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ABSTRACT

With every new spacecraft that is designed comes a greater density of information that will
be stored once it is in operation. This, coupled with the desire to reduce the number of
ground stations needed to download this information from the spacecraft, places new
requirements on telemetry transmitters. These new transmitters must be capable of data
rates of 320 Mbps and beyond.

Although the necessary bandwidth is available for some non-bandwidth-limited
transmissions in Ka-Band and above, many systems will continue to rely on more narrow
allocations down to X-Band. These systems will require filtering of the modulation to meet
spectral limits. The usual requirements of this filtering also include that it not introduce
high levels of inter-symbol interference (ISI) to the transmission.

These constraints have been addressed at CE by implementing a DSP technique that pre-
filters a QPSK symbol set to achieve bandwidth-limited 320 Mbps operation. This
implementation operates within the speed range of the radiation-hardened digital
technologies that are currently available and consumes less power than the traditional high-
speed FIR techniques.
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INTRODUCTION

A discussion of high data rate digital radio for spacecraft telemetry downlinks begins with
a description of the relevant parameters. This includes modulation type, modulation
bandwidth efficiency, power amplifier nonlinearity, and the available allocated channel



bandwidth. To pass the greatest amount of data in the allocated bandwidth requires a
modulation scheme that has the maximum bandwidth efficiency for the lowest
implementation complexity. The modulation scheme that has met these requirements has
been Quaternary Phase Shift Keying (QPSK). Along with the choice of QPSK,  a further
reduction in required bandwidth has traditionally been obtained through the use of data
pulse shaping. By shaping the I and Q channel data pulses, a more spectrally narrow
modulation can be achieved with little or no degradation to the integrity of the data.

Traditional spectral limiting in a complex modulator usually consists of some form of finite
impulse response (FIR) filtering that achieves a raised-cosine (RC) response [1]. The RC
response allows for pulse shaping that does not introduce degradation of the modulation
through inter-symbol interference (ISI). At high data rates, RC FIR techniques are
computationally intensive and consume prohibitive amounts of power for space
applications. A further complication of the high-speed FIR implementation is the lack of
radiation-qualified devices that will operate at the necessary speeds.

CE HIGH SPEED MODULATOR

OQPSK modulation is used in the CE high data rate transmitter. This modulation technique
has flight heritage on many previous missions and is supported by commercial off-the-shelf
ground station QPSK demodulators.

To achieve bandwidth limiting of the OQPSK modulation, I and Q channel pulse shaping
is accomplished through a time-domain waveform synthesis technique. This technique is
implemented digitally and operates without adders or multipliers. By considering a finite
length of data bit sequences, a time-domain representation of the data that is effectively
raised-cosine filtered is generated in a table look-up manner. The data form the table look-
up is then D-to-A converted and presented to a standard vector modulator and upconverter
chain. Time-domain waveform synthesis techniques are well-known [2], but until recently
have been used only for low data rate systems.

The CE waveform synthesis implementation differs from conventional approaches such as
FIR filtering and analog filter approximations. At high data rates, FIR filtering suffers from
the need for many high speed digital multipliers and accumulators that consume large
amounts of power and space and are typically not practical or realizable. Analog
approximations to RC-filtering suffer from the requirement that the data pulses being
filtered need to be nearly perfect in shape and duty cycle. In addition, the analog filter
approximation is more difficult to work with during the production phase of the
transmitter. The analog filter approximation requires significant alignment of the I and Q
channel balance for optimum operation and is inherently prone to RF isolation problems,
two very important issues when considering production costs.



From a circuit design point of view, the waveform synthesis technique allows the
modulator to be reconfigured for other modulation schemes by simply storing a different
table of time samples. This serves to reduce non-recurring costs associated with
customizing the transmitter for particular application requirements. The waveform
synthesis technique also allows for multi-rate designs by simple manipulation of master
clock ratios.

