convergence of the algorithms. Since, as we stated before, the
antenna configuration has important bearing on scenario analysis, it should also effect the con-
vergence of direct and iterative procedures in the controller. Such relations are completely unk-
nown at this time. ) :

6.

Prior Constraints.

The problem of prior constraints remain a principle one from a systems point of view.
Some particular aspects directly influencing system design are as follows. If the users are on
moving platforms it would not be possible to use desired directions as constraints, only a
desired field of view can be adapted. If a direct sequence is used for signalling, a copy of the
desired signal is known, however, code acquisition time may unduly degrade the system perfor-
mance. Basing signal separation on large interference levels may induce the deployment of a
large number of medium power jammers to confuse the system. System planning must there-
fore be preceded by detailed study of the possible scenarios.

7.

Implementation of Adaptive Systems.

Simplicity and robustness must be principle concerns in implementation. Between RF, IF
or baseband signal separation, the choice lies in availability of control elements, their resolution
and accuracy. The correlator would be difficult to realize at RF, hence IF or baseband must be
used. Although analog implementation is simple as discussed in Section 7 it may suffer from
lack of accuracy and dynamic range. It appears that digital implementation should be chosen
whenever possible, :

One-bit quantization offers simplification in processing and for dynamic range compression
[31]. Recent studies of hard limiting however indicates failure in signal separation when the
coherence matrix has two or more eigenvalues of differing magnitudes [32]. 1t is therefore
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important to consider system performance versus data precision so as to optimize the trade-off
with controller simplicity. Finally, the approach to constrained direction adaptive antennas
using hardware differencing amplifiers recently proposed by Griffiths and Jim [33] appears to be
useful in simplifying implementation.

8.

Conclusions.

From the above discussions it is evident that in the design of controlled-beam SATCOM
antennas the following must be considered.

(i) Trade-offs between unreasonableness of threats and cost to deploy a system capable of
surviving actual or potential threats [34].

(i) Selection of prior constraints based on a steerable beam concept.

(iii)  Choice between multi-beam antenna and phased array.

(iv)  Selection of antenna configuration with particular attention to baseline redundancy in
scenario analysis.

w) Selection of quantization levels in correlator implementation.

(vi)  Selection of algorithm to optimize convergence time and computing burden. The ability
of digital implementation using fast multipliers and other advanced 1C’s will be con-
sidered.

Some of these considerations are illustrated in the conceptual design of a reflector-antenna sys-
tem with hybrid steering in Chapter 9.
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Chapter 7

IMPLEMENTATION OF AN IF ADAPTIVE CONTROLLER.

K. lizuka

1.

Introduction.

Soon after the search for the literature on adaptive array started it was found that the
majority of the papers were either highly abstractive or highly mathematical. Experimental
papers on the subject were extremely rare. As a result it was decided to construct an adaptive
array with two elements in our own laboratory. From the experience of the experiments physi-
cal rather than mathematical explanation of the adaptive mechanisms of the array was aimed
for. '

A two-element array is the most basic and perhaps the simplest configuration among the
adaptive arrays, but it can be more than just a theoretical example because it can perform func-
tions of a low cost steerable adaptive interference canceller.

As long as the number of the interference sources is limited to one, probably the most
likely event, its performance is not excessively inferior to multi-element arrays.

2.

Summary of Experimental Papers.

In this section the experimental papers brought to the author’s attention will be summar-
ized. .
In 1976, G. -George Passmeiler, et al. [1] of Harris Corporation in Florida reported the
experimental results with four element adaptive array at 6 GHz. The least mean square (LMS)
adaptive algorithm was implemented using analogue components. The control circuit was
installed at 300 MHz IF. With this rather high IF frequency the bandwidth of 60-100 MHz was
obtained. The emphasis was placed on the light weight and compact construction of the
module. The size of the control module for each channel is 5.7" x 2.7" x 0.4". The depth of
the null obtained was 25-30 dB below the main beam. :

In the same year R.T. Compton, Jr., of Ohio State University [2] reported the experimen-
tal results with quite similar arrangement. This array used the same LMS algorithm imple-
mented by analogue circuits. The frequency of operation was at 300 MHz and the control was
made at IF of 70 MHz. The nulling of 15-25 4B from the main beam was obtained. He made
investigation with various orientations of the jammer.

In 1968, R.T. Compton, Jr., of Ohio State University rebuilt the previously reported four
element adaptive array into a spread-spectrum communication system [3]. The desired signal
was modulated by pseudonoise code (PN code).

A striking feature of this system is that the system can generate its reference signal in the

receiver and abbreviates the necessity of the external reference signal. This, indeed, removed
the inherent weakness of the LMS algorithm.
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The reference signal for the adaptive array was generated by mixing the received signal
with a coded local-oscillator signal. The coded local-oscillator was obtained by modulating a
CW signal with the same pseudonoise code used to modulate the desired signal at the
transmitter. This code is known at the receiving site in order to produce the coded local-
oscillator.

The RF signal was at 70 MHz and the processing was performed at 25 MHz IF stages.
The interference to signal ratio 1/S (nulling ratio) of 15-25 dB is reported.

In 1979, L.L. Horowitz of MIT Lincoln Laboratory reported the results of their four ele-
ment adaptive array with the sample matrix inversion algorithm (SMI algorithm). It was
intended for an airborne omnidirectional communication.

The necessary features peculiar to the airborne communication are:
(1)  Friendly signals come from unknown directions.
(2) Rapid adaptation is mandatory to compensate for motion of the aircraft.

It is therefore important that the computation time is short. The SMI algorithm was used
because for a smail number of elements the SMI algorithm requires much shorter time than the
LMS algorithm does.

The systems so far reported all used analog signal control but this system used the digital
system for the first time. The control was implemented at 60 MHz IF stage (Somehow, the fre-
quency of the RF is not mentioned in the paper.). Improvement of S/N ratio with the control
loop over that without the control loop is reported as 19.5 dB.

In 1981, there are two experimental papers reported. They are by J.D. Richman of the
Mitre Corporation and by Takao, et al. of Kyoto University of Japan. Both systems use a
hybrid analog/digital implementation of the LMS weight control algorithm. Richman’s system
has four element antennas whereas Takao’s system, two elements.

The values of the control signal were calculated by a digital computer. The output from
the computer controlled either PIN diode attenuator (Rickman’s) or a variable gain amplifier
(Takao’s) to generate analog R-F frequency weights.

Rickman’s system could null the jammer signal to 35 dB below a desired signal over 5§
MHz bandwidth. The RF signal was at 70 MHz. The nulling capability of Takao’s system was
20-30 dB, and RF signal was 50 MHz.

3.

Principle of Operation (LMS Algorithm).

The present system assumes that the reference signal can be generated either from the
knowledge about the signal during the absence of the jammer or by the code modulation in case
of a spread spectrum communication [3]. The Least Mean Square algorithm was implemented
by analogue components. The general scheme employed is similar to the systems described in
the literature [2], [8] & [9].

Fig. 1 shows a configuration of a two-element LMS algorithm adaptive array. There are
two types of implementations; one is complex signal implementation such as shown in Fig. 1a
and the other is real signal implementation such as shown in Fig. 1b.

The complex signal implementation expresses the amplitude and phase (or real and ima-
ginary) of the signal by a complex number and the treatment is by complex numbers. The real
signal implementation immediately separates the received signal into in-phase and quadrature
channels and no distinction in treatment is made between the two channels with only real
numbers used. Even though mathematical representation becomes slightly more cumbersome,
mathematical concepts such as derivative become more straightforward than in the case of com-
plex signal implementation.

The following analysis is based upon the real signal implementation.
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Referring to Fig. 1b the principle of N-element LMS algorithm adaptive array will be
explained. Signal from a receiver antenna is first separated into in-phase and quadrature chan-
nels by a 90 °phase shifter. Signal level in each channel is controlled by a weighter W, which
in turn is controlled by the error signal e(r). Signals out of all weighters are summed by an
adder. The output from the adder is the array output Y, (¢).

Besides the desired signal, the reference signal R (t) which is to be generated from the
spread spectrum system [3] is required. The values W, of the weighters are varied until the
mean square error e(f)? between the reference output R(r) and the desired signal Y,,(¢) is
minimized.

A vector representation of the error signal €(¢) for the real signal implementation is

e(1)=x()W—R (1) (1
where
W,
W,
V Wan
. W’=[W1. Wz' W3 s v 0 0y WZN] (3)
X](l)
X, (1)
X = X3.(f) (4)
Xon (1)
- [X,(t), X0, X0, ... ,XzN] )
The mean square error :
e()?t= [X(r)'W—R(t)]2 (6)

is a quadratic function of the weights, so there is a unique optimum value for each welght W,
where €(7)2 will be minimized. To this end a partial derivative of e(r)? with respect to one of
the vector elements W, is calculated:

8e()? _ 5y ( =

L = 2X, (D [X(OW=R ()| = 2X,(De(t) (7
W, ,

Note that differentiation inside the time average is permissible.

Repeating the same procedure with respect to all other elements of W the gradient vector
G of €(1)? is obtained:

G=VY, [e(t)’] = 2.X(t)[X(t)’W—R(t)] ®

or

G = 2X(e(r) N0

Once the value of the gradient is known, the condition of minimizing the mean square
error is found by choosing the direction of the steepest descent in the direction of —G. The
value of G is the time average of the vector made up of the product of the element signal and
the error signal. This can be easily implemented by an electronic circuit.
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If W, is continuously changed with respect to time, derivative with respect to W can be
converted into the derivative with respect to time and

i’%"l = —uG() (10)

where u is a physical constant associated with the conversion between the two variables. The
final value of W (t) is found from Eqn. 10 and is given by

w(t) = W((;)—zuj(; X(e(t)dr 1

The optimum value W(t) is obtained by implementing Eqn. 11 with analogue electronic cir-
cuits.

