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5.1 Optomechanical Subsystem
Hamid Hemmati

The flight transceiver’s major subsystems include opto-mechanical; laser
transmitter; and acquisition, tracking and pointing. Flight qualification is a
major aspect of a flight transceiver. Subchapters 5.1 through 5.4 provide a
description of each of these areas.

5.1.1 Introduction

The flight transceiver terminal optical train is typically comprised of an
afocal fore-optics accommodating transmit, receive, align (calibration), and
beacon reference channels for acquisition, tracking and pointing. The optical
system assembly typically consists of a front aperture, reflection or refraction
type telescope, with or without a solar rejection filter, aft optics (including
lenses, mirrors, beam-splitters, and filters), fine-pointing mirror(s), and array
detector(s) (quadrant or larger area array). The optical system assembly also
includes the mechanical support to provide a rigid, low-thermal-expansion
structure for the optical system, baffling to reject stray light, and a thermal
control assembly to control the temperature of the laser head module.

Figure 5-1 details the optical approach for the system that the Jet
Propulsion Laboratory (JPL) has developed for communications to planets
within our Solar System. This system is more complex than communication
systems for Earth orbit due to requirements for better isolation of transmit and
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Fig. 5-1. Block diagram of the optical communications transceiver,
including redundant channels.

receive channels; stringent demands on acquisition, tracking and pointing
(imposed by the greater communication range); and the need to attenuate a
larger amount of out-of-field radiation [1]. The out-of-field radiation is due
primarily to operating conditions that periodically require the Sun to be near the
field of view (within as little as 1 deg).

5.1.2 Optical Beam Paths

In addition to transmitting the optical data, the optical system receives the
beacon signal, which is used for acquisition and tracking and to uplink
command data from Earth or from another spacecraft. The beacon signal has a
narrow spectral band, such as a laser signal from a cooperative target. Pointing
may also be assisted by offset from wider band references, such as celestial
reference signals from stars or from the Sun-illuminated Earth or Moon.

The transmit and receive channels may consist of separate or common
apertures. Use of a single aperture, for both transmit and receive, minimizes
coordinate transfer errors between the tracking and the transmit channels. It
also minimizes size. In this case though, transmit and receive isolation may
become challenging.
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Fig. 5-2. A picture of JPL's Optical
Communication Demonstrator optical assembly.

Figure 5-2 illustrates the Optical Communication Demonstrator (OCD)
developed at JPL [2,3]. This optical system includes four channels and utilizes
a single aperture for both transmitting and receiving signals. The telescope is a
two-mirror system in a Cassegrain configuration. The telescope and the aft
optics can be designed to provide a high degree of stray-light rejection. This
may be achieved by the incorporation of field stop(s) and a Lyot stop(s). The
field stop is located at the focus of the two-mirror telescope and limits out-of-
field scattering into the rest of the optical system. The Lyot stop is located at a
conjugate pupil plane near the imager lenses at a location behind the insertion
point for the transmit laser. The Lyot stop eliminates diffracted spider and
aperture radiation at the focal plane from bright out-of-field sources like the
Sun. The location of the Lyot stop assures that it will not be backside-
illuminated by the transmit laser.

Utilization of separate focal planes for the celestial and the transmit
reference channel may be necessary. This is driven by a large difference in
signal level between the two channels. Optimization through use of different
sensor types for each channel may also be accomplished with this approach [4].

The transmit channel consists of an optical path extending from the
output of the laser transmitter to the exit aperture of the optics. A design-
driving requirement may be inclusion of a fine-pointing mirror at the rear pupil.
The fine-pointing mirror module controls the downlink over the entire system
field-of-view while maintaining good beam quality. A high wavefront quality
on the order of 0.025 wave root mean square (RMS) or better is desired for this
channel. The transmit optics in front of the laser are essentially a laser beam
expander that matches the diameter of the laser beam to the rest of the optical
train.

The receive channel’s function is to accept light emerging from the fore-
optics, and direct it to a circular detector. It is a light-collecting channel;
therefore, a high wavefront quality is not important for the receive path as long
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as there is not excessive spillover beyond the edges of the detector. In principle,
the receiver could be either an imager or a pupil relay. Receiver photodetectors
having small (<0.5 mm) active diameters pose many challenges for an efficient
design that concentrates all received light onto the detector without overfilling
it. As will be discussed later in this chapter an effectively larger active diameter
may be formed by adding an immersed lens or a compound parabolic
concentrator (CPC) to the photodetector. Narrow-band filtering is typically
utilized in front of the concentrator to reduce the incident background radiation.
This channel is expected to provide the field-of-view (FOV) required to cover
the spacecraft deadband motion cycle. Also, it should provide the degree of
optical isolation required to sufficiently minimize the effect of signal feedback
from the transmit path.

The acquisition and tracking channel images part of the transmit laser
signal onto a reference detector array. In the design of the OCD, the image
formed by this optical path is purposely blurred while maintaining uniformity
across the field. The receive optics may spread the tracking signal over two to
three pixels. A good approach for blurring is to control the beam size with
optics as opposed to introducing aberrations. However, the image must be void
of coma and other non-symmetric aberration patterns. For OCD, a single array
detector is used to receive both the beacon as well as the transmit reference
signals. The instantaneous position of the downlink signal is measured in this
channel. Over the large interplanetary distances expected, and particularly when
Earth-image tracking is required, the dynamic range of the tracking signal can
vary by 2 to 3 orders of magnitude. Readout of the beacon image position on
the focal-plane-array detector relative to the reference location provided by the
transmit signal and center of the array detector, provides the information for the
fine pointing mirror to accurately point the transmit laser at the position of the
beacon (e.g., the ground station). Due to the cross velocity between the
spacecraft and the ground station, the transmit signal must be pointed ahead of
(or behind) the apparent position of the ground station.

The reference (or align) channel is basically a simple lens that forms an
image of a portion of the transmit light at the array detector without any high
degree of image quality. Again, the image is purposely blurred to facilitate
centroiding functions.

5.1.3 Optical Design Requirements, Design Drivers, and
Challenges

The optical system typically consists of multiple channels including: (1)
transmit channel accommodating a two-axis fine-pointing mirror and possibly a
dedicated point-ahead mirror; (2) receive channel; (3) acquisition and tracking
channel; (4) tracking reference channel, and (5) calibration channel. Some of
the design drivers and design practices include:
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Afocal fore-optics: A collimated beam behind the telescope provides
design simplifications, for example, when accommodating a fine-pointing
mirror within the terminal. Typically, for flight qualification reliability and
onboard calibration difficulty reasons, a focusing mechanism for the telescope
is not incorporated.

Short focal length primary mirror: The requirement for short telescope
length limits the F/number of the telescope primary mirror to about F/1.0. A
large secondary magnification is required to provide an adequately long overall
focal length for the required FOV and spot size at the acquisition detector. This
large magnification results in significant field curvature, which must be
corrected by the auxiliary optics.

Field of view: The field-of-view (FOV) requirement of a fraction of a
degree is relatively large for two-mirror telescope optical systems. Residual
aberrations are curvature of field and off-axis astigmatism, which must be
corrected by the auxiliary refractive optics. This makes the auxiliary optical
design more complicated. The communication and acquisition FOVs are
typically different, for example, 1 mrad (0.06 deg) for communications, and
+5 mrad for acquisition. Coincidence between the transmit laser and beacon
beam within the communications FOV must be held to very tight tolerances.

Stability requirements: The optical system must provide, at all times, an
adequate level of pointing stability between the transmit and the receive
channels. The required stability is typically much less than 0.1 mrad. The
distance between the telescope primary and secondary (or tertiary mirror, if
applicable) should be held to very tight tolerances (typically on the order of a
few microns) over lifetime of the mission.

Well-baffled telescope: Spurious (stray light) signals can cause significant
radiometric and thermal problems for the laser communication terminal.
Therefore, stray light rays that get past the baffles to anywhere inside the field-
stop must be blocked off before they can go through the telescope aft optics.
Typically, referenced to the internal telescope pupil, the maximum solar stray-
light levels should be held to less than 1 pW/nm-sr.

Field-stop: A field-stop can effectively block the light from bright objects
(like the Sun) near the edge of the FOV in the telescope. Due to diffuse
scattering from the telescope mirror surfaces, ideally only a maximum of two
mirror surfaces are allocated before the field stop. This means that astigmatism
and field curvature will not be corrected in the telescope and must instead be
corrected by the auxiliary optics.

Lyot stop: The Lyot stop can largely eliminate diffracted energy from
bright out-of-field objects. The Lyot stop is designed so that no baffle, spider
vane, or optical element edges ahead of the telescope focal plane can be seen at
any of the detectors. The Lyot stop is a conjugate near-field point image of the
entrance aperture of the optical system. Two conjugate intermediate images are
required. One is at the fine-pointing mirror to assure that there will be no beam
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walk at the primary mirror when the fine-pointing mirror is moved for fast
pointing purposes. The other near field image is selectively masked with a Lyot
stop at some point in the optical system so that it blocks out-of-field radiation
that is diffracted into the FOV by the edges of the two telescope mirrors, the
baffles, the spider vanes, etc. Providing a second near-field point for a Lyot
stop will add size and mass due to the need for additional imaging and
collimating optical elements.

Polarization state: For direct detection, polarization state of the beam
typically is not of concern unless the design requires it. However, for coherent
transmission systems, a well-defined polarization state (linear and circular) is a
prerequisite.

Spectral band-pass: When a broad spectral band (non-laser) source
beacon is used, it is often difficult to accommodate both the beacon and the
transmit wavelengths without significant use of reflective optics. All-refractive
designs are generally much more difficult to produce while maintaining a small
transceiver volume.

Multiple redundant optical channels: Multiple and redundant optical
channels may be formed using refractive optics (Fig. 5-1). However, beam-
spread away from an intermediate point due to the FOV drives the size of these
optical elements up. The larger acquisition FOV, along with the numerous
beam-splitters required, makes the auxiliary optical path length long, increasing
the overall volume.

Radiation environment: For certain missions, such as Jupiter and its
moons, the radiation environments become a design consideration. This is an
issue primarily for the refractive optics and some of the dielectric coatings
within the system. Currently, only about a dozen radiation-hard optical glasses
with suitable characteristics are commercially available.

5.1.4 Optical Design Drivers and Approaches

The optical design is driven by a need to minimize size and mass of the
optical system. Reflective type telescopes provide the best performance versus
size and mass for spacecraft use when the telescope aperture is greater than
about 7-cm in diameter. Catadioptric, obscured reflective, unobscured reflective
configurations, and variations of the Cassegrain telescope design, such as
Richey-Chretien (RC), offer good matches to optical communication
requirements. Off-axis telescopes are free of a secondary mirror obscuration at
the cost of higher alignment tolerance. Off-axis telescopes are larger than on-
axis designs of the same aperture. For RC-based or other on-axis Cassegrain
transceivers, volume can be reduced and baffling of the telescope optics can be
simpler than for most off-axis designs. Restriction on the overall size of the
transceiver results in requirements for a relatively fast primary mirror for the
telescope. Length of the acquisition and tracking receive channel optical system
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can be kept short by using a secondary mirror having a relatively high telephoto
ratio of about five to one. Use of all-spherical optics results in lower
manufacturing cost compared to the hyperbolic primary and secondary mirrors
of an RC telescope, but additional optics are needed to correct spherical
aberrations.

An afocal characteristic (i.e., formation of a pupil behind the telescope) is
desirable when a fine pointing mirror or Lyot stop is used. Fore-optic
configurations with an afocal characteristic include: catadioptric, obscured
reflective, unobscured reflective, and slightly off-axis reflective. For larger
FOVs (on the order of 20 mrad), a two-mirror afocal system lacks the degrees
of freedom to produce diffraction-limited wavefront error over the entire field
at a convenient exit pupil location. Additional complexity (i.e., either a third
mirror or a refractive collimating group) is needed. A Cassegrain-type design
produces negative Petzval curvature (inward curving field). A concave mirror
behind the Cassegrain focus can collimate the light. Its Petzval curvature is
convex toward the collimator so it can match the Cassegrain Petzval. This is the
on-axis version of the configuration which, when used in an unobscured
manner is called the Three-mirror Anastigmat (TMA). The TMA and the above
three-mirror Cassegrain, match most of the requirements set for the fore-optics.
A partially (bent) off-axis primary mirror design in a three-mirror telescope
may allow use of spherical mirrors. Folding of the optical path behind the
telescope poses its own challenges. The requirements are minimal obscuration
and the need to get the components out of each other’s path. Good solutions
that meet the requirements are available [3,4]. The lowest overall obscuration
that can be achieved is on the order of 10 to 15 percent of the diameter.

5.1.5 Transmit—Receive-Isolation

Isolation is required to prevent system failure. The transmit powers are
typically ten orders of magnitude larger than the receiver sensitivity levels. For
a given transceiver that must point near the Sun, as much as 150 dB isolation of
the receive channel from the transmit channel may be required. Specular
backscatter from flat transmitting surfaces that are normal to the incident beam
could cause actual ghost images of the transmit laser that are concentrated over
just a few pixels of the detector array. Tilting of the flat transmitting surfaces
alleviates the possibility of ghost images falling inside the detector array field-
of-view. Backscattered energy from curved surfaces is often much fainter and
less defined. Some of most likely sources of unwanted radiation falling on the
various focal planes, and methods to mitigate them are as follows:

1) Scattered sunlight from optical surfaces due to surface roughness and
contamination. This effect may be minimized by keeping the optical
surfaces as clean as possible and by making them very smooth (on the order
of 1 nm RMS) and relatively free of flaws. It is reasonable to expect that
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the total integrated scatter due to surface roughness and contamination at
each surface is 3 x 10™ or less. This topic is described in more detail in
later in this chapter under Stray Light Control (5.1.6).

2) Diffracted and scattered sunlight from mechanical surfaces such as baffles,
aperture edges, and spider vanes. Some may include high order diffraction.
Proper baffle design along with a field-stop and Lyot-stop will minimize
these effects. The Lyot stop and the field-stop together will assure that no
radiation from outside the FOV can be imaged or diffracted into the FOV
of any detectors.

Different isolation schemes that can be implemented include:

Spatial isolation uses separate transmit and receive apertures to keep the
outgoing transmit beam from back scattering off of common optical elements.
This technique is only used for short range links with large beam divergences,
which can allow for large transmit-to-receive beam misalignments associated
with separate transmit and receive optical systems.

Spectral isolation uses separate transmit and receive wavelengths to isolate
transmit and receive beams. This method allows common use of optical
elements in the system (including the same aperture), and it can achieve
isolation greater than 120 dB. Spectral isolation is applicable to long-range
links where narrow beams and co-alignment are required.

