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Self-Steering Arrays

W. H. KUMMER
Hughes Aircraft Company

Culver City, Ca.

Summary - Self-steering arrays using complete receiver-transmitter-signal processing
systems to direct the beam of an antenna automatically have been developed. These
systems offer an alternative to mechanically gimballed systems for satellite communication
applications. The operation of such systems using either a pilot signal or a phased lock
loop technique for self-steering is described. Also described is an engineering model built
for satellite-to-earth communications which incorporates these techniques. Additionally,
other systems now in breadboard configurations are mentioned briefly. A summary of
power requirements for a projected 25-module system has been included to indicate the
feasibility of larger systems. Test results for the engineering model have proved
satisfactory, and show that these systems can definitely be valuable in applications similar
to the tracking and data relay satellite system (TDRSS) described here.

Introduction - Self-steering antenna arrays are a type of adaptive array that collimates and
steers a main beam in the direction of desired incoming signals. This paper gives a
background of the development of such self-steering technology, a review of the systems
that have been developed and an example of the application to the tracking and data relay
satellite system (TDRSS) low orbiting user satellites. The self-steering technique offers an
attractive alternate to mechanically gimballed systems for satellite application because it
avoids the large field of view required by mechanical systems. It also avoids interruption
of data which occurs during the handover of the user link between the two geostationary
synchronous satellites when a mechanical steering technique is employed.

Self-steering techniques use the incoming signal to direct the beam of an antenna
automatically toward a transmitter, a receiver, or both. The operation of these systems is
such that the antenna, receiver, and transmitter are all intimately interrelated. For example,
self-steering arrays may use distributed receivers and transmitters to obtain the self-
steering characteristics. A self-steering antenna is, therefore, a complete receiver-
transmitter-signal-processing system and must be evaluated as such. Distributed
receiver/transmitter systems described here use one receiver and one transmitter at each
radiating element. The noise figure of this system is the same as that for a system with
equal gain that has only one receiver with the same noise figure.



Operation Of Self-Steering System - The operation of the system will be described first
with a specific signal format, namely an incoming information band and an adjacent pilot
signal. For this discussion, the pilot signal will be taken to be a stable CW signal. In actual
use, a coded pilot signal or beacon would be used to prevent unwanted interference and
loss of the communication link. This method is effective if deliberate jamming is not
encountered and offers a system at lower cost since the capability of suppressing jammers
by adoptively steering nulls in their direction is not needed. Operation without a pilot
signal will also be discussed. TDRSS S-band frequency allocations will be used.

As shown in Figure 1, the array receives an information channel in the 2025 to 2120 MHz
frequency range as well as a pilot tone for steering. Because the module transmits in the
frequency range from 2200 to 2300 MHz through the same radiating element as it receives,
a diplexer is required. The received signals, including the pilot, are down-converted to a
suitable IF in a mixer by a common local oscillator source. By operation of the local
oscillator frequency above the signal frequency, the inversion necessary to obtain the
required retrodirective steering of the transmitter occurs (1). Signal information is also
inverted in this mixing process and must therefore be re-inverted before transmission.

Following the first mixer, suitable amplification is introduced and the signal is separated
from the pilot in an IF diplexer. Sufficient amplification must then be introduced into the
pilot and signal arms to drive the IF mixer.

The pilot signal acts as the local oscillator for the second mixer. As such it must be a clean
signal uncorrupted by noise. Narrowband filtering is used to obtain a minimum signal-to-
noise (S/N) ratio of 10 dB. The pilot channel contains the differing phase information of
the angle of arrival for each module. The antenna gain associated with the pilot signal
channel is that of the radiating element used with each module.

Ideally, the pilot signal is amplified to 1 milliwatt to achieve a minimum conversion loss in
this mixer. For the typical pilot and signal levels expected, 100 to 110 dB of gain will be
required. The outputs from the IF mixers in all of the modules will have the identical phase
and can be added in the summer. Thus only the information channels get summed
coherently and have the S/N improvement commensurate with the array gain.

The signal to be transmitted is distributed to the modules by means of an N-way divider.
When upconverted with the pilot signal, the proper phase is impressed to steer the
transmitted signal in the original direction of the pilot signal.

Possible frequencies for the signal channel, pilot tone, local oscillator and IF are indicated
in parentheses in Figure 1. Gains and losses introduced by the various components, as well
as power levels desired at several points in the module, are also indicated. High gain



Figure 1.  Self-Steering Module Using Pilot Signal. (The numbers in parenthesis
show the frequencies in MHz; representative gain values are also listed).

is required particularly in the pilot channel to conserve ERP at the transmitter. Narrowband
filtering in the IF diplexer and pilot IF amplifier is required to obtain a sufficient signal-to-
noise ratio for steering. The local oscillators are common to all modules so that phase
coherence between local oscillators is not required. Phase and gain tracking, while
required between modules, is not a critical problem since beam null forming is not needed.

Various methods have been used to obtain the required gain and signal-to-noise ratio in the
pilot conditioning system. The IF diplexer and a narrowband crystal filter with high gain
amplifiers may be used; alternately a phase locked loop may also be employed. The latter
system will be described next.



