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10-MICROMETER BAND COMMUNICATION
TERMINALS IN SPACE

N. McAVOY
Goddard Space Flight Center
Greenbelt, Maryland 20771

SUMMARY    10-micrometer band communication systems using CO2 lasers for space to
space links are discussed. Particular emphasis is on low earth orbiting earth observation
satellites to geosynchronous satellites at high data rate. Four key technology areas are
discussed: Wideband mixers for Doppler tracking; tunable laser local oscillators; high data
rate modulators; laser transmitters.

INTRODUCTION    System considerations and component status for equipment in the
10-micrometer band for single access space-borne terminals are discussed. Typical links of
interest to NASA in this category are:

• Deep space probes to earth with TV capacity

• Geosynchronous-to-geosynchronous data relay with up to 1 GBps capacity

• Low earth orbiting (LEO) to geosynchronous data relay at a 300 MBps capacity

The latter of these three links will be used as an example because the technology required
for the LEO to synchronous link includes the component capability for the other two.

There is presently extensive NASA emphasis on the earth resources satellites planned for
launch in the 1976 to 1980 period. They will carry earth-imaging sensors of much higher
resolution and data-taking duty cycle than earlier Nimbus, Tiros, and ESSA spacecraft.
Camera systems are now under development that have linear arrays of 12,000 diode
detectors. The entire array will be sampled each 2.5 ms. With appropriate optics, this
provides 50-ft resolution on the ground. Four cameras, or arrays, each for a different
spectral range, and 8-bit quantization will result in a 160 MBps output bit stream. Other
configurations with as many as 7 to 10 spectral bands and a spatial resolution of 25 ft are
also being studied. Even a straightforward increase in resolution from 50 to 36 ft results in
300 MBps. An on-board capability for data storage and intermittent dump at these data
rates is out of the question. This results in two options:



(1) Creation of an elaborate network of ground stations in all regions where earth
resources information is desired.

(2) Relay of data to ground via synchronous terminals.

Option (1) is viable, even though it is less flexible, but will cause logistic and fiscal
problems. Implementing option (2) using microwave technology would require
prohibitively large antennas given a reasonable projection of the requirements for
communication technology in 1976 as shown in Figure 1. On satellites, dedicated to earth
observation missions, communication equipment is relegated to a support function.
Transmission of 300 MBps over synchronous range using microwave equipment requires
large antennas and/or high power consumption because receiver antennas in synchronous
orbit are restricted to nominally 30 ft in diameter. The high antenna gain achievable with
compact structures, good receiver sensitivity, and transmitter efficiency, make 10.6
micrometer band equipment an attractive alternative.

The receiver and transmitter terminals are commensurate with the data requirements of
Figure 1. Figure 2 describes the link for which the terminals are designed. The link
performance is given in Table I. Pointing of the LEO transmitter to the receiver in
synchronous orbit is achieved by including a diode laser array on the receiver terminal. A
conventional star tracker is included in the LEO transmitter system for antenna pointing
control. The use of a diode laser beacon on the receiver terminal eliminates the need for a
laser LO, optical mixer, and radiation cooler on the LEO terminal. Low data rate required
for beacon function allows the use of lightemitting diode lasers. Diode laser arrays coupled
with optical fibers will provide 200 milliwatt average power radiated into a 0.3E cone.
These arrays operate at room temperature and consume less than 10 watts prime power. A
pulse repetition rate of 5,000 pulses per second, each of 50 nanoseconds duration, will be
more thqn adequate. These sources and appropriate detectors are available.1

TABLE - I -- Link Performance of Receiver and Transmitter Engineering
Models from a LEO to a Data Relay Satellite

Transmitter gain (5-in diameter), dB 92
Receiver gain (8-in diameter), dB 96
Transmitter power dBW 0
System loss, dB  -6
Space loss (synchronous range)., dB -273
Receiver power, dBW -91
Receiver sensitivity, dBW/Hz  193
Carrier-to-noise ratio bandwidth, dBHz 102
Carrier-to-noise ratio, dB    13
Bandwidth (300 MHz), dBHz 85
Margin, dB 4



SYNCHRONOUS RECEIVER TERMINAL    Figure 3 shows the essential optical
subsystems of the receiver. Coarse pointing of the receiver is achieved on command by
sluing the coarse-pointing mirror to an accuracy of ± 0.1E. This angular uncertainty has to
be equal to the field of view of the telescope immediately behind the sluing mirror.
Acquisition will then take place without further motion of the telescope. After passing
through the telescope, the received beam passes through the image motion compensator
(IMC) shown as the next subsystem of Figure 3. The IMC consists of two small mirrors
with mutually orthogonal angular drive and serves for beam tracking within the ± 0.1E
telescope field of view. After leaving the IMC, the beam is comb-ined with the laser LO
beam. Both the LO and signal beams are imaged onto the optical mixer. The optical mixer
is located on the cold patch of the radiation cooler, which serves to keep the mixer cooled
to less than 130K. A radiation cooler of the type to be used on the receiver terminal was
launched in early 1972 and is shown in Figure 4. This cooler achieved 104EK and has a 10
milliwatt heat load capacity at the detector.2