Temporal isolation in which the receiver is effectively turned off to
eliminate the chance of interference. Temporal isolation can only be used in
systems where the data rates are favorable for these timing constraints.
Temporal isolation is used in long-range links that require narrow beams and
co-alignment, but where only a single wavelength is available.

Polarization isolation in which the transmit light and the receive light are
linearly polarized, and then circularized (right hand or left hand) in different
polarizations for isolation. This is accomplished with polarization-sensitive
optical elements, and is good to about 6 to 8 orders of magnitude.

Aperture sharing in which the optical paths share the same aperture, but
do not go through the same exact path. This scheme often requires larger
diameter optics than what would otherwise be needed.

Coding utilizes codes with extreme depth of interleave.

Combined isolation where greater degree of isolation is achieved by
combining any of the above techniques.

It is expected that the above approaches will result in less than 1 x 107 of
the incident stray radiation on the telescope falling on any single detector pixel.
This is an adequate level of isolation, and for a given optical system it needs to
be verified by stray light analysis and actual scatter measurements.

Chopping of the beacon laser light used for acquisition and tracking (e.g.
on the order of 5 to 10 kHz, followed by lock-in detection) is an effective
means of isolating the incoming beacon light.
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5.1.6 Stray-Light Control

Any undesired light reaching the focal spot or a focal plane of the
transceiver constitutes stray light. Some of the pathways through which
spurious photons may arrive at the focal spot include: scattering from mirror
imperfections, contaminants and baffles, or diffraction from contaminants or
edges of the secondary mirror obstruction and its supporting structure.
Scattering from optical surfaces, a major contributor to stray light, has a strong

wavelength dependence that varies as 1/ [5,6,7,8]. When the transceiver
communicates with Earth, the Sun is the primary contributor to stray light since
it is one billion times brighter than the Sun-illuminated Earth. Therefore, even a
miniscule fraction of the sunlight scattered from the front aperture
optomechanical elements will amount to a significant scattered light level at the
focus. At the small (<2 deg) Sun-Probe-Earth (SPE) angles typically
encountered in deep-space missions, the spacecraft's tracking and pointing focal
plane will see increased background noise. This can lead to an increase in
pointing error and can cause difficulty in detecting the Earth image or uplink
beacon signal. Thus, the required Sun angle has a major effect on the amount of
stray light that may be expected within the terminal. Therefore, a design having
adequate levels of stray-light rejection is essential to improve the tracking
performance at low SPE angle. Here, we concentrate our discussion mainly on
the primary mirror since it will likely be the dominating factor in the overall
stray-light performance of most deep-space flight terminal optical systems.

The scattering probability density (that is, the probability that a photon with
a given direction of polarization incident on a surface at a certain wavelength
will be scattered into a particular direction and with a particular polarization) is
related to bi-directional reflectance distribution function (BRDF). BRDF is the
fraction of power scattered per unit solid angle and has units of sr
(1/steradian). BRDF may be predicted analytically by modeling of a given
optical surface topology and represents the average scattering from the entire
surface area. The integral of BRDF overall scattering angles is hemispherical
reflectance. Clearly, low BRDF values are desired. Major contributors to BRDF
are surface roughness, particulates, and reflective coatings materials and
processes.

5.1.6.1 Operation at Small Sun Angles. In a mission to Mars, for example, it
is periodically required that the flight terminal operate with the Sun near the
FOV. At these times, the Sun-Probe (spacecraft)-Earth (SPE) angles are small
(=2 deg). Under these conditions, it is crucial to prevent the sunlight from
entering the telescope. Several preventive schemes are available. These include:
(1) windows at the entrance aperture of the telescope and (2) narrow-bandpass
filter with effective filtering of the out-of-band wavelengths. Baffles external to
the telescope, such as a honeycomb shape structure whose internal surfaces are



310 Chapter 5

coated with a highly absorbing black material do not work as well as expected.
In the case of laser beacon tracking, the transmit and receive wavelengths are
close to each other. Therefore, it is possible to use a narrow-bandpass filter as
the front window of the telescope. In the case of star tracking with broadband
wavelengths, the star-trackers utilize separate optical systems that are not co-
aligned with the laser-communication transceiver. Therefore it is feasible to
utilize a narrow-band filter, centered at the transmit laser wavelength, in
conjunction with the flight telescope.

For stray light rejection, several telescope designs (e.g., a Gregorian
telescope, with a Lyot stop) offer viable solutions. Given a well-defined set of
optical and optomechanical designs, commercial software programs (such as
ASAP, TRACEPRO, ZEMAX and GUERAP) can provide an estimate of the
stray light magnitude (good to a factor of 2-10). A more precise estimate of the
system performance requires laboratory measurements.

5.1.6.2 Surface Cleanliness Requirements. Contamination of an optical
surface, by the particulates in the environment, greatly enhances surface
scattering. Contamination may be avoided by special handling of the
transceiver during integration, assembly with the spacecraft, and at launch [9].
A Class-100 clean room should be adequate for this purpose. Federal and
military standards for surface cleanliness are defined in Federal Standard
document 209D and 1246B, respectively [10,11]. With distribution and using
the Mie scattering theory, one can determine the BRDF associated with a
certain level of surface cleanliness level as defined in Military Standard 1246B.
Surface contamination, in contrast with surface scattering, has very little
wavelength dependence.

The statistical distribution of the size of dust particles in a clean room is
reported in Federal Standard 209D. Using this distribution and the Mie
scattering theory, it is possible to state the BRDF that would arise from a
certain surface cleanliness level as defined in Military Standard 1246B [11].
Very low BRDF values can, in principal, be achieved if the surface is
sufficiently clean. However, in any realistic environment, the surface
cleanliness level will be an increasing function of time as the surface
accumulates more particulate matter from the atmosphere. It is possible to
relate, at least on an order-of-magnitude scale, the surface cleanliness level to
the amount of time the surface spends in a clean room of a given class.

5.1.7 Transmission, Alignment, and Wavefront Quality Budgets

Any given design is optimized for maximum transmission through the
telescope and to each of the focal planes. The design needs to be toleranced for
decentering and misalignment of the secondary or tertiary mirrors relative to the
primary mirror. These mirrors may be placed on a slow, thermally focusable
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mount that once in a while focuses or otherwise adjusts the telescope in flight to
remove significant misalignment error. The telescope wavefront quality affects
the Strehl ratio that directly influences the telescope’s antenna gain value.

5.1.8 Efficient Coupling of Lasers to Obscured Telescopes

A strong peak in the middle of the Gaussian distribution characterizes
lasers with TEMg, spatial output beam quality. A TEMg, mode beam is
typically used for free-space optical communications. Reflecting telescopes
with on-axis secondary mirrors that obscure the primary mirror are also
commonly used in laser-communication system. Significant central vignetting
loss of the laser beam, as much as 50 percent or more may occur. For example,
making certain assumptions for the optical system, a secondary mirror and
baffle blocking of approximately 8.4 percent of the beam area, result in nearly
30 percent loss of the laser energy. While, an obscuration on the order of
25 percent may result in nearly 65 percent loss of the laser energy. Several
different schemes have been devised for efficient coupling of lasers to obscured
telescopes and are described below briefly [12]

5.1.8.1 Axicon Optical Element. Axicons are both afocal refractive and
reflective optical elements with a flat front surface and conical rear surface, and
can turn the incident beam inside out. The rays near the edge of the beam
entering the axicon get located at the inside edge of the annular beam when
exiting. Likewise, the rays at the center of the incident beam get located around
the edge of the annular beam when exiting. The axicon must be designed
specifically to match the resulting donut-shaped intensity re-distribution across
the beam to that of the telescope obscuration, to avoid the coupling losses. Use
of axicons for efficient coupling to telescopes was analyzed and experimentally
evaluated in detail [13,14]. Difficulties in fabrication of the precise conical
axicon devices, and the tight alignment requirements have so far limited the
usefulness of these devices. Axicon insertion losses in reflectance and
transmittance can be kept small by the proper choice of coatings. The far field
pattern is Gaussian in appearance with normal diffraction point spread function
(PSF). Diffraction rings can be observed, but are mostly suppressed.

5.1.8.2 Sub-Aperture lllumination. In this scheme, the transmit beam is
coupled to the telescope for sub-aperture illumination, missing, and offset at the
secondary mirror. This is the simplest arrangement that can be used to avoid the
secondary mirror obstruction. In this approach, the far-field pattern is the same
as the source. Divergence of the transmitted beam would be greater than if we
were to use the full aperture.
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5.1.8.3 Prism Beam Slicer. A prism device with afocal refractive and reflective
optical elements behaves similarly to axicons. The difference between the
axicon and the prism slicer is the use of multiple flat surfaces for the rear side
of the slicer. Prism beam slicers, in effect, slice the incident beam into two or
more pie-shaped beams that are then arranged in a circular pattern around the
telescope aperture (Figs. 5-3 and 5-4). Each beam is sub-aperture in size and
can pass through the Cassegrain telescope without any additional vignetting
from the telescope secondary mirror and baffle. Because each beam is pie
shaped, the far-field pattern for a single beam is not symmetrical (Fig. 5-5).
However, the combined far-field pattern for the four beams will be nearly
symmetrical.
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Fig. 5-4. Details of the prism beam-slicer function.
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5.1.8.4 Beam Splitter/Combiner. The beam splitter/combiner is a variation of
the sub-aperture approach, and one of its applications is beam combining. This
configuration produces multiple beams equally spaced in a circle at the
telescope aperture. The far-field pattern for each beam is the same as the
source. When the multiple beams are combined in the far field, the beam
pattern is the same as one of the sources. Because the source for each beam is a
separate laser source, each beam is incoherent with the other beams. This
approach also offers some degree of redundancy.
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5.1.9 Structure, Materials, and Structural Analysis

On average, in an optical communication terminal, the optical bench and
the structure that supports the optical components, together account for 25 to
50 percent of the total mass of the terminal. Minimizing this will clearly reduce
the overall mass. The requirements for a generic optical communication
telescope material are mirror surface figure of better than 1/12 of a wave (peak-
to-peak), minimum weight, low scatter surface, high thermal stability, high
fundamental resonance frequency, and ease of fabrication (low material
fabrication cost). It is crucial to prevent any temperature gradients across the
bench that holds the optics. A critical high structural stability requirement is
that of the primary mirror and secondary (or even tertiary) mirror separation
under temperature variations. It is possible to incorporate a slow (thermal) one-
axis (piston for focus) or multi-dimensional actuator with the secondary or
tertiary mirrors to actively align the telescope in flight.

Ultra-low expansion (ULE), titanium silicate glass, and Zerodur glass
ceramic have excellent thermal properties, but they are heavy. Zerodur
substrates with hollowed regions have been developed, but the cost is high.
Silicon carbide (SiC) and SiC matrixes (e.g., standard metal oxide (SXA)) and
some other composite materials to one degree or other satisfy all of the above
requirements. Beryllium (Be) is a very lightweight telescope material, with a
density that is comparable to aluminum, but with significantly higher thermal
coefficient of expansion than the materials mentioned earlier. Be satisfies most
of the above requirements, but it is difficult and expensive to fabricate due to
the material safety hazards. Also, Be mirrors are not stable over temperature
cycles. Primary and secondary mirrors made of this material should be of very
high temperature stability and very high tolerance to ionizing radiation.

SiC is one of the best telescope (structure, primary and secondary mirrors)
materials. Some of the outstanding features of SiC use in space are: (1) high
specific stiffness and low mass; (2) very low thermal expansion coefficient (on
the order of 1 part per million per kelvin (ppm/K)); (3) high thermal
conductivity; (4) very high bending strength (400 megapascals (MPa)) and low
built-in stress (<0.1 MPa); (5) capability for withstanding low and high
temperatures without any loss of properties; (6) high resistance to fatigue; (7)
very high immunity to radiation; and (8) it can be ground and polished without
significant distortions. However, the surface quality achievable with large
(>30 cm) primary mirrors is not yet ideal. Except for very low mass, current
technologies are developed enough to satisfy the above requirements. Material
characteristics of foremost importance to a laser communication terminal
include the following.

Optical performance: Ease of fabricating a high quality surface figure in a
spherical or aspheric shape and coating for high reflectance and low scattering
and with lowest number of defects is of prime interest.
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Structural integrity: Fundamental resonance frequency, dynamic
response, specific stiffness, and fracture threshold are major characteristics that
affect the structural integrity of the material. Most of these properties influence
the terminal’s weight [15]. For example, a certain weight is required to achieve
a particular natural frequency or dynamic response to maintain integrity over a
particular vibration frequency. The greater the specific stiffness for a material,
the lower its weight is.

Thermal stability: Both soaked (e.g., relatively small gradient) and
gradient temperature variations may be encountered. The main concern is
temperature gradients that might change the surface figure of the optical
system. Of major interest is avoiding a mismatch between the thermal
expansion of the optics and the structure supporting the optics. For example,
metering rods with a specific thermal coefficient of expansion are used to
connect the secondary mirror to the primary mirror of the telescope in order to
offset any bi-metallic bending effects that may arise. SiC is one of the most
thermally stable materials, and it may be used for both optics and optical
structure (Fig. 5-6).

Temporal stability: Inherent dimensional stability and micro-yield
strength are major constituents of this property. Due to the temporal nature of
this property, it is one of the more difficult parameters of a material to measure.
In general, a material with low rate of creep and relaxation is desired.

Fig. 5-6. An all (mirrors and structure) silicon carbide
telescope with a 30-cm spherical mirror diameter built by
SSG Inc. This telescope showed good performance over a
50 deg C temperature range. This telescope weighs about
6 kg. A 4-kg version is feasible with additional work.
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Packaging: To minimize the overall size of the transceiver, the aft-optics
path may be folded such that the sensors and the laser head are mounted in one
or (at the most) two planes behind the telescope. The telescope and optical
structure material need to have very low thermal expansion, high thermal
conductivity, and low weight [16,17,18]. Due to the thermal management
difficulties and the heat generated by the laser, it is prudent to separate the laser
from the optical head (telescope and aft optics) assembly. Fiber-optic-fed lasers
work the best; however, with high peak power pulsed lasers, it is not always
possible to use fiber optics.