4.

Experimental Arrangement.

Fig. 2a shows the overall system block diagram while Fig. 2b explains the function of the
control loop. An X band frequency was chosen as the RF signal and the adaptive control was
performed at the IF stage. )

In case of a two element adaptive array as shown in Fig. 2a, the output signal is always
determined by the relative phase between the two channels and it is sufficient to install the
adaptive loop only on one of the two elements. Only the signal from antenna A4; is controlled
by the feedback loop. The 12 GHz input signal beats with a 12,060 GHz LO to generate 60
MHz TF signal. The feedback is imposed on the IF signal. Signal from the 4, is divided into
in-phase and quadrature components. The amplitude of both components are controlled by a
weighter W, (only the circuit for the in phase component is included for clarity). The output
from all channels is summed to produce the array output Y.

The function of the feedback is explained with reference to Fig. 2b. The weighter W, is
essentially a voltage controlled attenuator and the value of the attenuation is determined by the
feedback loop which adjusts the W, to minimize the mean-square value of the error signal e(1)
defined by Eqn. 1.

The R(t) is at first preset to be equal to y (t) in the absence of the jammer signal. With
this presetting any non-zero error signal implies the presence of either jammer or thermal noise
of the system. The function of the control loop is an automatic search for zero or minimum

€2(1).

In a rough sense, as long as €(¢) is positive the DC output voltage reduces the value of
W, until () becomes zero, on the other hand, if () is negative the DC output voltage
boosts up the value of W, until (1) becomes zero.

The correlator C followed by an integrator in Fig. 2b implement the integration of Eqn. 11.
The major advantage of the LMS adaptive loop is that no knowledge of the direction of the
jammer is used for the control.

3.

Detailed Examination of Components.

A double balanced mixer (Mini-Circuit Corp. type ZAD-3SH) which is normally used as
frquency converter was employed as correlator C and weighter W. It was important to find
exact mixer characteristics when the mixer were used in the dual role.

First, the characteristics of the mixer when used as a correlator was studied. The 60 MH:z
signal, AM modulated by a triangular wave was fed to the L and R terminals of the mixer and
the DC voltage induced at the IF terminal was observed. The output from the correlator

V.=V, Vg cos¢ 12y
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was examined.

Fig. 3 shows the results. The top photograph is a display of the output for the condition
that ¥, and Vg are in phase. The output ¥, from the IF terminal is DC and the polarity is
negative. The V¥, is later used as a control signal. Significant saturation effect is observed at
the ¥, voltage beyond 800 mV. A good null voltage is obtained with 0=90 © When ¥, and
Vr are 180 ° out of phase, the polarity of V, is reversed and becomes positive. There is some
differences in the shapes of V, for positive output and negative output cases.

Next, the dynamic range of the correlator was examined. The input to L was kept fixed
and the input to R was varied by a variable atienuator. Fig. 4 shows the results. When the set-
ting of the attenuator becomes more than 10 dB, the V, voltage stops to increase linearly with
V.. In fact the display for 42 dB attenuator and the open circuit in R terminal showed no
difference.

Next, the characteristics of the double balanced mixer as a voltage controlled attenuator
was tested. The results are shown in Fig. 5. The 60 MHz signal was fed from L terminal and

- the output from R terminal was observed with various DC voltages applied to the IF terminal.

The output steeply decreased if the DC voltage at the IF terminal dropped below 0.8 volt. The
maximum DC voltage is +1.5 volts. The dynamic range is quite limited. This result leads to
the conclusion that if the mixer were used as a correlator it should be accompanied by an
amplifier with AGC control.

When the DC voltage applied to the IF terminal is positive, the phase at R becomes
identical with that at L, however, when the voltage is changed to negative the phase at R is
reversed and the phases at R and L become 180 °out of phase.

6.

Test of the Feedback Loop.

Before the feedback loop was installed into the antenna system its performance was tested
using two signal generators. Fig. 6 shows the feedback loop. Both jammer and desired signals
were fed to the input of the loop. The signal level of the jammer and the desired signal were
independently controlled. The amplitude of the reference signal was AM modulated by a tri-
angular wave.

A criterion of the performance of the loop used was how closely the output Y, at point 3
in the Fig. 6 followed the ramped amplitude of the reference signal.

Simultaneous displays of

input to the loop,
control voltage V,
output voltage Y,
reference voltage Vz,

were made for close observation. An example of the scope display is shown at the bottom of
the figure.

Fig. 7a shows the display with no jamming signal. It is seen that the output Y, follows
the reference signal. Fig. 7b shows the case when jamming signal which is close to 60 MHz is
present. Significant change in the shape of the control signal is observed, but the output ¥,
follows the reference signal. Fig. 7c shows the input signal when the jammer is present.

The frequencies of the two input oscillators were pulled to each other as they were
brought close due to the entrainment of the signal generator. Fig. 7d shows the display at this
time. Fig. 7e demonstrates that as soon as the reference voltage was brought to zero the out-
put voltage Y,,, also becomes zero. Fig. 7f shows the signal when the jammer generator is off.
The displays verified that the feedback loop was properly functioning.

Finally, the feedback loop was installed onto the antenna system (only the in-phase chan-
nel is ready at present). Fig. 8a shows the case when no jammer was present. The antenna of
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the jammer was placed about 15 degrees away from the main beam. The antenna of the desired
signal was in the broad-side direction. The expanded display of the input X, in the absence of
jammer is shown in Fig. 8a. Small AM modulation due to the leakage from the ramped refer-
ence signal is observable in this expanded display. Fig. 8b shows the case when the jammer
generator was on. The display demonstrates that the output Y, was very little influenced by
the jammer. The degree of the jamming is shown in Fig. 8b. Fig. 8c shows the case when the
jammer signal was further increased. The erratic output is observed. The degree of the jam-
ming is shown in Fig. 8c'. Dynamic range of the jamming control is rather small at present.
Optimization of the components and installation of guadrature channel is in progress.

7.

Conclusion.

Even though the scale of the preliminary experiments were quite limited, it led to the fol-
lowing conclusions:

(i) Dynamic range of the correlator of the double balanced mixer is limited to the output
less than 800 mV.

(ii)  The characteristics curves for 0 = 0 °and 0 = 180 °are not quite of the same shape.

(i) In the range for which the difference between Vg and V; is more than 10 dB, the corre-
lation voltage is not proportional to the input voltage.

-(iv) Dynamic range of the double balanced mixer lies between 0.8 to 1.5 V only requiring

inclusion of an amplifier with AGC.

. (v) Isolation amplifiers are needed where the direction of the signal flow is critical. For

instance unless an isolation amplifier is present between the adder and W, the reference
signal reaches W and the performance of W, becomes erratic.
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Fig. 6 Test of feedback loop
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Fig. 7 Test of feedback loop against jamming
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Chapter 8
EHF PHASE AND AMPLITUDE CONTROL ELEMENTS
' Tiltek Limited

Summary

An overview is given of ferrite and PIN diode phase shifters. The extension of these to
include amplitude control is illustrated. Examples are given of actual phase shifters which have
been in use for satellite phased arrays and which might be useful for future millimetre wave
antennas.

In addition mention is made of a dielectric guide device which seems to have a good
potential for the future,

A section has been included on present day state-of-the-art techniques and data is
presented on available off-the-shelf items which may be used at EHF. .

1.

General.

The purpose of the present study is to investigate devices and drive circuits for the com-
plex weighting and switching of antenna elements for applications in EHF Controlled-Beam
Antennas for SATCOM,

There are two distinct application areas for the EHF Controlled-Beam SATCOM work.
(a) antennas onboard a geosynchronous satellite
(b) antennas for earth terminals.

The emphasis is to be on operation at the frequencies of 30 and especially 44 GHz for
uplinks and at 20 GHz for downlinks. Some consideration may be given to 60 GHz crosslinks.

No matter what schemes are used to control the antenna patterns, there are two basic
quantities which must be dealt with. These are the amplitude and the phase of the fields in the
antenna aperture.

The segment of the study reported herein deals mainly with methods to produce a phase
or amplitude change in the RF currents travelling to or from the antenna elements. The
methods used depend on the particular transmission medium under consideration.

2,

The Transmission Path Consideration.

In the guided propagation of mm waves one may consider usmg standard waveguides,
microstrip transmlssmn lines, and dielectric waveguides.

2.1,

Standard Rectangular or Circular Waveguide Components.
Such components .as couplers, tees, tuners and hybrid rings are available to about 110
GHz.

Ferrite isolators, switches, circulators and phase shifters are available to 140 GHz with iso-
lations of 15-20 4B.

One disadvantage to these components is their increasing loss as the frequency is
increased. Perhaps even more important is the fact that they do not lend themselves readily to
microwave integrated circuit (MIC) techniques. The latter are more compact, reliable and cost
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effective than are discrete waveguide components.
2.2,

Microstrip and Strip Line Techniques.

At sub-millimetre wavelengths MIC components are quite common. Below 100 GHz pho-
tolithographic techniques are often used to fabricate passive millimetre components. Such -
items as PIN switches and ferrite circulators and isolators may be conveniently fabricated in a
strip transmission system. Several components are now available in the frequency range 35-250
GH:.

2.3.

Dielectric Waveguides.

Above the frequency range where strip line techniques can be used successfully (> 250
GHz) it is possible that dielectric waveguide techniques will be employed and in fact these tech-
niques may be used at frequencies considerably below this.

Whereas, microstrip lines are about A/10 in width, dielectric guides are about one
wavelength wide. .

In addition, dielectric guides have lower losses at mm wavelengths than do microstrip
lines, mainly due to the absence of conductor losses in the former. - PIN diode phase shifter
techniques for this medium will be discussed later.

