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ABSTRACT

An optical communications experiment between a deep space vehicle and an earth terminal
is under consideration for later in this decade. The experimental link would be incoherent
(direct detection) and would employ two-way cooperative pointing. The deep space optical
transceiver would ride piggyback on a spacecraft with an independent scientific objective.
Thus, this optical transceiver is being designed for minimum spacecraft impact —
specifically, low mass and low power. The choices of laser transmitter, coding/modulation
scheme, and pointing mechanization are discussed. A representative telemetry link budget
is presented.

INTRODUCTION

The deep space communications channel is power-limited; achievable telemetry data rates
are determined by a power link budget. Analysis shows that optical communication has the
potential for providing higher data rates over longer communication ranges than does radio
communication (1,2). The first step toward realizing this potential for the deep space
program is a flight experiment.

An optical communications experiment between a deep space vehicle and an earth terminal
is under consideration for later in this decade. A vehicle has not been determined for
carrying this experiment, but a conceptual design of the link has been completed. The
Mount Palomar 5-meter telescope is a suitable receiver. The experiment would be
operated only in good weather.



LASER TRANSMITTER

The region in the electromagnetic spectrum known as “optical” spans about three orders of
magnitude of wavelengths, roughly from 0.1 µm (ultraviolet) to 100 µm (far infrared).
When selecting the appropriate wavelength to use for a deep space communications
system, one is bound by three basic constraints. First, the wavelength selected must be one
for which practical emitters can be obtained. Since lasers are the only devices currently
known to have sufficient brightness, this constraint means that selection of the wavelength
should be based on the availability of lasers at those wavelengths which have the desired
characteristics for space. Second, the wavelength selected must also be one for which
good optical detectors are available. Finally, the wavelength must be selected sufficiently
short so that the size and mass penalties for the transmitting end optics are not too great.

Although other wavelengths could be selected, the 0.53 µm appears to be the best
compromise when using the technology that is available today. In this region all of the
above requirements seem to be adequately satisfied. Frequency doubled Nd:YAG lasers
are readily available and can supply the peak and average power required. (As discussed
in subsequent sections, 1 watt average and a 1/256 duty cycle is a typical example.) The
disadvantage of this type of laser is its rather low efficiency (.1%), but it might be
improved by using laser diode arrays instead of flashlamps as the pumping source (3).
Light sources based on coherent semiconductor laser arrays are potentially superior to
Nd:YAG lasers, mainly because they combine small size and mass with high efficiency
and reliability (4), but at the present time they are not as technologically mature. Because
of the low duty cycle operation and the relatively high pulse rate (.1 Mpps), modulation of
the Nd:YAG laser will have to be accomplished via methods such as cavity dumping or
mode-locking. Efficient detectors can be used in the 0.53 µm wavelength region:  either
high gain (~106 ) photomultiplier tubes with quantum efficiencies exceeding 30% or low-
gain (~102 ) silicon avalanche photodiodes with quantum efficiencies exceeding 70%.
Finally, 0.53 µm is a sufficiently short wavelength so that the optical transmitting
components are manageable. For example, a 1 µrad transmitted beamwidth can be
achieved with an aperture of less than one meter. Given these characteristics, the Nd:YAG
laser appears to be the most practical alternative as a light source for the near term optical
experiment.

MODULATION AND CODING

The advantages of pulsed laser signaling in digital optical communications have been well
documented. The use of narrow, highly-peaked optical pulses allows maximum noise
immunity during decoding. When the pulses are generated at a constrained pulse repetition
frequency, information rates can only be improved by increasing the number of data bits
carried by each pulse. The simplest procedure is to use pulse position modulation (PPM),



in which the laser pulse is shifted into one of M possible slot locations during each
repetition period. This is equivalent to transmitting an M-ary data symbol in each frame, or
equivalently, encoding log2 M bits in each laser pulse. Photodetecting the optical field at
the receiver and detecting the slot containing the pulse then decodes the PPM symbol.
Symbol and bit error probabilities for optical PPM links have been computed and have
been shown to depend on the laser pulse count (normalized pulse energy) and the amount
of background noise counts occurring in a time slot.

If the detected laser pulse count is too low to produce an acceptable symbol error
probability, the PPM frames must be further encoded. This is done by first encoding the
data bits into channel words using a suitable error-correcting code, then encoding the
words over multiple PPM frames. Decoding is achieved by detecting which specific PPM
symbol sequence is being received for each transmitted channel word. In soft decisioning,
the slot counts over the entire word time are collected and combined according to each
possible sequence pulse pattern. In hard decisioning, each PPM frame is first decoded, and
the decoded symbol sequence is used to identify each transmitted word. Soft decisioning
produces the better performance but requires complex decoding memory. Hard decisioning
uses standard decoding hardware and allows erasures to be generated and corrected by the
block decoding formats, producing significant improvement over basic uncoded
procedures.

It has been suggested that the class of Reed-Solomon codes are suitable for the photon-
counting channel (5). A Reed-Solomon (255,223) code is considered here. Figure 1 shows
the results of a study of the bit error rate for coded PPM using a Reed-Solomon (255,223)
block code and hard decisioning on a channel with 23 dB background photons per bit and
with M equal to 256 (6).