5.1.10 Use of Fiber Optics

Free-space optical communication systems can greatly benefit from the
wealth of development in fiber-optics technology [19] Use of fiber optics in the
laser communication system can afford multiple degrees of freedom while
reducing mechanical stability requirements, easing thermal management
requirements, and potentially reducing system mass and volume. Fiber-optic
systems may be applied to both non-coherent and coherent systems with
polarized or unpolarized beams. In the transmitter subsystem, with the aid of
fiber optics, the heat-generating laser transmitter may be located remotely from
the heat-sensitive optical system. High-power continuous-wave lasers and
pulsed-laser transmitters up to peak power levels that are below the nonlinear or
damage threshold to the fiber may be applied. The received signal may also be
coupled into a fiber or a fiber bundle to a remotely located senor. Conical
scanning of the fiber’s signal input end is another means of maximizing signal
delivery and at the same time inferring tracking information.

5.1.11 Star-Tracker Optics for Acquisition and Tracking

With laser beacon tracking where the beacon emanates from the Earth, or
with Earth-image tracking, stray light and Sun-interference becomes a major
challenge at small Sun-probe-Earth angles. This is a particularly difficult
challenge at outer-planetary ranges. For example at Pluto, the Earth and the Sun
are always within a 2-deg cone angle. Precision star tracking is a viable
alternative to Earth-emanated beacons, since stars of interest are far from the
Sun. Addition of one to two precision star-trackers looking at orthogonal or at
180-deg angles relative to the optical axis of the flight terminal, may provide a
beaconless alternative freeing the terminal from full-time availability of
sufficiently strong signal from Earth and from the small Sun-angle. These star
trackers need to be an integral part of the optical system and have built-in
sensors such that any drift between the optical systems will be known and can
be accounted for. This may be achieved by bringing a very low-power probe
laser onto the star-tracker imager. This laser is completely collinear with
respect to the transmit laser, and thus the situation is functionally as if the
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transmit laser light were placed onto the star tracker. The dedicated star trackers
will have a smaller aperture than the optical communication terminal (about one
third or less), but with much higher FOV (on the order of degrees). In this case,
the star-trackers may be used as the spacecraft star trackers as well, in order to
reduce mass and power consumption. The star tracker may also be designed as
part of the laser flight optical-communications terminal, where the front
telescope design accounts for the required star-tracker FOV. As an example,
Fig. 5-7 shows a backward-looking star tracker along with drift-detection
sensors implemented with the flight transceiver.

Figure 5-8 shows the schematic of a catadioptric star-tracker optical system
designed for inclusion with the optical communications terminal.

5.1.12 Thermal Management

On a deep-space mission, temperature external to the insulation that covers
the transceiver might vary between 50 deg C to —-200 deg C. Therefore, a
controlled heater will be required for the terminal to control the optical
assembly to, for example, +5 deg C since optical systems may be designed to
be athermal over this (soaked) temperature change. The temperature of the
electronics box is typically maintained to within 10 £40 deg C. To dissipate the
heat generated by the laser transmitter and electronics, a dedicated radiator or
the spacecraft radiator may be used. Dedicated radiators are more efficient and
more convenient to implement. These radiators do not have to be accurately
controlled in temperature. Some of the active elements within the terminal, for
example the laser oscillator in an oscillator/amplifier or the pump diode lasers
for a diode-pumped solid-state laser (doped crystal or doped fiber) may need
precise temperature control.

5.1.13 Optical System Design Example

Table 5-1 outlines the specifications for an example design of an optical
communication system with 10-cm front aperture diameter with the capability
for precision pointing.

5.1.13.1 Afocal Fore-Optics. For the specified field of view, a two-mirror
afocal telescope lacks the degrees of freedom to produce diffraction-limited
wavefront error and a convenient exit pupil location. Either a third mirror or a
refractive collimating group, is needed. A three-mirror Cassegrain provides
good wavefront, intermediate image for stray anastigmat. In this case, the RMS
wavefront error was calculated less than 0.001 waves at a 600-nm wavelength.

5.1.13.2 Receiver Channel. The function of the receiver is to accept light
emerging from the fore-optics and direct it to a circular detector. It is a light-
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Fig. 5-8. The designed catadioptric star-tracker
optical system.

collecting channel, and image quality is not important as long as there is not
excessive spillover beyond the edges of the detector.

The receiver could be either an imager or a pupil relay. A pupil relay is
preferred due to the need for inclusion of the scan mirror. The Lagrange
invariant severely limits the achievable spot size at the focus. An alternative is
to relax the specification on detector diameter to a larger value, e.g., 1.0 mm.
To illustrate the difficulty of a design in air, Fig. 5-9 shows a receiver with a
0.5-mm detector in air. Due to high ray angles, the field coverage in the sky is
only 8 x 8 mrad, versus 10 x 10 mrad, which is the goal. Pupil aberrations
cause the beam footprint from off-axis field angles to overfill the circular
detector (Fig.5-10(a)). A higher-performance design uses an immersed
detector, in contact with the final, plano-convex element. In that case, the beam
prints across the field to fill the detector with little (a few percent) mismatch
(Fig. 5-10(b)). To enhance collection efficiency with a pupil relay receiver
channel, one may either use an immersion lens with a 0.5-mm diameter
detector, or use a lens in air with a larger detector diameter, such as 1 mm.

It is possible to collect the light from the afocal section and concentrate it
onto the detector using a compound parabolic concentrator (CPC). A CPC may
be of a solid catadioptric design or be a hollow reflector. Each would provide
different properties. Index matching cement between the CPC and the detector
will be required to obtain the desired performance. For a solid catadioptric
CPC, its length gets progressively shorter as the refractive index increases.
However, it is useful to note that the semi-diagonal field leaving the afocal
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Table 5-1. Requirements, specifications, and goals for a preliminary optical design of a laser

communication transceiver.

Parameter

Requirements, Specifications, and Goals

Configuration

General system specifications
Entrance pupil diameter

Vignetting (of area), maximum

Secondary obscuration
Off axis

Thermal environment
Operating
Survival

Instrument package envelope
Size and mass

Lyot stop
In system
Location

Radiation-hard glasses

Scan mirror
Function
Location
Scan range (in sky)
Clear aperture

Accessible internal focus
Cemented refractive elements

Afocal fore-optics
Purpose
Configuration
Aperture stop
Field of view in sky
Afocal magnification
Wavefront quality

Transmit channel
Purpose

Transmit laser
Profile
Diameter
Divergence
Strehl ratio
Wavelength

Clear aperture over sizing
Field of view

Space-qualified laser communication transceiver. Common
afocal plus four channels: Transmit 1064 nm, receive 532 nm,
alignment laser 980 nm (transmit), and stellar reference 550—
900 nm (receive). Scan mirror for pointing transmitted laser
beams. Minimal size, mass, and power.

100 mm

10 percent
10 percent

20 +10 deg C
-40to +45deg C

<5x5x6in. (13 x 13 x 15cm)
Minimize

Required in transmit and align channels
Near scan mirror before align/transmit optics

Not needed

Scan align and transmit lasers over the FOV in sky in reduced-
beam space inside align/transmit channels

+5 mrad

15 x 22 mm elliptical

Needed for all channels
Avoid

Perform beam diameter reduction

3-mirror centrally obscured; re-imaging to control pupil
On secondary to minimize obscuration

+5 mrad (+0.29 deg)

Implied by scan mirror size specifications

Maximize (waves RMS, 600 nm)

Expand and collimate laser beam

Gaussian TEMgo

0.6 +0.1 mm (1/e? assumed)
1.5 £0.3 mrad (reference)
0.90-0.91

1064 nm

2 x 1/e?
On axis
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Table 5-1. Requirements, specifications, and goals for a preliminary optical design of a laser
communication transceiver. (cont’d)

Parameter

Requirements, Specifications, and Goals

Diameter of beam emerging
from transmit channel, before
afocal fore-optics

Focal length of transmit optics
Transmit optics Strehl ratio

Receive channel
Function
Wavelength
Receive channel FOV, total
Detector
Image quality

Stellar reference channel
Purpose
Wavelength

Focal length of stellar reference
channel

F-number

Detector

Field of view in sky, total
Image quality

Image centroid shift between
stars at 2800 & 10,000 K

Telecentricity error
Centroid shift with stellar
temperature (10,000, 5800, &
2800 K).

Alignment channel
Purpose
Wavelength

Laser

Type
Waist, divergence

Field of view

Focal length of alignment
channel

Wavefront quality

15-mm (2 x 1/e? diameter)

afocal
>0.95

Receives monochromatic radiation & relays pupil onto detector
532 nm

10 x 10 mrad in sky

Single detector, >0.5 mm diameter

Image the pupil onto the detector, with <5 percent area
overfilling

Receive and focus broad band radiation
Different star temperatures and uniform CCD response assumed
Assumed this refers to full channel including afocal fore-optics

Derivable from 100-mm input beam diameter and 800-mm focal
length

1024 x 1024 x 12 x um
Note, active image area is 8 x 8 mm, per specifications on
effective focal length and sky FOV

10 x 10 mrad
PSF spread over 30 um to facilitate centroiding

<+0.1 pixel (1.2 um) need
<+0.02 pixel (0.6 um) goal

Up to 1.1 deg

Centroid shift with respect to 600-nm chief ray:
0.78 um (2800 K) quantum efficiency (Q.E.)
0.61 um (5800 K) Q.E

Transmits laser beam
980 nm

Diode laser
Model as point source, F/5 emerging from fiber

On axis

500 mm, derivable from F/5 and 100-mm entrance pupil
diameter

Purposely blurred (e.g., spherical aberration), 0.14 waves RMS
(42 um 80 percent encircled energy diameter)
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Enlarged by 2.2 or 45:1 11.36 mm

L |

Fig. 5-9. Receiver with a 0.5-mm diameter detector in air
(non-immersed).

fore-optics has a semi-diameter of 7.5 mm and a semi-diagonal field of view of
2.73 deg. The Brightness Theorem of radiative transfer demands that the

quantity n2dASin%0 be conserved throughout the system. In this equation, n is
the index of refraction, dA is an infinitesimal element of area along a light

beam, and Sin26 is related to the solid angle. The square root of this expression
may be regarded as a generalization of the Lagrange invariant, the requirement
for brightness to be conserved throughout the system. Measured at the exit
pupil of the fore-optics, this quantity has a value of 0.357 mm. Since the
detector has a semi-diameter of 0.25 mm and the maximum value of Sin6
unity, it follows that a concentrator must have an index of at lease
0.357/0.250 = 1.43 in order to concentrate all the light from the exit pupil to the
detector. The CPC gets progressively shorter as the refractive index increases.
However, since it must also be cemented to the detector with index matching
cement, lets limit ourselves to n=1.6. The CPC disadvantages (1.8 times
longer than the immersed pupil relay and is more difficult to fabricate) probably
outweigh the advantages of athermal, alignment-free design. Figure 5-11(a)
shows a solid glass CPC operating over the conditions described above, and
Fig. 5-11(b) shows the associated footprint data. Use of the pupil imager with
an immersed receiver will probably result in the most compact configuration.

5.1.13.3 Stellar Reference Channel. The stellar reference channel forms an
image that is purposely blurred but uniform across the field. The 80-percent
encircled energy diameters of the stellar reference optics alone (not including
the afocal fore-optics) range from 28-30 um.

5.1.13.4 Align and Transmit Channels. The optical elements of the alignment
and receiver channels are common up to a beamsplitter. A design-driving
requirement is that these channels must contain a scan mirror located at a pupil.
In the concept discussed here, the pupil formed by the three-mirror afocal fore-
optics is relayed to a remote location by a refractive 1 afocal relay (Fig. 5-12).
The beam feeds both the alignment and receiver channels.
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Fig. 5-10. Overfill of detector aperture
due to off-axes field angles:
(a) assuming a detector in air and
(b) corrected for by use of an
immersed detector.
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Solid F5 CPC at Afocal Output Scale: 1.20 20.83 mm

(b) x =0.000

0.000

y=

Surface 6 0.162 mm

Solid F5 CPC at Afocal Output

L

Fig. 5-11. The CPC: (a) a solid-glass CPC and
(b) its associated beam footprint.

The transmit optics are essentially a laser beam expander, bringing a

1.2-mm laser beam (0.6 mm 1/ diameter with 2x over sizing) to the 15-mm
expanded beam diameter. A three-element configuration achieves the beam
expansion with sub-0.001 wave RMS wavefront error.

The align channel is a simple lens (e.g., singlet) that forms an image at a
detector without a high degree of image quality, as per the specification. The
image is purposely blurred with spherical aberration to facilitate centroiding.
The design has an 80-percent encircled energy diameter of approximately
47 um. The bending of the lens can be adjusted to create the desired level of
spherical aberration. As mentioned earlier, another key section in these two
channels is an afocal relay, to relay the exit pupil of the reflective fore-optics to
the scan mirror location. The design shown below is a 1x relay, relaying one
15-mm diameter pupil to the other with about 0.025 waves RMS wavefront
error at either 980 nm or 1064 nm (separately focused).
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Scale: 1.40 17.86 mm

Fig. 5-12. A refractive 1x afocal relay design.

5.1.13.5 Folded Layouts. The system’s optical path must be folded to
minimize the envelope diameter and length (Fig.5-13). There are different
options for folding, and what is discussed is a plausible arrangement, but other
arrangements could be also used. To fold the aft optics and to put the exit pupil
in an accessible location, several fold methods may be applied, including, fold
mirror at the Cassegrain focus, or a fold in collimated space. In principle, both
of these fold concepts could have the same obscuration produced by the fold
mirror or the opening in the fold mirror, i.e., about 12 percent in area. The first
concept would need a way of holding the small fold mirror (e.g., by a mounting
bar that would introduce as much as 15-percent additional obscuration,
depending on the width of the mounting bars). The second concept is preferable
in that there is better access to the internal focus for a field stop.

Figure 5-14 is a three-dimensional view of the folded aft optics. The goal is
to fold the optics into one or at most two planes behind or around the primary
mirror.

5.1.13.6 Tolerance Sensitivity Analysis. Tolerance sensitivity analysis must be
performed on the high-performance imaging channels, namely the afocal fore-
optics, the stellar reference channel, and the transmit optics. Sensitivity analysis
is done with a basic defocus compensator, and in some cases with an additional
compensator that counteracts asymmetric aberrations. In all cases, the
performance criterion is RMS wavefront error. The following design
improvements may be implemented: (1) perform tolerance analysis using more
specific performance parameters as the criterion (e.g., diffracted 80-percent
encircled energy diameter for the stellar reference channel) to achieve higher
Strehl ration; (2) adjust the tolerances to produce a higher Strehl ratio; and (3)
simulate the beneficial effects of re-spacing the elements using measured data
for radius, thickness, and refractive index. This is a simple operation that can
make a meaningful improvement to the as-built system performance. Table 5-2
summarizes the tolerance levels used in the sensitivity analysis.
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(a)

25.00 mm

—

Full Scale

()

25.00 mm

Full Scale

Fig. 5-13. Views of folded channels for an afocal design:
(a) side view and (b) end view.

