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ABSTRACT

The user G/T and EIRP requirements were determined for a data relay satellite link
consisting of a forward link to 360 Mbps at 23 GHz and a return link to 2 Gbps at 26.5
GHz. Hardware for this data link would be a modular expansion to the NASA Data Link
Module. Calculations were based on a data relay satellite model of predetermined
characteristics patterned after the NASA Tracking and Data Relay Satellite (TDRS). The
desired data rates could be achieved with a G/T of 21.7 dB/deg K (forward link) and an
EIRP of 68.2 dBW (return link) for the user satellite. Hardware configurations meeting
these requirements are discussed in terms of RF performance, efficiency, reliability, and
modular flexibility. A planar array configuration emerges as the logical candidate for most
NASA missions. Pertinent Ka-band technology and certain ongoing research efforts are
reviewed. Areas of particular interest include new power device families, 0.25 um low-
noise HEMT technology, and fiber optic distribution and control of RF arrays.

INTRODUCTION

Future low-earth orbiting scientific missions will require very high data rate
communications though a data relay system, such as the NASA Tracking and Data Relay
Satellite System (TDRSS). Data rates above 1 Gbps may be unacceptable within the
already crowded bandwidth allocations at S- and Ku-band. For such data links, Ka-band
operation offers several advantages, including more allocated bandwidth, less required
percentage bandwidth for a given data rate, higher antenna gain for a given aperture size,
and less interference with other spaceborne and terrestrial systems. This study presents the
EIRP and G/T requirements for a user low-earth orbiting satellite (LEO) communicating at
Ka-band through a geosynchronous data relay satellite (DRS), and some of the hardware
possibilities to achieve these requirements. The link parameters and the data relay satellite
are patterned after TDRSS. The forward link (to the user satellite) operates at 23 GHz and
the data rates of interest are 1 Mbps, 50 Mbps, 150 Mbps, and 360 Mbps. The return link
operates at 26.5 GHz and the data rates of interest are 300 Mbps, 600 Mbps, 1 Gbps and



2 Gbps. These frequencies and data rates are under consideration for a Ka-band expansion
to the NASA Data Link Module (NDLM), a full description of which appears in reference
[1]. The 26.5 GHz/23 GHz operating frequencies are also considered applicable for the
European data relay network, the ATDRS, and certain space station links.

DATA RELAY SATELLITE MODEL

The following data relay satellite parameters were used as a basis for the link calculations
in this study.

Antenna     - 2 m diameter parabolic reflector
Antenna Gain @ 26.5 Ghz - 52 dBi
Antenna Gain @ 23.0 Ghz - 51 dBi
Antenna Noise Temp. - 125 deg K

Power Amplifier - 5.0 W (solid state)
Receiver NF - 2.5 dB
Diplexer and Line Loss - 2.2 dB

This produces the following performance:

EIRP - 55.8 dBW (I+Q)
G/T - 23.6 dB/deg K

For data rates of 50 Mbps and below, the forward link uses QPSK modulation with a
channel power imbalance of 10 dB (Q:I). The I channel would be used for ranging
purposes, and the link data rate refers to the data rate of the Q channel only. The available
EIRP for this channel is 0.5 dB below the total available EIRP, or 55.3 dBW. For data
rates above 50 Mbps, the forward link uses BPSK modulation. For both forward and
return links, a coding gain of 3.5 dB is assumed for data rates below 640 Mbps. QPSK
modulation is assumed for the return link, and the link data rate given in all calculations
refers to the combined (I+Q) data rate.

LINK CALCULATIONS

The results of the return and forward link calculations appear in Figures 1 and 2,
respectively. These show the EIRP and G/T requirements for a bit error rate (BER) of 10 .-5

Figure 1 also shows the capabilities of the present Ku-band system of the NDLM for
comparison. The range is assumed to be 47200 km. Link losses, including polarization and
pointing losses, are assumed to be 1 dB. The feeder link between the DRS and the earth
station was not modelled. However, to allow for some noise degradation in the feeder link, 



a 2 dB margin is included in the return link calculations. No degradation was assumed for
the forward link. Beyond this, the link margin is 0 dB.