One of the few ferrite devices compatible with dielectric waveguide mm wave integrated
circuits is a field displacement ferrite isolator for the 50-75 GHz band.

The most frequently used dielectric waveguide is the rectangular dielectric rod (Fig. 1).

The basic guide is composed of just a rectangular dielectric rod in free space as shown in
Fig. la. This structure lacks two quantities which are important in many MIC applications.
Firstly there is no heat sink and secondly there is no path for bias currents should they be
necessary.

To overcome these difficulties a metallic ground plane may be added as shown in Fig. 1b.
This results in the so-called ’dielectric’ image guide. Unfortunately an adhesive must be used
to keep the dielectric attached to the ground plane and this raises the propagation losses. In
addition the ground plane itself adds some conductor losses. A further problem occurs because
of bubbles that exist between the ground plane and the dielectric. Some of these difficulties
may be overcome by inserting a second (thin) teflon sheet between the alumina or ceramic
dielectric rod and the ground plane as shown in Fig. lc.

Other versions of dielectric waveguides are the strip dielectric (SD) and inverted strip
dielectric (IS) guides in which the energy is propagated in a broad thin dielectric layer and a
second dielectric rod is used to confine the energy to a localized region of the surface. These
are essentially both leaky wave structures. ‘

3.

Phase Shifters - General.

In obtaining electronically controlled phase shifters for phased array and other applica-
tions, two widely different techniques have generally been employed, one using ferrites and the
other using diodes [3], with neither showing a clear advantage over the other.

Each approach has its own characteristics regarding power handling capability, reciprocity,
switching speed, temperature sensitivity and insertion loss..

Keeping in mind that a typical phased array may ‘contain hundreds or even thousands of
phase shifters it is evident that a careful comparison should be made of the types available.
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White [3] has made a comparison of the differences between diode and ferrite devices which is
summarized in the following paragraphs.

Phase shifting with ferrites is usually accomplished by the change in magnetic permeability
which occurs with application of a magnetic biasing field. The ferrite is commonly used as a
bulk control medium, usually several wavelengths long, which is made to undergo up to. one
wavelength of phase change with the applied field. The change in relative permeability for the
ferrite comes about because of the difference in propagation constants of right and left hand cir-
cularly polarized RF magnetic fields (with reference to the direction of an orthogonal magnetic
bias field). Reversing the direction of the bias field switches the propagation time and hence
the phase delay through the device.

This method of phase control is non-reciprocal. Thus, if the same pointing direction is to
be maintained for reception as for transmission then the bias current for reception must be
reversed.

PIN diodes on the other hand are very small compared to the operating wavelength and
can be easily integrated into the circuits. In order to overcome some of the variable loss
characteristics it is common to use PIN diodes as switches, or on-off devices, so that phase
shifts have a specified minimum increment. When biased in the forward direction, diode resis-
tances down to 0.5 ohm are possible, while reversed biased diodes have a capacitive reactance
of about 1K ohm. :

It should be noted that it is possible to obtain reciprocal action from a ferrite phase shifter
by use of a so-called "dual-mode" device [4]. Also stepped ferrite phase shifters are possible by
means of latching.

In general the advantages of ferrite phase shifters lie in the areas of high power handling
capability, low insertion loss and low VSWR.

PIN diodes have the advantage of high switching speeds, simple driving circuitry, recipro-
cal operation and temperature stability. ;

Change of permittivity through the use of plasmas, although a possibility, has not proven
to be a very useful approach so far.

Next we will consider the properties of ferrite and PIN phase shifters in more detail.

3.1. Ferrite Phase Shifters

Some characteristics of traditional ferrite phase shifts may be found in ref. 5 and are listed
below. '

Specifications such as those listed above could be met as far back as 1965. Research since
that time seemed to show much promise and was carried on extensively until at least 1975
when it seems to have tapered off somewhat, perhaps due to the large amount of effort being
expended on diode-type phase shifters.

A survey of the most significant papers on ferrite control devices from 1968-1974 was
given by L.R. Whicker and D.M. Bolle [6]. The various types of ferrite phase shifters covered
include, waveguide non-reciprocal phase shifters, helical phase shifters, microstrip phase
shifters, latching Reggia-Spencer phase shifters, and reciprocal dual mode phase shifters. It is
stated (by L.R. Wicker) that, "for array applications the waveguide non-reciprocal phaser and
the reciprocal dual mode phaser have proven electrically superior to the other types".

In the dual mode reciprocal phase shifter, linearly polarized EM waves in a rectangular
guide are first converted to either left or right-hand polarized waves in a circular guide. The
Faraday rotation is used in the circular guide where the phase shift takes place and then the
energy is reconverted to linear polarization in a rectangular guide. Dual mode types can be
made so that their insertion loss approaches that of the nonreciprocal toroid type. The insertion
loss obtainable depends however on the element weight.

Various aspects of the design and manufacture of dual mode reciprocal latching ferrite
phase shifters have been reported by Boyd [7]. Since this is one of the important types of
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freq. variation 0.1°/MHz
drive 250 amp: turn
switching power 4 W
switching time 100 ps
length 12"

e Bt e e e eVt e e B e e S T A B R W Bt S R e = )

Characteristic

phase shift
insertion Tloss
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16 GHz
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1.5 W
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ferrite 'phase shifters, the main results are given below.

3.2. Dual Mode Reciprocal Latching Phase Shifters.

These types of phase shifters are able to utilize relatively inexpensive lithium-titanium
material and have better temperature characteristics than M,Mn ferrites. Their particular
advantages are low weight, small size, and low cost.

A disadvantage in some cases is the switching speed which is an order of magnitude
slower than that of the non-reciprocal toroid type.

In its simplest form the circular part is made merely by metallizing the surface of a ferrite
rod. This single rod is used to contain an efficient non-reciprocal phase shifter at each end of
the variable field section which is at the centre. Ferrite yokes, external to the variable field sec-
tion, are used for latching purposes. A disadvantage to this arrangement is that eddy currents
are set up in the thin metal wall.

Matching to the rectangular air filled guide at each end of the ferrite section is obtamed by
means of a two-section stepped ceramic rod in the rectangular guide. Matching bandwidths of
30 percent of the centre frequency have been obtained.

Return loss and insertion loss curves taken on an experimental dual mode reciprocal
latching phase shifter are shown in Figs. 2 and 3 respectively.

Some of the insertion loss with frequency is due to the fact that the non-reciprocal circular
polarizers vary faster than 1/ /.

In these devices, conductor losses usually exceed magnetic loss by a factor of 2 or 3.
Some important factors to be taken into account with this type of phase shifter are: .
- Insertion phase match from a single batch of ferrite is approximately =15 ©

- for the least change of insertion phase with temperature use the longest phase
state as the reset point,

- switching speed can be increased by a factor of 5 by incorporating a longitudi-
nal slot in the ferrite rod metallized surface. This leads to switching times of
about 34 us.

It has been stated by Boyd [7] that a considerable-amount of random phase error can be
tolerated at the element level in a two-axis scanned phased array.

At X band the following specifications were considered [7] to be satisfactory.

Frequency bandwidth: 10 percent

Insertion loss: 1.0 dB average, 1.2 dB maximum over 80 percent of phase states,
1.5 dB absolute maximum,

VSWR 1.2:1 typical, 1.5 maximum

Phase shifter range 500 °nominal

Phase deviation from command =5 °median deviation
+10 °over 80 °of states
+20 °maximum

switching time 50 ws cycle time
weight 28 g

The cost of such units assuming they are made in lots of several thousand at a time was
estimated in 1974 to be about $11.00 U.S. each.




104

3.3. Non-reciprocal Ferrite Phase Shifters.

The phase shift in these devices depends on which direction of propagation is followed
through the phase shifter. Early non-reciprocal phase shifters used flat slabs of ferrite material
with a DC biasing magnetic field [8]. The relatively slow switching speeds of these devices was
due largely to the electro-magnets used. Sub-microsecond switching speeds were later achieved
by eliminating the need for holding fields by using digital latching phase shifters.

In these designs a wire running through the centre of a ferrite or garnet carries a positive
or negative current pulse that magnetizes the ferrite to saturation (See Fig. 4).

The ferrimagnetic toroids of different lengths are placed along the axis of the waveguide
separated by dielectric spacers. The length of each ferrite section determines its phase shift.
There are two remanent states of magnetization due to a positive or negative pulse and these
have different electrical lengths, that for a forward travelling wave latched to one state being the
same as that for a backward travelling wave latched to the other.

There is another type of non-reciprocal phase shifter called a flux-drive phase shifter in
which only one length of ferrite is used. This length is chosen to be long enough so that is is
possible to get a 360 ° phase shift. By using less flux than the amount required for the 360 °
shift, lesser amounts may be obtained. This may be achieved by using a current pulse, from a
constant voltage source, through the toroid for a time duration proportional to the desired flux.
Since the ferrite must be driven back to saturation before each net setting, twice as many opera-
tions are required with this type as with the digital phase shifter.

An interesting low cost foil-wrapped construction technique has been developed for con-
structing a low cost non-reciprocal latching ferrite phase shifter [10]. In this process, the ferrite
toroid is sandwiched between two low-dielectric constant slabs and wrapped in a thin copper foil
as shown in Figs. 5a and 5b. A 3-bit phase shifter with lithium-ferrite material has been con-
structed [10] having a measured loss of 0.4 dB. The phase shift stability with frequency is
shown in Fig. 6a while the phase shift with temperature is given in Fig. 6b.

3.4. Microstrip Digital Latching Ferrite Phase Shlfter.

Whicker and Jones have reported a construction technique using microstrip which is a
development from earlier coaxial line technology [8]. The configurations which they have
investigated appear in Fig. 7. The differential phase shift VS frequency appears in Fig. 8a for
both garnet and ferrite material. Fig. 8b shows the figure of merit VS frequency relation. The
figure of merit is defined as the degrees of phase shift per dB of loss. At the high end of the
band this figure compares well with waveguide types.