5.1.13.6.1 Afocal Fore-Optics. For the selected set of tolerance levels, the
most sensitive tolerances in the fore-optics are the surface figure of the mirrors,
and the tilt and decentration of the primary and secondary mirrors. A focus
compensator is needed; axial adjustment of the secondary and tertiary give
equivalent levels of focus compensation. De-centration of the secondary mirror
is an effective compensator for asymmetric aberrations caused by mirror tilts
and decentrations. Decentration of the tertiary is much less effective. The as-
built RMS wavefront-error (WFE) is about 0.10 waves at 600 nm (a Strehl ratio
0.67 at 600nm or 0.87 at 1000 nm) with the secondary decentration
compensator, and 0.31 waves without it.
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Fig. 5-14. Three-dimensional view of folded aft optics.

Table 5-2. Summary of the tolerance levels used in the sensitivity analysis.

Parameter Tolerance value ()
Radius 0.5 percent of design radius
Power/irregularity 1.0/0.25 fringe
Thickness or airspace 0.025 mm
Refractive index 0.001
Element wedge TIR* 0.01 mm
Element tilt 0.0003 radian
Element de-centration 0.025 mm

*Total internal reflection

5.1.13.6.2 Stellar Reference. The tolerance sensitivity analysis for the stellar
reference channel is done with the aspheric phase plate in place, to enable us to
quantify the as-built difference from ideal performance. The as-built RMS
WEFE is in the 0.06-0.08 range. A focus shift of the detector was assumed for
the focus compensator. Performance limiting tolerances are irregularity, radius,
and element wedge. Measuring each radius and re-spacing the fabricated design
can reduce the effects of radius error.
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5.1.13.6.3 Transmit Optics. With set of tolerance levels listed above, the as-
built RMS WFE is about 0.025 waves. The focus compensator was the airspace
between the front and rear groups. The surface irregularity tolerances limit the
performance.

5.1.13.6.4 1x Afocal Relay. The as-built RMS wavefront error with the above
tolerance set ranges from 0.09 to 0.17 waves across the field. This assumes that
the final doublet will be axially adjusted to maintain best focus. Adding a
decenter compensator only modestly improves performance to the 0.09 to 0.14
range. The performance is limited by radius errors, element decentrations, and
element wedges. Of all the optical subsystems in the overall system, this is one
of the inherently most sensitive elements because of the amount of ‘work’
being done in a relatively short path. Lengthening the path would likely reduce
sensitivity, at the expense of a larger envelope. It is possible to lower the as-
built wavefront error by desensitizing the afocal relay to tolerances, as well as
simulating the effects of performing a re-space using measured data.

5.1.13.7 Thermal Soak Sensitivity Analysis. A thermal soak sensitivity
analysis is made for the same three high-performance sections as for the
tolerance sensitivity analysis, namely, the afocal fore-optics, stellar reference,
transmit optics, and the 1x afocal pupil relay between the fore-optics and the
transmit optics. The thermal soak was +10deg C, relative to the design
temperature of 20 deg C.

5.1.13.7.1 Afocal Fore-Optics. The afocal fore-optics section is potentially
highly sensitive to the thermal soak. The performance is driven by the spacer
material coefficient of thermal expansion (CTE). The substrate material is
assumed to be fused silica (CTE 5.2 x 107); not surprisingly, best performance
is when the spacer CTE (invar nickel-iron alloy) nearly matches the substrate
CTE, making the system nearly athermal, as if the entire assembly was made
out of the same material. The trends of RMS WFE for different spacer and
substrate assumptions are shown in Table 5-3.

We make the assumption of fused silica substrate because the wavelength,
as low as 500 nm, may require grind-and-polish fabrication. However, if
diamond turning can be done, then both the substrates and spacers can be
aluminum, and the fore-optics will be athermal up to the homogeneity of the
temperature and CTE within the parts.

5.1.13.7.2 Stellar Reference Channel. The stellar reference optics undergoes
negligible focus shift for a 10-deg C thermal soak (i.e., 4 um, well within its
quarter-wave depth of focus).
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5.1.13.7.3 Transmit Channel. The transmit optics (three-element beam
expander) is more sensitive to a 10-deg C thermal soak. The performance is
driven by the expansion coefficient of the material maintaining the 75-mm
distance between front and rear groups. Table 5-4 shows the RMS WFE at
elevated temperatures for different assumptions on the CTE of the spacer. It
may also be possible to use a dual-metal spacer to passively athermalize the
channel.

5.1.13.7.4 Afocal Relay. The afocal pupil relay optics, which relays the exit
pupil of the fore-optics onto the entrance pupil of the transmit optics, was
separately given a thermal soak analysis. Assuming aluminum spacers, the
RMS WFE at elevated temperature is 0.13 waves, up from about 0.02 for the
nominal design, averaged across the field. This is driven by the expansion
coefficient of the spacer materials, as seen by Table 5-5.

5.1.13.8 Solid Model of System. Figures 5-15 and 5-16 show solid model
renderings of the system, as constructed in LightTools. The first figure shows a
side view of the full system. The different channels are color-coded and are
labeled. The details of the fold arrangement in which an alignment beam is fed
into the star tracker can be refined if needed.

Table 5-3. Trends of RMS WFE for different spacer and substrate assumptions.

RMS WFE, Waves at 600 nm for

CTE of Spacer Material AT = 10 deg C (not refocused)

236 x 107 (aluminum) 1.12
99 x 107 (stainless steel 416) 0.45
5.6 x 10~ (invar 35) 0.002

Table 5-4. RMS WFE at elevated temperatures for different assumptions of the CTE of the
spacer.

RMS WFE, Waves at 1064 nm for

CTE of Material for 75-mm Airspace AT = 10 deg C (not refocused)

236 x 107 (aluminum) 0.025
99 x 107 (stainless steel 416) 0.015
5.6 x 107 (invar 35) 0.008
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Table 5-5. RMS WFE as a function of the spacer material used.

RMS WFE, Waves at 1064 nm for

CTE of Material for Spacers AT = 10 deg C (not refocused),
Average Across Field
236 x 107 (aluminum) 0.128
99 x 107 (stainless steel 416) 0.076
5.6 x 107 (invar 35) 0.042
Right Side View

Transmit Channel

Scan Mirror

Alignment
Channel

® __ Stellar Reference
Channel

Stellar Reference

Channel

. - — 2
Star Tracker I E I

Fig. 5-15. A top view perspective of the layout.
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Front View
Receive

Stellar
ReferenN

Transmit

Fig. 5-16. Another perspective view shows the transmit
laser, the receive channel detector, and the stellar
reference channel detector.

5.2. Laser Transmitter
Hamid Hemmati

5.2.1. Introduction

Modulated laser beams carry the information that is transmitted from the
laser-communication  terminal.  Generally, amplitude modulation is
implemented for direct-detection, while amplitude or phase modulation is used
for coherent communications. Applicability to onboard spacecraft use
necessitates a compact, lightweight, and efficient laser transmitter. The large
distances over which to communicate require a laser that is capable of high
peak powers in a single-spatial mode beam. Sources for direct and coherent
detection vary significantly and are discussed separately.

For deep-space direct-detection communications, pulsed lasers need to
provide multiple watts of average power as well as kilowatts of peak power in
sub-microsecond timeframes. Modulated continues wave (CW) lasers are
inherently average power sources only and are more suited to the closer



332 Chapter 5

distances of near-Earth environments. A modulation technique known as the
pulse position modulation (PPM) enhances the signal-to-noise ratio (SNR) at
the receiver. The benefits and details of PPM are described in Chapter 4 on
Modulation Techniques. The PPM technique requires narrow pulses of
moderately high (a few kilowatts) peak power that can be produced with
varying repetition rates from the laser. Table 5-6 summarizes relevant
parameters for a downlink from Mars for differing PPM orders. Assumptions
are: range of 2.7 astronomical units (AU); data rate of 10 Mbps, a 5-m diameter
ground receiver; a 30-cm diameter flight transmitter aperture with secondary
obscuration, day-time reception (Sun angle of 3 deg); high quantum efficiency
(=35 percent) photon-counting indium gallium arsenide phosphite (InGaAsP)
avalanche photo-diode (APD) for 1550-nm reception and silicon (Si) APD for
1064-nm reception; 0.1-MHz noise for InGaAs and 10-MHz noise for InGaAs
detector; 2 dB of pointing budget allocation; 2 dB of atmospheric losses; 30 dB
of transmitter modulation extinction ratio; and equivalent transmitter and
receiver losses for both wavelengths.

Table 5-6 shows that pulsed lasers with moderate average power and high
peak power are significantly more efficient for deep-space missions. Due to
lack of peak power, the PPM alphabet implementation is limited to a maximum
of about M =4 for modulated CW sources. A well-behaved pulsed laser with
adequate average power, or a low power oscillator amplified to the required
power levels can satisfy laser power requirements, as shown in this table.
Examples of such oscillators are semiconductor laser pumped solid-state lasers
that are pulsed through several well-developed schemes (e.g., Q-switching and
cavity-dumping), or pulsed oscillators amplified in a waveguide (fiber or bulk
crystal). On the contrary, for near-Earth applications (spacecraft in low Earth
Orbit [LEO], medium Earth orbit [MEQ], or geosynchronous Earth orbit
[GEQ]) where just average power and significantly higher data-rates (on the
order of Gbps) are required, modulated CW sources are the laser transmitter of
choice.

Table 5-6. Comparison of the required input DC powers to obtain a 10-Mbps link for various
laser modulation choices.

Link Characteristics Parameter Set1 Parameter Set 2
PPM format 4 256
Link margin (dB) 3 3
Channel capacity (Mb/s) 10 10
Required laser power (W) 70 10
Required electrical power for the laser* (W) 466.7 66.7

*assuming 15 percent overall efficiency
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5.2.2 Requirements and Challenges

Some of the driving requirements for a given laser transmitter include
average output power in conjunction with peak power per pulse, output beam
quality, pulse-repetition-frequency (PRF), pulse-width and pulse generation
time delay, pulse jitter, beam-pointing accuracy, overall efficiency, pulse
extinction ratio, mass, volume, effect of ionizing radiation, thermal
management requirements, and lifetime of active components. Descriptions of
the critical parameters influencing the selection and design of the laser as well
as some of the salient features of laser transmitters for space follow.

Pulse-repetition-frequency (PRF): The selected laser pulsing mechanism
(e.g., Q-switching, cavity-dumping, or amplitude modulation of a seed laser
followed by amplification) determines the laser’s PRF. Q-switched lasers
utilizing acousto-optic or electro-optic modulators are limited in PRF to less
than 200 kHz. Cavity-dumped lasers are limited to PRFs on the order of tens of
megahertz. Master-oscillator, power amplified lasers that start with a low power
pulsed oscillator and are followed by several stages of amplification can
potentially lead to repetition rates on the order of tens of gigahertz. In this case,
the oscillator may be a diode laser that is either directly modulated or operated
with an external modulator. The amplifier needs to have adequate saturated
gain to sustain the repetition rate in conjunction with the hundreds to thousands
of watts of peak power desired for deep-space communications. Figure 5-17
shows the behavior of laser’s critical parameters as a function of the PRF.

Average output power: The laser should provide sufficient average power
and the corresponding peak power to support a communication link with a
sufficiently positive margin. For most telecommunication applications within
the Solar System, today’s diode-pumped solid-state lasers can provide power
levels that are about an order of magnitude higher than those typically required.
However, a communication transmitter also requires the ability to handle
variable data-rates, provide nearly constant average power over different data-
rates, and provide overall pulse-to-pulse power stability [20]. Reference [20]
describes pulse widths, energies, and build-up time as a function of the initial
inversion ratio. Efficient and short-pulse lasers operate with an inversion ratio
of about 3 to 4 times threshold.

Peak power: Peak power is driven by energy per pulse and pulse-width.
The PPM order utilized in the link and the required link margin that is based on
a given bit error rate (BER) determine the required peak power. Solid-state
lasers have demonstrated peak powers greater than 1 MW at low repetition rate
but are generally limited to less than 100 kW at multi-kilohertz repetition rates.
However, for a typical deep-space terminal, the anticipated maximum peak
power is expected to be on the order of a few kilowatts due to spacecraft power
limitations and heat dissipation issues. Fiber amplifiers have shown the
capability to handle multi-kilowatt peak power in narrow (1-ns level) pulses.
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Fig. 5-17. A representative example of laser average output
and peak power, and pulse width as a function of pulse-
repetition frequency.

Pulse-width: Shorter pulse widths over the entire PRF range are desired
since less background light is integrated in a narrow temporal slot. In optical
communication systems that use the PPM scheme, the timing of the pulse
carries the data in contrast to an on-off keyed modulation scheme used in near-
Earth links where the pulse threshold is the determinant. The communication
bit rate (Ry,) is related to the PPM order (M) and the slot width (7y) as:

Ry, =(logo M)/ MT;. Therefore, the required pulse-width of the laser is

inversely proportional to the magnitude of the PPM order. For example M =8
may require a laser with a 2-ns pulse-width, while M =256 requires only a
0.2-ns pulse width. Each of the above requirements dictates a specific type of
laser that may employ a very different architecture relative to other lasers. A
pulsed laser amplifier may be suitable for the low-order PPM in the above
example. Whereas, a pulsed bulk crystal laser or amplified laser may be needed
to satisfy the high order PPM requirements.

Pulse generation time delay: PPM requires accurate positioning of the
pulses in the time domain. Laser pulse jitter results in positioning errors or the
need to increase the temporal detection slot width to compensate for the jitter.
In the latter case, more background light will be integrated during the increased
slot width, raising the detector noise threshold at the receiver. Thus, to establish
a low bit error rate communication link, the timing delay between the pulse
trigger and the actual laser pulse emission must be nearly constant for all
pulses. To avoid detection losses and to minimize the probability of error, the
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laser transmitter’s pulse jitter should be minimized to a fraction of the slot
detection width. Otherwise, the effective pulse-width (temporal slot-width)
becomes large, and pulse position uncertainties rise. Pulse jitter may be caused
by three kinds of delays: electrical, switching, and/or build-up. Different
schemes have been devised to mitigate pulse jitter effects.

Pulse extinction ratio: This is the ratio of the laser power in the on-mode
to that of the off-mode. Laser emission, if not shut off completely, degrades the
modulation extinction ratio, and this results in lower link margin. Solid-state
lasers may have a modulation extinction ratio of 10™ or better, while some
directly modulated semiconductor lasers may have a relatively poor modulation
extinction ratio of about 10™. Fiber lasers and amplifiers generally have an
extinction ratio on the order of 107, but, along with direct diode lasers, they are
susceptible to amplified spontaneous emission if the amplifier gain is not
completely saturated.