The waveform synthesis mechanism takes advantage of high speed digital technologies
that have emerged from military programs. These digital technologies have evolved to a
point that they are now viable for commercial space applications in terms of reliability and
of cost. The high speed digital circuits developed by CE meet typical commercial space
environment requirements of temperature, radiation, shock, and vibration. A block diagram
of the pre-shaped high data rate modulator implementation is shown in Figure 1. The
spectral envelope of the transmitter is shown in Figure 2.

The interface to the high data rate transmitter consists of multiple RS-422 lines. This
configuration is an efficient method for high data rate interfacing and is compatible with
the latest solid-state recorders. Various forward error correction (FEC) schemes (Reed-
Solomon, Convolutional) are optionally available in the interface to meet specific link
requirements.
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FIGURE 2 - TRANSMITTER SPECTRAL ENVELOPE

POWER AMPLIFIER CONSIDERATIONS

The method with which the modulation is amplified is as important as the modulation
itself. The power amplifier must leave the amplitude and phase characteristics of the
modulation undisturbed. This is accomplished in the CE family of high data rate
transmitters through circuit design techniques that serve to minimize distortions associated
with the power amplifier. These techniques include the use of constant envelope OQPSK
modulation as well as clever device biasing techniques. As always, careful attention is paid
to the isolation of circuit stages and the effects of spectral re-growth. Much of the inter-
stage isolation in the transmitter is achieved through the use of ferrite circulators.

Currently, power amplification of up to 6 watts is available for the X-band channel from
CE. This output power supports high data rate, full-orbit LEO spacecraft telemetry
downlinks with earth stations down to 3 meters with considerable link margin.   A typical
power amplifier configuration is shown in Figure 3.



X BAND EXAMPLE

X-BAND CHANNEL

The X-band channel (8.0 to 8.5 Ghz) is currently the most popular choice for high data
rate space telemetry downlinks. This is due to the high available bandwidth in the X-band
channel, link considerations associated with the ground stations, and the ease of securing
channel licensing. In this X-band channel, a maximum data rate of approximately 320
Mbps is possible using QPSK modulation.

Of concern to the link designer is non-interference requirements with NASA’s Deep Space
Network (DSN) in the band from 8.4 to 8.45 Ghz. CE guarantees non-interference with the
DSN by implementing a notch filter at those frequencies. This notch is implemented at the
power amplifier output to ensure its effectiveness.
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FREQUENCY RE-USE WITH REDUNDANCY

The increasing interest in the commercial imaging satellite business has seen the need for
higher downlink data rates. This has been driven by not only the amount of image data
being captured, but also by the desire to lower system costs by deploying fewer ground
stations. Downlink data rates to 500 Mbps and beyond are now in demand. These data
rates cannot be achieved through one QPSK transmitter in the allocated X-band
bandwidth.

An efficient, low-cost solution to meeting these higher data rates in the X-band channel is
to implement two simultaneous bandwidth limited transmitters in two separate orthogonal
downlink polarizations. A diagram of this frequency re-use technique is given in Figure 4.
This technique uses the 320 Mbps transmitters already in production at CE and achieves a
downlink data rate of 640 Mbps. The 640 Mbps downlink data rate is achieved through
the minimal addition of a data multiplexer and an RF switch.

The configuration shown also allows for a level of redundancy that is usually desired by
the spacecraft manufacturer to ensure data throughput (640 Mbps) in the event of a single
transmitter failure. It should also be noted that a dual failure mode in this configuration
results only in a reduction of data rate to 320 Mbps and not a total mission failure.
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CONCLUSION

320 Mbps transmitters are being delivered by Cincinnati Electronics. These transmitters
take advantage of a new class of digital filtering that optimizes QPSK modulation and
achieves the greatest possible throughput in the X-band channel. As desired data rates
continue to rise, these transmitters are playing an important role in the earth imaging and
remote sensing commercial satellite systems.
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