The foregoing has described generally the various types of ferrite phase shifters. Next will
be described another and different type called PIN diode phase shifters.

4. PIN Diode Phase Shifters. »
PIN diodes are best thought of as on-off devices where phase shift is concerned and this

leads naturally into the study of PIN diode digital phase shifters. It is in this operating mode

that they have proven so far to be most useful.

A forward biased PIN diode can conveniently be made to have a resistance as low as 0.5
ohm. A back biased PIN diode on the other hand has typically a capacitive reactance of about
1K ohm.

These figures of course vary somewhat with the frequency range being considered.
Various case styles are available. One of the main advantages of PIN diodes is their small

size and the fact that they can be conveniently integrated into microstrip and strip line
geometries. They lend themselves very well to integrated circuit configurations.

In general they may be said to be used in either of two switching modes, that is in series
arrangements or in parallel arrangements, each having its own advantages and disadvantages.
These qualities depend upon the particular use to which the. switch is to be put, that is for
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transmitting or receiving, as stand alone units or in multi-couplers, etc.

One drawback often cited is that of resultant intermodulation distortion from two signals
mixing in a diode. This is usually the result of the forward resistance which varies slightly as
the RF power fluctuates. While the back biased impedance also varies somewhat with power
level, causing intermodulation distortion at low frequencies, it has been found that it is almost
negligible at frequencies beyond 100 MHz Therefore parallel PIN diodes may be used to
advantage where intermodulation distortion is a problem.

One great advantage of PIN diodes is their short switching time which is typically of the
order of a few nano seconds. It should not be thought, however, that this is obtained at no cost
since to make the best of these devices regarding switching times they must be driven both "on"
and "off" by appropriately designed solid-state drivers. In addition they must be supplied
(except for light operated diodes) with bias circuits which interfere to some extent with the RF
lines and at the best require at least ground planes for return lines.

For the present, however, we will think of them merely as on-off switches and will
present some of the ways in which they may be used in the design.of phase shifters, either with
or without the need for additional ferrite circulators.

4.1, General Diode Phase Shifting Methods.

4.1.1,
Switched Line Phase Shifter.

There are various traditional ways of accomplishing RF phase switching, many of them
using PIN diodes [11, 12 & 13]. Probably one of the most obvious ways of using such a switch
for phase shifting is the switched line phase shifter of Fig. 9 in which a section of transmission
line may be switched in or out of the transmission circuit. One advantage of this circuit (in
principle at least) is that it offers true time delay and hence beam steering which is frequency
independent. -

As mentioned by White [11] this circuit has several advantages and disadvantages which
are.

Advantages:
1)  equal diode loss in both paths.
2)  planar or microstrip construction is possible.

3) compactness, especially for small bits - line lengths give the requiréd phase
shift.

Disadvantages:

1)  four diodes per bit.

2) complementary diode signals are required for each bit.
3) phase shift is proportional to frequency.

4)  smallest bit has the same diode loss as the largest.

It should be noted with regard to disadvantage number two above that since two bias sup-
plies must be added for every switch position some means must be found for separating them.
This leads to extra components and weight. ‘

4.1.2, ‘
Hybrid Coupler Phase Shifter.

The use of a 3 dB hybrid coupler reduces the number of diodes per bit to two. The action
of this type of coupler can be explained by reference to the branch-line coupler method (Fig.
10a) or the rat-race coupler method of (Fig. 10b). A more broadband type, the backward wave
coupler is shown in Fig. 10c.
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Referring to the branch-line coupler of Fig. 10a, its behaviour can be explained by writing
out the wave matrices, but can also be easily understood by examining the phase diagrams of
Fig. 11.

In this diagram two cases are considered. In the first, equal in-phase signals are applied at

terminals 1 and 2 of the coupler and terminals 3 and 4 are left open. Phase diagrams for the
signals first reaching ports 3 and 4 are next shown as are the resultants at terminals 3 and 4.
The sketch on the right then shows the result of waves which are reflected back to terminals 1
and 2.

Next is considered the state of the reflected signals to terminals 1 and 2 which would arise
when signals of equal amplitude and opposite phase are fed to terminals 1 and 2.

If the signals from these two cases are added together it will amount to having only an
input signal to terminal 1. It will be noticed that there is no reflection at this point, all of the
energy in fact having travelled to terminal 2. The phase of this transmitted energy can be
varied by adding equal lengths of short-circuited line to terminals 3 and 4. Going back to Fig.
10a, the PIN diode provide the short circuits just mentioned.

To explain the action of the circuit of Fig. 10b, first consider the diode section at terminal
2, and the quarter-wave line and diode at terminal 3, to be removed. Under these conditions
ports 1 and 4 will be isolated from one another since the two possible signal paths joining them
have a phase difference of 180 ° Then a signal from terminal 4 effectively sees a short circuit
at terminal 4. Hence an infinite impedance is seen when looking towards terminal 4 from both
terminals 2 and 3.

Should line lengths of equal impedance but having a phase difference of 90 ° be added in
parallel at terminals 2 and 3, then the reflected waves from these branches would exit from ter-
minal 4 since they are again in phase at that point. None of this reflected energy is reflected
back into terminal 1. Fig. 10b shows such a situation, the PIN diodes providing the short cir-
cuit. By adding various lengths of line after the PIN diode, various degrees of phase shift may
be obtained,

The action of the coupler in Fig. 10c is similar to those just described except that its
bandwidth is somewhat greater due to increased coupler bandwidth. In fact couplers of this
type have been built which have an octave bandwidth.

4.1.3.
Loaded Line Phase Shifters

While either series or parallel loads may be used with this type of phase shifter we will
review only the parallel type here (Fig. 12a).

These phase shifters work on the principle that if two small equal susceptances are spaced
a quarter-wavelength apart along a transmission line, their reflections tend to cancel, resulting
in a fairly good VSWR. In addition to this, a phase shift is produced which depends on the sus-
ceptance value. :

The behaviour of this circuit can be understood by referring to Fig. 12b.

We have
W _ [4 B Vv,
1,] = [¢ 3] [—12] W

If there are equal generator and load impedances Z,, then the power loss ratio P/ P;, (where
P, is the available generator power and P; is the power delivered to the load) is given by

P _ _n2_ (B _ 2
P, —l+1/4[(A D) (.Z,0 ZOC)] @
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For the above network:
Thus
| Py v
P, 1+1/4[ Yo 4)

It can be seen from eqn. (4) that if the normalized susceptance is left reasonably small then the
insertion loss may be made negligible.

When used with a matched load, the voltage transfer function a, of such a network is
given by

ay = j(+Z,Y) (5)
whereas that for a transmission line, a; is given by
a; = exp(j§) (6)
where 6 is the electrical length of the line |

If =T+ Ag then

2
. _ _l_ A
Nowif Y = X (8)
V4
then a; = _]+"‘Y0 9

It can be seen from eqns. (7) and (9) that if the shunt elements are capacitive (X is nega-
tive) then the effective line length will be increased whereas if the shunt elements are inductive
(X is positive) then the effective length will be decreased.

If two elements are used at each end, one causing a phase shift of 8, and the other of 6,
as shown in Fig. 12a, and if we switch between these two elements, then the differential phase
shift produced will be [eqn. (5)] equal to the normalized susceptance change in one of the
switched elements,

In this type of phase shifter the maximum practical limit of phase shift per pair of ele-
ments is 45 °

When not too much phase shift is required, or high power must be used, this type of
phase shifter, with loads distributed down the line, becomes most useful. Otherwise one of the
coupler types previously described is a better choice.

Phasers made of T or « sections can also be used [11] when more compactness is needed
but this is usually not the case for millimetre waves (Fig. 13).

Although variations occur, particularly in broadbanding the coupler, the types mentioned
above cover most of the two-diode-per-bit kinds of PIN diode phase shifters.

4.1.4.
One-diode-per-bit reflection phase shifters.

It is possible to use diodes in conjunction with ferrite circulators to cut the number of
diodes in half. This is illustrated in Fig. 14.
Here, energy enters the system from the left. The action of the circulators is such that
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any energy entering from the left goes down the next port encountered, the bottom one for
gach circulator of Fig. 14. When this energy from the latter port is reflected back up it travels
to the output port and hence down the transmission line to the next circulator.

With this system 2 phase may be obtained with M diodes and M circulators.

5. Amplitude variation.

As well as varying the phase distribution across an aperture, it is possible by extending the
digital phase techniques given previously to employ digitally controlled amplitude distributions
as well. .

Foldes [15] reports on a multi-beam spacecraft antenna at C-band which used 16 variable

phase horns in the beam forming network (BFN) and a binary power divider tree of 15 variable
power dividers (VPDs). This is shown schematically in Fig. 15.

The variable power divider circuit shown in Fig. 15 contains two phase shifters and two
hybrids. The first hybrid merely splits the power into the two equal parts for passing through
the phase shifters. The phase difference then determines the power split from the two arms of
the second hybrid.

The circuit is designed such that the power division ratio Py / P, for the two outputs is

P _ (+ttan ¢)?
P, (1—tan ¢)?

and the transfer phase is independent of this ratio. This particular realization employed ferrite
phase shifters. One way to realize such a power splitter is shown in Fig. 16.
Here, V,=jVcosf and V;=,Vsin §

The impedance of the quarter-wavelength arms of the hybrid is V2 times that of the main
transmission line.

6. Distortion and Noise in PIN Diodes.

6.1. Noise.

One of the advantages of PIN diodes is their low noise factor. In fact to quote from a
Hewlett-Packard [16] application note: "PIN diodes have an equivalent noise temperature of
approximately one; that is, they do not generate noise in excess of an equivalent resistor.
Situated in the input of a receiver, the noise figure of a PIN diode switch is equal to the inser-

~ tion loss. This relationship applies at any bias level".