The communication link between a LEO satellite and a synchronous satellite is subject to a
varying Doppler frequency because of the relative motion of the two satellites. The
geometry of the link is shown in Figure 5, where Nimbus has been selected as a
representative low-altitude satellite. As the orbit plane of the low-altitude sat&llite
approaches a plane normal to the plane formed by the earth’s polar axis and the
synchronous satellite, the Doppler shift decreases. The angle between the two planes is
designated in Figure 5. The computed Doppler shift is shown in Figure 6. The fundamental
approach to accommodating the Doppler shift is to provide a means by which the LO laser
can be tuned at least ± 200 MHz. In a conventional CO2 laser, the tuning range of the
oscillator is limited to nominally 50 MHz with respect to line center, which would not
permit an IF high enough to accommodate the information bandwidth. A high-pressure
waveguide laser will be used to accomplish the necessary tuning range.

Figure 7 depicts the basic operations that must occur to accommodate the Doppler shift. A
+ 700 MHz Doppler shift is assumed in accordance with Figure 7, and the procedure is
arbitrarily started with the Doppler shift at + 700 MHz. The laser LO is set to a frequency
of - 200 MHz with respect to line center, and the instantaneous first IF is 900 MHz. The
output of the infrared mixer (first mixer) goes to a second mixer (rf mixer), which has a
voltage-controlled LO. The voltage-controlled oscillator (VCO) is used to track the
Doppler shift, thus maintaining a constant second IF. As the center frequency of the
received signal approaches the line center frequency, at which point the Doppler shift is
zero, the laser LO is switched to a + 200 MHz with respect to line center and a momentary
dropout occurs (approximately 30 nanoseconds). As the Doppler frequency increases in
the negative direction, the VCO and rf mixer are again used to maintain a constant second
IF.



Recent developments in waveguide lasers have contributed significantly in the area of
tunable lasers for use as LO in those systems where large Doppler shift tracking and
wideband modulation are both required. In waveguide lasers, a glass capillary provides for
containment of the plasma as well as transverse boundary conditions for the dielectric
waveguide mode. Mirrors serve to provide resonator boundary conditions for the fields
outside of the capillary. The bandwidth over which oscillation can be sustained is much
higher in waveguide lasers than lasers using conventional optical resonator modes. A
critical parameter in determining the low signal gain per transit of a plasma tube is the ratio
of molecular mean free path to tube bore diameter. This parameter can be kept constant
with smaller diameters and higher gas pressure in the tube. The cross sectional area of the
mode and, therefore, the plasma tube diameter for lasers using conventional resonator
modes is restricted to nominally 5 mm or greater, Pressures above 80 Torr result in gain
decrease below that needed for oscillation threshold for plasma tube length of less than
20 cm and diameters of more than 4 mm. Correlation between spectral linewidth and gas
pressure has been measured to be 5 MHz/Torr for pressures up to 50 Torr. An
approximate verification of this has been made by mode-locking of CO2 waveguide lasers
operating at 120 Torr to obtain pulses of less than 3 nanoseconds duration.4 It was
calculated that 0.7 nanosecond wide pulses would have resulted had the pulse width not
been limited by the mode-locking modulator. This implies bandwidth in the order of
800 MHz. CO2 waveguide lasers have been operating with diameters from 1 to 5 mm . The
low loss mode of the capillary waveguide is HE11. The electric field of this mode is radially
symmetric. The radial dependence is approximately J0 (uor/a) - where J0(u0) = 0 - in all
regions except close to the walls, whereupon the field is expressed as a superposition of
Bessel functions of higher order.6 Figure 8 gives a mapping of the transverse electric field
direction. The HE11 mode is similar to TE11 mode of a conducting tube in geometry and
difter in that the magnitude of the TE11 magnetic of the TE11 lines along the tube axis is
much stronger than that of the HE11 dielectric tube mode. Thus, the waveform of the HE11

mode inside a capillary is very close to a TEM mode, neglecting fields within a few
wavelengths from the boundary. This fact allows for the use of Brewster angle windows on
the end of the plasma tube. The mode also allows for antenna patterns with radiation
concentrated into one main lobe.

The most surprising aspect of the mode is the low attenuation. The attenuation constant for
the HEnm mode is,

(1)

where:   J0 (unm) = 0, a is the capillary radius, and < is the complex index of refraction of
the capillary wall.