RETURN LINK HARDWARE

Figure 3 shows the required antenna gain versus RF power for the desired data rates.
Regardless of the antenna type chosen, very high antenna gains (greater than 45 dBi) are
needed to keep RF power, and thus DC power requirements, within realistic boundaries.
Solid-state power devices are preferred for reliability considerations, yet these devices are
limited to 1 W or less power output per device, thus complicating efficient high-power
design.

A reflector antenna is one return link hardware possibility. A 2 meter diameter reflector
antenna of 54% efficiency exhibits 52.2 dBi gain at 26.5 GHz. A larger antenna may be
used, the maximum antenna size being determined by deployment, tracking and other
mission constraints. To achieve 68.2 dBW, a 2 meter reflector antenna would require
approximately a 40 W PA. Using present GaAs FET technology and large-scale combining
techniques, 10% efficiency may be expected, thus requiring 400 W of DC power. GaAs
IMPATT amplifiers are currently capable of higher power and efficiency, yet they exhibit
decreased thermal stability and bandwidth [2]. The reflector antenna has several
drawbacks for this application. A Ka-band reflector requires much higher surface precision
and alignment than a lower frequency reflector or an array of the same efficiency.
Furthermore, the reflector antenna does not offer much system flexibility - a modular
system would be limited to possibly two antenna sizes, and the power output of the PA
would be optimized for given user data rates.

Planar array antennas are an attractive alternative to the reflector antenna for the Ka-band
data link. The array would be composed of numerous smaller sub-arrays, each with a
separate PA. This design offers a high degree of modularity, reduced surface precision
requirements, high reproducibility at lower cost, and the option of electronic beam
steering. By using a large number of low-power amplifiers distributed over the array the
antenna achieves greater PA efficiency and graceful degradation of antenna performance
should a number of amplifiers fail. This design is presently used in the NDLM Ku-band
system.

Several antenna element types may be used for the planar array. A slotted waveguide array
can achieve an aperture efficiency of 70 percent at Ka-band, which is higher than that
achieved by a reflector antenna. Assuming an aperture efficiency of 70 percent, a 50 dBi
antenna will require an aperture area of 1.45 square meters, or 1.2 m x 1.2 m (48" x 48").
The aperture efficiency of a microstrip planar array will be less efficient than the slotted
waveguide array, depending on the sub-array size, the substrate material, and the



combining methods used. At Ka-band, material losses can range as high as 0.2 dB/unit
wavelength [3]. The effect of this loss increases with sub-array size; thus, a large number
of small sub-arrays, each with a separate amplifier, must be used to achieve an acceptable
efficiency. Assuming a 30% aperture efficiency, a 50 dBi gain antenna would require an
aperture area of 3.4 square meters, or 1.8 m x 1.8 m (72" x 72"). The array may also use
monolithic elements, in which the MMIC RF module and the antenna sub-array are printed
on a single substrate, or on a hybrid substrate of GaAs and a material with a lower
dielectric constant. This sub-array could consist of a single patch or dipole element, and
the antenna would contain thousands or tens of thousands of these sub-arrays [4].

The minimum RF drive power required to achieve 2 Gbps using the 50 dBi arrays is 18.2
dBW (66 W), which would then be divided among the sub-array amplifiers. If the array
contains 256 sub-arrays, each PA need supply only 258 mW, which is easily within the
range of single solid-state devices. Higher efficiency is acheivable in this power range,
thus reducing DC power requirements and heat generation. Each of the 256 sub-arrays
would have a gain of 25.9 dBi. Assuming each sub-array has a 258 mW PA, the data rates
of interest would require the following number of such sub-arrays:

Table 1 - Return Link Array Requirements

Data Rate EIRP Number of Sub-Arrays
===========================================
2     Gbps 68.2 dBW 256
1     Gbps 65.2 dBW 182
600 Mbps 59.4 dBW 95
300 Mbps 56.5 dBW 67

There is current research into RF distribution and control systems that are suited for lower-
weight spaceborne applications. Traditionally, an RF divider, often composed of binary
waveguide dividers, would distribute the RF signal from a central oscillator and modulator
to the array modules. One alternative under research is to distribute the RF (on frequency
or at a sub-harmonic) to each module via optical fiber [5]. Each module uses a pin
photodiode to detect the RF or to optically injection-lock a source. The fiber may also
carry phasing information for ongoing phase error correction or beam steering. This system
would provide a drastic size and weight reduction compared to the traditional RF
distribution system. Advances in modulation bandwidth and RF throughput loss for fiber
optic links may be necessary to efficiently implement such a system at Ka-band.