This means of course that the resistance introduced into the circuit by the diodes must be
carefully considered since, although a forward resistance of a fraction of an ohm is possible, it
must be kept in mind that several diodes appear in series in any particular transmission path.
With cryogenic cooling, switches have been constructed with noise temperatures of 9.8 ° K
[18]. '

6.2. Distortion
Harmonics may or may not be a problem with PIN diodes depending on several factors:

a) power level

b) frequency range

c) degree of suppression desired
d) type of application.

When used as a switch, it is quite reasonable to expect the harmonic generation to be at
least 40 dB down for frequencies above 4 GHz and for RF power levels of up to 0.5 watts
through the diode. This is for the case when the diode is biased either full on or full off.
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Actually, whenever an RF signal is applied to a PIN diode there is some distortion of the
signal [17] caused by the variation of the PIN diode impedance during the period of the RF sig-
nal. To minimize this effect the PIN diode should be forward biased to as high a current as
feasible (which lowers the resistance in the forward bias case) and should be reverse biased at
the highest voltage possible [16]. In addition, if the diodes are connected in a back-to-back
manner an additional decrease in distortion can be obtained due to cancellation of the effects of
the distortion currents.

When all favourable conditions can be met it is sometimes possible to reduce the distor-
tion to a level about 100 dB below the desired signal level.

6.3. Temperature Effects

Temperature effects in PIN diode devices can be made negligible when these devices are
used simply as switches. Only a small increase in insertion loss will occur under these condi-
tions. The allowable diode temperature depends upon the lifetime expected. Good practice
nowadays to prevent burnout is to keep the diode junctions in the 100 °C to 200 °C maximum
temperature range [13].

The final- temperature of the diode junction depends on the amount of power dissipated,
Pp, the ambient temperature, T, and the thermal resistance O;4 between the diode junction
and the ambient temperature [17].

The Unitrode Corporation rates its T,y as 175 °C (which is conservative). They list the
formula for the maximum permissibile power dissipation Pp maximum as:
. 7:zmb

Ppmax = Tymax — —— waltts
014

It is important to be able to calculate the quantity 8,4, Means are available for doing this.
For instance it is common with many diodes to have in the specification a figure for the thermal
resistance between the diode junction and one surface of the diode package. It is usually safe to
assume a maximum diode package contact operating temperature of 100 °C [17].

For the applications under consideration here, it is felt that power rating will not be a
problem.

6.4, Intermodulation Products in PIN diode Switches.

Intermodulation products arise when two or more signals having different frequencies,
mix in the same diode switch to produce sum and difference frequencies. This intermodulation
will vary depending upon whether the signals are passing through a series diode biased in the
forward direction or whether they are passing by a shunt diode which is back biased.

Most of the effort in determining intermodulation effects has concentrated on the forward
bias case.

For the situation where we are dealing with a back-biased shunt PIN diode these non-
linear effects can become severe if the RF signal is greater than the back-bias voltage. If this is
not the case, however, then very little intermodulation is said to occur for frequencies above
100 MH:.

In the forward-bias case, the intermodulation will depend on the forward-bias current, the
effects becoming less as the current is increased [19, 20].

Sicotte and Assaly [20] have carried out intermodulation measurements on a PIN diode in
the VHF range. In those experiments one set of data was taken holding the power of 1 signal
at 33 watts and varying that of the other from 30 dBm to 15 dBm. Seventh and ninth order pro-
ducts were measured for various input power variations (from one of the sources) and bias lev-
els. In no case was the intermod level worse than -70 dBm. Also this worst level always
occured at the point where the peak RF voltage level-.(in the reverse bias case) was such that
the total voltage across the diode goes from negative potential to zero volts. When this was
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avoided typical intermodulation values were about -100 dBm.

Microwave associates show intermod levels for two 10 dBm signals to be down at least 70
dB in the forward bias situation when the forward bias current is 5 mA or more.

7. Examples of PIN Diodes in Phased Arrays.

A few examples will be given here to show how some of the devices described previously
have been used in phased arrays, : '

7.1. 12 GHz PIN Phase Shifter for Satellite Phased Array.

Amitay and Glanee [21] have described a 12 GHz PIN shifter and driver module for a
satellite communication phased array. The unit is TTL compatible. The phasers are of the
two-diode compensated branch coupler type described earlier. The layout for a single phase
shifter is shown in Fig. 17.

Some of the characteristics of the unit are listed below:

- longest switching time - 8 ns

- maximum driving power - 36 mW at 1 MHz switching

- RF power handling CW - 800 mW

- type of PIN diode - HPND400]

- diode forward resistance - 2 ohms at 10 mA4

- reverse diode capacitance - 0.07 pFat -30 V

Each 4-bit phase shifter contains four individual units of the type shown in Fig. 17. The

RF is kept out of the bias driver port by open-circuited quarter-wave transmission line sections
incorporated into the microstrip lines.

The four cells in a phase shifter unit can provide 22.5, 45, 90 and 180 ° of phase shifter,
thus allowing 16 phase states from 0 °to 337.5 °

The driver circuit used in conjunction with PIN diodes is very important if one is to
obtain fast switching.

The driver circuit used in this phase shifter, and shown in Fig. 18, employs a complemen-
tary arrangement of a p-n-p transistor in conjunction with a n-p-n transistor.

This circuit efficiently drives the PIN diode both on and off. It is especially important that
precautions be taken to drive PIN diodes off quickly if fast switching is required. This is so that
when turned off the carriers will be quickly discharged.

Fig. 19 shows the schematic of a complete driver board for one 4-bit phase shifter.

8. Cost Considerations

Although several papers are available which describe the techniques to be used for low
cost phase shifters few of them have any real cost data presented [22, 23].

Boyd [7] does comment on the cost of manufacturing dual-mode latching ferrite phase
shifters. He estimates that a production rate of 1500 units/working day would be practical. In
order to amortize the engineering and start-up costs at the level of ,8' 1.00/unit it would be
necessary to bujld 500 antennas each containing 2,000 elements. The estimated production cost
was about 11.00/phase shifter, making the total cost of phase shifters about
,3‘24, 000.00/antenna. These costs are in U.S. dollars for the year of 1974.

Lewis [24] has reported on the cost of PIN diode phase shifters for phased arrays. Again
the reporting year was 1974 and prices were in U.S. dollars. The projected production cost at
that time of a 3-bit PIN diode phase shifter was £13.00. This would make the total cost of a
phased array comparable to a mechanically-gimbaled one. In these units the numer of separate
blocks was reduced by printing the hybrids, the chokes and the bias blocks. The couplers were
quadrature couplers and two diodes were used per coupler for a total of six diodes per 3-bit

-
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phase shifter.

The costs per unit depended on the number of units. The ,6‘13.00 figure assumed a pro-
duction run of 200,000 units. In addition to the recurring cost of £13.00 there was a non-
recurring cost mentioned of $ 7.11 per unit so that we are really talking of a §20.00 figure when
all-costs are taken into account.

When the number of units drop to only 4000 the total cost per unit rises to ,8‘69 00 bemg
comprised of a recurring cost of ,8‘51 00 and a non-recurring cost of about ,8" 18.00.

The operational characteristics of the phase shifter were as shown below:
- Frequency - 9.5 to 11.0 GHz

- Insertion loss - 1.5 dB average

- Phase shift - 0 to 360 °in 45 °steps

- Accuracy - 15 °

- VSWR - 1.5

- Peak power - 130 W (150 ms pulse)

- Average power - 13 W

- Weight - 0.3 oz.

- Size - 0.24 x 2.5 x 0.8 inch

9. Future Developments

It is probable, due to the several advantages that would be achieved, that dielectric
millimetre-wave integrated circuits will come into their own.

There are two approaches for incorporating active components into dielectric waveguides
to-date [1]. In the first method the components are mounted in a small piece of rectangular
guide and mode converters are used to translate from the dielectric E; mode to the waveguide
TE]Q mode. -

This is the easiest and most straight-forward approach. The second method entails
mounting the components directly on the dielectric guide. This approach is the more difficult
one because it requires an understanding of dielectric waveguide effects. Nevertheless, it has
great advantages from a production point-of-view.

A possible phase shift mechanism for dielectric waveguide can be illustrated by consider-
ing Fig. 20. If the metal plate is removed in Fig. 20 then we have remaining a dielectric guide
whose dimensions are ‘2a’ by ‘b’.

On the other hand if the metal plate is lowered so as to be in contact with the top face of
the dielectric then the field distribution in the dielectric will be the same as that in a dielectric
guide whose dimensions are ‘22’ by ‘2b’. Since the electrical lengths, for a given physical
length of guide, are different in these two cases, a phase shifter can, in principle, be constructed
by raising or lowering a metal plate over the surface of a dielectric guide [1]. This of course is a
mechanical way of producing the phase shift.

It is also possible to replace the metal plate with a dielectric plate to produce similar
results. To accomplish this result electronically, a distributed PIN can be attached to the upper
surface. Experiments have shown that with this kind of device, a phase shift varying from 0 to
40 °can be obtained when the DC bias is caried from 0 to 12 ma.

The RF frecjuency used was 70 GHz [1]. The radiation losses in these experiments were
reported to be 3.5 dB and although this is poor, the technology shows great promise.
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10. Comparisons
A comparison has been given between various ferrite and PIN diode phase shifters.

- Alithough there seems to be no clear cut advantage of one over the other for all purposes (Fig.

21), the PIN structures can be incorporated into MIC devices more easily and therefore will
probably come into more and more prominence. .

11._ Preéent Capabilities for SATCOM EHF Components.