ACQUISITION, TRACKING, AND POINTING

Pointing the downlink (i.e., the spacecraft-to-earth link) laser beam is a challenge since the
3-dB beamwidth is about 3 µrad. The pointing is accomplished with the aid of an
earthbased beacon laser which illuminates the spacecraft. If there were no relative
transverse motion between spacecraft and earth terminal, then the downlink beam could be
simply returned along the line of the uplink beacon; thus accomplishing closed-loop
control of the transmitter pointing. However, the relative transverse motion between
spacecraft and earth terminal is usually large enough that the finite propagation velocity of
light must be taken into account through “point-ahead.” The point-ahead angle is typically
several times the transmit beamwidth. The pointing relative to the beacon line-of-sight is
an open-loop process and is sensitive to spacecraft attitude knowledge errors. It is for this
reason that a spacecraft offering a benign attitude environment — such as that provided by 



a three-axis stabilized momentum-controlled spacecraft — is to be preferred in selecting
candidate hosts for the experiment.

Acquisition is easy for this link because the earth terminal has at its disposal all the precise
navigational information normally obtained in the tracking of deep space vehicles. The
earth terminal shines its beacon at the spacecraft. Hence, only a “one-ended” acquisition
task remains. The spacecraft knows approximately where to find earth. The beacon field
arriving at the spacecraft is received through a wide field-of-view telescope and focused
onto a detector array, providing the information required to consummate acquisition.

The pointing of the experiment transceiver — the biggest part of which is done closed-
loop; a smaller part, the point-ahead, is open-loop — is performed by two cooperating
subsystems. The outer of these two subsystems, which performs the coarse pointing,
amounts to a gimbal for the experiment transceiver package. The gimbal is driven by two
orthogonal actuators. The actuators are micro-stepped motor driven harmonic gear trains
with a one-step resolution of 5 µrad. The fine pointing subsystem is a network of mirrors
and detectors driven by electromechanical controls.

Figure 2 shows the experiment transceiver. The relationships between the various
subsystems are depicted in Figure 2.

LINK ANALYSIS

A representative telemetry link budget for a deep space optical communications
experiment between a hypothetical Venus-encountering spacecraft and an earth terminal
(Mount Palomar) is given in Table I. The telemetry data rate is 4 Mbps. This is an
unprecedented data rate for deep space communications. Indeed, the highest data rate
previously returned from the vicinity of Venus via radio telemetry was 120 Kbps.

The spacecraft laser transmitter power is 1 watt at a wavelength of 0.5 µm. The
transmitting telescope has an aperture diameter of 18 cm; its obscuration ratio, the ratio of
subreflector diameter to aperture diameter, is 0.4. The obscuration reduces the effective
antenna gain (7). The communication range is 1 AU which is typical for missions to the
inner planets. The receiver is the 5-meter telescope at Mount Palomar, California. The
modution/demodulation scheme is 256-slot PPM with direct detection. The bit error rate is
10-3. The transmit pointing loss is -1 dB, based on an angular pointing error of 1 µrad
(Figure 3). A Reed-Solomon (255,223) block code is employed.



TABLE I Telemetry Link Budget

1. Transmitted Power (1 W) 30 dB-mW
2. Transmitting Antenna Gain 118 dB

(Aperture Diameter = 18 cm;
Wavelength = 0.5 µm;
Obscuration Ratio = 0.4)

3. Pointing Loss (Pointing Error = 1 µrad -1 dB
4. Space Loss (Range = I AU) -372 dB
5. Receiving Antenna Gain 150 dB

(Aperture Diameter = 5 m)
6. Atmospheric Loss -3 dB
7. Detector Efficiency -5 dB
8. Net Detected Signal -83 dB-mW
9. Data Bit Rate (4 Mbps) 66 dB-s-1

10. Detected Signal Energy Per Bit -149 dB-mJ
11. Quantum Noise, h< -154 dB-mJ
12. Signal Photons Per Bit 5 dB
13. Required Signal Photons Per Bit 3 dB

(Bit Error Rate = 10-3; M = 256;
Reed-Solomon (255,223);
Background Photons Per Bit = 23 dB)

14. Margin 2 dB

In two ways advantage was taken of the fact that this is an experimental communication
link. First, the Mount Palomar 5-meter telescope is not available for support of operational
communication links. Second, an experiment can wait for good weather before being
conducted. Thus, an atmospheric loss of only -3 dB is assumed.

The number of required signal photons per bit is determined by the assumption of
background noise limited operation (6). As indicated in Table I, the ratio of background
photons to signal photons per bit is 18 dB. This estimate is based on the worst-case
condition of a sunlit Venus filling the receiver field-of-view.

CONCLUSIONS

An optical communications experiment between a deep space vehicle and the 5-meter
telescope at Mount Palomar could return high telemetry data rates. If designed today, the
link could employ a Nd:YAG laser, PPM, and a Reed-Solomon block code.
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Figure 1   BER Performance

Figure 2   Experiment Transceiver



Figure 3   Pointing Loss


