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ELECTRONICALLY STEERABLE SPHERICAL ARRAY
CAPABILITIES AND INTERFACES

Taliaferro H. Taylor, Jr.
Ball Aerospace Systems Division

P. O. Box 1062, MS-BE III
Boulder, CO 80306

ABSTRACT

For antenna applications which require gains of 7 to 23 dBic over very large solid angle
coverage regions, the Electronically Steerable Spherical Array (ESSA) is an antenna which
has significant benefits. This paper describes these benefits along with the ESSA’s key
performance parameters and its electrical and mechanical interfaces. As extensions of the
basic ESSA design, this paper also describes alternate configurations which allow multiple
beam operation and integrated packaging of RF electronics.

Basically a simple antenna, the ESSA forms its beams by selecting N elements which point
in the desired direction. Selection of these elements is performed by a multipole PIN diode
switch. This switch sums together the N desired elements from the M elements located on
the ESSA’s spherical surface upon receipt of the appropriate commands from the ESSA’s
dedicated microprocessor. The ESSA may be either Phase Compensated, or Non-Phase
Compensated. In the Phase Compensated ESSA, a 1 or 2 bit phase shifter is used to
correct the spherical phase front produced by the array shape. That correction results in
higher gain.

The most important ESSA benefits are its characteristics of constant phase and gain which
are independent of beam pointing angle. These characteristics free the system from the
gain and phase perturbations caused by other types of antennas.

As a mature technology, the ESSA has been successfully tested with the NASA standard
transponder and is presently being fabricated as a 14 dBic gain protoflight unit for a
NASA-Goddard Space Flight Center program.

DEVELOPMENT HISTORY

Development of the Electronically Steerable Spherical Array (ESSA) was started by Ball
Aerospace Systems Division (BASD) in 1975 as part of a contract with NASA-GSFC.



That contract resulted in the development of the ESSA, the inertialess antenna needed by
user satellites for communication over their large coverage angles towards the Tracking
Data Relay Satellite System (TDRSS). Since then, the ESSA has been fabricated and
tested while configured as engineering models (Figure 1) which had coverage gains of 7
and 14 dBic. The 14 dBic gain ESSA has undergone a variety of breadboard tests which
include testing with the TDRSS transponder in automatic direction finding mode, despin
mode and omnidirectional mode. Another breadboard of the ESSA was fabricated which
demonstrated the effects of phase compensation on performance. Having achieved a level
of maturity, the ESSA recently completed its critical design review and is now in
protoflight production.

AN ESSA IS NOT A PHASED ARRAY

More than just another name for a phased array, the Electronically Steerable Spherical
Array (ESSA) provides better performance over large coverage angles than can be
provided by phased arrays. The Phased Array and Electronically Steerable Spherical Array
configurations needed for hemispherical coverage are shown in Figure 2. As shown in this
figure, the phased array requires several array faces to provide hemispherical coverage
while the ESSA requires only one. As a result, the ESSA has none of the problems
associated with crossover between the array faces of the phased array. The primary
difference between the two antenna types is the method of beam forming. The ESSA steers
a beam by illuminating a set of elements which point in the desired direction. This set of
elements is illuminated by a simple multipole switch called a switching power divider
(SPD). The phased array does not switch between elements; instead, it steers a beam by
phase compensating the array aperture to combine signals arriving away from boresite. As
a result of this difference in beam forming methods, the ESSA has constant gain and phase
independent of pointing angle; whereas, the phased array gain is highest on boresite and
decreases as the pointing direction is moved away from boresite. This difference in
performance is shown clearly in Figure 3.