In any project there are usually several approaches which may be taken in arriving at a
solution. In the case of the present SATCOM project the earth station/terrestrial link, ship-
bourne, airbourne, mobile and satellite links, may be accomplished through a cohesion of
discrete components or through the utilization of hybrid circuits. OFF-the shelf hybridized
components have usually resulted from the demand to consolidate several recursive discrete
component arrangements into a single package. In the K and Q bands, development has been
rather limited especially above 18 GHz, since there has been relatively little demand in this part
of the spectrum. As crowding continues at the lower frequencies < 18 GHz, it will become
necessary to expand into the higher frequencies. Since this demand is only just starting, there
are only a limited number of microwave manufacturers currently geared for production in the
bands of interest in this SATCOM project. Hybridization is almost non-existant and there are a
limited number of discrete components available. Some of the discrete components which are
available are tabulated in Table 1.

The limited number of manufacturers represented is the result of an extensive search.
The majority of microwave component manufacturers currently limit their production to 18
GHz or below where the demand until recently has been solely located. Discussions held with
the New England Microwave Corp., with regards to the limitation of 18 GHz on their PIN diode
switches and phase shifters indicated that their capability would be increased to 50 GHz shortly,
depending on the time required for the development of GaAs PIN diodes. The current limita-
tion of PIN diode switches and phase shifters to 18 GHz is due to the noise added by the Si PIN
diode at higher frequencies, although the Si PIN diodes themselves are useable there.

The capabilities of present waveguide technology with respect to elbows, tees, etc. well
exceeds the requirements for SATCOM. Waveguide manufacturers in general are all capable of
producing waveguide related components and are not listed exhaustively, in Table 1, dueto this
fact. Areas where limitations do exist are in related structures and co-axial components. In
general, waveguide component are more predominant than co-axial components, although co-
axial components lend themselves to hybridization more so than do waveguide ones. Although
circuits can be reduced in size through hybridization, the wire bonding which is required tends
to keep the cost per circuit high. Discrete devices such as mixers, etc. occupy too large an
expanse and are excessively expensive, almost all costing more than £100.00 (1982 dollars)
each. In both these schemes the logic is separate from the circuit elements.

The question arises as to whether the components tabulated as well as others not men-
tioned, could be fabricated on a single chip, thus eliminating the need for wire bonding.

Until recently a major drawback to GaAs fabrication was the rejection rate due to non-
uniformity of dopant levels across the wafer and the extra cost associated with rigid process con-
trol. A news brief [27] presented in Microwaves, November 1981 indicates that Microwave
Associates has developed a process whereby devices can be grown in one continuous flow,
without the examination steps that were previously required. This is accomplished by the use
of computer control of the process. As a result, the system produces layer thicknesses that are
uniform to within =5 percent over wafers that are 4 cm? or greater. As a result of this
development, repeatable, large-scale economical GaAs devices are possible. GaAs however is
not the only medium for device fabrication. SoS (silicon on sapphire) has captured attention as
has InP (indium phosphide). Gallagher [26] has reviewed the importance of InP as a material
for EHF semi-conductors. The main results of the article are summarized below.

InP may be the most important material in the near millimetre range spanning 90-900
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Table 1: Available Components from Manufacturers.

values in GHz

AMPLIFIERS:

GaAs FET

Gunn diode
Impatt diode
Tunnel diode

ANTENNA:

Coax

ATTENUATORS :

Waveguide

CIRCULATORS:

COUPLERS:

FILTERS:
ISOLATORS:

KLYSTRONS:

horn

PE5~220 18-140

1-40

fixed
digital PIN

variablg PIN

DC-18

.2-18

fixed
variable

variable
ferrite

P65-110 18-140

8.2-18

18-224Q

MIC
waveguide
coax

A e — b

P 65-140

3-34

3-95

1-18

.3-26

waveguide

coax

26-17Q 18-140,

8-18

1-40

7-18
30-37

12,5 !

| .1-26

.2-12

1-20

e s %

coax
waveguide
diplexers

.1-10

> 12,5

26-22Q 18-50

3-40 |

.1-10

coax
waveguide

1-10

1
1.3-26

12

18-22(

2-55

2-40

3-95

.5-18
30-36

MAGNETRONS :

MIXERS:

MODULATORS:

OSCILLATORS:

[

1-96

waveguide
coax

18-22q

]
|

i

waveguide

18-22@ !

| |

1

3-26

backward wave
tube

gunn
crystal
solid state

electrical
tunable

cavity
Impatt.
VIG

b7-310

18-95 : 6-40

- 6-18

'5-50

2.5-11.

{

]
i

1

:
i
%
! i
3

i i

Fan H

i

26-110. 6-40

140-140.

.

!

[}
\
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Table 1: Available Components from Manufacturers cont'd.

values in GHz

digital PIN

ferrite

PHASE SHIFTER: analogue PIN

varactor

MIC .5-40

POWER DIVIDER: waveguide 18-110

coax . 5-40 .5-18

ROTARY JOINTS: - 18

PIN 26-110 .2-18 2-18

transmitt-receive =10
tube , 30-35

SWITCHES: ferrite 3-95

waveguide 3-95

coax

manual waveguide [26-220{27-140 3-60

TRAVELLING WAVE TUBES: 2-18

. -10
TRANSMITT-RECEIVE TUBES: . 30-35

rectangular 18-140 - 325 1-40

TEE 18-110{18-140 7-18 1-40

WAVEGUIDE : taper 18-220] 8-140 2-22

twists . 18-220(18-149 1-40

elbows 18-220118-140 1-40

custom
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GHz. In many respects InP is similar to GaAs. Both can be used to design the same types of
solid state device such as gunn diodes, impatt diodes and FETs, but with performance
differences. Even though existing devices fabricated from silicon (Si) and GaAs can meet sys-
tem requirements through 60 GHz, it is expected that InP might provide performance enhance-
ment within this region as well. InP gunnoscillators will provide higher power than GaAs alter-
natives through 100 GHz and InP diode oscillators are 2-3 times more efficient and have higher
peak power capabilities than do GaAs sources. Also, the efficiency of InP impatts is expected
to exceed both GaAs and Si up to the region of 90 GHz

Discussions held with the Electron Device Group of Varian indicate that development of
InP products has proven to be very successful. Custom products have been manufactured and
prototype amplifiers already exist in the 20-44 GHz range.

As previously mentioned, it may be desirable to hybridize or manufacture monolithic
microwave circuits to further aid in cost reduction and miniturization. The desire to hybridize
or process monolithic microwave circuits arises when the function to be performed is identically
repeatable. In various scenarios described to implement the uplink/downlink, beam forming
arrays consisting of several elements are used in which each element must be controlled
separately. Since each element may require control of amplitude and phase, and since these
elements may exceed 2000 in number, it is desireable to fabricate these functions in monolithic
form. A review of the status of monolithic microwave circuits has been given by Pucel [25].
The main results of this article follow:

The utility of monolithic microwave circuits depends on the availability of a suitable low
loss substrate.

Both gallium-arsenide (GaAs), and silicon on sapphire (SoS), are contenders with the
former having the edge at present. The carrier mobility of GaAs is about six times that of sili-
con, making it possible to operate GaAs MESFETS at higher frequencies and powers than sili-
con MESFETS.

11.1. Numbers of circuits per chip.

With the assumption that lumped components have a linear dimension of approximately a
tenth of a material wavelength (A,/10) and that distributed components have a linear dimen-
sion of about a quarter wavelength, an estimate can be made of the number of circuits which
can be contained per cm? of wafer area.

It is possible to produce square GaAs wafers having sides of 5 cm. With the above esti-
mate for circuit size, we could have about 500 circuits per wafer at 20 GHz and about 1000 cir-
cuits per wafer< at 40 GHz.

The above illustrates the large potential for packing the various necessary planar passive
circuits such as directional couplers, phase shifting lines, meander line inductors, edge coupled
capacitors, etc.

In fact much more than this is possible, in particular the incorporation of active circuits
based on FET-GaAs technology.

To completely eliminate the need for internal wire bonding on the wafer, two main
difficulties must be overcome, one of them due to the desirability of using microstrip construc-
tion techniques (both microstrip and coplanar waveguide strip may be used).

The first arises from the need to device low inductance short circuits. This may be
achieved by a Via hole process whereby a hole is first etched through the substrate and then
plated through. This process results in an inductance of about 50 pH/mm of substrate thick-
ness. Alternatively, with microstrip, a wrap-around ground may be used. :

The second difficulty is due to the necessity of having some lines cross over others. One -
example of this is in the use of spiral inductors where the centre point must cross to the outer
edge. The solution here is the use of air bridges in which air bridge interconnecting busses are
formed by depositing straps over one or more conductors. The air gap between the strap and
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the conductors has a typical dimension of 4 pm.

With the advent of the techniques mentioned, it is possible to incorporate virtually all of
the passive and active components in monolithic microwave circuits.

It should be noted that while all the examples given by Pucel [25] had an upper frequency
of about 12 GHz, this does not seem to be a fundamental constraint. There are however some
fundamental limits to size (and hence cost) and component values that one must take into
account and these are not peculiar to the use of GaAs.

Regarding the wafer thickness, one would like to keep the wafer thin in order to minimize
cost, and to increase the thermal capabilities. On the other hand one would like a thick wafer
in order to have lower propagation losses and lower microstrip line tolerances, as well as to
minimize the excitation of surface waves.

At a frequency of 30 GHz, a thickness of 0.15 mm would be suitable for power amplifiers
while 0.6 mm would suffice for low noise amplifiers.

Some typical component values are:

- line width (for microstrip) - 5 wm or A/8

- line impedance - 10 to 100 ohms for microstrip
15 - 25to 125 ohms for coplanar waveguide

- capacitor values - matching 0.1 pfat Q = 50
15 - bi-pass 10-30 pfat Q = 50 - 100

- inductors - 0.5to 10 nH at Q = 50

- resistors - metal film (various values).

