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ABSTRACT

Mobile satellite communications at UHF have gained wide acceptance in the past several
years. This acceptance has been largely a result of the improvement in communication
reliability over other long-range systems such as HF. Deficiencies, however, have been
noted with respect to the performance of UHF satellite communication (SATCOM)
systems where anti-jam (AJ) or low probability of intercept (LPI) characteristics are of
importance.

Recent advancements in technology coupled with increased requirements for improved AJ
and LPI have focused attention on the EHF frequency range for evolutionary replacement
and/or augmentation of UHF SATCOM systems. RF equipment in this frequency range
has the potential for the implementation of highly compact terminals for mobile application
such as required for airborne force elements.

In the next 5-10 years, a wide range of technologies will be applied to the development of
EHF user terminals. Critical trade-offs exist between satellite and terminal complexity as
well as within the terminal itself. Within the terminal, antenna gain versus HPA power,
antenna mounted solid-state PA’s versus TWT PA’s, phased arrays versus advanced
reflector antennas all must be considered. Although the antenna and HPA are the most
significant cost drivers, secondary trade-offs, such as antenna gain versus use of paramps
or FET’s, and synthesizer approaches for fast hop and signal processing implementation
also must be addressed. This paper addresses a typical terminal for a small mobile user
such as an airborne force terminal. Typical system and spacecraft characteristics are
defined and tradeoffs carried out on a parametric basis between various terminal elements
to establish cost-performance relationships.



INTRODUCTION

Many of the communication requirements of airborne forces are ideally fulfilled by the use
of satellite communications. The need for high link availability, jam resistance, low error
rates and communication flexibility over large areas of the earth are often best satisfied by
satellite communications. This paper will examine some technical and cost considerations
associated with future airborne terminals using the EHF frequency range.

In order to place the technical characteristics of the terminal in perspective, it is necessary
to define complementary system and spacecraft characteristics. After this is accomplished
the various elements of the terminal are examined to determine the lowest cost approach
for a range of terminal parameters that will fulfill the system requirements previously
defined.

A generic block diagram of the terminal under investigation is shown in Figure 1. It will be
noted that the RF subsystem, i.e., antenna, HPA and LNA, provides the greatest cost
leverage and will be the primary area of discussion. The other parts of the terminal system
although somewhat sensitive to trade-offs do not affect the terminal cost to the same
degree as the RF subsystem and will generally be considered fixed. In all cases the paper
considers the production or recurring costs.

SYSTEM PARAMETERS

Although the primary purpose of this paper is to examine certain terminal related
parameters, it is necessary to discuss the system that would be serviced by the terminal
and in a general way the satellite parameters. It is postulated that from a system viewpoint
complexity would be built into the satellite in order to simplify the terminals. Assuming use
of the 44 GHz uplink band and 20 GHz downlink band, satellite EIRP would be in the 70
to 75 dBm range, and G/T in the -3 to -8 dB/K range providing satisfactory system
performance under adverse conditions without unnecessarily large and expensive user
terminals. The satellite would employ high gain beam antennas with some degree of on-
board processing to support the beam antenna concept and provide AJ capabilities.

The 44 GHz uplink traffic would be a mixture of demand-assigned 75 bps and 2400 bps
channels with a total data rate per burst per link of about 3 Kbps using M-ARY FSK. The
20 GHz downlink traffic would be organized in the satellite into a single 100 Kbps TDMA
stream and would use DPSK modulation. Typical link budgets to support this type of
traffic are shown in Table I and these budgets constitute the first step in sizing the EIRP
and G/T requirements of the terminal.



Table I
Typical EHF Force Terminal Link Budgets

         Uplink                  Downlink         

Required Eb/No

Data Rate
Rain Margin
Path Loss
Pointing Loss Margin
Satellite G/T
Satellite EIRP
Implementation Loss
Terminal Radome Loss
Boltzman’s Constant
Required Terminal EIRP
Required Terminal G/T

12.1 dB
+       34.8 dB-Hz
+       13.0 dB
+     218.7 dB
+         3.0 dB

        (-) -5.0 dB/K
NA

+         1.0 dB
+         1.0 dB

       (+)  - 198.6 dB/Hz
90.0 dBm

6.1 dB
+       52.6 dB-Hz
+         3.0 dB
+     212.2 dB
+         0.7 dB

NA
       -  74.0 dBm

+         1.0 dB
+         1.0 dB

      (+)  -198.6 dB/Hz

4.0 dB/K

With these basic system parameters in mind, the parametric trade-offs between the various
terminal subsystems may now be undertaken to establish an optimum cost-performance
relationship.

