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ABSTRACT

This study provides a comparison of alternative means for high data
rate communication (about 10° bfs) from deep space probes, and
indicates the extent to which orviting spacecraft can aid deep space
navigation. Emphasis is on the co-.mnunication problem. A special
effort has been made to delineate practical and theoretical constraints
eon communication from a distance of 1 to 10 AU at microwave,
millimeter, and optical frequencies (1 to 100 GHz and 20 to 0.2
microns w- elength), and to indicate promising avenues for extending
the art.

The interrelationship between fundamental theory, device charac-
teristics, and system performance has reccived particular attention in
this study. Specific missions have been synthesized, and problems of
visibility, Doppier variation, handover. acquisition tracking, and
synchronization have been investigated in order to discover the
limitations imposed by practical system considerations.

This study was initiated and directed by Ira Jacobs.
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CHAPTER |. MICROWAVE SYSTEMS

The performance of present deep-space communication
systems must be improved to meet the needs of future
missions. Methods for obtaining this improvement are being
considered at different regimes of frequency. The capa-
biuties of a microwave communication system, one of the
important contenders, are examined in this section. Knowl-
edge of the ground receiving system, the piopagation
medium, and the spacecraft transmitting system are re-
quired to determine the performance characteristics.

The Deep Space Instrumentation Facility (DSIF) is
considered first. The DSIF has provided ground system
support for space programs in the past and presumably will
in the future. The investment in these facilities is a factor in
the choice of operating frequencies for the future deep
space probes. The past, present. and projecied deep space
receiving system capabilities of this facility are listed.

The transmitter capabilities of future spacecraft are
considered next. Device limitations are discussed, and the
power, weight, efficiency, and lifetime of future spacecraft
transmitters for the 2 to 16 GHz band are listed.

The spacecraft antenna is an important part of the
transmitter sysiem. Five different types »* spacecraft
antennas are considered. Available gain is obtained as a
function of weight and frequency for antennas fram 1 to
100 GHz. Spacecraft antenna pointing requirements are
also considered.

The effects of the communication medium can be
determined by a study of atmospheric effects — attenua-
tion, sky noise, and refraction under clear weather, siilow,
and ice, and cloudy and rainy conditions. Except in the
case of communication through rain and clouds, where
there is inadequate knowledge of path characteristics, the
effects are generallv well known and small. The limitations
are discussed and a method is recommended which will
enable the lack of knowledge to be overcome.

The choice of microwave or millimeter operating
frequency is strongly influenced by the cost and per-
fermance of large ground station antennas, and this subject
is discussed. Mathematical models relating diameter, cost.
gain, frequency, and rms surface tolerarce are developed
for antennas with and without a radome. Any three

variables can be determined if the other two are provided.
Examples of the use of these models are given.

Finally, the communication performance of biorthog-
onal modulation systems is considered- Available trade-offs
and zdvantages of the system arc considzred for a single
digital transmission link from the deep space probe to the
Earth.

1. DSIF

The Deep Space Instrumentation Facility (DSIF) is an
element of the NASA Deep Space Network (DSN) and is
managed by the Jet Propulsion Laboratory. The DSIF at
present includes stations at Goldstone (4), Australia (2).
South Africa, Spain, Cape Kennedy. and the Ascension
Islands. It provides, as a minimum, a threelongitude
network for deep space communication in support of the
NASA unmanned space exploration program. In addition, it
permits the “cautious integration™ of reliable, operational
field devices and laboratory techniques without jeopardiz-
ing current spacecraft programs. The Goldstone stations —
Pioneer. Echo. Venus, and Mars (named after the projects
for which they were first used) -- are the testing grounds
for most of the technological advances.

Since 1958 the DSIF has evolved with steady improve-
ment in receiving and transmitting capabilities. The DSIF
performance (past, present, and future) is listed in Table
11. There have been considerable variations in the reported
system performance (in particular in the noise temperature)
because of development activities at one or more stations
which extend the state of the art but are not used until a
later date in an actual operational system.

Of paiticular note in the increased performance over
the years are: (1) the increased antenna diameter from 85
to 210 feet, (2) the advent of the maser which is primarily
responsible for decreasing the system’s noise temperature
from 1450°K, and (3) the increase in transmitter power
from 10 to 400 kW.

Some of the lesser known JPL efforts cffer promise for
the future. The X-band (8.448 GHz) work has developed to




Table 11

DSIF PERFORMANCE

2

Antenna

Noise temperature (°K)

Diameter (ft) 85

Efficiency 55
Transmitter

Frequency (MHz) 378

Power (kW) 10
Receiver, noise temperature (°K) -
System, noise temperature (°K) 1450

such an extent that it has been used as a backup in the DSN
and was actually used to track Mariner IV for three days.
The receiver, incorporated at the Venus station in the
85-foot antenna. uses a maser with an 18°K equivalent
neise temperature. System noise temperature is 38°K. Itis
to be used at the Mars station to provide information about
the performance of the 210-foot antenna at this frequency.

JPL las proposed three design goals for advanced
antenna systems spanning the next decade:!

1. Increase the transmitter power-handling capability
of the feed and associated components to a
minimum of 500 kW CW with a design goal of
2000 kW CW.

Increase the antenna gain by extending present
feedhorn techniques to the transmitter frequency
band in addition to the receiver band.

[

3. Increase the antenna figure of merit (the ratio of
aperture efficiency to antenra noise tempera-
ture)? over the receiver band.

Initial measurements indicate the design goal of obtaining
2000 kW components may be achievable.?

2. SPACE TRANSMITTERS

Space transmitters at microwav= frequencies, as con-
sidered in this section, inciude oscillators and amplifiers at
frequencies from 2 to 16 GHz. Although a general review of
the subject is presented, little space is given to materiai
covered in detail in other literature. The section covers only
devices and technigues appropriate for deep space commu-
nication. Therefore, low-power devices (less than 10 watts,
e.g., negative grid vacuum tubes) and multikilowatt devices
(>10 kW) are excluded.

(=)

1962 1965 1967 1970
- - 10 7-10
85 85 85 210
58 47 70 77

960 2400 2400 2400
13 100 100 400
- 10 7 7
65 65 55 25

Microwave power sources in general are either vacuum
tubes or solid-state devices. Vacuuin-tube sources include
crossed-field and linear beam devices. (Negative grid tubes
are not competitive in power or in maximum operating
frequency.) Solid state sources include transistor, tunnel
diode. varactor, Gunn, IMPATT, and LSA devices.

Various aspects of microwave power output devices
have been studied previously. These studies provide an
accurate state of the art description and in addition provide
valuable sources fcr bibliographic material. Two survey
articles®** discuss microwave tubes in broad terms with
trends and capabilities highlichted. DeLoach® presents a
survey of capabilities and limitations of solid state devices.

Several articles have discussed trends of space trans-
mitters. Feldman” discusses the relative characteristics of
various satellite output devices and provides an excellent
bibliography. Cthers have specifically discussed the use of
traveling wave tubes for spacecraft transmitters.®>'®
Specific advantages and disadvantages for space use of
known types of microwave power sources are also listed in
a recent report.'!

For the devices coasidered most likely to be adaptable
vor use as high-power space transmitters, power, efficiency,
weight, and lifetime are discussed while bandwidth and gain
are not discussed in detail. The (3 dB) bandwidths of the
devices all exceed 10 MHz (which is adequate for the
advanced modulation techniques discussed in other chap-
ters of this report). Gains are adequate and typically are
greater than 30 dB. The actual gain required involves a
tradeoff for each specific system between the weights,
efficiencies, and power output cf the driver stage and
amplifier.

Problems associated with the transmitter such as power
supplies, prime power (Appendix 1), and thermal diffi-
culties are discussed in this chapter. Limitations imposed by




these problems are considered after the devices themselves
are discussed.

2.1 Vacuum Tubes

Crossed-field and lincar beam devices have many
subclasses, which differ mainly in the form of the rf circuit
that interacts with the electron beam. Of the crossed-field
devices, the amplitron and the CFA (crossed-field amplifier)
especially deserve censideration.

The amplitron is a continuous cathode. re<entrant
beam, backward-wave amplifier. The efficiency of the
amplitron {50 to 80 percent) exceeds that of other
microwave tubes. In addition, the ratio of power output to
weight is comparatively high. There has been considerable
interest in the amplitron. A Raytheon amplitron (QKS
i1300) is to be used on the LEM (Lunar Excursion
Module).” (Primary communications, however, are pro-
vided by a TWT chain in the orbiting command module).
The tube provides 25 watts of output power in S-band and
16 dB gain with an overall transmitter efficiency (including
the power supply) of 35 to 40 percent.

However, several basic limitations exist which make the
amplitron unattractive for longdife, deep space probes.
More than one amplifier might be necessary for high power
requirements because the tubes have a limited gain (approx-
imately 10 to 17 dB). The lifetime of the amplitron is also
questionable. Life tests on the QKS 1300 have demon-
strated only a 3000 to 4000 hour lifetime.® The life is
limited by the lack of cathode emission due to back-
bombarding electrons —an inherent feature of the
amplitron. An extension of the lifetimes presently ob-
tained, if possible, for higher power amplitrons, will require
a significantly different cathode design. No such effort
currently exists.®

The CFA is an injected-beam, forward-wave amplifier.
This tube overcomes the objections listed for the
amplition — the gain is higher (45 dB), and lifetime is no
longer severely limited by cathode bombardment because
the device has a collector. However, its efficiency is less (35
to 50 percent). The resulting tube has no significant
advantage cver the more commonly used linear-beam,
traveling-wave tube. In fact, one of the difficulties is the
lack of interest in the CFA; it is expected that problems
will not be adequately explored and future development
will be impaired.

Linear beam tubes include the traveling-wave tube (an
injected-beam, forward-wave amrplifier) and the klystron
(an injected-beam, standing-wave amplifier). Both are
proved microwave devices and both are being considered
for use in active deep space programs.'>>"?

The traveling-wave tube is about seven years younger
than the klystron. Its wideband capability brought it to
prominence as an important advance. The wide bandwidth
is due to the characteristics of the helix interaction circuit.

Bandwidth is limited to about an octave by the couplers at
the input and output of the helix. Power is limited to 1 to 2
kW or slightly greater. The maximum beam voltage is of the
order of 10 kV because at higher voltages the desired mode
of propagation begins to deteriorate and the rf interaction
with the beam is reduced. Current is limited by the electron
optics.

A variation of the helix structure (commonly called the
ring-bar or counterwound helix) increases the average
power-handling capability slightly. The coupled-cavity
circuit provides still higher average power. It has a more
massive structure and is easier to cool. In general, the cost
of this high-power capability is decreased bandwidth (5
percent overall bandwidth is typical). Also, a solenoid is
required for focusing: thus weight and size are increased,
overall efficiency is decreased because of power supplied to
the solenoid, and power supply requirements are increased.

Figure 19 is a map, on a coordinate sysiem of power vs
frequency, which displays a boundary for some types of
TWT’s. Points for helix and ring bar TWT’s lie in the
cross-hatched region. Points representing the highest known
power obtained at 3 GHz'* and 16 GHz with helix type
TWT’s are plotted. The line connecting these two points has
a slope of about -2. It has been shewn theoretically that
this slope should exist when scaling traveling wave tubes'®
(or, as frequently stated, Pf? is constant) and that the line is
determined by the thermal design technology. A line is also
drawn at 2 power of 2 kW since this is approximately the
maximumn: power for helix and ring bar TWT's.

All resently space-qualified TWT's lie in the cross-
hatched region. Emphasis has been placed on the efficiency
and rcliability of these lighter, lower power, helix-type
satellite tubes. Since existing techniques are adequate for
present requirements, there has been no great endeavor to
push for the higher powers. Howevei. helix and ring bar
TWT's may ultimately be extended to higher frequencies.
To do so will require techniques (which do not now exist)
to overcome the thermal problems. Very little effort wiil be
devoted to these problems because coupled cavity TWT's
can be used, thus avoiding the thermal proble.ns inherent
in the helix type TWT.

Coupled-cavity TWT’s must also bz considered for
kilowatt devices above 4 GHz. A number of coupled-cavity
TWT’s have been developed with 7 to 12.5 kW output
power from 6 to 8 GHz for use in ground stations for
satellite communication (see Table 12). These designs can
be scaled in frequency, cathodes can be derated tc extend
lifetime by reducing power, consideration can be given to
weight reduction and efficiency improvement techniques,
and thermal problems can be reduced. This should result in
a tube capable of deep space operation with a nower output
of 2 to 5 kW over frequencies from 2 to 16 GHz. In fact,
there appears to be no reason (from the device standpoint)
why this power output could not be extended to even
higher frequencies.
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Table 12

HIGH-POWER TUBES DESIGNED FOR GROUND
STATION OPERATION

Tube Frequency Weight Power Output

Type (GHz) (Ib) (kW)
M4444 7.7-84 125 12.5
YH 1045 5.925-6.425 - 12.0
TWC 287 6.275-6.45 3.0
614 H 59-64 95 10.0
710H 8% BW 60 10.0

In X-band

The second type of linear beam device to be discussed
is the klystron. This device is noted for its average
power-handling capability. It is a high gain device, reliable
when conservatively designed, and has well-known charac-
teristics. Since the gun design is similar to that of the TWT,
the lifetime problems shou'd be similar.

The klystron is efficient (45 to 60 percent) at power
levels from 1 to 100 kW over the microwave region of 2 to
16 GHz. (Until recently, efficiency has been poor at lower
power levels because of emphasis on gain and stability.)®
Advances in the electrostatically focused klystron (ESFK)
have produced efficiencies of 30 to 45 percent.®>'® Weight
is saved by the climination of magnets. Other advantages
are that the focusing fields act as an ion trap which
increases tube life, and power output levels can be varied
efficiently by changing the cathode voltage

The ESFK is a promising candidate for high power
output, at low microwave frequencies in particular.'” A 100
watt ESFK hasbeen designed with 38 percent efficiency, 30
MHz bandwidth at 2.3 GHz, 40 dB gain, and a weight of 3
pounds. This tube is cooled by a new approach to radiation
cooling —a sapphire window in the collector radiates
directly into space ' 3+!7

A fundamental linitation in the power capability of
the ESFK is its voltage-breakdown problers. Lifetime has
not yet been demonstrated, although there seems to be no
reason why the lifetime should be less than that of the
conventional klystron.

The highest power ESFK's known are a 1 kW tube at §
band and a proposed' 7 5 kW ESFK at S band. This suggests
that the kilowatt level ESFK is limited to freguencies below
S GHz. Conventionally tocused classical or extended
interaction klystrons would then be required to obtain the
kilowatt power level above S GHz.

The extended interaction klystron (EIK) makes use of
a TWT type, coupled-cavity, slow wave output scction. By
extending the internction between the beam and the circuit.
the power per unit area of interaction surface is reduced.
Thus the power-handling capability of the LK is outstand-
ing.'" The EIK has yielded high efficiencies (65 percent) at

the 1 kW level at S band and also for high power devices
(500 kW at 8 GHz).""?! The bandwidth of these tubes is
about 1 percent, which is approximately double that of
other conventioral klystrons. At present, this tube has not
been developed at the lower microwave frequencies because
classical Klystrons have met the requirements. However, the
device is currently being considered in the 20 to 500 watt
range at S band for space communications.® There seems to
be no practical limit either at lower or higher power levels.
Further development remains to demonstrate long-life,
reliable communications at power levels of 2 to § kW over
the 2 to 16 GHz frequency band.

2.2 Solid-State

Solid-state sources of microwave power have often
been proposed as satellite transmitters because the size,
weight, and apparent reliability seem to make them obvious
candidates. However, these devices lack truly high power
capability with the present technology. “Present tech-
nology,” however, changes rapidly in the solid-state field;
the LSA oscillator diode?? is new within the past year.

The relative capabilities and basic limitations of solid-
state sources have been reviewed in a number of previous
papers.”>23:2% At low microwave frequencies (2 to 8 GHz),
the multiplier chains (oscillators and transistor amplifiers at
frequencies less than 500 MHz with varactor diodes to
multiply the frequency) can presently obtain 10 watts or
greater at relatively high efficiency (30 to 50 percent). Of
the solid-state devices, only the Gunn oscillator, IMPATT,
and LSA diode offer promise of yielding a higher power
output.

Varactor multiplier chains may be particularly im-
portant at the lower microwave frequencies (S band).
Techniques in this field are steadily advancing and the
required capabilities are gradually approaching the S band
frequency range. For example, a 115 W transistor amplifier
with 70 percent efficiency at 250 MHz was recently
reported.?® The high power is obtained by paralieling eight
16 W power amplifiers using 3 dB hybrids. The technique is
scaleable to any frequency at which a high-power transistor
is available with a cutoft frequency of three or our times
the operating itequency. By paralleling diodes, varactor
multiplier chamns are also capable of high power, high
efficiency operation.?®

A potential of better than 100 W with 30 to 40 percent
efficiency exists in the near future at S band by using 500
1o 1000 MHz amplifiers, then quadrupling and adding using
hivbrid couplers. Ultimate power and frequency limits for
this type of source are not known. One of the limiting
fuctors may be size, since typical high power hybrids at uhf
frequencies are not small. An outstanding feature of this

pc of source would be the possibility of high reliability
because of “built-in™ redundancy. Such a device might be
attractive as a backup to a linear beam device (TWT or




klystron) to provide redundancy rather than two identical
linear beam devices. For a power output equal to the
primary device, the size of the multiplier chain might be
excessive; however, it might be suitable as a low power
backup of reasonable size.

The Gunn diode at present 1s limited by the lack of
highly pure and well controlled GaAs material. Along with
the IMPATT device. there is a low-frequency limit for CW
operation in the vicinity of 3 to 10 GHz because of
increasing thermal resistance of the active region. The
maximum output for the Gunn device in the 2 to 10 GHz
region is not expected to exceed 10 W in the near future.?”
The maximum power that can be obtained from IMPATT
and Gunn devices at higher frequencies varies with fre-
quency to the -2.5 power because the thickness of the
active region, and hence the maximum voltage, must
decrease as the recipiocal of the frequency. The current
through these devices must decrease even faster than the
voltage as the frequency is increased in order to keep t1e
magnitude of the device negative resistance larger than the
series circuit loss resistance which (because of skin effect)
increases as f'/2

The IMPATT diode now operates near its theoretical
limit. The ultimate CW power of this device probably will
not exceed S0 W at '0 GHz. Efficiencies of these devices
are about 6 percent. It is expected that 12 percent is a

reasonable estimate of the ultimate diode efficiency.?*
The potential of the LSA diode has not been fully

realized.?? The maximum size of an LSA diode has no
intrinsic limit because the LSA mode is not subject to the
transit-time limitation. These larger diodes provide the
possibility of bonding more efficiert heat sinks to the
material, thus permitting higher power to be generated.
Practical limits are set, however, by the dimensions of
microwave cavities and the size of uniformly doped gallium
arsenice crystals.?” To make the most of the LSA mode of
oscillation at microwave frequencies, the original oscillator
diode design, which is thinnest in the direction parallel to
the current, must be altered so that the diodes are long in
the direction parallel to the current and thin in a direction
perpendicular to the current.?? It has been predicted that
power levels of the LSA devices will increase 1 to 2 orders
of magnitude within a year®” and ultimate power levels in
the kilowatt range have been projected. However, some
reservations have been expressed about these projections.®
The required highly pure and wel! controlled GaAs material
may not become available quickly. Techniques to insure
adequate thermal dissipation have not been proven and
reliability of these high power devices is questionable. Also,
the electric field intensity, maximum current density, and
thermal conductivity are lower in GaAs oscillators than
they are in Si IMPATT1.2® thus the inherent CW power
capabilities of LSA devices may be less than that of the
IMPATT - in particular at frequencies near 10 GHz where
the IMPATT is performing best. Efficiencies obtained thus

far are low: the maximum efficiency predicted for CaAs is
18.5 percent.’®

Thus, except for the multiplier chains and perhaps the
LSA device, the solid-state sources have maximum power
outputs which are not and evidently will not be high
enough to satisfy requirements for deep space communica-
tions 10 years from today. One way to use transistors and
IMPATT oscillators might be to parallel the transmitters by
phase-locking them. It may be possible to do this with
transistors more easily than with IMPATT diodes. Some
preliminary work of this kind (with IMPATTs) has been
performed,*® although the weight and size of the resulting
source wouid be substantially greater tian that of the sum
of the individual units.

Assuming that by some means (unknown at the present
time) the power level of sclid-state devices proves satisfac-
tory at some future date, its low efficiency mav still rule
out its use. (This statement includes all solid state devices
except the multiplier chains previously mentioned.) For
example, if the solid-state source has an overall efficiency
of 10 percent and a tube type source has an overall
efficiency of 40 percent (including power supply), the
weight of the prime power for the solid-state source would
be higher by a factor of four and the cooling capacity
required would be six times as great as that required for the
tube.

2.3 Performance Characteristics

The klystron and traveling wave tubes are the most
likely candidates for use as deep space transmitter tubes. It
is not clear that one class is superior to the other; therefore,
the performance parameters discused pertain to both
classes of tubes in genera!

2.3.1 Power

Klystron and TWT’s are capable of at least © kW over
the entire microwave region. A 5 kW space-qualified tube
can be obtained in ten years but would require an etfort
substantially increased over that which now exists. In com-
parison, a 2 kW tube will probably not require a iarger
effort. The coupled cavity TWT’s and the extended inter-
action Klystron have a 2 to 5 kW power capability over
the entire microwave region. Effort should bs concentrated
on these tubes.

2.3.2 Efficiency

High efficiencies (= 65 percent) have been reported
using extended interactior klystrons'?~2"23 and
coupled-cavity TWT’s.>"*32 Problems exist in incorporating
these techniques at high microwave frequencies (12 to 16
GHz): however, a goal of 50 percent over the entire




microwave region is realistic. Programs presently exist to
obtain efficiencies of 45 to 55 percent at S band with space
qualified tubes.'*'?

The net power efficiency of high power tubes is
reduced if power is required for solenoid focusing. The
solenoid for a 2 kW TWT uses approximately 600 watts.
Assuming a 50 percent tube efficiency, the overall effi-
ciency would be reduced to approximately 45 percent.

The choice of a permanent magnet to focus a TWT
would involve an efficiency-weight trade-off since the
magnet weight is higher than that of the solenoid (at least
for microwave frequencies less than 8 GHz). No known
efforts exist to develop lightweight permanent magnets to
focus high power TWT’s at low microwave frequencics. Per-
maneni periodic magnets and ficld reversal magnets have
been successfully used to focus microwave devices up
to several hundred watts of output power. Extending the
capabilities of these schemes to the kilowatt level and above
wiil require continuing deveiopment of temperature-stable,
lightweight magnets (such as platianum-cobalt) capable of
high fields. Technically such magnets probably can be
made. So far, however, the cost ol candidate materials is
prohibitive. At the present time the required capabiliiies do
not exist and no significant effort is being made to develop
them.

Extended interaction klystrons also require solenoid
focusing for high-power operation over part of the micro-
wave band. An aiternative at the lower microwave fre-
quencies is electrostatic focusing; however, ESFK power
capabilities are limited. The results of tiie efficiency-weight
trade-offs between permanent magnets and solenoids for
klystrons are not known.

2.3.3 Weight

When estimating overall high power transmitter system
weight, errors in predicting a reiatively small weight such as
the transmitter tube should be insignificant compared to
the weight of the prime power source. The proceduze used
to estimate tube weight is described without justification.
However, as a result of thc procedure, a sttisfactory
predictor is obuined with the nincertainty insignificant
compared to the total high power system weight.

Weight vs. power in each of the frequency bands from
2to4,4 108, 8tol2, and 12 toc 16 GHz were initially
plotted for CW tubes listed in manufacturer’s data and in
other general literature. Weights obtaine! include focusing
solenoids or maguets but not the power supply or cooling
system. Approximately 10G points in the power range
from 2 to 10,0C0 watts were incluaed with no attempt to
bias results by any elimination process except for a few
obvious cases of extremely high weight. Initially, TWT’s
were separated from 'lystrons, but no signiticant trends
were noticed so the data were combined. Tne data for the

different frequencies are shown on Figure 20. Also, an
indication of the number of sample points from each
manufacturer is given. Tubes which are either proposed o
used for a space aoplication or have characteristics similar
to those required for a space environment are specially
indicated. The curve shown on the figure is a minimum
weight prediction for future space qualified microwave
tubes, independent of frequency. Comparing the prediction
with present space qualified tubes indicates that the uncer-
tainty in the weight prediction is relatively small.

2.3.4 Lifetime

The reliable lifetime of a vacuum tube may be
considerably different from the lifetime quoted by manu-
facturers. The quoted lifetime is usually the design life of
the cathode. The reliable lifetime of a microwave vacuum-
tube amplifier is actually determined by many factors,
including mechanical construction, impurities in ihe
cathode, manufacturing processes, and operating power,
and can be determined only by a qualified reliability study
and life test program.

Several programs have been initiated to test low-power,
space-qualified traveling wave tubes and as a result a
satisfactory  technology for low power tubes has
evolved.®® ™35 Some of the information obtained in these
programs can be applied in the design of high power tubes.

A coupled cavity TWT with a theoretical lifetime of
25,000 hours and a power output of 10 kW at X band has
been designed and operated.’®>37 The basic electron gun
design has demonstrated more than 8,000 hours of life tcst
vperation without failure.*® By scaling this design and
reducing cathode loading, a lower power tube at other
microwave irequencies should have a theoretical life time
greater than 25,000 hours.

Reliable life time, power output, weight, and efficiency
are related in a complex manner. However, the 2 kW
klvstrons or TWT’s previously discussed should be capable
of 20,000 hours of reliable life at frequencies of 2 to 16
GHz.

2.4 Other Restrictions

There are other limitations on the transmitter power
output obtainable for deep space probes. The main restric-
tion today is the prime power source. The cost (in weight)
of various types of prime power is considered in Appendix
1. Figure 21 shows the dependence of transmitter output
power on weight of solar cells and distance from the sun. A
transmitter efficiency of 40 percent is assumed. From a
weight consideration viewpoint, a nuclear reactor would be
preferred beyond 2 AU as shown in Figure 22.
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The power supplies referred to in this section are
associated only with the transmitter. Their function is
conversion of the prime power (regulated fow voltage dc) to
high-voltage dc. Conversion 1s not required foi operaticn of
solid-state devices, but vacuum-tube devices require de-to-
dc high voltage converters.

The most important power supply characteristics for
the purposes of system comparisons are efficiency. power,
and weight. The best overall efficiencies reported vary from
85 to 95 percent.*®+*% Converters are less efficient at low
power levels because of fixed power requirements. At
higher powers the efficiencies presently obtained will not
be significantly increased.

Power supplies used in space so far have been low-
power devices. However, a weight-power relationship can be
praiected for high-power, spacequalified power supplies
from data for several types of lightweight power supplies.

There have been a few high-power power supplies
designed for varicus space applications (but not actuaily
flown).3® ~*3 A few power supplies have been designed for
classified. low weight. extreme environment airborne
applications. Other power supplies have been ouilt for
lightweight ground applications.®*+** Weight vs. power
data for these power supplies are plotted in Figure 23.

Nene of the power supplies plotted precisely satisfies
the requirements needed to operate a high-power trans-
mitter. Considerable ume will be required to deveiop the
necessary power supplies. However. the data plotted pro-
vide a useful approximation of future capzhilities.

An overall weight-power relationship was obtained by a
straight line fit to the data. The line is biased toward power
supplies that arc most nearly like that required to operate a
high-power transmitter. The result is given by:

w=103p0-73 )

where W is in pounds and P is in kilowatts. In addition, the
results of a 1962 internal BTL study has been added in
Figure 23, thus offering a comparison with the 1962
state of art.

Integrated transmitter power supply units would weigh
less than the sum of the weights of units designed
separately. Such an approach has been considered.'”-*¢
Whenever possible it is recommended that the procedure be
adapted to future designs.

Another limitation on output power is that pcewer
must be dissipated at the rate of the transmitter output
power times (1 - Efficiency)/Effi. “ncy. At preseni. the
Mariner spacecraft has experienced some difficulty dissipat-
ing 75 watts.*” For powers in the kilowatt region, the
technology being developed to enable devices to be cooled
adequately is vital.

There are several cooling techniques which offer
promise: the “heat pipe” technique,®7****? and the direct

radiation of thermal energy into space.’® The ultimate
capabilities of these techniques are not known: however,
the additional weight of these systems should be small
compared to the weight of the prime power.

A limitation is also imposed on the aserage power
rating of the output waveguide.®® Because of the finite
conductivity of the waveguide walls, power transmitted
thrcugh the waveguide is attenuated. The powe: foss is
dissipated as heat. Thus the microwave power through the
vaveguide is limited by the max:mum allowed waveguide
wall temperature.

In gener-!, the wall temperature should not exceed the
point at which the tensile strength. yield strength, and
kardness begin to decrease rapidiy. The temperature at
which this occurs varies with the fype of iaaterial but is
approximately 200°C for materials commenly used for
waveguide (copper, brass, or aluminum). For z standzrd
rectangular copper waveguide in a ground environment with
convection and radiation cooling, an allowable temperature
rise of 110°C from an ambient 4G°C limits the average
power in the waveguide to approximately 1.8 kW at 16
GHz.*° The wavaguide in a typical spacecraft environment
{with no active cooling) is cooled largeiv by radiation 1o the
surrounding environment. Such a waveguide would be
designed for minimum weight (thin walls) with maximum
surface area for radiation. Conduction cooling is limitzd by
the thinness of waveguide walls and by a iarge thermal
impedance at structural joints when these joints are n
vacuun.

As an example. consider a standard 15 GHz copper
waveguide in a spacecraft environment. Assume that the
ambient tempeiature is 30°C, ihe wall temperature is
ailowed to increase to 200°C, the cooling is by radiation
only. and the radiating surface of the waveguide is increased
by a factor of 10 by adding fins. By using the dat
presented in Reference 50, i* can be shown that the pewer
limit is approximately 4 kW for this example {at 16 GHz}.

Because the parameters were chosen arbitrarily, this
limit is not strict. However, the example is optimistic in
that it ailows the temperature to reach 200°C and does not
allow a safety factor for standing waves in the waveguide *°
(which would increase the wall temperature). Therefore.
this limit indicates that due consideration should be given
to the exact problem. For larzer waveguides at lower
frequencies, the average power rating increases. It is
possible that the waveguide temperature wili require active
thermal control at the higher power levels.

2.5 Conclusions

The most hkei, candidates tor deep space transmitter
tubes are the klystron and the traveling wave tube. Table 13
summarizes the characterictics of the future deep space
tube.
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Table 13
CHARACTERISTICS OF TUBES FOR DEEP SPACE
COMMUNICATION FROM 2 TO 16 GHZ

Lifetime 20.000 hours

Power JkW
Efficiency 50 pergent
Weight 16 1b

Even though it is possible to attain an output power of

5 kW in a space-qualified tube. restrictions imposed by
cooling requirements and the weight of the prime power
tend to suggest output powers in ihe 2 kW range.

Means must soon be found for cooling the high-power
space transmitters at microwave frequencies. The solution
to the problem will result in some additional weight:
however. it should be small compared to the weight of the
prime power (see Appendix I). The weight of an entire
transmitter system - prime power. power supply. cooling
svster. and transmutter tube - can be estimated (as a
function of power output. efficiency. and mission distance)
using daia prosented in this section. Figures 24 to 26 show
the results plotted for mission distances of 1.5, 2, and 2.5
AU from the Sun.

3. SPACECRAFT ANTENNAS FOR MICROWAVE AND
MILLIMETER WAVE COMMUNICATIONS SYSTEMS

The field of high-gain parabolic reflectors for space-
craft is characterized by a proliferation of different
structural concepts, development techniques, and promising
ideas, few of which have actually beer reduced to practice
except in scale-modcl experiments. Typically, gains of 4C
dB or less at gigahertz frequencies have been acceptable in
operational antennas. Such antennas provide the only
actual experience for this study. To investigate the poten-
tialities for a range of frequencies from 1 to 100 GHz with
antennas weighing frem 50 to several hundred or even
thousands of pounds. considerable reliance must be placed
on proposals for these kinds of structures. A good bit of
faith in the ability of industry to reduce the results of these
feasibility studies to reliable or operating hardware is also
necessary.

The basic performance characteristic used for compari-
son is power gain, just as it wili be in the ground antenna
study of Section 5. The available gain is considered as a
function of weight and frequency. Weight replaces cost as
an independent variable here, since the cost of a high-gain
antenna is a reiatively minor contribution to the total cost
of launching a complex spacecraft. This is not to say cost
can be neglected entirely, however. The total development
cost of a complicated, deployable, large diameter anienna is
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measured in millions of dollars. and clearly a cost trade-otf
must eventually enter the picture. Nevertheless. for a
general comparison. antenna weight is the more natural
variable to use at this stage.

A diversity of structures has been proposed to meet the
need tor spacecraft reflector antenpas. but no single
concept is arplicable to the range of operating frequencies.
weights. tolerances. and gains that are of interest here. Five
different types of antennas are considered. These types of
antennas together span the entire region of interest. but
there is no clear demarkation between alternative types
within the region. The five tynes of antennas .ill be
discussed in more detail below.

Each antenna type. or class, is characterized by two
telations which express the weiglt and the rms surface
tolerance as functions in diameter. In every case. a
power-law expression oi the form aD? was appropriate for
these relations. but the parameters a and § are different for
cach class. These expressions were combined with Ruze’s
gain formula®' in order to relate the gain to frequency and
weight. When this had been done for each class. the classes
were considered together and a composite performance
estimate was established by constructing a gzin envelope for
the performance of each antenna class considered separately.

The study concludes with a brief discussion of the
problems of attitude control and antenna-pointing toler-
ances. It is difficult to discuss such problems in general
terms, but it is clear that difficulties may arise if very high
gain (60 to 70 dB) antennas are considered. In any specific
case, it should be possible to generate an acceptable
solution to the control problem. It is presently not possible
to estimate either the weight penalty or the required
development time explicitly.

Phased array spacecraft antennas are not treated in
detail P~ * considerations regarding satellite antennas at
BTL ha. .enerally led to the conclusion that the weight,
cost, and complexity of phased arrays were not justified
Phased arrays are attractive when their special capabilities
are needed, such as rapid and versatile beam steering,
multiple beam operation, unusual aperture illuminations. or
very high power ievels. it seems clear that a deep space
probe does not require the special features of phased arrays,
and weight considerations argue strongly for conven-
tional antennas. A study®*® by Generali Dynamics provides
an example of the weight penalty involved. In their
treatment, the phased array is more than an order of
magnitude heavier than conventional types. A 60 ft
diameter phased array would weigh about 25,000 pounds.

3.1 Environment, Design Loads, and Other General Con-
siderations

The weight assumed for each class of antenna includes
the weight of the primary reflector, the feed support
structure, the structural attachment to the spacecraft, and
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Figure 24. Weight of transmitter vs. power output with overall efficiency
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the erection mechanism, it applicable. No provision for
weight of electronics has been made. No separate considera-
tion is given to the various types of feed arrangement and
design that are possible. e.g., Cassegrainian, or focal point
feed. There is insufficient information regarding the weight
of such alternatives te permit any important distinctior: to
be made. The antenna weight does depend on the ratio of
focal length to diameter of the reflector. since the /D ratio
influences the surface area, and hence structure, for a
reflector of diameter D. However, the /D ratio for most
spacceralt reflectors will be in the range of 0.30 to 0.40.
and the variation of weight in this restricted interval is not
pronounced. As a result, the dependence of weight on
reflector f/D rauwo is not included in this study. Cases which
may require an unusually deep or shallow reflector because
of special design requirements must be considered sepa-
rately.

The structural loads which intlience the design of the
spacecrart reflector for a deep space probe are relatively
penign. The thermal environment caused by solar flux and
the dynamic loads associated with mancuvers of the
spacecraft are the mejor effects to be considered. The
thermal environment for a deep space probe is much
different than for an Earth-orbiting satellite. The incident
flux is reduced with increasing range from the Sun. L
addition, as the range of the probe increases, the solar flux
becomes more unidirectional with respect to an Eurth-
pointing reflector. For example, at 2 AU from the Sun, the
Sun lies within 30 degrees of the axis of an Earth-pointing
antenna. At 10 AU this angle is reduced to less than 6
degrees. This is in distinct contrast to Earth-pointing
reflectors on orbiting satellites, which are exposed to solar
flux from virtually all directions (relative to the antenna)
during their lifetime and which also are in the Earth’s
shadow occasionally. Tnis condition substantially alleviates
the thermal design problem. The differentiai deflections
which exist when a refiector is exposed first from the front
and then from the back do not occur. The fact that the
therma! loads act in a direction which is relatively constant
with respect to the reflector suggests that their detrimental
eftect will be substantially reduced and perhaps elirninated
entirely by proper design.

The dynamic loads are another matter. As long as
maneuver of the spacecraft is necessary, which for practical
purposes is throughout its entire usetul lifetime, the
dynamice loads will be present. Ther magnitudes can be
minimized by maneuvering with low accelerations over long
periods of time. 1f such constraints are compatibie with
other mission requirements, but dynamie loads cannot be
entuely eliminated. It s also important to realize that the
detlections trom dynamic loads cannot be reduced very
much by providing a stitfer structure. This s especially true
of shelltype reflectors, because membrane stresses i the

shell are the primary means by wiach the loads are carned
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Membrane stiffness and mass both increase linearly with
thickness, so no improvement in dynamic response whatso-
ever is provided by a stitfer structure. If the reflector has ¢
back-up structure of some sort in which significant bending
action can be realized, some improvement in dynamic
pertormance can be effected. The important point to bear
in mind is that an effective weightsurface accuracy
trade-oft is much less plavsible for spacecraft antennas
than, for example. the costsurface accuracy trade-off
postulated for ground antennas. As a result, the rms surface
accuracy of a spacecraft antenna is determined mainly by
the type or class of antenna chosen rather than by design
modifications within any particular antenna class.

From a digest of the existing literature, including
proposals and state-ot-the-art surveys, a reiation between
rms surface tolerance and diameter is suggested for eazh,
antenna class considered. A certain amount of faith attends
such a suggestion because of the uncertainties involved and
the rather skimpy data one has to go on in each case. The
rms error budget for surface deviations was established by
doubling the estimate for manufacturing surface tolerance
achievable for each type of antenna. Even this arbitrary
{actor of two represents a considerable oversimplification
of all the cenditions involved. Deflections caused by
environmental loads ere generally much larger than manu-
facturing surface tolerances for small, high-precision re-
ilectors: the convarse is true for large. inflatable antenna
structures, for example. However. the environmental lcads
themselves are relatively modest in the preseni application.
as already pomted out. In any case, the facior of 2 is
intended to include all deflection effects which contrioute
to loss of gamn (such as the teed-support deflection, which is
not exphcitly considered ctherwise). Such a lactor also
reduces the effect of the uncertainties inl rent in the
estimation of the manufacturing surrace accuracy attainable
foi cuch case. Thas factor also recognizes the principle that
i one msists on attacking areas fraught with unknown
quantities, some vestige ol technical respectability can be
maintained by being conservative. A tactor other than 2
can. of course. be incorporated without ditficulty if its
validity can be demonstrated.

There is often confusion about rms surface tolerances
in respect to the datum to which they are referred. It is not
unusual to achieve a reduction in rms surface tolerance by
an order of magnitude simply by measuring it with respect
to a best-fit paraboloidal surface instead of the design
paraboloid. However, this procedure mmplies that one will
be able 1o teke full advantage of the revised datum by
placing the teed at the focal point of the best-iit parabo-
lowd This. i turn, requmes a movable feed, and it s
unbikely that such sophistication will he available in
spacecralt antenna systems m the new future. Hence, the
toierances suggested bere are with respect to the design

surtace unless exphatly noted otherwise




3.2 Gain Formula

Ruze's gain formula®’

G (nl) )2 (4m ‘)2
3 = exp -
n N ex} N (2)

1s used to describe the dependence of wain on diameter,
frequency, and surface tolerance. Eatensive use of this
formula is also made mn Section 5. D is the diameter. A the
wave length, and € the rms surface tolerance and all are
measured in the same umts. The aperture etficiency is
denoted by n and is set equal to 0.70 henceforth. The
justification for this selection is identical to that given in
Section S.

Ruze introduces several assumptions in the deiivation
of Equation (2). He assumes the deviations of the surface
are uniformly distributed over the aperture, and the local
deviations from the desired surface are essentially inde-
pendent, and obey, at least approximately, a Gaussian
distribution law. Ruze gives a good discussion of the
limitations of Equation (2) due to these constraints in his
recent article. ™!

The significance of the rms surface tolerance in
b juatio» (2V s gpparent. It is somewhat disturbing to find
such a »+ v defined quantity in such a sensitive spot. It is
clear »hy coinmunications ergineers require surface toler-
ances to e . osmall frection of the operating wavelength.
Maximum zain. for a given reflector, is zchieved at that
frequency for which A = 47e (known as the gain-imit
pownt). Here the loss of gain due to surface imperfections is
~4.3 dB compared with a perfect refiecting surface. Beyond
this point the gain is 2 strong function of a parameter which
depends on the correlation length  (see Appendix 3).

To illustrate the signiticance and elusiveness of the rms

surfuce tolerance. it is worth considering two examples
which lcad to somewhat surprising conclusions. Mar and
Wan®? have investigated the rms surface tolerance of a
shell-type  reflector under gravity load with all other
varbles held constant. They find that € actually increases
as shell thickness increases. Although memb-ane deflections
under this loading are independent of shell thickness, there
s an annulus at the edge of the reflector i which bending
effects are somewhat larger in thicker shells than in thin
ones. The net effect is an increase in rms surface tolerance
with thickness

The second surprise occuis when the rms surface
tolerance tor a solid shell-type reflector s compared with
that for an open treeselike reflector under thermal leadings
trom incdent solar flux, Although the magnitude of the
surface deviatinis from the design paraboloid are generally

much agher tor the shell than for the truss, the rms surface
towrance for the shell s often much lower if it s reicrred
to the best-tit paraboloid. The deformations of the shell-
type  structure are more nearly  homologous (see von
Hoerner®™) than those of the truss under these conditions

These examples illustrate the dangers inherent in attempt-
ing off-the-cult estinates cowening the rms surface
tolerance under various types of Joadine, conditions.

The second example just discussed suggests a further
deterrent to the injudicious application of Equation (2). if
the surface deviations are not essentially independent. or
equivalently if the correlation interval is large, the validity of
Equation (2) is comprounsed. Unfortunately, structural
deformations from environmental loadings lead to rather
large correlation intervals. Such deformation patterns result
in a more severe loss of gain than predicted by Ruze's
formula. Since system perfornance is the basic criterion,
the entire antenna behavior should be studied, not just that
of the retlector. This study should include the eftect of
feed support deflections, illumination taper, correlation
interval of the reflector deformation pattern due to various
effects, influence of the /D ratio, and so forth. Such an
undertaking would provide a much better understanding of
the relative effect of all the various factors on system
performance but is much too ambitious for : general study.
In lieu of such information, system performance is assumed
to be described adequately by Equation (2).

3.3 Antenna Types

This section contains a brief discussion of each of five
types. or ciasses, of anteanas that could be used on a dee
space mission. Most of the informatiop is taken from two
state-of-the-art surveys recently published.s“'55 and sup-
ported by contractor information furnished with the ATS-
proposals from several manufacturers.36=58  For all cases,
the rms surface tolerance € is quoted in millimeters, while
diameter 1s expressed in feet. This s for convenence in the
vse of Equation (2), where N is usually expressed i
millimeters.

3.3.1 Type 1. One Piece Solid Surface

Ihese antennas are generally comparable to giound
antennas at the lower end of the diumeter range. A
solid-surface. one-piece reflector is used. Such a reflector
can be machmed to a very high accuracy and offers
considerable ntrgral rigidity tor the space environment
even without e dtensive back-up structure. The maximum
diameter ol thes kind of reflector is limited to about 2§
teet. both by manufacturing constraints and launch vehicle
volume budgets. It should be possible to achieve rms
surface tolerances for this type of reflector equivaleni to
that predicted for ground antennas in Section 5. When this
value is doubled, as discussed above, to provide a total eror
budget, the approprizte relation &5 € = 2(10V'D* 7 (e
mm, D in feet).

The weight estimate is penerated by o stragphitorward
calculation ol the amount of materiai requeed by a

monacogue structure of ths type. The suilace area ol o
1 !




paraboloid with £/D of 0.30  0.40 is approximately D?.
The ratio of the radius of curvature to thickness for such a
sheli is probably no larger than 500 The volume calculated
using these estimates is inc.eased by 1S percent to provide
for an edge stiffener ring, feed support strus ure, and other
miscellancous hardware. The total weight fepends on the
density of the material chosen. The deformations depend
on the ratio E/p where E is Young's modulus and p is the
density. They are roughly independent of material because
this ratio is nearly the sarne for all common materials. An
exception is beryllium, but weight saving would probably
be offset by machining difficulty in this case. If thermal
distortions are a problem. a trade-ofl exists between
materials which 2re relatively heavy but have a low
coefficient of thermal expansion (e.g., invar) and materials
which are lighter but are more sensitive to thermal loading
(such as aluminum). To make a sensible decision in such
cases. a detailed study would be necessary. The weight
relation used in this study for this kind of antenna is
W =0.3D*, which is appropriate for aluminum. In this
relation, W is in pounds and D is in feet, a convention
which wil' be followed throughout this section.

3.3.2 Type 2: Gae Piece Rigid

Antennas of this type are similar to type 1 antennas,
except that they = ¢ considerably less substantial. The re-
flecting surface is senerally mesh or perforated aluiinum
honeycomb sandwich material. Fiberglass refiectors with
conducting material either embedded in or deposited on the
surface are included in this class. A skeletal back-up structure
of radial ribs is usually employed to support the reflecting
surface. The diameter of this type of antenna is limited (o
25 to 3C feet, mainly becanse of launch vehicle constraints.
Although the rms surface tolerance of this kind of antenna
is poorer than that of the type 1 antenna, nevertheless they
can be fabricated, assembled. and adjusted prior to launch.
Surprisingly good numbers are cited in the literature, in
spite of the rather flimsy appearance of the structure. The
relation suggested here is € =4(19)3 D * % (ein mm, D in
feet).

A further surprise emerges in the weight estimation for
this kind of antenna. A few reliable points exist since
most actual experience to date has bren with antennas of
this class, e.g., Mariner, Voyager. The relation which seems
to fit the data is W= 10D, and this includes a substaniial
allowance for ancillary struciure such as feed support,
atiachment to the spacecraft, and launch reinforcement.
The extremely low volumetric density of these structures is
apparent. Weight scaling with diameter suggests that most
of the weight i1s concentrated in the back-up stcucture
rather than the reflecting surtace. It is also indicative of an
evolving technology which continues to devise means ot
squeezing the last ounce of performance out of a restricted
weight budget

3.3.3 Type 3: Petaline

Petaiine is a generic term used to describe deployable
antennas that resemble the petals of a flower as they
deploy. There are many variants on this general scheme,
some of which bear little similarity to any known horti-
cultural species (Lockheed’s flexrib deploys by rotation
about the reflecto, axis), but they are nevertheless included
here. Figure 27 illustrates a typical petaline concept.

The individual elements, or petals, of this kind of
structure can probably be shaped as well as the reflector
surface of a type 2 antenna. However, additional errors are
introduced in the latch-up process that interconnects all the
petals as the final step in deployment. Final adjustment of
the depioyed surface is not possible. All proposals for the
30 ft diameter ATS4 antenna®® ~ 5% suggested petaline
concepts, and although the specific proposals were signifi-
cantly different, there was a remarkable uniformity for
both rms surface tolerance and weight estima.es throughout
the propusais. On the basis of this evidence, the relations
used here are €=0.12D (e in mm, D in feet) and
W = 0.35D?. The weight estimate includes the mechanism
required for deployment.

Antennas of this type are appropriaic in a diameter
range of 20 to 60 feet. They could o doubt be made
smaller, but in such sizes they woul suffer in comparison
with type 2 antennas. The upper limit on antenna diameter
is established by launch vehicle dimensions, since the length
of vehicle required (for most schemes) is approximately
equal to the reflector radius. Working scale models of
petaline antennas have been built and tested, and the results
have established the feasibility of the concept.

3.3.4 Type 4: Expandable Truss

The expandable truss antenna has been proposed by
the Convair Division of General Dynamics®® as suitable for
spacecraft applications up to 150 feet in diameter. In this
concept the antenna operates like a two-dimensional
compound scissors and forms a substantial back-up truss in
the deployed condition. The individual elements that form
the truss are usuclly hinged at the joints and in the center.
These joints are spring-loaded to provide deployment
forces. The reflecting surface is attached to the truss at
numerous tie-down points, and a guy wire system is used to
stretch the surface to a nearly paiaboloidal contour in the
deployed state. The reflecting surface proposed is flexible
and folds with the truss to the stowed position. Figures 28
and 29 illustrate the expandable truss concept, and a
complete description can be found in Reference S5,
Working scale models ol the device have been built and
tested, with encouraging results,

The only source of detailed information on reflectors

of this type is contained in the Convair proposal. Their
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study seems thorough and conscientious, hence their
suggestions for the weight and surface tolerance perfor-
mance of this Kind of structure are accepted here. The
relations are € =0.06D (e in mm. D in feet) und
W=0.190". As mentioned above, the con~ept has been
suggested for diameters as large as 150 reet, and there s no
clear limitation that would prohibit cven larges diameters.
At the other end of the scale. a working model 7 feet in
diameter has been built, and this is a perfectly good
antenna n its own right. However. the only reason to prefer
deployable antennas over type 1 or type 2 in this size range
wouid be a severe restriction on available package volume.

3.3.5 Type S: Inflatable

This type of antenna is included mainly for purposes of
comparison and completeness. The basic antenna geometry
is established by internal pressurization of certain com-
ponents, and this shape can be stabilized by a variety of
techniques: rigidizing foams and coatings, strain hardening
of metal foils, and continued pressurization, to name ¢ few.
Because it is necessary to inflate the basic structure. the
reflecting surface generally forms only a minor part of the
total structure required. Som< concepts suggest getting rid
of this excess structure once deployment has been com-
pleted, but the total weight still musi be carried aloft.
Hence such antennas often turn out to be surprisingly
heavy. The weight relation used here is W= D2, which
implies a weight penalty for small diameter antennas of this
kind since the accessory weight they must carry for
erection and stabilization is not a strong function of
diameter. Only for large diameters ¢ the weights associ-
ated with this class of reflectors look attractive.

The surface tolerance of an antenna of this class is quite
poor. The reflecting surface is developed by the deploy-
ment of other members. The developuient of an accurate
surface depends upon extremely precise manufacturing and
deployment techniques which to date simply have not been
realized. Small errors in inflation pressure can lead to large

Table 14

WEIGHT-DIAMETER RELATION (W; = a;D") AND
RMS SURFACE TOLERANCE-DIAMETER RELATION

(¢=5D™1)
% | Bi iy
Tyne | 0.3 3 2105 32
Type 2 10 1 410y 32
Type 3 0.35 2 0.12 1
Type 4 0.19 2 0.06 1
Type 5 i 3/2 0.6 i
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surface deviations. Improper curing of a nigidizing material
can distort the reflector. Very little control can be
exercised over these critical processes in space. The appro-
priate rms surface tolerance estimate for this class of
antennas is € =0.6D (e in mm, D in feet) ,and this
represents an average over several ditferent approaches
which fall within this class.

3.4 Co.nposite Analysis

fhe weight and rms surface tolerance vs. diameter
relations for each type of antenra can be written in the
form

W, =aD" (3)
and e, =BD™ )

Table 14 summarizes the parameters chosen to represent
the weight and rms surface tolerance relationships for each
of the five classes of antennas discussed. The parameters
a;. 8;. n; and m; are listed for each class, i. Equation (2) can
be written

G =k,;D?*Q? exp-(kiQ?e?) (5)

Here, k, and k, are constants, and Q is the frequency in
gigahertz. The rms surface tolerance is given in terms of
diameter by Equation (4) and, in turn. the diameter can te
expressed in terms of weight by using Equation (3). The
result of this manipulation is

w. \ 2/n; W. 2m;/n;
G, =k (—') Q% exp- | K3IQ? (-&l—') (6)

a.
1

Equation (6) expresses the gain available as a function of
two independent variables, frequency and weight, for each
class of reflector. For a fixed weight, there is a frequency at
which the gain is a maximum. This is the wellknown
gaindimit point. (The aralysis is limited to frequencies up
to the gaindimit point: see Appendix 3.) Similarly, for a
fixed frequency, there is also a weight at which the gain is a
maximum. This weight is given by

a;

wl (k%ﬂ.:ﬁizmi)"i“mi
If m; is unity, it is interesting to note that the gain at this
point is independent of frequency. Also, for myj =1, the
gain formula exhibits an absolute maximum in that the two
maximizing conditions obtained by equating both the
partial derivatives of Equation (6) to zero are satisfied
simultaneously. This is not true for uny other value of ;;
hence, in such cases, the frequency gain-imit and weignt
geindimit points identified above are only relative maxima.
An expression for the gain per pound can be obtained by

(7)




dividing Equation (6) by W;. When this relation is ex-
amined, it is found that the same maxima occur as before,
except that the weight paindimut point exists only for
n; > 2. Otherwise, gain per pound varies monotonically
with weight.

Such points as these are primarily of acadeinic interest
here. Of inore importance is the kind of performan e that
can be obtained, using existing and projected state-of-the-
art devices, within the rarge of weights and frequencies
specified. For each reflector class, Equation (6) defines a
surface in G, W, Q sp~ce. The surface properties are
determined by the pararcters listed in Table 14. If this
surface is generated for each >f the five tyres of antennas,
ar! then the five surfaces sup :rimposed with common axes,
a composite gain surface wili emerge. Th2 surface contains
several discontinuities, as coenstructed, but a smooth enve-
lope can be generated without difficulty, assuming that
technological developments will tend to fill in the vaileys.
This surface represents tF- best performance available for
any combination of weight and frequency.

The periormance surface can be represented by gain
contour lines in W, Q space. Figure 30 is such a
representation. These contour lines are the result of
smoothing the raw gain surface generated by the superposi-
tion. The area of the figure in which a rertain antenna type
is represented is not sharply defined. For weight less than
~300 Ib, type 2 antennas are superior. For weights greater
than ~300 Ib, but gains Icss than ~55 dB, type 4
antennas should be used. The remainder oy the figure,
W > 300 Ib, G > 55 dB, represents the performance of
type | reflectors. Figure 31 gives the diameter vs. weight
for each of the three types contributing to Figure 30.
Hence. by using the two figures together, it is possible to
determine the parameters of the antenna required for any
specified level of performance. or vice versa.

Although it would be possible to derive analytic
expressions for cach of the contours in Figure 30, and
possibly for the entire surface, this is deemed to be neither
necessary nor advisable. Considerable interpolation is neces-
sarv to use Figure 20. and this is deliberate. The interpola-
tion errors which will be made reading Figure 30 are
consist2nt with the smoothing errors made in generating it.
No further increase in accuracy, as would be impliec by a
complicated analytical formula, iz warranted and, for
system irade-off comparisons, the figure is consideravly
easier to use than an analytic expression.

Smith®® suggests a relation for the weight of a
spacecraft antenna which depends on diameter and fre-
quency. His results can be converted to the parameters of
Figure 30 by using Figures 2 and 4 of his paper. This
comparison is shown in Figure 32. The agreement is
remarkably good in view of the different approach in the
two studies and the fundamental uncertiinties involved.
Smitl: restricted his study to antennas weighing 400 Ib or
less, but his results have been extrapolated for the purposes
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of comparison. Since neither his results nor the results of
the present study can be interpreted with an accuracy of
more than *3 dB with any confidence, the qualitative
agreement of the studies is good indeed.

3.5 Aittitude Control and Antenna Pointing Requirements

The beamwidth between half-power points for a
high-gain paraboloidal antenna can be estimated using the
formula
L 27x10°

G

Here 6 is the beamwidth in degrees and G is the gain in
absolute units. For a 70 dB antenna, the beamwidth is
approximately 1 milliradian. At a range of 1 AU, such a
beam would span a diameter roughly twice the diameter of
an earth synchroncus orbit. The diameter spanned by the
main beam of the spacecraft antenna would increase as
range increased o: gain decreased. Thus, =t ranges of 1 AU
and greater, the entire orbit of a synchronous satellite
would be iiluminated by the main lobe of even a high-gain
spacecraft antenna.

It would be reasonable to tequire pointing control
tolerances of 1/10 of the beamwidth. For the most
demanding case, this implies a pointing accuracy of ~ 0.1
milliradian or about 20 arc seconds. The highgain antennas
discussed here will almost certainly require drive and
control in two axes relative to the spacecraft, if only to
isolate the other experiments and sensors from the pointing
constraints placed on the communications system. Devices
capable of providing position control in two axes well
beyond these tolerances are available for industrial applica-
tions. Such devices would ha " to be adapted for reliable
operation in the space environment but, in any case.
meeting a requirement for relative pointing tolerances of 20
arc _2conds or greater should not present severe tech-
nological problems.

The pointing tolerance constraint also introduces a
requirement for attitude stabilization of the probe in an
inertial reference frame. Certainly, the probe will have to be
equipped with some kind of attitude control system
regardless of the communications constraint. Whether this
system is adequate for the pointing requirement or not
requires a consideration of specific cases. For attitude
control to within about 0.5 degree or better, a gas jet
system may not be adequate, and gyro control will be
necessary. In principle, a gyro control system can provide
accuracies on the order of 1 arc second. A weight penaity is
exacted in order to achieve such accuracies, but it is not a
dramatic one. Larger and/or faster gyros would be required,
implying weight increases in the gyro itself or the power
supply system. However, a weight increase of more than a
factor of 3 to 5 over a basic gyro control system would be
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surprising. and since the control system is generally a very
small fraction of total spacecraft weight, this increase
would not be drastic. Again, particular cases would have to
be considered in order to identify the specific penalties and
trade-oft possibilities involved. In addition, the antenna-
pointing system and attitude control system are dynami-
cally coupled. This is particularly true in the case of a
heavy, large-diameter antenna. This situation would require
careful study in order to establish the pointing tolerance
that could be expected and the weight penalty necessary to
achieve it. Other than to emphasize the necessity for careful
study of the antenna drive-attitude control interface, there
is little more that can be said in general terms about this
problem area. The anticipated rcquirements, based on
present spacecraft antenna performance estimates, suggest
that problems may occur, but that they should not be so
severe as to compromise the mission objectives if careful and
thorough design practices are fotlowed.

3.6 Conclusion

An estimate of available performance of spacecraft
antennas in the frequency range of 1 to 100 GHz has been
made by considering five different kinds of antennas and
establishing a composite performance surface. The validity
of this estimate depends on the applicability of Ruze’s gain
formula (which has some obvious shurtcomings) and on the
reliability of the weight and surface tolerance parameters
associated with each antenna cluss. In view of these
uncertainties, the present estimate is certainly no better
than 3 dB and may be somewhat worse.

Type 5 antennas, the inflatable class, need not be
considered for the frequency range of interest. Their
performance is surpassed by other types of antennas
everywhere within the region. Type 1 antennas, the one-
piece solid-surface category, are almost toc good to be
considered. It turns out that such antennas are necessary
only if considerable gain (G > 55 dB) is required and one is
forced by frequency constraints to expend a substantial
weight to achieve it. Otherwise, a type 2 antenna will
provide the required performance. Type 1 antennas are not
gain-limited anywhere in the region of interest. Type 2
antennas are gain limited at approximately 67 dB, and type
4 antennas at roughly 57 dB. The occurrence of a gain-limit
for these two classes of antennas dictates the transition to
class 1 antennas in the upper right-hand portion of Figure
30.

It is clear from Table 14 that the expandable truss
antennas (of type 4) are more accurate and lighter than
petaline antennas at all diameters. As a consequence, none
of the composite gain s.rface of Figure 30 is associated
with petaline concepts. However, due to the uncertainties
in the estimanion of the appropnate parameters, it is
entirely possible that a specific petaline design could be

more accurate than, and even lighter than, a corresponding
expandable truss design. Since neither cliss has been
verified in practice in the diameter range of interest, it is
probably more rezlistic to lump them together in a single
category of large. deployable antennas, and to use the
parameters suggested for typc 4 antennas te represent this
entire category.

Certainly, careful consideration will have to be given to
the attitude control problem. Stabilizing a large diameter,
high-gain reflector weighing hundreds of pounds with a
tolerance of a few tens of seconds of arc will present a
serious design problem but one that should be surmount-
able.

An interesting hybrid antenna concept can be gener-
ated by imagining a melding of type 1 2nd type 3 antennas.
The petaline approach couid be used to extend the
diameter of a solid-surface one-piece central hub. This
would provide a reflector with a high-precision central
portion surrounded by a region with larger surface devia-
tions, which would improve performance over that achieved
with the central portion alone. Such a reflector might be
particularly attractive for broadband operation. The evalua-
tion of such a device, comprising two essentialiy different
regions, would require modifying the gain formula, relaxing
the assumptions of small correlation interval and uniformly
distributed errors. and including the illumination taper.
These refinements, omitted in the present study, should be
included in any case in order to evaluate properly the entire
antenna’s performance and not just that of the retlector
surface. Pending such revisions, the present approach
represents a yardstick for comparative studies, in spite of
the assumptions involved.

4. ATMOSPHERIC PROPAGATION EFFECTS

4.1 Attenuation and Noise

The advantages in going to higher microwave and
millimeter frequencies are that larger bandwidths are
available, there is less inierference from overcrowding of
the frequency space. and, especially significant for present
purposes, it is possible to obtain larger antenna gain. An
important disadvantage is that degradation by atmospheric
cffects increases steadily as frequency is increased. The
frequency range from 2 to 8 GHz has been used widely
both for Earth-based microwave radio relay systems and for
satellite communications. Indeed, this centimeter band is
now exhausted in some heavily populated ureas.

The reason for this popularity is that atmospheric
propagation loss and noise are smzll in this bund but
increase rapidly beyond 8 GHz. Atmospheric gases and
liquid water exhibit strong absorption at frequencies above
8 GHz. This absorpticn produces attenuation of the




transmitted signal and noise by spontanecus emission. The
characteristics of the gases are reasonably w¢™ anderstood.
Oxygen has a strong absorption centered at 60 G Hz. Since
the concentration of oxygen is stabic wih t:me, the
magnitude of oxygen absorption and ncise can be oredicted
reliably. Water vapor absorption has a maximumn at 22.3
GHz which, how.ver. is not as stronz s the oxygen
absorption. The attenuation and noise *  uiting & om water
vapor depend on absolute humidity, so tha there are large
seasonal and geographical variations. Vhe «duction 1 the
partial pressure of both gases with increasing alfitvde, of
course, results in lower attenuation and not.e at higher
altitudes.

The lack of detailed knowledge of rai~ sud cloud
characteristics constitut.s the real difficuit in predicting
total attenuation and noise. Little 1= knowr about the
distribution of clouds. The horizontal distribuiion of rain is
not well known. although measurements of the kind needed
are now being made,* ~® and knowledge is in_proving.
However, what matters in space communications is the
vertical distribution of rain, and here almost nothing is
knowa. Moreover, atteruation from water drops is caused
by both scattering and absorption, and the magnitude
depends critically on the ratio of drop size to wavelength.
Attenuation thus depends on drop size distribution. This is
reasonably well known at the surface of the earth,®3 ~©°
but it is not known at higher altitudes. and there is no
reason to expect it to be the same there as at the surface.
For clouds, drop size distributions are not a question since
the drops are generally much smaller than microwave
wavelengths. and attenuation is simply propertional to
liquid wates content. Realistic calculations therefore can be
made.

4.1.1 Clear-Weather Conditions

The causes of attenuation and noise now will be
exanuned in detail, beginning with clear-weather condi-
tions. A model which represents the typical condition of
the clear atmosphere at inid-latitude is shown in Figure 33.
Using this model, Hogg has computed®® the combined
effects of oxygen and water vapor. The calculated one-way
attenuation thrcugh the total atmosphere is shown in
Figure 34, along with measured values of absorption, and
there is goed agreement. (Most of the available measur:d
data appear in a forthcoming review article"7) Sky tempcra-
tures are showa in Figure 35, and again the data agree well
with the calculation. Both absorption and sky temperature
increase rapidly beyond about 8 GHz owing to the water
vapor peak at 22.5 GHz.

Large variations in the appearance of the attenuation
and noise spectra are to be expected with variations in
absolute humidity. The situation for very dry air is shown
in Figures 36 (attenuation) and 37 (sky temperatu.e). Here

————pp— -

water vapor is neglected. There is little variation with
frequency up to about '6 GHz. Seasonal vanations in
humidity can be expected to produce a 20 to | variation in
density of water vapor, and even larger changes result when
geographical differences are included.

The figures present families of curves with zenith angle
(the angle between recewver axis and the zenith) asa
parameter. Attenuation and sky temperature vary approxi-
mately with the secant of the zenith angle down to zenith
angles of about 85 degrees.

4.1.2 Clouds

Since attenuation by clouds is simply proportional to
their liquid water content, absorption coefficients and sky
temperatures can be computed from the temperature-
dependent and frequency-dependent complex refractive
index.®® Attenuation is shown in Figure 38 for tempera-
tures of 0°C and 20°C. Use of these curves requires
knowledge of water density and thickness of cloud. For
further discussion of this refer to Chapter 2, Sections 2.1
and 4.2. Sky temperatures under cloud cover have been
calculated and are plotted in Figure 39, using the model
described in that figure.

4.1.3 Rain

Attenuation by rain is a complex process involving
both absorption and scattering. For centimeter wavelengths
and most drop sizes, absorption predominates and attenua-
tuon is approximately proportional to water content.
However, millimeter wavelengths are comparable in size
with the larger drops, so that scattering becomes important,
and the frequency dependence of overail loss becomes com-
plicated. Nevertheless, the problem has been solved, and the
absorption and scattering coefficients of water drops are
well established.®” Thus attenuation can be calculited
accurately for a specified density of drops of & specified
size or size distribution. Hence the difficulty arises in
knowing the drop density (or, equivalently, the integrated
rate of rainfall along the path of the received signal) and the
drop size distribution.

For horizontal paths along the surface of the earth,
both of these quantities are, or can be. tairly well
determined. Rate of rainfall traditionally has been meas-
ured with gaug.s which average over considcrable periods.
However, to evaluate the reliability of a microwave relay
system, rainfall rates should be resolved in time down to
seconds cver a period of a year. Recently a high speed rain
gauge®' has been designed with an ovtput adaptable for
compuier analysis. The gauge has measurex rain rates which
change by as much as a factor of 10 in se-onds. Another
method for obtaining rain rates with short tiruc-iesolution
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was successiully developed by the Tllinois State Water
Survey.®? Drops in a given volume were photographed,
counted, and measured at various locations in the United
States. The data are available®” as percentage-time distribu-
tions for those locations.

The rate of rainfall measured at a point must be
converted 0 a spatial average along a path to determine
attenuation for an Earth-based radio relay system. This can
be done readiy if :t i1s known that space-time ergodiciiy is
valid: i.e., are th2 distnibutions of the time-average at one
point and of the space-average along a path similar? This
has been found to be the case®® for data taken over four
years on a line of four gauges with a spacing of 1
kilometer at Bedfordshire, England. To the extent that this
may be generally true, it will be possible to use time-
averaged distributions to predict average rates along hori-
zontal paths.

Knowledge of the instantancous spatial distribution of
rainfall at the ground is required for planning route-
diversity for Earth-based microwave relay systems. Such
information is being obtained on two rain gauge networks.
The network in Bedfordshire, England, is about 3 by 2
kilometers square with an intergauge spacing of about |
kilometer. The other network, at Holmdel, New Jersey, is
about 13 by 13 kilometers square with an intergauge
spacing of 1.3 kilometers. This has 96 of the high-speed
gauges®' discussed above, and the time interval between
successive maps of rain distribution can be as short as 10
seconds. These networks have provided quantitative con-
firmation®® of what seems indicated from everyday
experience: that rain, and especially heavy showers, have
rather fine-giain spatial characteristics; i.e., the very large
rainfall rates which would cause large attenuations tend
to occur in cells of small lateral extent. As a result, re-
liability can be improved by a factor of 10 by switched-
path diversity between two paraliel paths 2 Kilometers
apart.

Besides rain rate, the other quantity required for
prediction of attenuation is the drop size distribution for
the rain. Laws and Parsons®® measured the distributions of
drop sizes for rain at the ground. Their spectra are generally
accepted and used i: calculations of microwave attenuation
by rain. Even so, th-.e is not uniform agreement between
measured attenuations and the thoretical predictions. The
carliest such calculation is tha: of Ryde and Ryde.®3.64
Recently, Medhurst”" recalculated their results for a wider
range of parameters and pointed out some discicpancies.
Medhurst concluded that available measurements do not
entirely agree with t:eory: there is a tendency for measured
attenuations to exceed the maximum possible levels
predicted by theory. Blevis et al’® mude additional
measurements at 8 and 15 GHz. They concluded that there
is no definite tendency for measured attenuations to lie
above the theoretical maximum values derived by
Medhurst”! and that the theoretical calculations provide a
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reasonable basis for the prediction of rain attenuation.
Nevertheless, they found that the predicted values of
attenuation are appreciably lower th 1 those measured at
low rain rates. Hogg, however, has oota ed rather good
agreement between measured and calculated attenuation by
New Jersey rains at wavelengths of 5.2 mm and 4 3 mm.®°

For prediction of sky noise-temperatures and attenua-
tions appropriate to space communications, what is needed
is similar information on rain rates (or integrated liquid water
content) and drop size distributions for paths extending
through the atmosphere at relatively large elevation angles.
No such experimental data exist. Knowledge of the details
of the structure of rain at the ground is incomplete;
knowiedge of the structure at higher altitudes is frag-
mentary at best. Weather radar measuren nts have shown
that rain may originate as high as 45,000 feet.”3 The
distribution of condensed water up to such an altitude
would vary greatly with meteorological conditions, but the
details of this are unknown. It ha~ been proposed to use
measurements by weather radar to calculate attenuation,
but such a procedure would be unreliable. The radar returr
is propordonal to the sixth power ¢ drop diameter, but
attenuation goes roughly with the third power. Also. radar
responds to ice particles, which are not sienificant for
attenuation.