* Class A4, Model 4541016, High Speed, High Performance, Photovoltaic IR Detectors,
Manufactured by (U.S. Distributor, Eltek Corp., Larchmont, NY)

Measurements on reflection and transmission of planewaves on pyrex have resulted in a
< = 1.9 + 0.08j or " = 1.7 x 102m-1 for a planewave in pyrex. From equation 1, it can be
seen that "nm is small for capillaries of 100 8 diameter for HE11 modes because the first
and third terms are of unit magnitude and the second term is 10-3 cm-1 for the 10
Imicrometer band.

Figure 9 is a waveguide laser plasma tube which has been sized for use as a space-borne
LO with a ± 200 MHz tuning range required to eliminate baseband folding as the Doppler
shift sweeps across the zero value. A laser using this tube has been operated at 90 Torr,
120 milliwatt output with 4,000V across the one-inch long plasma filled pyrex capillary.

The optical mixer of the receiver terminal employs a HgCdTe photovoltaic junction diode.
Signal and LO fields, incident on a photovoltaic nal-to-noise ratio:

where 0 (quantum efficiency) is the ratio of emitted photoelectrons to incident photons of
energy hf. Ps is the signal power and )< is the noise bandwidth of the IF. This idealized
situation assumes the signal and LO fields are co-planar and co-polarized; the LO power
of a few milliwatts is optimized; and background noise is no more than that from an
extended black bode at 2 000EC. The equivalent mixer noise power is:

or the equivalent optical mixer noise temperature is:

K To is the mixer’s equivalent noise spectral density. Presently existing commercially
devices are available* with 0 = 0.4, resulting in a noise temperature of 3620EK or a noise
spectral density of 5 x 10-20 w/Hz. Mixer impedance ranges from 10 to 50 ohms in the
operating temperature range approximately from 70E to 140EK. Table II shows measured
results for mixers with 10% quantum efficiency and a non-optimized rf preamplifier. Also
shown are projected results with 50% quantum efficiency and optimized preamplifiers8,9

Table II gives presently available and projected sensitivity for optical mixers cooled
to 130EK. Sensitivity is given in terms of noise spectral density and noise figure for
various IF response ranges.



TABLE II

Measured Receiver Projected Receiver
IF Range Sensitivity, 0=10% Sensitivity, 0 =50%

NSD, w/Hz   Noise Figure, dB NSD, w/Hz   Noise Figure, dB

0-200 MHz 1.5x10-19 14.5 0.4x10-19 10

200-500 MHz 2x10-19 17 0.4x10-19 10

500-800 MHz 4x10-19 20 0.46x10-19 10.5

800-1000 MHz 6.5x10-19 22 0.64x10-19 12

Table II - Presently available Sind projected sensitivity for optical mixers cooled to
130 K. Sensitivity is given in terms of noise spectral density and noise figure
for various IF response ranges.

Mixer housings with frequency response up to 1.5 GHz have been fully space qualified for
mounting on a radiant cooler cold patch. Figure 10 shows a typical mixer housing.

LEO TRANSMITTER TERMINAL    The optical problems to be considered in
development of the transmitter terminal are primarily concerned with the design of a light-
weight telescope that will track a beacon over a complete hemisphere of look angles. This
is necessary because, relative to the synchronous,satellite, the LEO satellite makes one
revolution on its axis during each orbit around the earth.

The salient characteristics of the transmitter are given in Table III.

TABLE III
Characteristics of Transmitter Terminal

Beam coverge angle 1 hemisphere
Volume, in3 2500 (~ 1.5 ft3)
Weight, lb 60
Carrier power, W 1.0
Modulation mode Double side band,

suppressed carrier
Modulator bandwidth, MHz 170
Data bit rate, MBps 300
Prime power, W 100



Antenna gain (5-in., diameter), dB 92
Antenna tracking Conventional star tracker

The antenna beam divergence is kept larger than 100 microradian in the design to eliminate
the complexity required for programmed off-set of the transmitted beam with respect to the
beacon’s apparent position. Velocity aberration results in a beam adjustment requirement
up to 50 microradians.

Initial development of CO2 lasers for space-borne use used plasma tubes fashioned from
Be 0 and A12 03 ceramic. These ceramics were used because of their good thermal heat
conductivity. The choice was dictated by requirements for plasma tube heat dissipation by
conduction only. Subsequent tests have shown that glass tubes thermally contacted to a
metal jacket provide sufficient cooling of the plasma tube inner wall for heat sinks in the
20 ± 10EC region. Therefore, space-qualifiable metal-ceramic and glass laser tubes exist.
Figure 11 is a photograph of metal-ceramic tubes. Figure 12 shows two views of a
complete 10 micrometer band cw transmitter unit. The unit includes provision for
automatic search and selection of oscillation on a specific spectral line. It has been tested
under launch simulation up to 12 g and 2,000 Hz, and thermal vacuum test for operation
under space flight simulation. In addition, the unit has operated on balloon flights up to
90,000 ft under temperature cycles between - 10EC to + 30EC during those flights.
Measured transmitter efficiencies are in the 4% to 13% range, depending on specific cavity
losses.