MAJOR TERMINAL COSTS

As noted previously, we will be primarily concerned with the RF subsystem noted in
Figure 1. Subsystem parameters will be adjusted to achieve the desired EIRP and G/T at
minimum cost. The other parts of the terminal will be considered fixed and relatively
independent of the primary terminal trades. Intuitively, it is apparent that for smaller
reflector antennas, a more powerful transmitter and a quieter receiver are needed than for
larger antennas. Thus, a minimum cost may be obtained for a combination of antenna size
and type, transmitter power, and receiver noise temperature that satisfy the EIRP and G/T
objectives. In order that the minimum cost combination may be found, it is necessary to
determine the costs of the individual subsystems under various performance criteria.

An increasingly important factor regarding the RF subsystem is the consideration of solid-
state, active apertures as an alternative to a basic approach that includes a reflector
antenna and discrete RF components. The active aperture offers performance advantages
such as null-steering, low profile, and high reliability. However, active apertures utilize
several technologies that are in the exploratory or advanced development stage at EHF.
Included in these technologies are phase shifters, power combiners, and RF devices using
monolithic integration techniques. Additional work in manufacturing methods and



techniques is needed to achieve module costs that enable the array to be cost competitive
with the basic approach. Detailed design considerations for active arrays depend heavily
on technology projections and hence are conjectural with respect to optimizing the array
size, power, and noise temperature per element. However, for moderate size arrays of 256
elements or less, it should be feasible to complete prototype development in the late
1980’s. It is clear, however, that user terminals fielded in the near-term will still utilize the
basic approach of reflector antennas and discrete RF components. Salient trade-off data for
this basic approach is presented in the following sections.

ANTENNA PERFORMANCE AND COST

Technical limitations of reflector type antennas are imposed by the accuracy of the
reflecting surfaces, aperture efficiency, main beam efficiency and off-axis pointing or
tracking. These limitations must be analyzed in the presence of operational or platform
constraints such as allowable diameter and physical profile, pointing or tracking accuracy
of the system and desired EIRP and G/T for a given traffic throughput considering
appropriate link margins.

Deviations from perfect surface accuracy of reflectors cause a loss in gain because of
resulting beam defocusing. Current molding techniques for solid reflectors in the 30 to 60
cm range allow these units to be produced with accuracies of 0.010 inches (0.25 mm). This
results in a gain loss of approximately 0.9 dB at 44 GHz and 0.2 dB at 20 GHz. Accuracy
better than 0.010 inches require precision techniques which are cost drivers.

Antenna efficiencies are functions of reflector illumination characteristics and aperture
blockage. Table II shows the approximate aperture efficiency and main beam efficiency for
three commonly used reflector type antennas.

Table II
Antenna Efficiency

Aperture Main Beam
     Type     Efficiency (%) Efficiency (%)

Prime Focus 45-47 92-94
Cassegrain 55-60 70-75
Shaped Reflector 65-70 79-81

Pointing loss is caused by a combination of factors such as gravity, thermal effects, wind
loading, and tracking or pointing accuracy. For small (<1 meter) aircraft EHF antennas
protected with radomes, the only significant one of these factors is the type and accuracy



of the tracking or pointing method. Pointing losses caused by pointing/tracking errors for a
candidate EHF system are shown in Figure 2.

A tracking error of 0.2 degrees may be viewed as representative of a relatively simple,
closed-loop system. This could take the form of stepped-tracking for 3 dB antenna
beamwidths of 0.5 degrees or greater, such as would be encountered with 1 meter or
smaller reflectors at 44 GHz. A pointing error of 0.4 degrees is representative of an open-
loop pointing system of moderate complexity employing a local vertical reference at or
near the antenna, knowledge of true north direction, an attitude reference system
commensurate with platform motion, knowledge of coordinates to within a few kilometers,
and accurate ephemeris data for the satellite.