THE ESSA BLOCK DIAGRAM IS SIMPLE

Upon examination of Figure 4, the ESSA block diagram, one should conclude that the
ESSA is a relatively simple antenna. This conclusion is verified by the observation that the
ESSA consists of only 4 major assemblies: elements, switching power divider (SPD), SPD
driver and microprocessor. Through the use of redundant hardware, the reliability of the
ESSA may be made even greater than that of the common gimballed dish antenna. Even
when configured for phase compensated operation, the ESSA block diagram is changed
only by the addition of a 1 or 2 bit phase shifter at the input to the switching power divider
(shown as an option in Figure 4). The capabilities of the SPD driver are expanded to 



include capacity for the phase shifters. These changes do not significantly change the
ESSA reliability.

ELEMENT LOCATION RESULTS IN IDENTICAL BEAMS

Perhaps the most unusual aspect of the ESSA is its spherical shape. Indeed, it is the
spherical shape that causes some of the ESSA’s elements to point in the desired pointing
direction. In the ESSA, the elements are positioned on the spherical surface through the
use of Icosahedron geometry. This geometric technique subdivides the spherical surface so
that the chord length between any two elements is in the range of 0.658 to 0.758. The
similarity in spacing between elements results in the characteristics of all ESSA beams
being very similar.

PHASE COMPENSATION IMPROVES PERFORMANCE

Phase compensation is a technique which may be used to improve the performance of the
ESSA. As shown in Figure 5, a phase difference exists between signals at elements located
near to and far from the desired pointing direction. This phase difference, )N, can result in
destructive interference if it is allowed to be 180E at the operating frequency. As a result,
the set of elements used to form a non-compensated ESSA’s beam is selected to have a
)N of less than 135E thereby preventing destructive interference. By inserting a
compensating )N the phase compensated ESSA may use additional elements to form the
beam and, as a result, have a larger aperture size and higher gain.

GAIN DEPENDS ON RADIUS

Because )N is a function of the distance between the inner and outer elements in an ESSA
element set, one may conclude that the aperture size and gain are a function of the ESSA
radius. Figure 6 shows that this is a valid conclusion; ESSA gains between 7 and 23 dBic
may be achieved from different ESSA diameters. Figure 6 also shows the effects of the
two constraints on aperture size. The first constraint, delta phase within the element
cluster, results in the breakpoint in non-phase compensated performance at 2.758 ESSA
radius. Element beamwidth results in the second constraint. When using small radius
spheres, the element’s pointing angle changes so rapidly that the aperture diameter is
reduced to prevent more energy from being contributed outside of the main beam than
inside. This second constraint results in smaller diameter ESSA’s using smaller apertures
and therefore having lower gain.



POWER REQUIREMENT IS DOMINATED BY MICROPROCESSOR

Although the ESSA has many elements (e.g., 145 elements for a 14 dBic gain application)
the prime power requirement remains low. This is because the ESSA only turns on those
elements which are being used to create the beam. In the above example, of the 145
elements on a 14 dBic ESSA, only 12 are used to create the beam. As a result, only
1.2 watts of drive power are required for beam formation. In addition to the 1.2 watts, the
ESSA microprocessor requires 20 watts and the SPD driver network requires 2 watts,
which results in a prime power requirement of less than 25 watts for the 14 dBic gain non-
phase compensated ESSA. Even phase compensation does not significantly increase the
ESSA’s prime power consumption since less than 3 watts are required to drive the phase
shifters.

THE FOUR OPERATING MODES

The ESSA uses a 16 bit I2L microprocessor for selection of its elements. I2L logic was
chosen to provide radiation resistance for the system. This microprocessor has been
programmed to have four operating modes which are selectable upon command to the
microprocessor and may be explained as follows:

• Omnidirectional - gain greater than -5 dBic over a major portion of the hemisphere.

• Directed Beam - The ESSA points its beam toward the (2,N) coordinates which
are input as data.

• Program Track - The ESSA microprocessor uses ephemeris data provided every
3 days from ground support to generate the pointing directions
toward TDRSS.

• Retrodirective - The ESSA uses the AGC level from the transponder as a figure
of merit to determine the pointing direction toward TDRSS.