A signal format without a beacon or pilot can also be used to steer the self-steering system.
For the TDRSS system, as an example, the PN coded signal is used. It consists of a
preamble and an information signal. For this example a specific user frequency format has
been used.

The basic configuration of Figure 2, an extension of the pilot signal concept, uses a
suppressed carrier tracking loop to replace the pilot conditioning system. The suppressed
carrier tracking loop (Costas Loop Receiver) reconstructs the carrier by use of a phased
locked loop. Since the signal has been modulated during the preamble by a pseudorandom
PN code, a synchronization loop is included to modulate the VCO output (carrier) of the
suppressed carrier tracking loop. Because the start time and doppler of the command
preamble is initially unknown, the preamble is repeated until the suppressed carrier
tracking loop of the receiver locks up. Following lock up, the tracking loop will continue to
provide the VCO output that is an estimate of the suppressed carrier. This signal then is
equivalent to the CW pilot signal.

Array Gain And Effective Radiated Power - The minimum array gain is related to the
gain of each radiating element as follows:

GA = Nge

where
GA = array gain on receive at maximum scan angle
ge = gain of the receiving element, in array environment, at maximum scan
N = number of receiving/transmitting modules.

For the transmitting case, the minimum effective radiated power (ERP) is given by

ERP = N2 ge Pe

where Pe is the power into the radiating element.

The type of radiator selected depends on the frequency of operation, the bandwidth to be
covered, and the polarization on transmit and receive as well as the field of view.

For a field of view subtending a cone of angle of 130E, the elements are spaced about a
half wavelength apart. For a minimum gain of 15 dB, approximately 32 radiators would be
needed if ge = 1 is assumed. For smaller scan angles, the element gain can be increased so
as to be commensurate with the maximum scan angle. Wider element spacing, equal to the
area gain, is used. Thus, for a given array gain, less array modules are needed. To avoid
grating lobes random spacing may be used. For a field of view of 30E (full cone angle), the
minimum element gain is 12 dB and a 64-element randomly spaced array will have a
maximum gain of 30 dB with -15 dB maximum sidelobes and grating lobes.



Figure 2.  Self-Steering Module Using Signal as Pilot (The frequencies shown in
parentheses are in MHz)

Description Of Self-Steering Systems - A number of systems have been designed for a
variety of applications; most of these have been in breadboard configurations (2,3).
However an engineering model was designed for satellite-to-earth communications in the
7.3-8.4 GHz band (4). The system is designed as a relay station between any two pairs of
ground stations that lie within a 30E cone of coverage. The satellite vehicle is assumed to
be in a synchronous orbit.



The system has two independent FM/FM channels, each receiving in the 8-GHz band and
transmitting at 7.3GHz. Each channel has an RF bandwidth of 125MHz. The repeater will
steer four independent high-gain beams (two for receiving and two for transmitting) along
arbitrary directions within the ± 15-degree coverage angle. The positions of the beams are
controlled by the phase information obtained from the CW pilot signals generated by the
communicating ground stations. Beam designations and the frequency bands utilized are
illustrated in Figure 3.

Figure 3.  Beam Designations and Frequency Bands Utilized by
the Self-Steering Repeater

For the system shown in Figure 4, receiving pilots, transmitting pilots, and modulated
signals are received by the receiving element, passed through a high-pass filter, down-
coverted to an intermediate frequency, and amplified by a wideband IF preamplifier. After
preamplification, the two information bands and the pilots are separated by means of a
triplexer filter. The pilots are then downconverted to a second intermediate frequency to
allow utilization of very-narrowband bandpass filters to establish a good signal-to-noise
ratio for the pilots. These bandpass filters comprise the quadruplexer which, in addition to
limiting the noise bandwidth of the pilot channels, serves to separate the pilot signals.
After the pilot signals pass through the quadruplexer, they are up-converted to about 200
MHz to enable them to be mixed with the wideband modulated signals without overlap of
the power spectra.



* The other information band, 675-800 MHz is processed similarly.

Figure 4.  High-Gain Self-Steering Engineering Model Schematic (The subscripts of
the pilot frequencies correspond to the beams shown in Figure 3)

With reference to Figure 4, the information band, 450 to 575 MHz, passes from the
triplexer to a wideband mixer.* The receiving pilot signal, 206 MHz also passes to this
mixer. If these two signals are mixed and the lower sideband retained, the phase of the
resultant IF signal is independent of the relative phase angle of the signals at the elements.
The signals from the output of these mixers (one for each element) are in phase and are
summed. At the point of summation, the receiving array gain is realized for the information
signals.