Output beam quality: To effectively transmit the beam from a spacecraft
terminal with minimal losses, the laser’s output beam should contain a single
spatial mode or at least have no null in the center of the far-field pattern. Beams
of high spatial quality may be generated through proper laser-resonator design
through the use of single-mode fibers. A critical measurable parameter in this
regard is the M? factor where an M? =1 corresponds to a diffraction limited
beam shape. An M? of 1.2 or lower will minimize transmission and coupling
losses to an acceptable level and is generally achievable at the required output
power levels. Depending on the optical design, beam ellipticity or divergence
may be of concern as well. Feedback isolation of the laser from back-reflected
beams is also required to avoid undesired oscillations either within the laser
itself or the transmitter optical train.

Beam-pointing stability: Any given laser is subject to angular and
positional uncertainties (jitter) in beam pointing stability. Resonator’s spatial
mode hopping and mechanical, thermal, or electro-optic effects within the laser
may all contribute to jitter. Depending on the deep-space mission, in particular
the spacecraft range and platform stability, the transmit laser beam will have to
be pointed at the receiver with an accuracy on the order of one micro-radian or
better. This requirement necessitates that pointing stability of the laser itself be
maintained to a tolerance that is better than the pointing requirements for the
mission. Judicious optomechanical and laser-resonator design should result in
meeting these requirements. Fiber coupling the laser or using a single-mode
fiber laser not only improves the beam quality but also allows more stable beam
pointing by eliminating higher order modes.

Overall efficiency: The highest possible overall efficiency is desired to
minimize the electrical power demand from the spacecraft. Power consumption
drivers are the pump diode lasers, the thermal management of the diode lasers,
and the pulsing mechanism. Improving laser efficiency poses many challenges.
In pulsed lasers, laser emission efficiency is dominated by the product of



336 Chapter 5

stimulated emission cross section and laser upper-state lifetime. As discussed
later in this chapter, quantum defect mode matching, scatter, and other losses
affect the overall efficiency as well.

Mass and volume: Clearly, because of enormous deep space mission
launch costs, mass and volume of all subsystems should be minimized. The
trend towards smaller and lighter-weight spacecraft necessitates the use of
optomechanical designs for the laser resonator to minimize its dimensions and
mass while maintaining thermal stability and radiation hardness. Diode-pumped
solid-state lasers (including fiber laser) are inherently compact systems.

Lifetime of active components: The lifetime of the laser’s active
components (diode laser(s), modulators/pulsers and their drivers) should well
exceed the expected operational lifetime of the mission. It is prudent to use
redundant (block redundant or pump-laser redundant) lasers to increase the
laser’s lifetime. Data from diode laser manufacturers, for diodes with a few
watts of continuous output power at 810 nm or 980 nm used as the optical
pump sources, indicate lifetimes exceeding 50,000 hours (nearly 6 years). The
higher the pump power, the lower the expected lifetime for the diode.
Redundancy of the active elements, or block redundancy of the laser, is an
effective means of extending the flight terminal’s lifetime. Inclusion of linear
arrays or grids of pump diodes also allows for de-rating the power level of an
individual laser along with adding redundancy.

Radiation: Missions to the Earth’s Van Allen belts, Jupiter, and Europa
will encounter very challenging radiation environments. Most other mission
destinations, for example, Mars and Pluto, have much more benign radiation
environments and are not considered as challenging in terms of radiation
hardness of components. Care should be taken to use radiation-tolerant diode
lasers and optics (e.g., laser crystals, cavity mirrors, and intra-cavity pulsing
devices). Typical diode lasers used as either pump or seed sources are based on
GaAs material systems, which are fairly robust with respect to low-level
radiation, induced defects compared to silicon-based electronics. Shielding can
be an effective method of reducing the radiation tolerance requirements for
laser components. Often, only a limited amount of data on the specific state-of-
the-art component that is baselined is available in the existing literature.
Therefore, additional testing and shielding is typically required. Section 5.4
provides more detailed explanation of radiation effects on lasers.

Thermal control and management: Current laser transmitters are only
about 10 percent efficient. Therefore, about 90 percent of the input electrical
power is converted to heat and optical losses. This heat has to be dissipated
without affecting the optical alignment integrity of the terminal. The laser
subsystem may be directly coupled to the terminal or may be located remotely,
with its output beam piped in via optical fibers. The former is more efficient but
can impart heat into the rest of the terminal, the latter is less efficient due to
fiber-coupling losses, but affords much greater flexibility for thermal



Flight Transceiver 337

management of the pump diodes, which are the primary source of heat
generation in the optical terminal.

5.2.3 Candidate Laser Transmitter Sources

The above requirements on suitability for spacecraft use and the need for
modulation to high data-rates, limit the pool of practical options, among those
available now, to a class of lasers known as diode-pumped solid-state lasers.
Included in this class are: (1) pulsed bulk crystal solid-state lasers, in the
914 nm to 1080 nm (e.g., neodymium: yttrium aluminum garnet [Nd:YAG] at
1064 nm), 965 nm to 1550 nm master oscillator power amplifiers (MOPAS);
and (2) continuous-wave (CW) and pulsed fiber-amplifiers (such as erbium-
doped fiber amplifiers (EDFAs) at 1550 nm and ytterbium-doped fiber
amplifiers at 1064 nm). Lasers with wavelengths in the 2000-nm to 5000-nm
region are also of interest due to their superior atmospheric transmission and
reduced optical surface accuracy requirements for the transmitter telescope.

From an efficiency and technical maturity point-of-view, rare-earth-doped
solid-state lasers and fiber amplifiers are the leading candidates for deep-space
laser communications since they provide a combination of both high peak
power and moderate average power. These lasers operate in the 1000-nm to
over 2000-nm wavelength range. An alternate method is to use the second
harmonic of this wavelength generated through nonlinear conversion. Table 5-7
compares the merits of five viable laser wavelengths. Assumptions are: a Mars
mission of the range of 2.5 AU, 30-cm flight aperture diameter; a 5-m ground
aperture diameter, hazy sky with 5-km visibility, cirrus clouds, and 70-deg
zenith angle, PPM order of 128 and bit error rate of 1E-6. With today’s
detector technology and wavelength conversion efficiency, the 1064-nm laser
appears to be the leading candidate.

The key requirements for a laser transmitter on a deep-space spacecraft
include: (1) high electrical-to-optical efficiency and reasonable power
consumption; (2) output power (average and peak); (3) excellent beam quality;
(4) variable repetition rate; (5) reliability; and (6) low weight and small size.

The link parameters with significant wavelength dependence include laser
output power; laser efficiency; atmospheric propagation; detector quantum
efficiency and availability; background light (noise) at the receiver, and
transmit/receive isolation.

Among the many types of lasers currently known, primarily diode-based
MOPAs and diode-pumped solid-state (DPSS) lasers come close to satisfying
all of the above requirements simultaneously. High power semiconductor lasers
and bulk-crystal solid-state lasers, or doped fiber lasers and amplifiers that are
amplitude modulated are useful in multi-gigabit links for near-Earth laser
communications. However, these sources lack significant peak power and are
more suitable for lower-order PPMs.
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Table 5-7. Merits of five deep-space communication link wavelengths.

Wavelength (nm) 532 775 1064 1550 3100
Spacecraft’s laser transmitter power (W) 14 10 20 20 14
Detector’s detection efficiency (%) 90 50 35 35 30
Detector noise (megacount/s) 0.3 0.1 0.1 10 0.3
Transmit and receive optics losses. both -7 -7 -7 -7 -7
ends (dB)

Background light (W/cm? sr m) 0.186  0.144  0.0842 0.0325  7.00E-04
at 70-deg zenith angle (ZA)

Atmosphere transmission at 70-deg ZA 0.3 0.47 0.55 0.6 0.3
Pointing loss (dB) -2 -2 -2 -2 -2
Required peak power (W) 179 128 256 256 179
Channel capacity (megabits/second) 10 10 10 10 10
Code rate 0.05 0.05 0.05 0.05 0.05
Atmospheric coherence length (ro, cm) 4.36 6.84 10 15.7 36.1
Seeing (nrad) 12.2 11.3 10.6 9.87 8.58
Link margin (dB) -2.7 0.5 24 1.8 -0.43

5.2.3.1 Pulsed Laser Transmitters. Depending on the required average power,
pulse width and data rate, either a single oscillator or an oscillator/amplifier
will be required.

Single oscillators are typically limited in power to several watts. At higher
power levels, control of the pulse width, laser power, pulse jitter, and pulse-to-
pulse repeatability become more difficult. A MOPA scheme affords the
amplification of a well-behaved oscillator through a suitable and efficient
amplification medium. The oscillator and amplifier can then be individually
tailored for high speed and high power, respectively.

The type of pulsed oscillator used will depend on the required data-rate.
Examples are:

1) Amplitude modulated diode lasers provide modulation rates up to several
GHz. However, peak power, pulse-to-pulse stability, and modulation
extinction ratio of these sources are limited. For these lasers, peak power is
typically just a few time above the average output power. Therefore,
additional amplification stages would be required utilizing either a fiber,
waveguide or bulk solid-state design [21]. These are detailed below.



Flight Transceiver 339

2)

3)

4)

Q-switched DPSS lasers can be pulsed to sub-megahertz levels, with the
maximum data rate being limited by the available acousto-optic or electro-
optic Q-switchers. These can provide pulses of one to a few ns with high
modulation extinction ratio and high peak power. In a Q-switched laser, the
population inversion is built-up by preventing feedback, and then it is
switched to laser emission for a short period of time by improving the
finesse or “Q” of the cavity to extract highly energetic pulses. The energy is
stored in the gain material. This results in high peak power (on the order of
10 kW or more) and high average output power (watts) of the laser
[22,23,24].

Cavity dumped DPSS lasers offer a high extinction ratio, high peak power,
a short (a few nanoseconds) pulse width and pulse rates up to about
10 MHz. In cavity dumping, the intra-cavity field within the resonator
stores the energy that is built-up by preventing laser emission; this field is
then switched and dumped out of the cavity, by, for example, using
polarization effects along with an electro-optical material. These lasers also
provide moderate peak power and moderate average power [25].
Figure 5-18 shows a schematic of a version of a cavity-dumped laser.

Mode-locked lasers are capable of high peak power and modulation rates
exceeding 1 GHz. However, the very short pulses involved add to data
demodulation and encoding complexities [26].

For a uniform Gaussian or square wave pulse, the peak power (P,) is

related to energy per pulse (E) and pulse-width (pw) as P, = E/pw. Also, the

laser’s average output power is related to energy per pulse and pulse-repetition
frequency (PRF) as F,=E,x PRF. As shown in Fig.5-19, maintaining a

nominal value for average output power and pulse-width will result in steep
reduction of the peak-power per pulse as the lasers’ PRF increases.

Different amplifier media are available to boost the average power of the

pulsed oscillator, up to 30 dB, while maintaining the output beam quality and
the pulse-width, pulse-to-pulse jitter, and modulation extinction ratio of the
oscillator. With all amplifiers, care has to be taken to avoid spontaneous lasing,

Rare-Earth
Doped Crystal

Laser
Mirror

Fig. 5-18. Schematic of a high-power cavity-dumped oscillator.

Electro-Optic

Output Cavity Dumper
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pulse repetition frequency (PRF) for the
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bulk damage, and parasitic nonlinear losses (such as Brillion scattering in
fibers) [27]. Also, isolators may be required between the oscillator and the
amplifier to avoid amplified spontaneous emission (ASE) and feedback to the
oscillator. The amplification may be implemented in multiple stages. Examples
of amplifier-based laser transmitters include: fiber waveguide, bulk crystal, and
bulk-crystal waveguide. These are addressed separately below.

5.2.3.2 Fiber-Waveguide Amplifiers. Fiber-waveguide amplifiers use rare-
earth-doped optical fibers for the amplification medium with optical pumping
(excitation) provided by compact and efficient semiconductor diode lasers.
Depending on the amplification architecture, fiber amplifiers (or lasers) can
generate broadband or narrow linewidth output beams. These types of
amplifiers, shown schematically in Fig. 5-20, provide a long amplification path
(obviating the need for multi-passing), but have a lower threshold for damage
than the bulk crystal counterparts. Single-mode fiber systems are limited in
their peak power capability, but broadening of the fiber core while maintaining
single-mode propagation is possible through a large mode area fiber design.
Tens of kilowatts of peak power can then be propagated without being limited
by fiber nonlinearities. Advantages of the fiber waveguide are ease of use,
efficient coupling to fibers, and a relatively low noise floor. The challenges are
nonlinear effects, excited state absorption, and cooperative upconversion. The
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Fig. 5-20. Schematic representation of a pulsed fiber oscillator amplifier. As shown in
the figure, the oscillator may be amplified directly or externally. The number of
amplifying stages will depend on the output power characteristic requirements.

nonlinear effects include: stimulated Brillion scattering (SBS), stimulated
Raman scattering, self-phase modulation, cross-phase modulation, and four-
wave mixing. SBS is interaction of photons with acoustic phonons, resulting in
lower SNR due to both signal reduction and introduction of additional noise
[27].

In a fiber amplifier, a well-behaved oscillator beam is injected into a rare-
earth-doped fiber amplifier that operates at the same wavelength as the
oscillator. Common dopants for the fiber are: Nd, Yb, Er, or Yb/Er ions (co-
doped) [28,29,30]. To generate amplification, the fiber oscillator is pumped
with diode laser(s) operating at the absorption wavelength of the dopant. To
generate high peak powers at the output of the amplifier, the oscillator is
operated in the pulsed mode. The signal modulation (for communication) is
imposed on the master oscillator by modulating and then amplifying the
oscillator in one or more stages) [31,32,33].

A master-oscillator-power fiber-amplifier (MOPFA) source offers the
following advantages:

1) Minimal requirement on structural integrity compared with the stringent
resonator mirror alignment required for bulk crystal solid-state lasers.

2) Significant potential for higher overall efficiency relative to DPSS lasers,
due to near 100-percent absorption of the pump beam in the medium
(fiber), smaller quantum defect, and higher extraction efficiency.

3) Wider temperature tolerance for the pump laser wavelength shift (about
20 nm compared with about 1 nm for bulk crystal lasers).

4) Lower demand on tight control of the pump diode-laser temperature,
resulting in significantly lower power consumption and higher overall
efficiency.