The technology just described seems ideally suited for the production of large numbers of
identical circuits such as those used on phased arrays. It overcomes the wire bonding problem
inherent in a hybrid approach.

The article by Pucel [25] just described does not mention nor compare the characteristics
of InP. The carrier mobility of InP is four times that of Si. There are also subtle advantages of
InP in terms of FET design since InP FET’s possesses larger dimensions for a given frequency
than do GaAs FETS. Even though this implies a reduced chip count per area, a submicron gate
for GaAs would be lengthened to a micron gate in InP allowing for easier masking. In terms of
FET design, InP is expected to exceed GaAs in both gain and noise even though noise figures
of 3.5 dB at 18 GHzin GaAs material have been achieved by manufacturers like Plessey.

11.2. Microwave Semi-conductors.

Again, as with passive components, there are several manufacturers of microwave semi-
conductors. Table 2 summarizes some of these manufacturers and the semi-conductors they
manufacture. The list is not exhaustive but illustrates that there are several manufacturers
from which devices can be chosen. An attempt has been made to define the bounds within
which the varioius semi-conductors can be used. Most microwave equipment manufacturers
are also microwave component manufacturers and produce devices for their in-house applica-
tions as well as for external sales. As a result, most semi-conductors manufactured do not
exceed the 18 GHz limit mentioned earlier.

Gunn diodes and impatt diodes form the exception to the 18 GHz limit for most
microwave semi-conductor manufacturers. It is likely that as the demand for the 18-50 GH:z
region increases, the manufacturers will follow. The advent of GaAs PIN diodes and InP FET
amplifiers is an indication of industries commitment towards this spectrum.
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Microwave semiconductors.

Barrier Mixer

Si
GaAs

schottky Si

schottky GaAs

Fast Switching
FET

Gunn diode

Impatt

PIN

Varactor

schottky Si
schottky GaAs
harmonic Si
harmonic GaAs

harmonic step
recovery

multiplier Si

GaAs
InP
Si
GaAs
InP

Si
GaAs
InP
Si
GaAs
Si
GaAs

parametric amp Si

parametric amp GaAs

L 35-2.5

1-1
4-31

.16-18

60-150

200-750

26
.1-15
6-60
6-99
.8-2.51.25-1
X
X
. 16-25
75-350
X X
165
400-600(150-55(¢

to 18

upper freq. GHz

useful freq.

AL

operating freq. GHz
operating freq. GHz

freq. GHz

n

series resistance

useful freq. GHz
useful freq. GHz

useful freq. GHz

"
transit time pS
"

cut-off freq. .
cut-off freq. GHz
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11.3. Dielectrics

There are several ways to fabricate a microwave system. The system may be constructed
from discrete waveguide or co-axial components connected together via the use of waveguide or
coax cable. Alternatively, hybrid or microwave monolithic structures may be incorporated into
the design. These components usually utilize a dielectric medium. The system itself need not
be interconnected via coax or waveguide if it is built on a dielectric substrate, since the sub-
strate itself may be used as the guiding medium. Corporate feeds, power dividers and digital
phase shifters are among the components which may be constructed on a microwave dielectric
substrate. The decision as to the relative amount of dielectric, microwave monolithics, hybrids,
and discrete components is based on a space/weight/cost analysis. Microwave dielectrics there-
fore constitute an important phase of the component search. A few of the companies which
provide microwave dielectric material are listed below:

1)  Circuits Systems Group, Rogers Corporation: Duroid

2)  Oak Material Group Inc., Laminates Division

3) Millis Corporation

4) 3M

5) Keene Corporation, Chase-Foster Division: Di-Clad

6) Polyflon Corporation, Subsidiary of Resistoflex Corp., a UMC Industries Company.
7)  Electronized Chemical Corporation

8) Tek-Wave Incorporated: MIC manufacturer.
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Manufacturers and Canadian Representatives.
Manufacturer Representative
Aercom Industries Inc.,
Aerospace Communication Device
405 Tasman Drive
Sunnyvale, CA.
94086
(408) 744-1320
Aertech Industries
825 Stewart Drive g(g;;gﬁ;n d Road
Sunnyvale, CA. Ott , oa
awa, Ontario.
94086 K2B 8B9
(408) 732-0880 ) (613) 725-2177
(800) 538-4406
Circuit Systems Group
Rogers Corporation
Box 700
Chandler, AZ
85244
(602) 963-4584
Electromagnetic Sciences Inc., Datron Canada Ltd.,
125 Technology Park/Atlanta . 5150 Dundas Street West
Norcross, Georgia. Toronto, Ontario.
30092 MOYA IC3
(404) 448-5770 (416) 239-3025
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Manufacturer

Electronized Chemical Corporation
South Bedford Street

Burlington, Massacheusett

01803

(617) 272-2850

English Electric Valve Company Ltd.,
Waterhouse Lane

Chelmford, Essex.

CM12QU

" United Kingdom

Frequency Sources Inc.,
GHz Division

16 Maple Road
Chelmsford, MA.
01824

(617) 256-8101

Hughes Aircraft Co.,
Electron Dynamics Division
3100 West Lomita Boulevard
P.O. Box 2999

Torrance, CA.

90509

(213) 517-6400

Keene Corporation
Chase Foster Division
P.O. Box 308

Bear, Delaware

19701

(302) 834-2100

Representative

EEV Canada Ltd.,
67 Westmore Drive
Rexdale, Ontario,
M9V 3Y6

(416) 745-9494

RF Microwave Ltd.,
6595 Mackle Road
Suite 704

Montreal, P.Q.
H4W 2Y1

(514) 489-8213

Giga-Tron Associates Ltd.,

7 Slack Road
Suite 205
Ottawa, Ontario.
K2G OB7

(613) 225-4090
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Manufacturer

M

Dielectric Material & System Division
Saint Paul, Minnesota.

55101

Maury Microwave Corporation
8610 Helms Avenue
Cucamonga, CA.

91730

(714) 9878-4715

Microwave Associates
South Avenue
Burlington, MA.
01803

Millis Corporation
Millis, MA.
(617) 376-2611

Norda Microwave

75 Commercial Street
Plainview, N.Y.
11803

(516) 433-9000

NEC Microwave Semiconductor
Japan

Oak Material Group Incorporated
Lominates Division

Franklin, NH

03235

(603) 934-5736

Parametric Industries Inc.,
742 Main Street :
Winchester, MA.

01890

(617) 729-7333

Representative

RF Microwave Ltd.,
6595 Mackle Road
Suite 704

Montreal, P.Q.
H4W 2Y1

(514) 489-8213

MA Electronics Canada Ltd.,

3135 Universal Drive
Mississauga, Ontario.
L4X 2E7

(416) 625-4605

Electronetic Systems Ltd.,
6420 Victoria Avenue
Suite 6

Montreal, P.Q.

H3W 287

(514) 342-4112

California Eastern
Laboratories Inc.
3005 Democracy Way
Santa Clara, CA.
95050

(408) 988-3500
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Manufacturer .

Plessey

Optoelectronics and Microwave Ltd.,
Wood Burcote Way, Towcester
Northamptonshire, NN12 7JN
United Kingdom

(0327) 51871

Polyflon Corporation

Subsidiary of Resistoflex Corporation
35 River Street

New Rochelle, N.Y.

10801

(914) 636-7222

Premier Microwave Corporation
33 New Broad Street

Port Chester, New York.

10573

(914) 939-8900

Tek-Wave Incorporated
3 Deleware Drive

New Hyde Park, N.Y.
11040

(516) 328-0100

Thomson CSF

Division Tubes Electroniques
38, rue Vauthier

BP 305 .

92102 Boulogne-Billonconrt
Cedex FRANCE

Varian Electron Device Group
Solid State Microwave Division
3251 Olcott Street

Santa Clara, CA.
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C-band digital latching ferrite phase shifter.
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3-bit foil-wrapped phase ~hifter.

Figure 5 b (from ref. 10)
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A Comparison of Diode, Ferrite, and Electromechanical Switches.

DIODE FERRITE ELECTROMECHANICAL
CHARACTERISTIC :
SWITCHES SWITCHES SWITCHES

Switching speed Nanoseconds Microseconds Milliseconds .

(low field)

Milliseconds

(high field)
Insertion loss Higher Lg\;- Ij;w
Isolation Typ to 80 dB Typ 20 dB Typ 60 dB

(low field) :

Typ 60 dB

(high field)
Can be used for Yes Yes No
analog applications
Lifetime (cycles) Unlimited Unlimited Several million cycles for

~best quality switches
Size & weight Least Greater Greater
Ability to withstand Best Temperature Temperature, vibration,
severe environmen{ * sensitive and shock sensitive
Bandwidth Octaves to Octaves or less Dc to 18 GHz2
multi-decades

figure 21.

(from ref. 16)




Chapter 9

SAMPLE DESIGN: A CONTROLLED-BEAM REFLECTOR -
ANTENNA SYSTEM WITH HYBRID STEERING. -

S. Dmitrevsky and J.L. Yen

In this Chapter we illustrate some of the previous discussions by carrying out a conceptual
design of a space segment controlled-beam reflector antenna system with hybrid steering. The
basic specifications are taken from the EHF transponder for the proposed Canadian Military
Communication Satellite System [1]. The field of view is to be 4 °x10 ° The downlink is to
be at 20 GHz with antenna gain of 42 dB. The uplink is to be at 44 GHz with antenna gain of 48
dB. Small amount of electrical beam steering for correction of space vehicle attitude variations
is required. The uplink should have capability of nulling a small number of jammers. Fast con-
vergence is necessary for TDMA beam hopping. A dual antenna configuration using reflectors
is selected, one for uplink one for downlink. The uplink antenna is a phased-array in either a Y.
or a centre filled pentagon configuration while the downlink is multi-beam antenna with stag-
gered beams. Hybrid steering in both directions is required for the uplink but only in one
direction for the downlink. A recursive sample matrix inversion algorithm with deweighting is
proposed for its high convergence. Hybrid analog digital implementation is to be used.