There remains the possibility of measuring rainfall at
the ground and relating this to attenuation and noise as
observed by a microwave receiver which points up through
the rain. Rather extensive measurements of zenith sky
temperature at 6 GHz along with ground rain rate have
been made by Hogg and Semplak.”? Mcasurements were
made during eight rain periods from March 3,1960, to July
27, 1960. Several figures in their paper’?® show the
variation with time of both zenith sky-temperature and
ground rain rate. In some cases there is correlation invovi
a time lag, with variations in temperature preceding
corresponding variations i rain. In other cases, suc as
shown by their figure for June 3, 1960, the noise measured
was fairly high, but there was no measurable amount ot
ground rain. Both situations appear in the figure for June
18, 1960, which is here reproduced as Figure 40. In
summary, “There appears to be no detailed correlation
between measured ground rain rate and zenith sky tempera-
ture. . . 73

It seems clear that Jarge increases in sky temperature
are associated with concentrations of liquid water within
the field of the receiver, but the water need not appear as
rain on the ground. Thus it is not possible to predict atten-
uations for paths through the atmosphere on ‘e basis of
ground rainfall rates. But it is possible to accumulate data
on sky noise and attenuation associated with rainy condi-
rions and to generate curves giving time distributions of
noise and attenuation. Hogg and Semplak”? have done this
for the increase i zenith noise at 6 GHz during the eight
perods of rain. Their figure is here reproduced as Figure
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41. Ilo.-gg and Semplak point out that this is a relatively
small statistical sample and that additional measurements
are needed, especially at heam positicns nearer the horizon.
It is also true that the noise distributi~n (Figure 41) does
not necessarily apply to any other general location, even
though the ground rain distribution for that location is
known. Suggestions have been made that such distributions
be extrapolated to other geographical areas by applying a
correction factor such as the rutio of the mean annual
precipitation between the two areas. This cannot be
justified on the basis of present knowledge.

What can be done is to calculate noise and attenuation
at other wavelengths using the best estimates for the
depenaence of attenuation on w.velength. Hogg has done
this®® to obtain a distribution ot attenuation for 30 GHz
using the above res:lis (Figure 41 for 6 GHz. The result,
given in Figure 42, applies to a zenith path sbove central
New Jersey.

Wulfsberg measured the sky noise in the Boston area
from February through July. 1965.7% Whereas Hogg
measured durii.g rain periods, Wulfsberg accumulated data
for all weather conditions. Noise was measured at 15 and
35 GHz and for zenith angles from O to 87.5 degrees.
Wulisberg pointed out that heavy rain was not encountered,
so that more extensive measurements are needed for good
statistics. Nevertheless, he provided more information cf
the type needed: 2 family of time disiributions of noise at
15 GHz (Figure 43) and 35 GHz (Figure 44), with zenith
angle as parameter.

More recently. Wu!fsberg has reported measurements
of attenuation at 15 and 35 Ghz for zenith angles from
0 to 8 degrees.”S Measurements were made daily over a
six-month period using the Sun as a source. H- abtained
families of attenuation distributicns fo1 15 GHz (Figure 45)
and 35 GHz (Figure 46). with zenith angle as paiameter.
Wulfsberg’s results are a=plicable only to the Boston area
and perhaps to areas having comparable climates. Wulfsberg
stated that extrapolation of the data to other geographic
areas is difficult.

Gibbic has obtain:d noise disuiibutions at 5.35 GHz
during rainfall in central New Jersey.”®

Distributions of the kinds presented above are the basic
data on noise and attenuzation needed to plan space
communications. Regardless of whatever correlation there
mayv be with rain. such curves allow or.c to determine the
probai-lity that noise or attenuation will exceed a specified
value for a specified elevation in a specified location. !t is
evident that mere such data should be obtaiied, particu-
larly at the existing (or prospective) locations for micro-
wave space receiving stations. Less attention shcald be paid
to rainfall statistics as sucii at thesc locations, because
ground rainfall will not, at the present time, aiiow reliable
predictions of noise and attenuation to be made for vertical
paths through the atmosphere.

4.1.4 Path Diversity

The fact that heavy rain has a fine-grain horizontal
structure®® suggests that path diversity should substantially
reduce the time that the link experiences a specified level of
attenuation, just as it does for Earth-based relay systems.
The primary question here is what separation is required
between ground stations such that a heavy storm over ore
probably does not appear over the other. Weather-radar
data taken over a five-month period at Montreal, Canada,
were analyzed’’ to obtain the areas of storms of various
intensities at various altitudes. Although storms come in
assorted shapes. an average value for the suitable inter-
station spacing may be estimat<d by taking the square root
of these areas. Such a set of equivalent diameters is given in
Figure 47. The curves give the number of storms of a
specified equivalent diameter whose intcnsity exceeded an
equivalent rate of 25 mm/hour. This is done for various
altitudes from 5000 to 40,000 feet. It is apparect that
average dizmeter does not change much with altitude, so
tha good path diversity should result from an interstation
spacing ot 1C miles or more. Whether such a conclusion
would be warranted for other geographical locations is not
clear.

4.1.5 Snuw and Ice

There is good general agreement that solid water
produces negligible noise and attenuaticn al microwave
frequencies. Noise measurernents made at 6 GHz during a
snowfail showed only a slight increase over those obtained
on a clear day.”” Wulfsberg stated that cirrus ciouc
composed of ice crystals. p.oduce a negligible contribution
to sky noise at 15 and 35 GHz.”* and that attenuation
from cirrus clouds was not measurable at either fre-
quency.”®

4.2 Ervor in Prediction of Refraction

The microwave refractivity of the atmosphere may be
expressed in terms of standard weather data as follows:”®

77.6

4810 ¢,RH
(P+ H

T

N=(n-1)x10°=

where N is the index of refraction, T = temperature in
degrees Kelv: ., P = total atmospheric pressure in mil' hars
RH = percent relative humidity, and e_= saturation . po:
pressure mn mijlibars. The atmospheric bending is inde-
pendent of frequency in the microwave range because ti:e
refractivity is not a significant function of frequency here.

Atmospheric refraction is determined by ray tiacing
through the refractive index profile. However, the detailed
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profile of the refractive index along the path of the radio
ray is seldom available. Fortunately. it is possible to use the
surface refractive index”” to predict the total atmospheric
bending of raaio rays incoming from a deep space probe
and arriving at a ground station.

The total bending 7 (in radians) may be expressed as:

cot

7=N10"cotd, - f N1G™%d(cotd) (9)

(colB)N:O

where N, is the refractivity at the surface of the earth and
0, is the elevation angle of arrival or departure of the ray at
the surface of the earth. The second term of Equation (9)
contiibutes less than 3.5 percent of the total for 8 =10
degrees and becomes negligible as 6 increases. Thus, for
space communication conducted at elevation angles greater
than 10 degrees. prediction by the firs! term of Equation
(9) alone provides zn accuracy of at least 107* rad.

For lower elevation angles, as small as 10 mrad. a linear
regression equation is available for improved prediction.
Below this the ray might become trapped in a ducting
profile at which point prediction is very difficult. The
regression equaiion is:

T=bN +a (10)

where the coefficie .ts a and b have been obtained by Bean
and Cahoon”® from refractive index profile samples for a
wide range of meteorological conditions at 13 climatically
diverse 1S, radiosonde stations. The above prediction has
been venified by many measurements on atmospheric radio
refract on effects.®®

A tvpical value of the surface refractivity is 313 for the
worldwide standard atmosphere. The maximum elcvation
angle bias without correction wili be about 4 millirads at 3
degrees elevation. With a correction based on the daily
avirage of surface refractivity. the tropyspheric bias at 3
degree elevation will be of the order of 0.1 millirad.

Observations of the Early Bird communication satellite
at Andover. Maine, found the standard deviation of random
tropospheric angle errors between 10 and 65 prad.®' This
range of values compares quite well with other

estimates.®3-83

Theretore, tne total tropospheric angle
error due to imperfect prediction of ray bending and
random fluctuations of refractive index is expected to be

iess than 107 rad at an elevation angle of 30 degrees.

5. GROUND ANTENNAS

i this section ground anteanas for bothi mnicrowave
and millimeter applications (frequencies from 1 to 94 GHz)
are considered. Perspective would be lost, and an awkward

trcatment would result if the discussion were divided
according to frequency.

5.1 Introduction

Mathematical models includine iive significant variables
involved in ground antenna operation have been developed
for both exposed and radome-hel*ered structures. The five
veriables are diameter, cost, gain. frequency. and rms
serface tolerance. Diameters of irterest lie in the 10- to
250 ft range for exposed antennas and in the 30- o
S00 ft range for antennas enclosed by a radome. Fre-
quencies of interest vary from 1 to 100 GHz. Only
converitional reflectors are included in this section. No
consideration is given to actively coniroiled surfzces,
multiple anienna synthetic apertures, or other such con-
cepts which may be important in the future. Arrays are
discussed in Appendix 2.

The first i« tation introduced in this study is Ruze’s
formula. which relates gain to diameter. frequency, and rms
surface tole-ance. In accepting Ruze's formula. one must
also accept its shortcomings. Tlie next two relations of
interest, relating rms surface tolerance to diameter and cost
to diameter are dzduced from information available on
existing and proposed installations. In many cases, this
information is vague and ambiga~us. This situation has
been dealt with by basing both the rms and the cost
relationship on only three data points m the case of
exposed antennas and on four poirms (which represent the
totality of available data) in the case of antennas with
radomes. The points used are believed to be consistent and
span the diameter range of interest. The result of this
interpretation is a cost curve which represents the cost of
an antenna with a certam rms surface tolerance. The
specific correlation of cost, diameter. and rms surface
tolerance is a novel feature of the present approach.
Finally. a quality factor is introduced which associates
departures from standard rms surface tolerance with depar-
tures from the standard cost curve. The tunctional relations
chosen to relate these quantities were justified with
arguments which are largely heuristic. since available data
did not permit a more precise determination. However,
when existing information on cost and rms surface toler-
ance was adjusted to a common standard using the
functions chosen, the resulting agreement was graufving.

The results of this exercise are expressed as two
equations among the five variables of interest. A diferent
set of two equations was obtained for each of the systeris
considered (exposed and enclosed). Although merce com-
plex than the simple power law relationship often suggested
for the cost vs. diameter of ground antennas. this <et of
cquations contzins more information. Not only do the
equations yield information about any specific cese, but
they also provide a starting point for vanons optimization
studies. Three examples are given in this section: they deal




with minimum cost gain-limited antennas, maxinum cost-
effective antennas, and minimum cost antennas ftor a
specified gain and frequency. The last two cases were
examined for both exposed and enclosed antennas. These
examples also suggest others that could easily be done. The
modeis are believed to be superior to others that have been
suggested elsewhere.

5.2 The Nature of the Problem

Most of the effort was devoted to the determination ol
appropriate  rms surface tolerance-diameter and cost-
diameter relationships for ground antennas. A large number
of reports were studied. and many personal contacts were
made in the attempt to gather the significant and pertinant
information. The functicnal relationships which emerge are
the result of a distillation of these raw data. The confidence
one is justified in placing in them is directly related to the

ta on which they are based. The distillation process
unavoidably involved subjective judgement. but differences
of opinion and contradictory resuits that come to light in
comparing this study with similar studies carried out
elsewhere will ultimately be resolved in ierms of different
interpretations of the raw data.

For a given antenna (or sample point), one needs to
know the diameter, the cost. and the rms surface tolerance.
There is seildom any need to question the reported
diameter. but unfortunately the situation with regard to the
other two quantities of interest is nut as satisfactory. The
problems involved in measuring the surface tolerance of a
large paraboloida! reflector are themselves difficuit. and
measurement is an expensive and time-consuming task. User
demands on high-performance antennac oiten are sufficient
to prohibit the measurement of the rms tolerance in any
sort of a statistically satisfactory way. When an existing
structure is measured. the measurements are generally taken
using surveving techniques or by some kind of mechanical
device which traverses the surface. These techniques them-
selves place constraints on the stru..ure which are some-
umes unrealistic in terms of operational requirements (i.c.,
zero zenith angle. benign cavironmental conditions, ete.).
Such dara are ti.2n passed through a data-reduction process,
the details of which are seldom disclosed. to determine the
tolerance figure which is eventually reported. In one or two
isolated instances. telerance is determined by measuring
gain ov °r a range of frequencies and then using Ruze's gain
equation to calculate rms surface tolerance. This would
scem to be a powerful and effective technique ®* bat it
supposes & knowledge of the aperture efficiency at each

frequency - a quantity that is extremely ditficult 1o
determine independently.
There s a disterbing lack of consistency in the

reporting of surface tolerance. It is generally measured with
respect to the best4it paraboloid, but it also can be

37

referenced to the original design contour. It can be a
deviation normal to the reflector surface or normal to the
aperture plane. The distinction is seldom drawn. In some
instances, maximum peak-to-peak deviations are reported.
Kuze suggests that a factor of 3 can be used to convert such
numbers to rms values.

Finally, the nature of the information depends on who
supplies it. Antenna manufacturers normally have rms
information of some sort, since they are usua'ly rcquired to
demonstrate a specified tolerance. Rare is the manufacturer
who will admit his product failed tc comply, but manu-
facturers are also understandably loathe to disclose what
contrivances or bending of definitions, if any. were neces-
sary to meet required standards. The users, on the other
hand, have a different point of view. In general, they are
much less concerned with rms tolerances per se. If the
device operates within 1 or 2 dB of expected levels, they
are inclined not to quitble.

In short, it is generally not hard to obtain something
ca'led the rms surface tolerance of a given reflector. but it is
exceedingly difficult to compare this number with similar
numbers for other reflectors, or to relate it to any sort of a
common standard.

For different reasons, the situation with respect to
costs is even more vague. A high-performance antenna is a
custom-made item. Hence its price must inciude appro-
priate R&P, engineering. tooling. and fabrication costs,
which are difficult to determine with any precision and
which cannot be distributed over a large number of units to
minimize their net effect. No supplier will ever hazaid a
guess at the cost of an antenna of diameter D with a
tolerance € without a funded proposal study beforehand.
Since the circumstances and requirements of each situation
must be considered separately . this consesvatism is perhaps
justified. In addition, there are relatively few companies in
the business of building such structures, ana competition is
fierce. Their reluctance to make. and perhaps subsequently
be embarassed by, off-the-cuff quotes is natural.

It would appear that establishing the cost of existing
structures would be an easier miatter. However, in the
absence of any common standard. 2 iendency to modify
the actual cost in the most advantageous di-22* & is often
observed. The degree to which this Kind of bias influences
reported costs cannot be determined, but it is not unusual
to hear different stories from the buver and the seller about
tine price of the sane antenna.

The major items of uncertainty in determuning costs is
establishing exactly what the reported number of doliars
bought. Here agam the lack of a uniform standard is
apparent. There zre numerous ancillary items associated
with a ground ai tenna that may or may not be included in
the reported cast. These include electronics, feed structure,
land ucquisitic a, servo systems, data read-out, main and
auxiliiry pow r piant, suppoit buildings, heating, lighting,
and ventilaticn. The reported costs are seldom broken




down in sufficient detail. Since some of the items men-
tioned above are very expensive, it is clear that a direct
comparison of costs without a clear breakdown could be
misleading. The alternative, {0 ignore questionable cost
information entirely, is even less appealing.

At this point it is natural to ask what progress can be
made, in view of all the treacherous areas that have heen
charted above. The answer is that considerable progress can
be made, but with a couple of provisions. First of all, it
must be kept in mind that t e functional representations
derived from the data and used to make up the mathe-
matical modei are the result of only the present interpreta-
tion. In spite of efforts to be objective. impartial, and
‘horough, these representations contain a substantial dose
of judgment and subjective opinion. Because of the present
state of the information available, they cannot be other-
wise. The results presented are clearly not unique and
probably cannot even be called right or wrong, except in a
qualitative sense. This is not the first study of this sort and
certainly will not be the last. The results presented will
certainly not agree in detail with others, since it is almost
mandatory that each new interpretation of essentially the
samc data provides a somewhat diffesent result, if only to
justify the effort expended. The present study is no
exception. Second, the mathematical model that is de-
veloped can be (and was) evaluated for answers with eight
significant figures. To infer this degree of quantitative
precision in actual practice wouid bz nonsense.

5.3 Gain Formula

In 1952, Ruze suggested a formula for the gain of a
reflecting wntenna.®* This formula has been generally
accepted by antenna designers and communications en-
gineers in spite of several restrictive asstmptions incor-
porated in iis derivation. These assumptio: s have beer

clearly restated by Ruze in his 1966 article.’! Ruze's
formula states:
. (ﬂD) S ( 41re) L
=nl—) exp-{—
\ PN (1)

Here D is the -eflector diameter, X is the wavelength at the
frequency of interest, ¢ is the rms deviation of the reflector
surface, and 7 is the aperture efficiency, a measure >f the
overall electronic properties of the antenna. D, A, and €
must be in consistent units.

The first factor in Ruze's formula is the gain to be
expected with a perfect, uniformly illuminated reuector.
The effect of deviations from a perfect paraboloid are
contained in the exponential factor, although 0 distinction
is made between manufacturing inaccuracies and random
deflections of the reflecting surface due to environment.
The gain of a given antenna, with specified diameter and
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surface tolerance, increases as frequency is increased.
However, a point is reached at which the exponential factor
takes over, and a further increase in frequency results in a
decrease of the gain. This point, at which the gain is a
maximum for a given rellector, is called the gain-limit
point.

Much the same type of behavior is noted if the
operating frequency is held fixed and the diameter is varied
The cause for a “‘gainJimit” point in diameter is not
immediately apparent from inspection of Equation (11),
but it occurs simply because the rms surface tolerance is a
function of diameter. Stack®® has printed this out in his
work, and curves of gain vs. diameter for a number of
frequencies can be found in his report.®®

The aperture efficiency, n, includes the effect of
nonuniform illumination, spillover, aperture blockage,
front<nd losses in antenna electronics, and other simiiar
factors which centribute to degradation in perf{oiitance. It
specifically does not include the effects of an unpeifect
reflecting surface, at least as used in this report. For a
well-engineered antenna, n should lie between 0.65 and
0.75, but this general statement provides no assurance that
the aperture efficiency of a specific anterina is indeed
within this range. Reliance on published inforination can
also be misleading, since many authors tend not to define
their particular concept of aperiure efficiency carefully.
This elusive quantity also depends to a certain extent on
antenna geometry. The aperture efficiency of a Cassegrain
antenna certainly differs from that of a focal point
reflector, even for identical reflecting surfaces. A still
different value would be found for an open Cassegrzin
antenna. Finally, the aperture efficiency is a function of
operating frequency and the required noise temperature.
However, no information is available on the specific
character of such functional relationships.

As a result of the uncertainty associated with the
aperture efficiency, it has been assumed that, when
Equation (11) is used in this report, the aperture efficiency
is taken to be 70 percent. Certainly, this represents a rather
gross assumption, but no more sophisticated relation can
presently be iustified.

The gain calculated by Ruze’s formula® ' is the gain “at

antenna,” so to speak. Atmospheric effects on sig= '
strength such as turbulence or rain are specifically not
included. These effects may be extremely important,
particularly at high frequencies, but are not explicitly part
of the ground antenna considerations.

5.4 Relation Between Surface Tolerance and Diameter

The data available on rms surface tolerance of existing
antennas are plotted in Figure 48. The ranges associated
with many of the data points are attributable to a number of
factors. In a few cases they reflect an honest uncertainty. In
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others they are due to different tolerances reported at
different elevatior: angles, or under different environmental
conditions. In some cases the range shown is a result of
different values reporte? from different sources for the
saive antenna. For one or two antennas, the range shown
represents the design goal and the performance evidence has
not yet been reported.

The surface tolerance data represent the surface
accuracy under operating condi‘ions. Thus, all factors that
combine to produce mechanical deviations from a perfect
paraboloid arc included. These include manufacturing
inaccuracies as welt as surface deflections caused by
environmental loads such as gravity, wind, and thermal
effects. In general, the antennas represented are fully
steerable and operate satisfactorily in steady winds up to
about 30 mph or so and in other environmental conditions
normally expected for such antennas.

In spite of the considerable scatter of the data on
Figure 48, it is reasonable to represent general € -D trends
by two straight lines: one for exposed antennas, and the
other for antenras operated inside a radome. The appro-
priate functional relationship is of the form:

e*=aD?? (1)

where €* is the rms surface tolerance in miliimeters, ~nd D
is the reflector diameter in feet. The reader is cautioned to
take special note of this rather unusual juxtaposition of
units. The constant a is:

a=1.3(10)2 for exporad antennas

a =4.5(10)™ for antennas under a 1adome.

More must be said about the rms-diameter relation for
exposed antennas, particularly in view of the scatter of the
data for antennas of this type. However, further discussion
is deferred until the section on cost-diameter relations,
where it can be included more naturally. The curve for
reflectors under a radome is based on regrettably few points
{four, to be specific), but additional data are not available.
The curv? has the same slope as the viie for exposed
structures, but, at ary given diameter, the surface eriors are
considerably less for the enciosed struciure because of the
benign environment.

5.5 Relation Between Cost and Diameter

A plot of cost vs. diameter for ground antennas
contains a scatter o he data at least an order of magnitude
vorse than the data presented in Figure 48. A straight line
“fit” (on the standard log-log plot, which corresponds to
the power law relation Cost = (Const.) D", is simply un-
acceptable over the entire size range of interest. A
piecewise-linear cost function, correspondirg to an incr ase
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in the power law exponent with diameter, would be much
better but would introduce troublesome analytic complica-
tions.

The uncertainty introduced by this kind of vicual curve
fitting is appalling. but the method is probably no worse
than attempting to establish an rms best-fit curve in
logarithmic coordinates. In lieu of such methods, ‘hree
basic antenna structures have beer chosen. The points span
the size range of interest and can be fit by a three-
parameter 2xpression. The three antennas chosen are:

1. The I15-4oot antenna operated by Aerospace
Corporation, El Segundo, California

2. The 85-foot antenna cperated by the Naval
Research Laboratory at Maryland Point, Maryland

3. The 210-foot AAS antenna operated by Jet
Propulsion Laboratory at Goldstone, California.

All three antennas were manufactured by the same
company: all are exposed and fully steerable, although the
first two are polar mounts while the third is az -el; and
reasonably good rrs surface tolerance information is
available for all three. More important, the cost data
obtained from user and manufacturer agree to within 10
percent for the first two and agree exactly for the 210-foot
antenna. The costs cited include structure, drives, and
control but do not include electronics, readout equipment,
or other ancillary costs, insofar as could ne determined. The
cost-diameter relation obtained by this process is

$*=6.7(10)° D" exp (D/45) (13a)

This ~urve is shown in Figure 497. In Equation (13a), the
Ziameter D is in feet. Potter’s power law curve®” for the
85 to 250 ft range is also shown in Figure 49.

Although Equation (13a) fits the three selected points
very nicely, problems occur if unconscious extrapolation is
attempted. Beyond 210 feet, the costs increase rapidly with
diameter because of the exponential factor. On the other
end there is a singularity at D=0, and costs again increase
as diameter decreases below 15 feet. Upon reflection,
neither of these tendencies is entirely unrealisdic. However,
it is recommended that Equation (13a) be used only over a
diameter range of 10 to 250 feet.

The cost-diameter relation for antennas with a radome
is also shown in Figure 49. In this case, the items included
in and excluded from the reported cost are the same as for
the exposed autennas with one important exception—the
cost of the radome is included. A power-law relation is
satisfactory for these antennas over a diameter range of 30
to 500 feet. This relation is

§* =6.75(10)* D"
(13b)

Again, the diameter is cxpressed in feet.
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tThe data poin.s scattered about the curve on Figure 49 do not
represent raw data for other antennas.  The significance of these
potnts will be discussed in the next seciion,
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Experience with the operation of radome-enclosed
antennas has been satisfactory at microwave frequencies.
The radome is responsible for approximately 1- to 1.5-dB
loss in gain, primarily because of aperture blockage, and it
also contribute  to system noise temperature, The system
degradation depends to a considerable extent on local
weather conditions. A discussion of these effects is beyond
the scope of this report, but a tnorough explanation of the
electronic properties of radomes can be found in the
CAMROC report.™® There is little experience with radomes
at millimeter frequencies. In this region the radome
thickness is no longer small with respect to wavelength, and
special design techniques would clearly be necessarv to
minimize losses.

The cost of the radome alone, including foundations
and environmental control equipment, is shown in Figure
*9. Both air-supported and rigid space frame radomes are
“acfuded. This information is taken directly from the
ZAMROC report®® for the rigid radomes and from the BTL
antenna study®® for the air-supported radomes. A gross
extrapolation is required in each case to include the entire
diameter range of interest. In licu of an acceptable
alternative the required extrapolation is made, but not
without considerable reservation. The diameter of the
radome required 10 enclose an antenna of diameter D is
assumed to be 4/3 D. Tke cost of the antenna alone can be
determined by using Figures 49 and 50.

The antennas used as the basis for the cost curves also
determine the rms tolerance-diameter curves (refer to
Figure 48). Thus the cost-diameter relations {Equations
(13)] give not just the cost of an antenna of diameter D,
but specifically the cost of an antenna of diameter D with a
surface tolerance given by Equation (12). This correlation
petween the cost-diameter and rms-ciameter curves is
extremely important. The two relationships, taken to-
gether, express cost in terms of diameter and rms tolerance.
The step from rms tolerance to frequency is simple; thus.
the cost is related te diameter and frequency, albeit
implicitly. However, the frequency dependence of the cost
function is identified by this approach. The two sets of
curves, as given on Figures 48 and 49, must be interpreted
together, not separately. The costs and rms surface toler-
ances defined by these cu ves will be referred te as standard
rms and standard cost, identified by €* and $*.

Several well-known antennas have not been included in
these plots, generally because of lack of data on either cost
or rms su.face tolerance. None of the good Russian
antennas appear because no reliable cost information is
avatlable. Other antennas were excluded. even though all
the information was available, if there was an obvious

tStack®® proposed the relations £ = /o, 3 = b He also knposed
the constraint taat 1, 2 1 forall b, Fquation (14a) corresponds to
Stack's onginal choice. but Fquation (14b) removes the constraint
Stack imposed on

anomaly for which a reasonable explanation could be given.
For example, the 140 ft dish at Greenbank, West
Virginia, has an astronomical price tag because of faults in
the original design. The 210 ft CSIRO antenna at Parkes,
Australia, has a phenomenally low cest (1/6 of AAS) which
is attributed to low labor costs and to the limited steering
capability of the antenna. Such points are not included.

5.6 Quality Factor

The standard case is represented by Figures 48 and 49,
The effects of moving off the given curves must now be
examined. In other words, how much can be saved by
relaxing the rms requirement at a given diameter, or
conversely, how much will it cost to improve the surface
tolerance at some piven diameter? These questions lead
naturally to a host of others, such as: Is it better to increase
diameter or surface tolerance to achieve desired perfor-
mance? From such questions the possibilities of a full-
fledged optimization study begin to emerge.

To deal with such questions, the quality factor is
introduced. In essence, it relates a change in rms surface
tolerance to a change in cost. This ingenious approach to
the problem was first introduced by Stack.****® The actual
RMS (¢€) and actual cost (S) are expressed as

€= flf'

$=1,8*

where €* and $* are the standard values found from Figures
48 and 49. In the radome case the cost appearing in these
relations must be the cost of the antenna alone. The
problem reduces to a determination of the functions f, and
I

It 1s unnecessary to trice in detail the tortuous path
leading to the selection of the functions f; and f,. The
functions ultimately selected have the form

{| = 1/x (14a)

fy=exp(x 1) (14b)
The jquantity x is defined as the quality factor. For x> 1,
the rms suiface error is less than the standard rms error
a.ven by Equation (12). Conversely, for x< i the surface is
less precise than given by the standard curves.t

The range of the variable y is 0=X=e  This range
therefore includes the possibility of achieving a nearly
perfect reflecting surface by requiring that x be very large.
Physically. of course, this 15 not possible. There exists a
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limiting tolerance, almost certainly a function of diameter,
beyond which the surface accuracy can no longer be
improved. Unfortunately, no one seems to know -vkat that
limit is. Equations (14) represent a compromise with this
situation. Although Equation (14a) admits the possibility
of infinite improvement in rms surface toierance, Equation
(14b) associates an infinite cost with such an improvement.
In fact, the cost factor f, expressed by Equation (14b)
extracts a very heavy cost penalty for even modest rms
surface tolerance improvements. In additicn, Equation
(14b) limits the possible reduction of cost to approximately
1/3 of standard, regardiess of the reduction of quality of
the reflecting su. "ace.

These two modifications in the propeities of the cost
factor are the major differences between this and Stack’s
original work.®*® They are based on the realization that the
standard curves of Figures 48 and 49 represent very good
reflecting surfaces. It is reasonable to expect that further
improvement of the surface quality will be extremely
expensive, while some saving should result if the standards
of accuracy ere relaxed. The cost factor expression,
Equation (14b), would prubably not be appiicable if the
three basic antennas from which the standard cost curve
[Equation (13a)] is derived has been nearer the center of
the spectrum of available products. However, the three
points actually used represent a definite bias toward the
excellent, and this bias justifies the form of the cost factor.

There is not enough good raw data on the rms
tolerance and cost of existing antennas to establish the
nature of the quality factor functions. To set up the quality
factors, at least two relatively high confidence data points
would be necessary for several different diameters. With the
present standards of reporting. it was difficult enough to
establish one such point. The quality factor functicns given
in Equations (14) should also somehow reflect the influ-
ence of diameter. It seems reasonable that it would be more
difficult to achieve a given improvement in a large reflector
than a small one. Including this effect in Equations (14)
could not be justified on the basis of the present data.

"‘owever, the chosen quality factor functions were
checked azainst the available raw data. For each antenna,
the quality factor was determined by comparing actual and
standard rms values according to Figure 48. The appro-
priate cost factor could then be found from Equation
(14b). The inverse of the calculated cost facto: was then
applied to the reported cost of the antenna to find a revised
standard cost. This represents the expected cost of that
antenna if it hzd been built to the standard rms surface
tolerance. The »oints obtained by performing this exercse
for as many antennas as possible (i.e., those for which
reasonable values for both rms tolerance and cost were
available) are shown in Figure 49. While agreement is not
perfect, it is at least considerably better than any possible
fit to the unmodified raw data.

It should not be inferred that the quality factor
tunctions of Equations (14} are unique in any sensc. Other
functions provide the same sort of qualitative trends. It is
possible to suggest functions which include provisien for
placing finite limits on the possible improvement or
degradation of the standard surface tolerance, and hnite
limits for the asscciated cost fector as well. These functions
are somewhat more complicated than those actually
chosen, and the implications of us..g then: have not . .o
investigated. Present information simply does not permit a
definite cheice to be made ~mong all the possible quality
factor functions that can be suggested. Hence. the com-
promise was to acc .t the set of functions given in
Equations (14), which were both qualitatively reasonable
and analytically conve.ient.

5.7 Mathematical Models

By combining the equations developed in preceding
sections, one can find the equations appropriate frr the
study of the interrelations of gain, cost, diameter, surface
iclerance, and trequency for both exposed and radome-
enciosed antennas. For exposed antennas:

a, D3'2 A
E= =— (}33‘
X
S=a,D'?exp(a;D+x - 1) (15b)
G = n(ay DR)? exp — (a5 c2)? (1)

Here, € is the rms surface tolerance ir millimetars, ™ the
antenna diameter in fect. G the gain in absolute units, S the
cost in dollars, n the aperture efficiency, {2 the frequency
in GHz and x, nondimensional, the quality factor. Appro-
priate values for the constants are:

a, = 6.7 x10° ay = 2.22 % 107

as=4.19x 107?

a; =13x107?

as =3.20 n =0.70

Equations €15) 1re approprate for a diameter range of
approximately 10 to 250 feet.




For antennas in a radome:

3/2
€= fiD (16a)
X
s=exp(x—1) [5D%- g0Ps) 45, 0P (161)
G= L 7 (B DSY)? cxp — (B1€9)? (16c)

1.26

The terms have the same meaning as for exposed
antennas. The cost factor is applied only to the cost of the
antenna, since the cost of the radome is obviously
independent of the quality of the antenna inside. The total
cost includes the cost of the radome. The expression for
gain has been modified by a factor of 1.26, which
corresponds to an assumption of a 1 dB loss caused by the
presence of the radome. The system effect of the noise
temperature added by the presence of the radome has not
been considered. Appropriate values for the constants in
Equations (16) are:

B] =46 x ]0—4
Bs =3.20

B, =6.75 x 10°
B, =4.19 x 1072

53 =130
n =070

For rigid radomes: f, = 1.28 x 10%;85 = 1.85

For air-supported radomes: ;, = 1.69 x 10?;85 = 1.65
Equations (16) are appropriate for a diameter range of
approximate; 30 to 500 feet.

5.8 Examples

Much information can be obtained from the models
expressed by Equations (15) and (16). Each set is com-
prised of two expressions among five variables. Thus any
three can be specified and the other two found directly.
There are so many possible combinations that no general
solution curves are given. It is simple, to enter the
appropriate equations for each specific case and work out
the result.

Of more interest are the various types of optimization
studies that can be carried out using Equations (15) and
(16). The results of three specific studies are given here.
These are otviously not the only such studies that can be
carried out. The details of the necessary algebraic manipula-
tions are omitted, since they are generally straightforward
but tedious. However, the procedure is indicated in each
case. The discussion is presented in terms of Equations (15)
for exposed antennas, although the proccdure describec is
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also appropriate for Equations (16), with obvious changes.
For all examples including a radome, a rigid radome was
assumed.

Example 1. Minimum-Cost Gain-Limited Antenna.
In this example it is assumed that the antenna operates at
the point of maximum gain; that is, the gain-limit point. At
this point, the relationship between rms surface tolerance
and frequency is>*

€=(asQ)!

When this relation is substituted in Equation (15a), it can
be solved -for x (§z, D). By inserting this result in Equation
(15b) the cost can be expressed as a runction of D and Q.
The extrema of this function are tound by equating its
derivative with respect to D to zero and searching for roots.
Such roots, if they exist, must be tested for maximum or
minimum properties. The values of the roots D will depend
on frequency.

The results of this example show that this cost,
considered as a function of diameter and frequency, has no
internal minima within its range of validity. There is a
relative minimum at the lower end of the diameter range.
Thus, for a minimum cost gain-limited antenna, one should
use the smallest possible reflector, operate at the highest
possible frequency consistent with other constraints on the
system, and build the reflector to a surface tolerance
corresponding to the gain-limit point at the operating
frequency. Any increase in diameter will increase the cost
but will also increase the gain.

This example was not carried out for antennas with a
radome.

Example 2. Maximum Cost-Effective Antenna. A
maximum cost-effective antenna is defined as one which
provides the most gain per dollar of cost. As in example 1,
it is assumed that the antenna operates at the gain-limit
point, and the cost of the antenna is expressed in terms of
diameter and frequency, as before. At the gain-limit, gain
Equation (15a) becomes

1
G=—n(a, D\Q)2
e

This expression is divided by the cost expression to form
the ratio G/$. The maxima of this expression, considered as
a function of D, are sought by using standard techniques.
This time the search is fruitful. The expression G/$ has a
single maximum in the diameter range of interest. The
location of the maximum depends on the frequency, as
expected. The resuits of this example are plotted in Figures
51 and 52 for exposed and radome-enclosed antennas,
respectively. The ordinates are diameter and cost, plotted
against a common abcissa, frequency. The gain at the point
of maximum cost effectiveness is cross-plotted along the
diameter curve. There is a much greater range of gain with
frequency for the exposed antennas than for antennas with
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radomes. This is directly attributable to the diameters
involved. No exposed antenna is larger than 105 feet, while.
at the low frequencies, radome-enclosed antennas several
hundred feet in diameter are found. The small variation in
the cost of exposed antennas for all frequencies is sur-
prising. All exposed maximum cost-eftective antennas cost
$500.000 10 percent. regardless of the operating fre-
quency. The minimum in the cost curve at ~50 GHz also
reveals the min-max properties of this example.

Example 3. Minimum-Cost Antenna for a
Specified Gain and Frequency. In this example the operat-
ing frequency and the gain required of the ground antenna
are specified in advance. perhaps as a consequence of other
system constraints. The first step of the optimization
procedure is to substitute Equation (15a) into Equation
(15c). The resulting expression is then solved for the
quality factor x (D). The variables G and £ have been fixed
at their specified values. This expression for x is inserted in
Equation (15b). vielding cost as a function of diameter,
The diameter that ininimizes the cost is then found by
differentiation of this expression. The algebra involved in
this example is unpleasantly heavy. and numerical search
techniques were used to dectermine the minimum cust
diameter for both the expised and the radome-enclosed
case. The results appear in Figures 53 and 54 respectively.
Figure 53a shows diameter vs. frequency and 53b gives cost
vs. frequency for several different values of gain. The same
pattern is found in Figure 54a and b.

For radome-enclosed antennas. the results of this
example for diameter vs. frequency and cost vs. frequency
are represented by a set of straight lines in log-log
coordinates (see Figures 54a and 54b). Therefore, the
solutions have the form D=¢(G)Q2" and S = y(G)Q™,
where ¢ and { are some functions of the gain only.

One variable (either gain or frequency) could be
eliminated leading to a single expression for the cost in
terms of diameter and the other remaining variable.
However. for any specific case it is just as easy to use the
curves given.

The diameter vs. frequency relations for exposed
antennas are also straight lines in log-log coordinates for
the lower frequencies, but exhibit a definite curvature at
higher frequencies, particularly for the lower gains (see
Figure 53a). The cost vs. frequency curves (Figure 53b) are
not even approximately linear. They illustrate the excep-
tionally high cost of gain at low frequencies which results
from the large-diameter antennas required.

An interesting comparison can be made between the
results given by Figures 53b and 54b. For a specified gain.
there is a range of frequencies (or diameters according to
Figure 53a or 54a) in which an exposed antenna is less
expensive than one enclosed in a radome. This range of
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diameters varies with gain. For 55-dB gain, an exposed
antenna with diameter between 24 and 190 feet (cor-
responding to a frequency range of 1.18 to 11.6 GHz) is
less expensive than an equivalent system with a radome. At
75 dB the range is reduced to 44 to 68 feet (37 to 60 GHz).
For diameters. or frequencies. outside these limits the
radome-enclosed system represents a better buy for a
specified performance.

59 Summary

Mathematical models reiating cost, diameter, gain, rms
surface tolerance, and frequency have been developed for
both exposed antennas and antennas in a radome. The form
of the model in each case is a set of two equations among
the five variables of interest. This model is more com-
plicated than other cost vs. diameter relations suggested in
the past. but it is considerably more general and can be
used to study a variety of possible trade-off situations.

The major features of the models presented are:

1. The inclusion of an exponential factor in the cost
vs. diameter relation for exposed antennas. This
reflects. at least qualitatively, the exceptionally
high cost associated with large. high-performance.
exposed antennas.

t9

The specific correlation of the cost vs. diameter
and rms surface tolerance vs. diameter relations.
As a result. costs are ascociated not only with
diameter but also with rms surface tolerance.

3. The intreduction of ihe quality factor. This factor
relates changes in rms surface tolerance specifica-
tion to expected changes in cost. Although
qualitative in nature, this factor reflects acknowl-
edged trends.

The two equations constituting the model will pro-
vide values for any two of the variables of interest, once
the other three have been chosen. Additional relations
among the variables, such as an rms surface tolerance-
wavelength relation. for example. can be added. There is
virtually no limit to the kinds of optimization studies and
trade-oft investigations that can be carried out within the
framework of the suggested models. Examples of three such
studies have been included. Through the credibility of the
results, these examples further demonstrate the qualitative
validity of the models. Minor revisions in the constants of
ti'e present model, resulting from new information or even
fiom different interpretations of present data. are to be
expected and encouraged. However, such refinements
should not invalidate the general applicability of the
present model nor any qualitative conclusions drawn from
its use,
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6. COMMUNICATION PERFORMANCE
6.1 Performance Criteria

It is not the intent of this section to provide a
comprehensive review of deep-space communication theory
or practice, but rather to note briefly the trade-offs that aie
available and to indicate the advantages and performance
associated with biorthogonal modulaticn systems.

It will be assumed that information is transmitted from
the deep-space probe to Earth by a single digital trans-
mission link. This implies that time-division-multiplex is
employed to combine the various communication channels.
However, the specific details of analog-to-digital conversion
and multiplexing of several channels are not within the
scope of this study.

The choice of digital, a. opposed to analog, modulation
is prompted by several factors, most important of which
are:

1. Digital tranmission allows greater flexibility than is
known in analog techniques (e.g., FMFB) in
achieving maximum communication rate for a
given transmitter power.

2. Digital trapsmission facilitates computer signal
processing, including correction of distorted video
signals, and the u:e of error-control techniques.

Communication systems may generally be evaluated in
terms of three criteria:

1. Power requirements
2. Bandwidth requirements
3. Fidelity.

In the case of analog commurications, item 1 is usually
expressed as the carrier-to-noise ratio (measured in the
baseband), item 2 is the ratio of rf to base-bandwidth, and
item 3 is the output signal-to-noise ratio. In the case of
digital communications, the three criteria are most
conveniently expressed in terms of three dimensionless
quantities:

1. ENN,
2. HW
3. P,

Here E is the energy per bit. If S is the average received
power required to achieve an information rate H bits per
second. then E = S/H. N is the noise spectral density,* so
that E/N,, is the ratio of bit energy to noise energy per
cycle of bandwidth, W is the rf bandwidth and P, is the bit
error probability.

*N, = kT, where T, is the effective system Jioise temperature
(degrees Kelvin) and k = 1.386(10)-23 joules;’K is Boltzmann's
constant,

tAs noted in Chapter 4, the Gaussian assumption may often, but
not always, be applied in the case of optical communications.

53

For the case of communication in the presence of
additive white Gaussian noise, a situation which prevails for
space communication at microwave frequencies,t the maxi-
mum communication rate consistent with arbitrarily small
error probability is given by Shannon's formula for the
channel capacity:

S
HLC=Wlog, (1 *'NO—W)

a7

It foltows from Equation (17) that
HW -1 18
E/No > —'ﬁ—/w——> log, 2 (18)

so that there is a lower bound to the required energy per
bi‘.’ 091

6.2 Choice of Modulation

Digital modulation consists of associating blocks of L
bits of data with one of M =2l distinct waveforms of
duration T. The information rate is then given by

L log: M
T T
where M is termed the alphabet size; M = 2 corresponds to
binary communication.

Digital modulation may, therefore, be considered as a
transformation between a sequence of binary data and a
voltage waveform. This is v be distinguished from coding
which is a uansformation from one binary data stream to
another. For example, a block of L bits of data may be
transformed (coded) into a block of N binary digits (N >L)
and these may be modulated taking L' binary digits at a
time, where L' may be chosen conipletely independent of L
and N. Typically, L' = 2; i.e., coding is followed by binary
modulation, but this is needlessly restrictive, as will be
noted below. Principal emphasis will be given here to the
choice of modulation, but some discussion of coding will be
given in the following sectione.

H= (19)

An M-ary modulation scheme is defined by prescribing
a set of waveforms S;(t), t=1,..., M on the interval {(O,T)
and a procedure for associating each of the M possible
combinations of L bits (M = 2L) wish a particular S;. The
transmitted signal (apart from a possible frequency
trznslation) is then of the form

T Si(n)(t-nT)
n

where n indexes the blocks of L bits.

For fixed M, the optimum modulation system (in the
sense of minimizing the E/N, required for a given error
probability) is simplex modulation??®® which is
characterized by




E, fori=j
Tasws, = {-E

f iM5; O —* fori+j (20)
0 M-1

Thus simplex modulation has the property that any
two distinct waveforms have the same -orrelation coeffi-
cient. It should be noted that Equation (20) does not
uniquely define the S;(t), dut rather prescribes a class of
systems which all yield the same performance.

A system which achieves very nearly the same power
efficiency as simplex with, however, important simpli-
fications in the generation and processing of the signals is
biorthogonal modulation?3-98 which is characterized by

E fori=j
T
fdtSi(t)Sj(t)= ~E,fori+j=M+1 (21)
()

O otherwise

Thus, an M-ary (M even) biorthogonal modulation
system employs an alphabet consisting of M/2 orthogonal
waveforms together with the negatives of these waveforms.
Although this might be implemented by combined pulse-
positior. (or pulse frequency) and phase modulation, there
is a particularly simple method of generating the signals as
binary phase-reversal sequences.”*-**

An example of a biorthogona! set of waveforms, for

the case of M = 8, is shown in Figure 55. Each signal con-
consists of four binary pulses (in general, the number of

puises is M/2). This binary waveform is used to modulate an
of carrier in such a way that a change in pulse sign
corresponds to a 180-degree phase-reversal of the carrier.*
In the above example, four pulses are used to transmit three
bits of information. More generally, M/2 = 2L-1 puises arc
used to transmit log; M = L bits of information so that the
ratio of pulse rate W} to information ratc H is given by

(22)

*This results in a DSB-SC system. Although thers are techniques for
recovering the carrier f7om the sidebands it is simpler to use slightly
!ess than 180-degree phase shift, in which case a carrier component
is present, The fraction of power devoted to the carrier may be
1nade negligibly small in a hisg data_rate system, since the
bandwidth of the carrier tracking circult 1s much less than the
information bandwidth,

tiNote that the pulse rate is essentially a measure of the of
bandwidth.

*Altenme mechanizations of the Reed-Muller code generator are
discussed in References 94 and 95.

it should be noted that, although (according to the
definitions given here) a modulation rather than a coding
system has been described. the transmitter may be imple-
mented in the same way that a simple shift register
binary-coded sysiem is implemerted. Thus an irput
sequence of L hits generates an output sequence of
M/2 = 2L-1 binary digits in a Reed-Mulier code generator,#
and these output digits are used to biphase modulate an rf
carrier, as illustraied in Figure 56.

“The entire waveform generating process is extremely
simple and represents o1ly a smali additional complexity to
any digital communication system.””* Although receiver
complexity is somewhat greater, the receiver is on the
ground, and the additional complexity is by no means
incommensuraie with the inherent complexities of the
ranging and tracking systems.

The basic clements of the receiver consist of:

). Carrier recovery and coherent demodulation to

baseband

2. Pulse synchronization
Word synchronization
4. Data demodulation.

Carrier recovery is obtained most simply (as mentioned
above) by ucing less than 180-degree modulation, in which
case there is a carrrier component of the transmitted
waveform which may be aetected in a coherent phaseock
receiver.

The achievement of pulse synch:oi: - ation is similar to
that of achieving bi* syrchronizati-n in a binary com
munication system. It is made sor.ewhs* more difficult,
however, by the larger pulse rates and the smaller
signal-to-ncise ratio with which biorthogonal systems nor-
mally operat.: g

For a giver. information: rate, the pulse rate increases
almost linearly with alphabet size, as indicated by Equation
(20) and shown in Figure 57. For example, the use of
M =256 (L =8) requires 2 pulse rate of !16(10)* p/s 1o
achieve an information rate of 1 Mb/s whicl, however, is
well within the capabilities of digitz] circuitry. Pulse
synchronization needs to be obtained to within about 6 ns.
Although this can in principle be obtained from the data, in
practice periodic use of synchronization codes is simpler
and need only take a small fraction of the availabe time.
Such codes may also be used to achieve word
synchronization.

Once pulse and word synchronization are obtained, the
basic receiver operation (see Figuie 56) consists of a phase
detecto: (multiplication of the baseband signal with a
synchronized square-wave clock) and an integration and
dump circuit for the pulse period. Each output is fed to M
accumulators which either add or subtract successive inputs
according 1o a preset pattern determined by the
Reed-Muller code. After M/2 such inputs are “sdded”
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in each of the M accumulators, the data demodulation is
obtained by determining which accumulator output is
largest.* This then determines which of the M waveforms
was probably transmitted, and then fixed digital circuitry
converts this into a stream of L binary digits. Although the
above can be implemented with delay lines and analog
circuitry, in practice (particularly for large M) special-
purpose digital techniques seem preferable. Since there are
M accumulators, each of wk.ch has M/2 inputs, and since
the largest output has to be determined, of the order of
M3/2 additions have to be perfon-;ed.T Certainly, values of
M of the order of several hundred are practical, and with
parallel logic several thousands are feasible.

It is difficult to set an upper bound on M on the basis

of complexity. However, there is definitely a point of
diminishing returns for improvements in efficiency asso-
ciated with large values of M. In Figure 58 the E/N,
required to achieve a bit error probability of 107 (as
obtained from Reference 94) is shown as a function of M.
If one were to adopt the rather arbitrary requirement that a
doubling of M is justified only if it achieves at least a 0.5-dB
reduction in E/No, then Figure 58 indicates that one should
stop at M =64, for which E/N, =6.1 db. This is 3.5 dB
better than the best binary system. To achieve E/N_ = 5 dB
requires M =2° = 512; to achieve E/N, =4 dB requires
M =2'% = 3.3(10)°.

The above considerations suggest a value of M between
2° and 2° with E/N, requirements (for P, = 107°) between
5and 6 dB.

6.3 Threshold Demodulation

An inherent difficulty with large alphabet modulation
or coding techniques, when employed. on high data rate
channels, is that the computational-speed requirements may
exceed practical limits. In the case of biorthogonal modu-
lation, the M/2 accumulators in the detector, of course,
operate in parallel. However, at the end of the word period,
optimum detection requires determination of which accu-
mulator has the largest value, which requires M/2 compari-
sons to be made in a time that is small compared to the bit
period. Although many of these comparisons can be done
in parallel, approximately log, M sequential operations must
be performed.

It is possible to circumvent this problem, at some
expense in E/N_, by using threshold rather than optimum
demodulation. For threshold demodulaticn, each accumu-
lator is compared with a fixed threshold rather than with
one another, and this can be done completely in parallel.

*Alternatively, because of the biorthogonal property, only M/2
accumulators need be employed, and the decision is then made on
the basis of the sign of the accumulator whose output has the
largest absolute value,

Since the number of operations increases as a power of M, it is
exponentiaily growing in L. This is characteristic of “block™ coding
and modulation systems.

58

The error probability for threshold detection may be
given approximately by °*

Pe~¢[-u(l—a):l+<%—l>¢(-au) (23)

where
1 X w2 /2
$(x) = ~— / dyey (24)
V2t o
is the cumulative zero-mean unit-variance normal
distribution,
u= 2E
E log, M (25)

is the average output of the “‘correct” accumulator, and a u
is the threshold. The first term in Equation (23) is the
probability that the “correct” accumulator does not exceed
the threshold, and the second term in Equation (23) is (to a
good approximation) the probability that at least one of
the incorrect accumulators exceeds the threshold. The
fractional threshold a may be chosen to minimize P, which
essentially corresponds to making the two terms in Equa-
tion (23) equal. This results in the following expressions for
the optimum threshold and the resulting erior probability

)

= u 1 M
PL—2¢ [~?+:!oge <?— 1> ]
This is the word-error probability which is then readily
converted into the bit-error probability 74

The above results assume M >4 and P < 1. Specifi-
cally, to achieve P, = 2.2(10)™ with M=2% (this corre-
sponds to a bit-error probability of 10°) requires
E/N,=7.6 dB which, is 2.3 dB greater than optimum
reception (see Figure 58).

The use of threshold demodulation permits an interest-
ing option. If the threshold is chosen to be higher than the
optimum value given by Equation (26), then the likelihood
of an incorrect accumulator exceeding the threshold is
diminished, at the expense of an increased probability that
the correct accumulator will be below threshold. If,
however, the latter occurrence is considered to be a
“deletion” rather than an errov, then the allowance of a
deletion probability in excess of the desired error proba-
bility can sesult in considerably reduced E/N,. This is
illustrated in Figure 59, where deletion probability is shown
as a function of E/N, for fixed-bit error probability of 10
for M=2% and M=2'%, It is scen that if a I-perceni
deletion probability is allowed, then the E/N,, requirements
are 5.4 and 4.3 dB, respe:tively. If a 10-percent deletion

_1 1
0{—?+ Y ]og
u™

(26)

(27
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Figure 58. Signal-to-noise ratio vs. code block length (21! binary digits) for biorthogonal
modulation system
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probability is allowed, the corresponding numbers are 4.1
and 3 dB. Thus, by allowing a modest deletion rate, a
significant reduction in E/N, may be achicved.

It is possible, of course, to apply the optimum
detection procedure to that small fraction of the data for
which a deletion occurs.* If the deletion rate is small, the
computational requirements for this operation can be kept
modest. It should be noted, of course, that the combination
of threshold and optimum detection cannot yield better
performance than optimum detection applied to the entire
data. However, the former procedure can make practical
much larger alphabet sizes than are practical with optimum
detection, and in that sense can afford significant perform-
ance improvements.

6.4 Convolutional Coding

The biorthogonal modulation system discussed above
may also be considered as a special case of a block code.
Both the optimum and threshold demodulation described
in Section 6.3 differ from conventional decoding in that
hard decisions are not made on the basis of individual
received pulses; rather, the analog voltages in each sampling
interval are accumulated. If the receiver is to be imple-
mented digitally, then these voltages must be quantized.
Although the above results apply strictly to the case of
infinite quantization, ir. practice 8-level quantization gen-
erally comes to within a small fraction of a decibel of the
infinite quantization result.®® On the other hand, 2-level
quantization (hard decisions on the basis of each pulse)
generally entails a 2-dB-penalty.

In a block code, successive biocks of L bits of data are
transformed into successive blocks of N binary digits, and
there is no interrelation between blocks. Convolutional
codes, on the other hand, achieve a sliding dependence in
which each bit of input data affects Lv digits of the cutput
sequence where L is the constraint length of the code and v
is the redundancy. A convolutional coder consists simply of
an L-bit shift register with v modulo two adders as
indicated in Figure 60. Each time a new bit enters the shift
register, the v adders are sampled to produce v output
digits. Typically v =2 or 3 corresponds to an output binary
digit rate 2 or 3 times the input rate.

It should be noted that shift register and adders might
also be employed to generate a block code. If L bits are to
be encoded into N bits, then N adders are required. Since N
typically is a large number, whereas v is typically a small
number, the convolutional coder offers important imple-
mentation advantages.

Since convolutional coding does not divide the input
and output sequences into independent blocks, optimum
decoding requires observation of the entire message.

*The use of a feedback channel] with request for retransmission may
not be practical because of the long transmission delay and con-
sequent storage requirements imposed on the transmitter.
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Sequential decoding is a probabilistic procedure for
avoiding the exponential growth feature of optimum
decoding.

In a convolutional encoder, each time a new input bit
is added, one of two branches on a code tree is followed.
For L input bits there are 2L branches. The purpose of a
sequential decoder is to proceed through this tree
examining substantially fewer than the totality of branches.
Unlike block decoding, the number of branches examined,
and herce the number of computations which must be
performed, is a random variable. In practice, the number of
branches which can be examined before proceeding one
node is limited by the computational speed of the decoder.
If this number is exceeded, it is impossible to decode and
this may be considered (as in the previous section) as
causing a deletion. Recent results®”-°® indicate that to
achieve deletion probabilities of the order of 1 percent may
require the ability to examine several hundred branches.t It
is questionable whether this is feasible at megabit rates.

Several recent papers’”®® have described, evaluated,
and advocated the use of sequential decoding for space
application, but specific implementations®®-°® are limited
to data rates in the kilobit range. Jacobs®” indicates that
“the application of sequential decoding to space com-
munications is very attractive and promises operation
within 3 to 4 dB of the ultimate limit set by channel
capacity. ... In practice, the difficulty in reducing P
(deletion probability) to a truly small value is the ultimate
limit on the performance of systems with sequential
decoders.”

Although sequential decoding appears to yield perhaps
2 dB smaller E/N, than bicrthogonal (or other block
codes), it appears to have two disadvantages relative to the
biorthogonal system:

1. The variable computational requirements make it

difficult to engineer a high data rate system.

o

Sequential decoding requires that the bulk of the
computation be done sequentially, whereas
biorthogonal (or other blockoded) systems allow
considerable parallel operations.

The intention is not to advocate a specific modulation
or coding system here but rather to indicate that there are
systems which achieve improvements of the order of 4 to 6
dB relative tc uncoded binary modulation systems. Detailed
comparisons of different modulation and coding techniques
are outside the scope of this study. However, the limits will
probably be imposed by the computational requirements
on the receiver and, if moderate deletion rates are allowed
(in either block or convolutional codes), the computational
problem may be greatly reduced.

tAlthough systematic 6procedures have been developed for both
decoding algorithms®® and for obtaining good codes,3:°® un-
fortunately the determination of performance is still largely on the
basis of simulation rather than analysis, and it is difficult (at lcast
for those not well versed in the ficld) to draw general
conclusions.
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CHAPTER 2. MILLIMETER SYSTEMS

The characteristics of millimeter wave, deep space
communication systems are considered in this chapter.
Space vehicle transmitting devices, propagation effects, and
ground station receiver capabilities are considered.
Antennas for both ground station and space vehicle
applications at millimeter frequencies are discussed, along
with the microwa.e antennas, in Chapter 1.

Information in this chapter is concentrated at fre-
quencies near 35 GHz and 94 GHz because of the
transmission windows (relatively low, clear-sky attenuation)
that exist through the atmosphere. The high attenuation at
other millimeter frequencies justifies their elimination for
the study of communications from an Earth-based ground
station to a deep space probe. Previous studies have
indicated a relatively high atmospheric attenuation at 94
GHz under conditions of moderate rain and cloud condi-
tions. Therefore, studies in the millimeter wave region were
primarily focused at frequencies in the 5> GHz atmospheric
window.

Space vehicle transmitting devices are considered first.
Future device canabilities and limitations in terms of
power, efficiency, lifetime, and weight at 35 SHz are
discussed.

Next the atmospheric effects on millimeter wave
propagation are discussed under conditions of clear sky,
rain, snow, and ice. A comparison of the relative effects at
35 and 94 GHz is made. Refraction effects are also
discussed. It is shown that planewave phasefront distortion
is severe, at low elevation angles in particular, at 35 and 94
GHz.

Receiver noise temperature capabilities are considered
for frequencies from I to 100 GHz. The data are oriented
toward ground station vse; however, some of the devices
discussed may be used for spacecraft receivers. Present and
projected ground station system noise temperatures
(including the antenna, clear sky, and receiver noise) are
also obtained and plotted.

The final section considers the effects of atmospheric
turbulence, attenuation, and sky noise on communication
performance at millim :ter frequencies. Limits on antenna
diametcr, caused by atmospheric phasefront distortion, are
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obtained at 35 and 94 GHz. Rain and cloud attenuation are
compared at various frequencies based on previously
measured attenuation distributions. Since it appears that
operation of a millimeter system under all weather condi-
tions is not feasible, the alternative of specifying system
margins for required operating conditions (zenith angle and
allowable percent outage time) is proposed as a logical
method for system comparisons.

1. SPACE TRANSMITTERS

Space transmitters at millimeter frequencies, as con-
sidered ir this section, include oscillators and amplifiers at
35 and 4 GHz. Much of the groundwork for this section
may b found in Chapter 1, Section 2. Practical and
theo:etical device limitations are considered and the perform-
ance characteristics of a millimeter-wave space transmitter
for the 1980 period are specified.

Recent surveys hav~ adequately covered the new
techniques and devices for transmitters at millimeter
frequencies.' > Others have previously considered space
transmitters to some degree. Advantages and disadvantages
of various devices have been considered® and useful data
have been listed.*

1.1 Device Considerations

Linear beam devices dominate the millimeter fre-
quency range. Many low-power devices with poor
efficiencies fall in this class and will not be considered.

The devices which offer the most promise at milliineter
frequencies are quite similar to the extended interaction
devices which dominate the higher microwave region — the
extended interaction klystron and the coupled cavity
TWT’s.*»® B-cause these structures are extremely small at
millimeter-wave frequencies, fabrication tolerances and heat
provide ultimate power restrictions. However, a great
amount of design effort has gone into the development of




machining techniques, tolerance control, and ways of
obtaining precise beam optics.’»”® As a result, the power
obtained by use of these “conventional” techniques appears
to be more than adequate to satisfy the space com-
munication problems considered in this report.

1.1.1 Power

Impressive powers have been reported for coupled
cavity traveling wave tubes at frequencies from 35 to 94
GHz.! 578 Many of these devices hrave been built in the 50
to 55 GHz range. To scale these results to 35 GHz a
reasonable scaling law must be assumed for each device.
The actual dimensional scaling of a TWT follows a complex
set of conditions, but it has been shown® that a TWT can
be scaled according to a Pf* scaling law. In particular,
scaling from a higher to a lower frequency is feasible.

In Figure 61 several coupled cavity TWT’s are plotted
on a power-frequency scale. The point plotted as a square
represents a recent estimate’® suggesting that a 20 watt
TWT, at 55 GHz, suitable for longlife space operation
could be built (from existing designs) in one year. This
point was scaled by Pf? to 35 GHz (the triangular point)
and indicates a present capability of approximately 50
watts. If the other 55 GHz tubes (813H and 819H) are
scaled, very high powers (as much as 10 kW) would be
predicted at 35 GHz. These same conclusions can be
reached by assuming nearly any reasonable scaling law. At
present these very high power tubes are useful only in the
laboratory with elaborate cooling techniques. Much is to be
learned about cooling techniques in a space environment. It
is likely that the capabilities of the cooling system will
necessitate limiting the power output of the tubes.

In addition to the necessity of cooling the tube at 35
GHz, the standard rectangular waveguide at the output of
the tube may also have to be cooled because of attenuation
in the waveguide walls. Without accurately specifying the
parameters in the heat transfer problem, it is impossible to
determine exactly when cooling may be required; however,
estimates can be made in the manner previously described
(Chapter 1, Section 2.4). As an example of the calculation
for 35 GHz waveguide, the CW power is limited to 470 W
(assuming the same conditions as applied in Chapter 1). By
adding larger radiating fins to the waveguide, a higher
power limit (possibly I kW) is likely. Depending on the
spacecraft design, some active means to conduct heat to an
exterior radiating surface may be required. Thus, it appears
that a reasonable power limit for the waveguide at 35 GHz
is about 1 kW,

Such a goal for the tube should also be feasible and
should require only a moderate cooling system capacity.
Although 1 kW may be well below the power capability of
the tube, this limit will simplify the reliable lifetime
pioblem.
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1.1.2 Efficiency

The efficiency of the coupled cavity TWT’s is impres-
sive compared with other millimeter wave devices. In fact,
reported efficiencies as high as 35 percent are comparable
to the microwave devices.

Efficiencies of 50 to 60 percent have been
demonstrated’ ' ' for X band tubes which are in the same
basic coupled cavity family as the millimeter tubes in
Figure 61. Since the miliimeter tubes are so much smatler
than the X band tubes, the techniques used to obtain these
high efficiencies will be difficuit to apply at the millimeter
wave frequencies. Thus, an overall frequency of 40 percent
within 10 years is a reasonable goal and a likely limit. This
will be particularly true if the focusing structure is a
solenoid and thus requires additional power (see the
discussion of permanent magnets vs. solenoids in Chapter 1,
Section 3.2). T

1.1.3 Lifetime

Reported lifetimes for millimeter wave tubes usually
correspond to the theoretical operating lifetime of the
cathode. Thus the lifetime is distinct from the reliability of
the tube (as discussed in Chapter 1, Section 2.3.4).

For the family of tubes in Figure 61, there is a large
amount of lifetime information. A comprehensive study®
produced designs for four tubes — two each at 15.5 and
31.65 GHz — with power levels of 10 kW and 25 kW at
each frequency. These tubes were designed for a 10,000
hour lifetime. Tube construction is very rigid and should be
inherently reliable. If precautions are taken in the manu-
facturing processes to avoid impurities, a 15,000 hour
reliable lifetime for a 1 kW tube at 35 GHz should be
possible.

There is an important qualification to the projected
reliable lifetime. Millimeter tube development has been very
slow. This trend is not sufficient to obtain a long reliable
lifetime by 1980. To do so would require a specific
program of several years’ duration.

1.1.4 Weight

The largest contribution to the weight of the coupled
cavity tubes of TWT’s is made by the structure used for
focusing. The required magnetic fields cannot be supplied
by periodic magnets. The weight of the solenoid or
permanent magnet required for a 1 kW 35 GHz tube is
approximately 30 to 40 Ib at present. This is alrcady
higher than that predicted by the weight-power relationship
for the microwave tubes in Chzpter 1, Section 2.3.3 (in
Figure 20, W = 10 1b for P = 1 kW). Recent efforts to
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reduce solenoid weight by approximately one-half have
been successful but the cost has been added complexity in
the cooling system required for the solenoid.

There is no space-qualified tube in the millimeter
region. The projected weight of such a tube is speculative.
In the past, each time a new tube has been introduced at a
higher frequency, the weight has initially been high but has
been reduced by ultimate development. If serious devel-
opment in the 35 GHz range should ever begin, the present
focusing structure and therefore the overall tube weights
will undoubtedly be lowered. However, it is doubtful that a
tube capable of 1 kW CW at 35 GHz will ever be as light as
that predicted for the microwave region. A weight of 25 Ib
is @ more conservative estimate.

The cooling system, power supply, and prime power
source for the transmitter also add to the system weight.
Until adequate techniques are developed, weight estimates
for the cooling system are speculative. However, it is likely
that the weight of the cooling system will be insignificant
compared to the weight of the required prime power
source. The power supply weight should be close to that
predicted by Figure 23. Even the variation in actual tube
weights from that predicted in Figure 20 will be small
compared to the prime power. Thus the weight required for
the millimeter transmitter system should be very close to
the weights calculated for the microwave system (shown in
Figures 24, 25, and 26).

1.1.5 Gain

The high-power tubes discussed thus far in this section
are amplifiers. For a specified power output, the gain of the
amplifier determines the power requiiement of the driver
stage.

The gain of a TWT is a function of its length — the
higher the gain the longer the tube. As the length increases
beyond a certain length, focusing with a permanent magnet
becomes very difficult and a solenoid must be used. With
today’s technology a solenoid is required if the gain of a 35
GHz amplifier is to exceed 20 dB. This technology is not
expected to change appreciably in the future.

A solenoid for a 1 kW, 35 GHz tube would require a
drive power of about 1 kW and additional capacity would
be required in the cooling system. Therefore, the overall
system efficiency would be reduced.

If a permanent magnet is used and the gain is limited to
20 dB, a 10 watt driver stage is required. The development
of a 10 watt solid state driver at 35 GHz would be useful.
An alternative to the solidstate driver is the extended
interaction klystron oscillator.! '3 It is capable of long life
operation at 35 GHz with 10 watts (or slightly greater)
output power and an efficiency of approximately 10
percent. Weights of existing tubes are approximately 5 1b.!
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1.2 Solid-State Devices

Solidsstate sources were considered in some detail in
Chapter 1, Section 2. The conclusion reached was that high
power solid-state devices could not be expected to compete
with microwave tubes because of their poor efficiencies
even if they were to match the power output (a doubtful
assumption). This is also true at millimeter wave
frequencies.

In the previous section of this chapter a requirement
for a 10 watt solid-state source at 25 GHz was noted. This
power might be obtained with a single LSA oscillator.!* A
second possibility might be paralleling or phase locking
IMPATT devices.! 5>'® Although the devices or techniques
are not available to accomplish either of the two alterna-
tives, it is likely that they will be in five years. The weight
of the resulting device will be small enough to be neglected
in the transmitter system and the power required to operate
them will be approximately 100 watts.

1.3 Conclusions

Table 15 gives a summary of the performance charac-
teristics for a potential deep space millimeter wave
amplifier. The tube used is a coupled-cavity TWT with
permanent magnet focusing. Its power capability is limited
by the assumed capacity of the cooling system. The weight,
efficiency, and lifetime represent goals which can be
obtained with concentrated effort.

Also required to complete the transmitter is a driver
stage capable of an output power of 10 watts. This goal is
likely to be reached by solid-state sources within five years
of normal development time.

The overall system weight associated with the trans-
mitter is approximately equal to the weight of a microwave
system with the same overall efficiency and output power.

Table 15

CHARACTERISTICS OF TUBES FOR
DEEP SPACE COMMUNICATIONS

AT 35 GHz
Lifetime 15,000 hours
Power 1 kW
Efficiency 40 percent
Weight 251




2. ATMOSPHERIC EFFECTS ON MILLIMETER
WAVE PROPAGATION

2.1 Attenuation and Sky Noise

The steady advance in millimeter wave technology
suggests the possibility of planetary space probe communi-
cations using a millimeter wavelength system. It is well
known that there exist two transmission windows (at 35
and 94 GHz) through the atmosphere in the millimeter
wave region. But, the imperfections of these two windows
must be closely examined. Comparison between relative
merits of 35 and 94 GHz is also of great interest.