Other operating modes such as powered down omnidirectional and despin have been
developed in response to certain mission scenarios. The ESSA microprocessor has
expansion capabilities which allow operation with a variety of mission-unique
requirements.



RF COMPONENTS AND ELECTRONICS MAY BE INTEGRATED

The typical RF components associated with the ESSA when used for communication with
TDRSS are:

• Redundant 10 watt power amplifiers

• Redundant low noise amplifiers

• Band reject filter

• Diplexer

• RF Switches

All of these components may be packaged along with redundant microprocessor and
switching power divider driver assemblies as an integrated 24 inch long support mast. As
shown in Figure 7, the RF components may be neatly packaged into support masts for use
with either the 12 inch diameter 8 dBic gain or 30 inch diameter 14 dBic gain. The
estimated total weight of the ESSA and RF components is 50 pounds for the 8 dBic gain
and 86 pounds for the 14 dBic version. BASD has performed a study of the thermal
characteristics of the 30 inch diameter ESSA and its integrated RF components. The study
determined that no RF component would exceed its allowable temperature extremes during
either transient or steady state conditions for both total shade and full sun orbit conditions.

The ESSA may also be configured to meet other mission unique requirements. For
example, by removing the RF components and microprocessor, the weight of a repackaged
7 dBic gain ESSA may be dropped to as low as 13.5 pounds. Reconfiguration may
therefore allow the system designer the flexibility needed for optimum system design.

SIMPLE MODIFICATION ALLOWS MULTIPLE BEAM OPERATION

For applications other than TDRSS, the ESSA may be needed for the simultaneous
reception of signals from emitters spread throughout a large solid angle coverage.
Modification of the ESSA’s block diagram as shown in Figure 8 allows the ESSA to create
completely independent multiple beams.

Multiple beams are created by power dividing the signal from each antenna element to
drive the proper number of switching power dividers (beam forming networks), thus
creating totally independent output beams. A cutaway view of an 8 beam phase 



compensated ESSA’s possible packaging is shown in Figure 9. This figure shows that
multiple beams may be created with little packaging difficulty when an ESSA is used.

DATA INTERFACE

Interfacing to the ESSA is also a relatively simple operation since only three simple
interfaces are involved. The ESSA data interface to the microprocessor is handled through
a common serial data interface. This data interface requires a 16 bit serial data stream,
2,024 MHz clock and data enable signal to be provided by the command unit. (A relatively
simple modification would allow a 16 bit parallel interface to be used.) Through this data
interface the system may provide command words for selection of operating modes or data
words corresponding to pointing angle or ephemeris data. The clock frequency is not
significant since a wide range of clock frequencies may be accommodated. Data enable is
simply a logic high while data is being input to the ESSA. The RF interface is through a
common coaxial connector. The prime power may be a common 28 volt supply.

FUTURE APPLICATIONS

The ESSA is a maturing antenna technology which appears to be desirable for a wide
variety of antenna applications. Multiple beam, inertialess, low power, self contained, the
ESSA is an antenna to be considered for any application which involves large coverage
angles.
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Figure 1 Engineering Models of the 7 dBic and 14 dBic Gain ESSAs Have Been
Fabricated and Tested by BASD

Figure 2 Multiple Phased Array Faces Are Required for the Hemispherical Coverage
Provided by a Single ESSA



Figure 3 ESSA’s Gain Remains Constant While Phased Array’s Gain Rolls Off When
Scanned

Figure 4   ESSA Consists of 4 Major Assemblies



Figure 5   A Phase Difference Exists Between the Elements Used in the Aperture

Figure 6  ESSA Gain is a Function of Size



Figure 7   RF Components May Be Integrated Into ESSA’s Support Mast



Figure 8 Multiple Beams May Be Provided With Little Change to ESSA’s Block
Diagram

Figure 9 Multiple Beam Electronics May Be Enclosed Within the ESSA Dome