5) Modulation extinction ratios on the order of 40 dB or more are feasible
owing to a high degree of control on the master oscillator’s performance.
The fiber amplifiers do not alter input pulse characteristics from the master
oscillator (MO) in a major way.
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6) Shorter pulse-width and potentially higher pulse repetition frequency (PRF)
due to simple control of the MO.

7) Itis feasible to obtain narrow (sub-angstrom, <0.02 um) linewidth with the
use of Bragg gratings.

The peak power desired at a given data-rate drives the MOPA design due to
possible nonlinear effects or damage to the fiber at higher peak powers.

Achievable gain and noise figure (NF) for fiber amplifier operation around
1000 nm is shown in Fig. 5-21 [34]. Selection of the transmitter wavelength
depends on the specific mission requirements, efficiency, technological
maturity, and compactness of the source at the time of selection. There is
currently no general preference of one wavelength over the other since each
offers certain advantages and suffers from some disadvantages with the benefits
often outweighing the drawbacks.

5.2.3.3 Bulk-Crystal Amplifiers. Bulk-solid-state amplifiers are not peak
power limited and also provide improved modulation extinction ratio. An
example is an Nd:YAG amplifier that is optically pumped. Until the saturation
limit is reached, generally the higher the number of passes through the
amplifier, the higher the gain. A few different versions of these amplifiers have
been reported [35].

Several different diode-pumped lasers have shown relatively high
efficiency (~10 percent). The laser active elements (crystals) include: Nd:YAG,
neodymium: yttrium vanadate (Nd:YVOQO,), neodymium: yttrium lanthanum
fluoride (Nd:YLF), and ytterbium:glass (Yb:glass), thulium: yttrium aluminum
garnet (Tm:YAG), Tm, holmium yttrium lanthanum fluoride (Ho:YLF). In
these crystals, the Nd, Yb, or Tm ions are trapped in a host crystal. The ions
absorb light at a short wavelength and emit at a longer wavelength.

The fundamental wavelength of the Nd lasers is at about 1000 nm (for
example, 1064 nm for Nd:YAG and Nd:VO,). With a small nonlinear
frequency-doubling crystal, it is possible to generate the second harmonic
wavelength of these lasers at about 532 nm. Harmonic conversion efficiency is
typically 30 to 50 percent, depending on the laser’s peak power.

Tm and Ho ions emit laser light near 2000 nm. In terms of atmospheric
propagation and background noise, this and longer wavelength ranges are
superior to the 1000-nm wavelength range. However, these lasers are less
efficient than 1000-nm lasers and operate best at low temperatures due to the
three-level structure of the ions. Also, detectors at 2000 nm are significantly
noisier than those for 1000 nm. Moreover, because of the very long upper-state
lifetime of the ion (10 ms for Ho in YLF compared with 0.24 ms for Nd in
YAG), the highest energy per pulse (or peak power) occurs at low repetition
rates (near 200 Hz), making them unsuitable for significantly higher data rates.
Lasers in the 3800- to 4200-nm range provide some of the best combinations of
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However, efficient, compact, high power lasers are not readily available yet.
Also, as discussed in Chapter 2, the space losses term increases quadratically
with wavelength.
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state lifetime of the active laser material, and f is the pulse-repetition frequency.
Figure 5-22 shows a plot of the E,, . as a function of PRF. For both
Q-switched lasers in this example, the initial state inversion density saturates as
the pumping time (1/f) begins to be long compared to the respective upper-
state lifetimes [36]. Assuming a CW power of 1 W, the saturation value for the
pulse energy is (7, X 1W); hence, for low pulse rates, the Ho:YLF laser pulses
are 50 times larger than those for Nd:YAG. For high pulse rates, the pulse
energies become asymptotically equal. For high pulse rates f>>1/T;, E 0 =
P.,/f, the laser’s CW power is effectively collected over the pump time 1/f
and emitted as a short pulse. For low pulse rates, the pulse energy saturates as
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Fig. 5-22. Plots of the laser energy per pulse and
average laser power as a function of pulse
repetition frequency for Nd: YAG and Ho: YLF
lasers: (a) output energy per pulse versus pulse-
repetition frequency assuming continuous-wave
output power of 1 W and (b) average output power
versus pulse repetition frequency.
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the pumping time becomes long compared to the “storage time” 7. In the latter

case, Epyise = Pey Ty

5.2.3.3.1 Bulk Crystal Waveguide Amplifiers. Multi-mode dielectric
waveguides may be fabricated by bonding dissimilar crystals to an active
amplifying medium and utilizing the self-imaging effect in the crystal. Circular,
rectangular, tapered, and hollow waveguide geometries are possible with this
scheme. This concept incorporates the waveguiding advantages of fiber-based
designs with those of a bulk-solid-state crystal gain medium [37].

5.2.3.3.2 Pulsed-Diode Lasers. Pulsed-diode lasers or low (average power)
pulsed DPSS laser (oscillators), amplified in fiber amplifiers, can generate the
required peak power (kilowatt level), and moderate average power (watt level).
Common fiber-amplifier media include: Nd:glass, Yb:glass, Er:glass, or a
multiple doping of these ions in glass. Dual cladding, where a larger second
clad region surrounds the core, allows the efficient coupling of the pump light
from broad-area diode lasers though multi-pass absorption. The corresponding
output wavelength varies in the range of 1030 to 1550 nm. Two factors may
limit the usefulness of these types of MOPAs: (1) nonlinear effects in the fiber
can cause a broadening of the spectral width of the laser (to about 2 nm); (2) the
(glass) fibers darken when exposed to greater than about 0.1 Mrad of radiation.
Glass is also inhomogeneously broadened, requiring broadband oscillator
sources to get any efficiency.

5.2.3.4 Semiconductor Optical Amplifiers. Semiconductor optical amplifiers
(SOAS) can provide linear amplification below their oscillating threshold. In an
SOA, the population inversion of the atoms is reached by electrical pumping of
the active semiconductor region and employing anti-reflection coating on the
typical semiconductor laser mirrors. Benefits of SOAs are broadband (over
40 nm) amplification, high (~30dB) net gain, compactness, and ease of
integration with opto-electronic amplifiers. Their drawbacks are higher noise
floor (compared with fiber amplifiers), highly nonlinear gain, and a low
damage threshold for high-power pulses [38]. Various schemes have been
developed to improve SOA performance, such as tapered gain regions and
distributed feedback designs.

Depending on the power levels required, all of the above MOPA schemes
may require a pre-amplifier prior to the primary amplification in order to obtain
adequate saturated peak power levels. A pre-amplified DPSS laser is excited
(optically pumped) with semiconductor diode laser(s). The diode laser itself is
electrically more efficient than diode-pumped lasers and can be directly current
modulated, but lacks significant peak power. Amplified diode lasers with
moderate continuous-wave (CW) power and low peak output powers (in the
watt class) are now available. Even the highest available semiconductor laser
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powers do not support a link with adequate margin at deep space ranges greater
than a fraction of an AU. High-power diodes also typically suffer from poor
beam quality, and direct current modulation of the diode driver at high
modulation rates results in poor efficiency. This is again due to the fact that for
these lasers, the maximum achievable peak power is only a few times higher
than its average power.

5.2.4 Lasers for Coherent Communications

Coherent communications require a frequency stable laser for the
transmitter and at the receiver, and compatibility with the modulation schemes
unique to optical communications. Critical aspects of coherent communications
include frequency stability and laser linewidth. Diode-pumped solid-state
(DPSS) lasers and amplified-frequency stable lasers can provide excellent
frequency stabilities. DPSS lasers combine excellent spatial and longitudinal
mode quality with high power and inherent redundancy. Mode stability
requirements make these lasers more complex than those for direct-detection.
Similar to the lasers discussed earlier, lasers for coherent detection are currently
fairly inefficient, and lasers for coherent communication typically require an
external modulator capable of handling high powers. Linear, ring, discrete-
element, and monolithic resonator, as well as oscillator amplifier configurations
of single frequency lasers have significantly matured. They each offer certain
advantages and disadvantages, and their selection will be driven by the mission
requirements. Methods to obtain single-mode operation include: intracavity
etalon, ring resonators, mode-twisting techniques, and use of short cavities.
Injection seeding is another scheme for enforcing single-mode operation in a
high power laser. A variety of laser transmitter sources have been developed for
coherent free-space communications [39,40,41].

5.2.5 Laser Modulators

Generally, two classes of amplitude modulators exist for laser transmitters.
One class includes intra-cavity pulsers, such as Q-switchers or cavity-dumpers,
that are used to generate pulses from solid-state lasers. The other class includes
extra-cavity modulators, such as LiNbOz; modulators, used in conjunction with
the output of a semiconductor laser in a MOPA system. The advantage of the
latter is that much higher repetition rates can be achieved. The modulators may
operate in acousto-optic, electro-optic, or magneto-optic mode. Due to the
excessive radio-frequency (RF) power needed for acousto-optic modulators,
electro-optic modulators can be made more efficient than acousto-optic
modulators by nearly an order of magnitude. However, driving most
modulators simultaneously at high voltages (on the order of several hundred
volts) and high modulation rates (above half a gigahertz) becomes challenging.



Flight Transceiver 347

The pulse-width modulation method is a technique to optimize and control
the output energy of the laser below the damage threshold of the crystal or fiber
active medium. In this scheme, the pulse width is adjusted to maintain a desired
output energy from the laser system. An output energy monitor operates as the
feedback senor in a closed loop to pulse the pump diode lasers as the laser PRF
and environmental conditions vary [42].

For coherent communications, modulation options include: an externally
modulated laser; phase modulation; polarization modulation; and amplitude
modulation. Every modulation scheme can be combined with homodyne or
heterodyne detection. Phase-sensitive detection schemes are typically the most
sensitive method, followed by polarization, and amplitude modulation. An
electro-optic modulator may be integrated with the laser amplifier, or a bulk
modulator may be utilized with the high-power laser. There is no clear
advantage in terms of overall efficiency. Phase modulators are more efficient
than polarization modulators, which are in turn more efficient than amplitude
modulators.

5.2.6 Efficiency

Due to strict budgets for electrical power and mass on deep space missions,
it is extremely important to maximize the laser transmitter efficiency. Higher
overall efficiency translates directly into lowered mass for the flight terminal
and reduced launch costs. The efficiency of a solid-state laser is determined by
three key parameters: the pump semiconductor-laser diode electrical-to-optical
conversion efficiency, np; the coupling or transfer efficiency of the pump light

into the active medium, ns; and the optical-to-optical conversion efficiency of
the active-gain media, 1, These parameters can be further broken down to give

the overall efficiency as [43-46]: 1 =npNrno =NpNrMapssNoNBNST
NaseNENR, Where ng is the optical efficiency of coupling the pump light, 1,
is the absorption efficiency of the gain media, ng is the stokes efficiency or
ratio of the output pump photon energy to input photon energy, n, is the
quantum efficiency or fraction of pump photons reaching the upper laser level,
npg Iis the spatial beam overlap of the resonator modes with the upper state
inversion, ngr is the storage or depletion efficiency, n,qg represents the loss

due to amplified spontaneous emission which is the reciprocal of the
depopulation rate of the upper laser level, ng is the fraction of absorbed energy

extracted and ny is the resonator loss including reflective and scattering losses.
Sometimes the efficiencies are grouped as the transfer efficiency, ny, upper-
state lifetime efficiency 1y =ngnpand extraction efficiency under Q-switched
operation, 1,, =nsrnasgne- Moreover, the wall-plug efficiency of a flight

laser transmitter takes all the possible power requirements into account. These
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include the thermal control of the laser components and electronics, auxiliary
control electronics for monitor photodiodes, thermisters etc, power
consumption for the Q-switcher or cavity-dumped and the DC-to-DC power
conversion efficiency of all the drive electronics.

Table 5-8 summarizes wall-plug efficiency of some pulsed laser
transmitters, for an example, with a few Watt of average output power. The
optimized design assumes 50-percent (66 percent for fiber based) diode pump
laser efficiency, where the theoretical analysis assumes 75-percent efficiency.
The heat sink temperature determines the actual efficiency range.

5.2.7 Laser Timing Jitter Control

Several sources can contribute to the timing delay (or pulse jitter) of high
repetition rate Q-switched and cavity-dumped diode-pumped solid-state lasers.
These sources, which introduce either a fixed delay or in some other way effect
the pulse build-up time in the laser cavity, include: electronics and switch-
related jitter; longitudinal-mode build-up time jitter; and stored energy and
build-up time jitter [47].

The first two sources are expected to contribute minimally or can be
minimized; whereas, the last source makes up the bulk of the contributions to
pulse jitter. The effect of each of the above contributors to jitter and the
techniques proposed to alleviate them are described below. The pulse width of
a pulsed laser optimized for high-efficiency energy extraction is typically about
1/3 of the build-up time, so maintaining the timing jitter to well under
10 percent of a pulse width requires that the laser energy and gain be controlled
to within about 3 percent.

5.2.7.1 Jitter Control Options. Several schemes have been developed and
tested for jitter control of diode-pumped solid-state lasers. These approaches,
when implemented, should reduce the laser output pulse jitter to less than about
20 percent of the laser pulse width. Among them are:

Table 5-8. Comparison of overall efficiencies of solid-state lasers.

Current Best Results Estimated Optimal
Pulsed Laser -
(percent) Efficiency (percent)
Nd:YAG or Nd:YVO4... 1064 nm
With thermo-electric cooler ~10 22
With active loop heat pipe ~15 25
Yb-doped fiber amplifier, 1060 nm ~20 >30

Er-doped fiber amplifier, 1550 nm ~15 >30
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5.2.7.1.1 Electronics and Switch-Related Jitter. Jitter from electrical and
switching delays can be mitigated in a number of ways. Electrical delays are
expected to be nearly constant from pulse to pulse and should contribute
negligibly to timing jitter, or could be subtracted electronically. Jitter caused by
electrical delays is constant and amounts to only about 10 percent of the pulse-
width. Therefore, it may be accounted for and corrected.

5.2.7.1.2 Longitudinal-Mode Build-up Time Jitter. Random build-up of the
laser power from noise will result in randomness of the modal composition of
the laser’s longitudinal mode, and that could result in timing jitter. Empirically,
this (rms) timing jitter is about 10 percent of the pulse width (measured at full
width at half maximum—FWHM) [48]. Injection seeding of the laser with an
external source is a common method to alleviate this source of jitter.

5.2.7.1.3 Stored Energy and Build-up Time Jitter. The build-up time is
affected by the repetition rate. Non-uniformity in the pumping time (such as,
inter-pulse timing variations due to pulse repetition rate changes) and variations
of the pump power cause variations in stored laser energy. Variations of the
stored energy effect pulse build-up time, which in turn affect the output pulse
timing and shows up as pulse jitter.