The total attenuation and sky temperature of milli-
meter waves in clear weather have been shown in Figures 34
and 35 (Chapter 1) for centimeier waves for both typical
midlatitude atmosphere and dry atinosphere. Measured
values available at 35.'77'% 69.75, and 942° GHz are
shown to be consistent with the calculated curves.

To avoid excessive absorption. very low elevation
angles have to be excluded. Assuming a minimum elevation
angle of 30 degrees. the estimated attenuation in clear sky
for 35 and 94 GHz may be taken to be 0.5 dBand 2.4 dB
from the curve ¢ = 60 degrees in Figure 34,

Since the water drops in cloud and fog are small in size
compared with a millimeter, the attenuation of millimeter
waves by cloud and fog is simply proportional to their
liquid water content. The cloud attenuation coefficients
may be computed from the temperature and frequency
dependent complex refractive index?' and have been
graphically presented for 0°C and 20°C in Figure 38
(Chapter 1). The worst temperature-zone cloud cover of
long duration associated with a frontal zone is equivalent to
about 1(gm-km)/m3. The predicted attenuations for this
possibly extremc condition at 2 60 degree zenith angle are 2
dB for 35 GHz and 9 dB for $4 GHz. A more moderate case
based on the modcl in Figure 39 results in an attenuation
of 0.8 and 3.6 dB for 35 and 94 GHz. respectively.

Attenuation by rain is the main obstacle to millimeter
wave communication. The calculated rain attenuation
coefficients using Laws-Parson drop size distributions are
shown in Figure 62 for the two frequencies under dis-
cussion. (These drop size distributions still are not known
to be the correct ones, but they nevertheless will allow a
comparison of attenuation at different millimeter fre-
quencies to be made.) These two curves are obtained from
interpolation of the data in the literature.??:?3 Space
diversity might be necessary to overcome heavy rain.
However, if it is essential to keep the svstem working in
light rain, say 0.1 in/hr (which will not be exceeded for
more than 1 percent of the time in most temperate
regions), and assuming an average rain height of 3 km, the
estimated 0.1 in/hr rain attenuations at 30 degrees elevation
angle are 3 dB for 35 GHz and 11 dB for 94 GHz. The
comparison between 35 and 94 1s shown i Table 16.
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Table 1o
PROPAGATION LOSS OF MILLIMETER WAVES AT 60
DEGREES FROM ZENITH

35GHz 94 GH:z

Attenuation through
clear atmosphere (dB)

Attenuation due to ' v
dense clouds (dB) - Worst case 2 9

Moderate case 0.8 3.0
Estimated attenuation due
to 0.1 in/hr rain (dB) 3 11

For a millimeter wave system to be profitable relative
to a centimeter wave system. it is essential that very dry,
high-altitude sites for ground stations be selected. The
favorable atmospheric conditions would minimize the
adverse factors of millimeter waves. Since the loss tangent
of ice is negligibly small at millimeter wavelengths. dry
snow is essentially transparent to longer millimeter waves
such as 35 GHz. This prediction has been confirmed by
measurements at BTL.2% 5 On the other hand. the
dimensions of snow flakes are comparable to the wave-
lengths of shorter millimcter waves such as 94 GHz. so
scattering loss may occur. While reliable theoretical predic-
tion of attenuation by snow is hardly possible. future
experimental data will tell whether significant scattering
loss may occur at shorter millitneter waves. This observa-
tion also implies that a ground station in an arctic or
antarctic region would operate well at 35 GHz.

The sky temperatures shown in Figure 35 also apply to
the millimeter waves. The values computed are for a
typical clear, summer atmosphere in the temperate zone.
The temperatures under clouds or light rain are higher than
those for clear sky.

2.2 Error in Prediction of Refraction

The effect of atmospheric refraction may be divided
into a largely predictable ray-bending component and an
unpredictable short-term fluctuation component by atmos-
pheric turbulence. Very little experimental information on
atmospheric refraction is available at millimeter wave-
lengths. Fortunately, this refractive effect is essentially
frequency independent down to millimeter waves and
therefore the experience with centimeter waves should
be applicable here, especially for 35 GHz. On this basis
the estimated residual error in the prediction of ray bend-
ing and the rapid random fluctuations are less than about
10™ * rad (sce Chapter 1, Section 4.2).

2.3 Phasefront Distortion

Phasefront distortion and amplitude scintiliation of
signals occur when electromagnetic radiation propagates
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through any medium that has a randomly varying inhomo-
genous refractive index. Amplitude scintillations are small
and are usually neglected. However, in some circum-
stances, they may cause serious effects. These effects are
considered in Chapter 4, Section 2.3. Phasefront distortions
will be considered in detail here because they can sericusly
limit the performance of millimeter communication
systems.

Signals originating from deep space sources pass
through three interfering media — interplanetary space, the
ionosphere, and the troposphere. The interplanetary
medium contains solar plasma ejected from the Sun at high
speeds. The ionosphere consists of an icnized medium in
which the electron density varies with space and time. The
troposphere has a randomly varying inhomogeneous refrac-
tive index caused principally by water vapor irregularities
attributed to turbulent movements or random tropospheric
winds,

Results of experiments®® and theoretical work?” at
microwave frequencies have indicated that the inter-
planetary medium has little effect on propagation in the
ecliptic plane. Millimeter signals should be affected even
less by the interplanetary medium since, in general, low
density plasma has less effect at higher frequencies.?®

The ionosphere, a weakly ionized medium extending
from about 50 km to about 1000 km above the surface of
the Earth, can distort a signal passing through it at low
frequencies, with lesser effects observed at L band and the
lower portion of S band. lonospheric effects have not
placed significant limitations on communications at micro-
wave frequencies at S band and above, and should have no
measurable influence on millimeter waves.

The troposphere is the lower portion of the Earth’s
atmosphere and extends from the surface of the Earth to
about 10 km. In addition to the attenuation, noise, and
refractive effects mentioned earlier in this chapter, the
atmosphere can introduce significant random fluctuations
in the phase of transmitted millimeter wave signals.?®°

Phasefront distortion of signals passing through the
troposphere is caused by random variations of the refractive
index. Average values of the parameters in the equation for
refractive index can be determined as a function of altitude
and measured meteorological conditions, thus allowing
construction of tropospheric models of major geographic
and climatic regions of the world. Several of these models
have been used to calculate the effect of random variations
of the refractive index on signals propagated through the
troposphere.2® 2% These models are useful because average
conditions are represented, thus allowing estimates of phase
distortion that may be typical for a given area. The extreme
variability of weather with space and time limits the
application of estimates of phase distortion. For example,
snow, rain, and hail may occur at different altitudes
simultaneously. Also, the water vapor content of the
atmosphere may change with space and time, and the type
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of clouds and their distribution may vary. Good models for
clouds have not been developed; therefore, most calcu-
lations are based on the assumption of minimal cloud cover.

Three statistical parameters are of particular interest in
characterizing phasefront distortion: the spatial correlation
distance, the time variation of distortion, and the rms phase
deviation. The spatial correlation distance has been
measured and is believed to be 100 to 200 meters
depending on location and weather conditions.>!»*? The
phase variation at two points on the phasefront separated
by a distance equal to the correlation distance is essentially
uncorrelated. The correlation time of phasefront distortion
is believed to vary from several seconds for high elevation
angles to several minutes for low elevation angles.?® The
importance of correlation information will be shown in
later sections of this report.

The amount of tropospherically produced phasefront
distortion that occurs in a signal originating from a deep
space source can at least be estimated from the results of
experiments conducted over ground-based paths. Theo-
retical estimates of phasefront distortion can also be
obtained from appropriate models of the atmosphere.
Although much of the experimental work has been done at
microwave frequencies, the results should apply to the’
lower millimeter frequencies. This extrapolation should be
valid to about 100 GHz, because the tropospheric refractive
index can be considered frequency independent below that
frequency.?! 33

Figures 63 and 64 show theoretical results obtained by
Smith3® using model parameters based on the results of
several meteorological and propagation experiments con-
ducted by independent groups under differing weather
conditions at different locations. For the purposes of this
report and in accordance with the previous assumptions,
the results have been extrapolated from 20 GHz to 100
GHz. The curves were truncated at 5 GHz to eliminate
ionospheric effects that occur at lower frequencies. Figure
63 shows the single-path standard deviation in signal phase,
with elevation angle as a parameter, that would be expected
when measuring the electrical path length of many parallel
paths over an area having linear dimensions of several
hundred meters. Figure 64 shows the differential phase
deviation that would be expected over paths separated by
the indicated baseline distances. Baseline is used here to
mean the line between two points located in a plane
perpendicular to the direction of propagation. Figures 65
and 66 show the same results as Figure 63 and 64 except
that they are for elevation angles of 15 and 30 degrees,
respectively, and were obtained by using elevation angle
data from Figure 63 and baseline data from Figure 64.

Two important trends may be noted in Figures 63 to
66. Figure 63 shows that the elevation angle at which the
system must operate is very important. For example,
distortion at 15 degrees is about twice as bad as at 90
degrees and about 4 times as bad at 0 degree as at 15
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degrees. Figures 64, 65, and 66 show that, for any elevation
angle, parallel path phase differences increase rapidly as the
baseline increases up to about 200 meters. Beyond 200
meters, phase variations are not strongly correlated and rms
phase differences increase stowly:

It should be noted that all curves presented in this
section represent moderately cloudy, midlatitude U.S.
conditions. Clearly, the curves are average in nature and
should not be interpreted as applying exactly to any
particular area or time. They are useful because they can be
used to obtain the magnitude and effect of phasefront
distortion for “average” conditions. For example, distor-
tion would be less severe in relatively high and dry locations
such as the desert mountains of the Southwest than in the
relatively high humid areas of the Southeast.

3. RECEIVERS

At present, receivers at microwave and millimeter
frequencies can be separated logically by application- for
spacecraft or for ground station. The performances of the
receivers in these categories, as well as the types of
receivers, are sharply delineated. The primary purpose of
this section is to summarize receiver performance for
ground station (masers and parametric amplifiers); however,
the subject of spacecraft receivers is also briefly considered.

Because the low noise amplifiers are only part of the
receiving system, the future amplifier improvement must be
considered from a tradeoff or economic standpoint in terms
of system performance. The noise temperature of the
receiving system is a useful measure of the overall perform-
ance. Therefore, present and projected system noise
temperature will be obtained (for the ground station
application) from 1 to 100 GHz.

The best spacecraft receivers employ low-noise pre-
amplifiers such as a TWT, tunnel diode, or transistor
amplifier at the lower microwave frequencies. At millimeter
frequencies and higher microwave frequencies, down con-
verters using Schottky-barrier ¢iodes have shown promise as
the most sensitive means of detection which does not
involve cooling to low temperatures. The ultimate noise
temperature for these types of receivers will probably be
about 100°K at the microwave frequencies.

Present spacecraft have adequate up-ink performance
because of the high-power ground transmitters that are
available. Therefore, development of improved cooled
spacecraft receivers is practically nonexistent. However, in
the future it may prove economical to i::~rease the system
bandwidth by increasing the frequency and by using a
synchronous satellite as a repeater station for deep space
communications. Under these conditions, it is probable that
cooled amplifiers would be important. The traveling-wave
maser as a device is well suited for remote operation:
however, the associated cryogenic system reliability must
be greatly improved. The problems and associated costs of
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overcoming them are not small, but the investment might
be worthwhile. Further development of this device could
also have important side etfects as it would drastically
reduce the maintenance costs of ground station receivers.

3.1 Devices

Since the introduction of the maser, development up
to frequencies as high as 35 GHz has progressed rapidly to
the point where little decrease in noise temperature can be
expected in the future. Table 17 lists the performance of
masers actually operating in systems today. It is anticipated
that a noise temperature of at least 10°K is ultimately
possible for all the masers listed in the table. In addition
to AIL maser®® at 35 GHz (listed in Table 17), several
other masers at this frequency have been reported in the
literature 33 36

Masers at higher frequencies (70, 81.3, and 96 GHz)
also exist.37"3% The noise temperatures of these masers
have not been reported. however, it has been estimated that
noise temperatures are in the order of 200 to 300°K.4°
Their bandwidths are in the range of only 1 to 6 MHz.
Wide-band traveling-wave masers at these frequencies would
be difficult to develop because of severe tolerance require-
ments.

The parametric amplifier has been an important com-
petitor of the maser. Improvement in the paramp perform-
ance has been continuous until today it is approaching
theoretical limits at the lower microwave frequencies.

Figure 67 shows data points which represent existing
cooled parametric amplifiers. The lower curve®! represents
the theoretical limits by fully opiinizing the present
designs and cooling the amplifiers to 20°K. Cooling o this
low temperature presents problems in the design of
varactors and lowdoss circulators. This will cause diffi-
culties in reaching the projected values, particularly at the
millimeter frequencies. One point of Figure 67, that at 35
GHz, is worth mentioning because it represents a recently
reported*? working model at this important millimeter
frequency and because it is clearly representative of what
could be expected at 35 GHz in the light of the current
state of the art. It is cooled to 77°K and is voltage tunable
from 34 to 38 GHz. A 94 GHz parametric amplifier is also
being studied*® by TRG, Incorporated. The major prob-
lem is the realization of an adequate varactor diode.

Table 17
MASER NOISE TEMPERATURE (°K)
System  Frequency (GHz) Present Future
JP-Venus®’ 2.3 5° 5°
BT U-Telstar®® 4.16 5° 5°
JPL-Venus® 8.448 18° 5°
AIL® 35 20° 10°
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No significant improvement can be expected up to
frequencies of 10 to 12 GHz in the way of cooled paramps.
However, paramps will continue to improve at higher
frequencies as the varactor diodes are improved. Perform-
ance cf varactor diodes can be measured by a commonly
used figure of merit - the cut-off frequency. For best
results, the cut-off frequency of the diode should be at least
ten times the pump frequency. Recently used varactors
have cut off frequencies of 300 to 500 GHz.** However.
considerable improvement has recently been obtained.
Cut-off frequencies of 1000 to 1500 GHz are being
obtained regularly with planar diffused gallium arsenide
varactors.45 47 Schottky barrier diodes have also
been made with cutoff frequencies greater than 2000
GHz*5#*4% These improved diodes provide the critical
element required for parametric devices as high as 100 GHz.
Without minimizing the problems of designing the required
coupling circuits (i.e., low-loss circulators, etc.), it is likely
they can be overcome in the foreseeable future.

The paramp may be designed to operate in either a
cooled or uncooled mode. In addition, it can operate
continuously during the temperature variation from the
cooled to the uncooled state (with corresponding sysiem
degradation). Thus it can still operate despite a breakdown
in the cryogenic system. This property distinguishes it from
the maser, which can operate only near cryogenic tem-
peratures. In the uncooled mode, the paramp is the most
sensitive uncooled amplifier available at microwave fre-
quencies.

The thecretical limitition for the noise temperature of
uncooled paramps using the crtoff frequency as a
parameter is plotted in Figure 68. Also plotted is the state
of the art (in March 1966) and the theoretical limitation
associated with these paramps. It can be seen that the limit
is approached but that degradation exists because of circuit
Josses and other noise contributed by imperfect diodes.®°

The recently developed diodes are being used in
development of laboratory-type down-converters at 32 and
94 GHz.*° Noise figures equivalent to a single sideband
noise figure of 8 to 9 dB at 32 GHz and 13 to 15 dB at
approximately 94 GHz have been measured.* In addition,
the diodes have been used for a down-converter at 50 GHz
with a resulting noise figure of 9 to 10 dB (including the 3
to 4 dB noise figure for the i-f amplifier).>' A noise figure
of 8 dB should be obtained shortly at 50 GHz. Additional
measurements®® have been reported and indicate the possi-
bility of 5 to 5.5 dB noise figures at 50 to 60 GHz.
Others®? have obtained a n_ise figure of 7 to 8 dB at 35
GHz with a down-converter; however, the diodes used do
not represent the highest quality presently available. Barber

*These measurements are cumently being made. The data are
tentative.
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has predicted an ultimate noise figure of 3 dB at X band
(assuming an i-f amplifier having a 2 dB noise figure). In
Figure 69, these points are plotted, in terms of noise
temperature vs. frequency, along with the projection of the
noise temperature which will be obtained in the next ten
years,

A problem in the design of good down-convertcrs has
been the pump or local oscillator supply. Recently the LSA
device®? has been used as a local oscillator and its noise and
stability performances exceed those of an available kiystron
at 50 GHz.5! This device offers great possibilities for an
entirely solid-state mixer at millimeter frequencies. Several
efforts in this direction exist. As an example, a project at
Texas Instruments is currently investigating the possibility
of a 94 GHz integrated receiver on a gallium arsenide
chip.33

3.2 Systems

In a low-noise receiver system there are contributing
factors to the system noise temperature other than that of
the receiver itself. Provided that system losses are small, the
system temperature may be expressed by:

Tsys = Tsky * Trag + Tant * Trec

where Tgy, is the sky noise which consists of the
tropospheric noise and the extraterrestrial noise; Tppq is
the radome noise due to lossy material and reflections from
the ground; T,y is the antenna noise due tu feed spillover,
scattering, and resistive loss; and T is the receiver noise
which comes from the receiver temperature and the
transmission line loss.

In Section 2 of this chapter and in Chapter 1. Section
4, tropospheric effects are considered. The sky noise was
found to be a function of weather (clouds and precip-
itation), elevation angle, frequency, and location.

At frequencies as high as 35 GHz, where the maser can
be used, the basic limitations in addition to the tropo-
spheric noise are the maser temperature of 4°K and the
extraterrestrial noise of 3.5°K.3* This latter radiation is
identified as isotropic in space and must be treated as a
constant in the sky noise.

A few existing low-noise receiving systems are
listed in Table &. The horn reflector antenna at Crawford
Hill presenis the lowest system temperature. If enough
efforts are ;nade to minimize the waveguide loss. the system
temperature of a hurn-reflector antenna may be further
redriced to about 12°K. which is close to the achievable
limit. The near-ficld Cassegrain antenna without a radome
also has the potential to approach this limit. Although the
antennas described are used at the low microwave fre-
quencies, similar antenna noise temperature could be
expected at higher frequencies.
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Waveguide and other circuitry losses are not separately
listed in Table 18; however, a factor of approximately 10°K
is contributed to the system temperature of each of these
systems. As frequency increases, these losses will increase
proportional to Nf (at least). For the purposes of this
report, this loss is assumed to contribute 15°K to the
system temperature at 35 GHz.

The minimum system temperature discussed is in the
zenith direction of the clear atmosphere. The tropospheric
noise becomes increasingly important when the frequency
increases. The curves of Figure 35 in Chapter 1 show the
increase in sky temperature as a function of frequency and
zenith angle. By using these data and other data listed in
this section for antennas and various types of receivers,
Figures 70, 71, and 72 were obtained. They show the
system noise temperature from 1 to 100 GHz at zenith
angles of O degrees, 60 degrzes, and 80 degrees under clear
atmosphere conditions. In the case of rain or clouds, the
system temperature is increased.

A few pcints are worth discussion. The cost of
operating at a zenith angle greater than 80 degrees at
frequencies above 10 GHz is very high in terms of noise
temperature. To compare systems at zenith angles greater
than 60 to 70 degrees, one must be certain that such angles
are indeed necessary during critical communication periods.
Present systems seldom operate at zenith angles greater
than 65 degrees. Therefore it may not be fair to compare
system performance at these angles when such a drastic
penalty is paid over some of the frequency spectrum.

If, however, the specifications logically require that
such large zenith angles be considered, the comparison of
noise temperatures for systems using cooled paramps and
masers is interesting. The ultimate limit on the sensitivity of

a ground-based receiver becomes increasingly dominated by

the tropospheric effects as the frequency increases and/or
as the zenith angle increases. Because of this the receiver
contributes only a small part to the system performance.
Thus an increase in receiver performance has a relatively
small overall effect. This is most apparent at 35 GHz with a
maser as a receiver where a 3 dB increase in maser
performance results in less than 1 dB improvement in
system performance.

4. COMMUNICATION PERFORMANCE

In earlier sections of this chapter, atmospheric effects
have been discussed. These atmospheric effects require
further interpretation before useful statements can be made
about system performance. This section will present the
effects of atmospheric turbulence, attenuation, and sky
noise for the millimeter wave case and show what modifica-
tions must be made before microwave equations and
concepts can be used at millimeter frequencies.

4.1 Atmospheric Turbulence

Phasefront distortion of signals passing through the
atmosphere must be considered when large antenna systems

Table 18
LOW-NOISE RECEIVING SYSTEMS
Freq Gain  Efficiency Sky Noise Radome Antenna System
(MHz) (dB)  (percent) at Zenith (°K) Noise (°K) Temp (°K) Temp (°K)
NASA-JPL 85 ft diameter l 2400 54.4 65 6 0] 4.5 28
Cassegrain at 2400 54 55 6 0 9 --
Goldstone, Ca]ifomiz} ] 8448 -- -- 7 0] 7 38
Deutsche Bundepost
near-field Casse- 4160 58.4 55 6.5 6 2 29
grain at Raisting, 6300 61.5 55 -- - - .-
Germany
A.T.T.Comsat
conical horn
reflector at 4080 57.7 76 6 10 0.05* 34
Andover, Maine :
BTL horn re-
flector at 2390 43.3 76 6.5 0 1* 22
Crawford Hill, 4080 47.65 69 6.8 0 0.2* 20
Holmdel, New Jersey
NASA-JPL 210 ft diam-
eter Cassegrain at 2400 62 75 6 0 34 21

7 Jldstone, California

*Revised estimates based upon more recent measurements showed these less than 0.2°K.
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(i.e., both single and multiple apertures) are used. For single
aperture antennas the rms deviation from a plane phase-
front and the spatial correlation distance of distortion place

_ upper limits on antenna diameter for a given frequency. For
multiple-aperture antennas the time variation of distortion
determines the lower limits of thresholds for the phase-
tracking loops employed in dynamic correction of phase-
front distortion. For simplicity, multiple aperture antennas
(arrays) will be considered in Appendix 2.

The correlation distance is probably about 100 to 200
meters. Therefore, it seems that for efficient antennas the
diameter should not exceed 100 meters. If the antenna
diameter is larger than the correlation distance, strong
correlation between phasefront fluctuations at different
portions of the antenna will not exist, and destructive
interference of the field will reduce the antenna gain. Large
increases in aperture will result in small gain increases and
reduced efficiency.

The magnitude of phasefront fluctuations across the
antenna aperture will limit the antenna diameter for a given
frequency. The remainder of this section will establish this
bound within the limits of existing knowledge. The
follov “ag assumptions will be made to simplify the
pI< raure:

1. Antennas discussed will be parabolic refle :tors
with no surface errors, (This allows the bound to
be established by atmospheric effects only.)

2. Deviations in the phasefront of an incoming
planewave having rms value ¢ cause the same gain
reduction as an rms error o/2 in the reflector
surface. '

Antenna gain can be expressed as
7D\ ? 2
G=n (—)‘—) exp-(41r0/7\)

where 7 is the aperture efficiency, D is the diameter, and A
is the operating wavelength. If o is ¢ small fraction of a
wavelength, very little gain reduction will result from phase
distortion. For example, if 0 = A\/32, the gain reduction will
be less than 1 dB.

Figure 73 shows the data of Figures 64, 65, and 66
expressed as a function of baseline rather than frequency.
The standard deviation of the phase difference between two
points separated by a distance d on a plane perpendicular to
the signal direction is expressed as a function of d. Curves
are shown for three elevation angles und frequencies of 35
GHz and 94 GHz. Three trends are clear:

1. Phase differences increase as d increases.

2. Phase differences increase as the elevation angle
decreases.

3. Phase differences increase as frequency increases.

It is important to estimate the maximum useful
antenna diameter available at millimeter frequencies. The

following approach will be taker.. Let the rms signal phase
difference at two points on the antenna surface be less than
or equal to A/6 when the two points are chosen diametri-
cally opposite on the minus 20 dB aperture illumination
circle. For all points separated by distances less than the
diameter of this aperture illumination circle, the rms signal
phase difference will be less than A\/6. Thus the equivalent
rms phase error for the entire antenna will be much less
than \/12.

No standard exists by which the maximum useful
diameter from atmospheric turbulence considerations can
be established. Any practical criterion may be chosen. It
has been stated®® that a good choice of operating fre-
quency is in the range of 0.6 to 0.7 times the gain-limit
frequency.This corresponds to an aperture rms phase error
of A/21 and results in a gain of 1.8 dB less than that
obtained at the gain limit frequency. Using the A/6
criterion, it can be shown that the frequency of operation
will be below the gain-imit frequency, but not so far below
that the resulting diameter limitation is overly restrictive.

Table 19 shows the aperture illuminations chosen as
typical. Table 20 shows the antenna diameter at which the
-20 dB points incur a phase difference of A/6 for elevation
angles of 3, 15, and 30 degrees, at 35 and 94 GHz.
According to the criterion chosen, these diameters are
significant because they represent basic limitations. It can
also be seen that the diameter limitation is about the same
for both aperture illuminations.

A particularly interesting result is the fact that, under
similar atmospheric conditions, less antenna gain is available

Table 19
TYPICAL APERTURE ILLUMINATION DISTRIBUTION
Xat Sidelobe Level

Illumination Type -20 dB Point (dB)
1. Uniform A(X) = 1 1 17.6
2. Parabolic A(X) = 1 -X? 0.955 24.6
Z = Distance off axis
Z, = Radius
Z
X=—
ZO
Table 20
MAXIMUM ALLOWABLE ANTENNA DIAMETER (Meters)
Elevation Angle (degrees)
Aperture
Hllumination 3 15 30 3 15 30

170 24 83 15
178 250 87 157

94GHz

Uniform 16 76
Parabolic 16.8 79.5

35 GHz
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at 94 GHz than at 35 GHz. The gain of the antenna is
proportional to (D/A)?. The results of Table 20 show that
(D/M\)? is significantly greater for the maximum allowable
antenna diameter at 35 GHz than for the one at 94 GHz.
Thus, when antenna gain is limited by atmospheric turbu-
lence, higher gains can be obtained at lower frequencies.
This result represents a significant change from microwave
concepts, where atmospheric turbulence presents little or
no problem.%°

Another interesting result is the effect of elevation
angle on maximum antenna diameter. It is clear from Table
20 that elevation angles below 15 degrees are costly in
terms of antenna gain and that elevation angles below 3
degrees may be prohibitive at millimeter frequencies.
Although it has been shown that elevation angles below 25
to 35 degrees may not be necessary for deep space
communications,®' maximum antenna diameters are
chosen on the basis of a 15 degree minimum allowable
elevation anglc.

Thus 75 meter and 8 meter antenna diameters are
chosen as the largest practical size for communicating with
deep space probes at frequencies of 35 GHz and 94 GHz,
respectively. At least one other report®? has concluded that
4.5 meters is the largest practical antenna diameter at 94
GHz. However, a criterion of A/30 was chosen for the phase
difference between points on the opposite edges of a 15
ft diameter antenna at 94 GHz. The resulting diameters
were smaller than those obtained here.

This same report®? used an approach in evaluating
available propagatior data which also is quite pessimistic.
The data (from Maui, Hawaii) have a variance about four
times as great as similar data from the mainland United
States.®® To avoid pessimistic outcomes, the data must be
considered along with an appropriate model to account for
meteorological conditions, as shown by Smith.®® The Maui
data were taken at an elevation angle of 6 degrees. Data at
higher elevation angles are not available at present; how-
ever, the use of the Maui data without correction to a
higher elevation angle is also too pessimistic (at millimeter
frequencies in particular).

Millimeter frequency antennas on the order of 75
meters and 8 meters for 35 GHz and 94 GHz have not been
built and may never be built because of structural “cost
effective” arguments set forth in Chapter 1, Section §. It
can be concluded that turbu:lence will not limit communica-
tions except at very low elevation angles, at the highest
millimeter frequencies, and under conditions of unusually
turbulent weather.

4.2 Atmospheric Attenuation
Electromagnetic energy propagated through the atmos-

phere can be attenuated by water vapor, oxygen, rain, fog,
and ice. The amount of attenuation depends on several
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meteorological parameters as well as on signal frequency.
Atmospheric attenuation for microwave frequencies was
discussed for several weather conditions in Chapter 1,
Section 4 and for millimeter frequencies in Section 2 of this
chapter. It is clear from both sections that operation at
millimeter frequencies requires that more system tnargin be
allowed for atmospheric attenuation. This section will
discuss methods of determining such margins and will
attempt to estimate the margins. Examples are given in
Table 21. Clear-sky, cloud, and rain attenuation will be
considered separately.

Table 21

MARGIN REQUIREMENTS FOR SYSTEM TO OPERATE
AT 70° ZENITH ANGLE IN THE BOSTON AREA WITH
5 PERCENT OUTAGE TIME BECAUSE OF WEATHER

Type of Frequency (GHz)
Attenuation 6 T—_—.‘&-S- 94
(dB) - = - -
Clear sky 0.08 0.20 0.75 3.6
Cloud and Rain <0.08 0.5 23 =7
Total <0.i6 0.7 3.05 =10.6

Clc ir-sky attenuation at a given frequency (attenuation
by o.ygen and water vapor) depends upon absolute
humidity, elevation, and elevation angle. Clear-sky attenua-
tion is always present and can be estimated for a given
frequency, elevation angle, and location. When an estimate
is made of margin required to overcome attenuation due to
rain and clouds, clear-sky attenuation will be added.

Cloud attenuation varies with cloud density and path
Jength through the cloud. These factors are requircd to
calculate cloud attenuation from Figure 38. Since total
overcast occurs at least several percent of the time in most
locations,®47¢* it is necessary to obtain a measure of how
large the water content may be. Preliminary measurements
of Sun-signal attenuation at 30 GHz made at BTL suggest
that excess attenuation is small during a high percentage of
overcast periods. These measurements were made at zenith
angles greater than 60 degrees. The results further suggest
that the “integrated’ water density may be small for a large
percentage of total overcast conditions.

Rain is the most significant attenuator at microwave
and millimeter frequencies; therefore, rain attenuation will
be discussed in some detail. As documented in Chapter 1,
Section 4, there is no detailed correlation between the rain
rate measured on the ground and sky attenuation (or
correspondingly sky noise). Comparison of system opera-
tion at differcnt frequencies may still be made, using
attenuations based on Laws-Parsons distributions.




As an example, it can be seen (from Figure 62) that
if the rainfail rate were 16mm/hr, signal attenuation would
be as follows:

Frequency (GHz) Attenuation (dB/km)
3 (4.5X107%)
35 4
94 8

If rain at this rate were uniform and perpetual,
communication at millimeter frequencies would be diffi-
cult. Conversely, if rain never fell, operation at millimeter
frequencies might be attractive. An approach more useful
than the previous comparison is to determine the proba-
bility that atmospheric attenuation due to rain will exceed
some value, A, as a function of zenith angle and frequency.
Comparisons may then be made. The attenuation distribu-
tions for the Boston area, shown in Figures 45 and 46, may
be used at 15 and 35 GHz. The frequency-dependence of
rain attenuation and the frequency relationship for cloud
attenuation in Figure 38 permit reasonable estimates of
attenuations at frequencies other than 15 and 35 GHz. The
data for 6 and 94 GHz in Table 21 were obtained in sui: a
manner for a zenith angle of 70 degrees and a 5 percent
outage time.

These values are only rough estimates. This is partly
due to the coarseness of the data of Figures 45 and 46 at
low time percentages. Values of attenuation at small time
percentages (< 1 percent) may be required when considering
deep space communications. To obtain these values, addi-
tional measurements covering more periods of heavy rain
are required.

The Boston area is not an ideal site for space
communications because of the relatively high annual
rainfall. Presumably, at better locations such attenuations
would correspond to a smaller outage than 5 percent.
However, the attenuation differences at the frequericies
shown in the table are indicative of the problems that exist
for low elevation angle operation at 35 and 94 GHz as
compared to 6 GHz.

Continuous operation at millimeter frequencies may be
impractical. If so, an allowable outage time must be
specified for millimeter system operation. A system margin
requirement is then defined as the maximum atmospheric
attenuation encountered for the given allowable outage
time. By determining the margin requirements for various
locations, performance comparisons can be made. Extensive

data and good statistics for attenuation distributions at
pref rred locations would be most helpful.

4.3 'Kky Noise

The increase in effective antenna temperature because
of reradiation of energy by atmospheric gases and precipita-
tion reduces system sensitivity. It is desirable, therefore, to
be able to predict the fraction of time that sky noise
exceeds chosen levels. With that knowledg:, =nough system
margin could be allowed to ove:cume the noise a large
percentage of the time. Oxygen and water vapor, clouds,
and rain contribute to sky noise, and an approach similar to
that in the previous section is taken. By using the known
relationship between sky noise teniperature and attenua-
tion, distributions for attenuation described in Section 4.2
can be used to obtain the noise temperature margin
requirements.

Sky-noise temperatures were estimated for the condi-
tions in the example of the previous section. The results, in
Table 22, show maximum sky temperatures for a system in
the Boston area for 95 percent of the time, at an antenna
elevation angle of 20 degrees.

Table 22
SKY NOISE FOR SAME OPERATING CONDITIONS
IMPOSED IN TABLE 21

Frequency

CH)_ 6 15 3 %
Total sky

Noise 10.5 43.5 147 265

Temp (°K)

4.4 Conclusions

The effects of atmospheric turbulence, attenuativ.:,
and noise have been discussed in this section. The results
indicate that millimeter systems should be located in the
best possible locations from a weather standpoint and
perhaps rely on diversity of ground stations if a high
probability of uninterrupted cemmunication is desired.
Microwave systems appear to be rather immune to
weather-produced outages except possibly for extreme
cases. The system implications of atmospheric effects on
microwave and millimeter systems are discussed in Chapter 5.
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CHAPTER 3. OPTICAL TECHNOLOGY

1. LASERS

Two basic applications of the laser are considered for
deep-space optical communications. They are the com-
munications transmitter aboard the deep-space vehicle and
an optical beacon either on Earth or on an Earth-orbiting
vehicle. Discussion of transmitter lasers will be confined
to CW oscillators because: (1) the bit rate objective,
~10°® s, is higher than pulse relaxation rates of relevant
lasers and (2) the preferred forms of modulation are binary
polarization or phase shift FM (Chapter 4, Section 5). Only
- high-power puised lasers are considered for an optical
* beacon because of SNR and beamwidth relationships at the
beacon receiver (Chapter 4, Section 4). In this section,
selected laser oscillators are evaluated from the viewpoints
of power, efficiency, size, weight, life, and reliability.
Efficiency characteristics relative to theoretical limits and
possible means for more closely approaching these limits
are discussed.

1.1  Laser for Communications Transmitter

Bandwidth and SNR considerations (Chapter 4,
Sections 5 through 9) require an optical output power
Pout 21 watt for a communications transmitter at a
range ~1 AU. To achieve optimum transmitter gain, which
is essential for a high-performance optical system, the laser
must oscillate in the diffraction-limited TEM,, mode.
Surface tolerances of the transmitting antenna mirror and
beam-pointing precision required for diffracticnlimited
transmission are discussed in Sections 3 and 4.

Continuous-wave laser oscillators which yield an
output in the watt range include: argon' (0.48 and 0.51u),
second harmonic generation (SHG) Nd:YAG.?-3(0.53u),
ruby*  (0.694), GaAs® (0.84u), Nd:YAG* (1.06p),
Ho:YAG* (2.12p), Dy:CaF,* (2.36u), and CO, (10.6p).

*L.A.D’Asaro andOJ.C. Dyment of BTL recently achieved CW
operation at 200 K heat sink temperature, the highest reported
so far for GaAs.
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Four of these eight types, namely argon, both Nd:YAG
lasers, and CO,, will be discussed in depth. ~he others are
less advantageous at present because the CW ruby laser
output is unstable (spiking) and because CW oscillation of
Ho:YAG, Dy:CaF,, and GaAs requires low temperatures
(~77°K).* Although low-temperature laser cooling is tech-
nically possible, the penalty in power efficiency and system
complexity would be substantial. Also, for state-of-the-art
GaAs lasers, restriction of oscillation to the TEM,, mode
generally reduces the total CW output power substantially.

Characteristics of the four leading candidates for a
deep-space optical transmitter appear in Table 23. TEM,,
power levels listed in the table have been experimentally
realized, with laser cavity lengii.: <1 meter and with laser
oumps which appear compatible for space qualification.
Higher TEM,, power levels thould be achievable, at least
for Nd:YAG and CO, lasers, with longer (including folded)
cavities and with comparable power efficiencies. As an
example, 30 watt: TEM,, radiation is reported for a 2
meter long CO, laser.® The laser beam is coupled out in
most cases by partial transparency of one of the two cavity
mirrors. Output power in the TEM,, mode, for a given
cavity diameter and length, is maximized by appropriate
selection of mirror curvature.!

Laser cooling, which is needed for all types discussed,
is an exceedingly critical problem from at least three
viewpoints. They are: (1) cooling system power, (2) cooling
system weight, and (3) vibration produced by flowing
coolants. The last may pose the most formidable technical
problem if the requisite pointing precision is an arc second
or less (see Section 4 for effects of vibration on pointing
accuracy).

1.1.1 Argon lon Laser Cavity Design

Extensive parametric studies of argon laser characteris-
tics have been published.!-” t°'! A strong consensus,
based on these results and also on more recent development
work of TEM,, mode argon lasers, is that optimum
performance is achieved with a bore diameter ~ 2.5 to 3
mm and a discharge length ~ 30 to 60 cm. Pump power




Table 23
LASER CHARACTERISTICS
Observed Theoretical®
Basic Efficiency*  Efficiency Length Diameter of
A Po(TEM,0) T8 L3 of Active Active Medium
Laser (microns) (watts) (percent) (percent) Medium (cm) (cm)
Argon 0.48 1.5 0.04 dc Pump } 7 30-60 0.25-0.30
0.51 1.5 0.06 rf PumpT

Nd:YAG 0.53 >6¢ 0.2¢ 30 5 0.6
Nd:YAG 1.06 12 04 30 5 0.6
€O, 10.6 10§ 10§ 40 100 1.2

* See Section 1.2 for discussion.
+ Data on rf ring excitation from Reference 19.

% Results® with newly developed SHG materials show that power and efficiency at 0.53 micron will be > 50 percent of

1.06 micron performance.

§For flowing gas systems; values for static systems are < 70 percent of this value (Section 1.4.2).

into the discharge is~ 6 kW for a total TEM,, beam
power ~ 3 watts (see Section 1.2). A critical factor affect-
ing optimum design is the beam confining magnet,” to 1}
Magnet weight and size, as well as P;, /P, ratio, decrease
rapidly with decreasing diameter; on the other hand,
diffraction losses in the cavity and discharge wall erosion by
charged particle bombardment become excessive at very
small bore diameters. The axial magnetic field is typically
1000 gauss for a 2.8 mm bore discharge tube. Pumping can
be either rf' or dc;” t°!! overall power efficiency is
comparable for both types of excitation (Section 1.2).
References 12 and 13 cover examples of argon laser designs
with simultaneous high performance in four parameters:
TEM,,, power, power efficiency, size, and weight, all of
which are important for spaceborne lasers. Brewster angle
windows yielding a I'nearly polarized output beam and
dielectrically coated external cavity mirrors are used in
nearly all argon lasers. The cutput beam contains soveral
wavelengths in the blue-green spectral region with a power
distribution typically 45 percent at 4880A 45 percent at
5145A, and 10 percent at other wavelengths.!» 7 t0 10 I
also is possible to attain ~ 70 percent of P, in TEM,,
at 5145A.'3 Tunable wavelength selection can be achieved
with a prism inside the laser cavity. Recent results’* with
very high current (30 to 300 A) wall-stabilized arc dis-
charges show that high efficienciesng can be attained
without a magnetic field in 7 to 15 mm bore argon lasers.
Total input power is high, however, and no daia on TEM,,
power appear in Reference 14.

1.1.2 Nd:YAG Laser Cavity Design

Published parametric design investigations for Nd:YAG
are not as complete as for the argon types. A basic reason is
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that experimental variation of laser length and diameter is
limited severely by available Nd:YAG crystal and pump
lamp sizes. Typical laser rod diameters are 0.25 to 0.6 cra
with lengths of 2.5 to 5 cm. Power output in the TEM,,
mode as high as 12 W for a 3 kW pump power level is
achievable (present lamp life at this power is~ 1500
hours). An ellipse is used to focus the optical pump (usually
a tungsten lamp) on to the laser rod. Optimum design
requires that the lamp image match the laser rod diameter.
Double elliptical cavities (two lamps) provide higher
TEM,, power efficiency than a single ellipse (one lamp)
because of pump threshold effects. Because of the low gain
in Nd:YAG, ~ 2 percent per cm, high optical quality of
crystal end face polish and of the dielectric mirrors are
critical for peak efficiency. Most power output data
reported for the 1.06 micron Nd:YAG laser are for an
unpolarized output beam, i.e., end faces of the laser rod are
cut perpendicular to the axis. Linearly polarized output
beams can be obtained by addition of a Brewster angle
plate inside the cavity, which reduces P, ; only slightly
with high-quality optical components. Polarized outputs
also can be attained by cutting at least one end of the
Nd:YAG rod at Brewster’s angle. With this approach,
however, off-axis cavity mirror alignment is required. This
feature can introduce mechanical design difficulties, since
cooling of the laser rod and pump is essential. Also a much
longer crystal boule is needed to obtain the same output
power with a Brewster angle cut as for crystals cut
orthogonal to the axis. The 1.06 micron line width
increases with temperature, which reduces the laser power
efficiency. Preferred operating temperature is < 30°C, with
~70°C as an upper limit. At this point substantial losses
appear in efficiency from line broadening.

Efficient second harmonic generation (SHG) at 0.53
microns in Nd:YAG has only recently been achieved in the




CW mode.® A nonlinear crystal oriented for SHG phase
matching is placed inside the cavity. The material used in
earlier> pulsed 0.53 micron SHG work was LiNbO;.
Attempts for CW operation with LiNbO; have been
unsuccessful, or at best extremely inefficient, because of
optical inhomogeneities or damage produced in LiNbO; by
intense optical radiation.!® Recent developments of a new
material, Ba; NaNbs O, ¢, which is more resistant to optical
damage, has permitted a SHG power conversion efficiency
of ~ 50 percent.® Increased conversion efficiency is ex-
pected with further experimentation (an efficiency
approaching 100 percent is theoretically possible).? Tem-
perature of the SHG crystal must be maintained near 80°C
to within ~ 0.2°C to maintain phase match conditions.?
Power needed for such constant temperature control is a
few watts which is negligible relative to pump lamp input
power.

Output power of the Nd:YAG for a fixed pump power
per unit length should be at least linearly proportional to
the laser crystal length. Significant increases in rod length,
if longer crystals with appropriate optical quality can be
grown, should be possible before diffraction or pumping
losses become limiting. Accordingly, TEM,, power levels
higher than those given in Table 23 for ~ 5 cm rod length
should be achievable with longer pumps and laser crystals.
As previously mentioned, limitations on availability of
Nd:YAG crystal lengths and pump lamp geometries have
impeded studies of longer cavities. Since the overall
Nd:YAG laser head length is small (~12 inches; see Section
1.3), compared to those of gas lasers, further development
of longer Nd:YAG lasers would merit consideration in an
optical space communications program.

1.1.3 CO, Laser Design

Conditions for optimum CO, laser efficiency, in terms
of gas discharge conditions, gas pressure, gas additives,
temperature, and other factors, have been studied com-
prehensively.!: 16 10 2% Qutput power is relatively insensi-
tive to discl.arge tube bore but depends strongly on type of
gas additive(s) mixed with the CO, and also on the linear
rate of gas flow through the laser tube. Typical conditions
for optimum TEM,, P,,, with a 1 meter long discharge
are: (1)1 cm bore discharge tube, (2) CO,:N,:He gas
mixture at respective pressures of approximately 2:1.5:6
torr, (3) ~ 20 mA discharge current at 9 kV, (4) gas flow
rate > 50 cc/min STP (standard temperature and pressure),
and (5) dielectrically coated cavity mirrors on a substrate
transparent at 10.6 micron: (e.g., Irtran II). Data' 7 on gain
per unit length as a function of gas flow rate, with gas
mixture as a parameter, are shown in Figure 74. Experience
has indicated that optimization of gain vs. flow rate and gas
mixture closely coincides with optimum P, .

Stoppage of gas flow (i.e., static or sealed-off lasers)
from ~ 50 cc/min STP reduces P,,, by 2> 30 percent. This
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effect is due in part to accumulation of CO (by CO,
uissociation) in static systems and also is a critical factor
affecting life (Section 1.4). It should be noted that
discharge conditions stated above for optimum P, in a
flowing laser can be substantially different in an optimized
static laser, as discussed in more detail in Section 1.4.

Cold cathodes normally are used because CO, laser
current is low, cathode fall potential is small compared to
total discharge voltage, and the oxidizing atmosphere of the
CO, discharge tends to poison heated cathodes. A ballast
impedance is required in series with the power supply and
discharge. Minimum ballast power is dissipated with a
constant-current electronic regulator rather than a passive
resistance. Output power and gain become higher as
discharge wall temperature is decreased, as illustrated in
Figure 75. Thus, laser cooling to < 30°C again is essential.
Internal mimrors attached to the discharge tube appear
advantageous because of adverse absorption losses and/or
hygroscopicity of available Brewster window materials at
10.6 microns. Experience indicates that deterioration of
dielectric coatings of internal mirrors by the discharge, a
problem in the argon laser, is very low in CO, lasers.

1.2 Efficiency

Most data on laser power efficiency pertain to the basic
efficiency, ng, defined as the percent ratio of output
power, Py, to pump power dissipated in the active laser
medium P;;. In general, P, and ng do not reach maximum
at simultaneous experimental conditions; however, opera-
tion near maximum TEM_ P, levels usually is the
best compromise between optimum power and efficiency.
Consequently, in discussions of Po and nB values in
this section, emphasis is placed on maximum achiev-
able P_ at a laser life 2 10 hours. Experimental ng
data and theoretical maximum efficiency ngt are given
in Table 23. Definition of ng is the ratio Eul/Epg’ where
E,j and E,, are energy differences respectively of the upper
to lower laser levels and the upper pump level to ground
state level of the active atom or molecule. It should be
noted that the relevant argon ground state is that of the
neutral atom rather *han the Art ion.

1.2.1 €O,

The observed basic efficiency is closcst to theoretical
for CO,, within a factor of ~ 5. The maximum multimode
ng reported for CO, is~ 20 percent, or one-half of ngr,
which is close to the best that may be expected in the
future. Static CO; gas lasers would require less weight
(Sectiomr 1.3) on a space mission but at a penalty in hoth
efficiency (at least a 30 percent reduction based on present
experience) and life (Section 1.4). The minimum usable
flow rate is ~ 10 cc/min STP (Figure 74), which is the value
used for weight calculations of CO, gas storage in Section
1.3.3.
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1.22 Nd:YAG

In the remaining portion of Section 1, the 0.53 micron
and 1.06 micron lasers will be treated as a single type. For
the Nd:YAG laser, n is ~ 1072 of theoretical efficiency,
which is almost entirely due to a spectral mismatch
between the optical lamp and the useful pump bands of
Nd:YAG in the 0.5 to 0.9 micron range.*>*' Proposed
approaches for improving the spectral match include new
lamp types and special doping of Nd:YAG to widen the
pumping band.* Some points that merit mention are that
any new pump lamp must have a geometry that matches
the Nd:YAG rod in the lamp focusing structure, that long
lamp life is essential, and that any doping added to
Nd:YAG should not significantly degrade the optical
quality of the crystal or broaden the 1.06 micron linewidth
of the Nd dopant. Experience to date suggests that new
lamp types, e.g., electroluminescent diodes, offer much
greater promise than selective crystal doping.

1.2.3 Argon

The present basic efficiency of the argon laser is
also ~ 1072 of theoretical. The outlook for efficiency
improvement in argon is enhanced by the square law
dependence’ of P, on discharge current I. Since P« I, the
basic efficiency np 1. Basically thc task is to reduce tube
erosion by improved discharge tube structures and cooling
techniques. Possible means for achieving this include:
(1) segmented metallic discharge tube,’-'! (2) more
efficient cooling of discharge tube, e.g., radiation or heat
pipss (Section 1.3.4), and (3) reduction of ion loss at walls,
¢.g., by higher magnetic field. The last item, of course,
involves a trade-off with weight. Basic efficiency of the

rf-excited laser is about 1.5 that of dc-pumped lasers. This
advantage is more than compensated for by a less efficient
and heavier power supply, as discussed in the next section.

1.2.4 Overall Efficiency

For systems comparisons the relevant quantity is the
total efficiency ny, which includes power consumption of
ancillary components such as power converters, cathodes,
ballasts, magnets, and laser cooling systems. A compre-
hensive evaluation of ny is premature because of the
paucity »f lasers specifically engineered for space or
airborne application. It is of merit, however, to examine
semiquantitatively the factors that contribute to ny; these
factors are summarized in Table 24. Available data on
dc-to-dc power converters in the 10V to 10kV range
indicate that ~ 90 percent conversion efficiency is feasible
(Chapter 1, Section 3). For the rf-pumped argon ion laser
the power conversion efficiency is ~ 50 percent.??

Cathode heater power is required only for the argon
iaser; a cold cathode is proposed for the CO, laser (Sectiun
1.3). Recent cathode research®® shows that a heated
hollow cathode offers advantages, when used in high
current lasers, in life and in cathode fall potential relative to
oxide or matrix types. Power consumption of this cathode
is ~ 25 watts for the argon laser power levels given in Table
23.

Ballast power is essential for the CO, laser and
probably is necessary for the argon laser, depending on the
output bewn stability required. Minimum ballast power is
dissipated in the CO, case with an electronic constant-
current regulator. Experience indjcates that a ballast
dissipation of 0.1 to 0.2 of discharge excitation power is
adequate (0.15 is assumed in Table 24).

Table 24
FACTORS AFFECTING TOTAL POWER EFFICIENCYnT (TEM 0o Mode)

nr—-
Power Converter  Cathode Magnet Cooling Excluding
Efficiency Power Baliast Power System Cooling
Laser {percent) (watts) (watts) (watts) (watts)* {percent)
Aagon 90dc pump
50 rf pumpt } 25 1004 1000 3300 0.03
Nd:YAG 90 None None None <560 (0.53) 20.18(0.53)
280 (1.06w) 0.36 (1.06u)
CO, 90 None 0.15P;, None 13§ 8
(cold)

* Watts to be dissipated by the cooling system per watt output (for lasers of Table 23).
+ Reference 22.

# Optional, depending on stability required (sge Section 1.4).
§ For flowing gas system. It is > 18 watts for static CO, systems.
<For flowing gas system. N  is <S5 percent for static systems.
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Weight considerations presently argue against a perma-
nent magnet for the argon laser. However, preliminary
results on a peniodic permanent magnet show promise
for the future.'® Required power dissipation for an
appropriately designed electromagnet producing ~ 1000
gauss axial field for the argon laser dimensions given in
Tabie 23 is not more than 900 to 1000 W and probably will
“acrense with advances in technology.

P ver required for the cooling system is expressed as
wat s dissipated per watt of laser output. Quantitative
determination of cooling system power (and, incidentally,
weight and size) await more engineering work on heat
dissipation in spaceborne laser systems (see Chapter 1,
Section 2 Jor status of microwave and millimeter wave
cooling systems).

1.3 Size and Weight

Engineering of lasers for space or airborne application
is in the early stages. Consequently, availability of data on
size and weight, as well as on power efficiency and life, is
extremely limited compared to that on microwave tubes.
The following discussion should be interpreted in that light.

In many cases, it is necessary to extrapolate information on
lasers developed for applications where weight and size
were not of critical importance. Future improvements in
size, weight, and efficiency are potentially much greater,
percentage-wise, for lasers (and perhaps also millimeter
wave tubes) that for microwave tubes. Table 25 summarizes
size and weight estimates.

13.1 Argon

References 12 and 13 are examples of the present
siate of the art for an airborne air-cooled laser and serve as
a bagsis for estimat.s given for argon in Table 25. The weight
of an 1f power converter would be significantly greater, by
perhaps about a factor of 2, than the 50 pounds projected
for a dc supply. This would argue against use of an 1f
argon laser unless significant advantages exist in other
parameters, such as life, over the dc-pumped type.

1.3.2 Nd:YAG

Size given in Table 25 has been achieved in a
commercial model (Korad Model K-Y1). A weight of 101b

Table 25
LASER SIZE AND WEIGHT ESTIMATES* OF LASERS IN TABLE 23

Size

Excluding .

cooling (cu.

ft.) Argon

Laser head 1.0 ft®
(32"x 9nx 6”)

Power converter 1.0

Weight

Excluding

cooling

(ibs)

Laser head 25

Magnet 25

Power converter 30

Total weight 100

Cooling System

Watts dissipated/ 3300

watts P

* See discussion in Section 1.3.

Nd:YAG CO,;
0.1 ft? 1.0% ft
(12"X4"x4") (48"X6"X6")
0.2t 0.5
10 254
None None
15¢ 3
25t 504
280 13

+ Power converter may not be needed at all if voltage of the Nd:YAG optical pump lamp can be matched to that

available from the spacecraft power supply.

+ Does not include gas storage if » flowing gas CO, system is used. It would require ~ 0.7 Ib of premixed gas per 1000
hours of flow at a 10 cc/min STP rate (10 grams/mol gas weight assumed, e.g., CO;:N; :He in 2:1:12 ratio). Volume
could be conserved by storage in liquid or solid state at jow temperature.




excluding cooling would seem reasonable in view of what
has been accomplished for an argon head. As noted in the
table, the possibility exists that Nd:YAG power could be
taken directly from the spacecraft raw supply.

133 CO,

Estimated laser head size is somewhat smaller in cross
section than argon but 16 inches longer. Laser head weight
of CO, is assumed equal to that of argon; weight of the
more rugged discharge tube and anode structure necessary
for the argon laser is assumed equal to weight of the
additional 16 inches of CO, head length. Powerconverter
size and weight are based on an input power of ~ 125 W,
vs. ~ 10 kW for argon, and include a constant-current elec-
tronic ballast dissipating 15 W.

Weight of gas storage for a flow system is rather high
(Table 25, footnote ¥ ). The weight advantage of the static
CO, system, however, is ofiset at present with a lower
efficiency and life (Sections 1.2 and 1.4).

1.34 Comments on Cooling System Size and Weight

Althonugh the argon laser appears to bear the greatest
penalty in size and weight of the cooling system, it can
operate at a much higher temperature (~ 1500°C) than the
other two laser types. Direct cooling by radiation through a
window in the spacecraft may then be feasible, similar to

Table 26

that proposed for some microwave tubes (Chapter 1,
Section 2). Another cooling technique which may be
promising for space systems is the heat pipe (Chapter 1,
Section 2) which may have advantages in efficiency and
reduction of vibration (of concern in pointing precision
— Section 4).

1.4 Life and Stability

1.4.1 Life

The present status of life and th. primary life-limiting
factors for the three laser types zce given in Table 26. The
limitations listed in the ta*'e are well recognized and
intensive development efforts are in progress at many
laboratories to increase the life of all three types. In view of
this state of flux, it is perhaps most appropriate to list the
magnitudes of present life performance and the principal
approaches under investigation for life improvement, which
are also shown in Table 26. Within the next f{ive years, life
objectives of at Jeast 10,790 hours for all three iaser types
would not appear unreasonable.

Factors that have limited life in the past, and are not
included in Table 26, are deterioration of mirrors and
Brewster windows. Progress has been made in under-
standing the relevant physical mechanisms and in develop-
ing the necessary technology so that windows and mirrors
no longer are regarded as primary components that limit
life.

LIFE LIMITATIONS OF LASERS

Argon

Life at present (hr) 1000-2000

Primary life Discharge tube

limitation structure
Other life limitations 1. Cathode

2. Gas cleanup
Means of increasing 1. Segmented metal
life discharge tube

2. Hollow cathode

3. Argon reservoir and/or
automatic leal; valve

4. Minimize electrode
sputtering

Nd:YAG CO,
1500 No known limit (flowing)
300-1000 * (static)
Pump lamp Gas dissociation and
cleanup (static)
1. New lamp types 1. Electrode and discharge

wall materials to mini-
2. Development of mize gas cleanup
longer life tungsten
lamps 2. Oxidizing agents to

convert CO into CO,

*Life data in the range of 2000 to 5000 hours have been reported for static CO, systems; however, the discharge conditions
for the longer life were such that the power efficiency was much less, ~ 1-7 percent instead of the 7 to 10 percent given in

Table 23.




1.4.2 Nonflow (static) CO, Laser Life

The life of the static CO, laser became an area of
intensive study during 1967 and a few comments on what
has emerged are of merit. The basic life-limiting mechanism
(Table 26) is dissoziation of CO, and a resultant gas cleanup
by gettering and/or precipitation.

Comparisons of gain and spectral content of visible
sidelight emission, between static and flowing CO, dis-
charges, show that a substantial concentration of CO
accumulates in static systems within a few minutes arter the
discharge is activated.!” This dissociation of CO, causes
the excitation conditions for optimum laser output power
to be substantially different from those of flowing systems
with a concomitant loss in efficiency. Gas decomposition
of both CO, and CO occurs continuously for CW discharge
operation until the CO; partial pressure becomes insuf-
ficient to sustain laser oscillation. Experiments show that
gas cleanup is greatest near the cathode electrode; two
relevant processes are gettering action by metallic films
sputtered from the catnode and formation of a car-
bonaceous deposit (possibly including precipitation of
carbon) on tube walls near the cathode. Preliminzry iife
tests on static CO, lasers show that laser action terminatec
after ~300 to 1000 hours when the laser is cperated at

maximum_output power. Life times as high as 3000 and
5000%%+** hours have been reported for static lasers, but
their basic efficiency (~1 to 2 percent) was below optimum
by a factor of about five.

The factors which are important fo: longlife CO,
lasers are not fully understood. Techniques which have
been proposed include:

1. Use of electrode materials such as platinum that
minimize sputtering and cleanup

Addition of water vapor
Use of quartz rather than glass discharge tubes
Rigorous outgassing of laser structure prior to
filling with CO, mixture

5. Addition of oxidizing agent or catalyst to decrease
CO, or CO dissociation rates

Minimizing gas contamination by careful selection
of all materials, including cements and mirrors,
which are exposed to the discharge.

Determination of the relative importance of these
parameters awaits further study.

1.43 Stability

Pheonomena that produce noise in the output laser
beam include:

1. Plasma instabilities of the gas discharge
2. Changes in mirror spacing of optical cavity
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3. Stability of cooling system

4. Competition between various rotational lines (in
CO,).

Typical specifications on amplitude fluctuations of Ar,
Nd:YAG, and CO, lasers are ~5 percent ripple for the
spectral range from ~1Hz to 100 kHz. Two important
factors for minimizing plasma instabilities are proper design
of electrode geometry and ballast impedance. Fractional
changes in cavity resonance frequency f and mirror spacing
L ate equal, i.e., Af/f = AL/L. This expression relates the
frequency stability of the laser to temperature fluctuations
in the cavity for known thermal expansion coefficients of
the mirror spacer material.

Linewidths (Doppler in case of gas lasers), f;, and
cavity mode spacing, c¢/2L, for .he lasers of Table 23 are
shown in Table 27:

Table 27
LINEWIDTHS AND CAVITY MODE SPACING

L ¢/2L fy
Laser (cm) (MHz) (MHz)
Argon 50 300 3560
Nd:YAG 10 1500 ~10* (1.06u)
Co, 100 150 60

Whenever f, is less than ¢/2L, large output fluctuations can
occur, as the cavity resonances sweep across the laser
(Doppler) linewidth, because of acoustic or thermal dis-
turbances. For this reason, a CO, cavity somewhat longer
than a meter may be desired to increase stability of TEM,,
oscillations; a folded cavity ~2 or 3 meters effective length
should be sufficien’. The CO, laser oscillation m . be
restricted to a single rotational transition. Witho. - such
control, the spectral content of the CO, output (i.c.. with
respect to the various rotational lines) will be time
dependent.

Long-term alignment of ti:e optical cavity in a space-
borne laser is essential. Means of periodically checking and
adjusting the cavity mirror alignment are recommended.

1.5 Laser for Pulsed Optical Beacen

Analysis of the optical heacon system (Chapter 4,
Section 4) shows that a Q-switched, high peak power laser
may be the preferred transmitter type. The desired pulse
repetition rate must be >100 p/s if the beacon servo sysiem
is 10 compensate for system vibrations up to 10 Hz. The
proposed laser angular divergence is ~10™* radian and the
average output power >1to 10 W,

Q-switched lasers available for the beacon application
are the 0.69 micron ruby, 1.06 micron Nd:glass, and 1.06
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micron pulsed Nd:YAG. Typical characteristics of all three
lasers are 10 to 20 ns pulse width, beamwidth 1 to 5 mrad
(<1 cm beam diameter), and maximum average power | to
10 W. The maximum pulse repetition rate of ruby and
Nd:glass, however, is 10 to 20 p/s, which appears to be a
basic limitation imposed by relaxation phenomena in the
laser crystal.* Nd:YAG, on the other hand, has been pulsed
up to 50 p/s at 20 ns pulse width and 40 m joule/pulse (2 W
average power).>® An Xe flash lamp was used; lamp life was
not studied in detail but >50 to 100 hours of life have been
observed in preliminary testc. Beam divergence as low as
10™* rad can be obtained with an appropriate telescope.
The basic limitation on repetition rate in Nd:YAG is crystal
cooling; flow of a liquid coolant in direct contact with the
laser rod is prescatly most efficient. Rates up to at least
100 p/s shouid be achievable with the appropriate design.

Operation of the Nd:YAG with SHG at 0.53 micron
would permit use of more efficient detectors and therefore
higher overall performance of the beacon system.
Efficiency of SHG crystals are high with Q-switched laser
operation,” but life is limited by optical damage’* to the
SHG material. Recent results® with the new material
Ba,NaNbg O, 5 indicate that it would permit ~100 percent
SHG Q-switched conversion efficiency without damage to
the crystal by the high intensity beam.

Pulsed Nd:YAG is recommended as the best
Q-switched laser presently availuble for a high (~100 p/s)
repetition rate optica! beacon. Best performance would be
provided by operation in the SHG mode at 0.53 microns:;
such a SHG laser with >1 W average output power is not
known to exist but appears feasible with appropriate
developmental effori.

1.6 Mode-Locked CW Lasers

Lasers which produce 2 pulsed output with a high
repetition rate and narrow pulse width can be advantageous
for pulse position modulation (Chapter 4, Section 5) or for
reduction of background noise effects by gating pulse
detection circuiis at the rcceiver. The mode-locked CW
laser®” will produce such an output. Locking can be
obtained by placing an internal time-varying loss, usually an

*Special barium-borate glass with Nd has permitted low average
power operation up to 200 p/s with 1 m joule estimated energy
per pulse at 30 p/s. See Kamogawa et al, Japan J. Appl Phys, 5
(1966), p 449. -

tExperimental demonstration of a mode-locked CO, laser was
described by E. Caddes and cthers at the Electron Device Mecting,
Washington, D.C., in October 1967, but efficiency and peak power
iimitations appear to require further study.

$One possible exception is a YIG (yttrium-iron garnet) magneto-
optic modulator described by R.C. LeCraw of BTL at Intermag
Conference, Stuttgart, Germany in April 1966. Further develop-
ment is required to establish feasibility for deep space system use.
In the present form, this moduiator is promising only in the near
infrarec spectral region betveen 1.2 and 1.3 microns.
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ultrasonic grating, inside the cavity. The fundamental
locking frequency is ¢/2L, which is 150 MHz for a cavity
length L of 1 meter. Subharmonic tock frequencies nc/2L,
where n is an integer, are achieved by appropriate adjust-
ment of the driving frequency of the time-varying loss.
Pulsewidth 7, of the fundamental locked mode is
independent of the cavity length L and is giver by

T|= l/fl

where f is the line width (Doppler width in the case of gas
lasers) discussed in Section 1.4. For argon and Nd:YAG
lasers, f; is 3.5 and 15 GHz, respectively, yielding sub-
nanosecond values for 7. Mode locking generally is
precluded for the CO, laser, since f; = 60 MHz and usually
only one longitudinal mode will oscillate for a given
rotational transition.

Ratio of the peak-to-average power in a mode-locked
laser is N, where N is the number of longitudinal modes
oscillating. If f, is the linewidth for which the net gain of
the laser is greater than unity, then N = 2L{, /c.

Mode-locking in the 0.53 micren SHG Nd:YAG laser
can produce a substantial enhancement in the average
power output because of the square-law relation between
fundamental and second harmonic power leve's. 3mith?3
has shown that mode-locking increases the average 0.53
micron SHG output power by (2N? + 1)/3(2N-1), which
approaches N/3 for large N. Ratio of the peak-to-average
SHG mode-locked power is 3N/2 for N >>128 _If the 1.06
micron linewidth f, is 15 GHz and the cavity lengt- 1. is 30
cm. the number of longitudinal modes N is 30.

2. OPTICAL I1ODULATORS

In Chapter 4, Section 5,it is concluded thac the
optimum methods of modulation for wide-band, deep-space
optical communication are biorthogonal phase shift for
coherent detection and binary polarization for direct
detection. To achieve a modulation rate > 1 Mb/s, an
objective in this study, nonmechanical modulation tech-
nigues must be employed, e.g., electro-optic, acousto-optic,
or magneto-optic interactions. Modulator driver power
and/or inscrtion loss at present is lowest, by a wide margin,
for icactive (optically nonabsorbing) elec! o-optic and
acousto-optic modulators.¥ The following disc:ssion there-
fore wiil be restricted to these two types. At present,
electro-optic modulators provide superior performance for
the application under cons’deration. Modulator devices will
be evaluated primarily in terms of digital moculation, drive
power, bandwidth, insertion loss, and optical wavelength.
Size and weight will be considered only qualitatively in
view of the early stages of relevant device development.




2.1 Reactive Electro-Optic Modulator Materials

The electio-optic theory of crystals, characteristics of
avai'able materials, and modulator design are treated
extensively in the literature and will be discussed only
briefly here. Reference 29 gives a recent review of the field.

A parameter basic to modulator design is the change of
refractor index, An, with applied electric field E. Both An
and E are vector quantities. Directions of E and the incident
light polarization, with respect to crystal axes, consequently
must be carefully selected for optimum modulation. For the
linear electro-optic effect, where quadratic and higher order
terms are neglected, An is given to a good approximation®®
by the electro-optic tensor

A=
i

M)

where r;; is the linear electro-optic coefficient. The indices i
and j can run from 1 to 6 and 1 to 3 respectively ; however,
many r; values are zero depending on crystal class (or
point-group symmetry). Equation (1) must be summed over
ij, but in many cases of practical interest all but one can be
neglected. Fc. this case An~ -n® 1E/2. The optical phase
change A ¢ produced by the applied electric field is

nLn3¢E
A

2L An ~

Av =
v A

2

where L is modulator crystal length in the direction of light
propagation and A is the vacuum wavelength. Equation (2)
applies directly to the case of phase modula*::~.. where the
incident polarization is parallel to either tuc ordinary or
extraordinary axis (Section 2.3). With polarization modu-
lation, the .acident beam is typically polarized at 45
degrees i~ the two axes (Section 2.2) and Equation (2)
becomes

3

ere 0 and e refer to the ordinary and extraordinary
. ..orization directions. The field E = V/D, where V is the
soulied voltage and the cross section of the crystal, is a
square of dimension D on a side. Another important design
parameter is the half-wave voltage Vj req:.red to produce a
phase change of 7 for a crystal in waich L=D, ie., a
cube-shaped modulator. V;, is basic since it is independent
of D; the relations for V, c2n be obtaired from Equations
(2) and (3) when A¢ = wand L = D which yield:

s

T ondr

\'

= (phase modulation)
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For the LiTaU; and Ba;NaNbsQ, s crystals discussed later
in Section 2.2, r, =r33, 1, =ry3(LiTa0,), and r, = 1,3
(Ba;NaNbg0,5). Note that for a crystal of length L, the
half-wave drive voltage Vi, pis

)
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A diagram of a reactive electro-opiic modulator is
shown in Figure 76. Crystal cross section is assumed to be
sguar=. with a dimension D on each side. Matching of the
leser beam tn the modulator is provided by a lens.
Optimum cenpling ic aciuevad, in the case of a Gaussian
bear. cross secticn. when the beam geomnetry inside the
crystal is that of a confocal resonator of length L. For this
condition the ratio D?/L of the crystal d’mensions is given
by29 ’

r

D*/L = 4A/nn 7)
in practice D?/L should be somewhat larger, by approxi-
mately a factor of 10, than 4\/nm to allow margin for
effects such as aberrations and mechanical tolerances.??
Input moduiation signal V(t) is applied by a driving
circuit to the crystal electrodes. The drive can be either
single-ended, as indicated in Figure 76, or push-pull. The
choice derends on circuit and mechanical design considera-
tions. Driver circuit output power is basically all reactive
because of the high resistivity of electro-optic materials of
interest. Reactive driver power, Pp, for an applied field
E = V/D and bandwidth B is CV? B/4, where C is total drive
capacitance. If the dielectric constant is ¢, €, is permittivity
of free space, and fringing fields are neglected, then
C = €,€L and Py becomes for V = V, 1 using Equation (6)

2y2
_ CBD?VZ
aL-

_ €,€BD?V]

4L ®)

Pp

At optimum coupling D?/LaA/n (Equation 7), from which
it follows that, for a given phase shift 7 and a crystal with
square cross section, dependence of drive power on
bandwidth, optical wavelength, and materials constants is,
for phase inodulation,

D? 2 Nt 92
Pp « r) BeV") o Bea /n'r ©)

and, for polarization modulation,

D2
Py « (—f) BeVZ o BeA?/n (ng I, —ngr,:>2 (10)
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Figure 76. Reactive elec.-0-optic modulator
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Figure 77a. Schematic diagram of binary polarization electro-optic modulator

106

e




A IS,

It should be noted that Equations (9) and (10) are for ideal
optical coupling; in practice Pp must be higher, perhaps by
a factor of 10, to allow for margins. Note also the
advantage of shorter wavelengths (PpaA?).