The selection of open-loop pointing or closed-loop tracking for an EHF terminal installed
on a mobile platform involves many trade-offs of operational and technical issues. A
terminal of this type which operates through a processing satellite must have the capability
to precorrect frequency and time in order to gain access to the satellite. Since doppler
frequency shift and propagation time are both dependent on platform position and motion
relative to the satellite, the majority of hardware and processing needed to perform spatial
acquisition as well as time and frequency acquisition would be available in the terminal.
However, factors such as cumulative build-up of platform INS errors and any changes in
antenna mounting tolerances eventually will introduce unacceptable errors. A closed-loop
tracking technique could be employed both to update the open-loop pointing system and
ensure continuous spatial acquisition. Such hybrid techniques should be considered to meet
the needs of an EHF airborne force terminal.

Figure 3 shows the relationship between antenna diameter and cost for the specific
category of small antennas (<1 meter) suitable for use on aircraft force terminals. These
costs include the feed, the mechanical steering mechanism and a local vertical reference.
The antenna pointing computer, servo controls and the interfaces with the aircraft systems
such as the inertial navigation system and attitude reference indicators are not included
here, but are fixed costs associated with the terminal signal processing and control
subsystem.

TRANSMITTER PERFORMANCE AND COST

Since small (<1 meter) antennas must be used for most airborne applications, it follows
that a significant share of the desired EIRP must be generated by the transmitter. The
transmitter power (in watts) that would be required to achieve a specified power level at
the antenna feed is a function of the length and concomitant losses of the transmit feedline
as well as the losses caused by the insertion of couplers, switches, filters, circulators,
joints and protective devices into the transmit feedline. For an aircraft installation of this



type, 4 dB is a reasonable estimate for these losses. The power required to be developed
by the amplifying device in the transmitter for an EIRP in the range of 90 dBm is shown in
Figure 4 as a function of antenna diameter, and includes the effect of the transmission line
losses.

The cost of a transmitter subsystem capable of generating the desired EIRP of 90 dBm in
combination with the range of small antenna diameters is shown in Figure 5. The increase
in slope at the 250 watt power level is due partially to the influence of increased power
supply and cooling and protective circuitry costs above this level and partially to increased
TWT costs. Between 50 watts and 250 watts, TWT costs are rather constant for this
frequency band. The total cost of the transmitter is driven largely by the TWT which is the
single most costly item in the HPA.

RECEIVER PERFORMANCE AND COST

At lower frequencies such as the UHF and SHF SATCOM bands, receiver noise
temperature (TR) is normally the predominant factor in overall system noise temperature
(TS). However , in the EHF SATCOM bands antenna temperature (TA) becomes a more
significant factor in TS. If it is assumed that the EHF force terminal operates with near
hemispheric coverage down to elevation angles of $15E then TA could vary from about
60EK (90E elevation angle; no rain) to 230EK (15E elevation angle, heavy rain). For these
relatively high antenna temperatures, the use of cryogenically cooled low-noise amplifiers
would offer no significant advantage in terms of reducing overall TS, particularly when the
additional cost and complexity of such devices is considered.

For a single downlink stream of 100 Kbps from the baseline satellite, it has been calculated
that the G/T needed for the force terminal would be in the range of 4 dB/K. Figure 6 shows
the G/T trade-off between small antennas and various system noise temperatures for a
range of G/T centered around 4 dB/K.

Receiver noise temperature is influenced primarily by the quality (noise temperature) of its
first amplifier and the losses preceeding the first amplifier. In the force terminal model, the
first amplifier is located in the antenna structure to minimize the effect of the loss
preceeding the LNA. Figure 7 shows the effect of the noise figure of the low-noise
amplifier on overall TR with 1.1 dB used as the loss for the waveguide, couplers and filters
preceeding the LNA. Figures 6 and 7 are used in combination to select the needed LNA
for a particular antenna size and G/T requirement. The antenna temperature is subtracted
from the system noise temperature (TS) read from Figure 7 resulting in the receiver noise
temperature (TR) that is used in Figure 8 to select the required LNA noise figure. A typical
antenna temperature is 124EK which will allow an undegraded G/T for any rain rate less
than 1 mm/hr at 15E elevation or less than 4 mm/hr at 90E elevation.