Possible techniques to mitigate the jitter due to stored energy include:

1) Time-variable (pulse) pumping. When the laser is continuously pumped for
a non-uniform duration prior to each pulse, and the pulse is extracted with
variable pulse-to-pulse timing (due to PPM), the stored energy is bound to
vary. However, continuous pumping is not required, and the pump diodes
may be pulsed (e.g., turned on and off in a controlled manner). If the pump
diode is on for a period of time corresponding to the dead time (the inter-
pulse period at maximum pulse repetition frequency) of a PPM pulse, the
laser gain will always reach the same value. Subsequently, the pump diode
power is lowered to a value that is just enough to sustain the gain. By this
method, pulse jitter is reduced significantly since each pulse will have the
same gain and build-up time.

2) Negative amplitude feedback with a constant offset provides stability and
minimizes the timing jitter. In this case, varying the pulse-width of the
output energy pulse while maintaining a current amplitude set point
controls the laser output energy. By using a pulse-width-modulation-based
control system, the current applied to the pump diodes is regulated at an
efficient set point below the damage level, and the pulse-width is adjusted
to maintain a desired output optical energy of the laser system.

5.2.7.1.4 Injection Seeding. One process that may eliminate electronics related
pulse jitter is injection seeding. Synchronizing the RF oscillator with the pulse



350 Chapter 5

trigger may also eliminate jitter caused by switching delays. In cavity dumping,
for example, a mode-locked cavity-dumped laser minimizes timing jitter by
taking advantage of the precision timing of its mode-locking effect.

5.2.8 Redundancy

Critical active components of the laser include the pump diode lasers, the
driver electronics, and the control electronics. Critical passive components are
the active laser element, the optical surfaces, and coatings on the optics. Aging,
facet damage, and radiation effects are some of the potential failure
mechanisms. Operation below the maximum rates safe current limits and
operation at low temperature enhance the diode laser lifetime. Of all of the
above-mentioned components, the diode laser lifetime is typically of highest
concern. Multiple redundancy of the pump diodes, or block redundancy of the
entire laser, is often a prudent approach to minimizing risk. The control loop
and driver electronics are low-power, low-voltage devices and can be designed
for an adequate level of redundancy. For passive elements, block redundancy
may be applied.

5.2.9 Thermal Management

The thermal management of the laser transmitter is driven mainly by the
need for thermal control of the pump lasers. The FWHM absorption bandwidth
of most active bulk crystal laser mediums is narrow (approximately 1.5 nm for
Nd:YAG and 9 nm for Nd: YVQO,). The pump laser diode wavelength varies
with temperature on the approximate order of 0.3 nm/deg C. To pump rare-
earth doped-crystals at the peak of absorption, therefore, the diode laser’s
temperature has to be controlled to within £0.3deg C and +3 deg C for
Nd;YAG and Nd:YVQ, respectively.

For doped-fiber-based transmitters, the temperature-control requirement is
much relaxed to approximately +20 deg C, depending on the pump absorption
band utilized. Yb doped glass lasers can be either pumped at around 980 nm or
at the broader but weaker absorption peak at 915 nm. Active temperature
control of the diode pump laser will thus be required. Options are thermo-
electric coolers (TECs) and active-loop or passive-loop heat-pipes. TECs are
typically inefficient. Conversely, heat pipes and radiators are more efficient but
introduce additional mass.

Remote pumping of the laser (or amplifier) can significantly reduce the
thermal management difficulties. In this case, the pump lasers are fiber-coupled
and mounted in an area (e.g., a radiator) where their generated heat may be
removed conveniently. The only drawback is the fiber-coupling loss that will be
encountered. Remote location of the pump lasers (source of heat) will also
simplify the optomechanical design for the laser-communication terminal.
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A detailed finite element analysis (FEM) for the flight laser transmitter will
help assess weaknesses in the optomechanical structure designed for the laser
that might adversely affect the performance of the laser.

5.3 Deep-Space Acquisition, Tracking, and Pointing
Gerardo G. Ortiz and Shinhak Lee

5.3.1 Unique Challenges of Deep-Space Optical Beam Pointing

For optical communication links, mispointing of the transmit beam results
in a variation of the downlink signal power. Because of the diffraction-limited
transmit beamwidths used, the received signal power is extremely sensitive to
the transmitter pointing error. A large transmitter off-point can lead to
intolerable signal fades on the ground and significantly degraded system
performance. This makes the spatial acquisition, tracking, and pointing (ATP)
function critical to laser communication systems. This problem is compounded
by the fact that the platform jitter present in the spacecraft due to dead-band
cycle and random platform jitter are generally much larger than the transmit
beamwidth. As a result, an ATP control subsystem is required to reduce the
signal loss due to the pointing error. Such a subsystem must be capable of first
acquiring a reference beacon source for absolute attitude determination in the
presence of large attitude uncertainty. Then, it must accurately point the
communication transmit beam to the Earth receiver in the presence of
spacecraft orbital motion and microvibrations. To keep mispoint losses low
(<2 dB), the required total pointing accuracy of the transmit signal is generally
less than 40 percent of the diffraction-limited beamwidth, generally on the
order of a microradian.

The two key issues for the ATP system are determining pointing
knowledge of the Earth receiving station relative to the spacecraft (S/C), and
then aiming the downlink beam to the receiving station. The pointing
knowledge can be derived from acquiring and tracking on either an uplink
ground based laser beacon or on passive celestial sources, such as the Earth, the
Moon or stars. Due to its passive, hon-cooperative nature, tracking on celestial
sources has come to be known as beaconless tracking. Uplink beacon tracking
can support pointing at short range and during opposition when the Earth image
alone does not provide sufficient signal power for tracking. Uplink beacon
tracking is an attractive alternative, although ground-based beacon uplink
cannot provide the power required for high-rate pointing without needing
additional inertial-sensors. Furthermore, at low Sun-Earth-spacecraft angles
when the Earth image is brightest, the Earth background can cause a shift in the
measured beacon centroid and interfere with beacon tracking. Finally, by
requiring a clear path for uplink in addition to clear downlink path, a beacon-
based system has a lower overall link availability.
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For Mars- and Jupiter-range missions, the current baseline pointing and
tracking approach is to perform Earth image tracking with occasional
calibration using a laser beacon, Earth-Moon images, or Earth-star images. At
high phase angles when the Earth image does not provide sufficient brightness
for high rate tracking, inertial sensors (accelerometers) measurements are
required to propagate pointing knowledge at a higher rate in between celestial
reference updates. Control of a steering mirror is maintained by closed-loop
control of a portion of the downlink reflected to a second detector.

Earth image tracking is desirable because of its high brightness (over most
of the orbital period) and angular proximity of Earth intensity centroid to the
receiver location. Among the challenges of Earth image tracking are the
unknown Earth albedo variation due to cloud coverage and the solar stray light.
The baseline design answers the albedo variation problem by performing
periodic imaging of the Earth with other celestial references such as the Moon
or nearby stars. These sources have well defined intensity patterns that allow
accurate measurements of their position, but they require long integration times.
The position of the Earth can then be calibrated using the measured celestial
references’ position and the known Earth ephemeris to determine the correction
offset.

Since the Sun-spacecraft-Earth (SPE) angle becomes small during the
mission, stray light control is important. At the low SPE angle, the subsystem is
intended to operate 2 deg from the Sun; consequently, both optical surface
quality and cleanliness need to be controlled to ensure low scattering of
incident sunlight. Studies have shown that the required surface quality for the
mirror can be achieved [49]. In addition, the optical design incorporates both a
field stop in the telescope and a Lyot stop in the post secondary optics to
control out of field scattered sunlight.

The innovation and uniqueness of JPL’s ATP System has been in the
development and integration of advanced components and subsystems, which
improve random and system noise and dynamic range. Secondly, system-level
improvements have been made in ATP algorithms and architectures to achieve
ATP pointing accuracy to the sub-microradian level. Lastly, a unified ATP
architecture has been developed that enables precise pointing throughout the
Solar System.

5.3.1.1 State-of-the-Art ATP Performance. The objective of JPL’s ATP work
has been to develop and validate a complete set of acquisition, tracking and
pointing (ATP) technologies with <1 urad pointing accuracy for laser
communications throughout the solar system. A comparison with the state-of-
the-art systems is presented in Table 5-9. Ultra low pointing accuracies have
been achieved for large systems such as the Hubble Telescope with a pointing
accuracy of 35 nanoradians. Accurate relative pointing systems, such as
Starlight, have also demonstrated low relative pointing control. But for the
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Table 5-9. Comparison of some leading-edge precision optical pointing systems.

Organization ESA NASDA Boeing NASA NASA
g (SILEX)  (OICETS) (LADAR)  (Hubble S/C) (Starlight S/C)
Accuracy (10) 0.22 prad 0.86 prad 10 prad 35 nrad 0.5 prad
Range LEO-GEO LEO-GEO 500 km Observation Upto 1 km
(Ballistic separation
target from
airplane)
Applicability to Range- Range- Range- Large, Relative
deep space limited limited limited Expensive pointing only

Legend: ESA = European Space Agency
LADAR = laser radar
LEO = low Earth orbit
NASDA = National Space Development Agency (Japan)
OICETS = Optical Inter-Orbit Communications Engineering Test Satellite
SILEX = Semiconductor Intersatellite Link Experiment

optical communications system, the technologies need to demonstrate
preciseness in absolute pointing accuracy.

5.3.2 Link Overview and System Requirements

The main function of the ATP system is to accurately and precisely point
the downlink communication beam towards the receiver antenna. This is done
by acquiring and tracking an external reference source and using that
information to point the downlink to the receiver target. The performance of the
ATP system is specified by its pointing accuracy.

5.3.2.1 Pointing Requirement. The communications link equation determines
the relation between the mean received signal power and the transmitted power.
Any transmitted power that is allocated for pointing of the downlink beam is
power not used for communications. This means the data rate and pointing loss
are inversely proportional, and any gain in pointing accuracy is a direct benefit
to the data rate (i.e., a 3-dB decrease in pointing loss equals a 3-dB gain in data
rate). Therefore, it is highly desirable to keep the loss allocated for imperfect
pointing of the narrow laser beam very low.

Any mispointing of the laser beam that causes the far-field irradiance
profile to be located off-axis from the receiver will result in a signal loss. This
is called a pointing loss. Furthermore, keeping the narrow-angular-width laser
beam pointed in the presence of spacecraft attitude and vibration disturbances
becomes a formidable challenge. Therefore, in determining a link budget, some
losses are allocated to pointing.

Another factor that impacts the quality of the link is the probability of burst
errors. Due to the random nature of the tracking sensor noise and the control
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system error, the achieved pointing accuracy has a statistical behavior and
displays a probability of fade errors. The overall link designer must consider
the level of fades that it can tolerate in order to provide the desired data rate and
data volume. Therefore the data rate depends not only on the pointing loss
allocation but also on the pointing-induced fade (PIF) probability allocation.

For high data rate links, the gain of the transmitter has to be high. This in
turn, pushes the aperture to be large, typically in the range of 30 to 50 cm. Also,
the lasers currently being considered and developed for deep-space
communications have a wavelength in the range of 500 to 2000 nm. Therefore,
the diffraction-limited beam width (at FWHM) is in the range of 1 to 7 prad.
Projects currently developing practical deep-space applications are considering
implementation of lasers with transmitter 1064-nm wavelengths and 30-cm
apertures [50,51]. Therefore, the expected diffraction-limited transmit
communication laser FWHM beamwidth is 3.65 urad.

The pointing requirement (also known as mispoint angle) depends on the
allocated mispoint loss and the required probability induced fade (probability of
burst errors). The pointing accuracy required of these systems depends on the
power link budget allocation and the allowed PIF probability. The recent
pointing designs for a deep-space optical communications link have set this
total pointing loss allocation at 2 dB, which translates to a total mispoint angle
of 0.42x A /D, see Fig. 5 23. For a 1064-nm system with telescope aperture of
D = 30 cm, the total mispoint allocation is 1.5 prad.

As an example of possible high data rates links and their pointing
requirements, a 40-Mbps rate has been shown to be feasible for a Mars-to-Earth
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Fig. 5-23. Mispoint loss (dB) vs. mispoint angle (1/D).
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link [50] using free-space optical beams. This link was simulated at greatest
range (2.7 AU), with a transmitter aperture of 30 cm, a downlink wavelength of
1064 nm, and an average laser power of 5 W. The design of this link allocates
to the ATP System a pointing loss of 2dB with a PIF probability of
0.12 percent. Another example is a design for a Europa Orbiter-to-Earth link
with a data rate of 400 kbps at 6.4 AU [49]. This link had a transmitter aperture
of 30 cm, a downlink wavelength of 1064 nm, and an average laser power of
3 W. This design allocated to the ATP System a pointing loss of 2 dB with a
pointing induced fade (PIF) probability of 1 percent.

Transmitter pointing errors can result in undesirable signal fades at the
receiver. These fades decrease the signal power level, which in turn cause a
significant degradation of the coded link performance. Therefore, the
probability of fades (aka. pointing induce fade probability) that can be tolerated
by the link also needs to be specified as part of the ATP pointing requirement.
For a particular jitter and bias error of the system, the resulting PIF will depend
on the allowed mispoint angle (allowed mispoint loss). As an example, in
Fig. 5-24, this relationship is plotted for a jitter and bias error of 0.5 prad each
(bias plus 3 times jitter for a total of 2 urad mispoint angle). As can be seen,
with this mispoint angle of 2 urad, the probability of a PIF is about 0.3 percent.

Because of the statistics of the error distribution, the PIF depends on the
particular distributions of the jitter and bias error, even though the total
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Fig. 5-24. PIF vs. mispoint angle (prad). Jitter and bias
are set at 0.5 prad.
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mispoint angle may be constant. Figure 5-25, shows this dependence by
plotting the PIF as a function of allocated loss for cases of different jitter and
bias distributions, but keeping the total mispoint angle constant. In this
example, the total mispoint angle of bias plus three times ¢ equals 30 percent of
the transmit beamwidth, but with different proportions between bias and jitter.
As an example, for a 3-dB mispoint loss, the PIF varies from 0.7 to 0.3 percent
for a {bias, jitter} allocation of {0.3, 0.9} urad to {2.1, 0.3} prad, respectively.
To a first order, the PIF and loss are the same as a function of total mispoint
angle, except for extreme cases where either bias or jitter are near zero.