Material properties of greatest importance for electro-
optic modulator applications are:

1. Dielectric constant €, which affects driver capaci-
tance and propagation velocity of electric fields
through the crystal

2. Refractive index n. which is inversely proportional
to light-beam transit time through the modulator;
as noted later, transit-time effects can be neglected
for bandwidths ~10°s

3. Electro-optic coefficient r, which, together with n,
determines the electrically induced change in
refractive index A n (see Equation 2)

4. Optical and electrical losses, as given respectively
by the absorption coefficient a and the dielectric
loss tangent &

S. Physical hardness, freedom from growth defects,
capability of single crystal growth in large boule
sizes, and minimum hygroscopicity, all of which
are necessary for fabricating durable and long-life
modulator crystals of usable size

6. Resistance to optically induced damage®® by
intense focused laser teams

7. Thermal expansion and thermal conductivity co-
efficients which affect thermally induced birefrin-
gence due to thermal changes in optical length or
thermal gradients.

Requirement S climinates many of the known electro-
cotic materials as candidates for a modulator. Of those that
remain, the highest overall performance materials for the
0.5, 0.69, 1.06, and 10.6 micron wavelengths of particular
interest in this study are, at present, LiTaO; and
Ba;NaNb;0, 5 for the 0.5 to 1.06 micron range and GaAs
at 10.6 microns. It should be noted, however, that electro-
optic materials research is very active and that availabiiity
of even higher figure of merit crystals is probable in the not
too distant future. Ba;NaNbsO, 5 is a new material® that
promises somewhat higher performance than LiTaOj.
Relative comparison of LiTa0; to KDP, KTN, and LiNbQ,
appears elsewhere®? and serves as a basis for material
selection here for the binary polarization modulator.
Parameters, including €,n, and r for T ~ 300°K are given in
Table 28 for the three selected materials. Precision of € and
r data in the tavle is one or at best two significant figures
because of variztions®® in measurement technique, temper-
ature and waveciengih. However, Table 28 will be sufficient
for modulator evaluation within the wavelength ranges
given an<, tor bit rates< 10° to 1075 . Optical absorption
is typicolly a few decibels for the materials listed in Tabie
28 but vailes appreciably between samples, with optical
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coupling, and with the quality of antireflection coatings on
the crystal ends. Losses of 1.5 dB for a 1 cm long LiTaO,
crystal®? at 0.63 micron and <0.1 cm! for GaAs®? at 10.6
microns have been observed experimentally. The ratio D?/L
in the LiTaO; sample for which the 1.5 dB insertion loss
was obtained was about a factor of 10 larger than the
theoretical limit 4A/n7 (Equation 7), which suggests that a
tradeoff may exist in practice between drive power (Equa-
tion 8) and optical loss. Values reported for loss tan 8 of
GaAs are <0.01 when measured at $.3 GHz*® and 0.001 at
2.5,5.6,and 10 GHz.*?

2.2 dinary Polarization Electro-optic Modulator
(0.5 through 1.06u)

Binary polarization modulation with direct (incoherent)
detection is proposed for 0.5 or 1.06 micron wavelengths
{Chapter 4, Section 5). Most promising modulator perform-
ance is currently offered with a LiTaO5 or Ba,NaNbsO, ¢
electro-optic material in the configuration shown in Figure
76. The E field is applied along the c-axis of the crystal, which
must induce a phase change of 7 (given by Equation 3) to
change from a binary Oto a 1. Incident polarization can either
be linear, at an angle of 45 degrees to E or c-axis (Reference
32is an example) or circular. Circular polarization is desired
at the modulator output to avoid transmitter-receiver angular
alignment. Binary circular polarization ouiput (RH or LH)is
achieved as shown in Figure 77a. A N/4 plate is needed forei-
ther arrangement, on the exit side for incident linear polariza-
tion 45 degrees to E and at the entrance for circular
polarization at the modulator input. Voltages applied from
the driver are zero for a binary 0 and Vpz (A¢=1) for a
binary 1. Phase shift at V =0, due to natural birefringence,
strains, etc., must be 2mn in both cases, where m is an
integer. This zero field condition can be obtained by at
least two methods:3? (1) by appropriate adjustment of the
ahsolute crystal temperature or (2) with a Babinet-Soleil
compensator at the modulator output. Mechanical motion
is required for adjustment of (2).

Precision control of the crystal temperature, T, is
essential to maintain a constant zero-field phase shift at
2mm. Calculations®? for a binary linear polarization output
from LiTaO3 show that AT must be <+0.045°C if the ratio
of 1 to Ois to be = 20 dB with a 1-cm long crystal. This AT
requirement should be substantially valid also for circular
polarization output. In short, T must be maintained
constant to ~1072°C for the above pnl=rization modulator.

Power requirements include those of the modulator
driver and temperature control circuits. LiTaO; polari-
zation modulators have been designed and operated up to
10 Hz bandwidth.?? Typical design parameters (see,
for example, Reference 32) are an aspect ratio L/D=40 to
80, D=0.02 to 0.025 c¢m, and C = 5 pf. Equation (8) and
V, values of Table 28 show that the magnitude of the

¥




Table 28
CONSTANTS OF ELECTRO-OPTIC MATERIALS

LiT303 *
€3 40
ne 2.180 (0.63u)
r3 3{cm/volt) 3X 107 (0.63p)
n, 2.176 (0.63u)
113(cm/volt) 7X 1071°(0.63p)
ra3(cm/volt) -
Ts1 (cm/ VOlt) —
V., (volts), Equations (4) 2800(0.63u)
and (5)
Range of transparency 0.4-5u

* References 29 and 32.
+ Reference 31.
$+ References 29, 33, and 34.

Ba,NaNbgO,st GaAst#
51 12
2.256 (0.53u) -
2.175 (1.06u)
5.4 X 107(0.53p) -
2.370 (0.53u) 33
2.261 (1.061)
1.3 X 10 (0.53p) -
- 1.£ X 1071
1570 (0.63u) 1.6 X 105 (106u)§
04-5u 0.9-16u

§ Vp = (/—2.3' ) A/n®y4, for GaAs 111 crystal axis considered in Section 2.3.

reactive output power of the driver for B= 10 Hz is Py
~107? to 10™*W. The required peak-to-peak driver voltage
Vparis (D/L)V, which at L/D=50and A= 0.5 micron yields
Vpz ~45 and 25 V pp for LiTaO3 and Ba,NaNbsO, ¢,
respectively. Low power (~1 to 10W total input) tran-
sistor circuitry can readily provide the above Pp and
Vp g levels. At L/D = 50, A = 0.5 micron, D = 0.025 cm,
and n = 2.2, the ratio D?/L = 22 N/n or 17 times the mini-
mum value of 4N/nm from Equation (7), which should be
more than adeguate margin. Transit times are sufficiently
short that no traveling wave structures arz needed at
B~10° Hz. Constant temperature control technclogy is well
developed and AT<1072°C is within the state of the art.
Estimated input power for an optimized temperature con-
troller operating with crystal temperature near ambient is
~]1 to 10W. The size of such a modulator, based on those
built in the laboratory, is the order of 0.04 ft* (a cube 4 in.
on a side) and weight ~S to 10 1b. Data available on optical
damage with 4880A light show that at ieast SOOW/cm?
(0.2W focused to a 0.2 mm spot) and 756W/cm? (0.3W
focused to a 0.2 mm spot) can be transmittcd througn
LiTa0j and Ba,NaNb;Q, s respectively with no observable
damage. Care in heat treatment and poling of LiTaO3 mus!
be taken to achieve optimum damage resistance.?%:32 Carc
must also be taken to minimize photoconductive effect:
which can produce a nonuniform transverse distritution of
the applied electric field.3? Acoustic resonances, a result of
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the natural piezoelectric properties of electro-optic mate-
rials, are minimized by appropriate mechanical design for
damping such oscillations.>?

The binary polarization modulator can be summarized
as follows:

Material Choice Future improvements in
crystal growth technology

Ba;NaNbsOys 1 are needed to provide the
LiTaO, 2 requisite modulator effi-

ciency and life.
Crystal aspect ratio L/D:>50(D~0.02 — 0.04 cm)
Incident polarization: linear (at 45 degrees to c-axis) or
circular
Exit polarization: circular RH (0)or LH (1)
Zero field phase shift: 2mm(m = integer)
Crystal temperature control: ~£1072°C
Reactive driver output power: ~1072 '~ 107*W
Driver output voltage (D/L) Vy=DA/L(nr, —-nlr ):
~25 volts (Ba;NaNbsO,s for A=0.5 micron and
L/D = 50)

Power input to driver: ~1to 10W
Power input 0 temperature controller: ~1 to 10W

Size: < 0.04 ft°
Weight: ~5to 101b




Electrode structure: bulk modulator OK at B~ 10%Hz
(traveling wave structure not needed)
Insertion loss: < 1 dB (with antireflection coatings on
crystal).

2.3 Biorthogonal Phase Electro-Optic Modulator (10.61)

Materials that are transparent at 10.6 microns and have
a high known electro-optic coefficicnt are GaAs,?®»*3%*
Se?S CdS2?° and ZnTe® The figure of merit n’r
(Equations 2 and 4) is highest for Se; n’r values for GaAs

and CdS are comparable. The crystal quality and/or size of

Se*S, CdS, and ZnTe is at present inadequate for practical
modulators. Consequently, of the four materials mentioned
above, GaAs, doped with Fe or Cr to increase the resistivity
to reduce dissipation losses, currently yields the best
performance at 10.6 microns. It is GaAs that will be
considered in detail in this section as an electro-optic phase
modulator.

Figure 77b is a schematic diagram of the binary phase
shift modulator. Incident polarization to the crystal is
linear, which is changed to circular polarization at the
modulator output. The structure of GaAs is cubic
zincblende. Maximum phase shift is attained when the
E-field and light polarization are parallel and along a 111
crystal axis.2® The relevant electro-optic coefficient is rq;
(Table 28). Modulator crystal is a parallelepiped with the
following orientation:2°

Light propagates normal to a 111 plane

2. Lightpolarization is along 111 axis and parallel to
E

3. Binary E-field pulses change phase of the coherent
light by zero (binary 0) or by 7 (binary 1)

4. Linearly polarized wave exiting from mndulator
into circular polarization is converted by a quarter
wave plate, e.g., CdS 5N4 plate (Figure 77b).

Drive power Pp varies as A3 near optimum coupling
(Equation 9): hence there is an important tradeoff between
Pp and A If a factor of 10 margin is allowed in the D?/L
ratio of Equation (7), i.e., D?/L =40 Nn7, then L ~10 cm
for a crysial thickness D of 2 mm. Feasibility of values of D
much smaller than 2 mm is doubtful because of optical
absorption, aberrations, and minimum allowable alignmer.:
tolerances. Total capacitance of such a modulator is
typically 15 pf. From Equations (6) and (8), the reactive
driver power at 10° Hz bandwidth for a 7 phase shift* then
is 40 watts and the required drive voltage Vp p=3.2 kv.
Although this is a high voltage and represents difficult
circuit design problems, the dissipative power can 1. quite
low. Resistivities as high as 10®Q cm have been obtained in

*For E_and laight polarization along the 111 GaAs axis,
Vr=a/3/2 Nn 4 (Reference 29).
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Cr-doped GaAs crystals for which the optical quality and
wransmission were comparable to or better than for Fe
doping. Dissipative losses in a 0.2 em X 0.2cm X 10¢m
modulator with 3.2 kV across the electrodes would be
~4 x 107 watts. . ’

Therefore, the critical problems in a 10.6 micron GaAs
modulator are:

1. Pulse circuit design that provides ~4 kV peak
voltage into a reactive load

[8)

Prevention of electrical breakdown either through
the gas surrounding the modulator or defects in
the modulator crystal

3.  Minimize driving circuit power requirements, ¢.8.,
with pulse circuits resonant at the pulse repetition
rate.

Another consideration is variation in static birefringe.ce
due to temperature changes. This effect is much less in
cubic GaAs, where n, =ny, than for the tantalates or
niobates of Section 2.2, Although insufficient data are
available for quantitative evaluation, the permissible tem-
perature fluctuation is expected to be one or more orders
of magnitude higher than the ~1072°C required for polari-
zation modulators in Section 2.2. Size, weight, and input
power will depend strongly on the specific driving circuit
design; it seems clear, however, that they will be higher (by
at least a factor of two) than those of the polarization
modulators discussed in Section 2.2. Further work on
driving circuits and/or new modulator materials is needed
for quantitative determination of volume, weight, and
power requirements of an electro-optic 10.6 micron
modulator.

2.4 Acousto-Optic Modulators

Interaction of light with propagating acoustic waves is
reactive and therefore potentially can provide efficient
wideband modulation of light. Analyses of acousto-optic
phenomena, in particular the dependence of modulation
index on materials constants, input pewer, acoustic fre-
quency, and bandwidth, appear in recent review articles
(see, for example, References 36, 37, and 38). Most of the
work to date has been concerned with theory and basic
materials properties rather than deveiopment of specific
devices. A primarv reason for this is that, until the advent
of the laser, application of acousto-optic modulators was
limited by the lack of intense monochromatic light sources.
In addition, important advances in materials and acoustic
transducer technology have beer. made in the past few years
(see, for example, References 39 and 40). As a result,
intensive acousto-optical device development is in the early
stages and significant progress relative to the present state
of the art can be expected in the next 5 to 10 years.

Efficient amplitude modulation is provided by the Bragg
angle acoustic modulator illustrated in Figure 78a. Because
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of its i, viential applications, emphasis of work to date
in the acousto-optic field has been on the Bragg type. Laser
light is incident at the Bragg angle 6, = A /2, where A
is the optical wavelength in vacuum and A, the acoustic
wavelength in the medium. Frequency w, of the incident
light is shifted to w, — w, or w, + w, upon Bragg dif-
fraction, depending on whether the transverse momentum
component of the light is parallel or antiparallel respec-
tively to the acoustic wave velocity (Figure 78a). With
sufficient acoustic power P,, all light leaving the transducer
will appear in the diffracted component.

Binary polarization modulation, preferred for deep
space communication at 0.5 or 1.06 microns (Section 2.2),
can be achieved by utilizing the acoustically induced bire-
fringence effect. Polarization of the Bragg-diffracted light
will be at right angles to the incident light polarization for
all nonisotropic noncubic crystals in the case of a transverse
acoustic wave*!. Optimum materials at present are GaP or
As;S;3 at 1.06 microns and LiNbO; or TiO, (rutile) at 0.5
micron; data for relevant materials parameters®® are given
in Tables 29 and 30. A possible mode of operation is bi-
nary 1 for the diffracted light and binary O for the direct
transmitted light (indicated by dashed lines in Figure 78a).

Recombination of the two beams into collinear waves for

~ propagation through the tranismitting optics can be accom-

plished with a Koster’s prism®? as shown in Figure 78b. The
following factors are of concern in this type of polarization
modulator:

1. A 3 4B loss appears at the Koster prism due to the
beumsplitter (Figure 78b).

2. ““he diffraction angle, 84 in Figure 78b, must be
maintained constant consistent with the desired
pointing precisior.

3. Driver power is required for ~10® b/s infor-

mation rate.

In view of the 3-dB loss at the prism, systems perform-
ance would be comparable without the prism and if pulse
modulation were used instead with the transmitted beam
only. The relation between incremental changes in diffrac-
tion angle 64 and acoustic frequency f, is Af, = (v, A6,)/
A for v, 4 x 10° cm/sec, A, 0.5 micron, and
A8y 107 rad (0.2 arc-sec). and the required acoustic
driver stability is Af, = 8 kHz. For~10° b/s information
rate, typical f, values are 10" — 10® Hz, in which case
Af,/f, ~107% to 107%.  Acoustic power P, in the crystal
required for diffracting 100 percent of the light can be esti-

Table 29 mated from the P,/f, values given in Table 30, where
] P,/f, = A3 pv’/3.6n” p? (see Tables 29 and 30). It was
ELASTO-OPTIC CONSTANTS, p;?F ACOUSTO-OPTIC assumed during compuiation of these values®? that the
MATERIALS acnustic beam height was near its minimum value of v,/f,
Ao v f; is the information rate, that the acoustic and opti-
Microns)  Pu Py Pes _pﬂ_ ¢ .usses are negligible, and that the appropriate optimum p
' . coefficient is used for either transverse or longitudinal wave
i:PS (1)?2 _0';51 —0.082 —0.074 ) propagation. Also, it should be noted that P,/f, a3,
203 ) 0308 0.299 . ) similar to Equation (10) for the electro-optic modulator.
LiNb0, 063 0036 0072 - 0178  Geperally f, should be 16 to 100 times f,, which yields
Tio, 0.63 0.011~.0.172 - 0.0%65 values for P, of ~5 to 60 mW at 0.5 micron (LiNbO; or
GaAs 1.1 -0.165 -0.140 —0.072 - Ti0,) and 1.5 to 100 mW at 1.06 microns (GaP or As,S3).
Te 10.6 0.155 0.130 - - Typical coupling losses at the transducer at present are
Table 30
CONSTANTS OF ACOUSTO-OPTIC MATERIALS?®
652 .
P v, he Acoustical
Ao gm ( s c:n AL P,/f, Wave
Material  (Microns) n em3 10° ¢ (X10-11 MKS) (mw/MHz) Polarization
GaP 0.63 3.31 4.13 4.13 24.1 0.21 Trans.
As;S;3 1.15 246 3.20 26 347 0.179 Long.
_iNbO; 0.63 2.20 47 6.57 6.99 0.69 Long.
Ti0, 0.63 2.58 4.6 7.86 3.93 0.87 Long.
GaAs 1.15 3.37 5.34 3.32 463 0.86 * Trans.
Te 10.6 4.8 6.24 2.2 4400 7.14 Long.
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13 — 20 dB; if 13 dB is used, allowing for future advances,
then total acoustic driver output power Py is:

A(microns) f, = 107 Hz fy = 10°Hz
0.5 Pp = 0.1W Pp=1W
106 Py = 0.03W(As,S;) Pp = 0.3W(As,S;)
~0.2W (GaP) ~2 W (GaP)

GaP would provide beiter performance at 0.53 micron
than LiNbO; or Ti0,,but requires cooling to ~77°K because
of band-edge absorption.3? Such cooling could represent a
subs cuntial penalty in deep space applications.

\ second, and more speculative, mode of acousto-optic
bina.y polarization modulation is collinear transmission®®
of the optical wave parallel or antiparallel to the acoustic
wave as illustrated in Figure 79. This mode has the advan-
tage that no Bragg deflection occurs. Therefore it would
not introduce the 3-dB beamsplitter loss or possible point-
ing errors due to drifts in w,, relative to the Bragg type of
Figure 78b. Three practical problems of the collinear
modulator, however, are (') fabrication of an efficient
optically transparent transducer, (2) fabrication of an opti-
cally transparent acoustic absorber, and (3) transit time of
the acoustic wave which must be < 1 bit period. For a
velocity v, ~4 x 10° cm/sec, the maximum length of the
acoustic medium is 0.4 cm at 10° b/s. The optically trans-
parent coatings are probably not available with present art.

The preferred modulation at 10.6 microns in a deep
space link is biorthogonal phase shift (Chapter 4, Section 5).
This can be attained by the acousto-optically induced change
An in the refractive index n as shown in Figure 80, The re-
lation36 to 38 for An is

: (1n

where p is the elasto-optic constant and s is the strain.
Acoustic power P, is defined’ 7 as

P =

a

p vis® wh (12)

)=

where p is mass density of the medium, w the width of the
acoustic beam at its waist, and h the beam height. Phase
change A®d, given by Equation (2), is A® = 2nwAn/Ao.
With biorthogonal phase shift modulation, A® = # or 0, thus
(4n) max = Xo/2w which, when combined with Equations
(11) and (12), yields

P = - Rk (13)
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Best materials at 10.6 microns currently®® are GaAs and Te,
for which the pertinent constants and the figure of merit
n®p?/pvd are given in Tables 29 and 30. Material constant
data on GaAs in the two tables were measured at 1.15
microns; it will be assumed that the values hold also at 10.6
microns in the subsequent discussion of this section. A re-
quirement on this type of phase modulator is that the opti-
cal beam diameter D, in the interaction region must be
appreciably less than, say, ~0.2, the acoustic wavelength
A;- Values of A, for f = 10% bits/sec are (from Table 30)
0.3 cm and 0.2 cm respectively for GaAs and Te. If
D, = 0.2),, then the desired respective optical spot sizes
are 0.6 mm and 0.4 mm, which are achievable with 40 to
60 cm focal length lenses for a 1<cm diameter diffraction-
limited 10.6 micron laser beam. The respective acoustic
powers given by Equation (13) for h = w and A\, = 10.6
microns are P, = 10 W and 1000 W for Te and GaAs re-
spectively. Acoustic losses in Te of a few dB/cm have been
reported®? at 300 MHz acoustic frequency ; however, only
very short acoustic columns are required (Figure 80) since
D,<<A,; thus acoustic losses should not be a severe prob-
lem. Also, the acoustic width w can in principle be smail
(0.2 — 0.4 A,) which would keep absorption losses << 1 dB
(a~0.1 cm™* for GaAs and < 0.5 cmi™! for Te).

Te is the best material for the biorthogonal phase
modulator at 10.6 microns. Acoustic power P, is less, by
~107%, compared to the next best material, GaAs. If the
transducer loss is 13 dB, the driver power of a Te acoustic-
optic modulator wouid be ~ 200 watts. Focusing of the
10.6 micron CO, laser beam to ~ 0.4 mm diameter in the
interaction region is required. Work may be necessary to
reduce absorption losses in Te at 10.6 microns before such a
modulator would be practical.

3. TRANSMITTING OPTICS

The optics aboard the vehicle must satisfy demanding
and, to spme extent, contradictory requirements. The
surfaces must be figured and maintained to diffraction-
limited tolerances (~N50 at the wavelzngth used) to realize
the full capability of antenna gains at optical frequencies.
This must be done under remote and hostile conditions.
Although the distortions produced by gravity are relaxed,
the optics are exposed to meteoroid damage and to a harsh
thermal environment. The removal of convective cooling
means that heat is exchanged by conduction (where glassy
materials conduct poorly) and by radiation (where reflect-
ing surfaces radiate poorly). Since visible wavelengths are
the smallest of interest, tolerances are most demanding in
the visible range and are therefore considered here.

It is also important to estimate weight and costs of the
varjous aperture sizes of transmitters that might be put on
the vehicle. The difficulty here is that therc is relatively
little hard experience to draw on, and costs especially are
uncertain.
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3.1 Transmitting Optics — Costs

Cost, of course, very much depends on the degree of
quality which will be required, and this depends especially
on the wavelength used. Nevertheless, experience with
Earth-based telescopes has shown that cost is dominated by
aperture size. Moreover, the quality of optics required is, at
least below a certain size, similar to that of Earth
telescopes: the optical system must be diffraction-limited.
(And, as shown below, those large sizes which are not made
diffraction-limited do not deviate significantly from the
cost dependence of smaller, diffractiondimited telescopes.)
Thus, it may be reasonable to estimate the cost of the
transmitting optics from the costs of astronomical-quality
Earth telescopes. Also, the mounting problems are different,
but perhaps not unlike in difficulty. Although the space
unit is gravity-free in operation, it must survive a rocket
launch. The Earth telescope costs include the mounting
and, for all but the small sizes, the mounting involves
considerable sophistication in order to minimize gravity
distortions.

In 1964, the Whitford Committee summarized*? the
construction costs of existing astronomical telescopes to
provide perspective to their recommendations for future
facilities. The plotted data indicated that cost was propor-
tional to collecting area. However, barely more than one
decade of diameter was coverad, the projections for future
giant telescopes were not included, and at least one point
was in error. Therefore, curmrent prices and recent estimates
for two decades of diameter are shown in Table 31 and
plotted in Figure 81. Thus, for example, the 200-inch Hale
telescope is omitted in favor of recent estimates for large
(>100-inch) tclescopes.

Such a conglomerate necessarily includes telescopes of
substantially different characteristi.s, and these differences
should be understood tefore Figure 81 is interpreted. A
variation in the quality with increasing size is incorporated
in all such s. .dies; good small telescopes are diffraction-
limited, good large ones are not (for visible light). The
change generally occurs at about 10 or 20 inches. The large
ones are simply made good enough that atmospheric seeing
limits resolution. The points corresponding to “low™
quality small telescopes (surfaces good to perhaps N4) are
included to indicate the functional dependence of cost if
the surface quality of the large telescopes is approximated.
Another difference is th-t the total cost of large telescopes
usually includes non-tei:scope items ranging from land to
ancillary instruments. Where these could not be separatec,
total cost values are denoted by a cross in Figure 81. Bars
and boxes correspond to value ranges.

It is clear that cost varies with diameter more rapidly than
by the square. Allowance for the differences between tele-
scopes in no way allows a square law to fit well. If points
beyond the range (16 to 200 inches) of the Whitford study®?
are ignored, a second power fit seems less bad, but still not

accurate. An overall fit shows that the exponent should be
at least 2.5. It is interesting that the large telescope “total”
values fit the same straight line well. If they were corrected
to telescope-only values, then a square dependence mignt
fit the large-telescope end. However, then a single law could
not hoid for all sizes because of the constraint set by the
small telescopes. Indeed, if the values for “low quality”
sma'l telescopes are used to estimate the dependence for
approximately constant surface qualit; , then the cost seems
to vary with about the cube of diameter.

These results are in contiist with the rather uniform
opinion of astionomers that the square dependence fits
well. Rule, at the 1965 Tucson Symposium*’ on large
telescopes, observed that the simple square dependence had
been used throughout the symposium, and he contrasted
this with radio telescopes where the exponent is 2.5 to 2.7.
It would appear that the dependence of cost on diameter
for optical telescopes actually is not very different from
that for radio telescopes.

3.2 Transmitting Optics — Weight

The weight of a telescope to be put in space very much
depends upon the nature of the mission. The Orbiting
Astronomical Observatories (OAO’s) had some relatively
light telescopes®® (8 inches, 28 pounds; 16 inches, 74
pounds), but these were not of diffractiondimited quality
in the visible and were not complete communications
upits. Perkin-Elmer has made individual designs*® for a
nambe1 of aperture sizes of diffraction-limited, complete
communications telescopes. This appears to be the most
accurate and rclevant set of weighs available, and they are
listed in Table 32. No simple power law relation between
diameter and weight will fit accurately the data in the table.
The smaller sizes would employ single-element primary
mirrors, but the 80 and 120 inch mirrors would involve
active optics; they would be segmented, monitored, and
adjusted. The feasibility of this technique has been demon-
strated by Perkin-Elmer.

The question of how large a primary mirror is wanted
in a deep space vehicle is only one parameter in the
necessary trade-off study, but there is much to recommend
a diameter of about one meter. This is about the size that
can be accomplished before the weight and ~omplexity of
a.-tive optics are required. The size of the vehicles that
would be used first could contain 1-meter optics gracefully.
To make a meaningful improvement in telescope collecting
area, or gain, would involve, say, doubling the diameter.
Scaling the rest of the tclesccype up to a 2-meter primary
leads to a structure so massive that a very substantial
vehicle would be required. It is noteworthy that Strato-
scope 1, a balloon-flown telescope, had a 36-inch primary
which was successfully figured to \/50. Thus, the 1-meter
size represents well-established technology.
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t Aperture
» (inches)

| 3.5
? 7
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12
12
10
16
16

24
3640
80-90

20

24
3648
60-84

98

150-200
144

150
150

240
350400

Cost (310°%)
1
4

I-1.S

24
20

11.5
35

65
200-300
1, 150-1, 400

200
240
300
800
2,800

8,500
8,000

10,000
13,000

33,000
About
100,000
50,000-
100,000

Table 31

TELESCOPE COSTS

Location
or Source

Questar

Questar

Tinsley

Tinsley

Tinsley

Fecker iastruments
Celestron
Celestron

Boller and Chivens

Boller and Chivens
Boller and Chivens
Baller and Chivens

Baker-Nunn
Grubb-Parsons
Whitford study®?
Whitford study®?

Greenwich Observatory,
England

Whitford study®?

European southern
observatory*?

Cerro Tololo,*® Chile

New South Wales,
Australia®$

Zelenchut,*® Russia
Whitford study*?

Estimate by*’
1.S. Bowen
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Quality
High
High

Moderate
Low
Low

High

Observatory
quality
Observatory
quality
Observatory
quality
Observatory
quality

Comments

Large ratio of cost to
quality
Large ratio of cost to
quality

Satellite tracking
Satellite trackirg
Basic telescope*

Basic telescope*

Basic telescope

Basic telescope (about
18,500 total cost)

Basic telescope estimate
by Professor Heckmann-

Probably total cost*
Probably total cost*

Probably total cost
Probably total cost

Probably total cost

* Figures given for large telescopes usually include such costs as land, site-developmient, building, and auxiliary
instruments. Where the information was sufficient to eliminate these, the basic telescope cost is given.

+ Scientific Research (November 1967), p 23.
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Table 32
TRANSMITTING OPTICS — WEIGHT*

Diameter (in) Weight (1b)
8 229-263

12 300
16 390430

20 540

32 825

80 13,500

120 16,000

3.3 Transmitting Optics — Environmental Effects

Two effects of the space environment are particularly
harmful to the transmitting optics and require careful
attention. These are meteoroid erosion and damage and
thermal deformations of the optics. They will be taken up
in that order.

3.3.1 Meteoroids

Meteoroid effects may be divided for convenience into
erosion by small particles and gross damage by larger ones.
The problem has been given rather extensive attention, as
the 311 references in a literature survey by Cosby and
Lyle3? attest. Even so, much of the work is not conclusive
or does not permit direct design calculaiions. There has
been a good deal of modeling, and measurements have been
made on ballistic ranges at velocities somewhat larger than
10 km/s. However, it appears that this work cannot safely
be extrapolated to the substantially higher meteoroid
velocities (30 km/s and higher) which exist (at least near
Earth).

Useful information on the probability of gross damage is
obtained from direct measurements by the penetration and
fracture sensors mounted on satellites.>® Vanguard II1, with
four particle sensors, recorded no particles; Explorer VII,
with one sensor, one particle; Explorer XIV, with four
sensors, no particles; Explorer I, with one sensor, no particles;
Explorer 111, with one sensor, two particles; Midas If, with
one sensor, no particles; and Samos II, with one sensor, re-
corded eight particles. Later, Explorer XVI, with eight kinds
of sensors, in a 4-month period detected about 40 particles,
allowing D’Aiutolo® ! to calculate impact rates. He obtained
10 *particle/m?s for masses greater than 107 ® gram and be-
tween 107 and 107® particle/m?s for masses greater than10™®

*These data were supplied by the Perkin-Elmer Corporation. The
weights are for complete communications, telescopes, including
parts such as secondary optiss, beamsplitters, beampointing, and
point ahead subsystems.
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gram. Then, ir 1965,Mariner IV recorded rates up to 3.3x10™
particle/m?s for masses greater than 1073 gram. More up-
to-da - nformation should be obta.nable from Pegasus.

The salient feature of these results is that damage
seems to be a rvlatively rare event, with some satellites
sustaining no dam age. Cosby and Lyle observed that the
events detected are so sparse that meaningful average rates
sometimes cannot be determined. Even the rates obtained
for Explorer XVI seem to hold for very small particles near
the low end of the maux range given. The sensors employed
were intentionally made very fragile; they were designed to
be penetrated by very small particles (evidently of the order
of 10 microns in size). Mariner IV detected particles the
size of dust (evidently down to about 1/4 micron in size).
There does not seem to be clear evidence of even a single
encounter with objects large enough to seriously damage
equipment of ordinary size and strength, such as the
transmitting optics. Thus it seems reasonable, pending
further evidence, to discount the problem and suggest that
no special protection (against gross damage) be provided.
Like driving one’s car, the hazards are real but not
sufficient to deter. The performance of the optical systems
on Mariners II and IV has led Becker to a similar
conclusion®3

Erosion by small particles also has geceived much
attention, and again the direct applicability of much of the
work is uncertain. However, two separate studies of the
erosion of iron meteorities have yielded similar and quite
encouraging numbers. Whipple and Fireman®® found that
the rate of erosion did not exceed 1.5x1077 cm/year. Jaffe
and Rittenhouse®® obtained a rate less than 30A/year, so
that the results agree within a factor of two or less. Here
the concern would be for the A/50 reflecting surfaces,
especially the primary, which would look straight into
space. However, A/50 is about 100 A so at least three years
of erosion would be required to produce irregularities as
large as the starting surface figure. Thus it would be years
before any loss of gain would be noticed and decades
before the reflector would be useless.

3.3.2 Thermal Deformations

It is the presence of air, as a heat-exchange gas, that
largely reduces temperature differences on the surface of
the Earth. The artificial production of low temperatures
has, as its first requirement, the production of a hard
vacuum. In space, this very condition results in large
thermal gradients and hence distortions of the components
and structures. This is one of the most severe problems in
maintaining large, precise, optical systems in space, and in
the past it often has not received adequate attention. There
is a tendency to design sophisticated optical satellites which
lack sufficient control of temperature and temperature
gradients.

P




The reality of the problem with large optics is
illustrated by cxperiences with the 200-inch Hale telescope,
as related by 1.S. Bowen of the Palomar observatory. “All
of these mirrors we are talking about have such high
thermal inertia and poor conductivity that it literally takes
a week or two to get into equilibrium after a cold front
passes. This is true whether we are talking of quariz or
glass.”** This is even more impressive when it is realized
that, by the standards of the present study, the 200-inch
unit is a relatively crude telescope. Its resolution is only
about 1.5 microradians beceuse it is far from diffraction-
limited (for visible light). This is about the resolution of a
diffraction-limited 1-foot aperture. The resolutic. of the
I-meter diffraction-limited aperture under consideration
would then be about three times better (about 0.5
microradian).

Thermal effects on optics fall naturally into two
categories: expansion of the structure and distortion of the
elements. Expansion of the structure will be dealt with
first. The nature of +he problem and the appropriate
solutions are illustrated by considering the critical matter of
maintaining focus. (In an optical communications tele-
scope, maintaining focus is equivalent to preserving beam-
width.)

To preserve the full resolving power of a l-meter,
diffraction-limited reflector of small f number (say, f/3)
requires very accurate relative positioning of the elements.
For visible light, the depth of focus of such an aperture is
only several microns, while the focal length is three meters.
Thus the distance from the primary mirror to a detector or
to a2 secondary mirror must be maintained to about one
part in 10%. With wiun.._ "-~tion materials, tempera-
ture could not vary by more than a fraction of a degree
Centigrade.

One approach would be to use onic material (such as
quartz, beryllium, or aluminum) for the optical elements as
well as for all supports. Then the entire structure would
expand together; the change would be a matter of scale
only, and focus would be preserved. Such a solution is not
suitable for balloon flights (such as Stratoscope), where
temperature changes rapidly, and probably not suitable for
an orbiting telescope for the same reason. However, for a
deep space flight this method might work out well.
Temperature changes very slowly during the flight.
Howev.r, near a planet there would be a rapidly changing
thermal environment — akin to the Earth satellite situation.

Alternatively, the elements could be supported
mechanically with very low expansion materiais (or com-
posite, thermally compensated structures showing very low
overall expansion). Invar’s coefficient is not so very low,
and its ferromagnetism is usually objectionable in space
vehicles. Pyroceram (Corning) and Cervit (Owens-Illinois)
are mote interesting. Over broad temperature ranges (tens
of degrees), these can show a coefficient below 1077 /°C. It is
not useful to give more exact data because these are
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families of materials and, to a considerable extent, charac-
teristics can be tailored to need.*' A very impressive
<andidate is Corning’s new ultralow-expansion (ULE)
quartz, but it is available in rather limited forms and sizes
and is of more interest for use in the primary mirror. It will
be discussed in more detail later. There seems to be no good
techrical reason that large structural members could not be
made of Pyroceram or Cervit.

The thermally compensated, composite structure
represents an old idea. It has been designed in a new and
suitable form by Rogerson, and it is referred to as the
Rogerson tube.’® It comprises re-entrant tubes of magne-
sium and Inconel, and its total change in length from -65° to
-95°C is about one part in 10°.

Still another means of maintaining focus is with active
feedback, as is done in Stratoscope I1.57 It has been shown
that this operates successfully during balloon flights. It may
be required in general when large or rapid temperature
changes are expected. Stratoscope II is similar in many
respects to the design for an optical communications
telescope proposed by Perkin-Elmer.5® Fine adjustment of
the optical axis of the telescope is accomplished by
displacement of a transfer lens normal to the optical axis.
The transfer lens is located where the eyepiece would be in
an ordinary telescope. The error signal for positioning the
lens is derived from an image divider in the last focal plane
of the telescope. When focus is correct, a specified, small
lateral displacement of the transfer lens produces the
maximum rate of change of error signal, since the spot of
light in the focal plane is then smallest. Thus, to focus the
telescope, a small, intentional dither is applied to the lens
while the secondary reflector is slowly moved axially. The
secondary is then positioned where the largest rate of
change of error signal is obtained. Such focusing is done
only intermittently. In Stratos:ope, this is under the
remote command of the observer on earth, but automation
of such a technique in space should be straightforward.

There are other positional tolerances, of course, but
focus is about as demanding a condition as any. The other
dimensions probably are readily maintained by passive
means; i.e., by careful use of low-expansion materials. An
example of one such necessary condition is collimation of
the secondary mirror, but here the positional tolerance is
much larger than for focus.

A tolerance problem peculiar to the communications
situation (as opposed to ordinary telescopes which are
receivers only) is maintaining the transmitter and receiver
axes parallel. For a 1-microradian beamwidth, presumnably
the optical axes should be parallel to 0.1 microradian. This
implies two telescopes spaced by supports wherein differ-
ences in expansion always are maintained smaller than the
order of one part in 107. This is about an order of
magnitude more demanding than focus, and even if very
fow expansion materials are used, it seems entirely unrealis-
tic to attempt such an alignment in the thermal environ-
ment of space. (This does not imply that mechanical




- problems alone are not sufficient to preclude such an

arrar.gement.) The evident solution is to employ common

- optics for receiver and transmitter, separating channels with
. dichinic beamsplitters. This is the approach taken by

Perkin-Elmer.%®

The second category of thermal effects on optics
involves distortion of the elements. Thermally generated
loss of figure of the primary mirror is probably the most
difficult of all thermal problems. (The other telescope
elements are much smaller and heat and cool more quickly,
and there are smaller absolute differences of temperature
across them.) The primary may be exposed directly to the
sources of the disturbing radiation: the Sun and the Earth
or planet. For other reasons as well, it is imperative that the
telescope wever point directly at the Sun, but it will often
be impossiole to keep sunlight from falling obliquely into
the telescope tube. There will be a similar problem with
reflected sunlight and thermal radiation from the planet,
when the vehicle is near it. The tube interior would be as
absorbent as possible, but reradiation will propagate energy
to the mirror, and in general it will not be uniform across
the diameter.

The third condition is that of a thermal gradient
normal to the mirror axis. Then one side would expand more
and have a larger focal length. Surface figure then would be
iost, and this could not be corrected by focusing. For a
l-meter mirror of fused quartz, a 4°C difference between
sides would be unacceptable.

Finally comes the most general case of a gradient both
along and across the mirror axis. If the temperature
difference between front and back differs from one side of

. the mirror to the other by more than 0.1°C, the surface

figure will be spoiled. The difficulty is that fused quartz,

. which now is the preferred mirror material, has low thermal
. conductivity and thermal gradients of this magnitude are
bound to occur unless very special precautions are taken.

Danielson®® has experimented with techniques for
alleviating this situation. When a heavy, blackened alumi-
num plate is placed just behind the mirror, it artificially
increases lateral thermal conductivity and reduces tempera-
ture differences between sides by a factor of 10. Once this
is done, it is possible to control the uniformity of the
front-to-back gradient. It then is necessary only to keep the
non-uniformity of the radiation coming down the telescope
tube within reasonable bounds. Danielson has found that it
should be sufficient merely to have a tube about two or
three times longer than the diameter of the mirror.

Danielson has given a treatment of this, and he has
outlined the situation for four possible thermal conditions
of the mirror.5® First, the entire mirror may be heated
uniformly to the same final temperature. The effect of this
is only to increase the focal length in proportion to the
change in mirror dimensions. This could be handled readily
by the type of active control of focus described before. The
second condition is when there is a thermal gradient only
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along the mirror axis; i.e., the front and back surfaces each
had its own uniform temperature. To a good approximation,
the effect of this also is only to change focus; the front sur-
face would curl but would remain a good paraboloid.

Recently, Spitzer and Boley published a thorough
analysis of the thermal deformations in a satel'ite telescope
mirror of fused quartz.5® They considered the situation for
a low orbit (below 800 km) satellite, since there the
thermal environment is worst. (If thermal deformations can
be handled in a low orbit, then diffraction-limited per-
formance should certainly bs attainable in higher orbit or in
space, where the thermal environment is more uniform.)
They concluded that, if the telescope tube is substantially
longer than the mirror diameter and if the sunlit Earth does
not shine directly on the mirror at any time, the likely
distortions are certainly within optical tolerance for a
1-meter telescope and probably also for a 3-meter tele-
scope. The situation would be similar for a system near
Mars or Venus.

Thus it appears that careful engineering with known
technology can lead to diffraction-limited performance of a
1-meter optical transmitter in space. However, the proce-
dures required for doing this impose considerable con-
straints on instrument pointing. The primary mirror, at the
bottom of a telescope tube “substantiall’ longer” than the
mirror diameter, must not receive radiation directly from
the sun or a nearby planet (e.g., Mars). Clearly, the tube
should be as long as is consistent with the size of the
vehicle. A length of tube much greater than 10 feet
probably is not realistic. (Generally, the optical design
tends toward short, low f/number systems.) Hence, the
primary diameter is, say, 1/3 the tube length, and the
half-angle of the field from which the sun or planet must be
excluded is 18.4 degrees. This would seem to exclude
considerable regions of space from use by the optical
transmitter, If the satellite were near the planet, there
would then be a long effective occultation. This situation
seems burdensome, and consideration should be given to
erecting a long collimating tube outside the main vehicle
after it is in space. The tube could be designed similarly to
the present space unfuriable booms.

There is a real possibility of improvements through use
of techniques and materials not yet so well established.
Chief among these is the use of materials which might cause
less distortion because they possess either a smaller thermal
coefficient of expansion, a smaller specific heat, or a larger
thermal conductivity. In recent years, these novel possi-
bilities have received wide attention (References
44,56,57,61,62). Fused quartz, however, is an old, known,
and proved material. Large diffractionlimited optics are
costly in time and money, and it has been correctly pointed
out that a cautious posture is essential.**+%3 Although no
alternative to quartz is yet known well enough to justify its
immediate use, this situation might soon change.

Metals have been considered. Aluminum is interesting
because it is light and has large thermal conductivity.




However, it is very difficult to get a good polish on
aluminum, and its long-term mechanical stability is
uncertain,

Beryllium is exceedingly rigid; its ratio of modulus of
elasticity to density is five times that of quartz. It has been
used successfully for small mirrors, but there are numerous
technical problems in its handling and stability that are not
well understood. Thermal shock can spoil the surface of a
good beryllium mirror, and its long-term stability is in
doubt. Some measurements have shown considerable
mechanical hysteresis. (By. comparison, fused quartz has for
years been known for its exceedingly low hysteresis.
Schwarschild noted®* that the 36-inch quartz primary of
Stratoscope 11 returned to \/50 ar'ter the temperature cycle
of the balloun flight and the shock of landing.)

The vitreous ceramics are of interest. These are partly
devitrified glasses, so they are 2-phase materials and their
stability is not certain. For example, they may contain large
internal stresses, and in very large blanks there is the
possibility that the material may have several different local
thermal coefficients. Nevertheless, it is possible to obtain
material with a coefficient below 1077/°C in a specified
temperature range. Meinel reported** that a 16-inch mirror
was finished from Pyroceram (Corning’s product) and cut
in two without impairing its surface figure, thus demon-
strating negligible internal stress. Both Meinel** and Dietz
and Bennett®? have reported that Cervit, Owens-llinois’
vitreous ceramic, has successfully been polished to surfaces
that show sufficiently low scattering to be acceptable for
optical miriors. Thus the vitreous ceramics appear to be
important possible substitutes for fused quartz in large
optics if reduced thermal distortion is desired.

Quite recently, another contender has appeared and
seems to show sufficient promise to merit first considera-
tion among the novel materials. This is Corning’s ULE (ultra
low expansion) fused silica, number 7971. It appears to be
doped (perhaps with Ti0;), and the resulting material
evidently is similar to ordinary fused quartz except for its
ultra-low thermal coefficient of expansion. Data supplied
by E.T. Decker of Corning indicate an average coefficient
of approximately 3x107 /°C over the range-50° to +20°C. In
addition, there is a broad region at about -10°C, and another
atabout +80°C, where the coefficient appears to be sensibly
zero. Thus the material is at least an order of magnitude
better than ordinary fused quartz, and perhaps far better
than that.

The otner properties of ULE fused silica at present
seem to be good. Decker said that Corning’s first (and
worst) piece was sent to Meinel at the University of
Arizona. It was 16 inches in diameter and 3 inches thick,
and it showed large internal stress. Nevertheless, the optical
shop at Arizona finished it to a surface as good as that
obtainable on ordinary quartz. The long-term stability and
behavior of ULE fused silica with temperaturecycling of

the material are not yet known. ULE fused silica is grown
from the vapor phase, and a boule 60 inches in diameter by
4 inches thick is obtained. It can then be sagged to an
approximate parabola of small f-number. This avoids
hogging out material and makes the best use of the 4-inch
thickness.

In summary, Spitzer and Boley®® have shown that the
thermal problem for a A/50 1-meter reflector in space can
be solved, by very careful design, using even ordinary fused
quartz. Novel materials, and ULE fused silica in particular,
offer the hope that maintaining such a reflector may
become quite easy. An important question is whether use
of ULE quartz would relax the requirement that the Sun or
(near) planet must never directly irradiate the primary
mirror. This possibility deserves early consideration.

4. BEAM POINTING

Optical frequencies are considered for the carrier of
deep space communications because it is possible. in
principle, to generate narrower beams with smaller antennas
that can be done with microwaves. The hope is that, at
astronomical ranges, the narrower beams will yield an
improvement in received signal-to-noise ratio and hence in
communication rate. To what extent, in practice, this can
be realized depends on a number of technical questions, but
central to the problem is the matter of pointing very
narrow beams. Since previously the need did not exist, the
technology of pointing such narrow beams is new.

What pointing accuracies are required depends on how
fine a beam is used. That in turn depends on the frequency
and aperture selected, and such a determination lies outside
this section. Therefore, a beamwidth will be considered that
is limited by diffraction of the highest frequencies of
interest from the largest aperture suitable for that fre-
quency, since this is the most demanding situation: visible
light (A~0.5 micron) and a I-meter aperture (following the
argument given in Section 3). For these values, the width.
from null to null, of the central maximum of the Airy
diffraction pattern (far field of the uniformly illuminated
aperture) is about 1 microradian. This beam must be
pointed so it illuminates the receive. with about the central
1/10 of the beamwidth, so that the pointing accuracy is
about 0.1 microradian. But more is required. Both pointing
offset to compensate for velocity aberration (Bradlcy
effect) and the position of the receiver must be deter-
mined to a similar tolerance. Finally, if the pointing is
incorrect, there must be some means for generating a
pointing error and making corrections.

The assessment of how accurately narrow beams can be
pointed depends on whether the pointing reference is a
coordinate system or a beacon from a source to which the
beam is to be directed. The former case is more difficult




|

and compounds the uncertainties in establishing the coor-
dinate system, in pointing an optical axis with respect to it,
and in fixing the receiver in the coordinate system. This is
absolute, or open loop, pointing as opposed to relative
pointing on a beacon reference.

4.1 Open Loop Pointing

The process of closing an optical communication link
must begin with open loop pointing at one end. (Once the
receiver at the other end has been illuminated, then the
simplicity of pointing on a beacon reference can lead into
an optical autotrack condition.)

The first requirement for pointing a fine beam is the
generation of the beam itself. Until quite recently,

- diffraction-limited optics 1 meter in diameter were not
. available. Until then, there was no need for them: the

almosphere limited resolution, or beamwidth (see Section
3). Stratoscope 1I, however, rose far enough above the

- atuiosphere (30,000 feet) to use the resolution of a 36 inch

diameter diffraction-limited primary mirror. This called for

- techniques for finishing, and especially testing, the surface
- figure of large mirrors. Such a procedure, scatter plate
* interferometry, was suggested by Burch®® and developed
* by RM. Scott.>7 It was used to bring the Stratoscope
‘ primary to a paraboloid within a probable error of
: N50.57,%% (This was the measured figure before and after
> flights, but it is not yet known how well it was preserved at
: altitude with a temperature of -50°C. This will soon be
determined.®?)

With the means in hand for producing 1-meter

* diffractionlimited apertures, it is essential to determine
; how well a (visible) beam from such an aperture can be
- pointed on an open loop — or absolute — basis. If attention
. is restricted to the space vehicle or to a synchronous
. satellite (postponing for the time being the limitations set

by Earth’s atmosphere), it is remarkable how much tech-

- nology attains angular accuracies of about 5 microradians

(1 second) or somewhat better. This is true for the
techniques of establishing the coordinate system, for
stabilization of the platform upon which the pointing is

done, and in setting an optical axis with respect to the

coordinates.

Star irackers, for example, are now familiar devices for
establishing coordinate systems on stars. Generally they
have been designed for coarser accuracies, but there is no
reason why they cannot specify a direction to within a
fraction of the diffraction limit of their primary apertures.
(Inczed, Stratoscope 11, a 36 inch star tracker, can roint to
0.1 microradian.) Small telescopes, 2 or 3 inches in
diameter, can readily indicate a star direction to within 5
microradians.>® An attractive arrangement would be an
array of such units — perhaps as many as six — each
pointing at a bright star and fixed with respect to each

. other by the angular separation of the stars. The variation

in velocity aberration (an annual variation at the Earth)
could be taken out by command to the pointing system, or,
since it is changing slowly, the trackers could adapt to the
shift in apparent star positions. The combined information
would yield a coordinate system accurate to at least 5
microradians. [It is interesting that ITT Federal Labora-
tories (San Fernando, California) now offers a complete,
small (3 by 15 inches) star tracker for which a tracking
accuracy of 1-1/2 seconds is claimed. ITT Industrial
Laboratories (Fort Wayne, Indiana) has photomultiplier
tubes designed for star tracking. These are magnetically
focused image dissectors and, in laboratory work, a tracking
accuracy of about 0.7 second was reported.®®)

Attitude stabilization of platforms which simulate
space vehicles has been demonstrated at the NASA Ames
Research Center, Moffet Field, California.®”:°% A two-
rotor control-moment gyro was used for each of three
orthogonal axes, and the platform was on a ball and socket
air bearing. Attitude was maintained automatically to
within 5 microradians.

If the coordinate system is better than 1 second and
the platform is stable to 1 second, how well can an
optical axis be pointed on the platform with respect to the
coordinate system? Extensive optical experience suggests
that this accuracy also is 1 second or better. Two
companies make precision theodolites with which an
optical axis can be set by scale readings with an uncertainty
below one second. These are the DKM3 unit, made by Kern
& Co.. 1 .d., Aarau, Switzerland, and the T-3 made by Wild
Heerbiu: 2, Ltd., Heerbrug, Switzerland.

Fuither technology relevant to this question was
prescnted by D. Trumbo of Kitt Peak National
Observatory.*® A study was undertaken to improve the
drive systems of telezc.opes 36 inches and larger. The polar
axis could not be driven directly because of the large
necessary torques, but the worm shaft could be. It appeared
that. by using digital techniques, the shaft position could be
reac out directly to correspond to an uncertainty in setting
of the polar axis of about 0.05 second (1/4 microradian).
There were larger pointing errors from the periodic error of
the worm gear, but the control system itself appeared to be
good to 0.05 second. After the Tucson Conference,*? such
a drive actually was tried on the Kitt Peak 84-inch
telescope. In tracking accuracy and response to guide
signals, it performed as expected. Since this method of
telescope guiding uses digital readings of shaft position, it is
as accurate when axis rotation is very small or zero as it is
with large rates. It also is easily adapted to automatic
tracking systems.

These comments need clarification when the optical
axis being pointed is that of a really large Eartii-based
telescope. There will then be pointing errors induced by the
dependence of gravity distortion of the structure on angle
of elevation, by thermal gradients, and by errors of
construction such as bearing runout and misalignment of




the bearing axes. In the case of a 120 inch telescope. careful
design can keep the accumulated error de ‘o several
seconds (perhaps 10 to 20 microradians)."” However, it
does not appear to be necessary to use such a large
Earth-based telescope to initiate opendoop pointing. A
large telescope would be wanted as the optical receiver and,
if the receiver optics were used for the transmitted beacon
as well (the common-optics of transceiver system), then
these errors would be involved. However, a smaller separate
telescope could serve as the transmitter, and for it such
errors can be made smaller than 1 second (as in a precision
theodolite). Furthermore, if the telescope is Earth-based,
the atmosphere introduces even greater uncertainties, as
will be seen below.

To summarize, it seems realistic to expect to point an
optical axis with respect to a coordinate system (the stars in
particular) with an overall accuracy of about 5§ to 10
microradians when the vehicle is outside the Earth’s
atmosphere.

To settle the overall question of the accuracy with
which a vehicle can be illuminated by an optical beacon
needs specification of the uncertainty of determination of
the vehicle position. This is done in Chapter 6, Section 1,
where it is shown that after about 60 days of tracking
information, which includes aneular inputs, vehicle position
can be known to better than about 2 x 10* feet, or 6 km.
At a range of somewhat more than 108 kni, which would
be near encounter, the uncertainty in direction is only
about 0.05 microradian. At smaller ranges it seems that as
soon as accurate tracking information is available. on the
tenth day after injection. the spacecraft is 2.7 x 10¢ km
from Earth, and even there the uncertainty in position is
only 3.7 microradians. It therefore should be possible to
point an optical beam at the spacecraft with an overall
uncertainty of about S to 10 microradians. This could be
done from an Earth satellite. It would require a highly
sophisticated satellite, but it probably could be done.

In many ways it would be simpler to point from Earth.
except for one serious difficulty: random refraction by the
atmosphere. This is the geometrical reciprocai of astronom-
ical seeing, or loss of resolution. The transmitted beacon
must be broadened, to the extent of the uncertainty in the
angle of arrival of light from a star, to ensure illumination
of the spacecraft. However, it is difficult to obtain data
from astronomical observations which can be related
directly to the determination of angular width of a beacon.
Seeing usually involves integration of the angle of arrival
over a short period of time — of the order of a second.
Variations slower than that are taken ot by telescope
guidance. In general, variable-rate driving is used, and the
telescope tracks the star. Since every effort is made to avoid
loss of resolution, little is known about how great the
absolute uncertainty can be over an entire night. Moreover,
the good seeing which has been reported was obtained at
night. The communications system must operate during the
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day as well, when random refraction would be worse.
Duiing the day the ground temperature is higher than the
air temperature (just the reverse of the situation at night),
and warm air will rise around the observatory, or ground
station, causing turbulence and poorer seeing. Seeing also
may be worse with decreasing elevation angle, but again the
available information is inadequate. (The average refraction
by the atmosphere for slant paths is not under con-
sideraion here. Not only is this rather well known and
correctable to about 1 arc second for changes in average
barometric pressure and temr.crature, but appropriate star
sightings can provide automatic correction.) The overall
situation has been described succinctiy by Bowen:
“Unfortunately our ignorance of quantitative seeing is very
profound.”

A good review of seeing is given by Meinel.®! Data are
reported for a variety of observations in good astronomical
locations. A representative value for seeing disc diameter
seems to be about 7 microradians (1-1/2 seconds). All the
data, howeve;, appear to involve an integration time of the
order of .1 second or less. Meinel has indicated’® that, at
observatories, seeing of about 7 to 10 microradians usually
is maintained for extended periods. However, there are
cccasional periods of very bad seeing, such as when a cold
front passes. Seeing then can “blow up” to 100 micro-
radians. S. Vasilevskis has commented that, when the
temperature has dropped at Lick Observatory. the seeing is
so bad that there is no use in attempting to avoid thermal
distortions of the mirror.** The total meandering of a star
image on an ordinary night has been observed at Bell
Telephone Laboratories (an ordinary location in New
Jersey), and an overall uncertainty in angle of arrival of
about 140 microradians was found.”! Various observers
have found that laser beams, propagated over short (a few
hundred feet or more) horizontal paths near the ground.
diverge because of atmospheric refraction typically by 50
to 100 microradians.

It is true that the location for a ground station would
be selected with great care to avoid the wcrst conditions of
random atmospheric refraction. But it is also true that
selection would be constrained by probability of cloud
cover, that a large number of stations around the world
would be needed for sufficient diversity, and that selecting
even a conventional observatory site is now not a simple
matter for astronomers.®’ Mountain top locations, which
are best at night, might be bad in the day. Air heated by the
mountainside in the daytime results in strong -ertical
convection at the top. To make matters even worse, this
tends to result in daytime formation of clouds above the
mountains, If the daytime seeing problem is caused laigely
by rising air which has been heated by the ground, then
good daytime locations might be over water. Water in a lake
has a large effective thermal mass, owing both to the large
depth of absorption and to convection. Thus the diurnal
variation in the surface temperature of water is much




smaller than that of land, and the effect on the air over the
water should be correspondingly reduced. Possible locations
would be on small, flat islands or peninsulas, or, perhaps
better still, on man-made platforms elevated well above the
water on stilts.

The astronomers who study the fine structure of the
Sun, such as sunspots, have a similar site requirement for
best daytime resolution. According to Becker’? there is a
belief among sunspot astronomers that a large body of
water adjoining the site is helpful. Becker reports’? that
the quality of daytime seeing is dependent on location. At
Sacramento Peak, 3 arc seconds is representative, with 10
arc seconds being the worst condition. However, at a site
used by Becker in Australia, the worst condition was 20 arc

seconds.
It is concluded that it is urrealistic to use values

ordinarily cited for astronomical resolution for the asscss-
ment of the adequate width of an Earth beacon. Not
enough is known about how severe random refraction
might be, and the spacecraft must be illuminated by a
certain power density with very high probability, day or
night. Known worst conditions indicate that the beacon
width probably should be 50 to 100 microradians or
perhaps more. However, it is possible that the right station
in the right location (perhaps elevated over water) would
give better overall seeing. This is an area that very much
needs attention, and a funded study is recommended.

4.2 Pointing on a Beacon Reference

Once one end of the communication link has been
illuminated by a beacon at the other end, then the
technology of accurate pointing changes in kind and
degree. More accurate pointing is then accomplished 1n a
far simpler way. If a common-optics transmitter-receiver is
used, then pointing the transmitted beam is only a matter
of tracking the beacon by the receiver. That is, there is no
reason why pointing accuracy cannot be made as good as
the accuracy with which an optical system can track a star.
As discussed above, this accuracy is a fraction of the
diffraction limit of the aperture of the telescope. This is
true provided only that the received signal is strong enough
to give good statistics in the tracking system.

‘emonstration that this can be done was provided in
the laboratory at the Perkin-Elmer Corporation.®®:5% A
tracking accuracy of about 0.5 microradian was obtained
with a 40-cm primary mirror. This aniounts to about 1/8
of the full (null-to-null) beamwidth of such an aperture. (Full
details of this work are available in Perkin-Elmer reports to
NASA.58) So far, this has been done with very strong
beacons (the full beam from a laboratory laser), but the
plan is to develop the system at progressively lower signal
levels.

Additional directly relevant experience was obtained
with Stratoscope 11. Its tre. king system can, in the main, be
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used in optical communications telescopes. Stratoscope Il
was lifted by balloon to about 80,000 ft and there the
entire 2-1/2 ton telescope body pointed to a star with an
accuracy of about 5§ microradians. This amcunted to coarse
pointing — the equivalent of stabilization of a platform in
space. (It is interesting that this agrees so well with the
laboratory work on platform stabilization at NASA/
Ames.)®7:%% In the successful flights, the transfer-lens
system for fine pointing was not incorporated. However,
this system has been simulated in the laboratory,” and it
seems. - that this subsystem will enable Stratoscope 11 to
track stars to within 0.1 microradian®4 (which is about
1/10 the Stratoscope II beamwidth).

This success with Stratoscope II rests on some
reasonably well-defined technical conditions. It will be
instructive to examine these. Tracking on a star or optical
beacon requires that the received photon flux be large
enough to give good statistics within the period of the
highest frequency disturbance which has sufficient ampli-
tude to misalign the optical axis of the tracking system.
Since pointing must be maintained to within, say, 1/10 of
the beamwidth, then disturbances causing misalignments of
0.1 microradian would be objectionable in a l-meter
(microradian) system. The most difficult point to assess is
the level and spectrum of mechanical disturbances to be
expected in the spacecraft, but Stratoscope Il offers some
guidance.

Strstoscope 11 employed a mercury-float for an
azimuth bearing and flexure bearings for the fine elevation
and roll bearings, The flexure bearings had a maximum
excursion of *5 degrees: beyond that, ball bearings pro-
vided larger rotations. Restoring torques between support-
ing frame and telescope body were provided by magnetic
torque motors. Thus, while the telescope was actually
tracking, there was no mechanical motion whatever except
for rotation of the mercury float and bending of the flexure
bearings. The forces guiding the telescope were provided
magnetically. Schwarzschild*4 pointed out that, for track-
ing faint stars, it is essential that there be no moving parts
of the ordinary sort in the vehicle. This specifically
excludes inertial wheels, gas jets and valves, ball bearings,
and gears. Thus, for example, the only acceptable bearings
are flexure bearings.

Information regarding the minimum photon flux can
be obtained from the weakest star which could be tracked
with such a system. This was a ninth magnitude star, and
tracking was limited by the presence of significant mech-
anical disturbances up to a frequency of about 10 cycles. In
the Stratoscope situation, the background light and
detector dark current were not dominating noise sources;
the important noise was quantum noise of the star, or
signal, photons. The detectors were RCA 7265 photo-
multipliers, having an S20 photocathode. This photo-
cathode has an average quantum efficiency of about 0.1
over about a 2100 A range. The overall optical loss was




about 10 dB. Therefore. the rate of detected photo-
electrons was about 10° per second, or 10* per cycle of 10
cycle disturbance. The important point to retain is that,
were there conventional moving parts in the telescope, then
the photoelectron rate would have had to be much higher
than 10° per second.

It is difficult to project this system directly to the
spacecraft situation, and especially to cstimate the ampli-
tude and spectrum of disturbances. However, some general
observations can bc made. The communications telescope
should be designed so that while it is tracking (or
communicating) there are no parts in motion other than
small elements, such as a transfer lens, mounted on flexure
bearings. Since the main vehicle must have conventional
attitude-contr ol devices, such as control moment gyros and
gas jets, the telescope must be decoupled from the main
vehicle through a soft gimballing or the like. It can be
argued that the environment of dcep space is mechanically
more benign than that of a balloon slowly swinging in the
upper atmosphere. However, the main vehicle of the
spacecraft would provide an environment which may well
be mechanically much noisier than that of a passive
balloon. Despite mechanical decoupling, it will be very
difficult to keep low-frequency disturbances out of the
communications telescope. Laboratory work with sensitive
insiruments shows that isolation of large disturbances
below about 10 cycles is quite difficult. It may be, then,
that the beacon strength would need to be large enough to
allow tracking in the presence of a significant amplitude of
disturba~ces up to 10 cycles in frequency.

It i apparent that knowledge in this area is very
inadequate and that careful measurements are needed. It is
recommended that the type of communications telescope
that was developed by Perkin-Elmer be placed on a
platform which can simulate the space vehicle, such as the
facilities at NASA/Ames, and acquisition and tracking
studies be performed. The laser beacon should be reduced
in intensity to the signal level expected in deep space. By
means of a beamsplitter, background optical noise should
be superimposed on the beacon to simulate the presence of
Earthshine. Finally, the noise sources expected on the
spacecraft (control mement gyros, gas jets, and any motors,
gears, and bearings) should be operated, and the decoupling
which the telescope then requires should be studied.

4.3 Pointing Offset

Due to large relative velocities between Earth and
spacecraft, it is necessary to offset the axis of the
transmitted beam with respect to the axis of the tracked
beacon because of velocity aberration. This is a serious
matter because the offset can be orders of magnitude larger
than the beamwidth itself. The relative velocity normal to
the line of sight can be as large as approximately the Earth’s
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orbital velocity around the Sun, which is 10™%, where c is
the velocity of light. Since

O0ttem =2

where V,, is relative velocity normal to the line of sight,
then O ¢¢,,, can be approximately as large as 2 x 107 rad,
or 200 microradians. This is 200 times a beamwidth of one
microradian (still taking the “worst case” of visible light
and a 1-meter aperture), or 2000 times the allowed error in
pointing.

Whether a correct pointing offset can be executed
depends on whether tracking information yields sufficiently
accurate values for V,, and on whether an optical device can
be developed to generate the offset with sufficient
accuracy. Chapter 6, Section 1 shows that after about 75
days of tracking, the velocity of the spacecraft can be
known within about 0.002 ft/sec. Therefore the error in the
value for pointing offset is only about
2x2x10%10%=4 x 10712 radian, or 4 x 107 micro-
radian, where the velueity of light is 10° ft/sec. Since the
required accuracy is only 0.1 microradian, the information
is far more than good enough.

The means for producing the offset is somewhat more
difficult. I1 the Perkin-Elmer communications telescope,’
thin circular wedges (a Risley prism) were rotated to vary
both magtitude ana direction of offset of the transmitted
beam orly. This type of device has the advantage of large
demultiplication of error in the rotational setting of the
disks from the error in the offset of the refracted beam. It
was demonstrated that the prisms could produce, by
remote control, an offset which was accurate to 0.5
microradian. As it is, this is about five tumes poorer than is
required for offsetting a microradian beam. Moreover, this
particular device could produce a maximum offset of only
30 microradians. !n the spacecraft an offset perhaps seven
times larger would be needed. Thus wedges about seven
times thicker would be nevded, and the offset would be
seven times more sensitive to errors in the rotational setting
of the disks. There also is the fact that the offset at the
wedge is larger than the offset outside the telescope by a
factor which is the telescope magnification. In the Perkin-
Elmer system this gave 3 maximum internal offset of 10 arc
minutes, so that the equivalent unit on a spacecraft would
need a maximum internal offset of more than a degree. It is
not now clear whether this would raise subsidiary optical
problems such as aperturing or aberrations.

Finally, there is the difficulty that this offset system
requires noisy moving parts. The disks are driven by gear
trains and servo motors. As discussed above (Section 1.2),
they should be excluded from a system designed to track
on weak beacons. The presence of such mechanical dis-
turbances would increase the necessary beacon power
greatly, and already the beacon power requirement is severe
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(Chapter 4, Section 4). A possible alternative, which should
be given close attention, is to offset by a pair of crossed
electro-optical prisms. The refraction produced in two
orthogonal directions then would be varied simply by
varying the strength of the electric field applied between
the paraliel faces of the prisms. Using LiTa0; in the prism
and a prism angle of 35 degrees, a deflection of 100
microradians could be produced by an electric field of 3000
volis/cm. Previous work has been performed at Bell
Telephone Laboratories and elsewhere on siigle prism
devices of this tygc, but so far little has been done with
two-prism, two-dimensional deflectors. There are diffi-
culties not yet resolved with such devices, for examrle,
changes in optical beam polarization due to deflector
birefringence, but the prism system remains a possible
solution to the very objectionable noise in mechanically
operated beam deflectors. Appropriate device development
is recommended.

4.4 Pointing Error

As was seen above, there are important uncertainties in
tne pointing of the spacecraft transmitted beam. It is by no
means certain that all of the necessary technology can be
developed for pointing with the necessary accuracy —
especially for generating the correct offset. Moreover,
there is the possibility of the steady development of
systematic errors, equipment malfunction, etc. It is neces-
sary to raise the question of what must be done if the Earth
station fails to receive the spacecraft beam, even though it
should, or if the Earth station receives the signal, but it
becomes steadily weaker. That is, it seems appropriate to
plan to incorporate a method for generating a pointing
error for the spacecraft beam, provided this can be
accomplished without an excessive penaity in on-board
complexity and weight.

Several methods can be used for measuring the
spacecraft beam pointing error. One is an array of
secondary receivers surrounding each Earth station. In
principle, the amount of error could be determined by
comparing the signals received at the elements of the array.
There are several disadvantages to such a system. First, if
the Earth stations are on the ground, this arrangement
would greatly increase the already large number of stations
needed for diversity. Even at that, the system could operate
only in the acquired condition, when the signal is received
but the beam is not centered on the station. When the error
is large and the beam is not acquired, no information on
pointing error can be obtained. Finally, if the stations are
on the ground, local atmospheric conditions will cause
signal fading peculia. to the various secondary receivers,
and spurious pointing errors will result. If it is placed in
synchronous orbit, the array can be only one-dimensional,
and errors vut of the equatorial plane cannot be resd.
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Another possible method would be to structure the
spacecraft beam. The wings of the bexm, for example,
could be coded according to quadrant. In some respects this
is an improvement over the receiver array method, but
scme optical complexity must be added to the spacecraft.
The principal shortcoming, however, is that again there is
no error information when the beam is not acquired by the
Earth station.