The signal is then amplified at the intermediate frequency, upconverted to RF and
amplified, and then distributed to the final transmitting mixers. At these mixers the
transmitting pilot is mixed with the modulated signal and the upper sideband is selected by
the bandpass filter that follows. A modulated signal is produced at a transmitting element;
this signal has a phase angle that has the opposite sense from the phase angle of the
transmitting pilot at the corresponding receiving element. That is the condition necessary
to transmit the information from the antenna system in the direction of the transmitting



**The other information band is also fed to the same transmitting element through a diplexer
which is not shown in Figure 4.

pilot.** In this particular design two arrays were used, one for transmitting and one for
receiving (Figure 5), they were scaled in wavelength to avoid beam squint. For systems
operating at lower frequencies, with requirements for similar gain, only one array could be
used due to limitations on size and weight and problems of stowage in the launch vehicle.
The beam squint in these systems needs to be removed for widely spaced transmitting and
receiving frequencies. Several schemes using electronic circuitry, array scaling and
combinations of both have been proposed for obtaining the proper phase scaling.

Figure 5.  Complete Repeater

The system test results were generally satisfactory and are indicative of the performance of
a high quality communication channel (4). Table I summarizes the characteristics of the
engineering model.

The non-availability of solid state preamplifiers and RF transmitting amplifiers penalized
this system in terms of noise figure, prime power, weight and ERP. A current design would
incorporate these components.



Table I.  Characteristics of the Engineering Model

Parameter
Design Goals for

Engineering
Measured

Performance

Number of elements, each for two arrays

Number of channels

RF bandwidth, each channel

Guard band, between channels

Total cone angle of coverage

Element gain, minimum

Array gain, minimum

Polarization

Average mixer-filter preamplifter noise figure

Effective radiated power per channel

Ratio of pilot to modulated signal power
when 125-MHz bandwidth is utilized

Attitude readout accuracy (min)

Power consumption: receiver

Power consumption: pilot processor

Power consumption: attitude readout

Power consumption: total transmitter

Prime power (exclusive of power supplies)

64

2

125 MHz

100 MHz

30 degrees

11.6 dB

29.8 dB

Circular

15.2 dB (max)

28.0 dBw

-10 dB

±0.5 degree

32. 0 watts
excluding LO

108.7 watts

0.9 watt

201. 1 watts
 excluding LO

324.7 watts

125 MHz

100 MHz

30 degrees

12.4 dB

30.4 dB

Circular axial
ratio = 0.8 dB

14.4 dB

27.8 dBw

*

±0.5 degree

---

182.6 watts

---

87.9 watts**
excluding LO

270. 5 watts
*Pilot signal ratios much lower than the design values were measured in the TV tests (see (4)).
**Power consumption applies to one channel of transmitter. For two-channel operation less than twice
this value would be needed.



For the TDRSS user application, S-band modules are being designed and fabricated to
obtain data on achievable system noise figure, prime power and weight.

The design of the modules is based on the schematic shown in Figure 1. An RF
preamplifter is inserted between the diplexer and the first mixer; a system noise figure of
less than 4 dB is expected. The pilot conditioning system uses a phased-locked loop to
obtain the narrowband filtering required for the pilot signal which the present design uses.
The phased lock loop also performs a pilot signal acquisition and doppler tracking
function.

Figure 6 shows a breadboard model of the RF diplexer. This is a critical component
because of its direct effect on the performance of the system. The details of the design
trade-offs and the resultant choices serve to illustrate the design goals. The required
diplexer responses are based on transmit amplifier noise levels and receive amplifier
intermodulation responses. Best electrical designs are based on multicavity filters that
weigh over a pound each. Since one diplexer per module is needed, electrical performance
is traded-off against weight. The unit shown is a microstrip design with an insertion loss of
about 1.5 dB.

Figure 6.  TDRS S-Band Diplexer Breadboard



A summary of the projected performance of a twenty-five module system is given in Table
II. It should be emphasized that this is an integrated receiver/transmitter system and not
just an antenna and gimbal.

Table II.   Design Goals for D-C Power for 25-Module Array

Number
Required Component

Total DC
Power Required

  1

25

25

25

25

25

  1

1.8 GHz Local Oscillator

RF Preamp @ 0.2W

IF Amp. 33-dB Gain @ 0.4 - 0.5W

IF Amp. 30-dB Gain @ 0.4W

Phaselocked Loops @ 2.2W

VCO: 0.7W; 100 dB gain amp.:
0.6W; 2 loops: 0.2W; 100 dB
gain amp.: 0.7W

Trans. Power Amp. @ 1.5W

(Lower limit-1.0W, depends on
gain, phase linearity)

Ref. Oscillator@ 1.2W
(106 MHz)

9.5W with oven
(4.0W without oven)

5W

12.5W

10.0W

55.0W

37.5W

3.0W with oven

132.5W

Conclusions - Since the self-steering systems are modular in nature they can be used for
various types of coverage requirements. For the TDRSS users, the fields of view are nearly
hemispherical. The modules can be placed around the cylindrical structure so as to give the
desired coverage. Since a user will have to alternately communicate between two widely
separated geostationary synchronous satellites, a loss of data will occur with a gimballed
antenna system. The beam agility of the self-steering system eliminates this problem for all
practical purposes. Thus it is anticipated that these electronically steered systems will find
a definite use in applications similar to TDRSS for a variety of users.
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