Several different approaches to power amplifier design are currently under development.
At present, MESFETs are capable of approximately 0.5 W power at Ka-band. Limitations
with these devices have traditionally been low gain per stage (3 dB) and low power-added



efficiency (10% - 12%). However, recent advances have improved MESFET performance.
Over 30% power-added efficiency has been demonstrated in low-power devices, and
power levels above 1 W are expected in the near future using multi-cell devices or MMICs
[6].

Other three-terminal devices have shown promise at Ka-band. High electron-mobility
transistors (HEMTs) have demonstrated 1 W capability at over 15% power-added
efficiency [7], and higher efficiency has been demonstrated at lower power levels [6]. A
GaInAs pseudo-morphic HEMT has demonstrated over 30% power-added efficiency and
200 mW output power at 35 GHz [8]. The permeable-base transistor (PBT) is a new
device being investigated for use at Ka-band. This device has demonstrated greater than
35% power-added efficiency, 5dB gain, and 200 mW power at 22 GHz [9].

FORWARD LINK HARDWARE

As shown in Figure 2, a high data-rate forward link is possible with modest G/T. Figure 4
shows the tradeoff between antenna gain and system noise figure (NF) for the data rates of
interest. For realistic system noise figures, antenna gains in the range of 40 - 50 dBi are
required for the higher data rates. Assuming a system noise figure of 4 dB, Table 2 shows
representative array and reflector antenna sizes for the different data rates. Size
requirements are based on a microstrip array of 30% aperture efficiency and a parabolic
reflector of 54% aperture efficiency.

TABLE 2 - Forward Link Antenna Requirements

Reflector
Data Rate | Antenna Gain | Array Area | Diameter

=====================================================
360 Mbps | 49.2 dBi | 3.75 sq m | 1.63 m
150 Mbps | 45.4 dBi | 1.56 sq m | 1.05 m
50 Mbps | 41.1 dBi | 0.58 sq m | 0.65 m
1  Mbps | 24.2 dBi | 0.02 sq m | 0.09 m

As with the return link hardware, the planar array antenna is the logical choice for a
modular system. MMIC technology makes it possible to integrate low-noise amplifiers at
each sub-array, minimizing losses between the antenna element and the LNA.

If possible, the forward and return link arrays should be integrated onto a single structure
to simplify antenna pointing and gimbal requirements. A single antenna may be used for
both forward and return links at the expense of increased feed losses. Alternatively,
forward and return link sub-arrays may be interleaved or the forward link sub-arrays may



be arranged around the perimeter of the return link antenna. A group of the forward link
sub-arrays could also be used for antenna pointing angle measurement. The antenna gain
requirement for 1 Mbps is low enough that the array could be optimized for the angle
measurement system and still accommodate the forward data link.

Virtually all development in low noise solid state amplifiers at this time centers around
HEMT devices. Recent fabrication developments allow reliable construction of 0.25 um
gate-length HEMT devices, which exhibit excellent properties at Ka-band. A HEMT
amplifier which exhibits 2 dB NF over 26 GHz to 37 GHz has been demonstrated [10].
Device noise figures as low as 1.2 dB have been reported. In the future, Ka-band noise
performance easily rivalling present Ku-band capabilities should be possible. Current
research is being conducted into 0.1 um HEMTs, which have potential for lower noise
figure and extended frequency range.

CONCLUSION

A Ka-band data relay link consisting of a forward link to 360 Mbps and a return link to
2 Gbps is feasible with realistic EIRP and G/T requirements for the user satellite.
Development of user flight hardware is possible with current technology, and
improvements in Ka-band technology will offer greater performance in the near future.
Development efforts are underway in the areas of efficient power devices, low-noise
amplifiers, and array architecture. The planar array antenna is the logical choice for the
development of a flexible Ka-band data link system to be used on a variety of future
NASA missions.
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FIGURE 1 - RETURN LINK EIRP REQUIREMENTS



FIGURE 2 - FORWARD LINK G/T REQUIREMENTS



FIGURE 3 - LEO RF POWER VS. ANTENNA GAIN



FIGURE 4 - ANTENNA GAIN VS. NOISE FIGURE