A method which would function in both the acquired
and not-acquired modes is scanning of the spacecraft beam,
In the acquired condition, the beani could be scanned, for
example, in a square pattern, with each corner or each side
of the square coded. Scan amplitude would be only a
fraction of the beam radius so that when there is a pointing
error the modulation of the received sisnal would be no
more than, say, 20 percent of the on-axis intensity. When
pointing is correct, there weculd be small modulation (at the
fourth harmonic), and the signal would be slightly less than
the on-axis maximum. When the signal has not yet been
acquired or has been lost, this same system could be used,
where now the beam diameter and scan amplitude would
merely be increased until, using long integration times. the
signal is reacquired. (This scheme is elaborated on in Chapter
4, Section 3.3, and in Appendix 5.)

Another important advant.ge of the scan technique is
that little complexity needs to be added either to the
ground station or to the spacecraft. Indeed, the spacecraft
communications telescope already incorporates the op'ics
needed to generate such a scan: the prism system (Ri.. vy,
electro-optic, or otherwise) required for pointing fcet.
The scan would be executed about the pointing of'setasa
mean position. (If the scanning cperates steadily, as here
proposed, it militates ali the more for a nonmechanical
pointing-offset device.) It would seem that only the
spacecrali circuitry would nied to be augmented for
addition of the scan capability.

The frequency of scan must be chosen with care
because of atmospheric effects. Random atmospheric
refraction causes an amplitude modulation of star bright-
pess. This is most severe with small apertures (producing
twinkling to the eye), but even for large apertures it would
impose noise for all frequencies within the characteristic
spectrum of the fluctuations. Many cbservations have been
made on the spectra of star scintillations (for example. see
Meinel’s article on seeing)®® and on the fluctuations in the
reccived signal when laser beams are propagated through
the atmosphere. In all cases the widths of the spectra are of
the order of hundreds of cycles. The greatest range of
spectral width, at 0.63 micron wavelength, was reported by
Subramanian and Collinson,”* who found that spectral
width is dominated by atmospheric conditions. Those
measurements are summarized in Figure 82. The broadest
spectrum, measured during a rain squall, was about 1000
Hz wide. It appears, thercfore, that a scan frequency
somewhat higher than 1000 Hz would be 3 good choice
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Figure 82. Modulation power spectrum, P(f) vs. f, induced by atmospheric
turbulence on a 0.63 micron laser beam (P(f) = constant ¢ ™! where «
is a constant dependent on weather conditions)
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in the acquired condition. Atmospheiic modulation should
not then be significant. In the not-acquired condition,
larger beams and lower data rates probably would require
much slower scan rates.

If it is possible to develop a suitable pointing-offset
subsystem, then it appears feasible and appropriate to
design the supplementary pointing-error correction system.
A large gain in communication reliability can be obtained in
this way at relatively small cost in complexity.

5. RECEIVING OPTICS

For the purpose of this study, receiving optics differ
according to whether they :-e suitable for coherent
reception or simply are collectors of optical power and can
be used for incoherent reception only.

5.1 Coherent Receiving Optics

For a receiver to qualify as coherent, it should be, from
an optical viewpoint, diffractiondimited. This implies sim-

¢ ply that an optical wave which is spatially coherent will

pass thrugh the rece” 2r "without significant distortion of
the wavefront. Such a wave will show a divergence in the
far field limited only by diffraction, and the optical system
which transmitted it is then diffraction-limited. The detec-
tion system of the receiver can then make use of the
interference effects which plane waves will allow. The
effective area of coherent receivers can be increased by
using arrays of collectors, each smaller than the coherence
area, and combining the outputs coherently (see Chapter 5,
Section 5.3 for a brief discussion).

To be diffraction-limited is a stringent requirement for
large-diameter optics. Such surfaces are difficuit to generate
and very difficult to maintain. Thermal effects and gravity
are extremely serious perturbations, and most investigations
of optical communications have not tended to give due
weight to these difficulties.

As in Section 3, the condition of the primary mirror is
the main consideration. The primary must have an rms
deviation from the correct shape (usually a paraboloid) not
more than 1/50 wavelength of the radiation used. As
discussed earlier, large telescopes are not this good for
visible light, but most of them are good for a wavelength of
10.6 microns (or are close to such a figure). This is the case,
for example, for the 84 inch mirror on Kitt Peak®* and the
200 inch Hale at Palomar.”® Also, as discussed above, tech-
nology has now been developed to produce mirrors which
have 1/50 wave surfaces in the visible for sizes up to a 36
inch diameter (Stratoscope II).

The cost of telescopes is discussed in Section 3.1, and
the data are summarized in Figure 81. The cost of a
communication receiver should not differ much from these
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values since they already include dome and mount. Perkin-
Elmer has performed a cost study’® for a 120 inch receiver
(diffraction limited at 10.6 microns). Their $4 million
figure fits the other data in Figure 81 well.

The most serious and most ignored problem for a large
Earth-based optical receiver is that of thermal perturba-
tions. Bowen’s statement*?® that large telescope mirrors lit-
erally take a week or two to get pack into equilibrium after
a cold front passes bears repetition. Since the problem then
is a difference in cooling rate from the different sides of the
mirror, the practice (with the 200 inch) is to start 12 fans
circulating air rapidly through the support structure in the
hope that the structure will change about halfway to the
new ambient temperawure in an hour or two. One Hartmann
test showed that a § degree drop in temperature caused the
outer 25 to 35 cm of the mirror to curl back by 0.3 arc sec-
onds, sausing an image spread of 1.5 arc seconds.** This is
very serious for astronomical purposes, since the mirror fig-
ure is then five times worse than it should be. It would also
be very serious for coherent optical communications at 10
microns. since such a thermally deformed surface is far
from diffraction-limited at 10 microns. :

Various measures are taken by the astronomers. In
addition to using fans, insulation such as bags filled with
aluminum foil is added to the edges and back of the mirror.
It is clear that the mirror must be quartz. but even this is by
no means sufficient. The astronomers make it quite plain
that thermal distortion is an unresolved problem®?® even

, under night-time observatory conditions.

The environment for ground-based optical communica-
tion receivers is far more severe and far more uncertain,
since operation is required during the day as well. Observa-
tories obtain their good seeing and (normally) uniform
thermal environment by working at night on high ground.
The ground is colder than the air at night, and the chilled,
mixing air drains off downslope. By erecting a suitable
building and elevating the telescope well above this turbu-
lent, mixing region, a quite uniform environment is
obtained for the telescope. In the day, however, the warmer
ground causes an updraft and mixing air steadily rises
around the telescope dome. The telescope then is also
exposed to a heavy thermal load produced by thermal
radiation from the sky and scattered sunlight. The most
sanguine extrapolation from nighttime experience suggests
that the thermal distortions of the mirror will be very great
during the day. How great is not now clear, but it is equally
unclear whether coherent (i.e., diffraction-limited) recep-
tion at 10.6 microns will be technically feasible at all. To
make matters even worse, the diurnal variation in this
thermal load must be contended with. The most serious
condition is when outside temperature changes rapidly,
particularly when 1. drops. Yet, for much of a typical
mission, it would be necessary to open the dome and start
*“observing” just before sunset and on into darkness — a
thermal environment which changes profoundly in hours.




Note in particular the mission displayed in Figure 134,
Chapter 6. At encounter with Mars (when the wide-band
link would be most needed), the Earth station must operate
at just this time — before sunset and into nighttime.
Telescope protection of the type now used for observa-
tories almost goes without saying. A dome which opens to a

limited part of the sky is needed not only in an attempt to
control the thermal environment but also to protect the

telescope against dirt and wind. The dome and telescope
should have independent foundations. Air-conditioning of
large capacity and versatility would be needed in a further
effort to match the dome conditions to outside conditions,
although it remains uncertain that thermal "degradation
could be eliminated. Another serious thermal load is the
dissipation from the communications equipment, and
especially from the laser beacon if the receiver is to be a
common-optics transmitter as well. With the efficiencies
and output powers sometimes contemplated, tens or even
hundreds of kilowatts might have to be removed.

Another problem, less serious but still requiring atten-
tion, is variation in gravity distortions when the optics are
pointed in different directions. This influences the nature
of the mount for the whole telescope as well as the nature
of the primary mirror mount in the telescope. Most
astronomical telescopes have equatorial mounts in which
one rotation axis is made parallel to the Earth’s axis of
rotation, and the other axis is perpendicular. Rotation
about the polar axis alone then keeps the optical axis
pointed approximately at the stars. However, in all its
varieties, the equatorial mount involves a relatively large
mass (including the hardware which produces the polar
rotation) whose gravity loading changes with rotation. A
preferred choice would be the type more common in radio
telescopes: an elevation bearing held in a vertical yoke
which itself turns in an azimuth bearing. With this
arrangement, rotation of the aximuth bearing generates no
change in gravity deflections. This was described in some
detail in the study on a 120 inch receiver.®

Proper mounting of the primary mirror is a massive
mechanical problem. The 200 inch Hale telescope has an
intricate system of 36 counterweights. Even so, the
extensive discussion of the situation at the Tucson confer-
ence makes it apparent that gravity distortions are still a
serious problem.** For example, Bowen pointed out that
testing of the mirror is meaningless unless it is performed in
the telescope. To be sure it is properly adjusted, a large
mirror must be tested in all positions. Some new tech-
nology which should be followed closely is a pneumatic
support system for the mirror. This has a mercury-filled
neoprene tube inside the mirror cell, around the entire edge
of the mirror. When it is on edge, the mirror floats on
mercury, and, when it is reclining, it is supported by
hydrostatic air pressure. Hoag*® has shown the improve-
ment in mirror figure that can be obtained by using such a
support system.
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5.2 Incoherent Receiving Optics

5.2.1 Reflector Tolerances for Incoherent Optical
Receivers

Incoherent optical receivers (see Chapter 4, Section 7)
may employ large nondiffraction-limited collecting aper-
tures. Indeed, some studies’’ have suggested that appropri-
ately coated millimeter antennas might be used for this
purpose. It is pertinent to determine the tolerances required
on large optical collectors for use in incoherent receiving sys-
tems. See also Appendix 3, which contains a general discus-
sion of antenna tolerances. In this section, known results’®
on the behavior of lenses or mirrors with random imperfec-
tions are applied to determine the relationship. between
riirror size and “roughness” statistics, detector size, and
field of view (to background radiation) for incoherent
optical receivers.

5.2.1.1 Relation Between Geometric Imperfections
and Phase Error. Assume for definiteness that an imperfect
mirror is used as a collecting element; the corresponding
discussion for an imperfect lens would be quite similar. Let
the departure of the mirror surface from the ideal parabolic
shape be denoted by m(x’,y’) where x',y' are transverse
rectangular co-ordinates in the plane of the mirror. Then
assume the mirror distortion is a two-dimensional station-
ary Gaussian random process with isotropic statistics. The
distortion has covariance.”®

(T T S<mME + 1,y + 7)) m(x5y) > =

2 (14)
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+
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The corresponding spectral density is
Bm (fy, fy) =Pn(0= 21r_f0 gm(f)Jo(21rf1)rdr,

f= Vi? +1,?

with a similar inverse relationship. A complete description
of the statistics of the geometric imperfections of the
mirror is now given by specifying either the spectral density
P, (D or equivalently the covariance ¢, (7).

(15)

The results in Reference 80 are stated in terms of the
statistics not of the geometric imperfections m of the
reflector, but rather of the phase deviations y of the
reflected wave (just in front of the mirror) from the
phase-front for an ideal mirror. Consequently, the phase
statistics must be related to the geometric statistics, i.e.,
Py(f) of Reference 78 must be determined in terms of
P, (f) above.
~" 1If m(x',y') varies slowly compared to the free-space
wavelength A, this relationship is easily established by using
a geometric optics approximation. A typical ray striking the




mirror atx’,y’ travels an extra distance 2m(x’, y) suffering
an additional phase shift

YXy)~ T miy) )
Therefore .

2= (i;'r) P () an
subject to the restriction that

Pa(D)~0,> const. (18)

where const. is smaller than 1.

Furthermore, in the analysis of Reference 77 any
components of y having spatial fiequencies f > 1/ are not
propagated to the focal plane, but result in only local fields
in the immediate vicinity (~\) of the mirror, similar to the
evanescent fields present in cut-off waveguides or in total
internal reflection. Therefore, if Px(f) had significant
components for f2 1/, they should be dropped before
using the formulas of Reference 76, i.e.,

1
P®, 1<y

P ()= '
~T(A) 19
o ,f>4 (19)
A
. and the corresponding modified covariance’®
@, 7)=¢.,(7) ® A, (7
~7(}\)( ) ~7( ) A( ) (20)
where?
27
apel NGO
)= —
A A? 7 @1
T

and @ represents the two-dimensional convolution ppera-
tor, should be used in the statistical analysis of
Reference 78.

By using Equations (17) and (18), it is easy to compute
Px(f) from P (f) for f smaller than 1/), and the value of
Px(f) for £> 1/ is irrelevant. In the region of f~ 1/\ an
accurate calculation appears difficult. (Furthermore, the
small-angle approximations of Refererce 78 will limit the
accuracy of the results far from the axis of the optical
system, corresponding to this region.) Consequently, it is
assumed:

4.2 1

LU MONES

P, 0= 1
0 , f>i (22)
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in the following work. From Equation (20) the covariance
of the phase deviations will consequently be
4n 2
Y= (D gn@ © AW (23)
where A)(7) is given by Equation (21) arfd is discussed in
Appendix B of Reference 78.

A precise investigation of the accuracy of this assump-
tion appears difficult. It is known from the work of S.0.
Rice’ that this assumption is not strictly true; in
particular, he points out that if the surface distortion is the
sum of two sine waves of wavelengths less than X, there will
be scattering even though neither of the two would yield
any scattering if it were present alone. For the case
considered by Rice; i.e., rms deviation <A and rms slope
<€ 1, it would be possible to investigate the error introduced
by the assumption of Equation (22) in detail. Furthermore,
this is an interesting case corresponding to a good mirror or
antenna. However, other cases not covered by Rice’s
analysis will also be of interest here. Such an investigation
will not be undertaken here; it will be assumed on intuitive
grounds that Equations (22) and (23) give useful results,
This question does not appear to have been considered in
any of the standard treatments of random imperfections in
antennas, lenses, or mirrors.

5.2.1.2 Statistical Model of the Reflector. A great
variety of mirror distortion spectra P, (f) is possible,
depending on the size, construction, and method of
manufacture. The choice of P (f) here will be directed
tow .rd the possibility of the use of a good millimeter wave
antenna at optical frequencies. It is further assumed that
the reflector surface is of good optical quality, i.e.,
mirror-like as for a searchlight reflector rather than a matte
finish, e.g., dull aluminum. Although the reflector is
assumed to be good at millimeter-wave frequencies, it will
be assumed that it is poor at optical frequencies; i.e., the
reflector is not diffraction-limited at optical frequencies, as
a good telescope mirror would be. Even within these
restrictions a wide choice of roughness spactra P (f) is
admissible, and two examples will be chosen as representa-
tive although others are clearly possible.
Gaussian Covariance. The first example assumes a
Gaussian covariance and spectral density:

,‘fm (T) =M? e-(CT)z (24)
where M =rms deviation of the mirror surface from the

ideal paraboloid,

1
ree correlation length of mirror distortion. (25)
The corresponding spectral density is
2
r &
Ba()=M? Ze @ 26)




A related quantity of interest is the rms gradient of the
random surface m(x',y"), denoted by M'; for the Gaussian
case [Equations (24) to (26)]

M= <I1Vmi?>=2M 27
Two assumptions are made in this case: (1) The mirror is a
good antenna at A =1 mm = 10" meter but a poor antenna
at A= 1 micron = 10™® meter. (2) The spectral density of the
mirror distortion has fallen off to essentially zero at f = 1/A
forA=1mm = 10" meter.

The first assumption requires

107 €M <€ 1073 meter (28)

0 tha.

Bx 1075 <M<%x 10" meter (29)

A reasonable millimeter-wave antenna will probably have M
closer to the upper limit of Equation (29) than to the
lower, so that

M~ % x 107% meter

(30)
in the following.
The second assumption yields
1 _
Ac< 1, ?> A for A=10"2 meter G1)
consequently, \
1 -3
-c— > 107° meter (32

stating that the correlation length is greater than 1 mm,
This condition [Equation (32)] insures that truncating
Po(D) of Equation (25) at f=1/A for A=1mm= 10"
meter will reduce the mean square mirror distortion M? by
less than 0.0054 percent, and reduce its mean square
gradient M'2 by less than 0.058 percent; these numbers
correspond to the minimum correlation length
1/c= 1 mm= 103 meter, and will decrease rapidly as the
correlation length increases. The corresponding reductions
would of course be far smaller for A=1 micron = 10°¢
meter. Consequently the resulting modification in the form
of ¢,,(r), represented by the operation of Equation (23),
may be neglected for small 7, which proves useful in
subsequent applications of the results of Reference 78 both
for millimeter-wave and for optical frequencies. Equations
(31) and (32) and (29) and (30) when substituted in
Equation (27) further guarantee that the rms gradient of
the mirror surface is less than 0.2.
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The mirror distortion spectrum of Equations (24) to
(27), subject to the assumptions of Equations (28) to (32),
yields a roughness spectral density that falls off so rapidly
with increasing spatial frequency f that the surface is
essentially perfect on an optical scale, i.e., has practically
no roughness at optical dimensions (due-to scratches,
grinding, and polish). To see this, the rms surface roughness
of a small circular portion of mirror of diameter d will be
computed. Measuring about the average surface distortion
of this portion effectively throws away low-frequency
distortion components (with wavelengths longer than d).
Denoting this rms roughness by m4) and substituting the
value of Equation (30) into Equation (26) produce

wf\2
my? =2 ), P (E)fdf=2n" M2 L c) g
1fg~m 1/d c2
_(E?
1007 e =10 (33)

Thus, for a portion of mirror 100 microns = 10°* meter in
diameter, taking the minimum value of the correlation
length 1/c [Equation (32)] yields

mz(l0-4)<% x 1078 ¢ ~(10M2 o 3 jgra3s

(34)
M) -4y <% x 1072'® meter =% x 1072'? micron

A similar calculation for a circular portion of the mirror 1
mm in diameter yields

M y0-3) < 0.36 micron (35)

These results decrease rapidly as the correlation length 1/c
increases .beyond its minimum value of 1 mm. The
following table shows the diameter of a section of mirror
which will be essentially diffraction-limited at A = 1 micron,
for a few correlation lengths:

M = 0.05 mm, rms total surface roughness
m(d) = 0.05 micron

lcm 10 cm

1 0.lecm
[+

d 0.085 cm 0.85cm

On intuitive grounds alone, it can be assumed that the
correlation length 1/c is of the order of a few centimeters.
As noted above, the value of 1/c [and, more fundamentally,
whether the Gaussian covariance and spectrum of Equa-
tions (24) to (26) are even appropriate] depend on the
details of construction and manufacture, which are not
considered here. The correlation length 1/c is consequently
regarded as a parameter in the final results, within the range
specified above, without further justification. Correlation
functions of the form of Equation (24) have been used in

8.5cm
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the theory of random antennas®® and in the theory of

propagation through a random medium.®?

While the above model provides one interesting case,
the great surface accuracy assumed at optical dimensions
makes it appear somewhat unrealistic. Therefore, the
following alternative model will be considered.

Exponential Covariance. As a second example,
assume an exponential covariance

#m = M? eA—cl 7l G6)
with corresponding spectral density
2n/c®

(37

= M2
Bm(f) M [1 (2171') z] 3,
+ —
Cc

This form of covariance has also been used in the theory of
propagation through random media.”® M and ¢ again have
the physical interpretation of Equation (25). The total
spectral content in the vicinity of spatial frequency f [here
defined as P (f) integrated over the elemental area 2nfdf]
falls off as 1/f% for the spectrum of Equation (37) [see the
first relation of Equation (33)]. Thus the rms surface
deviation is, in this sense, proportional to the (spatial)
wavelength of the corresponding component of mirror
distortion; this might appear physically plausible. The
high spatial-frequency content of Equation (37) is clearly
far greater than that of Equation (26). The rms gradient in
this case is infinite, since the random surfaces are non-
differentiable.”® Making similar assumptions to those for
Gaussian covariance [following Equation (27)], the condi-
tions of Equations (29) to (32) are again required to apply
in the present case (exponential covariance). Equation
(32) insures that truncating P (f) of Equaiion (37) at
f=1/\ for A\=1mm= 103 meter will reduce the mean
square mirror distortion by less than 1.57 percent, corre-
sponding to the minimum correlation length 1/c =1 mm.
This number again decreases as 1/c increases and is much
smaller at optical frequencies, A = 1 micron = 10°® meter.
However, truncating Equation (37) reduces the mean
square gradient M' from = to some finite value; thus the
cusp at the origin in the covariance of Equation (36) is
removed by the operation of Equation (23). Further study
is necessary to determine if the modification in behavior for
small 7 may or may not be neglected in subsequent work.

The mirror distortion for exponential covariance
[Equations (36) and (37) and the condition of Equations
(29) to (31)] has significant roughness at optical dimen-
sions, in contrast to the case of Gaussian covariance
considered above. To illustrate this as in the Gaussian case
above, Equation (37) is used to compute the rms surface

131

roughness of a small circular portion of diameter d,
measured about the average surface distortion of the
portion:

M Bhx1074-

o . ) Ya
2 2 (] 2— 2] /A (38)
[H(c—d)] [H(cd)]

whereas in Equation (33) the value of M given by Equation
(30) was used. By the restriction of Equation (19), ¢ < 10°
meters ', considering only circular portions of diameter
d <2 mm, then (27/cd)* >9.86, and Equation (38) may

be approximated by
2 2
, (-") >1 (39)
cd

m,,, ~%x10* \/;9
(@ 2n

Consider circular portions of mirror 10 microns in diam-
eter. For a correlation length 1/c = 1 mm,

Mmg-s) = 2.0 microns (40)

forl/c=1m,

mo-s)= 0.63 micron

41)

The v.irror tolerance at optical dimensions is clearly
significant here, and may be varied from quite poor to quite
good by changing the correlation length 1/c over the range
of 1 mm to several cm. Again on intuitive grounds alone it
might be assumed that the correlation length 1/c lies in the
range of a few centimeters. However, it will appear below
that the model of Equations (36) to (37) predicts optical
behavior far worse than indicated by common experience
for a well-polished reflector, e.g., a searchlight reflector.
Rather, this model seems appropriate for a poorly polished
aluminum reflector that is good for millimeter waves, but is
so rough optically that it yields a very diffuse spot at
optical frequencies.

5.2.1.3 Focal-Plane Field -- Gaussian Covariance. The
mean-square value of the (unnormalized) focal-plane field
for an incident field consisting of an ideal plane wave of
unit intensity is®°

1

< |wi>=
(\F)?

&GP (42)

whers r is the radius from the axis measured in the focal
plane, A the free-space wavelength, and F the focal length
of the mirror.




R

S

The function & is given for the millimeter region (small
rms phase error) by’®

2 f.
- ﬂ) 4n? aM)’ _('_f‘_:_)z
e
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2
(ﬂ) <1 , a<l<
A [

(43)
In Equation (43), A(f) is the Airy disc function,
J, (2nfa)
= a2
A(f)=m nfa (44)

The first term of Equation (43) corresponds to the
average field in the focal plane. For a perfect mirror, M= 0,
the second term goes to zero and the first term represents
the power in the usual diffraction pattern at the focal plane
for an incident plane wave. As the mirror becomes worse
and M increases, or alternately as the frequency increases
and X decreases, the contribution of the first term decreases
and that of the second term increases; however, the
approximation of Equation (43) fails before a very large
fraction of power resides in the second term. Thus a
different approximation is required for the optical region.

For the optical region (large phase error), the function
& is given by

4nM .o 2 _(My
&= 7 axg+ (4%) o
MY <! <™,
x) e x)“ 43)

The first term of Equation (45) is identical to the first term
of Equation (43); however, here the first condition of
Equation (45) guarantees that the first term, which
represents the average focal-plane field, may be neglected.
The second condition guarantees that the small-angle
approximations, implicit in the above results, remain valid.

Equation (45) may be written in an alternative way
that is illuminating. Neglecting the first term of Equation
(45) and using Equations (42) and (27),

_a_>’ G =(_8)’ G’

MTF,

<'wl2>=(4cMF

(46)

gives the expected (unnormalized) intensity at the focal
plane, subject to the conditions in Equation (45). Equation
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(46) does not depend on X (or, equivalently, on the
frequency) of the incident plane wave. Equation (46) is
easily derived from geometric optics; the only relevant
statistical property of the random surface is its rms
gradient.

Focal-plane field - exponential covariance. For the
millimeter-wave region (small phase error), and using
Equations (22) and (37) above,

4nM.,

f(f)=e * :

2 4n?aM\ ? _
A*(f)+2 o [1 +<2ﬁ)z] 3,
c

47M\? 1
—1 €1, A<—<22
A ¢ @7

The interpretation of Equation (47) is similar to that
given above for Equation (43); their first terms are
identical. Equation (47) decreases much more slowly for
large f (corresponding to the tails of the focal-plane spot)
than does Equation (43).

In contrast to the previous case (Gaussian covariance),
the convolution of Equation (23) — which corresponds to
the truncation of the spectral density in Equation
(22) — modifies the behavior of 2.,(7) near the origin, from
cusp-like behavior to parabolic behavior.

In the optical region {large phase error),

Af
f _5’;‘—M2A2f)+)\az G
= —1 €
R()=e O+
4nM\? M2 1 47M\ ?
—}>»1,50— <—<|—
( ?\) Ao ( ’\)
2 A 2
mat 1 (L) ) (48)
A c A
where
) 2mc ,
M=M VY~ ™>M 49

and A(f) is again given by Equation (44). The first term is
negligible, and the second yields, via Equation (42), the
identical result to the righthand member of Equation (46);
this is again the geometric-optics approximation.

The first condition in Equation (48) again requires
large phase errors; the second combines the small-angle
approximation and the 3-function approximation in evalu-
ating the convolution of Equation (35) of Reference 78,
and the final condition is associated with the parabolic
approximation.

For M given by Equation (30) and for A = 1 micron,
the correlation length must be less than 8 c¢cm for the
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parabolic approximation to hc'd. while the same quantity
must be greater than 12.5 cm tor the small angle approxi-
mations to be valid. While strictly speaking there is no
overlapping region. assume for

1
-=0.1 meters= 10 cm (50)
c

that Equation (48) gives a useful approximation. For
smaller correlation lengths 1/c the mirror becomes so poor
that the small-angle approximations fail (and the mirror
ceases to be of interest). Much larger correlation lengths do
not appear to be of interest here, on intuitive grounds; if
they were, the problem could be treated but the parabolic
approximation would fail.

5.2.1.4 Numerical Example — Gaussian Covariance
3
Pm(1) =M?e (er) [Equation (24)]

M=0.5x10* meters, rms total surface roughness
{Equation (30)]

2a = 10 meters, mirror diameter

F = 10 meters, focal length (i.e., assume an f/1 mirror)

Focal-Plane Field at \ = 1 mm = 16°* Meters

<Llwli?>= {0.674A2

1
(1073F)? 1073F

1 \
3.89 (%)2 e \c 10°3F
103 < % < 2a = 10 meters (51)

The first term of Equation (51) is the diffraction pattern of
an ideal antenna [Equation (47)], reduced in total power
to 67 percent by the imperfections; the second term
represents the power scattered by the imperfections, here
39 percent of the total. (These two numbers do not add up
to 100 percent because of the inaccuracy in the small phase
error  approximation. The rmms phase error here is
I'=2nx 1/10 radians =36 degrees, which is significant
compared to 2n radians = 360 degrees.) The angular half-
widths of the focal-plane spots of the two components are

roughly:

(%) . = 12X 107* radian [average component — first

term of Equation (51)] (52)*

*Spot radius of the average component is defined quite arbitrarily at
the first zero of the Airy function A(f) [Equation (45}]. Spot
radius of the random component is defined such that 98 percent of
the total power is included. For Gaussian spots, as in the present
case, halving the radius will reduce the power to 63 percent of the
total.

In view of the restriction on ¢ [Equation (51)],

10¢ < (l) <1
F random (53)

For sufficiently small correlation length, 1/¢c < 5.3 meters,
the spot size of the random component will be larger than
that of the average (or coherent) component; the previous
intuitive idea that 1/c ~a few centimeters thus leads to a
random component several orders of magnitude larger in
diameter than the coherent component. In particular, for
F = 10 meters, the spot sizes become:

-:- (cm) 0.1 1 10
I,y (mm) 1.2 1.2 1.2

Trandom(M 636 0636  0.0636  (54)

Focal-Plane Field at \ = 1 Micron = 107 Meter

2

1
(w 12) = 025X107* (i)ze -(20°¢ 10 )
(10°¢F)? c
= o 1 3
= 2X 107 < c <€ 6.28 X 10° meter (55)

The angular half-width of the focal-plane spot is
approximately

= 4X10%¢ (56)

|-
e o] L]

From the restriction on ¢ [Equation (55)],

0.636 X 10°7 <T§ < 2 (57

For F = 10 meters as assumed above,

3 (em) o1 1 10
r (cm) 400 40 4

(58)

r is approximately the required radius of the optical
detector.

5.2.1.5 Numerical Example — Exponential Covariance
$m(7)=M? e<() [Equation (36)]

M=0.5x10"% meter, rms total surface roughness
[Equation (30)]

24 = 10 meters, mirror diameter

F = 10 meters, focal length (i.e., assume an f/1 mirror).
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Focal-Plane Field at A = I mm = 1072 Meter.

1 r
(lwi?y = 0.674 A* (L) +
Q0°F) ’ 10°F
a e 107%F
3.89 (c> e

10° < %( 2a = 10 meters (59)

The discussion following Equation (51) for Gaussian
covariance, up to and including Equation (57), applies to
the present case of exponential covariance also, with the
exception of the spot size for the random component,
(F")mdom' The distribution of power in the random
component differs in the two cases, falling off much more
slowly in the tails of the focal-plane spot for exponential
covariance [Equation (59)] than for Gaussian covariance
[Equation (51)]. For 98 percent of the total power
includ:d in the spot, the random component for expo-
nential covariance is 12.5 times larger than that for
Gaussian covariance [Equation (52)], for the same correla-
tion length 1/c; however, for 63 percent of the total power
included, the random component for the present case is
only 1.25 times larger.

Focal-Plane Field at \ = 1 Micron=10"% Meter.
Equation (50) restricts the discussion to a single correlation
length, 1/c = 10 cm. From Equation (49)

M =0.39 for%= 0.1 meter (60)
Then
’ -( 3 )2 L. 0.1 met
J92F -z= (),
(lwl]?)= (0792F) e \079 ' meter
(61)

The angular half-width of the focal-plane spot is approxi-
mately

r 1

= 1.58, S 0.1 meter 62)
Thus for F = 10 meters,

r = 15.8 meters (63)

where Equations (61) and (62) have been computed cn the
same basis as before. Clearly this mirror is very poor;
further, as the correlation length 1/c decreases it will get
much poorer still (and the analysis will fail completely).

*The effective solid angle to background radiation is given by
9 = 713/F2, independently of the reflector imperfection statistics,
where 1 is the radius of the photodetector.
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5.2.1.6 Discussion. It appears that the use of a
reflector good to millimeter-wave tolerances in an inco-
herent optical receiver will require detectors of substantial
diameter (or alternatively large arrays of small detectors
and associated amplifiers). The example of Sectxon 5.2.1.5
i$ optimistic in two respects:

1. The Gaussian covariance predicts a surface much
too smooth at optical dimensions.

2. An f/1 mirror has been assumed. (Doubling the
focal length doubles the spot size and hence the
required detector diameter.)

The requirement that the antenna be good at A=1 mm
(i.e., suffer a decrease in gain of 1.7 dB at A=1 mm)
imposes a roughness tolerance of about 2 mils rms. The
correlation length 1/c of the surface roughness is crucial;
the larger it is the better, The table of Equation (58) shows
that for 1/c = 10 cm a detector 8 cm in diameter is required
(to receive 98 percent of the incident power), while for
1/c =1 cm a detector 80 cm in diameter is required.

Thus, to achieve a detector diameter of 8 cm~ 3
inches with a 33-foot diameter f/1 mirror, its surface
tolerance must be 2 mils, the surface distortion correlation
distance exceeding 4 inches. This would seem to imply a
large area vacuum photomultiplier as a detector, with the
ccasequent restriction to the visible portion of the spec-
trum.

The above results imply a large acceptance angle for
background radiation in such a system. In the example
discussed in the preceding paragraph [Section 5.2.1.5,
Equation (58), 1/c =10 cm}, the half-angle defining the
field of view of the receiver is 4 x 10”* radians, correspond-
ing to a solid angle of 16m x 107® ~ 5 x 10°® steradian.*
For the shorter correlation lengths in Equation (58), these
angles will be correspondingly larger, with poorer noise
performance resulting (see Section 5.7).

The above results (see also Appendix 3) indicate that
optical collectors can not be buiit with millimeter toler-
ances unless the correlation length is several meters. Stated
somewhat differently, when surface errors are large com-
pared to a wavelength, then the angular field of view is
determined essentially by the rms deviation of the slope of
the surface. Assuming correlation lengths of the order of 10
cm, then the surface errors would have to be less than 2
microns to achieve a field of view of the order of 107*
radian.

5.2.2 Possibilities for an Incoherent Optical Receiver

To put the above results otherwise, average surface
slopes must be so small that the surface, when viewed by
eye, has a characteristic optical polish and will look like a
good mirror. This suggests possibilities for an incoherent
receiver which may be more fruitful then the coated
millimeter-antenna approach. In particular, solar furnaces




. concentrator

answer rather well the description of an incoherent optical
receiver. They arc designed to form an image of the sun
with sufficiently small error that the image is not signifi-
cantly larger than hat obtained with a perfect reflector
(i.c., one having negligible surface errors). Of course, the
sun subtends 32 minutes of arc at the earth, so this
requirement is rather loose for present purposes. Never-
theless, these are devices which have been built and
successfully operated, and may offer some realistic guide-
lines.

It is not useful to survey solar furnaces broadly — only
to examine the newest, largest, and best of them. The solar
furnace operated by the Army Quartermaster Corps at
Natick, Massachusetts appears to be the largest in the
United States. This has a stationary spherical *‘concen-
trator” and a movable planar reflector (or heliostat) in
order that the work at the focus can be stationary. The
comprises 180 two-foot-square concave
mitrors in a square array which is 14 mirrors on each edge.
(There is a blind spot in the center, so there is a 4 mirror by
4 mirror hole). The useful area is 720 square feet and the
focal length is 35 feet. According to Fred Penniman,3?

_ each mirror, made by the American Optical Company, is

1/4 inch thick and cost $70. Thus the total mirror cost was
$12,600. The frame cost was about $50,000, studding was

“ $10,000, and alignment cost $2,000.82 Total reflector cost
;. was therefore about $75,000. This is in agreement with the
- general approximate rule given by Daniels®® that solar

furnaces with high optical precision may cost over $100 per

© square foot. The resolution of the reflector was found by E.

. Fazio to be about 1/4 degree.®? Even at that, thermal

! expansion of the supporting structure (which has no

- enclosure) causes loss of resolution. The best mirror surface

. is aluminum, overcoated with silicon monoxide, but even

: this does not last more than a year. The mirrors are
regularly recoated and replaced.

Perhaps the most interesting solar furnace is at Tohoku

~ University, Sendai, Japan.“ This is a paraboloid with a
_ 10-meter-diameter circular aperture. The reflector is set
- back into a building, and doors enclosc it when it is not in

use. The reflector is segmented into seven concentric bands,
each containing a number of mjrror panels. The mirrors are
front-aluminized by vacuum-evaporation, but no silicon
monoxide overcoat is used, and the mirrors must be
recoated regularly. The panels were prepared individually,
each shaped to its part of the paraboloid, although all
panels in one band have the same shape. The reflector is
remarkable in that the tolerance for angular error in the
reflected rays is only 1/2 milliradian. This fumnace thus
demonstrates that an incoherent receiver can be built, at
reasonable cost, having a field or view of 1/2 milliradian.
Actual cost was not stated,®* and an inquiry regarding this
has not yet been answered.

Beyond solar furnaces, there i little definite informa-
tion regarding technical feasibility of incoherent receivers
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except for two studies. Sylvania®* is studying the design of
a paraboloid with a 10-meter-diameter aperture and a
10-meter focal length. This would have about 800 molded
epoxy mirrors each with an area of about 0.1 square meter,
The mirrors would be servo-positioned to 1/4 wave length
of visible light, and a field of view of 0.1 milliradian would
be obtained. The estimated cost of each mirror is about
$30. This is quite inexpensive considering the $70 figure for
the mirror cost of the Natick solar furnace and considering
that the mirrors for the receiver would be optically much
superior to those in the furnace. Sylvania’s estimate for
total cost of the receiver is $1 million.

Perkin-Elmer has reported®® a study of incoherent
receivers, giving some technical detail but no cost estimates.
(No study of cost as a function of size or tolerance seems to
have beem made by anyone.) Perkin-Eimer considers a
spherical primary mirror comprising many segments,
perhaps hexagonal, and a” .:2de by replication for
simplicity and low cost. A secondary package would rotate
about the center of curvature of the primary. This would
contain a secondary and a tertiary mirror for all-reflecting
optics (suitable for use at 10.6 microns). The uncorrected
primary would dispiay such spherical aberration that the
field of view would be quite large. The secondary and
tertiary mirrors would correct the spherical aberration to a
circle of confusion of 6 arc seconds. The mirrors also
provide a large effective focal length, so that the f-number
would be f/30. This is sufficiently collimated so as not to
increase the passband of narrowband interference filters.
The use of all-reflecting optics leads to a design in which
the middle third, or a little more, of the primary diameter
used is obscured by the limited acceptance of the secondary
and tertiary, although this is not inconsistent with the
precedent of the loss (or blockage) in Cassegrain-type feeds.

A field stop would provide a 20 arc second field of
view. This would be about the smallest field which would
be attainable by such a structure when all degradations are
included. If each segment had a 40 inch diameter and there
were a 0.0004 inch tilt on that diameter, the reflected rays
would have an angular error of 4 seconds. If the tilts were
randomly oriented, the initial 6 arc second circle of
confusion would grow to an overall diameter of 14 arc
seconds. When atmospheric seeing is added (especially the
relatively poor, but unknown, daytime seeing), the total
field of view would come to 20 arc seconds (100
microradians) at least.

The tolerance on mirror tilt suggested here is only one
part in 10°, This is small enough that considerable
attention would have to be paid to thermal distortions.
(Recall the sensitivity even of the Natick solar furnace with
its 1/4 degree field of view.) With ordinary materials of
construction, temperature differences of the order of a
degree would misalign this receiver. A supporting structure
of invar would be technically attractive, but, on the scale of
this structure, economically prohibitive. The receiver would




certainly have to be enclosed, and temperature uniformity
would have to be attained through rapid circulation of
conditioned air. The cost of such an enclosure would be a
major part of the total cost, and it would increase very
rapidly with the size of the receiver. This tolerance on mirror
tilt also would require regular realignment of the mirrors. If
active control of the kind proposed by Sylvania were not
used, then at least the segments would require periodic
(perhaps nightly) testing and adjustzuent.

Two types of primary structure were considered by
Perkin-Elmer. The primary would be very large and heavy,
and, to avoid turning it, one possibility is to make it a fixed
hemispherical bowl. For an aperture of 10 meters, as seen
by the secondary package at any one time, the bowl would
have a diameter of perhaps 30 meters or more. Hence, to
avoid turning the primary, a huge structure results in which
only a few percent of the total reflector would be included
in the field of the secondary at any instant. The enclosure
would be correspondingly large and expensive. The
secondary would be in an elevation-azimuth bearing, of the
type described previously for the diffractionlimited
receiver, except now turned upside down, with the azimuth
bearing hanging from a frame suspended over the bowl.

An alternative would be a primary whose shape would
be only part of a spherical zone 10 meters wide. This would
stand vertically on a very large azimuth bearing. Here the
disadvantage would be the large mass the azimuth bearing
must carry, but the great advantage is a large reduction in
necessary size of structure and enclosure. The secondary
package here would turn on an elevation bearing supported
by the same azimuth bearing.

It is impossible now to choose between these (and
perhaps other) alternatives for the type of primary struc-
ture. This would require an extensive design and tradeoff
study. However, in view of the scale of total structure
required for a fixed primary, one would hope that careful
and resourceful design of a large azimuth bearing would
permit a steerable primary at far lower cost than that for a
fixed primary.

The Perkin-Elmer study gave considerable weight to
the need for sky coverage down to the horizon and to the
resulting difficulties of design. The problems of optical
attenuation, refraction, and noise militate strongly against
small elevation angles. Since an arrzy of stations around the
world would be required in any case, it would appear likely
that lowest overall cost would result from coverage at each
station not below about 30, or perhaps 20, degrees.

6. OPTICAL FILTERS

The main purpose of a predetection optical filter is to
increase the signal-to-noise ratio of the radiation falling on
the detector. This is achieved by reducing the background
noise that is present outside the signal band by using a
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narrowband filter and at the same time minimizing self-
emission noise from the filter itself. Since the ~10° to

107 Hz signal band of a deep space optical commurnication

systemn is very small relative to the filter paisband, the only

filters of interest in the present study are narrow bandpass

types.

Optical filters with narrow bandpass are based on the
interference principle, of which there are three basic types.
They are thin film filters, Fabry-Perot filters, and birefringent
filters. The first two employ interference of direct and mul-
tiple reflected wave components. The third is based on inter-
ference of differentially retarded orthogonal polarization
components through a birefringent medium. A brief descrip-
tion of each type is given in Section 6.1. The next two
sections consider the state of the art of these filters for
visible and infrared regions. Recommendations are made in
Section 6.4.

6.1 General Principles
6.1.1 Thin-Film Interference Filter

Filters of this type consist of a set of many alternate
quarter-wave layers of high and low refractive index dielectric
films that are separated from a similar set by a half-wave
dielectric spacer. Since the dielectric films have low loss,
high transmission can be achieved at the peak of the pass-
band. If T, and T, are respectively the transmissions of the
two sets of dielectric reflectors,and R, and R, their respec-
tive reflectances at the interface of the spacer, then the

peak transmission, Ty, , at the center of the band, is given
by??

T, = z—f-i-%, (64)

where R? = R, R,. It can be observed from Equation (64)
that, for nonabsorbing and nonscattering dielectric films, a
transmission of 100 percent can be achieved. The half-power
bandwidth is gziven by37

_ 2\ . 1-R
A\ = mw-?&, arc sin S—pp= (65)

where m is the order of interference, A the wavelength of
operation, and d®/dA is the average rate of phase change
upon reflection from the two reflecting systems. Typically,
d®/d\ is assumed to vary linearly over the width of the
passband. It can be observed from Equation (65) tha! in
principie the bandwidth can be made arbitrarily small by
increasing R toward unity, which in turn can be achieved
by incieasing the number of layers in each set of reflectors.




However, due to technological difficulties involved in achiev-
ing uniformity and evenness of multilayer coatings, the band-
width attained in practice is limited to small but finit values,
as will be discussed in more detail later in this section.

The thin-film interference filter technique has been
used in visible, near infrared, and far infrared wavelength
regions. Thin-film technology is well advanced and this filter
type has advantages of large aperture size, wide field of
view, and good temperature stability. It is relatively insensi-
tive to small mechanical vibrations and normally needs no
supplementary blocking filter. However, it suffers from the
disadvantage that the minimum attainable passband, as limi-
ted by technology, is wider than that for the other two
filter types.

A slight tilt of the filter from normal incidence shifts
the passband to a shorter wavelength. Thus, orientation of
the filter at a slightly tilted angle in the neutral position
provides tunability, by slight perturbations about this posi-
tion, to higher or lower waveie,igths.

6.1.2 Fabry-Perot Filter

Basic consts.ction of the Fabry-Perot filter is the sxme
as that of the thin~iim type except that the spacer laver is a
thick, self-rup sorting structure. Spacing betw:ea i two
sets of coatings is equal to an integr:i numbe- of half-
wavelengths. Thus, Fq.ations (64) ar .« (65) apply to the
present case also. Because the haii-wave separator plate is of
higher quality in the Fabry-Perot stiucture, the dielectric
reflecting layers can be coated more evenly. Thus, band-
widths can be achieved which are narrower than in the case
of the thin-film type. Furthermore, it can be observed from
Equation (65) that the width of the filter passband can be
reduced by increasing the interference order m. This is
achieved in the Fabry-Perot filter with a thicker spacer.
However, since adjacent resonant modes (or passbands) are
separated by AN = \/m in a Fabry-Perot cavity, an increase
in m decreases the separation between adjacent modes,
Consequently, a blocking filter generally must be used with
Fabry-Perot filters to mask the unwanted passbands.

Very narrow bandwidth filters have been achieved at
visible and near infrared wavelengths using the Fabry-Perot
technique. This can easily be extended to the 10.6u wave-
length region, though no reports of development of such
filters could be found in the literature. These filters have
many advantages over the thin-film interference filter. The
passband is narrower and the transmission higher. It can be
tuned over a wide range, which is limited primarily by the
blocking filter characteristics, by varying the angle of inci-
dence. Continuity in wavelength range is achieved by using
adjacent higher or lower order modes. Performance of the
Fabry-Perot filter compares well with the thin-film inter-
ference filter with respect to temperature stability, aperture
area, and field of view. One major drawback of the Fabry-
Perot filter is that a blocking filter of a few tens of Angstroms
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Yandwidth (e.g., AN = A/m = 20A when A = 5000A and
m = 250) must be used.

6.1.3 Birefringent Filter

The birefringent filter, originally proposed by Lyot,*®
can be produced in many modified forms. These filters have
been used in the past largely in connection with solar ob-
servation. They differ from the thin-film and Fabry-Perot
filter; in principle of operation and complexity of con-
struction. They are designed on the principle of interference
of orthogonal polarization components that have passed
through layers of birefringent crystals. The direction of
propagation is perpendicular to the plane containing the
optic axes in the biaxial crystals and in any direction per-
pendicular to the optic axis in uniaxial crystals,

The birefringent filters can be designed to have very
narrow bandwidths, though this may require very precise
alignment of crystal axes. They are also tunable. The tuning
is done by rotation, about the filter axis, of one or more of
the several crystals arranged in series with respect to the
others. The field of view of the filters is typically a few
degrees. A procedure for synthesis of filters with desired
passband characteristics has been proposed by Harris,
Amman, and Chang®® and has been investigated by
Amman and Yarborough.*® This method affords more ver-
satility and a reduction in the numoer of components by a
factor of two is claimed.

The birefringent crystals are usually long and are very
sensitive to temperature changes. Besides, the ;»:cident polar-
ization must be linear and aligned with a specific transverse
axis of the birefringent filter. This alignment is insured with
a polarizer eiement at the filter input, which in general
introduces optical loss unless special modifications of the
filter device are made to accommodate arbitrarily polarized
incoming radiation. Such modifications, which have been
proposed by Evans®!' and Amman,®? reduce the effective
aperture size. The birefringent fi'ter also requires a blocking
filter (of the same order of bandpass as for the Fabry-Perot
type) to stop unwanted passbands. Consequently it suffers
from the same disadvantage mentioned above in corinection
with the Fabry-Perot filter.

6.2 Filters for the Visible and Near-Infrared Reglons

The performances of filters at visible and near infared
wavelengths are comparable and hence have been grouped
under a single heading. The optimum filter type for these re-
gions depends on the specific mission. A compromise gen-
erally must be made between various parameters which
include passband, transmission, angular sensitivity, detector
area and allowed temperature fluctuations. The discussion

here will be restricted to the present art for each filter type.

I
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Of the three types, the thin-film filter has received the
most developmental attention and probably has very dosely
approached the lower limit on the width of the bandpass.
The primary problem is very small unevenness in the films.
A bandwidth of about 1.5A at 6328A wavelength with
~30 percent transmission is attainable. Translating this to
near infrared waveiengths, the same fractional bandwidth of
about 0.025 percent can be expected. Temperature stability
is very good ( < 0.1A shift in wavelength per °C and negli-
gible change in bandwidth). The range of temperature that
the filter can withstand mechanically is very wide (-160°C
to S0°C is typical). The aperture diameter can be made
fairly large — more than 2 inches; also the field of view is
wide — about 5 degrees at normal incidence. A change in
the angle of incidence of more than a few degrees shifts the
band center noticeably toward shorter wavelengths, as men-
tioned previously. The magnitude of the wavelength shift
AX for small angles of incidence can be theoretically cal-
culated from the relationship® 3

P, 6°
AN = 2 (66)

where Ao is the center of the passband at normal incidence,
0 is the angle of incidence, and P is a constant that depends
on the number of layers in the reflecting films and the order
m of the spacer. There s, in general, fair agreement between
the calculated and measured values. Figure 83 shows the
experimental results for three dielectric thin film filters.”*
The percent shift to shorter wavelength is plotted as a func-
tion of angle of incidence, which, as may be noted from the
figure, is relatively insensitive to the percent bandwidth. It
has ».:0 been experimentally found that the bandwidth is
relavely insensitive to the angle of incidence.?*

The anqwiar field of view for the thin-film filter varies
with the angle of incidence. The a,gular field of view is
here defined as the solid angle for which the magnitude of
the wavelength shift with angle of incidence is less than or
equal to 1/10 of the 3 dB passband. The transmission at
these limits on the field of view should be 90 percent or
more of the maximum transmission. A set of curves for
the variation of field of view with incident angle for differ-
ent bandwidths is given in Figure 84. The field of view
initially increases with the angle of incidence, reaches a
maximum, and then decreases to a nearly constant value.
It appears advantageous to design the filter for a few de-
grees off normai incidence for two reasons. First, the filter
can be tuned to lower or higher wavelengths by respectively
increasing or decreasing the angle of incidence. Second,
the change in the angular field of view with angle of in-
cidence can be minimized. Figure 85 summarizes transmis-
sion vs. fractional bandpass ANX for the best commercially
available ‘!in-film filters. It may be observed from the fig-
ure that th: transmission decreases as AA\ approaches zero.

Fabry Perot filters can provide a narrower bandwidth
than the thin-film type. Herriot®® has made a Fabry-Perot
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filter for 6328A radiation with (1/2)A bandwidth and 60
percent transmission. The separation between adjacent
bands is 15A, and consequently the device requires a
blocking filtzr of the thin-film type. The angular depend-
ence of Fabry-Perot filters is very similar to that cf the
thin-film filter. Consequently, the discussion given earlier
in this section for the thin-film filter applies to the present
case. The wavelength shift with angle of incidence also is
toward shorter wavelengths; however, the Fabry-Perot filter
is superior to the thin-film filter in that the wavelength can
be increased by increasing the angle of incidence sufficiently
to pick up the next lower order mode. However, this will
not be a convenient arrangement to use in practice. Figure
86 gives the theoretical and experimental results on the
wavelength shift with angle of incidence for a Fabry-Perot
filter with a mica substrate as the spacer.®” It would be
advantageous, as in the case of the thin-film filter, to de-
sign the filter for a few degrees off-normal incidence so that
the band center of a single mode can be shifted to lower or
higher wavelength by respectively increasing or decreasing
the angle of incidence.

The angular field of view for a Fabry-Perot filter is
given in Figure 87 with width of passband as a parameter.
As in the case of the thin-film filter, it is again better to
ope.ate at a few degrees off normal incidence for minimizing
dependence of the angular field of view on changes in angle
of incidence.

From the points of view of aperture area and filter
thickness, the birefringence filter is the least attractive. The
aperture area is restricted by size limitations of the bire-
fringent crystal; minimum length of the crystal is dictated
by the narrowness of the filter bandwidth and the bire-
fringence characteristics of the crystal used. Steel et al *¢
have built a birefringence filter of the Lyot type, a few
inches in length, that has a bandwidth of (1/8)A in the
visible region and is tunable over +16A. As mentioned
previously, the birefringent filter also needs a blocking
filter. Transmission of the filter that Steelet al built is 12
percent, including that of the blocking filter. Another dis-
adva:iitage of the bifringent filter is its extreme sensi-
tivity to temperature. A temperature change of 0.01°C
produces a change in the differential retardation of 1 de-
gree in the above example. Consequently, temperature
stability better than 0.01°C will be desirable. For simplicity
of design, the temperature is maintained about 10°C above
ambient by placing the filter in a temperature-controlled
oven. The angular field if view is 2—1/4 degrees. The filter is
tuned by rotating the relative crystal orientations about the
axis of the filter. Consequently, tuning does not signifi-
cautly alter the bandwidth or the field of view of the filter.
A modified version of this filter type, the basic principle of
which is described in Reference 89, is under development.®”
This has the added advantage over the conventional bire-
fringent filter in that the shape of the passband can be
tailored to specifications.
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6.3 Filters for 10.6u Wavelength Region

The only narrowband filter type on which published
information could be found for this spectral region is the
thin-film interference filter. Specifications on a commer-
cially available filter®® contain about 3/4 percent fractional
bandwidth. This corresponds to about 760A bandwidth at

10.6u. Typical transmission is about 50 to 60 percent. It *

has about the same order of temperature stability as those
described for visible region (Section 6.2). A tunable filter in
this region®® has been produced by deposition of a filter
with continuously variable thickness on a circular disc. The
angular field of view for commercially available 10.6u filters
for normal incidence is on the order of a few degrees. Figure
85 shows transmission and fractional bandwidth character-
istics of the best commercially available thin-film filters at
10.6p.

It is technologically feasible to produce a Fabry-Perot
filter at 10.6u wavelength, with Irtran as one possible sub-
strate or spacer material. With this type, one can expect to
achieve bandwidths in the range of a few tens of Angstroms.
Due to lack of crystals with large birefringence at 10.6y, it
is not apparent that an efficient 10.6u birefringent filter
can be produced. No work on either Fabry-Perot or bire-
fringent narrow-band filters at 10.6u seems to have been
reported.

6.4 Conclusions

For the visible and infrared wavelength regions, three
types of narrow-band filters are available — thin-film, Fabry-
Perot, and birefringent filters. The narrowness of the pass-
band is limited to approximately 1.5A in the thin-film filter,
whereas the other two types can be made narrower (Table
33). The birefringent filters suffer from the major disad-
vantages of long lengths (several inches) and sensitivity to
temperature change (AT < 1072 °C). For space use, the
thin-film or the Fabry-Perot filter seems preferable. The
choice between the two will depend on specific require-
ments of narrow bandwidth and tunability.

The choice of narrowband filters for the 10.6u wave-
length is limited, since only thin-film filters with 2 0.75
percent fractional bandwidth presently are available. The
thin-film types can be made tunable by continuous variation
of the thickness of the separation layer mounted on a disc.
However, from the existing infrared technology, it should
be feasible to produce a narrower filter, of the Fabry-Perot
type with a bandwidth on the order of a few tens of
Angstroms, that will also be tunable by varying the angle of
incidence.

*Note that units of this definition of NEP is watts/Hz"3. Also note
that total noise power Py in bandwidth B is Py=NEP . B%.
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7. OPTICAL DETECTORS

Many reports and publications have carried very elab-
orate discussions of the different kinds of optical detectors
for various wavelengths. In this report attention will be re-
stricted to the most promising detectors for 0.5 u, 0.69 pu,
1.06 u, and 10.6 u wavelength regions, since these are the
ones of greatest interest for the deep-space optical com-
munication system considered here (Section 1).

A figure of merit frequently used for detectors’®® is
7*M*R, where n and M are the quantum efficiency and in-
ternal gain, respectively, of the detector and R is the equiv-
alent output load resistance. This figure of merit generally
is bandwidth dependent and is a measure of the noise
equivalent power (NEP) at the detector input. It is especially
useful for comparison of wideband, or of highspeed, photo-
detectors when the bandwidth is fixed. The NEP is here de-
fined* as the amount of light power which produces an rms
signal current just equal to the noise current in a bandwidth
of une hertz. However, the n°M2R figure of merit is not
used here to compare detectors, since the requirements for
the types of mission considered in this study are general and
not restricted to a specific bandwidth.

Photodetector noise also can be expressed in terms of
the equivalent dc photocathode dark current (Ip)Egq-
This is determined by placing a calibrated light source at
the detector input and adjusting the light input power
until the rms output noise current in a 1 Hz bandwidth due
to the light source is exactly equal to that due to internal
detector noise. This light input power is called NEP and is
related to the equivalent dc photocathode dark current

ID Eq by 2
(ID> Eq ) 2_(-}‘:)2

where e is the electronic charge and (hw) the energy per
photon. It is important to distinguish (Ip) gq from the dc
photocathode dark current I (obtained by dividing the
output anode dark current by the detector gain). I usually
contains noise contributions from leakage over stem and
base, dynode emission, and other sources.! ®!

(NEP)?

Comparison here is based directly on the NEP defined
in units of watts/(Hz)", or detectivity (D*) defined in units
of cm<(Hz)"”/watt. The detectivity D* is normally used to
specify the noise performance of solid-state detectors and is
independent of the size of the detector. NEP for a specific
detector can be derived from D* using the relationship

N

D*

NEP =

where A is the area for the detector. NEP should be such
that the dominant detector noise is either background-
limited (commonly called BLIP detection) or limited by the
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Table 33

FILTERS FOR VISIBLE .AND NEAR-INFRARED WAVELENGTH REGIONS

Description Thin-Film
Bandwidth (3dB) 1.5Aat 6328A
Blocking filter requirement None
Peak transmission (percent) ~30
Size: Aperture Few inches

Thickness Thin (~mm)
Angular field of view (degrees) ~5
Temperature stability ~0.14/°C
Tunability Yes

shot noise of the signal (noise-in-signal detection) at a de-
. tector temperature as near to 300°K as possible (that is,

requiring least refrigeration).

The maximum data rate considered for the deep-space

: communication systems under study is on the order of one

megabit, and consequently a postdetection bandwidth of
10 MHz should be adequate for the preferred direct detection
at visible and 1.06-micron wavelengths (Chapter 4), Because

- of this relatively long response time, ~100 ns, a wide choice

of available detectors exists at these wavelengths. At 10.6
microns heterodyne detection is preferred (Chapter 4) and a

. bandwidth of 10 MHz is adequate for heterodyne detection
if correction is made for the Doppler shift prior to mixing.

Without Doppler shift correction, very wideband 10.6-micron
detectors (~5 GHz — see Chapter 5, Section 1.3) are needed.
In selecting detectors for comparison, an important

© criterion is the internal detector gain. A sufficiently large

gain will decrease that portion of the equivalent noise at the

. input, due to thermal noise of the output circuitry, to neg-

* ligible levels. Another factor in the choice of detectors is the

; quantum efficiency n, which should be as high as possible.

|
|

+ PARINE g o

Tl

It will be seen later that high gain has a stronger influence on
NEP than does high quantum efficiency. For example, high-

gain, low-n photomultiplier detectors provide better NEP
performance at 1.06 microns than do low-gain, high-n solid-
state detectors,

Some secondary considerations should be taken into
account in the sclection of detectors for space-flight appli-
cations. These are the photocathode area; size and weight of
the detector and cooling system, if any; size and weight of
the power supply for the detector; mechanical strength;
and lifetime of the detectors. A comparison of detectors
based on these merits depends on the individual missions,
and only a general discussion is included here.

0.5Aat 63287 [41]-

Birefringence
0.125A at 6582.8A [94]

Fabry-Perot

1.6A at 1.06u [87]

Yes, less than 15A Yes, less than 324 wide

wide [91]

~50 (with blocking filter) ~10 (with blocking filter)

Few inches ~1.5 inches

Thin (~mm) Few inches

0.05A/°C [87] 1° retardation change per
0.01°C. Consequently,
temperature stability of
better than 0.01°C required.

Yes Yes
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Detectors can be classified into two main categories
from the point of view of the characteristics mentioned in
the previous paragraph, namely (1) vacuum detectors using
external photoelectric effect and (2) solid-state detectors
using internal photoelectric effect. The active photosurface
diniensions of the vacuum detectors can be varied from
about 0,005 inch to a few inches. However, the maximum
solid-state detector surface dimension is only a few milli-
meters and can be aslow as a few tens of microns for certain
wideband low-noise detectors. The small size is disadvan-
tageous for three reasons. First, it decreases the field of view
when it is used in conjunction with a collecting lens with a
finite focal length. For example,a detector 50 u in diameter,
placed at the focal plane of a lens of 3 m focal length will
limit the field of view to 0.015 milliradian or approximately
3 arc seconds. Second, severe mechanical alignment prob-
lems of the detector receiving telescope are also introduced.
Third, it would limit the receiver diameter for an imperfect
incoherent detection system.

Solid-state detectors, however, are superior to the
vacuum detectors from power, weight, and size considera-
tions. The power-supply requirements are lower for the
solid-state detectors — a low-voltage power supply dissi-
pating a fraction of a watt. However, photomultipliers need
a power supply (a few kilovolts) that can dissipate a few
watts and a means for thermal dissipation. The weight of a
photomultiplier and its power supply will be on the order
of 10 Ib, an order of magnitude higher than that for a solid-
state detector. Solid-state detectors also prove to be superior
from considerations of ruggedness and reliability, although
photomultipliers can be designed for space qualification
with lifetimes sufficiently long for most missions (on the
order of thousands of hours).




Sections 7.1 and 7.2 compare the NEP of various de-
tectors at the four wavelength regions of interest. The
choice between heterodyne and direct detection will be
discussed in Section 7.3 in the light of the information ob-
tained in the previous two sections. The final section con-
tains a recommendation of the type.of detectors for each’
wavelength.

7.1 Detectors for Visible and Near-Infrared Wavelength
Regions

Because of the large current gain and low dark cur-
rent, photomultipliers are attractive for the visible and near
IR regions for low-level signal detection. The choice of
photocathodes, with typical quantum efficiencies for the
different wavelength regions, is given in Table 34.* Photo-
multipliers have a few hundred megahertz bandwidth capa-
bility, which is more than adejuate for the present mission.
Tables 35 and 36 compare detectors selected for high per-
formance for the 0.5-u4 and 0.69-u regions, respectively.
Even at room temperature, it is possible to achieve an NEP
in the range of 107! to 107!® watts/(Hz)". This figure can
be further improved by a few orders of magnitude by cool-
ing the detector, as shown in Tables 35 and 36. NEP data
are not available for all cooled photomuitipliers that have
been selected for low noise. However, it is possible to esti-
mate the NEP for these on the vasis of the data available
for other similar tubes. As an example, for the ITT-FW130
photomultiplier tube with S-20 photocathode listed in
Tables 35 and 36, there are no published data of NEP for
refrigerated conditions. An estimate for this detector can be
made from the results obtained for another S-20 photo-
cathode. It has been reported'®? that cooling an EMI-
9558Q with S-20 photocathode from 300°K to 110°K will

Table 34

CHOICE OF PHOTOEMISSIVE CATHODES FOR
DIFFERENT WAVELENGTHS |

Wavelength Quantum Efficiency *
(microns) Surface Type (percent)

0.53 $-17 22

0.53 $-20 20

0.6943 S-20 2.6

1.06 S-1 0.04

4 Maximum available value for selected photocathodes.
Multiple bounce photocathode structure with reflecting
structures can increase the effective quantum efficiency
further; see an article by Oke and Schild, Appl. Opt.,
April 1968, in which an increase of a factor o% about 2
was reported for an $20 photocathode at 5300A.

In the near infrared region (1.06-u wavelength), the
quantum efficiency of the photoemissive surface is reduced
to 0.04 percent for even the best commercially available
cathode, S-1. In contrast to this, the quantum efficiency of
the photodiodes is high for the infrared spectrum and con-
sequently makes them the apparent choice as a photode-
tector. However, the large current gain in photomultipliers
makes their performance comparable to that of solid-state

. detectors, as shown in Table 37. Thus, at room temperature

reduce the NEP by two orders of magnitude. On the basis of ~

this experience ITT-FW130. when cooled to 110°K, can be
expected to have an NEP of 1.3X10'® watts/(Hz)* at
0.5 p and an NEP of 4X10™'® watts/(Hz)* at 0.69 u. Also
given in Tables 35 and 36 are data for a static crossed-field
photomultiplier and for the best solidstate detector, the
silicon avalanche photodiode. The reason for choosing an
$-20 (translucent) photocathode at 0.5-u wavelength in-
stead of an S-17 (opaque) photocathode with a higher
quantum efficiency is that the dark current of a photo-
multiplier using the S-17 cathode is much higher.t From
Tables 35 and 36 it can be observed that the best choice of
detectors for 0.5u and 0.69u, from the viewpoint of NEP,
are the electrostatic (no magnetic field) photomultipliers.

*Table 34 is restricted to selected commercially available photo-
cathodes; other experimental materials with higher quantum effi-
ciency have been reported and are under development.

tA search was made for quantitive dark current data on §-17
photocathodes, but none was obtained.
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the photomultiplier and the two avalanche diodes all yield
an NEP of about 107! ? watts/(Hz)%:. However, the photo-
multiplier response can be greatly improved by cooling the
tube. An improvement of five orders of magnitude in NEP
for Amperex 150CVP, frem 107! to 10°'® watts/(Hz)",
can be achieved!®? by cooling it from room temperature
to 110°K. Using this as an estimate, one may expect to
achieve an NEP of 1.2X10"7 watts/(Hz)* for the ITT-

"FW118 photomultiplier at 110°K. No NEP values this low

have been reported for a solid-state detector. Thus, the
photomultiplier offers substantially superior performance
at 1,06-u wavelength but at a penalty in required cooling,
weight, and bulkiness.

7.2 Detection at 10.6-u Wavelength

The choice of detector for the 10.6-u wavelength is very
limited. There are currently twio principal types of detectors
that meet the requirements of good sensitivity. Both require
low temperature cooling, in 2°K to 77°K range, depending
on detection. They are germanium extrinsic photocon-
ductors and bolometers. The photoconductors respond
faster than bolometers but have poorer sensitivity. Table 38
gives the details on three photoconductors — Ge:Cu(time
constant 7 < 1 ns), Ge:Hg (r ~ 10 ns), and Ge:Au
(7 ~ 30 ns) — and two bolometers — Ge (7 = 400 us)' °¢ and
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C (r = 0.01 5)'°7. Specific diameters are selected to illus-
trate typical NEP values. The NEP for a 0.5-mm diameter
Ge:Hg photoconductor is 1X10™? watts/(Hz)* and for a
5-mm diameter is about 1X10™' watts/(Hz)”*. A 4.4-mm
diameter germanium bolometer has an NEP of 1.6X10°"?
watts/(Hz)% at 4.2°K, and 5X 10" ® watts/(Hz)" at 2.15°K.

A few words of caution are in order in interpreting
Table 38. D* values of all the three photoconductors ap-
pear lower than the D* value of the background thermal ra-
diution, which is 5X10'® cm-Hz"/watt at 300°K for 2n
steradian field of view. Thus for a direct detection system
using photoconductors the background noise appears to be
limiting. This is not necessarily a basic limit, since the
background intensity can be reduced by several orders of
magnitude by cooled narrow bandpass filters. The filter
narrows down the field of view and, in addition, allows only
a small portion of the black body spectrum of the back-
ground radiation to pass through, thus increasing D*. The
cold shielding also reduces thermal noise from the optical
components in front of the detector. Thus, even at a 10.64
wavelength, the noise in signal operation may be feasible
using a photoconductor with cooled filter. Further devel-
opment of efficient narrow band cooled filters at 10.6 u is
needed before definite conclusions can be made.

7.3 Heterodyne Vs. Direct Detection

The choice between heterodyne detection and direct
detection at any of the wavelengths is dependent on many
factoss and is considered at length in Chapter 4, Section 9.

Discussion here will be limited to a comparison from
the viewpoint of equivalent detector noise only. Back-
ground sky noise and noise in signal are not considered.

Direct detection has several practical advantages over
heterodyne reception. They include:

1. Less stringent requirements on transmitter fre-
quency stability and spectral quality

2. No local oscillator (including associated critical
alignment with signal wavefront)

3. No Doppler shift correction

4, Useful detector diameter can be larger, permitting

larger collector diameter and less critical detector
alignment

Less required tracking precision

Useful collector diameter not limited by the finite
coherence diameter dictated by atmospheric turbu-
lence.

Tables 34 through 36, discussed previously, show the
NEP in watts/(Hz)" for the different detectors based on a
continuous analog input to the detector. A plot useful for
application of the NEP data to a digital communication
system is that of noise equivalent energy per bit N as a
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function of bit rate Ry,. Figures 88 through 90 show these
plots for 0.5, 0.69, and 1.06 micron detectors respec-
tively, where N is computed from NEP values, bandwidth
B, and bit rate Ry, by the relationships:

N = NEP- B%/R,
B ~ Ry

N = NEP/Ry” (joules/bit)

The quantum limit of 1 photon per bit also is indicated on
each of the three figures. It may be noted from the figures
that N decreases with increasing bit rate and extends below
the quantum limit for some of the detectors at Ry, ~ 108
bits/sec.