Figure 8 indicates the costs associated with the range of noise temperature achieved by
devices such as broadband mixer/amplifiers, FET amplifiers and uncooled parametric
amplifiers.

TERMINAL SYSTEM COST

Figures 3, 5 and 8 indicate the expected cost ranges as functions of antenna diameter,
transmitter power, and receiver noise temperature. These are the prime variable cost
elements of a typical force element terminal. Optimization of cost of the combination of
the nominal EIRP of 90 dBm and the desired G/T of 4 dB/K may now be accomplished.

The combination of antenna and transmitter cost for a range of EIRP centered on 90 dBm
is shown in Figure 9. For the purposes of this analysis only open-loop pointing (0.4 degree
RSS pointing error) has been used assuming a tracking signal may not always be available.

The summation of antenna cost and allowable system noise temperature cost for a range of
G/T centered on 4 dB/K can be shown for various antenna sizes. In Figure 10, antennas
with diameters of less than 15 cm fall short in meeting the indicated ranges of G/T.
Pointing error does not significantly affect available antenna gain at 20 GHz in either the
open-loop or closed-loop case. The cost of terminal G/T is included here as a stand-alone
correlation to the cost of terminal EIRP and, as such, antenna cost is included. A single
antenna cost is used in the subsequent summation of terminal cost.

The common factor in the summation of terminal RF subsystems cost is the antenna. Once
the other costs of the transmitter and receiver subsystems are at hand, the terminal designer
still needs a method to apportion these three separate variables in a cost-effective manner
to meet system technical requirements of EIRP and G/T. One convenient method is that of
plotting the terminals’ common antenna size vs. the total cost of antenna, transmitter and
receiver subsystems for various combinations of terminal performance expressed
simultaneously in units of required G/T and required EIRP. Figures 11 through 13 depict
situations for 44 GHz uplinks and 20 GHz downlinks such as could be employed for
communication with airborne force terminals. Various combinations of EIRP and G/T are
depicted. Figure 11 shows a constant 90 dBm EIRP and three values of G/T. Figure 12
shows a constant 4 dB/K G/T and three values of EIRP. The cost of terminal performance
may then be considered as a function of common antenna diameter.

The values of EIRP and G/T used in Figures 11 and 12 bracket the values suggested
previously for a typical 44/20 GHz force element terminal and are based on the space
segment and link parameters previously discussed. Figure 13 shows the variable costs over
the minimum to maximum range of performance parameters of EIRP and G/T as well as
the selected values.



The cost of the terminal RF subsystems may be used directly from Figures 11 and 12. This
cost is the subtotal of the variable costs associated with variable performance
requirements. The remaining cost associated with a complete force terminal is the subtotal
of the fixed costs of the IF subsystem and baseband subsystem shown in Figure 1.

CONCLUSION

Viewing the force terminal in terms of a realistic range of EIRP’s and G/T’s shows that for
a 44 GHz uplink in combination with a 20 GHz downlink, the most cost-effective terminal
would utilize an antenna with a diameter of 35 to 45 cm. This range of optimum antenna
diameters will not preclude the use of open-loop pointing at 44 GHz. Antennas below
35 cm in diameter should be avoided because of the higher PA and LNA costs necessary
to achieve the desired EIRP and G/T. Above 45 cm, the antenna cost itself drives the total
cost of the RF portion of the terminal. If the optimum antenna diameter is selected, the cost
of varying either EIRP or G/T over a 3 dB range is limited to less than a 6% range.

Figure 1 - Cost Trade-off Priorities



Figure 2 - Effect of Pointing Error Figure 3 - Antenna Cost

Figure 4 - EIRP Trade-off Figure 5 - Transmitter Cost



Figure 6 - G/T Trade-off Figure 7 - Receiver Temp vs. LNA Noise Figure

Figure 8 - Receiver Cost Figure 9 - EIRP Cost



Figure 10 - G/T Cost Figure 11 - Subtotal of Variable Terminal Costs

Figure 12 - Subtotal of Variable Terminal Costs Figured 13 - Subtotal of Variable Terminal Costs