Downlink Antenna.

For a system with given antenna gain and a given number of controlled feed elements
Eqn. 2b and 7b of Chapter 3 can be used to determine the scan range. In the case of the multi-
ple beam downlink system the scan range a B is given as

a B = 56N/G

Assuming the value of G to be 42 dB and that of N to be 7 the scan range a8 is 4 °X2 °
Should the scan range be increased to 4 °x 10 °rectangle the only means thereto is mechanical
scanning. Proposed below is a possible realization of a hybrid system of this type.

The first problem that will be considered is the arrangement of the individual feed ele-
ments in the feed array. As has been mentioned earlier, the pattern of the centres of the feed
elements is the image of the centers of the beams on the target.

Due to the necessary overlap of the beams to assure complete coverage of the scan range
there occurs unavoidable spillover of feed beams illuminating the reflector. The need for dense
distribution of feed elements, limiting the size of their apertures vanishes if mechanical steering
is to be employed, allowing for an increase of the feed element apertures necessary to eliminate
the spillover. A possible beam pattern and feed configuration is shown in Fig. 1. A one
dimensional rotation of the feed by *3.25 °will completely cover the scan area of slightly more
than 4 °x 10 °

An important parameter of a reflector antenna system is the ratio of focal length to diame-
ter, f/D. For scan range of 10 °the ratio must be not less than 2 if coma is to be smaller than
the diffraction pattern of the aperture. In the system to be considered below the value chosen
for f/D was 2.5. For 42 dB gain of 20 GHz signal the necessary reflector diameter is from Fig. 4
(Chapter 3), 60 cm. Under these conditions the distance between the reflector and the feed is
1.5 m, which may increase the overall dimension of the system to an undesirable extent.

This may be eliminated by the use of a small planar secondary reflector which may also be
employed as a moving element to produce an effective motion of virtual feed, the real feed
itself remaining stationary. A sketch of a configuration of this type is shown in Fig. 2. The
overall dimensions of the system are approximately 120 cm x 90 cm.
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Uplink Antenna.

A similar configuration can be employed for the 44 GHz uplink antenna operating in the |

phased array mode with modifications as listed below. The scan for the desirable gain of 48 dB
and seven element array is 1.7 °x 1.7 °with the consequence that 4 °x< 10 °target will require
two dimensiona! rotation in the range 2.3 °x8.3 ° of the planar secondary reflector., Another
difference in the configuration will be the replacement of the feed array of the multiple beam
system by a more complicated system consisting of a secondary paraboloid reflector illuminated
by a phased array. Fig. 3 shows a system of this type with the diameter D of the main reflector
of 50 cm and 125 cm (2.5 D) focal length. The focal length of the secondary reflector shown in
one fifth of that of the main reflector rendering the diameter of the feed array 10 cm.

The presence of mechanical scanning elements in the antenna system precludes the use of
a signle antenna for real time communication between two earth terminals. Two alternatives
are possible if two antennas are to be employed. If the reversal of traffic direction can tolerate
delays necessary for re-alignment of mechanical steering elements, the system may employ two
single frequency antennas, one for the 44 GHz uplink and the other for the 20 GHz downlink.
Should this not be the case the link will require the use of two antenna systems each operating
at 20 and 44 GHz with mechanical steering elements.

The design of the uplink controlled-beam phased array begins with the selection of an
array configuration. Next to be considered is the prior constraints on beam control. Finally,
the contro! algorithm and implementation are selected. These considerations are discussed
separately in the following, Since this is only a conceptual design, no quantitative performance
measures are attempted.

Phased Array Configuration.

The uplink adaptive antenna is to be a phased array of between four to seven elements,
each illuminating a portion of a single main reflector covering a circular aperture. Beam steer-
ing is combined with null steering. The selection of the array configuration is based upon main
reflector aperture efficiency, quiescent array pattern which governs signal separation, and base-
line distribution which determines scenario analysis. Two simple configurations are considered,
a ring with or without a center element. As shown in Fig. 4 the fraction of total aperture
illuminated by the elements varies amongst the arrays. The main aperture efficiency, also
shown in the Figure becomes small when the element number becomes large. Thinned arrays
as discussed in [2] are therefore unsuitable for use with a single main reflector.

The signal separation capability of an array depends to a certain extent on its quiescent
pattern. However, it is unclear whether low sidelobe levels or a small main beam is more
important, If one considers the case with which sidelobes can be cancelled in adaptive arrays, it
may be that for a given number of elements the small main beam criterion lending itself to
higher nulling resolution should be used. This conditions was emphasized by Mayhan [2]. This
would favour thinned configurations with low main aperture efficiency,

The scenario analysis of an array depends on the baseline configuration as discussed in
Chapter 6. Increase in the number of nonredundant baselines implies that more information on
scenario is available, hence finer details can be analyzed. Fig. 5 shows the baseline distributions
of the arrays of Fig. 4. The fraction of baselines that are nonredundant is included in the
figure. Half of the configurations on regular lattices have the most redundant baselines, while
the other half have completely nonredundant baselines. The significance of nonredundant base-
lines on the performance of beam-control, in particular in the presence of thermal noise is not
yet understood. Intuitively, one would favour higher capability for scenario analysis if thermal
noise does not adversely degrade the behaviour.

Based upon these considerations we emphasize small main beam and redundant baselines
and select the four-element array and the six-element pentagonal array as candidates for the
present design. The final decision is to be based on the number of jammers to be cancelled.
The higher performance system is the six-element pentagon.
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Prior Constraints,

Since the antenna employs hybrid steering, information on the desired direction is
assumed to be available. In addition, the system is to use spread spectrum with known codes.
These two constraints need to be introduced together. How this is to be done is not clear at
this time. Detailed mode of operation is required before a proper design can be made. This
problem appears not to have been fully investigated. Regardless of how the two constraints are
to be applied, fast acquisition for TDMA is necessary. Since referencing using spread spectrum
can only be made when the code is acquired, it may be necessary to introduce an additional
short code to enable fast slewing for alignment of incoming signal code and local code in the
reference loop. Detailed study of acquisition time in the presence of jamming and thermal
noise needs also to be undertaken,

Algorithm and Implementation.

The system is to operate in non-stationary environments exemplified by TDMA and
blinking jammers. This means the algorithm must have fast convergence. The simple but slow
LMS algorithm cannot be used. Among the methods of accelerated convergence based on sam-
ple matrix inversion the recursive matrix inversion scheme using exponential deweighting [3]
appears to be most suitable for the present application. Using the algorithm on an N-element
array, instead iof requiring N* operations for sample matrix inversion the optimal weight vector
can be obtained using 2N? multiplications for each scenario snap shot. Convergence is often
attained within N snap shots. The dewelghtmg of old data is introduced to account for blinking
jammers.

The recursive matrix inversion scheme cannot be readily implemented using analog dev-
ices. It is therefore necessary to digitize the signal to evaluate the coherence matrix in digital
form. LSI fast multiplier chips are necessary to achieve high convergence speed. For an 8-bit
multiplier operating at 50 ns the time rquired for convergence is about 6.4 us for a four-
element array and about 22 us for a six-element array. A possible implementation is to use
analog correlators for the measurement of coherence matrix, digital matrix inversion and analog
weights.

Conclusions.

The above conceptual design of a controlled-beam reflector antenna system with hybrid -
steering shows what can be readily achieved and means to do it. Based upon this, detailed
quantitative analysis can be carried out and simulations can be performed to arrive at the per-
formance specifications of the system.
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Chapter 10
RECOMMENDATIONS

From the study of the antenna classes it is evident that reflector antennas are most suit-

able for the space segment because of easy implementation, light-weight and reasonable versa-
tility. Lens antennas are heavier but appear to have superior multi-beam performance, hence
are also promising. Microstrip arrays and reflector arrays appear to be limited by the number of
elements, hence cannot be used as the principal antenna in the space segment. They are likely
to be used in the ground segment. The following is a list of specific recommendations on
promising technologies for detailed investigation and development.

@

(i)

@iii)

(iv)

)

(vi)

(vii)

It is recommended that analytical, numerical and experimental investigations on zoned
dielectric lens antennas and reflector antennas be carried out. Special attention should
be focused on feed systems for large beam scanning angles. Both multi-beam and
phased arrays need be considered.

Single antenna two-frequency system needs to be studied in relation to traffic require-
ments. Attention on diplexer, intermediate reflectors and feed arrays for wide scan
range need be stressed.

The reflector array antenna shows promise for ground segment applications. Investiga-
tions of their theoretical analysis, maximum array cell size, mutual impedance between

~cells and array elements should be carried out with emphasis on efficiency and costs.

It is recommended that laboratory simulations of electrostatic charging of dielectric
lenses by energetic electrons and ions be carried out in order to evaluate whether or
not arc discharges occur and are strong enough to constitute a threat to space systems.
Threats to control diodes by discharges on nearby thermal blanket materials or other
insulators will have to be assessed.

The effects of array configuration on signal separation and scenario analysis need be
investigated analytically by simulation. Possible combinations of sub-arrays to factorize
scenario analysis into smaller dimensions leading to reductions in computing burden
should be investigated. Optimal hybrid analog-digital implementation using state of art
space qualified components needs to be studied.

Efforts should be made to obtain hard data on costs, delivery and performance of

necessary switches and phase shifters. A few of these should be experimentally
evaluated.

In all studies attention should be directed towards optimization methods and trade-offs
with respect to performance, cost, weight, power consumption and realiability.
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