If the detector at 0.5 u or 1.06 u wavelength is either
on a ground station or in a synchronous satellite above the
Earth’s atmosphere, it can be seen from Figures 88 and 90
that for an information rate of one megabit per second the
photomultiplier detector noise can be below the quantum
limit. If the receiving station is on the ground, direct de-
tection will then be superior to the heterodyne detection be-
cause of degradation of beam coherence and the advantage
of larger co'lector size that can be used. Outside the Earth’s
atmosphere, beam coherence degradation is negligible and
the collector size will be limited by the spaceship weight and
stability. Even then, it might be advantageous to use direct
detection using photomultipliers. However, if the size,
weight, and power advantages mentioned in Section 7.1 for
a solid-state detector become dominant, heterodyne detec-
tion at 0.5 and 1.06 microns must be considered.

The 0.69-u wavelength is attractive primarily from its
high peak power capability and is considered for application
as an optical beacon from the ground (see Sections 1 and
4). Figure 89 shows that, at a data rate of 10% or higher, it
is possible to achieve an NEP for an uncooled photomulti-
plier within three orders of magnitude of the quantum limit.
During acquisition, the angle of arrival of the beam may be
far from the axial direction of the system optics, and this
may cause special problems if a heterodyne system is used.
Direct detection therefore appears to be most promising at
this wavelength, even though the equivalent noise energy
per bit is appreciably above the quantum limit.

At the 10.6 u wavelength, the NEP for the best photo-
conductor at a l-megabit rate is about 10'* joules/bit,
which is about five orders of magnitude higher than the
quantum limit of 1.87X102° joules/bit. Thus the back-
ground and detector noise is unduly excessive for direct de-
tection at 10.6 u, and heterodyne detection is preferred.

7.4 Conclusion

The following conclusions are made on the basis of the
above discussion. Commercially available clectrostatic photo-
multipliers have been selected on the basis of lowest
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Table 39
RECOMMENDED DETECTORS
NEP in Watts/(Hz)!/? Detector
Wavelength or Temperature
inp Type of Detector D* incm-(Hz)'/? /Watt °K) Comments
0.5 Photomultiplier 1076 300 NEP may be improved by
(S-20 photocathode) 10718 110 decreasing effective cathode
size
0.69 Photomultiplier 4x 10"‘ 300 NEP may be improved by
(S-20 photocathode) 4x 10 1n* 110 decreasing effective cathode
size
1.06 Photomultiplier 10712 300 NEP may be improved by
(S-1 photocathode) 1071S . 255 decreasing effective cathode
107 110 size
10.6 Photoconductor Photoconductor performance
(Ge: Hg) 3.5x10'° (D¥%) <40 severely limited by backgrounc
(Ge: Cu) 1.3x 10 (D*%) 4.2 Coherent detection preferred.
Bolometer Bolometers operate under
(Ge) 5x 10 (D%) 4.2 BLIP condition (reached at
8 x 10! (D¥) 2.15 4.2°K for this sample).

*Estimated NEP and not measured.

noise performance, at 0.53 p, 0.69 u, and 1.06 u wave-
lengths. The attainable NEPs for these wavelengths are
summarized in Table 39. At room temperature, NEP values
of the orders of 107'¢, 1075, and 10! 2 watts/(Hz)%can
be achieved at 0.53 p, 0.69 u, and 1.06 u wavelengths re-
spectively. One or more orders of magnitude improvement
in NEP may be effected by cooling the detector. An NEP
of 107'® watts/(Hz)"? has been achieved at 1.06 u by cool-
ing the detector to 255°K. A further decrease of two more
orders of magnitude in NEP may be feasible by reducing
the temperature to 110°K. It is worth noting that, even at
room temperature, none of the special vacuum detectors
such as the crossed-field type (with higher price and weight)
or solid-state detectors (with smaller photiosurface) out-
perform the commercially available photomuitipliers in
terms of low NEP for the megahertz bandwidth system. Of
course, penalty has to be paid in terms of weight (~10 Ib),
size (~0.05 ft®), and power dissipation (~1 watt). Back-
ground noise due to scattered sunlight can be limiting at
these wavelengths; with the use of narrowband filters it can
be reduced significantly at the detector surface. Thus the
detection will be only shot-noise (or noise-in-signal) limited.
Direct detection is preferred for 0.53 u, 0.69 u, and 1.06
wavelengths.

The threshold of detection at the 10.6-u wavelength
may be background-limited (depending on the extent
of cooling and filtering used) or detector-noise limited
[D* ~ 10'! cm<(Hz)” watt for megahertz bandwidth sys-
tem). Hybrid detection can be considered at 10.6u. The
lower-noise Ge bolometer can be used for low data rate
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However time response is slow
(400 psec).

tracking channel as a direct detector [D" = 5X10'°
cm(Hz)"’/watt at 4.2" K] and a cooled photoconductor
as a heterodyne detector [D* — 3.5X10'® cm(Hz)%/watt
at < 40° K]. These results are summaiized in Table 39.

8. OPTICAL AMPLIFIERS

Section 4.8 considers the use of an optical predetection
amplifier at the receiver terminal for enhancement of the
signal-to-noise ratio in direct detection systems. The analy-
sis there shows that the amplifier gain G should be 21 g
at visible and near infrared wavelengths to overcome losses
due to quantum efficiency n and receiver tiansmission 7,,.
Photocathode quantum efficiencies are 11 and 0.04 percent
respectively at 0.5 and 1.06 microns (Section 7) which, for

o = 0.3, correspond to desired gain magnitudes G of 15
ard 39 dB respectively. Somewhat higher gains are useful
a 10.6 microns because detectors with low-noise internal
gain presently are not available. A 10.6 micron predetection
amplifier with ~ 50 dB gain appears advantageous to mini-
mize effects of the high inherent noise of photoconductor
detectors (Chapter 4, Section 8). It is the purpose of this
section to discuss relevant optical amplifier devices; empha-
sis is placed on experimentally achieved gain magnitudes.
Coupling of the optical radiation from the large diameter
receiver mirror into the amplifier can be provided by an
appropriate collimating lens near the receiver focal plane.
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Figure 88. Noise equivalent power NEP vs. communication bit rate for detectors at 0.5 micron wavelength
(see table 35)
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Figure 89. Noise equivalent power NEP vs. communication bit rate for detectors at
0.69 micron wavelength (see table 36)
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Figure 90. Noise equivalent power NEP vs. communication bit rate for detectors at
1.06 micron wavelength (see table 37)
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8.1 Argon lon Amplifier (0.48 and 0.51 Micron)

Gain measurements' '® at 4880A and 5145A of 1 and
2 mm bore argon amplifiers are shown as a function of dis-
charge current in Figure 91. Data were obtained with no
axial magnetic field; higher gain is expected with an H field,
~ factor of 2 increase, based on output power enhance-
ment data.

Gain is much higher at 4880A, as is well known'!!,
even though the output powers at 4880 and 5145A are
comparable. Based on the limited data of Figure 91, gain
G = 1/D?® at 4880A, which is a stronger dependence on tube
bore D than the normal G « 1/D? observed for most neutral
gas lasers. input coupling to the amplifier must be provided
with an appropriaté matching lens (see, for example, Secti. -
2.1). The ratio of D to amplifier length L for optimum
match isD?/L = 43 [Equation (7), Section 2]. If D = 1 mm,
then the maximum possible length L at 0.5 micronis 150 cm.
Typically, a factor of ten margin is recommended; i.e.,
D?/L = 40 A/, to allow for alignment tolerances and aber-
rations in which case L = 15 cm for D = 1 mm. The desired
gain of ~ 15 dB at argon laser wavelengths appears feasible
in a single pass, only for the 4880A Lne and for which the
amplifier bore is <1 mm. The length of such an amplifier
must be ~ 100 cm or more (using data of Figure 91), which
requires an optical coupling geometry very close to the dif-
fraction limit. In short, feasibility of a single-pass argon
predetection ampiifier is marginal. Other approaches, such
as.the wall stabilized arc discharge,!* may improve the per-
formance; e.g., a larger amplifier bore would permit multi-
ple passes in a single discharge, but these await future de-
velopments. Power and weight requirements of the amplifier
appear comparable to those of the argon laser (Section 1.3).

8.2 Nd:YAG Amplifier (0.53 and 1.06 Micron)

Gain at the 1.06 micron wavelength in Nd:YAG is
quite low, ~ 7 percent in a 1-1/4 inch long by 0.2 inch
diameter rod.!'? Consequently, the probability of attain-
ing the desired 1.06 micron gain of ~ 40 dB is very unlikely

with Nd:YAG, even when multiple passes in larger diameter -

and longer rods are considered. A possible alternative is a
Nd amplifier using ho.. crystals other than YAG. High
small-signal pulse gain, 60 dB in a 1 meter long rod, has
been reported in Nd:glass'!'® when pumped with 24 K
joules in 3 ms. CW operation of Nd at 1.06 microns at
300°K with other host crystals include' !4 CaWO; (1.0580
microns) and CaMoQ, (1.0610 microns). A definitive
assessment on the practicality of non-YAG host crystals
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awaits additional data on their gain and linewidth charac-
teristics. Nd:glass is perhaps the most promising material,
but CW operation i+ rods with diameters sufficiently large
for practical interest remains to be demonstrated. In
addition, match of the 1.0648 micron Nd:YAG to the
slightly shorter 1.06 + micron wavelength but broader
linewidth of CW Nd:glass would have to be investigated.

Means for direct amplification of the 0.5324 micron
second-harmonic wavelength of Nd:YAG is improbable
because no laser transition from gaseous or solid lasers is
known to exist at this wavelength. Tunable optical para-
metric amplifiers’!® are a possibility but appear only
speculative at present for 0.5324 micron.

8.3 CO, Amplifier (10.6 Micron)
Gain of nonflow!!% and flowing!!?"''® CO, ampli-
fiers at 10.6 microns has been detzrmined over a wide range
of amplifier geometry and discharge parameters. Figure 92
shows gain G as a function of amplifier bore diameter D
near optimum discharge and gas pressure condi-
tions.! 16, 119 Highest gain is obtained with a CO, :He:N,
mixture in the flowing case and with CO,:He in a
nonflowing (or static) amplifier. Data for the widely
studied CO,:N, mixture is also included to illustrate the
large gain enhancement when helium is added to the
flowing mixture. :

A multiple-pass 10.6 micron amplifier has been de-
scribed by Kogelnik and Bridges.!'” They obtained about
15 dB total small signal gain in a 20 mm diameter 5-pass
amplifier. Respective discharge and cavity lengths were 1
and 1.5 meters. Higher gair (~ 20 dB in five passes) should
be possible, as indicated in Figure 92, with a CO, flow rate
of 100 cc/min STP and with a mixture of CO,:N;,:He of
1.3:1.5.4 torr*'? instead of the 40 cc/min STP CO, flow
rate and the higher gas pressure indicated in Reference 117.
Increases in CO, flow rate above 100 cc/min STP can yield
further gain enhancement; e.g., 7.8 dB/meter was observed
in a 12 mm bore amplifier at 160 cc/min STP CO, flow
rate.!1? A gain ~ 50 dB can be obtained by placing three
such amplifiers in series with a collimating lens between
each one. Gain with a non-flowing gas is much less, about
1/3 of the flowing case in a 20 mm bore amplifier. Lifetime
is also less (Section 1.4). For a ground-based predetection
amplifier at 10.6 microns, the flowing gas multipass type is
the one to use; with a satellite receiver relay, the choice is
not as clear, but gain and life advantages of the flowing
type appear substantial relati* e to the weight advantage of
the nonflowing amplifier. As stated also for the argon
amplifier, weight and power requirements of each CO,
amplifier should be very nearly the same as that of the
oscillator (Section 1.3).
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CHAPTER 4. OPTICAL COMMUNICATIONS

1. BACKGROUND NOISE

Methods of communicating optically are, to varying

f degrees, vulnerable to and degraded by the presence of the
" background radiation superposed on the signal. This vul-
* nerability is especially important when detecting weak sig-

nals by the direct detection (i.e., energy detection) method.

. As is well known, background radiaticn is usually a much
- smaller handicap in heterodyne detection. This section

. identifies the most important sources of background

" radiation, presents numerical values of the background :hat

may be considered typical, and discusses briefly the rele-
vant statistics of the radiation. The discussion is confined
to gross characterization of the background, and the many
effects which determine the details of the background are

: neglected.

{ 1.1 Scurces and Magnitude of Background

In the visible portion of the cptical region, at wave-

' lengths below 1 micron, scattered sunlight is the most
- significant source of background radiation. In daytime,

for a telescope on the ground (and except in the prac-
tically prohibited situation in which the telescope views a
portion ~f the Sun, the background is due to scattering
from the Earth’s atmosphere. This is a diffuse background.
The Sun itself may be approximated as a blackbody radi-
ator at 6000°K, and the scattered light which reaches the
telescope hLas a spectral distribution determined by this
temperature (but smaller in magnitude than direct sunlight).
For the night sky (ana in the visible region) the principal
background radiation is caused by sunlight scattered from
extra-terrestrial objects (e.g., planets) which are unavoidably
within the telescope field of view during a communication
mission. The same will be true for a receiver placed
outside the Earth’s atmosphere on a satellite. This can be
illustrated by background light from scattering of sunlight
from Mars. In such a case the background may not come
from the entire field of view of the telescope, since ihe
scattering object will in general not subtend a larger

angle than the field of view of the telescope. This depends
on the distance to the scattering object (as well as its size)
and the quality of receiver optics.

At longer wavelengths, in the vicinity of 10 microns,
the radiation from direct blackbody emission will be con-
siderably greater than that from scattered sunlight. Hence,
for a receiver on the ground, the background (again
diffuse) is due to blackbody emission at about 300°K.
For a satellite receiver the background (at infrared) is
mainly due to direct emission from the extraterrestrial
body; e.g., for Mars a 238-degree blackbody.’

In the diffuse case the background may be usefully
described by the spectral irradiance, N), defined as the
power pe' unit area-solid angle-wavelength (for example:
watts/ce -steradian-micron).  Alternatively, one may
define :he power per unit area-solid angle-Hertz, N,,.
These are simply related by

N, = Ny )

where A is the wavelength and » the frequency. Back-
grounds that are not diffuse may be described by the
power per unit area per wavelength (or per Hertz) at the
receiver. That is, one can define the intensity spectrum
7, or the equivalent ), where

=7 A
n, = ")‘7 (2)

Another description for the same information encom-
passes both the diffuse and nondiffuse cases and is some-
what more directly useful for consideration of heterodyne
detection as well as certain aspects of direct detection. In
this description the background is assigned to a discrete
number of distinguishable transverse field modes® (or di-
rections of propagation) and longitudinal modes, as well
as to one of the two independent polarizations with which
a plane electromagnetic wave can be specified. Then the
background radiation can be described either in terms of




energy per mode or by the number of photons per mode,
known as the degeneracy* and here denoted by &.

For a diffuse background, where the radiation in a
bandwidth W is spatially and uniformly spread out and
falls on a receiver of collector area Ag with solid angle of
acceptance R, the number of modes received in time tis

ARy
A!

Wit

hence the number of photons per mode is

5 ___L(ﬁ_v)NVARQRWt
A,
2 RUR wy
k?
or
Nv=2%”,- 5 3)

The factor 2 arises from the convention dopted here that
N,, is for arbitrary polarization (which includes two inde-
pendent polarizations), while the term degeneracy will be
reserved here for only one.

For an object which does not fill the receiver field of
view, there is a related expression for m,. Supposing that
the luminous object, whether it be a scatterer or a primary
emitter, subtends solid angle §; there are then Q(AA)/A\?
transverse modes in which radiation falling on the area AA
is divided (this light is again emitted n ail directions from
the object), leading to the intensity spectrum:

hy

T, =25 5-Q 4

For a blackbodv at temperature T the degeneracy is
given by

5 - (ehl’/kT _ l)-l ®)

blackbody
This expression is directly applicable to direct emission,
and is used here for infrared wavelengths. In the visible
region, one must use the effective degeneracy instead, be-
cause of the scattering of the sunlight before it reaches the
telescope. For sunlight scattered by the atmosphere, the
blackbody degeneracy is multiplied by a number which is
the product of a scattering coefficient (of the order of 107")

*There is a 1:] correspondence Yetween a mode and a cell of phase
space having volume h3 where h is Planck’s constant.3

tThis calculation ignores the fact that the scattering is frequency
dependent. When applied over a narrow range of wavelengths, say
from 0.5 te 1 micron, this does not resuli in a gross error.

and a geometric factor which is nominally the ratio of the
solid angle subtended by the primary source (the Sun) to
that into which the scattering takes place, of the order
of 10 ~*. Based partly on experimental observations and
partly on calculation'?

atmosphere-scattered sunlight
5 =~ 2x107% (elw/GOOOk -

If the sunlight is scattered by Mars, the ~ffective degeneracy
results from *he same sort of modification to the degeneracy
of theSun, except that the scattering coefficient may differ
and the solid angle of interest (that of the primary source at
the scatterer) is that which the Sun subtends at Mars. A
representative figure is*

sunlight scattered by Mars
§ = 13x1078 (¢h#/6000k _ ;y-1

In Table 40 the effective degeneracies in the background
radiation are summarized for some wavelengths of interest.

By using Table 40, the amount of background radia-
tion which falls on a receiver may be simply calculated from
Equations (1) through (4). Care must be exercised to use
the appropriate solid angle to calculate the contribution
from the “small” source (here illustrated by Mars) which
may unavoidably be within the receiver field of view in
accordance with the communication mission under study.

1.2 Background Noise Statistics

In a classical or wave-like description of the electro-
magnetic field associated with the background noise, the
electric and magnetic fields associated with a single mode of
the radiation each have a Gaussian distribution, independent
of one another and of the fi=lds from every other mede of
the radiation. This is the most random (or maximum en-
tropy) distribution, which is appropriate to thermal noise.
Since the energy is quadratic in the field quantities, the
energy of the ith mode may be written as

E =X *+y (©6)

where x; and y; are random variables which stand for elec-
tric and magnetic fields, each Gaussian, while the energy
associated with N modes is

N
E=3 &+y) 0]
i=1

Energy is distributed among the different modes in such a
way as to yield the largest amount of randomness.




section, This review is not intended to be exhaustive, but
it is hoped that it presents representative data and accur-
ately reflects the current level of understanding of these
phenomena. Following this summary, an assessment of the
importance of the known results to various types of optical
communications systems will be presented. Some experi-
ments are suggested which could provide much needed data
to further aid in the evaluation of proposed systems.

2.1 Summary of Observed Phenomena

Some observational data describing the atmospheric in-
fluence on field amplitude, phase, and mutual coherence
functions are summarized below. Depolarization will not be
considered, since atmospheric depolarization at optical
wavelengths has been shown to be negh‘gible.'

2.1.1 Amplitude Related Effects

2.1.1.1 Attenuation. Observations of attenuation in
clear air have been reported, as well as attenuation resulting
from precipitation of various kinds.

A series of measurements were performed recently in
Colorado by A. L. Buck,® and clear air attenuations along
elevated propagation paths averaging apprcximately 0.2
dB/km have been reported. Clear air attenuation is ex-
pecte‘t'l1 to decrease rapidly with increasing altitude, how-
ever.

T. S. Chu'® has measured the attenuation due to pre-
cipitation (rain, fog, or snow) over a 2.6 km path at Bell
Telephone Laboratories’ Crawford Hill location in New
Jersey. Data were taken at 0.63, 3.5, and 10.6u. Attenua-
tions from dense fog were observed in excess of 65, 45, and
60 dB above clear weather levels for the respective wave-
lengths. True attenuations are unknown in these instances
since the latter bounds were set by receiver sensitivities.
Results of measurements made in a light fog are shown in
Figure 93. The attenuation is greatest at 0.63u and is due
primarily to scattering. Progressing to longer wavelengths,
the attenuation drops off, and at 10.6u absorption is the
dominant effect.

Attenuation from rain does not vary as greatly over the
range of wavelengths examined. Attenuation is smallest at
0.63u and is due again primarily to scattering. Rain attenua-
tion increases with wavelength (Figure 93), and at near
infrared (IR) wavelengths, scattering and sbsorption con-
tribute about equally.

No consistent wavelength dependence was observed in
attenuation by snow. For the same equivalent liquid water
density, attenuation from snow lies somewhere between the
corresponding values for rain and fog.

2.1.1.2 Fluctuations. The term “fluctuation” gen-
erally refers to a fluctuation in the field that is deduced
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from an observed fluctuation in the output of an optical re-
ceiver. Two types of receivers have been used to observe
optical prupagation effects: direct detection and hetero-
dyne receivers. One should exercise care in distinguithing
between the two types of observations, since these devices
respond to fundamentally different (but assuredly related)
moments of the aperture field.

Temporal records of the fluctuating outputs of these
two types of receivers appear to be very similar. They are
characterized by a relatively steady noise-like trace inter-
spersed with sharp spikes or bursts; these pulses of peak
output may occur at 50 to 100 ms intervals and may be of
10 to 25 ms duration. In both cases, these peaks have been
observed to rise to a limiting value under relatively good
atmospheric conditions, but szem to be randomly distrib-
uted under conditions of high turbulence. The power
spectra of direct detected and heterodyned signals have
been observed to display differences, although the gross be-
havior under varying atmospheric conditions is again
similar.

2.1.2 Fluctuation Magnitude

Direct detection measurements of these fluctuations
and certain parametric dependences have been made by
Peteranecz and Simons,!? P. B. Taylor,”® T. S. Chu,"* R. F.
Lucy et al,'s M. Suor. :1anian and J. A. Collinson,® and
D. L. Fried et al.” All measuzements of fluctuations in the
outputs of direct detection receivers described below were
made at 0.63u.

Peteranecz and Simons'? and P. B. Taylor'® have de-
scribed measurements over a 16.5 km path in Dayton,
Ohio. The path was elevated (about 70 m on the avcrage)
and passed over many types of terrain. A 4.3 cm collecting
aperture was employed and peak receiver outputs were
observed to range up to 30 dB above the quasi-steady level.
Simultaneous microwave measurements over the same path
showed power scintillations of the order of 1 dB.

T. S. Chu'® has observed fluctuations induced by clear
air turbulence over the same 2.6 km path mentioned
earlier.'® He reports rms fluctuations of the signal averaging
30 percent of the average level, but ranging between
extremes of 10 and 90 percent. The largest fluctuations
were observed in the presence of the Sun. A measurementin a
strong crosswind (transverse to the propagation path, with
velocity ~30 mph) showed no increase in the fiuctuation.
An eight-fold increase in receiver aperture diameter resulted
in a reduction in percent rms fluctuation by a factor of
nearly two (from 60 to ~ 30 percent). Diurnal variations in
fluctuation were also noted.

Buck® has also investigated the fluctuation observed
with a direct detection receiver and he suggests the fine
structure of the fluctuation records is a result of “internal
breakup” of the beam, while the large bursts are due to the
beam “wandering” in and out of the collector aperture. He

i




section. This review is not intended to be exhaustive, but
it is hoped that it presents representative data and accur-
ately reflects the current level of understanding of these
phenomena. Following this summary, an assessment of the
importance of the known results to various types of optical
communications systems will be presented. Some experi-
ments are suggested which could provide much needed data
to further aid in the evaluation of proposed systems.

2.1 Summary of Observed Phenomena

Some observational data describing the atmospheric in-
fluence on field amplitude, phase, and mutual coherence
functions are summarized below. Depolarization will not be
considered, since atmospheric depolarization at optical
wavelengths has been shown to be negligible.®

2.1.1 Amplitude Related Effects

2.1.1.1 Attenuation. Observations of attenuation in
clear air have been reported, as well as attenuation resulting
from precipitation of various kinds.

A series of measurements were performed recently in
Colorado by A. L. Buck,’? and clear air attenuations along
¢elevated propagation paths averaging apprcximately 0.2
dB/km have been reported. Clear air attenuation is ex-
pecteldl to decrease rapidly with increasing altitude, how-
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T. S. Chu'® has measured the attenuation due to pre-
cipitation (rain, fog, or snow) over a 2.6 km path at Bell
Telephone Laboratories’ Crawford Hill location in New
Jersey. Data were taken at 0.63, 3.5, and 10.6y. Attenua-
tions from dense fog were observed in excess of 65, 45, and
60 dB above clear weather levels for the respective wave-
lengths. True attenuations are unknown in these instances
since the latter bounds were set by receiver sensitivities.
Results of measurements made in a light fog are shown in
Figure 93. The attenuation is greatest at 0.63u and is due
primarily to scattering. Progressing to longer wavelengths,
the attenuation drops off, and at 10.6u absorption is the
dominant effect.

Attenuation from rain does not vary as greatly over the
range of wavelengths examined. Attenuation is smallest at
0.63p and is due again primarily to scattering. Rain attenua-
tion increases with wavelength (Figure 93), and at near
infrared (IR) wavelengths, scattering and sbsorption con-
tribute about equally.

No consistent wavelength dependence was observed in
attenuation by snow. For the same equivalent liquid water
density, attenuation from snow lies somewhere between the
corresponding values for rain and fog.

2.1.1.2 Fluctuations. The term “fluctuation” gen-
erally refers to a fluctuation in the field that is deduced
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from an observed fluctuation in the output of an optical re-
ceiver. Two types of receivers have been used to observe
optical prupsgation effects: direct detection and hetero-
dyne receivers. One should exercise care in distinguishing
between the two types of observations, since these devices
respond to fundamentally different (but assuredly related)
moments of the aperture field.

Temporal records of the fluctuating outputs of these
two types of receivers appear to be very similar. They are
characterized by a relatively steady noise-like trace inter-
spersed with sharp spikes or bursts; these pulses of peak
output may occur at 50 to 100 ms intervals and may be of
10 to 25 ms duration. In both cases, these peaks have been
observed to rise to a limiting value under relatively good
atmospheric conditions, but s:em to be randomly distrib-
uted under conditions of high turbulence. The power
spectra of direct detected and heterodyned signals have
been observed to display differences, although the gross be-
havior under varying atmospheric conditions is again
similar.

2.1.2 Fluctuation Magnitude

Direct detection measurements of these fluctuations
and certain parametric dependences have been made by
Peteranecz and Simons,? P. B. Taylor,!* T.S. Chu,* R. F.
Lucy et al,’¥ M. Suor. -1anian and J. A. Collinson,® and
D. L. Fried et al.!” All measuzements of fluctuations in the
outputs of direct detection receivers described below were
made at 0.63u.

Peteranecz and Simons'? and P. B. Taylor'® have de-
scribed measurements over a 16.5 km path in Dayton,
Ohio. The path was elevated (about 70 m on the avcrage)
and passed over many types of terrain. A 4.3 cm collecting
aperture was employed and peak receiver outputs were
observed to range up to 30 dB above the quasi-steady level.
Simultaneous microwave measurements over the same path
showed power scintillations of the order of 1 dB.

T. S. Chu'® has observed fluctuations induced by clear
air turbulence over the same 2.6 km path mentioned
earlier.’® He reports rms fluctuations of the signal averaging
30 percent of the average level, but ranging between
extremes of 10 and 90 percent. The largest fluctuations
were observed in the presence of the Sun. A measurementin a
strong crosswind (transverse to the propagation path, with
velocity ~30 mph) showed no increase in the fluctuation,
An eight-fold increase in receiver aperture diameter resulted
in a reduction in percent rms fluctuation by a factor of
nearly two (from 60 to ~ 30 percent). Diurnal variations in
fluctuation were also noted.

Buck® has also investigated the fluctuation observed
with a direct detection receiver and he suggests the fine
structure of the fluctuation records is a result of “internal
breakup” of the beam, while the large bursts are due to the
beam “wandering” in and out of the collector aperture. He
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has measured the fluctuation index o, (defined as the ratio
of sample standard deviation to sample mean) of the re-
ceiver output for a path length of 4 km as a function of
receiver aperture diameter. Like Chu, he observes a defi-
nite reduction in o, as the receiving aperture is enlarged.
Buck observed no systematic variation in o, for path lengths
ranging from 550 m to 145 km.

Lucy and his coworkers'® have performed simultane-
ous heterodyne and direct detection measurements over a
1 km path at the Sylvania Research Laboratory in Waltham,
Massachusetts. In computing sample probability density
functions for the direct detected signal, fluctuations were
observed to be greatest and the average level lowest i1 clear
weather. The fluctuation decreased and the average level
increased under weather conditions which progressed from
clear to overcast to light rain. Reported observations'®
taken with different sized collection apertures appear to
indicate that the percent fluctuation (or fluctuation index)
decreases with increasing aperture diameter. However, Lucy
indicates!® that, considering additional (unpublished) data,
no definite conclusion can be reached from his group’s re-
sults,

Subramanian and Col}inson,’® at Bell Laboratories, have
investigated the percent fluctuation (or “depth of modula-
tion” as they describe it) over ranges of about 30 to 800 m.
They observe a rapid decrease in fluctuation with increasing
aperture size. However, they repori that the percent fluctu-
ation does not decrease beyond a finite “residual” level
reached as the collecting aperture becomes larger than the
direct bearn. Residual fluctuations of a fraction of a petr-
cent are observed at the distances examined. When all of
the beam is collected, the percent fluctuation was observed
to increase with the 3/2 power of propagation distance
(from 30 to 800 m). It was observed that this dependence
on path length was independent of weather conditions; how-
ever, for a fixed distance the percent fluctuation drpends
sensitively on atmospheric conditions, having been ob-
served to change by a factor of two or three in a matter of
seconds. Attempts to determine the dependence of per-
cent modulation on atmospheric variables were unsuccessful.

Fried, Mevers, and Keister' 7 measured fluctuations at
0.63u over an & km path at the Autonetics Electro-Optical
Laboratory in California. Their purpose was to measure the
fluctuation statistics as the size of the collection aperture
was varied. The theoretically predicted log normal distribu-
tion was expected for small apertures and a transition to
Gaussian statistics was expected as the receiver cross section
increased. However, the statistics were observed to be log
normal for all apertures varying in diameter from 1 mm to
1 m. This apparently anomalous result gave rise to the con-
jecture by these investigators that this phenomenon is asso-
ciated with the finite cross section of the laser beam.
D.H. Hohn?*+2% has also measured the statistics of inten-
sity fluctuation at 0.63u over 4.5 and 14.5 km paths at the
University of Tubingen, Germany. He observed the log
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normal distribution for small collection apertures, but has
also observed deviations therefrom. In particular, he has
recorded normal distributions for the intensity for the
largest (80 mm) apertures used.

Measurements of the fluctuation in the output of a
heterodyne receiver have been made by Rosner'? and also
by Lucy et al.'® These measurements were performed at
0.63u. F.E. Goodwin?® has also recently reported observ-
ing fluctuations in a 3,394 heterodyne system.

Rosner utilized the same 2.6 km propagation path em-
ployed by Chu at Bell Laboratories, and his heterodyne re-
ceiver had a 9.5 cm collecting aperture and utilized an
afccontrolled local oscillator to muintain a 70 MHz if.
Rosner observed peak outputs ranging up to 16 dB above -
average levels. Differences between peak and average levels
were smallest in windy weather (wind speed > 25 mph) on :
both clear and overcast days. The greatest differences were
observed in the morning hours in clear weather. It was ob-
served that, in the absence of rain, the behavior of the de- .
tected signal was strongly dependent on the presence or
absence of sunlight; unusually constant signals were ob-
served in the presence of high winds (see Figure 94). Rosner
suggests that the sharp bursts apparent in his observations
may be due to a momentary absence of turbulence-induced
phase distortion in the incoming signal wave. :

The heterodyne receiver used by Lucy and his col- :
leagues at Sylvania employed spatial tracking of the angle of
arrival of the signal as well as an afc system to maintain an °
i-f of 30 MHz. The receiving aperture was20.3 cm in diam-
eter. Sample probability density functions for the hetero-
dyned signal were obtained for clear, overcast, and rainy
weather conditions. The reduction in the width of the dis-
tribution (fluctuation), or the fluctuation index, as this
sequence of conditions is encountered is not nearly as ap-
parent as it is for the corresponding (simultaneous) direct
detection distribution. Heterodyne sample densities were
not computed for various aperture sizes; however, this work
is currently being undertaken.'®

F.E. Goodwin®® has reported on tests performed with
a 3.39u heterodyne communication system at the Hughes
Research Laboratories in Malibu, California, Utilizing a
7.6 ¢m collecting aperture, rms fluctuations in signal am-
plitude of 10 percent were reportedly observed over a 300 m
propagation path.

One should keep in mind that »ven the smallest collec-
tion apertures used in the foregoing measurements are very
large in terms of the wavelength of interest. Consequently,
one can at best obtain only an estimate of the fluctuation of
the average amplitude or intensity from these observations.
Furthermore, one should certainly not ignore the probable
influence of phase distortion in the heterodyne results.
Typical results obtained by the abovementioned investiga-
tors have been gathered in Table 41, along with an indication
of certain pertinent conditions attending their observations
(where available).
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2.1.3 Fluctuation Rate

Fluctuation rate measurements, in the form of power
spectral density analyses of the received signal, have been
performed for the most part with direct detection receivers
at 0.63u. Among others, Buck,” Chu,?® Hogg,?* Lucy
atal,'S and Subramanian and Collinson?* have contributed
to these investigations. Generally, the spectra of the direct
detected signals display exponential distributions at base-
band with typical widths of a few hundred Hertz. The
spectral shape and width have been observed to be rele-
tively insensitive to propagation path lengths (ranging from
a few meters to 145 km), or to what fraction of the trans-
mitted beam is collected by the receiver. The spectral
width, however, does seem quite sensitive to the intensity
of turbulence along the path; e.g., as manifested by cross-
wind.

Hogg?* first described the spectra at 0.63u and sug-
gested that the distribution appeared to be exponential.
Subramanian and Collinson®* were the first to suggest the
invariance of the spectra to changes in path length or aper-
ture size. These suggestions were based on data taken over
120 m and 360 m paths, in which variable apertures were
employed which could collect all or only a small portion of
the signal beam. Bounds on measured spectral widths
ranged from 70 Hz in a calm atmosphere to 1100 Hz in rain
and gusty wind. Buck has confirmed the lack of dependence
of spectral shape and width on path length for large dis-
tances. He does suggest an aperture dependence for a fixed
path length at frequencies below 20 Hz, however. Chu'*
has reported a slight reduction in spectral width with in-
creasing aperture. He reports an appreciable increase in
spectral width with a strong crosswind, but no correspond-
ing increase in fluctuation power (fluctuation index). Chu
has also recently described®? the wavelength dependence of
the spectral distributions. Observations at 0.63u, 3.5y, and
10.6u indicate that the exponential representation is reason-
ably valid at each wavelength out to about 100 Hz, and that
there is a definite decrease in spectral width with increasing
wavelength. (Some deviation from theoretically predicted
behavior is noted, however.*) The work of Lucy et al'®
strengthens the existing direct detection observations. In
particular, the spectra shown for different weather condi-
tions very graphically display the broad spectra associated
with high turbulence conditions (clear, sunny weather) and
with rain, and the narrow spectral width of low turbulence
conditions (overcast).

Lucy and his coworkers have provided the only pub-
lished' * account of spectral measurements of the fluctua-
tions of heterodyne-detected signals. Their work is all the
more interesting in that they have obtained simultaneous
direct and heterodyne detection measurements. They show
that the heterodyne srectra are not grossly different from
the direct-detected distributions and that the general trends
with changing atmospheric conditions are similar, They
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remark that the heterodyne fluctuations contain strorger
high-frequency components, and they attribute this to the
great influence of phase distortion on heterodyne response.

From the similarity in the temporal fluctuation records,
it is not surprising to find similarities between the hetero-
dyne and the direct-detection fluctuation spectra. One
should bear in mind, however, that these power spectra cor-
respond to different moments of the signal field: the first
moment in the case of the heterodyne, the second moment
in the case of the direct-detection receiver. These differ-
ences do not seem to have been heretofore investigated and
their examination could prove to be of considerable im-
portance,

2.1.4 Phase Fluctuations

Buck® has reported observing phase fluctuations at
0.63u over a 48.8 m path. He used a homodyne detection
technique with an equalarm Michelson interferometer in
which one arm was protected from disturbances. Only a
small amount of data was taken, and consequently no firm
conclusions could be reached. Of the samples obtained,
Buck determined that the “overall standard deviation” was
2.5 radians. From the records included in his paper,
short-term fluctuations of the order of 1 radian are apparent
at rates of the order of 5 Hz (which, it was suggested, were
probably due to mechanical resonances).

2.1.5 Accounting for Atmospherically Induced
Fluctuations

In deciding how to properly include the effects of
turbulence-induced optical fluctuations, it is crucial to ob-
serve that the importance of these fluctuations is largely
determined by the relative time scales involved: As indi-
cated by the data presented above, atmospheric phenomena
and the resultant optical fluctuations are characterized by
time constants of the order of milliseconds. A high data
rate optical communication system, however, may transmit
at megabits per second. In such a system, time intervals of
10°® seconds (decision interval, or bit period) are of impor-
tance. Consequently, when calculating the performance of
such a system; e.g., the probability of committing an esror
after a 10°® second observation of the received signal, at-
mospherically induced phase and amplitude fluctuations
should not enter. The signal amplitude and phase may be
assumed to be constants in such calculations, random vari-
ables fixed by a particular realization of the atmosphere.
Subsequent averaging over the ensemble of atmospheres
may then be appropriate.

2.1.6 Degree of Coherence

The spatial dependence of the correlation within the
signal field is of interest here. This dependence is frequently
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parametrized by a coherence distance (roughly the distance
within which the correlation between separate points in the
field is significant).

Goldstein et al*’ have performed measurements at
0.63 u and at 1.15 p at the Air Force Electro-Optic Surveil-
lance Site in New Mexico. They employed a heterodyne
receiver with a variable collection aperture and observed
propagation effects over 4 and 24 km paths. However, no
definitive data were obtained at the infrared wavelength
because of equipment difficulties and atmospheric absorp-
tion. The visible measurements did not encompass a suffi-
cient range of collection aperture diameters to allow a
precise determination of the coherence distance directly.

Their measurements do show, however, that the coherence
distance changes significantly with atmospheric conditions
over relatively short time intervals (15 min). It was also
quite apparent that the coherence distances were consider-
ably smaller for the 24 km path as compared to the 4 km
path. These data confirm qualitatively what one would ex-
pect on purely physical grounds. Measured values of the
average refractive index structure constant (C,) may be
combined with Equation (8) of Reference 27 (an expression
due to Tatarski*®) ic estimate the coherence diameter. The
average value of C,, obscived on the 4 km path indicates an
average coherence diameter at the receiver of 1.15 cm. Com-
parable observations of C,, for the 4 and 24 km paths yield
coherence diameters of 3.5 and 2.75 cm, respectively.

Lucy and his group, in presenting their results,'s do
not employ the notion of coherence. However, they do pro-
vide measured “heterodyne efficiencies,” from which one
can estimate the diameter of the coherence area. The data
taken over their 1 km path at 0.63 u indicate coherence
areas with diameters ranging from 0.36 to 0.7 c¢m, corre-
sponding to clear, sunny conditions for the smaller value
and overcast or light rain conditions for the larger. These
measurements were made with the 20.3 cm aperture. The
efficiencies observed with a series of smaller apertures indi-
cate a coherence diameter of the order of 1 cm. The angular
alignment tolerance they observed can also be related to the
coherence area (Section 6.4), and these observations pro-
vide an inucpendent and consistent indication of the 1 cm
value. Samples of the foregoing estimates, along with certain
theoretical estimates to be discussed in Section 2.2, have
been collected in Table 42.

Hinchman and Buck® attempted to measure intensity
fluctuation correlations in a 0.63 u laser beam at a distance
of 15 km. Intensity correlation could not be detected for a
photomultiplier separation of 15 cm.

In comparing his theoretical work with some observa-
tions, Reiger® presents some data obtained by Protheroe
and Chen which indicate an intensity correlation distance of

*The appearance of a,,z or an depends on the choice of represen-
tation of atmospheric effecti. Those qualities are closely related;
see Reference 27 or Equation 6.2 of Reference 39.
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4 or 5 cm associated with intensity fluctuations in a field of
starlight. These numbers cor:spond to intensity correlation
diameters of 8 to 10 ¢cm.

2.1.7 Lack of Experimental Data

From the above summary, and particularly from Table
41, one can see that, although some experimental resuits
have been obtained, the existing empirical knowledge is far
{rom complete. More definitive and systematic experiments
related to all aspects of the atmospheric optical propagation
problem are needed. Of notable significance is the absence
of optical propagation measuremnents over vertical paths;
such measurements are crucial to an evaluation of an Earth-
based receiver operating in a deep space optical communica-
tion systemn.

2.2 Theoretical Considerations

Some of the analytical .‘ork which relates to the cxper-
imental results reviewed in the previous seciion will be
summarized below.

2.2.1 Amplitude-Related Effects

2.2.1.1 Attenuation. Predicted values of clear air at-
tenuation have been given in an RCA report!' and are
stated in terms of percent transmission over a vertical path.
For a 100 km vertical path, transmission in the visible range
under “‘exceptionally clear” conditions is indicated 1o be
near 90 percent; transmissions for “clear day” conditions
are specified at 20 percent.

A convenient tabulation of the dependence of atmos-
pheric transmission on wavelength and zeruth angle under
clear conditions may be found in the Perkin-Elmer report
(Reference 4, Table 3-1), along with a brief discussion of
some of the factors responsible for clear aii attenuation.
Elterman3* has described a model, based on a clear stand-
ard atmosphere which includes an aerosol component, from
which clear air attenuations may be determined.

Expressions for the attenuation from scattering of the
mean or cohesent wave in a homogeneously turbulent at-
mosphere have been obtained by J. B. Keller® and L. S.
Taylor.31 For an inner scale size of 10 ¢cm and for refractive
index fluctuations* (02) ranging from 10°'¢ to 107, the
attenuation has been computed fcs the wavelengths of in-
terest in Table 43. The values in the table do not indicate
the attenuation that will be experienced by the total wave
{coherent and incoherent waves), and consequently cannot
be directly compared with observed attenuations; e.g., the
0.2 dB/km average level observed by Buck.® However,
the indicated attenuations in the visible are consistent in
order of magnitude with certain of Rosner’s'® heterodyne
measurements.
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Attenuation from precipitation has also been examined.
The RCA report mentioned above indicates c..lv about 1
percent transmission (20 dB loss) over a 100 km vertical
path through a light fog.

The experimental work of T. S. Chu!® d.scribed earlier
was complemented by a theoretical analysis of scattering
and absorption resulting from precipitation in the lower
atmosphere. A precise prediction of precipitation attenua-
tion is hampered by the uncertainty in particle size distribu-
tions and forward-sca.tering contributions. Chu’s analysis is
based on the work of Van de Hulst,3 ard the results are
summarized in the curves of Figures 95 and 96. The experi-
mental data shown in Figure 93 are in good quantitative
agreement with the predicted attenuations for rain, and
confirm qualitatively the wavelength dependence for fog.
Although 10 p attenuation bv foi is much smaller than at
visible wavelengths, 10 u atten.zation may nevertheless be as
great as 40 dB/km for liquid water concentrations of

0.1 gm/m>.

2.2.1.2 Fluctuations. Various techniques for deter-
mining amplitude fluctuations have been developed. The
wave optics method has been used by Tatarski,®® Chernov,"
and others, and P. Beckmann®® has employed a simplified
geometrical optics scheme. The analytical expressions for
the amplitude fluctuations readily lend themselves to central
limit theorem arguments, which indicate that a wave need
penetrate a turbulent medium only a relatively short dis-
tance before its amplitude tends to obey a log normal
distribution. (See Section 2.1 for comments on the experi-
mental verification of the log normal distribution by Frird
etal,!” and also by Hohn.?')

2.2.2 Phase-Related Effects

2.2.2.1 Phase fluctuations. Beckmann® has obtained
an expression for the spatial dependence of phase fluctua-
tions in a turbulent medium, as well as expressions for mean
square fluctuation rates under various corditions. [he fluc-
tuation and its rms derivative are shown to vary directly
with the product o, kL 12 where o, is the standard devia-
tion of the refractive index, Kk is the wave number in a non-
random medium, and L is the length of the propagation
path. The dominant scurce of temporal phase fluctuations
is observed to be crosswind; i.e., wind blowing transverse
to the nomina! beamn direction. This result assumes that the
temporal variation of refractive index is due primarily to
drift (.ather than to turbulence or diffusion).

*Recently reponedls rms tracking accuracies of £25u rad must be
improved if fluciuations in angle of arrival are to ve usefully com-
pensated for in fields (in the 0.5 to 1.0u region) having coherence
distances greater than a f2w centimeters.

tWith the development of an improved atsgospheric mode!, indica-
tions are that these values are pessimistic.
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2.2.2.2 Angle of arrival fluctuations. Beckmann also
obtained expressions for the angle of arrival and has shown
that the distribution of these fluctuations will be Gaussian,
Hufnagel* has estimated the bounds on the angle of arrival
fluctuations expected at a ground receiver operating at
0.63 p. These estimates are shown in Table 44 and indicate
bounds on the fluctuation expected when an initially uni-
form plane wave traverses the entire atmosphere.

Table 44

EXPECTED FLUCTUATION IN ANGLE OF ARRIVAL,
AFTER HUFNAGEL (Perkin-Elmer Report, Table 3-3)

rms Fluctuation: grad

Zenith Angle
(degrees) Receiving Aperture Diameter
0.131m 1.31m
J 8.5 3.68
3¢ 9.12 398
] 10.1 441
60 11.88 5.24

From the discussion of angular misalignment in a het-
erodyne receiver given in Section 6.3 arid in Appendix 6,
one finds that a 0.5 u heterodyne operating with a 13 cm
coherence diameter (corresponding to a coherent 0.13 m
aperture) cannot tolerate angular deviations in excess of
3.85 u rad. Similarly, with a 1.3 m coherence diameter
(1.3 m coherent aperture), deviations greater than 0.38 u
rad are excessive. Under the best conditions (pointing to the
zenith), Hufnagel’s computations indicate possible fluctua-
tions of the order of 2 and 10 times these values, respec-
tively. These results indicate i:.e need for an angle-tracking
heterodyne receiver;* if the fluctuaticns indicated are ob-
served, the usual “fixed direction’ heterodyne would per-
Jorm very poorly. Reiger®® has also determined values for
the rms angle of arrival in the visible region for various
mode] atmospheres, and his computed values fall well within
the bounds obtained by Hufnagel.

2.2.3 Degree of Coherence

A number of fcrmulations have been put forth for the
determination of the coherence properties of a wave propa-
gating in a randrm medium. One or the earlier solutions is
due to Hufnagel and Stanley,>® who determinec the mutual
coherence function for a wave which has traversed the entire
atmosphere along a vertical path. The method relies on the
use of a model atmosphere, and the ground level mutual
coherence function at 0.63 u has been computed; a coher-
ence distance slightly greater than 1 ¢cm is obtained.* Similar
computations at 10 g may be performed, and one finds
ground level coherence distances of the order of 30 cm.t
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LS. Taylor®! has calculated the mutual coherence
function by means of a stochastic perturbation technique
developed by J.B.Keller.3% Taylor indicates that his analy-
sis points up defects in certain other methods and he at-
tempts to clarify the region where his and other existing
solutions are valid. :

Beran®® has obtained a solution for the mutual coher-
ence function in a turbulent half-space by an iterative tech-
nique. Brown®? has employed a selective summation
procedure to determine the first two moments of a field
which has propagated a large distance through a weakly in-
homogeneous medium. Brown has shown that his solution
reduces to that found by Hufnagel and Stanley.?$

Reiger?® has determined the intensity correlation func-
tion for visible iight transmitted vertically through the earth’s
atmosphere by a geometrical optics procedure. Tatarski has
obtained a similar solution using wave optics techniques.?®

Hufnagel and Stanley’s work, and also Reiger’s, suggests
that much of the degradation from turbulence occurs in the
atmospheric layer near the earth’s surface. Fried®® has
computed the improvement to be expected by elevating the
receiver and shows that, at iy, the coherence diameter can
be nearly doubled by raising the receiver 3 km above
ground level (a change from roughly 5 to 9 cm). These
numbers correspond to zenith viewing under daytime con-
ditions and would increase if a more optimistic atmospheric
model were to be used in their determination.

The various solutions for the mutual coherence func-
tion in a turbulent medium have been obtained through use
of a variety of techniques and approximations. These sclu-
tions do not yield grossly different results. The major point
at issue seems to be the range of validity of the existing
solutions; this is currently a controversial topic and some
relevant discussion may be found in Taylor’s paper,“ and
also in an article by Fried.*°

2.3 Influence of Propagation Effects on Communication
System Performance

Having observed (Section 2.1) the great difference in
time scales for turbulence-related atmospheric phenomena
and for high-data-rate communication systems, one may
assess the effects of atmospheric-induced phase and ampli-
tude fluctuations on such systems by considering the effects
of slow, random changes in phase and amplitude on receiver
performance, The effects of spatial coherence on the vari-
ous types of optical receivers must also be considered.

2.3.1 Amplitude Fluctuations®*

In the case of amplitude fluctuations which are slow
compared to the communication rate, the average error
probability P, of a digital comm unication system may be
obtained by calculating the error probability for a constant
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signal amplitude R, and then averaging over the distribution
of amplitudes p(R).

= “4R p(R) P_(R) (12
O

Consider a binary orthogonal modulation system (e.g.,
polarization-shift-keying) in which envelope detection is em-
ployed. For constant signal amplitude R in the presence of
additive Gaussian noise with variance N, the error probability
is given by

P, (R) = i/2exp (-R?/4N) 13)
Although Equation (13) is not exact for many of the modu-
lation systems of interest in this study, it is representative
of the essential exponential dependence of error probability
on signal-to-noise ratio.

There is even less basis for the choice of the fading dis-
tribution p(R) Scattering theories® ! which relate log R to a
path integral suggest that R has a log normal distribution.
An alternate description, which seems to have as much theo-
retical basis (for example, it is consistent with single scatter
theories) and yet is more manageable analytically, is to as-
sume that the received sinal consists of the sum of a sinu-
soid with amplitude A and a narrow-band Gaussian process
with variance 0?. The resulting envelope then has the
Rician distribution

@ = By (8R) e (72) a9

The average signal power, 8, is given by

1 o A2 s
S= 3 deRR pR) =5+ (19
Let
@ =a8$
A2 (16)
3'=(1—a)S

Therefore a is the fraction of the signal power which is in the
“fading mode”; a = O corresponds to a steady signal;a =1
corresponds to a Rayleigh fading signal.

It is readily shown from the above that the average
error probability is given by

1-c) SN
- (_SS—/N-] a7

P, = (2+a5§)-1 exp




Note that for a # o, P, decreases as (S/N)™* rather than
exponentially as in the nonfading (a = o) case.

In Figure 97, P, is shown as a function of S/N for

~a=0,0.1, 0.5, 1. It is seen that even for @ as small as 0.1,
6 dB more average signal-to-noise ratio is required to achieve
P, = 10™ than in the nonfading case.

Diversity techniques may be employed to reduce the
effects of fading. Direct detection systems which employ
aperture sizes greater than the coherence area and relatively
wide fields of view may achieve some of the benefits of
space and angle diversity, but there is inadequate informa-
tion on how amplitude statistics depend on aperture size
and field of view (see Section 2.4).* Also, coding tech-
niques (e.g., time interleaving) may be used to obtain the
benefits of time diversity, with, however, some disadvan-
tage in transmitter complexity.

Although existing information does not permit precise
evaluation of the performance of optical digital comm'wi-
cation systems over atmospheric paths, it appears clear that
approaches which simply account for the atmosphere by an
average attenuation may give grossly optimistic results.

2.3.2 Phase Fluctuations

The same mechanisms which give rise to amplitude
fluctuaticns also give rise to temporal phase fluctuations in
the received signal. A duect-detection optical communica-
tion system will be insensitive to such fluctuations, but they
will, in gzneral, affect the performance of a heterodyne
receiver. However, if the phase fluctuations are slow com-
pared to modulation rates of interest,’ then they may be
tracked in the same way that the Doppler variation is
tracked. The phase fluctuations increase the minimum
bandwidth of the frequency tracking circuits; but if the
resulting bandwidth is small compared to the communica-
tion bandwidth, then the power required in the carrier need
be only a small fraction of the total signal power. Thus,
slow phase fluctuations impose no inherent penalty on
communication performance.

2.3.3 Coherence Degradation

The relative importance of degraded spatial coherence
within the signal field differs between direct detection and
heterodyne-type receiving systems. When the collecting
aperture is small and coincices with the photosensitive sur-
face, the direct detect on system is not critically dependent

*The diversity improvement resuiting from large aperture direct
detectors has ?een estimated in a recent paper by W.N, Peters and
R.J. Arguello.#?

tAs noted in the next section, it is the spatial rather than the
temporal character of the phase fluctuations which provide the
principal difficulty.

upon a large coherence area; such a system may perform
well in a signal field with very poor spatial coherence prop-
erties. The information rate and error probability are more

- seriously affected by a widening of the field of view, and

temporal fluctuations in signal and background fields in-
duced by atmospheric turbulence.

In practice, however, direct detection collection aper-
tures must frequently be made large, and a mirror or lens
is required to focus the collected energy on a small photo-
surface. In such situations, degradation in focusing due to
poor spatial coherence can become a serious problem.

Whatever configuration is employed, the performance
of a heterodyne receiver is strongly dependent on the co-
herence areas of both signal and local fields. As shown in
Section 6.3, the signal power at i-f may often be propor-
tional to the smaller of the local and signal field coherence
areas. For a propagation path traversing the entire atmos-

_phere and terminating at ground !evel, Hufnagel and Stanley’s

calculation® strongly indicates that the signal coherence
area will be the limiting factor at optical wavelengths. To
improve the information rate for a given error probability
(Section 6.4), one would like to obtain as large a signal
coherence area as is possible. This improvement can per-
haps most easily be accomplished by placing the receiver
above as much of the turbulent ground layer as possible.

When small coherence areas prevent efficient use of a
collection aperture of desired or specified size, a diversity-
combining system 1ray have to be employed. One may
think of this as a technique which artificially expands the
effective coherence area.

Fried*® has recently investigated the fluctuation to be
expected in the power output of a heterodyne receiver.
(He computes what one might call a power fluctuation in-

_dex.) He shows that when the collection aperture diameter

exceeds a certain paaiicicf I, (essentially the coherence
diameter), the fluctuation grows rapidly. However, Fried’s
results must be interpreted carefully because his averaging
is taken over the ensemble of atmospheres. His results do
not adequately relate to the power fluctuation that would
be observed within a decision interval in a high data rate
system, and hence do not necessarily imply that a high
probability of error should be associated with heterodyne
receivers,

Heidbreder®® has shown that the form of the structure
function employed by Fried is very close to that correspond-
ing io a randomly tilting incoming plane wave. In attempt-
ing to explain a result which runs counter to what one might
expect intuitively, Fried has observed the latter similarity,
but he does not suggest that the predicted gross fluctuations
might be significantly reduced by an angle tracking hetero-
dyne.

2.4 Suggested Experiments

Knowledge of many physical parameters describing the
turbulent atmosphere is needed. In particular, to make
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meaningful use of theoretical results, reasonably accurate
estimates of refractive index structure constants and struc-
ture functions — and their parametric dependence — must
be obtained. Here, however, consideration will be restricted
to direct field measurements needed to predict optical com-
maunication system performance. The measurements needed
fall into two general categories: (1) those of pertinence to
both direct detection and heterodyne systems and (2) those
primarily of importance to heterodyne systems,

Type 1 Measurements

Structure and general parametric dependence of signal
fluctuations; i.e., dependence cin wavelength, prop-
agation path length, size of collecting apertur=, at-
mospheric conditions, etc. The existing fluctuation
measurements have been made with narrov' beams
and it is known that beam wandering contriby ‘es .0
these fluctuations.”»!2:28.33 Perturbations internal to
the beam are felt to be the dominant effect, but if
possible these effects should b: separateq

Type 2 Measurements

a. Ageneral parametric investigation of the cohercice
distance at the iermiius of a vertical propagation
path is needed. In particular, the dependence on
receiver height above ground level should be
determined.

b. A careful study of the flurtnation in angle of
arrival is necessary. A p~rametri¢ investigation iy
again called for and particular attention shouid be
given to tie determination of ‘whether or not the
observed fluctuations be within the capabilities of
angle tracking heterodynes.

Finally, it is noted that the Woods Hole Summer Study
Group®® has described measurement technir . that might
prove useful in this work. The suggested - periments could
well involve the use of balloon, aircraft, and satellite-borne
equipment, as weil as controlled laboratory experiments.

3. BEAM-POINTING CONTROL AND ACQUISITION
PROCEDURES

In space communication using optical frequencies,
beam pointing is of critical importance. The basic require-
ments on the beann-pointing control system are the ability
(1) to determine the difference between the actual and the
desired transmitter positions, (2) to respond to this differ-
ence by driving the transmitter to the desired position, and

*Estimates of the performance of the Stratoscope II tracking sys-
tem are based on a private communication from Prof. M.
Schwarzchild of Princton University.

+The term Earth beacon will be used either to refer to a beacon on
the Earth or on an Earth satellite,
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(3) to stabilize the transmitter at the desired position despite
disturbances. The particular method of implementing these
requirements depends on the required pointing accuracy.
Systems with pointing accuracies of 10™° radians are well
within the capability of the present attitude control art.
Attitude control devices and star trackers accurate to within
5(10)™® radians are available. Figurc 98 (Figure 1 of Refer-
ence 46) summarizes the pointing accuracies achievable by
various attitude control devices. The performance of the
Stratoscope II tracking system® is included in Figure 56
for comparison. For an accuracv of 107 radians, beam
pointing can be achieved in an open loop mode. The space
vehicle reference frame can b determined by stur tracke: s,
and the desired positions of the beam transmitter and the
space vehic's can be cobtamed from tracking information
and stored it an on-board guidance and control computer.
The beam-peinting control system and the associated atti-
tude control system 4cting in a closed loop mode can, by
referenc: to th2 stored positions, stabilize both the space
vehicle and th> beam transmitter near their respective de-
sired positions. The attainment of pointing accuracies of
107 to 1077 radians will require the use of transmitting
telescope optics 2s an attitude" ser-or. The telescope
measurements will first be used to estalli<t “ie apparent
line of sight between the Earth station and the telescope,
and uien used for track.sg the Earth station. For these ac-
curacies, beam pointing can stilt be achieved in an open loop
mode. However, to aid the space vehicle in the acquisition
and tracking of the Earth station, a beacen at the Earth sta-
tion wii be necessary. For a pointing ~ccuracy better than
1077 ratians, attitude sensors corresponding to a space-
borne telesci): with a primary lens ‘uameter consideratiy
larger ti:an . meter will be necessary. Unless technological
ieakthroughs result in a dramatic reduction of weight of
the atumde sensors accurate to within fractions of 1077
radians, Systemns with .uccuracy iequirements of this order
of magnitude will not be feasible in the near future,

In the fotiowing sections, the discussions on bearn con-
trol systems and the associated attitude control systems will
be confined to systems utilizing an Earth beacon.}

3.1 Space Vehicle Beam Pointing Control Systems

In addition to the Earth beacon, it is assumed that only
space-to-Earth optical communications capability is re-
quired, but a low rate channel is available both from the
space vehicle to Earth, and vice versa. The low rate channel
will enable the space vehicle to receive Earth commands,
and relay infonnation concerning its state to the Earth prior
to optical commanications. It will also serve as a back-up
channel.

The expected position of the space vehicle relative to
the Earth station is known to within a certain accuracy
from trajectory computations made prior to launch and
from trajectory measurements performed early in the flight
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of the space vehicle. From these data the Earth beacon can
be pointed toward the expected position of the space
vehicle with sufficiently wide beamwidth and intensity to
assure detection and tracking by the receiving telescope on
the space vehicle (see Section 4.1\,

The tracking telescope on the space vehicle will share a
common optical system with the transmitting telescope such
as the Perkin-Elmer optical system discussed in Section 4
and in Reference 47. This arrangement, when it is suitably
designed, not only results in a weight reduction but also
offers considerable advantages in tracking and in precise
beam v:- ating,

Tracking the Earth beacon by slewing either the entire
telescope system or the vehicle will provide neither the
desired speed of response nor the required accuracy. A
transfer lens systems, together with an appropriate steering
device will be necessary to track the beacon image appear-
ing in the telescope field of view provided that the presenct
of the beacon in the telescope field of view can be detected.
Since these devices will be light in weight and will require
little actuating power, the tracking error can be eliminated
almost instantaneously. Of course, the range of movement
of the transfer lens system will be limited (to conserve
optical quality and for mechanical reasons). A second
control loop will be needeu to position the optical axis of
the telescope to coincide with the beacon image, thus
restoring the transfer lens to its neutral position. A third
control loop (the space vehicle attitude control system) can
then be used to restore the telescope platform 1o its neutral
position by re-orienting the space vehicle. (These three
levels of control are designated by the letters C, B, and A
respectively in Section 3.3.)

For tie last two control loops, the actuators may be
a combination of control moment gyros (CMG’s) and re-
action jets. The CMG's will be needed to provide the
necessary accuracy, while the reaction jets will be needed to
desaturate the CMG’s and to provide torques for high rate
maneuvers. When the telescope is directly mounted on the
space vehicle, the second and the third loops mentioned
above can be combined into one.

The apparent line of sight between the Earth beacon and
the tracking transfer lens is chosen as one of the reference di-
rections, not simply because it appears as a natural selection,
but mainly because the telescope system provides the best
available attitude error sensor aboard the space vehicle.
Based on the tracking error, the transfer lens movement to-
gether with the telescope and the vehicle attitude control
systems hopefully will be designed to quickly reduce the
tracking error to an acceptable level. For the case at hand,
the accptable fracking error should be less than the toler-
able pointing error (107 to 107 radians).

To account for the long transit time delay between the
vehicle and the Earth station in the case of a deep space
mission, the optical axis of the transmitter transrer lens must

183

be offset from the apparent line of sight between the track-

.ing transfer lens and the Earth beacon. This point-ahead
angle varies slowly with time as function of the relative

velocity between the space vehicle and the Earth station.
For a Mars fly-by, a typical point-ahead angle can be shown
to be less than 2(10)"’ radians and the variation »f the

‘point-ahead angle is of the order of 1077 radians/nrs, as

showt in Figure 99 (Reference 48, p. 54).

The voint-ahead angle can be computed from orbit in-
formation and intorduced to the beam transmitting transfer
lens in a feed-forward mode. Complete feed-forward opera-
tion for an extended period of time may not be advisable
because no means is available to compensate for errors due
to either a long-term component drift or to inaccuracies in
the point-ahead information. These can be taken out either
by an additional feedback loop (the grand loop) or by a
periodic correction from the Earth, based upon tracking
information. Thus the optical system on the space vehicle
must perform the following functions:

1. The deveiopment and utilization of appropriate
error signals for tracking the Earth bescon

[

The generation of point-ahead signals and the
utilization of these signals for pointing the Earth-
bound beam.

To combine these functions in a single optical system,
each with adequate freedom of movement and precison,
will require much ingenuity on the part of the optical de-
signer. The Perkin-Elmer system described in Chapter 3,
Section 4 and in Reference 48 appears to be able to combine
the above mentioned functions adequately,

From the above discussion a multilevel, multiloop space
vehicle beam pointing control configuration is evolved. The
block diagram for it is shown in Figure 100. ‘

The quality of stability of the control configura::
shown in Figure 100 depends only upon the quality -
stability of each individual loop (Apf *ndix 4; see 2lso Ret-
erence 49 for a more complete dis - sion). Thus, the con-
troller design for each loop can be'  -idually undertaken.
Conventional design methods can be utilized here without
any difficulty.

In Figure 100 two error sensors are shown in a parallel
configuration; one has a wide-view window for developing
the error signals used in aligning the tracking telescope
optical axis with the earth beacon image. The other has a
narrow-view window for developing error signals for the
transfer lens to track the beacon image. Since the sizes of
the view windows are different, it is possible to cascade the
error sensors optically so that the narrow-view fine error
sensor will stay inactive until the tracking error is reduced
i an - ceptable level, In F.gure 100 movement limiters are
shown to reflect the physical constraints placed upon the
motion of the transfer lens and the telescope platform. A
‘dead band is introduced between the vehicle attitude con-
trol losy und the telescope-platform gimbal-angle pick-off so
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Figure 99. Typical point-ahead for Earth-to-Mars flyby
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that the vehicle attitude need not be adjusted until the gim-
bal angle becomes fairly large.
It is worth noting the following:

1. The location of the Earth station receiver has not
heen specified. The point-ahead computation
should account for the angular difference between
a ground receiver and a satellite receiver.

When the Earth beacon is situated on the ground,
the presence of the atmosphere will affect the
beamwidth and the intensity of the beacon. To
assure adequate intensity of the beacon image at
the space vehicle, a pulsed laser with time gating
at the vehicle receiver may have to be considered
(Section 4.1). The stability and control design prob-
lem may then be considered in the discrete time
Zomain rather than the continuous time domain.
This, however, does not alter the nature of the
problem.

3. In Figure 100 it was assumed that the Earth bea-
con image will appear in the space vehicle tracking
telescope field of view, and that the transm:tting
telescope transfer lens is pointing ahead in an open
loop mode. The disturbance effect of the trans-
mission beam (mostly atmospheric), the inac-
curacies in the point-ahead signal due to misalign-
ment and calibration errors, and the long-term
component drifts are not compensated for. The
acquisition of the Earth beacon and the compensa-
tion of the above-mentioned errors will be discussed
in the following section.

3.2 Acquisition Procedures

Before the beam pointing control system shown in Fig-
ure 100 can track the Earth beacon, the beacon image must
appear in the tracking telescope field of view. Similarly,
betore optical communication can commence, the Earth-
hound beam must also appear in the view of the receiver. In:
both cases, acquisition procedures will be required to insure
successful operation.

For the space-borne optics to acquire the Earth beacon
signal, it is assumed that the beacon is sufficiently powerful
(see Section 4.1) to provide ad2quate SNR ratio at the track-
ing telescope detector against the Earth-shine background,
so that .ubsequent tracking of the beacon image it possible.
It is assumed that the position of the Earth station with re-
spect tc the space vehicle can be determined to within some
known accuracy such that, when the space-borne telescope
is pointed toward the predicted position of the Earth sta-
tion, the field of view of the telescope is sufficiently wide
to encompass the station position uncertainty.

*Based upon private communication from Jerry Kollodge of the
Radiation Center at [{oneywell,
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To accomplish Earth acquisition, the vehicle is first
commanded to align one of its body axes (the Sun tracker
axis) with the Sun. Coarse Sun sensors with nearly 360

degree of field of view and reaction jets provide the error.

signals and the actuating power for bringing the sun within
the view of fine Sun sensors. Fine Sun sen“~s, such as
the OASO critical angle prism Sun sensor whin is being
developed for N ASA by Honeywell* are capable of resolv-
ing pointing errors to within 107 radian or less. Using
these sensor outputs, CMG’s align the Sun tracker axis with
the Sun. The Sun line together with the apparent line of
sight between the vehicle and the Earth beacon (yet to be
acquired) provide the vehicle attitdue reference frame. Prior
to alignment of the Sun tracker axis, the telescope will have
been offset from the Sun tracker axis through platform
rotation by the angle formed by the intersection of the Sun
and Earth lines. This angle will have been precomputed
from trajectory information and will be stored in the
on-board guidance and cont:ol computer. For a Mars {lyby,
this angular variation is typically of the order of 1 degree/
day, which implies that ample time is available for a more
accurate angle estimation based on postlaunch tracking
data. The relatively slow rate of the angluar variation also
implies a small on-board computer memory requirement. If
this angle can be predicted accuractely to within 1/2
degree. then a telescope with a 1 degree field of view (such
as the Perkin-Elmer system discussed in Chapter 3, Section
4) will assure Earth acquisition.

(From Mars, the Earth subtends an angle of 8X107°
radians and the orbit of a satellite ai synchronous attitude
subtends and angle of 1.22:10™ radians. Thus, if the Earth
is acquired, the Farth beacon wil! also appear in the 1
degree field of view of the tracking telescope and beacon
tracking will be possible if the beacon power is adequate.)

After the Sun tracker axis is aligned with the Sun, the
vehicle is commanded to rotate slowly about this axis (e. g.,
2.5 rev/hr) to acquire the Ea:th. When the magnitude gate
and the logic circuits of an Earth shine detecior indicate
that the Earth has passed through the field of view of the
telescope, the space vehizle will stop its rotation. The space
vehicle is then commanded to rotaie in the opposite direc-
tion about the Sun tracker axis at a slower rate (e.g., 0.5
rev/hr) until the Earth reappears in the telescope’s field of
view. Upon the reappearance of the Earth the rotation com-
mand is removed and the *.am pointing control system
shown in Figure 100 is actuated. The residval motion of the
vehicle (0.5 rev/hr) will be sufficiently stow that the vehicle
tracking telescope transfer lens will have no difficulty in
tracking the Earth beacon. With the apparent line of sight
between the £arth beacon and the tracking telescope trans-
fer lens established, the point-ahead angle is added vec-
torially to the reference direction to give the pointing direc-
tion jor the Earth bound !aser beam.