The single remaining problem associated with laser technology for spac6frborne
transmitters is that of longevity. Tube ensembles, fabricated under controlled conditions
have operated reliably up to 4,000 hours. Some tubes have lasted up to 16,000 hours.
Contrary to common belief, the failure mechanisms are not known. For this reason,
research on the basic chemical reactions occurring in the tubes will probably have to be
done before predictable 16,000-hour operation can be realized. Empirical attempts to
provide reliable tubes with more than 4,000 hours longevity have been unsuccessful to
date.

In addition to the wide bandwidth (300 MBps or more) needed in the LEO to synchronous
link, the modulator must operate with low modulation drive power, low modulation
distortions, low optical insertion loss, and be compatible with space environment. It has
long been realized that operating the modulator inside the laser cavity is an efficient way of
obtaining high modulation index with low drive power. The usual disadantage of intra-
cavity modulation is that the available bandwidth is limited either by cavity Q effects or by
the spectral linewidth. In 196310,12 it was demonstrated that it is possible to overcome this
limitation and obtain very high frequency microwave response with much lower power.
The method by which this may be accomplished is termed “coupling modulation.” Most of



the work10,17 has been applied to helium-neon lasers at 632.8 nm. The method has recently
been applied to carbon dioxide lasers to overcome these limitations.18,19

The basic operation of a coupling modulator is illustrated in Figure 13. The plasma tube is
terminated at each end by windows oriented at Brewster angle to provide linear
polarization and low window reflection loss. With no voltage applied, the modulator has
no effect on the intrarcavity field except to produce a small insertion loss. If a dc voltage is
applied to the modulator (See Figure 13), an orthogonally polarized component of the field
is generated, the magnitude of which is proportional to the voltage. After a double pass
through the modulator, the eMptically polarized light is -incident on the.Brewster angle
plate,- whereupon the components are separated because the orthogonal component suffers
reflection out of the cavity. For small CO, lasers, only about 2% of the radiation passing
through the cavity need be thanged into the orthogonal component in order to result in
critical coupling of the cavity, i.e. for the laser output off the Brewster angle plate to be a
maximum. The electro-optical crystal orientation relative to the laser beam and drive
voltage is identical to that used in conventional intensity modulation external to the laser.

The success of the techniques and the reason why the usual bandwidth limitations do not
apply depends on maintaining the intensity of the light inside the resonator constant in
time. This occurs when the coupling rate is much higher than the cavity ring time. At rates
approximately equal to or less than the cavity ring time, cavity stored energy fluctuates and
causes distortion. These concepts have been N6 rified by modulation up to 1.2 GHz at
Case Western Reserve University.20

Present predictions are that the total modulator power for 300 MBps will be between 50
and 100 watts using coupling modulation and that further increase in modulator efficiency
will result from present development in the area of active thin film waveguide modulators.
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FIGURE 1. - Projected Communication Requirements for NASA
Low Earth Orbiting Satellites (LEO).

FIGURE 2. - LEO to Synchronous Data Relay Satellite Link Description.



FIGURE 3. - Optical Description of Receiver Terminal on the
Synchronous Data Relay Satellite.

FIGURE 4. - Radiation Cooler of the Type Which Achieved
104EK Cold Patch Temperature.



FIGURE 5. - Orbital Geometry of NIMBUS Relative to a Point in Geosynchronous
Orbit.

FIGURE 6. - Doppler Shift Resulting Between LEO and Geosynchronous Satellites.
Angles of Which the Doppler Shift Is Plotted Are Described in Figure 5.

FIGURE 7 - Spectral Plots Showing Positions in the Frequency Domain of a Low
Altitude Satellite (LAS) 10-Micrometer Band Transmitter Relative to the Position of
Receiver Terminal LO Laser in Synchronous Orbit.

FIGURE 8. - Cross Sectional View of Capillary Waveguide Showing Field Line
Mapping. Solid Lines Are Those of the Electric Field and Broken Lines Are of the
Magnetic.



FIGURE 9. - Plasma Tube for Small Waveguide Laser.
Capillary Diameter is 2mm.

FIGURE 10. - Space-Qualified Housing for a Hg Cd Te Photovoltaic Mixer.

FIGURE 11. - Metal Ceramic CO2 Laser Tube For Use In Space
With a 20EC Heat Sink.



FIGURE 12. - Two Views of CO,2Laser Transmitter With Spectral Line
Selector and Frequency Stabilization Electronics.

The Transmitter Is Set For 28.30625102 THz.

FIGURE 13. - Laser Configuration For Coupling Modulation.