It was noted previously that the angular information re-
quired for Earth acquisition is a function of the tiajectory




time. This information when refined can also be used to
generate the point-ahead angle. Taking the difference be-
tween an angle corresponding to trajectory time t and an
angle corresponding to trajectory time t + T4 where (T4 is
the round trip transit time delay) will give the magnitude
(in the sense of polar coordinates) of the point-ahead sig-
nal. The orientation of the point-ahead signal can be refer-
enced to a line which is the projection of the vehicle-Sun
line into a plane perpendicular to the apparent line of sight
between the vehicle telescope transfer lens and the Earth
beacon. It follows that the point-ahead information can be
storzd in triplets of magnitude, orientation, and trajectory
time in the guidance and control computer. The accuracy
of the angular information required for the point-ahead sig-
nal must be order of magnitude better than the accuracy
required for Earth acquisition and will require correspond-
ingly larger computer memory.

If the initial pointing of the optical beam fails to
achieve optical communication, a scanning procedure, to be
described below, can be used to assist acquisition of the
Earth-bound signal.

Assume that the Earth beacon is being tracked but, due
to an equipment misalignment, the initial pointing of the
laser beam fails to achieve optical communication. A scan-
ning signal is superimposed on the nominal pointing direc-
tion. The beam width may be broadened to reduce the
number of lines of scan needed to cover the field of search
which is chosen to encompass the uncertainty of the Earth
station location. Each scanning position in the chosen field
of search is coded so that its position with respect to the
nominal pointing direction is determined. The search pat-
tern can be in the form of a square raster or a divergem
spiral, or it can be performed in any sequentizl mannar
which covers the entire field of search. The pointing error
is detected at the Earth station receiver when one of the
coded scanning beams is received. Correction signals for the
nominal pointing direction can be generated either at the
Earth station or on the space vehicle. In the latter case the
error ¢nde is returned to the space vehicle via the low-rate
channel; the on-board guidance and control computer pro-
cesses it to generate the correction signal. It follows from
this discussion that, for any given field of seaich, the poiut-
ing error is quantized in terms of the beam size used to scan
through the field of search. When the pointing error is re-
duced to zero, it simply implies that the location of the
Earth station receiver is known to be within an aea cor-
responding to the scanning beam size. This being so, it is
obvious that the next step is to choose a field ot search
corresponding to this angular area and to choose a corres-
pondingly smaller scanning beam size. It will be conven-
ient touse a fixed search pattern so that the same codes can
be used over and over again to denote the same relative
position of the scanning beam with respect to the nominal
pointing direction regardless of the size of the actual field
of search.
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Repetition of steps like this will successively reduce the
beamwidth to a level suitable to commence optical com-
munication. By nature of the process, the Earth station
location is assured of being within the area covered by this
beamwidth. Thus, acquisition will be achieved and biases
will be raduced to an acceptable level during the process.

As an example, suppose the initial uncertainty of the
location of the Earth station receiver can be confined to a
[50(10)®]? steradians field of search, and a scanning beam
of width 25(10)% radians beamwidth is chosen that the
scan pattern consists of 4 positions A, B, C, and D. Then
reception of a coded beam corresponding to position A will
allow thz location of the Earth station receiver to be
confined to a [25(10)®}? steradians area. In the ncxt step,
a 12.5(10)® radians beam can be used to cover the
[25(10)®)? steradians field of search. Reduction of the
pointing error to “zero” would narrow the location of the
Earth station to one of the four {125 X (10)™])? steradians
area. Successive steps similar to the above can then be used
to achieve the desired accuracy.

For each fixed field of search, the space vehicle —
Earth station-space vehicle loop (the grand loop) can be
described by a dynamical system with a delayed input.
Although the delay is truly time varying, the variation is
sufficiently slow (in relation to control response time) for
the delay time to be considered a constant. A controller
design procedure for the error removal in the grand loop is
shown in Appendix 5.

The total control response time required for reducing
the quantized pointing error to “zero” for each chosen field
of search can be separated into \wo terms, a gain indepen-
dent term Td corresponding to the round trip delay time
and a gain dependent term T (see Figure 3, Appendix 5).
If m steps are required to reduce the initial size of the
scanning beam to the communications beam size and if T,
is the time required for the space-borne optics to acquire
the Earth beacon, then the total acquisition time T, can
be estimated by the simple expression

Tac = m(fd + Tc) + Te

Thus, for the example considered previously, a factor of
two reduction in the scanning beam size would require nine
steps to reduce the field of search from [50(10)°}?
steradians to (10°7)? steradians. At Mars distance, typically
Ty ~ 20 min. and T, = 60 min. Thus, the minimum time
required for acquisition is 240 min (assuming T, = 0).

On the other hand, a reduction of the beam size by a
factor of 10 during each step of change of the field of
search requires m = 3, so that the minimum acquisition
time is T, = 120 min. The reduction in acquisition time is
achieved at the expense of more complex codes for the
scanning beam.

Once acquisition is completed, the normal communi-
cations mode will begin. During this mode, because of the
difference in the dimensions of the illuminated area and the
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dimensions of the Earth-station receiver, open-loop point-
ing can be realized if the pointing error is periodically
corrected. On the other hand, it might be desirable to avoid
the costly process of reacquisition by correcting the point-
ing error in a closed-loop fashion. Error sensing, in this case,
can be achieved in an analog manner by recording the
variation in the intensity of reception as the beam
transmitter scans through a circular pattern (see Chapter 3,
Section 4 for possible means of error generation).

The block diagram modifying the part of Figure 100 to
accommodate the closed-loop acquisition procedure de-
scribed above is shown in Figure 101.

The additional equipment required to implement the
closed-loop acquisition scheme shown in Figure 101 will be
the electronics for introducing the biasing signals, a mech-
anism for introducing different beam divergence, and
additional memory for the control and guidance computer.

3.3 Attitude Control and Tracking

In Section 3.2 the hierarchy of beam-pointing control
and the associated attitude control loops was outlined. Here
a more detailed discussion of the three levels of control will
be given.

Three levels of control will be necessary: (1) control of
the vehicle as a whole to the order of one degree or better,
(2) control of the main tracking and transmitting telescope
and related equipment to an accuracy of better than
3(10)° radian, and (3) control of the transfer lensto
achieve fine tracking to an accuracy of S(10)° radian.
These subsystems are necessary to save control energy that
would otherwise be required to point the vehicle to high
precision and also to quiet the tracker, isolating it from
disturbance forces caused by random telescope motions.
The three levels of control will be discussed in order.

Attitude control of the entire vehicle will most likely
be achieved by gas jet — control moment gyro actuation
and star tracker — beacon tracker sensing. It is known that
with accurate sensing of angular errors a gyro — gas jet
system can control attitude to the order of 5(10)® radian

or better.
Studies of the orbiting astronomical obs:rvatory (OAQ)

attitude control system have shown that, even in relatively
severe terrestrial torque environment, S(10)® radian (rms)
error can be maintained (References 46, 50, and 51). This
is accomplished by using a precisely balanced air bearing
supported table (vehicle) controlled by three control
moment gyros. The gyros must be periodically unloaded by
firing gas jets to “‘dump” momentum stored in the gyros by
gravity unbalances and extemal disturbances. The experi-
ments cited were carried out at the Boeing Company, at the
General Electric Company, and at NASA Ames Research
Center. At the latter laboratory, an elaborate chamber is
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under construction to isolate the experiment from air cur-
rent and seismic disturbances; with this new facility, they
expect to be able to demonstrate steady-state pointing ac- -
curacies of 5(10)7 radian rms. These experiments indicate -
that the necessary vehicle control accuracy may be achieved -
if adequate sensing accuracy can be ensured.

The tracking telescope (level B) can be controlled by
tracking the beacon signal and a star. The telescope and re-
lated equipment may be connected to the main vehicle by
flexure bearings and torqued by torque motors or other low-
friction electromechanical devices, Control of such a system
to 10°° radian s well within the capability of the servo art.
Separate control of the telescope may save control energy as
compared with control of the entire vehicle to 1/10 arc min-
ute. The specific tradeoff in terms of equipment com-
plexity, weight, reliability, and other factors must be car-
ried out for each vehicle design.

Perkin-Elmer has designed the telescope mount for
Stratoscope II using flexure pivots and electromechnaical
drive mechanisms. The vehicle itself must be (vibrationally)
very quiet so that large vehicle disturbances are not trans-
mitted via the telescope mount to the transfer lens system.
In this manner, Stratoscope II was able to point at a star to
5(10) radian rms accuracy. For the system under consid- -
eration, the vehicle would normally be rather “noisy” from
gas jet firings and moving parts. It will be necessary to go to
great lengths to quiet the vehicle in order to reduce
disturbances of the tracker. (See the discussion in Section
4, Chapter 3.)

The control at level C, the tracking system, is most
crucial in terms of ultimate accuracy limits and thus point-
ing capability of the optical communication beam. A system
similar to that designed by Perkin-Elmer for space applica-
tion (Reference 47) secems essential. The basic elements of
this tracker are (1) a transfer lens suspended by a torsion
bearing and controlled in position by linear electromechani-
cal devices and (2) an image-dissecting prism which detects
the position of the image blur circle. Four detectors are
used, one for each quadrant of the image-dissecting prism.

There are two main sources of error in this tracking
system: (1) the shot effect and background noise caused by
random photo impacts on the photomultiplier tube and (2)
the random acceleration of the telescope attitude motion,
An analysis of these effects is given in Section 4.2 to estab-
lish the tradeoff between reducing the effect of telescope
disturbances and raising the number of photons per second
(beacon signal power) that enter the receiving aperture.

The random accelerations of the telescope cause a
random motion of the transfer lens. This causes the pointed
laser beam to wander because common optics are used for
the beacon tracker and transmitter. To decrease this dis-
turbance, tighter control (wider servo bandwidth) must be
applied in the tracking loop. However, the increased tracker
bandwidth allows more of the (white) error detector noise
and background noise to be amplified by the servo loop.
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This also appears as a random motion of the transfer lens,
producing the same effect as the acceleration noise. There is
a tradeoff beiween good acceleration response (tighter
loop) and good detection noise response (narrow-band
loop). This tradeoff is the essence of the tracker design. The
possibility of achieving high beacon power and thus lower
effective detector noisc will be analyzed later. Here it will
be asswmed that the detector noise level is fixed and the
requirements for reducing disturbing acceleraticns on the
transfer lens system will be emphasized.

A rather wide beacon beam may be required from the
Earth station to illuminate the tracking optics. On command
the tracking system aboard the spacecraft will begin a scan
of its field of view. If the signal is strong encugh and the
disturbing accelerations low enough, the acquisition will be
made. Then the vehicle will transmit a signal to the Earth
station, allowing the Earth station to refine the beacon
beamwidth based on the received signai direction from space.

The critical time period is the initial acquisition period
of the Earth beacon signal. During this time and the time
before the beacon beam can be narrowed, the vehicle must
be “‘quieted” by closing down all possible systems that might
disturb the tracker optics. In particular the spacecraft atti-
tude control system can be turned coff, leaving only the
teiescope controls. These measures would maximize the
chances of acquisition. Specific levels of beacon power and
disturbance level will determine actual feasibility.

3.4 Conclusions

In this section, the beam-pointing control system con-
figuration, the acquisition procedure, and the physical
limits to pointing a laser from deep space have been con-
sidered. It appears that the point-ahead system hardware and
prediction capability allow point-ahead to within 1077 ra-
dian, hence the attainment of pointing accuracy to within
10°¢ to 107 radian depends on the ability to track the bea-
con to within fractions of this order of accuracy. The de-
tailed analysis shown in Section 4 appears to show that this
sets a requirement for beacon power which is very difficult
to obtain with currently available devices. In addition to
this difficulty, successful beacon tracking (thiis beam point-
ing) to this order of accuracy also requires an extremely
quiet vehicle, as indicated by the experience of Stratoscope
I1. The telescope should be tightly controlled and all friction
or vibration-producing torque sources should be eliminated.
Since the parameters governing the acceleration and acting
on the tracking transfer lens system are not well known,
further analytica' studies of the attitude and tracking loops
should be made to determine the effects of disturbances on

**‘Earth receiver” is used here to indicate either a ground-based or
earth satellite receiver.
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tracking, Correlation of the analytical studies with tracking
simulations using actual hardware should be made.

As the next step in development of a pointing system,
it is recommended that a piece of developed tracking hard-
ware, e.g., the Perkin-Flmer tracker, be mounted on a work-
ing air-bearing table to simulate all three levels of attitude
control and tracking hardware. The air-bearing table, e.g.,
the facility at NASA-Ames Research Center, would be con-
trolled at various levels of pointing accuracy, while the track-
ing system and telescope servo performed its function on a
laser signal and simulated background source. The signal and
background sources would be suitably attenuated to be
equivaient in signal and noise properties to a beacon with
Earthshine background at planetary distance. Efforts would
be made to simulate actual mission conditions for each part
of the system. Such an experiment will play a crucial role in
determining the feasibility of a deep space laser pointing
system.

4. BEACON CONSIDERATIONS

This section analyzes the power required by a cooper-
ating optical beacon, at or near the Earth. This beacon
appears to be an indispensable part of the system when very
narrow communication beams, due to the use of visible
frequencies, are employed. In Section 4.1, the power re-
quired for initial acquisition is examined. In this phase, the
beacon beam must be sufficiently broad to assure ilumina-
tion of the space vehicle; hence the signal power intensity
at the space vehicle will be smaller than when a narrow
beam is used. In Section 4.2, the tracking loop is analyzed,
and the implications for the beacon power are noted. This
analysis is a steady-state analysis, and the numerical ex-
amples chosen are based on the vehicle disturbances experi-
enced with Stratoscope. It is possible that the level of
disturbances and their frequency will be slightly lower than
Stratoscope figures during the acquisition phase, as the
space environment may be more benign. It might further-
more be possible to perform the tracking control (after
acquisition) with a narrower beam than the acquisition;
hence, the beacon power required may be somewhat less
than for acquisition.

i1 Beacon Power Requirements for Acquisition

An optical beacon from the earth may be required to
puint a narrow-beam optical communication signal from a
deep space vehicle to an Earth receiver.* The beacon beam
should be sufficiently broad to intercept the space vehicle
on an open loop basis. Furthermore, in the acquisition
mode, the space vehicle receiver must have a sufficiently
wide field of view to ascertain that it is receiving the
beacon, and the acquisition must occur in the presence of
considerable background radiation (Earthshine).




The Earth subtends a solid angle of about 107%
steradian from Mars 10® miles away. Since, in the acquisi-
tion mode the field of view will certainly be greater than
this, the acquisition receiver in the spacecraft must operate
in the presence of a full Earthshine background. In the
visible region this corresponds to a radiant intensity m, of
about 6(10) “** watts/m*® - Hz (see Section 1). Assuming
1A wide optical filters which correspond to a bandwidth of
about 10! Hz, the background noise per unit area is
6(10)™!! watts/m?. If a 10 watt CW optical beacon with a
beamwidth of 1 milliradian is assumed and no allowance is
made for atmospheric attenuation, then there would be a
beacon level of 107! watts/m? at the space vehicle. It is
clear then that with a CW beacon the acquisition receiver
will be strongly background-noise limited, and excessively
long integration times would be required for detection. This
suggests that a much narrower beamwidth and/or a high-
power pulsed beacon should be employed.

If it is assumed that dark current and receiver thermal
noise are negligible, it follows from the results of Section 7

that the time required for detection is given by
v

e 2

W

30 (18)
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h

- where g = received signal power per unit area

Ap =area of receiving aperture
n = detector quantum efficiency
To = transmissivity of optical receiving system

My = radiant intensity from Earthshine =
6(10)"2 watts/m® - Hz

W = optical filter bandwidth.

It is assumed in Equation (18) that a signal-to-noise
ratio of 15 dB suffices for acquisition. This corresponds to
the calculation of the required signal-to-noise ratio for
tracking control (see succeeding section), and approxi-
mates the 13 dB figure which can be used for binary com-
munication (Section 7). In practice, the signal-to-noise ratio
required for acquisition may be as high as 20 dB, as sug-
gested by Stratoscope 1l experience (see Chapter 3).

The signal power per unit area at the receiver is approx-
imately related to the transmitter power and beamwidth by

Py

-t (19)
(RoH)?

=1
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where P; = transmitter power
7, = transmissivity of optical transmitter and
path from transmitter to receiver

R, = range
6 = beamwidth.

As an example, consider a 1 meter diameter receiving
aperture, 7o = 0.1, m, = 6(10)"% watts/m? - Hz, W = 10"
Hz, 7, = 1, Ry = 10" meters, and A = 0.5 microns. With
these parameter values, Equations (18) and (19) are used to
calculate transmitter powsr for beamwidths of 10™* and
1075 radians, and the results are shown in Figure 102. For
the longer detection times, the curves correspond to the
case where the background noise in the optical filtzr band-
width greatly exceeds the signal. In this regime Py is given
approximately by

N 301rVWth

- \/ moT

The detection time must be much less than the period
of the principal angular disturbances of the telescope sys-
tem. Stratoscope II experience suggests that these disturb-
ances may be as high as 10 Hz and that T must be less than
107% seconds (see Chapter 4 and the following section). It
follows then from Figure 102 that a CW beacon having a
beamwidth of 10™* radian requires several hundred watts.
This is beyond the limits of existing CW lasers in the visible
region.

It follows from Equation (20) that P, is proportional
to the square of the beamwidth, so that reasonable beacon
powers may be obtained if the beamwidth can be narrowed
below 10 * radians. Although the tracking system has an
angular noise well below 10™* radians (see Chapter 7) it is
questionable whether biases can be kept this smalil.

It is possible, of course, to acquire at shorter range and
to narrow the beacon beam as the range increases. However,
there is the need for reacquisition following handover, and
the question again arises as to the narrowest beam which
can be pointed from the ground station, on the basis of past
trajectory information, with full confidence of illuminating
the space vehicle. The use of @ = 10™* radian for this num-
ber appears optimistic particularly if the ground station is
on earth and atmospheric degradations aie encountered. (In
that case, there is a lower bound on the beacon beamwidth
caused by atmospheric spreading.)

2
R 2 RO
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Py (20)
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A reduction in beacon power may be achieved by re-
ducing the optical filter bandwidth (1A was assumed above)
or the post-detection filter bandwidth (1/T = 160 Hz is re-
quired in the analysis of the tracking loop operation in the
following section), but Py varies only as the square root of




TRANSMITTER POWER, Py (WATTS)

o

8:10% R, :16x10%m

8:17% Ry=10' m

0=|o'5.

Roz 6 X10©m

0
0:!0-5. Ry z10' m
. -
lo'l 1 1 d L 1
10”6 10°3 1074 1073 1072 10~! '

DETECTION TIME, T (SECONDS)

Figure 102. Transmitter power required for beacon acquisition
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these quantities and dramatic improvements are not ex-
pected.

The above discussion assumes a CW beacon. It is of in-
terest to determine the requirements on a pulsed beacon. In
a range of 10! meters, it follows from Figure 102 that a
pulsed beacon with a beamwidth of 10 ™% radian, a peak
power less than 0.1 megawatt and a pulse duration of 1 us
would provide sufficient energy for detection above the
background. A 0.1 joule pulse is certainly within the capa-
bility of pulsed lasers; the difficulty arises in that the laser
would have to be pulsed at a very high rate. In the tracking
control loop analysis, it is indicated that a rate of 1600 p/s
might be required for tracking. Even if the detection filter
bandwidth is an order of magnitude narrower perhaps be-
cause of a quieter environment in space, a pulse rate in ex-
cess of 100 p/s is indicated. This is an average power of
about 10 watts and is outside the range of present high
power lasers (see Chapter 3).

The situation is somewhat better at a beamwidth of
1075 radian, where the corresponding numbers are some-

- what less than a 1kW pulse with a duration of 1 us. At a

rate of 1600 p/s, this corresponds to an average power of
about 1 watt and is likely to be achievable. The CW require-

. ment for this narrow beamwidth is about 3 watts, which
; may be achievable.

It is implicit in the afove calculation for the perform-
ance of a pulsed beacon system that the receiver is gated
about the true arrival. In the acquisition phase this cannot
be done, and a larger threshold (and consequently a higher
signal level) is required because of the increased number of
times at which a false alarm may occur. The increase in
threshold is readily estimated. In the absence of signal the
detector envelope may be assumed to be Rayleigh distrib-
uted. It follows that, if there are M independent times at
which a false alarm may occur, then the false alarm prob-

. ability is given by

~R3 / 26* (21)

—R? /20} M .,

Pppg=1- (l—e M

- where Ry is the threshold, ¢? is the variance of the noise,

and R; is the threshold that would apply if the receiver
were gated. For Pg, << 1, it follows from Equation (21)
that

R?
M log M

— =1t =

R2 ! —i0g Pfa (22)
1

For example, for P, = 107* and M = 6(10)* corresponding
to a 1 us pulse with an interpulse time of 6(10)™* s) then a
2 dB threshold increase is required. To obtain the same de-
tection probability, the signal power must be increased by
approximately the same factor.

It should be noted that the above calculations were all
performed for Mars distances. The Earth shine background
. "t intensity, m, decreases a 1/R?. In Figure 102, the
transmitter power as a function of detection time is also
plotted for a range of 10 AU(1.6x10'? meters). At the
shortest detection times the power required varies approxi-
mately as K2 since, at these very short times, the system
operates. in approximately the shoi noise limit. At the
long'r detection times (in the background noise limit),
Equation (20) is applicaule and the transmitter power re-
quired is approximately proportional to Ry. The acquisi-
tion of an optical beacon at 10 AU does r«t appear
feasible. At 1600 p/s and 6 = 1075 radian, more than 100
watts average power for a pulsed high-power laser would be
required (i.e., about 1600 pulses of nearly 0.1 joule in each
second). Even assuming that the pulse rate can be reduced
by a factor of 10 leaves the requirements for the laser
beyond attainment.

Unlike the usual situation at microwaves, the power re-
quirement on the beacon is more severe than that on the
high data rate communications transmitter. This arises
largely from the fact that 1+ : beacon, which is pointed on
an open loop basis, must operate with a considerably
broader beam than the narrow-beamwidth spacecraft trans-
mitter.

4.2 Tracking Loop Analysis

The basic limitation in the pointing of a laser beam to
high angular precision is the ability of a common optics
tracker to track an Earth beacon in the presence of back-
ground and shot noise and when disturbed by random ac-
celerations of the telescope system. The acceleration
disturbances acting on the transfer lens of the optical sys-
tem can be reduced by a tight (wide-bandwidth) servo loop.
However, the wider the bandwidth of the servo, the more
(white) detector noise is allowed to disturb the system. To
reduce detector noise a narrow bandwidth is desired. There
exists an optimum servo bandwidth to achieve the mini-
mum rms tracking error in the presence of detector noise
and disturbing accelerations. This optimum is found in this
section as a function of signal-to-noise ratio of the detected
beacon signal.

4.2.1 Assumptions

The tracker consists of the main reflecting mirror, a
transfer lens positioned by the tracking loop, and an image-
dissecting prism which acts as an error detector. The fol-
lowing analysis will be limited to one dimensional motion,
because the right-left and up-down systems are uncoupled
and dynamically identical. Let 6 denote the actual beam
direction, 0, the desired beam direction, and ¢ = 6; - 6
the error in beam direction (Figure 103). The error signal is
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processed by focusing the Airy disc of the light signal on
the image-dissecting prism to get an error signal that varies
as a function of the error h(\¥). Associated with the error
signal is background and shot noise from the detection
process. The detector output is processed by a servo equal-
izer and filter network with transfer function:

_ K (8"’0)1)*
(s7+1)?

The output of the compensating network is denoted as u
and drives the transfer lens electromechanical actuator. The
dynamics of the transfer lens system is assumed to be a
simple inertia, 1/s2. This assumes that the electromechan-
ical driver is very fast for the purposes of noise analysis.
The block diagram of Figure 103 shows detector noise n,
and disturbing acceleration ny from the motioi: of the tele-
scope mount, whick is itself controlled. Small vibrations
induced by moving parts, gas jets, and control motions
(limit cycles) will contribute to the acceleration input n,.

The following further assumptions are made to facil
itate an adequate approximate analysis of the steady-state
noise response:

1. The detector nonlinearity h(:9) is taken to he linear
near ¢ = 0 and reach a completely saturated state
corresponding to 9 = 0y,,/2, where 6, is the
diffraction-limited beamwidth of the main optic,
Saturation corresponds to an error signal such that
the Airy disc lies entirely to one side of the image
dissector. The incremental slope is (dh/d9) 4=¢ =1.

2. The getector noise n, is assumed to be white (pre-
ﬁltermg) noise. The rms angular n in a band-
width W is g, = | (#Sma| o, where
Smax is the maximum electrical signal correspond-
ing to full angular signai 6,,,/2 and o, is the rms
post detection electrical noise. The power spectral
density of the noise n; is then

Oow) 2 Na_
max

where Ng, Ny are the angular and electrical noise
power per unit bandwidth [(radian)? /Hz].

3. The detector integration time 7 is small compared
to 1/w,, the lead time constant. The effect of the
lag term breaking at 1/7 is neglected in calculating
the primary response of the servo. The filter
1/(s7+1)? must be used to keep the driver signal u
from saturating.

4. The gain K is adjusted for critical damping,
K= 40)] .

%3 is the Laplace transform complex frequency variable.
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5. The acceleration noise n; is assumed to have
an exponential autocorrelation function ¢,(T) =

02 ¢ ~“a [T, where w, is the spectral band-
width and o, is the s acceleration disturbance.

6. The beamwidth 9, is the same as the transmitted
beamwidth of the outgoing laser signal, since the
optics are comunon. The ratio of beamwidth to rms
tracking noise is k = 8,,,,/(9%)"/2 and may be taken
to be a constant, for eumplc, k=10.

4.2.2 Optimum Noise Response

In the linear region (k & 1) of h(9) the response in the
s-domain with 8, = O is

. $n, +n
v = [ s+ G(JL]

o dwp rwpin; + (1),
(7' +1) (57"41) (42w )?

. GO !s’n, - “:l

32 + G(s)

< 41 (3twy) (%0, —ny)
(s7'+1) (s7"+1) (5420, )?

The factoring in the denominators in the forgoing expres-
sions follows (Figure 104, from rw; << 1, and that r'w,
and r"w, remammlleomparedtooncxf!( 4w,. The
lags (approximately ) provide attenuation in the forward
loop to avoid overdriving the transfer lens driver amplifiers
and electromechanical actuators.

The spectral density functions corresponding to n, and

n, are:
abw ? Nd
sl = ND = (—)
2 stzntx
2w,03

FT
(wtwy

where s = jw. The variance (zero mean) ot & is by Parseval’s
theorem:

3= 5‘; du(l6N,w§) [

wy +iw ]
2 2.4
dwi—w Hdiww,

[ Wy —iw ]
4«:3 —w? —4diww,; + 1
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[ (2w,l+iw)’] [(2&.:,1-4(,.:)2 ]

By using the tables on page 372 of Newton, Gould, and
Kaiser’? one obtains the relation:
?' Sangdwl 03(4(0]"‘0)‘)
857ax 16w3;(2wy +w,)*

To normalize this expression, se* x = w;/w,. Using the
definition of k gives

9 (4x+1)

odwd  16x3(1-x/x) (2x+1)?

where x_ = 882, /SK*Nyc,. The parameter x__ is propor-
tional to the signal-to-noise ratio in the disturbance band-
wid'h, divided by the square of the ratio of beamwidth to
rms tracker noise. The variable X = w,/w, is the ratio of
servo bandwidth to disturbance bandwidth.

The response function 95/ (03/w)goes to infinity at
x = 0, From +=at x = 0, the response function decreases to
a minimum value denoted [92/@%/w?)] opt 2 Xopts and
then rises to +wat x = x,,. For x > x_ there are no positive
values of the right-hand side.

In Table 45 the values of [ (72 / (o/w?)]  and
Xopt Are tabulated for various values of x, opt

Taking the servo system bandwidth as Scw,/4, the
signal-to-noise ratio may be written as 282 /5N,w;.
Setting k=10 for good overall performance, the value of
X i thus determined. For each value of x, the lead fre-
quency wi is chosen to correspond to the minimum (mean

Table 45
OPTIMUM DESIGN OF THE CONTROL SYSTEM

852
max 1/2
Yo" SkIN 4w, (/e dopy [@!) / (O’/“J‘:‘)] opt
0.10 0.075 24.1
0.20 0.151 8.4
0.5 0.383 1.96
1.0 0.776 0.612
2.0 1.57 1.76X10™!
5.0 3.97 3.19X1072
10.0 7.96 8.33X107?
20.0 16.0 2.13X1073
50.0 40.0 0.346X107*
100.0 80.0 0.86X107*
200.00 160.0 2.18X1075
500.00 400.0 3.49X107¢
1000.00 800.0 8.7X1077
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square) angular excursion which is then set equal to 6, /10
in order to assure tracking the main optical beam. A
tabulation of representative values, suitably normalized, is
given below.

[abw /(0./“’3)],," (wi/w,) opt [‘S?mxISNd“I]
196 0.383 326
6.12 0.776 32.2
1.76 1.57 318
0.319 397 315
0.0833 7.96 314
0.0213 16.0 313
0.0035 40.0 3.2

This indicates that a signal-to-noise ratio of 15 dB is re-
quired. The bandwidth of course increases with the normal-
ized beamwidth 6, . For a disturbance (0,/c?) of 50 u rad
(rms) in a bandwidth of f, = 10 Hz, a servo bandwidth of
160 Hz is required to achieve a 8, = I u rad.

It has been proposed that a high-energy pulsed laser be
used to achieve beacon power at sufficient beamwidth, Such
lasers lose single-pulse energy as the pulse repetition rate
increases. The servo requires approximately 10 samples/s/Hz
of servo bandwidth to operate as an efficient sampled data
system with low ripple.®® For the example given above,
the servo bandwidth was 160 Hz. Thus the pulse frequency
of the beacon would require 1600 pls. s is quite large
for a high-powc: laser.

4.2.3 Conclusions

The study of the optimum trade-off bandwidth showed
that the disturbing accelerations acting on the transfer lens
may limit peiformance in the presence of tracking noise.
The bandwidth ::nd signal-to-noise ratio for a typical dis-
turbance environnint indicate trouble with the beacon sig-
nal power, This study certainly points to the desirability of
tests of actual hardware under realistic disturbances and
weak signals with background noise.

A more complete study would incorporate more real-
istic models of the tracker and the transfer lens system. The
nonlinearity of the acquisition process could be simulated
on an analog computer, Use of the Wiener filter nsethods of
Reference 32 instead of the critical damping criterion could
lead to somewhat improved performance. Refinement of
the model of disiurbances would be desirable.

S. MODULATION

In principle, the use of 2 coherent optical carrier affords
the same flexibility of modulation as a conventional radio
carrier. In practice, however, the characteristics of optical
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transmitters, modulators, and detectors, together with prop-
agation effects, tend to make the situation somewhat dif-
ferent at optical than at microwave frequencies. It is the
purpose of this section to point out these differences, to in-
dicate their consequences, and to recommend modulation
techniques suitable for both heterodyne and direct-detection
optical systems.*

In the case of heterodyne detection in an Earth satellite
receiver, coherent modulation and detection techniques may
be profitably employed. As in the microwave case, maxi-
mum efficiency may be obtained with a biorthogonal modu-
lation system in which the signaling waveforms are
comprised of phase-reversal sequences. These may be ob-
tained by driving an electro-optic modulator with an
appropriate binary waveform, which takes on the vaiues ¥V
volts, such that a transition of 2V volts results in a phase
change of slightly less than 180 degrees in the optical carrier.

The above modulai..n system requires that the carrier
phase remain essentially constant over a pulse period. This
requires only that the spectrum of the phase noise, arising
either from oscillator fluctuations or atmospherics, be nar-
row compared with the modulation rates of interest. For
megabit communication rates this is easily satisfied, but for
kilobit rates and below, this can be a serious problem.

Slow amplitude fluctuations are a more serious prob-
lem, because reduced signal power may cause a very signifi-
cant increase in error probability since then no averaging
over the fluctuations takes place in an observation interval.
Indeed, if the received signal amplitude is Rayleigh distri-
buted, then the error probability is no longer an exponential
decreasing functicn of E/N (the energy per bit normalized
by the noise power per unit bandwidth), but decreases as
(E/N_J. As shown in Section 2, the presence of even weak
amplitude fluctuations can cause an appreciable increase in
the E/N, required to achieve a small error probability (see
" Figure 97).

Thus, in the case of heterodyne reception, modulation
considerations are the same as in the microwave case (where
phase-shift modulation is the preferred approach) assuming
phase fluctuations are slow (valid assumption for most cases
of interest) and either amplitude fluctuations are sufficiently
weak (questionable assumption for earth reception) or ap-
propriate margin is added.

In the case of direct detcction, phase-shift modulation
cannot be employed because the detector is insensitive to
phase, The choices available here are:

1. Polarization shift modulation
2. Amplitude modulation (on-off)

*As discussed in Chapter 1, Section 6, attention will be restricted to
digital modulation systems, In the case of optical systems, this af-
fords the additional advantage of relaxing linearity requirements on
the modulator.

+Note that a 1 A filter width at A = 0.5 micron corresponds to a
bandwidth of 1.2 (10)1! Hz.
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3. Discrete pulse-position modulation
4. Discrete frequency shift keying.

In binary polarization modulation, information is con-
veyed by the polarization of the optical signzl, i.e., two
orthogonal polarizations are employed toconvey a O and a 1.
The choice between orthogonal linear polarization or right-
and left-hand circular polarization is one of the convenience
rather than of theoretical performance. However, circular
polarization has the advantage of being :nsensitive to mis-
orientation of spacecraft and receiver co-ordinate systems
and is also insensitive to Faraday rotation.

In the receiver, the two polarizations are optically
separated and separately detected. The decision as t~ which
polarization was transmitted is made on the basis of which
polarization channel contains the largest signal in the bit
period of interest. The theoretical performance of this ortho-
gonal binary system (see Section 7) is the same as an on-off
system which employs the same average power. The on-off
system also has the advantage of requiring only a single de-
tector, and no polarization separator is required if back-
ground noise is not a problem. On the other hand, and on-
off system requires twice the peak power of a CW system to
achieve the same average power, However, at a duty factor
of 50 percent, a laser transmitter will generally be peak
rather than average power limited at the large pulse rates re-
quired, so that the on-off system has a 3 dB penalty relative
to the polarization system. Also, in the polarization system,
a comaprison is made between two channels, rather than
comparison with a threshold as in the on-off system. The
latter technique is much more sensitive to amplitude fluc-
tuations caused by atmospheric attenuation. In addition,
for tracking and synchronization purposes, it would be nec-
essary to guard against a long string of “offs.” For all these
reasons, polarization modulation is clearly superior to amp-
litude modulation.

Binary frequency-shift keying (FSK) is likewise an
orthogonal system ard has the same theoretical perfor-
mance as binary polarization modulation. Moreover, M-ary
frequency shift may be employed to achieve an M-ary
orthogonal system with theoretical performance approach-
ing that of biorthogonal (Chapter 1, Section 6) systems.
There are, however, two difficulties with this approach, one
practical and the other theoretical. From the pratical
standpoint in a direct-detection FSK system it is necessary
to employ frequency shifts greater than the resolution
capability of optical filters. Such frequency shiftst
typically exceed the line-width capability and tuning range
of a single laser, and hence would necessitate multiple
lasers.

A more fundamental problem arises in the detector. In
an M-ary FSK receiver, the incoming signal is divided into
M channels, each of which contains a bandpass filter
centered a! 'he apprcpriate frequency. In a conventional
microwave system, this power division results in a decrease
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in the signal level accompanied by a corresponding decrease
in noise, so that the signal-to-noise ratio is unchanged.
However, in an optical system which operates at the
quantum limit, a reduction in signal level due to power
division results in a relative increase in shot noise. Thus a
binary optical FSK system which divides the incoming
signal equally between the two channels suffers a 3 dB
penalty relative to a polarization system in which virtually
all of the signal may be recovered in the appropriate
polarization channel.

Direct-detection optical systems cannot afford the
luxury of power division prior to the detector. Although it
is feasible in principle to build optical FSK receivers based

"on frequency-sensitive beam-deflection techniques, it is not

expected that the losses associated with such techniques
would be sufficiently low to justify their use. Thus, both
for reasons of implementation and in terms of expected
performance, FSK systems are less attractive than binary
polarization modulation.

The use of discrete pulse-position modulatxon permits
the achievement of M-ary orthogonal systems without the
power-division problem associated with FSK systems. Also,
the modulation problem=-viz., zontrolling the time at which
the laser is pulsed—is simpler. For PPM systems to have
marked superiority to poiarization modulation, comparable
average power must be radiated and duty factor must be
low, implying large peak power. There is still the require-
ment for high average pulse-repetition frequency (high data
rate requirement) and variable interpulse times (because of
the modulation). This may not be practical with con-
templated laser systems and will incur considerable
complexity at best. (Numerical estimates of potential
benefit of PPM systems are given in Appendix 9.)

By the process of elimination, it appears that binary
polarization modulation "is a likely choice for direct-
detection optical systems.

6. HETERODYNE DETECTION

The use of optical heterodyne detection systems may
be advantageous in both satellite-borne and ground receivers.
For a satellite receiver, where it might be anticipated that in
the absence of an atmospheric path there is negligible
disturbance in the signal beam, one can consider use of
coherent modulation as in conventional communication at
longer wavelengths. This will be possible as long as the
laser frequency itself is sufficiently stable. When an
atmospheric path is involved, the maintenance of relative
temporal phase between signal and local fields for appreci-
able periods of time is uncertain.* Nevertheless, the

*If the relative phase is changing slowly with respect to the bit rate,
measurement of this relative phase is possible and in principle,
would permit use of temporally coherent modulation.
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heterodyne principle may still be profitably employed for
incoherent modulation. The benefits to be derived in so
doing are the conversion gain, which minimizes the effect
of detector noises, and the improved (relative to direct
detection) discrimination against background noise. The

latter discrimination derives from the well-known fuact that |

for the mixing of waves spatial phase coherence must be
maintained, hence only the background radiation which is
in the same transverse inode(s) as the local oscnllator
radnatnon will mix with it.

6.1 Heterodyne Signal-to-Noise Ratio

The combined local, signal, and back ground fields excite
a photocurrent which undergoes an essentially noiseless
multiplication M to form the photomultiplier output. After
filtering, the current in the IF band may be written as

iIF= M(isoﬂboﬁsbﬂbbﬂnsﬁnb +inoﬁnd‘ﬁth/M) (23)

These terms are defined as:

o = current due to mixing of signal and local oscil-
lator (LO)

iy = current due to mixing of background and LO
i;, = current due to mixing of signal and background
ipp = cirrent due to self-mixing of background field
iys = shot noise current generated by signal ‘
inp = shot noise current generated by background
ino = shot noise current generated by LO

inq = shot noise component of dark current

iy, = effective thermal noise current in IF band

Here an ideal local oscillator is assumed which introduces
no noise other than a contribution to the shot noise: i.e.,
there are no LO sidebands. Biernson and Lucy®* have
carefully enumerated the various contributions to the noise
(except for the background self-mixing) and the reader is
referred to their work for a more complete discussion,

Forming the signal-to-noise ratio, again after Biernson
and Lucy

:2
ISO

SNR =

2-H

2 4.2 T 2
o tigp * ‘bb ting ting +id fno *ina tithm2 (29)

Expressing the mean-squared currents in Equaiion (24) in
terms of the collected optical powers and other system
parameters leads to

SNR =

2C’P P,

4kTB
2C* (P, P +P, P +P, . P,) + — —F +
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The quantities appearing in Equation (25) are defined as
follows:

¢="Tof
kv

where h = Planck’s constant (6.63x10°2* Joule-sec)

v = Frequency of radiation
n = quantum efficiency of photosurface
7, = Transmissivity of predetection optical fiiter .
e = Electronic charge (1.6x10™!? coulombs)
k = Boltzmann’s constant (1.38x10723 Joule/°K)
T, = Noise temperature of IF amplifier (°K)
R, = Input resistance of IF ampliﬁer
B = Bandwidth of IF filter
P, = Signal power collected by receiving aperture
P, = Local oscillator power collected by receiving
aperture
P, = Background power generating shot noise

o]
[}

wn = Background power translated into IF band
by LO

a = Equivalent optical input power giving rise
to dark current.

a-}
I

Equation (25) may be simplified to read

PS
SNR = P, P\ ; KB [\
P, [1+2+2 )+ *
bh Po 1:.o Po MzRa Mo
hvB Pn‘ )
—_— 1 + P—
n, X ° (26)

where =
A Pn—Ps+Pd.+Pb

If Py can be made sufficiently large, and if Py, is small,

Equation (26) becomes

mOPS ’

_— 2
hvB @n
which defines the ideal heterodyne response, limited only
by the local oscillator shot noise.

SNR =

*In semiconductor nomenclature, shot noise is the generation-
recombination (g-1) noise.

1 This assumes that the specified value of NEP is for a measurement
corresponding to conditions; i.e., detector temperature and back-
ground level, which are of interest in the application under
consideration.

The analysis leading to Equations (26) and (27) must
be altered slightly before it can be used to describe
photodetection in the 104 wavelength region (see Chapter
3, Section 7). Modification is necessary because photo-
muitipliers are relatively ineffective in this range; photo-
conductive detectors are found to be most useful at or near
104 wavelengths. One need note that, for the photo-
conductive detector, M =1 and if a dark current is defined
it must be an equivalent quantity. That is, for these devices,
it is difficult to separate the various contributions to the
residual noise. However, an equ’valent dark current may be
defined whose resultant shot noise*® is equal to the
combined thermal noise, background shot noise, and shot
noise induced by the bias current. The quivalent dark
current and its corresponding optical input Py can be
calculated for any given photoconducting detector from its
specified *“noise-equivalent-power” (NEP). Consequently,
one may use Equation (26) at 10u if one drops the thermal
noiset term and also the background term from P, and
recognizes that these will be accounted for by the equiv-
alent P4 component of Pn.

6.2 Operating at the Shot-Noise Limit

When the first "two terms of the denominator of
Equation (26) are dominated by the last term, the limiting
response described by Equation (27) may be approached.
However, before the limiting response can be achieved, it is
also necessary that

Pﬂ

(]

which follows if this inequality holds for each of the terms
comprising P, ; i.., if

P
i < 1lor P, >>P =nA; (29)

Pb

5 << lor P, >> Py = N AW (30)

]

p .
d _ W
Po <1 or PO > Pd = nT—oe Id (31)

~

In these expressions, i, is the signal power density at the
photosurface, Ay is the area and £l the field of view of
the receiving aperture, N, is the background irradiance
discussed in Section 1.1, W is the bandwidth of the
predetection optical filter, and I; is the average dark
current emitted by the photosurface. The quantities appear-
ing on the right in the above expressions have been
computed for some typical system parameters.

Received signal power levels have been estimated,
assuming a transmitter-receiver separation of 10''m, and
the estimates are shown in Table 46.
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The information in Table 40 (Section 1.1) was used in
computing the background flux due to atmospherically

~ scattered sunlight and direct thermal radiation, quantities
~ which are necessary for the computation of Py, shown in
Table 47.

Table 48 contains values of dark current and the corre-
sponding equivalent optical input power for some commer-

~cially available photodetectors which can be used at the

wavelengths of interest.

From the data in the preceding tables, the most intense
source of shot noise in the 0.5 to 1.0u range is of the order

of 1073w, At 10u the equivalent dark-current input power
is considerably greater being in excess of 2 milliwatts for
the detector considered. As a result, even a modest source
of LO power is sufficient to insure that the shot noise will
be dominated by the LO. Sutmicrowatt levels will suffice
in the visible, while milliwatts, or even some tens of
milliwatts, may be required at 10 Having observed that a
local oscillator dominated shot noise condition can be
reached under reasonable circumstances, the effective local
oscillator shot noise, hr B/77,,, must be compared with the
first two terms in the denominator of Equation (26). The
comparison appears in Table 49,

Table 46
RECEIVED SIGNAL POWER
. Transmitted ,
Q Power AR (Ag =1m?)
A (ster;rdian) (watts) g R (watts)
0.5u 101 1 (Argon ion 10-1° w/m?(cw) 10-1°
laser)
1.0u ' 4x10712 100 (Nd:)YAG 2.5X10°° w/m?(cw) 2.5X107°
laser
1k (pulsed at § - 2.5X1078 w/m? 2.5x10°%
5 kHz)
10.0u Coaxioe 10 (CO, laser) 2.5X10™2 w/m?(cw) 2.5X10712
*Transmitter beam divergence taken as 4X diffraction limit: Qp.= 4X(\/D)2.
Table 47
EFFECTIVE BACKGROUND NOISE POWER
N Q; AR v Pb = NVSZR ARW
\ v (steradian) (m?) @ (watts)
-16
0.50  5.7X107" w/m?—ster—Hz 10712 1 0.1 6.9X 10_1
1 1.0 6.9X1071%
. -8 o 1 0.1 6.9X10712
Atmosphere Scattered Sunlight 107® (atmosphere limited) i L0 6.9X10°11
1 0.1 9.6X107¢
-14 2 -12
1u  8.0X107!* w/ra®—ster—-Hz 4X10 ] 1.0 9.6X10°15
: -8 - 1 0.1 9.6X10712
Atmosphere Scattered Sunlight 4X 107" (atmosphere limited) i 1.0 9.6X10°1!
1 10 5.3X10712
-10 /2 -10
100 4.4X107°w/m* —ster—Hz 4X 10 1 750 3.9X10°10
Direct Infrarad Radiation From 8 . 1 10 5.3x107%°
Atmosphere at 300°K 4X107° (atmosphere liinited) 1 750 3.9X10°®

*Receiver field of view taken as 4X diffraction limit, 4X(A / D)z, except when limited by atmospheric turbulence.
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Table 48
PHOTODETECTOR DARK CURRENT

hw
Py= TTge Iy
A Device Surface n M I_d (watts)
7265 7 1.2X10-*% My,
0.5u ®MT) $-20 0.18 2X10 (a1 25°C) 1.5X10" 2w
-11
1.0 D) 51 00036  1.5X10° G250y 1.6X10%w
Ge:Cu 9.4X10-3a 3
100}1 (phOtOCOﬂdUCtOI') - 0.5 1 .0 (at 4°K) 2.3X107w
Table 49

A COMPARISON OF THE NOISE TERMS IN THE
DENOMINATOR OF EQUATION (26)

A Q_E l:‘i*
0.5u 10712 gter, 1.1X107 7w
1.0u 4X107%2 ster. 6.4X10" 7w
10u 4X10710 ster. 3.5X16 Bw

2kTaB (hp) 2

hvB —_—8
ULy P M2R 17o¢
— (s} a

“1.6X107% w
PoR,

1.8X10717 w
PORa

2.2X107 10y
5.5X10%w

Included in
equivalent

X —12
4X10 7w dark current

*Pyy, is that part of the background power contained in one transverse mode as seen by the receiver which lies in the twe
temporal sidebands of total width 2B. Hence, assuming the spectrum is flat over a narrow region,

P

The entries in Table 49 assume an IF bandwidth B of 100
MHz (10®) and that 7o = 1. Since it is unlikely that a value of
R, less than a few tens of hundreds of ohms would be used,
submicrowatt LO power levels are adequate to reacht the
optimum performance indicat:d by Equation (27) at both
0.5 and 1u. At 10u, heterodyned background radiation is
considerably more significant but still well below the
dominant shot noise.

+In computing the values shown in the last column of Table 49, the
rated PMT muitiplications (see Table 48) were used. However,
operation at the required local oscillator power levels will
necessitate & reduction in gain if the manufacturer’s maximum
anode current ratings are not to be exceeded. It is not difficult to
show that the required reductions can be affected without
upsetting the desired shot noise limited condition (utilizing the full
PMT gain is not necessary for shot noise limited operation),
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vh = Ny(2B)2g Ap

6.3 Notions of Importarce in Heterodyne Detection

The formal development of the expression for the
signal-to-noise ratio given in Section 6.1 is strictly valid
only for quasimonochiromatic fields which closely approxi-
mate plane waves at the collecting aperture (assuming one
uses a classical description of the photoelectric interaction).
Furthermore, the local and signal fields must be perfectly
aligned: the wave vectors must be colinear.

It is important to recognize that the mixing terms (e.g.,
igo) entering Equation (29) represent interactions between
the various componentg of the aperture field. The mean-
-square mixing current i, for example, is proportional to
PP, as assumed in Equation (25) only when the signal and
local fields are uniform in intensity and display perfect
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Figure 105. Schematic representation of an optical heterodyne receiver for use
in an FSK communication system
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spatial coherence over the receiver aperture. In general, a
mean-square mixing currem is given by an expression such
as the following for i2,:

__ . 2 720
130 <th> [ XX/ 2 rd*r

Here Z is the intrinsic impedance of the medxum surround-
ing the photosurfaze Z = ﬁ/—eandx =x (r)andx =x ('")
are the electric field amplitudes of the sxgnal (see Kppendlx
6) at T and T Similar notation is used for the local
oscillator field amplitudes and signal and LO fields are
assumed statistically independent. The double integral is
evaluated over the receiver aperture, or the plane of the
photosurface.3®

The integrand in Equation (32) is a product of
correlation functions and each factor is significant only
when T and T' are separated by less than the coherence
distance of the appropriate field. This means that the
evaluation of Equation (32) will lead to

2 e : .
2 =2 T M, Ag min(aga ) F (33)

><
><

32

where m; and m, are representative power densities and a
and a, are the coherence areas of the signal and local fields
respectively. F is a factor dependent on the beam
geometries and power distributions-(the case of Gaussian
beams is treated in Appendix 6). Since the coherence areas
may be very small, Equation (33) indicates that the mixing
current will be seriously limited if either field displays poor
spatial coherence properties.

Equation (32) and its analogues are further based on
the assumption that the interacting fields propagate
colinearly. When this is not the case, the integrand in
Equation (32) must be modified by the inclusion of a
factor which accounts for relative carrier dephasing across
the aperture. The unavoidable presence of this term
strongly affects the angular field of view of the heterodyne
receiver. When ideal plane waves are being heterodyned, the
field of view S is known to vary as®®

AZ
Qp = A-R (34

However, when the fields display imperfect spatial
coherence, the relation given by Equation (34) must be
replaced by an effective field of view

/ )‘2
Q= miﬂ(as’ ao)

(39

*This block diagram will serve to guide the analysis but certain fea-
tures will be subsequently modified.
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which may represent a sizable increase Over the former
expression. Observe that Equation (35) represents a
reduction in local and signal beam alignment tolerance, but
at the same time implies a weaker interaction (smaller i)
between these fields.

6.4 Heterodyne Communication System

Consider a simple (temporally incoherent) communi-
cation system employing a heterodyne receiver, a sche-
matic of which is found in Figure 105.* While the °
modulation could be any binary orthogonal modulation
(such as polarization shift modulation) consider a :
frequency shift system: The incoming signal consists of one .
of two orthogonal frequencies (or frequency bands). The
receiver is assumed to be in perfect synchronization with
the transmitter. After the incoming radiation passes
through an optical filter W and is detected, the resultant
currents, pass through parallel IF filters with pass bands B
at the nominal frequencies f; f, (corresponding to the
modulation). The filtered IF currents are then squared and
time averaged for an interval T. The two channel outputs
are then compared; the decision on the transmitted beam
frequency is based on the sign of the difference of the
outputs.

One can compute the mean I? and variance 012 of the

random variable
== f i2(t)dt

Assume that olz = 2BT o2 2 and that 1 o 15 @ Zero mean

Gaussian random variable which is 1ndependent of iy,
From this, the mean and variance of the test statistic AI°
(=EI?a - I*B) can be found to be

A2 =
Al° = lso
aAI2 2BT (o i2 tai lso no +4 1no)
If one assumes that Al® is well approximated as a Gaussian ‘
random variable, the integration time (or bit period) can be
found from the equation

[ AI2 ] 2

2

[ A12
Here, &i’/ oA;2 may be usefully regarded as the communi-
cation signal-to-noise ratio. The quantity K is the solution
of P,=(-VR)

P, being the desired error probability and ® the tabulated
function defined by

=K

o= — [ X2

\/ 2




For an error probability of 107, K, which varies slowly
with P, is about 10 so that the information rate H=1/T is
about 10 so that the information rate H=1/T is

. —2' 2
2B 1o

- — —
2 2 2 :2
Oigo-b- 4 IS0 1ho +4 iho

or 77
H =~ 0.05B 'so’ 'no

s 7.1 09 (36)
2 2 §0

l"‘lno/lso'l'zi3 :

SO

=

(o]

If the relative phase between signal and local oscillator
is virtually unchanged over a bit period and if amplitude
fluctuations imposed by the atmosphere are uegligible
(Section 2.1.5), the last term in the denominator goes to
zero. In that case Equation (36) 'r'nay be expressed in terms
of the optical powers

n7,P/hwB

~0.05B ——— (37)
H~0.05B T+ hwBjar P,

From this equation, it can be seen that the term in the
denominator which causes a deviation from the “shot noise
limit,” H o« nr P /hw, becomes unimportant when
B <01 Py/hy; hence, it is desirable to make B small.

Implementing the schematic diagram in detail implies
transmitting pulses of two different carrier frequencies,
entailing rapid tuning of the transmitter (or switching
between two transmitters). Alternatively, the .frequency
shifting can be introduced by modulating the phase of the
carrier in accordance with the information to be trans-
mitted. This can be done with a small-deviation FM. In this

case the carrier is transmitted along with information-

carrying side bands. Then at the receiver a wideband IF
filter can be followed by a carrier tracking filter using a
voltage-controlled oscillator (actually tracking the heizro-
dyned carrier), and the measured frequency can be mixed
with the information-carrying bands. The spectral density
of the transmitted carrier may be made large to achieve
accurate tracking while the width can be kept narrow so
that little power is wasted in transmitting this reference.
The filters at f,, f, can assume a very narrow width, as long
as the carrier frequency does not change appreciably during
an information interval. Therefore, the bandwidth in

*Since the product of bandwidth and integration time is now unity,
one can no longer appeal to the argument that the output of the
integrator is approximately Gaussian. This resuits in a small change
in the constant, which has been ignored in Equation (38).
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Equation (37) can be made as small as the information
bandwidth H without losing information. Hence, Equation
(37) may be written - ’

n‘roPs/hl'H
H=0.05H FWTOP,;

This implies that n7, PyhyH is approximately 20, so that
one achieves the shot noise limit*

H= O.OSHTOPs/hV (38)

One further point: in this scheme if the doppler
shifting of the carrier (due to motion of the transmitter) is
slow with respect to the information rate, the IF filter can
be made sufficiently broad to accommodate the frequency
excursions due to doppler shifting and no tuning of the local
oscillator will be necessary.

In Figures 106 and 107 are plotted estiinates, based on
the shot-noise limit, of transmitter power required as a
function of information rate for various circumstances. In
the visible region (Figure 106), 0.5y, 1.0u it has been
assumed that 07, = 1072 and that coherence length is 10 cm
for a ground receiver and exceeds the assumed 1 meter
receiver aperture for a satellite receiver. At the infrared
wavelength (Figure 107) 10y, n7, has been taken as 107!
while the ground level coherence length assumed is 1 meter.
In all cases, the length of the communication link has been
taken as 10® miles, and the transmitter is assumed to be 1
meter in diameter and diffraction-limited. No atmospheric
attenuation was included in the calculation.

It can be seen from an examination of Figure 106 that,
even at the shot-noise limit, transmission at high data rates
from deep space to a ground receiver, at visible frequencies
using heterodyne detection, requires transmitter powers
that are not practical for the foreseeable future. This is
principally due to the limitation of useful receiving aperture
imposed by small coherence area. Almost certainly,
performance will be improved somewhat by detector
development, quite possibly by an order of magnitude.
Nevertheless, the use of heterodyne detection in the visible,
for information rates exceeding 1 megabit per second and
distances exceeding 1 AU seems to hold little promise for a
ground receiver. '

At 10 microns, the situation is somewhat better due to
the (anticipated) larger coherence area and the use of
detectors which are quite efficient. However, it should be
remembered (Section 2) that the estimates of coherence
area (and other associated data) are as yet without
experimental ver.fication. Estimates of the performance
and reliability of a 10-micron heterodyne communication
system from deep space to a ground receiver are crucially
dependent on knowledge, such as amplitude fading and
spatial phase stability, which is yet to be obtained.
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6.5 Homodyne Detection

The homodyne receiver resembles the heterodyne in
- the sense that it too employs a locally generated field

which, when mixed with an incoming signal field. yields a
conversion gain and others of the advantages associated
with the heterodyne. In contrast to the heterodyne,
however, the nominal local and signal frequencies are the
same; thus the post-detection filtering is performed at
baseband.

The theoretical advantages of the homodyne have been
pointed out by Oliver®® and others.>® The principal
advantage over the heterodyne is an increase in conversion
gain for given signal and local oscillator powers. This
happens ideally when the signal and local fields are in phase
so that their product (on conversion) has average power
which is just the product of their amplitudes. In the
heterodyne, by contrast, the mixing term is periodic, and
hence has average vasue Laif that of the product of
amplitudes. The potential 3 dB advantage which in this way
accrues to the homody ne system implies the existence of a
phase-fockin * scheme to accomplish this for two .<aiilators.
The feasibility o! such a sysiem has been demonstratsd
experimentally *°

Interest iz n.> homodvne system also -1_ - = from its
attractiveness to the experimentalist. The heterzdyne sys-
tem requires precise control of the fro mency offset of the
local oscillator with respect to the signal field, and the
homodyne provides a convenient way of avoiding this
stability problem in the laboratory. One may simply divide
the output of a single laser and use one portion as the signal
beam and the other as a local oscillator.®! Prior to the
development of useful laser afc systems, this technique,
with the addition of a frequency translator in the LO leg,
was in fact utilized to perform heterodyne experiments.?’

If the signal is transmitted through the atmosphere and
there is disturbance of the temporal phase by atmospheric
effects, the relative phase between the signal and local
oscillator is likewise disturbed. However, as is pointed out
in Section 2.1.5, the atmospheric effects will generally be
governed Yy a time scale which is long compared to the
inverse c¢* the information bandwidth. That is, the
atmosphere will remain “frozen™ for many bit periods. For
example, if the information rate is 1 MHz and the spectrum
of atmospheric processes does not extend beyond 1 KHz,
then it should be possible to measure the phase of the
incoming signal (with an attendant negligible loss in the rate
of desired information) and adjust the phase of the local
oscillator to achieve the maximum signal.

In the following section the performance of an
idealized incoherent digital binary communication system

*Note that this averaging is only over the ensmble of shot-noise
reaiizations.
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will be considered. Indeed, if the assumption made herein
about the slow rate of changz of transmission conditions is
valid, it would be possible to use coherent modulation. (In
fact, the sume is true for a heterodyne receiver.) Never-
theless, as discussed previously, digital modulation is easier
to implement and also offers flexibility of coding tech-
niques. Furthermore, the idealized performance of a digital
system approximates that of coherent systems (in terms of
signal-to-noise ratio) and adequately illuminates the
physiciul limitations on either category of system.

6.5.1 Homodyne System Performance

Consider the performance of a binary polarization shift
modulation system. (Actually, the homodyne receiver
might be implemented with a number of comparable binary
orthogonal modulation schemes with the same perform-
ance). A block diagram is shown in Figure 108. A pulse of
duration T is transmitted by the signal oscillator in one of
two orthogonal polarizations. At the receiver, the incoming
signal and background radiation are optically filtered (to
reduce the background seif-beating contributions), then
passed through a polarization separator to be separated into
the two polarizations. In each of the channels of the
receiver, a single component of signal plus noise is mixed
with the local oscillator of appropriate polarization. Each
detector output current passes through a baseband filter of
width B. Then the current is squared and this is time-
averaged for an interval T, which is assumed to !z perfectly
synchronized with the transmitter, The decision as to which
polarization was transmitted is made on the basis of which
channel has the larger output.

While a more detailed analysis of the performance is
presented in Appendix 7, the result wili be derived
heuristically here. Assuming (as in the analysis of hetero-
dyne performance) that the local oscillator has sufficient
power, that the background degeneracy is sufficiently
small, and that B is sufficiently small, the remaining
baseband currents (assuming the transmitted pulse is in the
polarization denoted by a) are

ot i 4
=W Tl T he

The laser spectra are so narrow and the atmosphere is
assumed sufficiently quiet over the pulse period T that i,
and i;, can be considered as deterministic. In channel 8,
where the signal is absent,

1ﬁ=lo+lm

The mean* difference in the output

3=l T" lf‘rz
Al =7 oladt-.ro '5“
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Figure 108. Schematic representation of an optical homodyne receiver for use in a
. polarization modulation communication system
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is then

2 =2 2 = 2 A
Al =ig-ig lso+2lsolo

For a strong local oscillator

—_
AI° = 2ig i,
To compute the variance of AI?, note that
2, 2 . P
[ 1o ¥is ] + 2ipoligtisg)

The term in brackets is deterministic in this model; the
second term is dominated by 2i,i, . Thus

2~

+9%
o 2i i

0’50

0%
a

The same is true of bziﬁ . Hence

2 .2 2
Oar =% *op
a B

or

o, ~of Lo
222

2
Al BT/ ;2

no

To obtain the performance of the communication
system, one proceeds precisely as in Section 6.4,

(a2)
K=\ ——

oA

where K depends on the desired error probability per bit.
Thus the information rate H = 1/T becomes

:2
B o
K o?

no

H=

N

or, since i, is a zero mean random variable,

B i,2
Hhom = K .so 2
ho

(39)
6.5.2 Discussion

It is instructive to compare this result directly with the
heterodyne result. If, for the heterodyne, one makes
assumptions comparable to those made for the homodyne.
i.e., that iy, 5, and ig, can be treated deterministically and
that the shot noise which affects the decision-making can
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be limited to a very narrow band, one would obtain {from
Equation (36)] that

Thus, one finds the oft-quoted result that the homodyne
enjoys, in principle, a 3 dB advantage over the heterodyne,
One should note, however, that for the heterodyne case igo
stands for a time-averaged quantity in these analyses.
Therefore, since in the heterodyne case igg 18 an alternating
current, the time-averaging introduces an additional factor
1/2, not present in the homodyne, when i, is related to
the optical powers and the detector efficiency parameters.

Hence in obtaining Equation (37), it was assumed that

nTo
=2\l ©

2 2
1, (T

<o PSP0=E.4 (hu e
where the explicit appearance of the factor 1/2 in this
expression comes about from measuring the time average of
the alternating IF current ig,. In the homodyne case, this
factor is not present, so a direct comparison of the two
results would appear to indicate that, for the same optical
signal power, the homodyne. information rate is 6 dB
greater than that of the heterodyne.

On the other hand, it is possible in principle to modify
the heterodyne receiver so as to measure the energy after
converting, a second time, from i-f to dc without incurring
any penalty. This would make the heterodyne performance
{taking K = 10)

1
Hper = mmoPS/hv

In the homodyne case, this *‘second detection” is not
necessary, as a dc term is obtained directly. Thus

1
Hyom = T, Py/hw

Because of similarity to the heterodyne, no illustrative
computation of the performance of the homodyne will be
carried out. One should remember that the limitations
imposed on useful aperture size by limited spatial coher-
ence of the signal beam, and the Doppler shift problem in
space communication applications, are common to both
receivers.

7. DIRECT DETECTION WITH PMT

Conceptually and in implementation, the simplest
receiver for optical communication is that employing




direct detection. In this receiver all the energy which lies in
a spectral band passed by an optical filter (and which can
* be focused on an optical detector) is accepted without re-
; gard to any phase properties or any spatial restrictions such
. as apply to mixing. As no special provisions other than the
 use of the predetection filter are made to discriminate
~ against background noise, this noise will degrade perform-
ance of a direct detection system to a greater extent than it
. will that of a heterodyne receiver. Furthermore, when the
incoming signal is weak, as is typical in deep-space com-
munication, the intrinsic detector noises (thermal noise and
dark current shot noise) may be large compared to the
unavoidable signal shot noise. The detector noises will be
prohibitively large unless there is a noiseless (or nearly
" noiseless) gain mechanism to magnify the signal shot noise
(as well as the signal) with respect to the detector noises.
. In the visible portion of the spectrum, photomultiplier tubes
(PMT) exist which can perform this function. In this section
; the performance of a communication system with binary
. polarization modulation and direct detection will be
* analyzed and discussed. '

. 7.1 Sources of Noise

: Consider signal plus background radiation falling on a
* PMT after passing an optical predetection filter and a

: polarizer. Assume that the signal has the proper polariza-

* tion so that all the collected optical power in the signal, and
: half that in the background, strike the PMT. The output
current fiom the PMT is time-averaged over an interval T,
¢ assumed long compared to the time constant of the pre-
; detection filter. (The integrator acts as a narrow filter of
- width 1/2T, so no additional filter is included for consid-
. eration.)

In addition to the signal contribution and the mean
: contributions due to background and dark current, the out-
. put of the detector will exhibit fluctuations due to a number
: of sources which are listed and discussed below:

1. Shot noise on the signal
2. Shot noise on the background noise

*In this discussion the self-beating of the background radiation
means those contributions which are at baseband, as the others
are assumed to vanish in the time integration.

11f the signal occurs in many transverse modes, as will be the case
when atmospheric fluctuations spread the received signal out over
a large solid angle (with respect to that which the transmitter
subtends), then mixing occurss in ony modes. However, in each
mode the signal contribution to 03 is consequently reduced and
the result mixing fluctuation is the same. That is, for signal in N
transverse modes

Ll,

B=NT, S =2 ot
N z?
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Mixing between signal and background noise
Seif-beating of background noise*

Detector thermal noise

Shot noise on detector dark current.

This assumes that the received optical signal does not
itself fluctuate.

AN

1. Shot noise on the signal. This is due to the random
emission of electrons from the photosurface. It is
always present when signal is present. Assuming for
the moment a multiplication of unity, when the
signal produces an average photocurrent I, the
variance of the averaged shot noise current (which
has zero mean) is

where ¢ is the electron charge.

2. Shot noise on the background noise. This term is
also due to the random emission. If the back-
ground radiation produces a mean current I, the
variance of the resulting shot noise current is

Shot noise is experimentally known to have the spec-
trum of white noite over quite large bandwidths. A
more fundamental description of the same phenomenon
is given by expressing the output as the number of
photoelectrons in some time interval. Then the above
relations are equivalent to assuming that the output
photoelectrons due to either signal or background are
both Poisson-distributed, and hence have variance equal
to their mean value. It should be clearly appreciated
that the shot-noise behavior is most significant when
the number of photoelectrons (or the rate of their pro-
duction) is relatively small, and when the discrete
character of the radiation is most observable.

On the other hand when the degeneracy (the number
of photons per mode as discussed in Section 1) of the
background radiation is large, the number of quanta in
the radiation will be large and the fluctuations will be
dominated by the mixing terms introduced as noise
sources (3) and (4) above. These can be shown to have
the form (Appendix 8):

3. Mixing between signal and background noise.t

21,

it
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RN T,

where Ag, $lg are the receiver area and solid angle of
view and it is here assumed that the background radia-
tion is isotropic.

4. Self-beating of background noise.

- n
AR §lg
—L-XTWT

These terms can be significant when compared with
a3, 0% only if

Ny ARSlp W
2 hy

Since I, =17,

|
Ag
x?

L SN mo_bil’Lz_ew=moﬁeW

then 5 o

where 7 is the quantum efficiency, 7, the (midband)
transmissivity of the optical filter, and & is the
degeneracy of the background radiation (one polari-
zation). Thus for the detection to become essentially
classical, i.e., where fluctuations in the wave-like mixing
interactions dominate the particle-like shot-noise be-
havior, the degeneracy 6 of the background radiation
must be large compared with (1‘rr(,)’1 , necessarily larger
than unity. This is a situation that never exists at
optical frequencies as can be seen from Table 40.

S. Detector or thermal noise. For a detector with
effective temperature T4 and resistance Ry, the
variance of the (zero mean) thermal current is

kT,
R,T

6. Shot noise on detector dark current. This current
is due to thermionic emission from the photo-
cathode in the absence of signal and is temperature
dependent. As the emission times are random, the
fluctuations will also appear as a shot noise current
with variance

eld
-

where 1 is the mean dark current.
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The detector fluctuations 62 and 62, as rentioned pre-
viously, will seriously degrade communication performance
unless steps are taken to minimize their importance. In the
visible portion of the spectrum this can be done with respect
to 02 using photomultipliers. When the current gain in the
PMT is M, then the fluctuations @3 through 03 (as well as
0%) are multiplied by M2, Consider the ratio of background
shot noise to thermal noise:

03 _ M’Ry

@& AT,

el,

If M2 R, is sufficiently large, the thermal noise contribution
can be neglected. Msz is the power gain, sometimes re-
garded as a figure of merit for the PMT. In typical deep-
space applications, the ratio 03/02 will be large. In such
applications, the signal intensity is so weak that it is neces-
sary to use very large receivers (not diffraction-limited) to
achieve the desired communication objeciive. Consider a
10-meter diameter receiver aperture with a field of view of
108 steradians and assume there is an optical filter one
angstrom wide at a “‘carrier” of 1 micton. Then for a re-
ceiver with 7, = 107 2 {which may be somewhat conserva-
tive) and a background due to sunlight scattered from the
atmosphere (Section 1),

I, = 107! amperes

Thus, assuming a detector temperature T; = 300°K

2T ’
—4 ~ 5X10° ohms
el,

When M2R; exceeds this figure, the thermal noise can be
neglected with respect to background shot noise. There
are®3 in fact PMT’s with power gain upwards to 1012, If
instead the background is due to Mars, 2kT4/el,, will be
about four times as large but still small enough with respect
to M2R to neglect thermal noise.

It is conceivable that some deep-space missions will be
performed with very much smaller background radiation.
For example, when the length of the communication link is
very much longer, the source of the background radiation
subtends a much smaller solid angle and hence I, will be
very small. Even in such a case, the thermal noise 02 may
be small compared to the signal shot noise 3. Consider

2
ol 2Ty

In general, for a given information rate H there is a practical -



lower bound on ;. For example, in the binary polarization
system considered below,

ls>IOeH
o2  M2R, - 10e? )
Thus : >—‘§%—- H
O% .de

For a power gain* of 10'? ohms and Ty
2
0
—2 3x10°* H.
05

Thus when H exceads about 10° bits per second, thermal
noise will be negligible with respect to signal shot noise.
At lower information rates and at very weak backgrounds
thermal noise will degrade performance unless carefully

¢ cooled PMT’s with larger power gain are employed. For
the sequel, however, it is reasonable to neglect of.
With respect to dark current, this can be neglected

with respect to signal shot noise when o}/o} = I /1, is

. large. Assuming again that practical systems always operate
. with more than one signal photoelectron per bit, I, = eH,
one can neglect dark current when H21;/e:i.e., when the
information rate exceeds the mean rate of emission of dark-

- current pho .electrons. As the latter can be controlled to
. smali values, less than 1000 per second when cooled, dark

current can be neglected at modest information rates.

With the neglect of detector noises and the relative
unimportance of the classical fluctuations in optical com-
. munications (due to weak degeneracy) one may concentrate
¢ solely on the shot noise or quantum regime. The signal-to-
noise ratio after time averaging is

2

s
SNR = el +1)

This can also be expressed in terms of the optical power in
the signal P and in the background P;:

2
Mo Ps T .
SNR = - P (40)
v

*For the diode detector as a special type of PMT, the tube imped-
ance at high frequency is principally capacitive. Thus for informa-
tion bandwidth H, Rq = 1/HC4, where Cgq is the detector
capacitance. For this case, as M = 1,

M?R, - 10e?H e?
2%T .deCd

and thermal noise can be neglected with respect to signal shot noise
if this ratio (independent of H) is large.
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= 300°K.,

verse) modes,

7.2 Binary Polarization Modulation

The communication system analyzad is illustrated sche-
matically in Figure 109. The light collector of the receiver
has area Ag and solid angle of view (2. Following the
optical filter, a polarization separator divides the incoming
radiation into the two orthogonal polarizations employed
by the transmitter. Each is detected with a PMT. Current
at the output is time-averaged for a bit period T and the
decision is based on which channel has the larger average
current. Perfect synchronization is assumed. Denoting the
channel containing the signal by a and the othet by 8, the

observable is Al = 14 - 15, which has mean value Al I;. The
variance of the difference is

£

A1=T(l +20).

where the coefficient 2 which multiplies I, comes from the
background shot noise in both channels. Assuming that Al
has a Gaussian distribution (the validity of this assumption
is discussed below), the integration time required to achieve
a desired error probability P, is given by setting

where K is determined by the equation
P.=®(- VK

Here P is the desired error probability (per bit) and ® (t) is
the (tabulated) function,

u
¢(u)/—— / et?/2 gr

For an error probability of 1073, K (which is quite insen-
sitive to P.) is approximately 10. Thus, the information
rate H which is the inverse of the integration time, is

I

H=0.1 em:)

bits/second
In terms of optical powers,

Ps

o T
~ —_——— 41
H 0'11+Pb/Ps “n

If the background power is distributed in N spatial (trans-
each with the same degeneracy 8. then

P, = 2NShoW

ﬂwmhﬂmui&mltkuiummnnnm..m,‘,‘
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Figure 109. Schematic representation of direct detection receiver
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For example, if the background radiation is diffusely spread
out over the entire field of view of the receiver, then fol-
lowing Section 1,

SR AR
Pb = 2Tﬁhvw= NVQRARW

where as before, N, is power per unit area-solid angle-Hertz,
and H can be conveniently expressed in terms of the signal
intensity (power per unit area)H s at the receiver:

Hs AR

nr h
Hx0] ——___

w
1+<NV.QR_

s
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There is a further point of interest with reference to
the foregoing analysis. The assumption that Al is Gaussian,
which is justifiable for large WT on the basis of heuristic
arguments involving the central limit theorem, may be
circumvented. Since one is dealing here with shot-noise
limited behavior (on both signal and background), one can
carry out the analysis in terms of particle statistics. The
number of signal photoelectrons is actually Poisson (as-
suming a well-stabilized laser is used as the signal source®*),
as is the number produced by the background. Their sum is
likewise Poisson and an equation which is almost precisely
the same as Equation (42) may be derived directly for a sys-
tem which compares the number of photoelectrons in the
two channels.

7.3 Numerical Examples and Discussion

It is of interest to compute the transmitter power re-
quired to achieve certain communication objectives. For
greater generality Py is represented by*

24, W

where W is the width in Hz of the predetection filter, £,
the solid angle at the telescope which a background noise
source i subtends; and i runs over all sources of background
noise within the field of view of the receiver. Equation (42)

*A familiar illustration of the use of this relation is furnished by
considering a thermal source at low frequencies, hy 2<< kT, being
viewed by a diffiactionlimited receiver. Then A°/AR = §R,
§ = KT/hV (for one polarization), £ = & source (< SIR). Hence
P = kTW §2 source/&R-
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can be rewritten and solved for the required signal intensity
at the receiver:

[ -Howil, .1.*21_\3@‘?_‘"_’_9.
s Ag 07, 2\ 4 A

The signal intensity can be expressed as

2
n =7,P (D
s Ta%t \R A

where 7, is the attenuation due tc the atmosphere, P, the
transmitter power, D, the diameter of the transmitter, and
R, the length of the communication path. Equation (43)
has been used to calculate P, as a function of the desired
information rate, the results of which are plotted in Fig-
ures 110 through 113. In these calculations it has been
assumed that the predetection filter has a width of one
angstrom, nr, = 107 (corresponding, for example, to
n=0.05 and 7, = 0.2), D, = 1 meter, and R, = 1.6X10"!
meters (10® miles). The communication is assumed to come
from a vehicle in the vicinity of Mars and, for a satellite
receiver, sunlight scattered from Mars is taken as repre-
sentative of the background radiation. In the calculation
for a receiver on the ground, where the telescope has been
taken to have § = 10°® steradian, corresponding to the
atmosphere induced broadening of the reccived beam,®®
the contribution due to atmosphere-scattered sunlight is
about one order to magnitude greater than that due to
scattering from Mars and the latter has been neglected. For
the ground receiver, the atmospheric transmissivity 7, =
0.7 has been assumed®® which corresponds to good seeing
conditions.

An inspection of Figures 110 through 113 shows that,
for small information rates, a large additional power is re-
quired to overcome the effect of background noise, i.e.,
relative to the power required at what is usually called the

shot noise limit:
H _H 10w
s AR M,

(At the shot noise limit, 10 photoelectrons are required for
this system for each bit of information.) When the informa-
tion rate is large, however, the additional power required
over the shot-noise limit is small. An inspection of Equation
(43) shows that the effect of background noise (which leads
to requiring additional power) is contained in the size (rela-
tive to unity) of the term

(n70)2AR (28!-9,-> W
2
TR
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Figure 111. Direct detection receiver: transmitter power vs. information rate
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This term can be readily seen to be'1/10 the ratio of the
rate at which photoelectrons due to the background (both
polarizations) are generated to the information rate. Hence,
when the desired information rate exceeds approximately
1/10 the rate of photoelectron generation from background
noise, the shot-noise limit is virtually achieved (since then
the rate of photoelectron generation from the signal must
be correspondingly strong). At an information rate of 10°
bits per second, the ratio in question is not large ior a re-
ceiver of 10 square meters. This small a receiver may only
be used if there is adequate transmitter power available,
about one watt or more (for a distance of 1 AU). For an
available transmitter power of approximately 1/10 watt, a
larger receiver must be used, the ratio of background photo-
electrons to information rate is larger, and there is a more
significant degradation due to the background.

The term which implies the degradation due to back-
ground noise is proportional to the filter width W, hence
the required power grows only as W! /3 even in the back-
ground-limited regime.

In the foregoing discussion, it has been assumed that
all the collected signal power is detected, hence that the
photodetector is large enough and the telescope optics con-
structed and maintained with sufficient accuracy to make
this a reality. That is, all the spatial modes of the signal are
collected and it is assumed that intensity fading can be
neglected. Finally, it should be observed that the anguiar
divergence of the transmitted beam has implicitly been as-
sumed to be 1/2 microradian (at 0.5 u wavelength) so that
a stringent requirement for pointing the transn itter and the
receiver has been imposed. The validity of euch of these
assumptions is open to question and is discussed elsewhere
in various parts of this report.

8. OPTICAL PREAMPLIFIER

The optical preamplifier receiver furnishes another
method of enhancing the signal and soie of the noise
fluctuation with respect to the detector noises. In such a
system the preamplifier makes the rate at which photons
strike a photodetector so large that the particle-like shot
noises become negligible compared with the wave.like
mixing noises. As a resuit, the performance of such a
system is independent of quantum efficiency and the
transmission losses in the optics as will be shown,

8.1 Analysis

The signal-to-noise performance of an optical pre-
amplifier receiver can be most easily understood by
regarding the receiver as a variation of a direct-detection
receiver. Assume that a polarized signal plus background
noise of the same polarization are passed through an optical
filter of width W and subsequently amplified with gain G
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before the output of the amplifier strikes a photodetector
with quantum efficiency n. The output current is sub-
sequently time-averaged over an interval T. Assume that the
input to the amplifier would for unit gain produce an
average signal current I, and an average current due to the
background radiation 1. Then the fluctuation terms listed in
the analyses of the cﬂrect detection system, Section 7.1,
would be modified by a factor G for each curment
contribution which appears in that section. Consequently,
listing the variances of the time-averaged currents:

Signal shot noise: o} = Gel /T
Shot noise on background: o3 = Gel /T

Mixing between signal and background noise:

2,1
02 = GZ &
3 MWT 12
Self-beating of background noise: 63 = G* , ==

MWT

In writing these variances, it has been assumed that the
signal is evenly spread into M spatial modes, where M is the
ratio of receiver area to the coherence area of the signal. It
is assumed that the amplifier is designed to provide gain G

" for these transverse modes but none other and all M modes

are seen by the detector.®S There is another important
difference between this analysis and that of the direct
detection receiver previously considered; namely, that the
spontaneous emission noise of the amplifier is added to the
background and amplified. This amounts ideally to one
photon per Hz for each mode.®$

Hence

I, = nr MW(1+5)e

where § is in number of photons per Hz per transverse
mode in the background sadiation and 7, is the trans-
missivity. Since at optical frequencies § << 1 (Section 1)

ln 2 mOMWe

As before

Ps
ls = mo—h; e

Comparing the particle-like terms with the mixing
terms,

Hence if G>>(nr)"', the shot-noise teyms can be
neglected.




In addition to the above fluctuations one has, once -

again, tl.e dctector noises:

2kT
Thermal noise: o = 4

R,T
Dark current shot noisa: 0 =

T

Comparing thermal noise with the backgound self-beating
fluctuations (whica are always important for this receiver
because of the amplified spontaneous emission noise) gives

9_3 _ (Gnr))?
9 2KT,/MWR,e’

Hence, if

ar, 1V
(Gmry) 2|—2
MWR de2

thermal noise may be neglected.* It should be noted that
the predetection filtering W may be imposed by the
amplifier gain characteristics (e.g., the width of the laser
transition with Doppler broadening). For a CO, laser
amplifier (10.6y), this is about 0.5 x 10® Hz. Assuming this
bandwidth and Tg4=300 degrees, Ry=10* ohms, and

M =1, one gets
- 1/2
_: KTy ~ x10°
WR ,¢?

However, the equivalent resistance may be quite a bit
higher and, for 10.6p,T M will be larger as well. Typically,
M may be expected to range between 10 and 100, while Ry
may range from 10* to 107 ohms. One is justified in
anticipating, therefore, that amplifier gain of perhaps 30 to
40 dB will be more than adequate so that the thermal noise
will be negligible with respect to background self-beating
noise for this system. This being the case, one may also
expect G >>(n7,)™", hence the shot noise contributions
will also be negligible compared with the mixing noises.
The ratio of noise self-beating to detector dark current
must also be examined. For a photoconductive detector at
10.6u. the dark current is likely to be the most significant

*Note that at strong signal power, when signal-background mixing
exceeds the self-bealing, this criterion for neglecting thermal noise
may be unduly stringent.

tEmphasis is here placed on a preamplifier system for the infrared
laser. In the visible region, high gain PMT’s will by themselves limit
the importance of thermal noise. Furthermore {(as will be sub-
sequently shown), at visible frequencies direct detection with a

PMT should give superior performance to a system employing an

optical preamplifier.

detector noise. (As discussed in Section 6.2, in rating such
detcctors the dark current fluctuation, principally due to
generation-recombination, is lumped with other noise
sources.) The ratio is easily seen to be

9 - 2 MWe
;z' = (Gmo) ]d

1/2
ld/e
Gry 2 \'mw

the dark current is negligible. For a good detector cooled to
low temperature, I;/e is of the order 10'® photoelectrons
per second. Thus for M =50 and W=50MHz, one can
neglect dark current if

Gnr, 2 02x 10
This implies, taking 77, = 0.2, a gain of about 40 dB.

Summarizing, one finds that for gain somewhat ex-
ceeding 40 dB (and when great care is taken to reduce
detector noise), one can expect the dominant fluctuation
terms to be 032, 642, the wave-like effects due to mixing.
The resulting signal-to-noise ratio becomes
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ONR - G*P 1 LMW
2 2 1
G - Al G'I; 140
—_— T = pA
MWT MWT s

In terms of the total optical power P (in one polarization)
1 B
2 MhyW

1, (63)

SNR =

Note that this result is independent of detector quantum
efficiency 1 and transmissivity of the optics7,. It is
important tc observe that P, is the signal intensity
integrated over the entire optical aperture: any limitation
imposed on the signal-tonoise ratio by the limited co-
herence of the signal over the aperture is in the quantity
M= Ap/a; (1), where a; is the coherence area of the

signal.
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8.2 System Performance

Consider a simple communication system using binary
polarization shift modulation which is a straightforward
modification of that analyzed in Section 7. The only
difference is that the polarized signal plus background
radiation is passed through the optical preamplifier before
it strikes the photodetector.* As before, the decision as to
the polarization of the incoming signal is made on the basis
of the larger time-averaged current. The difference in the
two time-averaged currents contains two contributions to
the self-beating. Thus, if the difference is denoted by Al,

2
02 - Gl &Eﬂ + _21_0_}
Al MWT  MWT

Repeating the previous procedure and assuming Al is
Gaussian, for P, = 10> the information rate becomes:

Ps/hv
L (69

s

H = 0.05

or
(m/hv)A R
W

I+ nmin(Ap,a,) (65)

H = 0.05

4

Note that Equation (65) does not exhibit a saturation of
information rate with receiver area (as does the heterodyne
receiver) and for receivers larger than the coherence size H
is simply linear with receiver area.

In Figure 114 is plotted the transmitter power required
to achieve a desired information rate for a 10 micron
transmitter: It is assumed that atmospheric transmission is
0.7, the coherence area is 1 square meter, W = 10® Hz, the
length of the communication link 10® miles, and the
receiver area 10 to 100 square meters (M = 10, 100). It can
be observed that over most of these curves the transmitter
power required is inversely proportional to the square root
of th. receiver area. This can be seen from Equation (65):
For all but the largest information rates, the denominator
of Equation (65) is dominated by the amplifier noise term,
thus (since AR > ay) the information rate goes as ﬂszAR.

For space communication, a complication is added to
the amplifier receiver (in common with the heterodyne
receiver). The bandwidth of a 10.6; amplifier is about 50
MHz, which is much too narrow to accommodate the
changes of frequency of the received light resulting from

*Note that care must be taken to see that in each channel, which
contains radiation of a single polarization, the amplified spon-
taneous emission noise is again polarized. If this is not done, there
will be seif-beating contributions from each of two polarizations
which add extraneous noise. In practice it should be possible to
eliminate the unwanted polarization of the noise in each channel.

Doppler effects. For some amplifiers this difficulty could
be overcome by tuning the amplifier response to corre-
spond to the frequency of the incoming light. The
10.6u CO, amplifier is not tunable, but this does not rule
out the possibility of using it. At the receiver, the incoming
signal could be translated in frequency to be always in the
passbar'xd of the amplifier. This will result in some loss of
signal power.

9. COMPARISON OF RECEIVERS

In this section, partly for the sake of summary, the
idealized performance of various types of receivers con-
sidered in the previous sections will be compared:
heterodyne, direct detection, and (optical) preamplifier
receivers.

9.1 Visible Frequencies (0.51)

9.1.1 Direct Vs. Heterodyne Detection

The very serious shortcoming of a heterodyne receiver
situated on the ground is the restriction on useful receiver
aperture size imposed by atmospheric transmission. This
will be more than enough to counterbalance, in favor of
direct detection, the possibility of achieving shot-
noisedimited performance for the heterodyne receiver.

- For a receiver on a satellite, where this restriction on
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aperture size is not applicable, the heterodyne may enjoy an
advantage. However, as will be shown, one can anticipate
this advantage will be slight because the background
environment is usually less severe for a satellite than a
ground receiver and the direct-detection receiver itself may
operate close to the shot-noise limit when on a satellite.

Consider the expressions previously derived for infor-
mation rate, letting the subscripts H and D denote
heterodyne and direct respectively. Assuming that the
heterodyne employs double detection

m,

F.{ =—ﬁ)_ PSH/h"

LT, Pgp/tw
Hp =50 T+ pipg,

Setting Hy =Hpy =H, the desired information rate, and
solving for the ratio of signal power required in the direct
case to the heterodyne case, one readily finds

Psp_1, ([L, ™M
Psy 2 4 10wt
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As was done previously, P, may be expressed in terms of
the degeneracy & as well as the number of spatial modes of
background noise seen by the receiver, N = AR Q2

P, =(B)N W h

Writing the above equation in terms of the receiving
aperture and transmitter powers,

Po_oa [, L,,"’ona
P. A 2 4 SH 67

where, as before, a is the signal coherence area. Equation
(67) can also be recast in terms of AR/as as follows:

e ()l i @)

where SH2

a* =~
(7, ) WoS2

In this form, it is readily seen that PtD/PtH is a monotonic
decreasing function of AR/as. The latter, in turn, has a
minimum value of 1, so that

P a
tD) = + l. + (-_s;)

P 4 a
tH max

and is a function of H, tending toward unity when H is
large. In fact, one can anticipate that in practice, for
H=10° bits per second, ag/a* is a small quantity.
Let A = 0.5u, o7, = 5x1072, W = 6x10'® Hz (0.5 angstrom
optical filter), § = 2x107® and let § be a figure representa-
tive of limiting of the aperture by the atmospheric turbu-
lence, x = 107%. Then a* =~ 2 square meters, whereas a
will be much smaller than this (Section 2). Thus the
maximum value of P,/P,; (on the ground) for H=10°
will be very close to unity and more generally, forAp>>a,,
the direct-detection system will require much less power
than the heterodyne. For example, assuming (in addition to
the foregoing parameters) that A =25m? (5 meter
aperture) and ag = 25x10™ m? (5 cm coherence length),

(Y

Pp/Pyy = 4x 1074

In certain applications (missions) the field of view of the receiver
may not include the planetary background at all. Then both
receivers can be shot-noise limited and hence will require equal
power.

The heterodyne system re juires about 34 dB more trans-
mitter power to achieve an information rate of 10°
bits/second on the ground than a direct-detection receiver
for 0.5u radiation.

Tiie foregoing discussion applies to a receiver on the
ground. For a receiver on a satellite, it may be assumed that
ag= AR, but § will likely be smailer than for a ground
receiver as it is the angle subtended by the source of the
background radiation. Considering the background to be
Mars at 10® miles and again letting H= 10° bits/second,
one finds

P
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That is, even though the coherence area is not limiting, the
background is a less severe problem so that only a 2 dB
advantage is obtained by using a heterodyne receiver.t The
inherent simplicity of direct detection more than outweighs
this small potential advantage. Thus, direct detection will
be a clear choice over heterodyne detection at visible

frequencies.

9.1.2 Direct Detection Vs. Preamplifier Receiver

The potential advantage of the preamplifier receiver
over direct detection is that its performance is independent
of the detector efficiency if the signal power is adequate to
overcome the spontaneous emission noise that is introduced
by the amplifier. In the case of visible frequencies, the noise

- introduced in the amplifier is normally so large that one

cannot achieve this potential advantage.

Let the subscript P denote the optical preamplifier
system d compute the ratio of transmitter powers
requirea o each of the receivers for (equal) information
rate H. Let M denote the number of spatial modes in which
the signal is found (M=Ap/a) and which the receiver is
ideally designed to amplify. One finds, after some straight-
forward algebra:

MW
Pyp % * % * 201:
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In this expression, Wp is the gain-bandwidth of the
amplifier and Wp, the width of the optical predetection
filter. Since M =21, the quantity MWP/20H will, fce
information rates that are of interest (say, H=10°),
dominate the numerator. For example, an estimate of Wp
may be several GHz, in which case MWp/20H > 10?. That
is, as indicated above, one is usually not operating the
preamplifier receiver in the “shot-noise liinit.” On the other
hand, while Wy will usually exceed Wp, it may be only




about one order of magnitude larger, so that
(mmJMWpS/5H is much smaller than MWp/20H. Physi-
cally, this simply says that the amplifier is producing many
more noise photoelectrons than would be caused by the
natural background light. Only when H is very large can the
ratio PtP/PtD become unity, and it must be larger yet
before the ratio can approach its asymptotic value, 2(n7 ).

Therefore, from a theoretical performance viewpoint,
direct detection is preferable to use of a preamplifier at
visible frequencies. From a practical viewpoint, the diffi
culty of achieving appreciable gain at visible frequencies
may be an even more compelling reason for using direct
detection. This is despite the fact that, since high-gain
PMT’s may be used in conjunction with an optical
preamplifier, the amplifier gain required is not large. That
is, to obtain the limiting performance of Equation (64), it is
only necessary at visible frequencies that the amplifier gain
G>>1/n.-o, since the gain in the PMT itself can be used to
overcome the inherent detector noises.

9.2 Infrared Frequencies (10u)

9.2.1 Heterodyne Vs, Preamplifier Detection

At this frequency, direct detection need not be
considered as there are no detectors with sufficient internal
gain such that detector noises become negligible.

To compare preamplification with heterodyne one can,
after straightforward manipulation, write the ratio of
transmitter powers required:

MW

5H

——

PtH

1+ 1+ (69)

=2
M

As H becomes large, the asymptotic ratio becomes2(n7,)/M
which, for a receiver on the ground where N might be large,
is quite a significant advantage to the preamplifier receiver.
However, taking Wp = 5x107 Hz, MWp/5 = 10’M sec™* so
that only if H is unrealistically large may this great a benefit
be anticipated. More typically, for H= 10%, one has

Ve
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*Under certain circumstances, the efficiency e of a CO, laser will
approach 1, since the lower level depopulates much more rapidly
afte: pumping than the upper level. If the principal mechanism for
depopulating the upper level is relaxation, then e may be as large as
0.9.

For H=105, Wp = 5x107 Hz, Pp/Piy ~ 17, /10/M. For
large M, this can still give an advantage to the preamplifier
system. For example, suppose the coherence length for
10u radiation is one meter, then for a 10 meter diameter
receiver, M = 10%. Assuming a “detector efficiency,” 77,
of 0.2, the heterodyne system requires about 12 dB more
transmitter power than the preamplifier system. Actually,
the above relations (as well as the analysis in Section 8)
assume an ideal amplifier. In reality there is not one photon
per mode in the effective input but

n,

1_
€ n; — ng

photons per mode, where ny, ny are the occupation
numbers for lower and upper states of the laser. More
accurately, then, it can be easily shown that

P ™o, [10
M

(for H = 10° bits per second)
PtH €

Hence, for less optimistic assumptions about both the
receiver antenna and the amplifier efficiency,* the power
advantage to the preamplifier system might diminish
somewhat. For example, if € = 1/2 and the receiver aperture
is 5 meters, the advantage shrinks to about § dB.

For a receiver on a satellite the situation is different
because M=1. In this case the preamplifier system may
require more transmitter power than the heterodyne.

Thus, for a 104 communication system, the pre-
amplifier receiver is slightly more efficient than the
heterodyne for a ground receiver and comparable or slightly

inferior for a satellite receiver.
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9.3 Visible Vs. Infrared Performance

Having investigated, insofar as possible under assump-
tions it was necessary to make, the best ideal systems for
visible and infrared radiation for both ground and satellite
receivers, it is now desirable to compare the performance of
these best systems relative to one another. To do so,
calculate the ratio of transmitter powers required to achieve
an information rate H.

9.3.1 Ground Receiver

Here a direct detection receiver (D) at Ap=0.5u is
compared with a preamplifier receiver (P) at Ap = 10 1. The

I T
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ratio of transmitter powers P required is calculated from
above relations to be:

P(10) N Ay, 2mm)y

P!(O.S,u) Ap App €
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In this equation it has been assumed that the transmitter
apertures are the same for both cases; i.e., ihat it is not
significantly easier to make a sizable (of the order of a
meter) antenna for 10u than for 0.5 micron when the
antenna must perorm the transmitting function from
space. Assuming now that the receiver apertures are
likewise the same and thate =1,

[ mw, T
pt(lo‘,) ) I+ I+ o

= 40(n7 ) —_—
P(0.5u) °’D 4(nr ) NWy,5
Y T

Consider again a calculation for H=10% bits/second.
Taking Wp =350 MHg, MWP/SH dominates unity. Let
N=Ag Q/A? (where X = 0.5u) and note that for represen-
tative figures, taking a large receiver, the quantity
4(1710)DNWP6/5H will also dominate unity. (For example:
AR =25m*,Q2=10"% an estimate of the atmosphere
imposed limit, Wp = 6x10'° Hz,
(114)p = 5x107%, 8 = 2x107® gives a value 48.)

Thus

P,(10u)

~ 20 (7, )pApWp

POSK) \/ Tasp 26W,,
~ 20 A (7,)p Wp
i, /T W,

Using the above values gives

~

Peiow) 4
P(05H)  dgp

where dgp is the coherence length for 10 u radiation in
meters. If this is estimated to be one meter, this gives a

H =108,

factor of 4.5 more transmitter power required for the 10u
system than for the 0.5u system. On the other hand, the
10 micron transmitter is estimated to have greater overall

. power efficiency (see Chapter 4, Section 1.2) than the

0.5 u. While precise quantitative estimates are premature, it
appears likely that the 10u system will require less overall
power in the space vehicle to achieve 10% bits per second
information rate to a ground receiver.

The absolute values of transmitter powers required are
compared in the following table.

Range Py (0.5u) Py (10u)

(mi) (watts) {watts)
108 0.23 1.0
10° 23 100

The assumptions upon which these results are based are
given in the following table.

Assumptions
050 100
Receiver area, Ap 25 m? 25 m?
Transmitter diameter, D, 1 m I'm
Detector efficiency, 7, 5x1072 Irrelevant
Background degeneracy 2x1078 Irrelevant
Predetection filiter bandwidth 0.5 Z
6x10'° Hz)

Gain bandwidth of amplifier 5x107 Hz
Receiver ﬁeld‘oi: view Q= 10" sterad
(atmosphere limited)
Signal coherence diameter I'm
Atmospheric transmissivity 0.7 0.7

9.3.2 Satellite Receiver

For a satellite-borne receiver, the analysis carried out
previously suggests a comparison of a heterodyne receiver
(H) at 10u with a direct-detection receiver (D) at 0.5 u. The
ratio of required transmitter powers becomes

P(0-5K) (17, )Aryp
P((104) (7 o)pARpAy

(70)
1 / 1 (nTo)Ds D
3.4. 1 .4_+ __5_.

In this equation it has been assumed that (since there is no
atmospheric transmission) the coherence area at 10 u is at
least as large as the receiver aperture employed. For a
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satellite receiver N, the number of spatial modes in the
background radiation, will be determined, as discussed in
Section 1, by the particulars of the mission. It is given by

where Q is the solid angle subtended by the background
radiation. Assume H=10%, Agp = 10 square meters, and
take & = 1.3x107® (Section 1) and the other parameters as
before. Then one can define £2.¢¢ by the equation

(m )p8NV,

SH - Q

eff

and calculate Qg =3x10"" sterad. Thus, if Q<107°
sterad, one can neglect /¢ That is, if the background
radiation source does not subtend a greater solid angle than
this, then the direct-detection receiver is virtually in the
shot-noise limit. Coincidentally, ¢, is approximately the
solid angle subtended by Mars at a distance of 10® miles
from the earth. Therefore, a small error will usually be
incurred if one neglects the background radiation in
Equation (70), leaving

POSH  (my Apu Mp
PO~ )y Arp M

One might reasonably assume that the receiver area used is
the same in both detectors, since the size wili be limited by
difficulties of a mechanical nature. Thus

POSK)  § (m)y
P(10k) ~ 20 (rr),

Using as estimates (n7,)p = 5x107%, (n7,)y = 0.2 gives the
result that the 10Qu transmitter requires 5 times as much
power as the 0.5u transmitter to achieve H = 10% bits per
second information rate to a satellite receiver. This is about
the same ratio that was found for a ground receiver.
Therefore, as was pointed out before, the 10u system
probably requires somewhat less power in the space vehicle
because of larger power efficiency. The absolute values of
transmitter power are listed in the following table:*

*In calculating this table, it was not assumed th%t the direct-detection
receiver is shot-noise limited at a range of 10™ miles. This accounts
for the deviation from the factor of 5§ computed above for the
ratio of transmitter powers.
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Range Py (0.5u) Py (10w)
(mi) (watts) (watts)
10 0.14 0.5
10° 10 50
The assumptions involved are listed below.
Assumptions
0.5u 10u
Transmitter diameter Im Im
Receiver area 10 m? 10 m?
Detector efficiency, 1 5x107? 0.2
Mars background degeneracy 1.3°8 -

9.4 Discussion

In the above calculations many assumptions of a
qualitative nature, and many quantitative estimates, have
been made. First, calculations were made on the basis of
specific binary modulation schemes. The relative merits of
the different systems should be nearly insensitive to the
choice of modulation, but the absolute values of trans-
mitter pcwers required are, of course, dependent on the
choice. Then choices of system parameters were made, such
as rece‘ver efficiencies and aperture sizes. Here the com-
parisons do depend on the choices of these parameters but
it is not expected that they are extremely sensitive to
changes which are not large, say, within an order of
magnitude. On the other hand, H = 10 bits per second has
been used throughout, and the systems comparisons are
quite sensitive to the desired information rate. For
example, as H gets very small, the signal powers required
become small, the effect of background radiation becomes
large and the heterodyne system tends to be favored. If H
becomes vary large, the signal power required becomes large
and finally the preamplifier receiver tends to become
favored. Thus, all the results contained here must be
reconsidered in the light of changing communication
requirements. .

As has been emphasized, the foregoing considerations
have been for some quite idealized circumstances. It has
been assumed that it is possible to design an efficient 10u
amplifier with high gain and the desired directional sensi-
tivity, to build large aperture rec~ivers and maintain them
with necessary tolerances, to compensate far Doppler shifts
and operate a large aperture heterodyne system, to point a
narrow beam with great accuracy, etc. These assumptions
are evaluated in other sections of this report, principally in
Chapter 3. The foregoing analysis, in fact, tends to show
that while optical communications at megabit rates from

S i i e




distances of 1 to 10 AU is feasib:. .;om a communication

performance point of view, the choice of system is
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New Technology

PULSE POSITION MODULATION FOR
OPTICAL COMMUNICATION

In optical communication systems there are three
fundamental sources of noise which can limit the
communication c2pacity. The most basic is the shot noise
in the detected signal current which is sometimes called
quantum noise. Except for rather impractical conditions of
very wide bands, very small signals, and the absence of all
other noise, this may be treated as white Gaussian noise
with a signal-to-noise ratio of Py/2hv per cycle, which for A
= lu, is 187 dB per watt. The second noise source is the FKT
noise of the amplifier following the optical detector. Its
importance depends on the detected signal level delivered
by the photo-detector. It can be overcome by noiseless gain
in the photo-detector and, since photodetectors are
square-law devices, the signal-to-FKT-noise ratio is
proportional to the square of the optical signal power.
Noiseless gain can be realized by heterodyne detection,
photomnultipliers, and tc some extent by solid state
avalanche detectors. The third source of noise in many
communication applications is background optical radiation
reaching the detector with the signal. The background
radiation is detected like the signal and produces output
current with its accompanying shot noise as well as beat
product noise components due to self beats and beats with
the signal. Only the beat with the signal is a function of
signal level and it, as well as the background self beat noise,
is usually small relative to the shot noise. Thus, a given
background produces a fixed noise level independent of the
signal,

In optical systems the significance of output
signal-to-noise ratio as a figure of merit can be different
from the classical signal-to- constant-added-noise ratio. This
happens when both the FKT noise and ihe background
noise, which are constant, are dominated by or comparable
to the signal shot noise. Thus, with on-off pulse signal
modulation with zero background and zero FKT noise, a
given signal-to- noise ratio on the received pulses would
produce the same ‘“on” errors as a 6 dB better
signal-to-noise ratio when the same noise is present during
both the on and off periods, and would produce no “off”
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errors at all. When background noise dominates in an
optical power detector system, the output signal-to-noise
ratio is not proportional to received signal power but to its
square. Thus a reduction in the required signal-to-noise
ratio because of reduced bandwidth, error correction, etc.,
by 1 dB results in only 1/2 dB reduction in the required
transmitted power.

There have been a number of proposals to use pulse
position modulation (PPM) for optical communication'.
The analysis has been developed from the basic Poisson
distribution of photoelectrons with the implication that the
gain achieved is due to this ‘“quantum” treatment of
communication signals. A more practical view would seem
to be that the quantum gain and, in many cases, even the
gain due to the absence of signal shot noise in off periods
(or its variation with signal intensity) are small or
non-existent because of the presence of constant system
noise which is independent of signal level. This is
particularly true if photomultipliers cannot be used.
Heterodyne detection does not have these gains because the
noise in the output is constant regardless of signal, although
a signal-to-noise ratio of Pg/hv is ideally possible. In spite of
the above remarks, PPM can yield gains in effective
signal-to-noise ratio or reduced error rates for the same
average signal power in the absence of any quantum effects.
This gain results from the square-law detection, the use of a
much wider system bandwidth, and the PPM. 1t is effective
against constant added noise from any source.

An efficient simple optical communication system
would utilize binary pulse code modulation (PCM) with
switching between the two polarizations at the transmitter,
a receiving channel for each polarization at the receiver, and
a differential decision device yielding a plus-minus binary
baseband output. The error rate vs. signal and “ackground
noise levels for such a system has been calculated in
Reference 2 using the Poisson distribution of received light
photons to determine the signal output fluctuations or
noise, The calculation has also been made with the
assumption that the noise is represented by “white” noise

it
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with a Gaussian distribution and the same power. With the
pure Poisson distribution when the total receiver output
contains no background noise of any kind, a given small
(10°%) error rate requires about 3 dB less signal power than
would be calculated using the Gaussian approximation. This
difference disappears rapidly in the presence of background
noise, however, and for equal signal and background noise
powers the difference is less than 1 dB, In almost all
practical situations, therefore, the simpler Gaussian noise
calculation is quite adequate, and if there is an error it is
conservative rather than over-optimistic,

This chapter describes a system which incorporates Q
switching, cavity dumping, multiple lasers, PPM, and
polarization modulation with the object of increasing the
communication capacity of the simple reference system
described above in bits per watt of average radiated light
power. The system is based on a proposed modulation
scheme which should be capable of delivering short PPM
pulses with the same average power as the CW pumping
system will yield for CW operation for a Nd-Yag laser.

The modulation arrangement will be described and
then the gain relative to the simple system due to the
increased peak power and squareJaw detector will be
described. This is followed by a discussion of the further
gains achieved by PPM combined with polarization
modulation and the use of multiple lasers. An optimam
amount of PPM is found for maximum system gain. An
estimate is then made of the equivalent transmitter power
gain of the proposed sy.tem over the simple polarization
modulated system for the same error rate. Since much of
this system gain depends on using a much wider bandwidth
for the proposed system, the advantage, in the face of
equipment limitations, will decrease for high capacity
systems. However, at a bit rate of 10%, substantial gain
should be realizable.

1. PPM LASER MODULATION

Basic to the systems to be discussed is a transmitter
capable of delivering the same average power with the same
efficiency while the pulse length and duty cycle are reduced
and also capable of being pulse position modulated. Such a
laser transmitter has not been described as far as is known,
but a combination of known techniques to produce the
desired characteristics appears to be possible. Combined Q
switching and cavity dumping have been used to achieve
high peak powers.>* In the arrangements dzscribed, flash
lamp pumps and separate controls for the Q switch and
dumpine functions were used. Such arrangements are not
suitable for high speed pulse position modulation.

However, if we start with the Nd-Yag laser which is
capable of CW operation, and provide a cavity dumping
polarization modulator calcite-prism combination as shown
in Figure A, the desired operation should result from
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simply reversing the usual practice of pulsing the dumping
modulator to produce an output pulse. If the dumping
circuit is biased to enable the dump path for no applied
modulation voltage, then a short pulse of suitable length
will produce the effects indicated in Figure B. Before the
signal pui.2 is applied, the laser rod is coupled to the output
and has no cavity. During this period the CW pump is
pumping atoms :n the active material or ‘‘charging” the
laser. In the time scale of interest and the absence of
stimulation by cavity radiation, most of the atoms inverted
will remain so until the signal pulse switches the cavity
*“on.” Laser oscillation then starts to build up and reaches a
peak at some time characteristic >f the system Q, pump
power, and charging time. The length of the modulation
pulse is adjusted so that the modulating pulse falls to zero
at the peak of the laser buildup.> When it goes to zero it
re-establishes the output path and the peak laser energy is
dumped as an o.tput pulse, The laser then remains inactive,
but charying, until the next modulation pulse comes along.

The length and amplitude -of the cutput pulse will
depend on the fall time of the modulation pulse and the
cavity length, Zero fall time would yield a pulse length of
2L/C if L is the cavity length and C the speed of light. The
cutput pulse is lengthened as the modulation fall time
becomes finite and can be adjusted over a limited range in
this way. The laser buildup time will depend on the pump
power, cavity losses, and cavity length. The arrangement
appears to be sufficiently flexible so that the CW average
power capability of a pump-laser rod combination can be
approached with short pulses at relatively high repetition
rates by optimizing the cavity length and modulating pulse
shape and duration. In the example of the proposed system
described in this chapter, we are interested in a pulse length
of 5x10°° seconds, and a repetition rate of about Sx10%.
The charge time would vary from 17 to 23x10°® seconds.

2. SQUARE-LAW GAIN

Consider a pulse modulated communication system
with a capacity of H bits per second. Mention of “gain”
throughout the discussion will usually refer to gain with
respect to a reference system in which the average power
output, P,, of the transmitter laser is poiarization
modulated by a binary signal. After attenuation by
transmission, the average signal power, P,, arrives at the
receiver detector. In the reference system the average power
and the pulse peak power are the same. In the other
systems discussed, the received pulse peak power is Py, , but
the average power is equal to the P, of the reference
system,

The transmitter source is assumed to have the property
that the average power delivered, P,,, remains constant and
independent of the pulse duration when it is pulse
modulated. The Q-switched Nd-Yag laser with a constant
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pump source that has been desciibed should approximate
this p:rformance. If the pulses come at a constant rate, J
per second, the received peak pulse power, P, will be
inversely proportional to J and the pulse length 7. Thus,

P, 2bP,

Jr ¥
where b = 1/27 is the minimum bandwidth required to
receive the pulses without loss.

In the output of a photo-detector normalized to a 1
ohm impedance level, the peak pulse power, S, will be

2 2
S = nePy, 2nePyb
\w/ \ mv

where n is the detector quantum efficiency, e is the
electronic charge, h is Planck’s constant, and v is the optical
freque.cy. The signal shot noise power when the pulse is
preseat will be

M

Pn

2

4ne?P,b?
Nen = hv]

and the background noise power will be
I‘B = Nob

where N, is the total background noise density resulting
from received background radiation shot noise. dark
current shot noise, and FKT noise. Then the signal-to-signal-
shot-noise ratio is

s ;
Ngn hvl &
and the sigrai-iv-background noise is
2 2
S {2neP,) b _ [2nePy i @
Ng "\ hvJ No hv] 2No7 '

Note that when the bandwidth is adjusted to fit the pulse
width and the average power is independent of the pulse
width, the signal-to-signal-shot-noise ratio is independent of
the pulse width or bandwidth. However, the
signal-to-background-noise ratio is directly proportional to
bandwidth or inversely proportional to the pulse width,
Thus the tolerance of pulse systems in general for all types
of constant background noise will be improved under the
assumed conditions by maximizing the bandwidth, and this
improvement will not eatail any penaltly with respect to
signal shot noise. This improvement is rcferred to as the
square-law gain.

3. PPM GAIN

If b is made as large as possible, further gain can be
achieved by reducing the pulse rate J in Equations (3) and
(4) to a smaller value if this is done without reducing the
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information capacity. This can be accomplished by utilizing
pulse position modulation (PPM) to derive more than one
bit of information from each pulse. If a synchronous
system is assumed, then each pulse can be made to occur in
any one of S time positions. There are 1/J7 resolvable time
slots available between the unmodulated pulses. If we
utilize S of these possible time slots then each of the J
pulses can represent R bits where

R = Log$ )

and

J = HR (6)

The smallest possible J will result if all the resolvable
time slots are utilized. However, if this is done, then there is
a possible modulation sequence calling for two of the J
pulses to occur in adjacent time slots. This would allow no
charge time for the Q switch laser and no second pulse
would occur. Therefore it is necessary to limit the portion
of each 1/J time period in which pulses are permitted to
allow some minimum charge time for the laser. This unused
time will determine the amplitude of the minimum
transmitted pulse, There will be some optimum J that will
deliver the maximum minimum pulse power for a system
with capacity H and a given bandwidth that determines the
resolving time. For this optimum pulse rate J, only a
portion a of the pulse period will be required for pulses and
the remainder will be available for charging the laser. This is
illustrated by the timing diagram in Figure A.

There are other modifications that are available for
improving the sysfem performance. Since charge time
determines pulse amplitude, a simple way to increase this
would be to use multiple iasers with successive pulses
coming from each of L lasers in sequence. Each laser would
then be responsible for H/L bits of system capacity, the
average transmitted power would be increased by L times,
and the minimum peak power would be somewhat more
than L times greater. Conversely, the unused time reserved
for charging a single laser system can be filled ir: with pulse
trains from multiple lasers to increase the system bit
capacity at the same performance level without the need
for additional transmission paths.

These advantages can readily be obtained passively by
combining two lasers without loss by utilizing the two
orthogonal polarizations and calcite prisms. If more than
two lasers of the same frequency are to be combined into a
single optical system without loss, time multiplexing with
active switches is quite feasible with polarization
modulators. In a tree arrangement starting with calcite
prisms for each pair of lasers, two polarization modulators
could combine four sources, four could combine eight, and
so on. These polarization combining schemes will yield
an output signal on both plus and minus polarizations.
Another polarization modulator can be added to the




combined pulse stream to yield all plus or all minus pulses
for a single polarization signal and thus save one receiver
channel.

Since two transmission polarizations are available, they
can be utilized for further improvement of the sy.tzm. If
the laser is followed by a polarization modulator, then each
pulse can be either plus or minus polarization as demanded
by the encoding logic. If each pulse has two possible values,
then only half as many pulse positions, S, are required.
Reducing the required number of used time slots will
reduce the active time and increase the charge time and
pulse amplitude. It will also increase the number of lasers
that can be time multiplexed. Each J pulse represents R
bits. The use of two polarizations in this way adds one bit
to R at a cost of doubling the error rate. because any singie
pulse may appear in either of the two required receiver
channels each of which contributes errors. The increase in
error rate for the same pulse amplitude will be more than
compensated for by the reduction in J and the resulting
increased pulse amplitude, The net gain will be greater for
small R.

4. COMPLETE SYSTEMS

Figure A shows both a functional diagram indicating
the major components for a 1 laser PPM system and also a
timing diagram for the resulting pulse train. The
polarization modulator in the output light path may be
omitted if the gain from using two polarizations is not
considered worthwhile.

Figure C is a functioral diagram of a receiver suitable
for this PPM system. If only one polarization is used, one of
the identical parallel paths is removed. It may be that more
sophisticated and effective noise reducing circuits for
quantized PPM are available, but the processing indicated in
Figure C should yield reasonably good results. The
incoming pulses are first sliced so that only pulses above a
threshold level pass the slicer. Beyond the slicer a time gate
is indicated which passes only pulses occurring during the
active part a, of the cycle. This eliminates any false pulses
coming when none could be transmitted.

The remaining pulses go to an error reducing circuit
which examines the interval a to determine if more than
one pulse has been received. If so, it selects the highest
received puise as the signal for that interval. At this point
further information can be obtained if the time between
the present pulses and the last preceding pulse is measured.
Since the amplitudes of the transmitted pulses will vary
somewhat depending on their charging time, this time can
be used to weight the received multiple pulses in making a
chnice. Having selected one pulse per interval, its position is
interpreted as one of S numbers from which H/J of the
original information bits can be derived.
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All the above operations must be carried out with
pulses of 7 width, or bandwidth b, and the speed at which
the necessery logic can operate may el b~ the limiting
factor in the system, since there is gain irom greater b.

In this system low error rates can be achieved with the
average background noise power received, Py . much greater
than the average signal power, P,. This means that the dc
photocurrent will be proportional to Pg. The maximum
range for a given transmitter power and error rate will be
achieved with a precise setting of the slicer level. This
optimum level depends on the prevailing background noise
level which may change with timz. Thus the slicer level, or
the linear signal gain preceding the slicer, must be
controlled by the dc photocutrent.

Figure D shows a two laser transmitter arrangement
which gives somewhat more gain than that caused by
simp'y doubling the average power of a single laser system.
The combination of the two laser outputs results in a two
polarization signal with alternate plus and minus pulses.
Either the polarization modulator shown can be used to
invert one set of pulses to reduce the system to a one
polarization system with a smaller error rzte, or the
plus-minus output can be retained and the pclarization of
each transmitted pulse controlled by the en:oding logic.
The latter arrangement will improve performar ce somewhat
at the cost of more complex encoding-decoding. This
transmitter requircs the same receiver system as the single
laser transmitter.

5. OPTIMIZING THE PPM DESIGN

Assume that a capacity of H binary bits is required and
that the maximum bandwidth that can be used is b Hz. The
objective is to find the values of the number of time slots S,

the pulse repetition rate per laser J, and the proportion of’

time a allotted to the PPM, as shown in Figures A and
D, that will maximize the minimum transmitted pulse
peak power P for a system using L lasers with an average
transmitted power of P, watts per laser.

In a multiple laser arrangement the bits per laser will be
H/L. If each transmitted pulse has a value of R bits, then

the number of pulses transmitted per laser will be

H H
R} = — = —
LandR

The number of time slots required for a pulse to convey R
bits is

0]

§ = 2R = oH/LJ ®
In Figures A and D means are provided for sending
each pulse as either plus or minus polanzation. Thus each
pulse position can actually represent two states. Other
means, such as amplitude modulation or different
frequencies, might be used to increase the number of states
represented by a single pulse in a time slot. The number of
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time slots requirad is reduced by the number of states
represented by each pulse. Using 8 for the number of states
per pulse, Equation (8) becomes

R H/LJ
S = .2_ = 2 (9)
B B
and
R = log,SB 10
From Equation (7}
__H
L log, S8 an

The width of the individual time slots is 7 = 1/2b
seconds. The total time occupied by the S slots is

)
= — 12
S = o5 (12)
Since the pulse period is 1/J, the portion of the period
occupied by the S positions is
JS SH
"5 2bLlog,Sp (13)
For constant average power from the laser, the peak
pulse power is given by

_Po_P2b
Jr i

if the charge time is 1/J. Figure D shows that, when PPM
is used, the minimum charge time is (1-a)/J and the
maximum is (1+a)/). Then the peak power of the puises will

be

P,2b P,2b(1-a) _ Py2b(1+a)
Pav = -T-’ min = —_j_’ max - —j-—_ (14)
and P . P,
min _ (1-2) max _ (1+a) (15)
Pay Pay

An optimum system design will be one in which the
minimum pulse is maximized. Using Equations (9), (13),

and (14)
Pmin _ (20 2L (16)
P, J i
Setting the derivative of P, ;, /P, with respect to J equal to
zero yields H H
Jo = = 1
m Llo ( 2bLB )Llo. (2.89bLﬁ) a7
B \fog2/ ~ "\ " 1

Substituting Equation (17) in Equations (16), (13), (9), and
(10) yields

Pmin  2bL 2.89bL3
= - - 18
P ™ log, m 1.445 (18)

T U Al 3374 V. oS o o g, 8058 oo i et

1.445 (19)

2.89Lbg
log, m
Q= 2.89Lb (20)
H
R = log, 2.8:Lb6 @1

Equations (17) to (21) give the parameters of a

modified PPM sysiem optimized to yield the highest
amplitude minimum pulse, Table A lists the values of the
various parameters calculated for systems utilizing different
numbers of lasers with and withoui polarization
modulation in som: cases. For all systems listed in Table A
the receiver bandwidth is assumed io be 10% Hz, and the
information rate 10° bits per second. The 16 laser system is
not possible because aL)1, but more than 8 lasers could be
used without reducing a below the optimum value. It will
be noted that the peak pulse power increases somewhat
more than linearly as more lasers are used. In a linear
system, this would presumably be compensated for by the
greater signal-to-noise ratio required by the increase in S
with the number of lasers, but in the square-law optical
system the increase in puise power should yield a real
performance gain. The system parameters were calculated
to yield a maximum minimum p.' =, but the ratio of the
average modulated puise to the laser average power for each
system is listed in Table A.

Table A
MULTI-LASER SYSTEM PARAMETERS .
L 8 R IXI0* s a 1ta Pay
- - —— - - 1a Fo
1 1 817 1222 289 0177 143 1,640
1 2 917 1090 289 0.157 138 1833
2 1 917 544 578 0.157 138 3,670
2 2 1017 491 578 0.142 133 4,070
4 2 1117 224 1,156 0.129 130 8930
8 2 1217 103 2312 0.119 127 19,400
16 2 1317 0474 4624 0.110 1.25 42,200

Information rate, H = 10° bits/second
Receiver bandwidth, b, = 10® Hz

L = Number of lasers in transmitter

B = Number of pulse states (polarization)

R = Bits per transmitted pulse

J = Pulse rate per laser

S = PPM time slots used per laser

a = Proportion of laser pulse period used for PPM
P,y = Peak power of average modulated pulse

P, = Average power per laser
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6. POWER GAIN OF PROPOSED SYSTEM

An exact analysis of the error rate performance of the -

proposed system is far beyond the scope of this chapter,
but it is possible to estimate the effective transmitter power
gain of the system to within 1 or 2 dB quite simply with
respect to the well-documented system of Reference 1. This
can be done by assuming Gaussian noise and depending
upon the fact that for useful error rates the error rate varies
more than an order of magnitude per dB change in
signal-to-noise ratio for all kinds of noise of interest.

The Gaussian noise approximation calls for about 3 dB
more signal-to-noise ratio than the true Poisson noise in the
shot noise limited case with no background noise. As
background noise is added, this difference drops to less
than 1 dB when the shot noise and background are equal,
and is practically negligible for greater background.
Background noise is understood to mean all constant noise
including background radiation, FKT noise, and dark
current noise. The steep error curve will be invoked in
estimating the performance of the proposed system.

The reference system is a binary polarization
modulated system which delivers a peak pulse power P, to
the detection system along with a total background optical
power of Pg. The receiver separates the polarizations and
feeds each polarization component to a separate.
photo-detector. The outputs of the detectors are operated
differentially so that in each time slot there is signal shot
noise plus background shot noise from both polarizations
(full Py shot noise) and either a positive or negative signal.
The bit capacity is H and the bandwidth b,, = H/2.

The system of Figure D has the same bit capacity
divided between iwo lasers each with the same average
power P, as the reference system transmitter. Each laser
operates at a pulse rate, J, and both PPM and polarization
modulation are used. The receiver, shown in Figure C, is
assumed synchronized and has two separate channels for
the two polarizations. Differential reception cannot be used
here and each channel receives the full transmitter output
with a peak power of P,, and background noise Pg/2. It is
assumed that the optimum slicing level which depends on
Pg and P, in the receiver channels is automatically
m intained.

In both the reference and modified PPM systems, the
pulses are received by a square-law photo-detector which
produces a signal pulse peak current

-nPge
Is = hv

Where Pg is the pulse peak power and a shot noise rms
pulse peak current, assumed Gaussian,

2Pge’nb
In = hv

(22)

(23)

The output pulse signal-to-shot-noise ratio is

77Ps
2hvb

Ush = (24
It is interesting to note that, in the Nyquist limit H = 2b, U
is the number of photons per pulse for a binary system.

In the presence of uniform background radiation of N
watts per square meter per steradian per Angstrom, the
received background power is

~ NAQBA?
B C

where A is the receiver aperture area, {2 the field of view in
steradians, B the pre-detection optical bandwidth in Hz,
and C the velocity of light. Other background noise will be
contributed by post-detector amplifier FKT noise and the
detector dark current, The FKT noise power is 4FKTb/Rg
where F is the noise figure of the post-detection amplifier
when fed by a source resistance Rg driven by a noiseless
infinite impedance signal current source, The dark current
shot noise is 2elpb.

In the modified PPM system the pulse is shortened and
the bandwidth is increased so that the average received
power P, is held constant. Assuming the minimum
bandwidth, the pulse length is 7 = 1/2b,, and the peak
puise power is

(25)

b, Py
]

Pn

Py =97 = (26)

The receiver square-law detector input includes the
coherent signal and the received background radiation
which have different spacial distributions over the detector
area. Taking the spatial distributions into account in
evaluating the cross product terms, the signal and rms noise
powers in the detector cutput can be evaluated using
Ric.’s® relations for the output of a squaredaw detector.
Adding terms for the dark current shot noise and
post-detection amplifier FKT noise, the received pulse
signal-to-noise ratio is

U. = nP n
m 2n\*Pg nA2Pg?
hv] + — + B
hvAB2 P, \hvABQ
27N
2FKThv Inhv ]
ne ‘ne’Rg

In most cases of practical interest the second and third
terms representing detector beat products can be dropped
in comparison to the first and fourth terms which represent
signal shot noise and radiation background shot noise
respectively. The last two terms simply add to Pg if
present, and it will therefore be assumed that Py has been
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adjusted to take these terms into account if they are
significant. Then we have

nPn
Un = —p— (28)
B
hv] [1 +— l
P
For the reference system J = H = 2b,,, so that
nPp (29)

Un = Pp 1 .
+—
2hvb,, [1 -

The relations in Equations (28) and (29) cannot be
used directly to compare the two systems because the
reference system uses a differential decision device while
the PPM system must use a slicer decision device. In the
presence of Py the slicer device wili require a greater U than
the differential device for the same error rate. We will
assume that an error rate E is required and that the
coherent differential binary U, required by the reference
system for this error rate is known., We will estimate the
U required for a slicer system with the same error rate per
pulse time slot.

The comparison is made first for the case in which a
slicer is used to make the decision in a simple binary on-off
modulation system adjusted for equal mark and space
errors compared to a differential system with the same
error rate per pulse. The required pulse power will be found
in the two cases. The pulse power P, required in the
balanced case, to give the signal-to-noise ratio U,
corresponding to an error rate E, is from Equation (29)

K,U 4P
Po=——|1+q/1+ >
2 %, U,

(30)
2hvb,

n

1 -

In the on-off pulse system with a slicer, the slicer level
must be adjusted so that the mark and space errors are
equal, although the noise in the two intervals is different
because there is no signal shot noise in a space interval.
When no pulse is present, only background noise appears in
the detecior output and the slicer current reference W is set
to exceed the rms value of the background noise current by
the factor \/U—n which is the rms signal-to-noise current
ratio required for the error rate E, The rms shot noise
current due to background radiation is given by Equation
(23) if Pg/2 is substituted for Ps. Then

W K,U,P
/U, = Y L1

hv
(31)

2e?nby,
T Thy

We have used Pg/2 rather than Py because the slicer system
requires only one polarization. The bandwidth of the on-off
system is by, and is one-half the pulse rate as before.

For a mark signal, when a pulse with a peak power P,
is present, the slicing level current W is subtracted from the
signal current and the available signal current, using
Equations (22) and (31), is

K,U,P
Lo = (KsPnW) = KsPp | [ ==
(32)
ne
K = ——
3 hv

The rms noise current I, in a mark interval is the current
corresponding to the sum of the signal and background shot
noises

L=\VK (Pm +£2E)

Then

G v

Solving Equation (33) for Py, yields

2Py
Pm = K4Un 1 + —
KeUn (34)
K, = _Iiz. - 2hvb,,
K, n

Sapin.
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Then the ratio of the peak pulse power Py, required
for an on-off modulation system with a aicer decision
device and an error rate E for both on and off intervals to
the peak pulse power P, required by a polarization modu-
lated system with a differential decision device and also

having an error rate E is
2Pp
K4 Un

Pm 2K4 Un <1 +

b (35)
n 4Pg
K) Un 1+ ] + ———
K,Uj /
Evaluating the constants, Equation (35) becomes
PBn
2b ( 1+ ____)
P m hvb_U
2. mr 36)
Pn 2PB17
ol Voo )
hvb U,

This relation reveals one of the peculiarities of optical
systems due to square-law detection. For equal bandwidth
systems, if Pg = O (shot noise limited), then P, /P, = 1
because the slicer decision level W = 0 and the systems are
the same. The on-off system is actually better because there
are only half as many errors, but this will not change the
power required very much, The sficer system also has the
advantage that only half as much average power is
transmitted. This zero background case is the condition for
which the Poisson noise distribution reduces the error rate
calculated with the Gaussian approximation so the actual
Uy required is about 3 dB less than the assumed value. If
the background noise is dominant, Equation (36) gives a
ratio of P, /P, = V2. This is the usual slicer disadvantage of
a factor of 2 in the baseband portion of the system, but it is
reduced to V2 with respect to the received power by the
square-law detection. Looking at it the other way the
normal 3 dB power gain of baseband polar systems is
reduced to 1.5 dB by the square-law detector.

In comparison with the system of Figure D, it has a
received average pulse power gain given by Equation (14)

P (average pulse) _ by,

P0 (transmitter output) J

and a required received power ratio relative to the reference
polar system for the same error rate given by Equation
(36). The net gain is the ratio of the transmitted pulse
powzars of the two systems to the ratio of the received pulse
powers required for the same error rate,
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2b 2Pgn
= 1+ \/1+
| b V' b, U

n n

I | P7
+\ [ ——
Py hvb_ U,

Equation (37) gives the approximate equivalent power gain
of the two laser PPM system over a single laser polar
system,

Table B lists some calculated values of P, [Equation
(30)), P, [ Equation (34)] and G [ Equation (37)] for a
specific case. These equations and the calculations in this
section involve two major approximations that will require
correction factors which are small due to the steep error vs.
signal-to-noise ratio curve. The first correction arises
because the transmitter pulse power varies depending on
the pulse position code from (1+a) to (1-a) where a is 0.177
for the system considered. This will increase the error
probability for some pulses and decrease it for others. An
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Table B

INFLUENCE OF THE SIGNAL-TO-NOISE RATIO AND
BACKGROUND POWER LEVEL ON THE GAIN OF

THE TWO LASER PPM SYSTEM
U=10
Py P, P G G(db)
10 449X 107° 936X 10% 1950 229
108 458X 107'° 13 X10% 1430 215
1073° 558X 1071 49 X107 462 166
10712 210X 107!t 41 X 10°° 208 132
1'% 200X 107! 4.0 X 107° 203 13.1
U=20
10 634X 10° 135x1077 1910 228
108 652X 107°° 207x10% 1280 211
10° 221X 107 1.20x 1078 744 187
1071% 864x 1071t 927x 107° 378 158
107! 483X 107! 841X 107° 227 139
1071 409x 107'" 813X 107° 204  13.1
10°1* 4.00x 1071 8.00X 10°° 20.3  13.1

A=10"%, =01, by=5X10°, by =10°

Pg = wWatts total received background radiation

P, = Watts received peak pulse power re:quired for the
reference system

P, = Watts received peak pulse power required for the
two laser PPM system

G = Increased transmission path loss for the two laser

PPM system
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overcorrection reducing the gain by 0.7 dB would maintain
the error rate on the weakest pulse. The other correction
involves the PPM system. All time slots must be examined
for each pulse and an equal probability exists of error or
false pulses in all of the 577 slots that do not have pulses.
This first calls for a slightly greater slicing level to reduce
this probability. This will, for fixed signal power, increase
the probability of error for the marked time slot. If the
trans.nitted signal power is simply increased in the case of
Py noise dominant by 1 dB, it will permit the slicing level
W to be increased by 52 percent. This will increase the U
for the space intervals by 4.6 dB which would be much
more than necessary. There are also sophisticated methods
of reducing the effect of these space errors since it is known
that only one pulse should be recorded. Another point that
must be taken into account here is that a pulse interval
error causes about 10 bit errors in the H bit stream so that
lower error rates must be provided. All these factors should
not increase the required transmitter power by more than
about 1,5 dB,

For the overall system, the 100 percent conversion of
average laser power to pulse power is probably the weakest
link. If we allow a correction of 3.5 dB for this, the system
gain figures are reduced by a total of 5 dB. This leaves a
gain of 18 dB for the high background case and 8 for the
shot noise limited case. The gains given in Table B are
relative to the power per laser and, since the system of
Figure D discussed in detail has two lasers, he actual
total transmitted power is two times or 3 dB greater than
that of the reference system. This reduces the actual total
power gain by another 3 dB. However, the remaining gain is
substantial and the multi-laser PPM arrangement appears to
be very worthwhile for bit rates in the neighborhood of 19°
that are of interest for deep space communication. Since
by, has been chosen somewhere near present practical
processing limits and the gain falls off with increased pulse
rate, it does not look very promising for the bit rates of
hundreds of megabits or more required for land
communications.

REFERENCES

1. H, F. Wischnia, H. S. Hemstreet, and J. G. Atwood,
Determination of Optical Technology Experiments for
a Satellite, NASA CR-252, Contract No. Nas 8-11408
with Perkin-Elmer Corporation, July 1965,

(S

W. K. Pratt, “Binary Detection in an Optical
Polarization Modulation Communication Channel,”
IEEE Trans. on Communication Technology, October
1966.

241

3. W. R, Hook, R. H. Dishington, and R. P. Hilberg,
‘‘Laser Cavity Dumping Using Time Variable
Reflection,” Applied Physics Letters, August 1, 1966.

4. A. W. Penney, Jr. and H. A. Heynau, “PTM.
Single-Pulse Selection From a Mode-Locked Nd3+ -
Glass Laser Using a Bleachable Dye,” Applied Physics
Letters, October 1, 1966. -

5. S. O. Rice, “Mathematical Analysis of Random Noise,”
BSTJ, January 1945, p. 130.

TN

'“mmI!"M"HV;MIhll[IlHlmmuy.u,..e‘,.,,4. .




	GeneralDisclaimer.pdf
	1968019322.pdf
	0006B03.pdf
	0006B04.pdf
	0006B05.pdf
	0006B06.pdf
	0006B07.pdf
	0006B08.pdf
	0006B09.pdf
	0006B10.pdf
	0006B11.pdf
	0006B12.pdf
	0006C01.pdf
	0006C02.pdf
	0006C03.pdf
	0006C04.pdf
	0006C05.pdf
	0006C06.pdf
	0006C07.pdf
	0006C08.pdf
	0006C09.pdf
	0006C10.pdf
	0006C11.pdf
	0006C12.pdf
	0006D01.pdf
	0006D02.pdf
	0006D03.pdf
	0006D04.pdf
	0006D05.pdf
	0006D06.pdf
	0006D07.pdf
	0006D08.pdf
	0006D09.pdf
	0006D10.pdf
	0006D11.pdf
	0006D12.pdf
	0006E01.pdf
	0006E02.pdf
	0006E03.pdf
	0006E04.pdf
	0006E05.pdf
	0006E06.pdf
	0006E07.pdf
	0006E08.pdf
	0006E09.pdf
	0006E10.pdf
	0006E11.pdf
	0006E12.pdf
	0006F01.pdf
	0006F02.pdf
	0006F03.pdf
	0006F04.pdf
	0006F05.pdf
	0006F06.pdf
	0006F07.pdf
	0006F08.pdf
	0006F09.pdf
	0006F10.pdf
	0006F11.pdf
	0006F12.pdf
	0007A02.pdf
	0007A03.pdf
	0007A04.pdf
	0007A05.pdf
	0007A06.pdf
	0007A07.pdf
	0007A08.pdf
	0007A09.pdf
	0007A11.pdf
	0007A12.pdf
	0007B01.pdf
	0007B02.pdf
	0007B03.pdf
	0007B04.pdf
	0007B05.pdf
	0007B06.pdf
	0007B07.pdf
	0007B08.pdf
	0007B09.pdf
	0007B10.pdf
	0007B11.pdf
	0007B12.pdf
	0007C01.pdf
	0007C02.pdf
	0007C03.pdf
	0007C04.pdf
	0007C05.pdf
	0007C06.pdf
	0007C07.pdf
	0007C08.pdf
	0007C09.pdf
	0007C10.pdf
	0007C11.pdf
	0007C12.pdf
	0007D01.pdf
	0007D02.pdf
	0007D03.pdf
	0007D04.pdf
	0007D05.pdf
	0007D06.pdf
	0007D07.pdf
	0007D08.pdf
	0007D09.pdf
	0007D10.pdf
	0007D11.pdf
	0007D12.pdf
	0007E01.pdf
	0007E02.pdf
	0007E03.pdf
	0007E04.pdf
	0007E05.pdf
	0007E06.pdf
	0007E07.pdf
	0007E08.pdf
	0007E09.pdf
	0007E10.pdf
	0007E11.pdf
	0007E12.pdf
	0007F01.pdf
	0007F02.pdf
	0007F03.pdf
	0007F04.pdf
	0007F05.pdf
	0007F06.pdf
	0007F07.pdf
	0007F08.pdf
	0007F09.pdf
	0007F10.pdf
	0007F11.pdf
	0007F12.pdf
	0008A02.pdf
	0008A03.pdf
	0008A04.pdf
	0008A05.pdf
	0008A06.pdf
	0008A07.pdf
	0008A08.pdf
	0008A09.pdf
	0008A10.pdf
	0008A11.pdf
	0008A12.pdf
	0008B01.pdf
	0008B02.pdf
	0008B03.pdf
	0008B04.pdf
	0008B05.pdf
	0008B06.pdf
	0008B07.pdf
	0008B08.pdf
	0008B09.pdf
	0008B10.pdf
	0008B11.pdf
	0008B12.pdf
	0008C01.pdf
	0008C02.pdf
	0008C03.pdf
	0008C04.pdf
	0008C05.pdf
	0008C06.pdf
	0008C07.pdf
	0008C08.pdf
	0008C09.pdf
	0008C10.pdf
	0008C11.pdf
	0008C12.pdf
	0008D01.pdf
	0008D02.pdf
	0008D03.pdf
	0008D04.pdf
	0008D05.pdf
	0008D06.pdf
	0008D07.pdf
	0008D08.pdf
	0008D09.pdf
	0008D10.pdf
	0008D11.pdf
	0008D12.pdf
	0008E01.pdf
	0008E02.pdf
	0008E03.pdf
	0008E04.pdf
	0008E05.pdf
	0008E06.pdf
	0008E07.pdf
	0008E08.pdf
	0008E09.pdf
	0008E10.pdf
	0008E11.pdf
	0008E12.pdf
	0008F01.pdf
	0008F02.pdf
	0008F03.pdf
	0008F04.pdf
	0008F05.pdf
	0008F06.pdf
	0008F07.pdf
	0008F08.pdf
	0008F09.pdf
	0008F10.pdf
	0008F11.pdf
	0008F12.pdf
	0009A02.pdf
	0009A03.pdf
	0009A04.pdf
	0009A05.pdf
	0009A06.pdf
	0009A07.pdf
	0009A08.pdf
	0009A09.pdf
	0009A10.pdf
	0009A11.pdf
	0009A12.pdf
	0009B01.pdf
	0009B02.pdf
	0009B03.pdf
	0009B04.pdf
	0009B05.pdf
	0009B06.pdf
	0009B07.pdf
	0009B08.pdf
	0009B09.pdf
	0009B10.pdf
	0009B11.pdf
	0009B12.pdf
	0009C01.pdf
	0009C02.pdf
	0009C03.pdf
	0009C04.pdf
	0009C05.pdf
	0009C06.pdf
	0009C07.pdf
	0009C08.pdf
	0009C09.pdf
	0009C10.pdf
	0009C11.pdf
	0009C12.pdf
	0009D01.pdf
	0009D02.pdf
	0009D03.pdf
	0009D04.pdf
	0009D05.pdf
	0009D06.pdf
	0009D07.pdf
	0009D08.pdf
	0009D09.pdf
	0009D10.pdf
	0009D11.pdf
	0009D12.pdf
	0009E01.pdf
	0009E02.pdf
	0009E03.pdf
	0009E04.pdf
	0009E05.pdf
	0009E06.pdf
	0009E07.pdf
	0009E08.pdf