The total mispoint angle includes jitter and bias errors. When designing an
ATP system, allocations are made to these two categories depending on the
components considered, the platform micro-vibration spectrum, and the
particular link scenario (i.e., range, dead-banding, and noise background
sources). These allocations have to be taken into consideration while
simultaneously meeting the PIF requirement. In summary, to meet the
requirements of mispoint loss with a certain PIF, care must be taken to design
the jitter and bias errors judiciously. Of course, this value is limited by what the
system components can perform, but it sets a preference upon which to set the
requirements for jitter and bias errors.
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Fig. 5-25. Pointing-induced fade (PIF) probability vs.
total mispoint loss (dB) showing dependence on
varying jitter and bias error distributions.



Flight Transceiver 357

5.3.2.2 Pointing-Error Budget Allocations. The pointing accuracy can be
book kept in a pointing-error budget. The main sources of error are the pointing
knowledge jitter, residual tracking jitter, knowledge bias, and misalignment
bias due to thermal/mechanical effects. These relate to the main functions of the
subsystem. The pointing requirement, as derived in the previous section, is
allocated to these terms based on the estimated performance of the sensors,
algorithms, mission parameters and environmental factors (e.g., spacecraft
microvibrations and background signal). The total mispoint angle is equal to the
bias term plus three times the jitter term (1 sigma). A reasonable allocation of
the total mispoint angle partitions divides it into four parts and distributes it into
one part for bias and three parts for jitter, as shown in Table 5-10 for a 30-cm
and 50-cm flight terminal aperture with a 1064-nm downlink wavelength. This
allocation can be later refined once estimates of the separate components are
obtained. But, this initial apportioning serves as a guide to set the initial
requirements that the subsystems would need to meet in order to support high
rate deep-space optical communication links.

The jitter and bias error can be further decomposed into its major
contributors. This is shown also in Table 5-10 with the major sources of jitter
being the pointing knowledge jitter error (knowing the position of the receiver)
and the residual tracking error, which is the amount of vibration not
compensated by the tracking loop. The major sources of the bias error are the
bias in knowledge of the receiver position and the bias caused by mechanical
and thermal effects.

5.3.3 ATP System
5.3.3.1 Pointing Knowledge Reference Sources. Historically the pointing

systems developed for optical communications have been based on using a
ground laser as the reference beacon source. For deep-space links and

Table 5-10. ATP System Requirements (2-dB mispoint loss).

Total Mispoint Angle 1534 nrad 921 nrad
(assuming 1064-nm downlink wavelength) (D=30cm) (D =50cm)
Total pointing jitter error (1 sigma) 383 231
Pointing knowledge jitter 271 163
Residual tracking error 271 163
Total pointing bias error 383 231
Pointing knowledge bias 271 163

Mechanical, thermal 271 163
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particularly for planetary missions the pointing system called out for in these
designs requires that an extremely powerful ground laser be used as the beacon
source [49,50,51]. Some of the main impacts of these high power lasers on the
system are to make ground operation difficult, to require reliable high power
lasers, and to limit the range of the communication links.

Due to the required laser power, ground laser beacon concepts limit the
range of the communication links. As is shown in Fig. 5-26, with current high
power lasers, the range limit of laser-beacon-based pointing systems is limited
to less than 0.4 AU. This range can be extended to about 3 AU, by introducing
inertial sensors on the ATP subsystem to measure the high frequency
vibrations, which then allows the laser beacon tracking camera on the flight
terminal to integrate for longer exposure times and thereby improve its
centroiding accuracy. Further studies have shown that the range can be
extended to Jupiter with ground beacon lasers of the order of a few kilowatts
[52].

The ground laser issues can be mitigated by utilizing pointing systems that
rely on natural sources for the beacon. Since the pointing system still requires
an absolute reference source, one can use passive celestial sources as the
reference, such as stars or the Earth. This ATP approach has been called
‘beaconless’ due to its inherent nature of not using an active ground laser
beacon as the reference source. With beaconless ATP concepts, the range of
communications can be extended to cover the entire Solar System.

.
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Fig. 5-26. Range capability based on ATP tracking architecture (I.S. = inertial sensor,
FPA = focal plane array, FSM = fast steering mirror, SPE = Sun-probe—Earth-angle).
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The technical advantages of celestial sources and corresponding sensors in
the visible (also known as star tracker) and infrared (IR tracker) regions is to
increase the signal to noise ratio (SNR) at high phase angles for the acquisition,
tracking and pointing system. This high SNR then allows the flight terminal to
accurately point the communications beam from anywhere in the Solar System
to the Earth receiver without the need for a high power laser ground beacon.
Both the star tracker and IR tracker concepts provide the reference information
needed to precisely point the downlink beam. This information is provided at a
high enough resolution to enable sub-microradian pointing systems. And with
high bandwidth sensors (e.g., gyros, angular displacement sensors) integrated in
the loop, the information is provided with sufficient bandwidth to compensate
for spacecraft vibrations.

5.3.3.1.1 Optical References. To achieve the desired pointing performance, the
orientation of the telescope with respect to the Earth must be determined. This
requires a high-accuracy tracking mode to measure an absolute attitude
(pointing knowledge) reference target (also known as beacon). The target can
be an uplink beacon laser from Earth, the Sun-illuminated Earth-visible signal,
the thermal emission from Earth, or other celestial sources, such as the Moon or
bright stars. Optical references are used to provide absolute line of sight (LOS)
pointing knowledge. From a celestial reference for which the J2000 location is
also known in telescope coordinates, and given a S/C-t0-J2000 attitude estimate
(primarily for twist about the boresight), the full telescope-to-J2000 coordinate
transformation can be computed.

The optical reference target is used to determine the LOS of the optical
system. This measurement is corrected for distortion, jitter, etc. The (estimated)
J2000 location of the Earth centroid and the measurement are then used in the
attitude calculation, which in turn is used to estimate where the receiving
station will be when the downlink signal reaches Earth. Except for the visible
illuminated Earth, all these sources have a predictable light distribution where
the mapping from a centroid measurement to a J2000 location is only limited
by straylight, noise, S/C jitter, and modeling error. In the case of the visible
Earth image, it is additionally limited by the ability to compensate for albedo
variations that are a function of weather.

Key considerations for the selection of the optical absolute attitude
reference source include the following.

1) Expected signal level and track rate: how bright and how high a track rate
can be achieved?

2) Signal availability coverage: When is the source available?

3) Stray light considerations: How significant is the stray light contribution
during usage?
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4) Target feature location knowledge: How well do we know the location of
what we are measuring (e.g., the brightness centroid of the Earth shifts due
to albedo variations, contributing to error in the knowledge of the location
we are measuring) contrasted to an error in the measurement process itself?

5) Derived point-ahead accuracy: How well can we determine the pointing for
downlink?

6) Expected signal wave-band and detector responsivity.

7) ACS requirements, attitude knowledge required from the S/C: Assumptions
are that the S/C gives attitude knowledge better than 1 mrad about the
telescope boresight, allowing a single target to be used for the tracking
function. Needed are 1 mrad in twist for point-ahead, which is generally
available, and 160 prad in twist for Moon-Earth tracking.

8) Field of view (FOV) considerations: For optimal performance in Earth
tracking, the FOV should be as small as possible while still containing the
Earth during acquisition and dead-band motion. For example, the
combination of spacecraft dead-band and pointing uncertainty appear to
require about 5 mrad minimum FOV diameter for a Jupiter range.

5.3.3.1.2 Summary of Possible Pointing Targets. Obtaining an accurate
celestial reference is a critical step in pointing the optical downlink. Table 5-11
summarizes five tracking approaches. The Earth image provides a bright
reference that is close to the receiving location both in the visible band and the
long-wavelength infrared (LWIR) band. In the visible tracking approach, the
Earth albedo variation is calibrated with occasional laser beacon, Earth—-Moon,
or Earth—star image tracking. At high phase angle when the Earth image is dim,
uplink beacon tracking can be used to provide the accurate reference.

Except for the star tracking option, the S/C attitude is required for downlink
pointing (boresight twist is needed for the downlink pointing). For star tracking,
multiple stars are expected to be in the FOV, and the point-ahead angle is
determined from ephemeris and star measurements. All options have outage at
superior conjunction. The star tracking option will probably require a larger
FOV to guarantee coverage, to possibly as large as 2 deg.

5.3.3.2 Pointing System Architecture. Over the past decade, JPL has adapted
the design of JPL’s optical ATP architecture to encompass all deep-space
ranges within the Solar System. The driving factor behind this development is
the lack of a high-intensity reference source in deep space. The high-intensity
reference is a critical source of information for overcoming the two largest
pointing errors: estimation of the receiver location and S/C vibrations. Current
laser beacons do not have sufficient power to reach deep space. Alternative
reference sources such as stars or the Earth have their own strengths and
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Table 5-11. Comparison of various tracking approaches.
Sun Inertial
Approach Requires Notes Geometry  Sensors
Limited Required
Laser Requires uplink signal Only applicable at close Yes Not near to
beacon (<1 AU distances) without Earth
tracking inertial sensors
Visible Albedo variations cause At close distances, edge Yes During high
Earth-only center of brightness shift.  tracking can provide phase angles
tracking Calibrate/live with offset  updates, or defocus
error downlink
At 0 phase and 1 AU, Signal varies with phase
Earth has a magnitude of  angle/distance ~40x worse
-3.8 at Pluto than at Jupiter
Visible Moon has predictable Degraded if Earth—-Moon Yes During high
Earth— Albedo, and can help has a large separation or is phase angles
Moon determine albedo offset  too close
tracking . . . .
Error of Moon Signal varies with phase During long
measurement induces angle/distance ~40x worse Moon
pointing error bias at Pluto than at Jupiter exposures
Moon 40 times dimmer Moon requires 40x more
than the Earth exposure time
Star Requires stars to be in Low signal No Yes
tracking  FOV
Requires inertial sensors
Pointing based on J2000  Track signal not a function
coordinates/ attitude of distance
May require offset 10-20 Hz for 10" mag stars
pointing for stray-light
rejection
LWIR Requires cooled sensors  Very low phase variation Yes Yes
Earth (QWIP, HgCdTe)
tracking

Edge detection to reduce
bias error

HgCdTe = mercury cadmium telluride
QWIP = quantum well infrared photodetector

weaknesses [53,54]. In response to these needs, a unified pointing control
architecture for the system has been utilized.

A combination of a low intensity reference source and measurements of
S/C vibration are used to provide equivalent pointing as a high intensity
reference source. The resulting constraint from the reference source and the
addition of S/C vibration measurements led to a new architecture of the
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pointing system for deep-space missions. Figure 5-27 shows the diagram and
the information flow among the key elements of the pointing system. A typical
operating scenario is as follows: the pointing offset is computed from the
telescope attitudes and the receiver location. The computed pointing offset is
used to command the high-bandwidth steering mirror to direct the downlink
laser beam. The telescope attitudes are estimated from the S/C vibration
measurements. The receiver location is estimated from the centroids of a
reference source seen on the focal plane array (FPA) and measurements of S/C
vibrations. The role of the S/C vibration measurements is to compensate for the
smearing and jitter of the beacon during the long exposure of the FPA due to
the low intensity of a reference. This compensation is done through the
enhanced centroid measurement processing which makes use of the jitter and
motion during image exposure. The S/C vibration (high-frequency vibration)
may need to be dampened to meet the stringent pointing-error budget.

In order to meet sub-microradian pointing requirements, the key pointing
system elements should perform with high precision over a broad bandwidth.
These elements are the inertial sensors, the FPA, and the steering mirror. The
accuracy of the inertial sensors depends on the frequency response over the
range of the vibration spectrum, electronic random noise from both the sensor
and the sampling device, and any error from the algorithm that performs
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Fig. 5-27. Unified deep-space ATP architecture.
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filtering and/or integration. The challenges have been in developing the
integration and calibration algorithms for the initial velocity estimation,
compensation for acceleration bias and scale factor bias. The main role of the
FPA is to collect photons from the low-intensity reference and transfer the
high-SNR signal to the sampling device, which will be used by the enhanced
centroid algorithm to produce an accurate estimate of the reference position on
FPA. The critical parameters of the FPA are low read noise and sub-window
read capability at relatively high speed. The challenge on the steering mirror
control loop is the rejection of S/C vibration on the line of sight (LOS) of the
downlink beam. This requires a high-bandwidth closed-loop control, which can
be achieved with the proper design of a mirror driver (controller).

5.3.3.3 Design Considerations. Because of the large trade space available to
the system designer, one can easily choose to optimize the design in one aspect
and ignore the other problems. An example of this is the flight-ground trade-
off. One can require a larger aperture and higher power on the ground and
simplify the flight system design. The optical communication technology,
which is sensitive to background radiation and pointing loss, will require some
adjustment in the operational methodology and mission planning process, both
requiring mission inputs. In this section, major system drivers and acquisition
and tracking/pointing requirements will be discussed. External parameters or
constraints affecting the system design can be defined as system drivers. These
parameters influence the system design at various stages with different impacts.
Major system drivers include S/C attitude uncertainty, S/C vibration, stray
light, and link/mission parameters (such as SPE angle, range, aperture size,
wavelength, and FOV, mispoint loss allocation, and pointing induced fade
probability). Smaller SPE angles give more straylight. Large range and smaller
aperture size require more laser power. Wavelength directly affects
transmitting/receiving efficiency among many other impacts. FOV influences
acquisition /search time and tracking accuracy. Each of these system drivers is
discussed in terms of its impact to the ATP system.

5.3.3.3.1 Pointing Error Sources. The overall pointing error of the subsystem
includes a random contribution (which varies with a short time constant and can
potentially vary from frame to frame) and a quasi-static error term, which is
slowly varying.

The sources of the static pointing error include algorithm error, the error in
estimating the Earth—receiver position, the ephemeris error, error in computing
the point-ahead angle, and alignment errors. For example, for Earth tracking,
the largest static error source is allocated to the error in estimating the
geometric center of Earth using the image centroid. This error is due (primarily)
to the uncertainty in image intensity distribution, and it will require periodic
Earth-Moon or Earth-star calibration to achieve the allocated pointing
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accuracy. The boresight alignment error and errors due to thermal-mechanical
distortion are the next largest sources of static errors. These sources can be
controlled with careful opto-mechanical design and with careful alignment of
the optics.

The two major contributors of random pointing error are the sensor noise
and control error. The sensor noises include the noise introduced by the random
photon noise (shot noise) and errors introduced by the pixel non-uniformity and
spatial quantization. The control loop noise includes the uncompensated
platform jitter (vibrations) and noise introduced by the control loop electronics.

5.3.3.3.2 Spacecraft Attitude Control Uncertainty. The S/C attitude control
uncertainty impacts the design of the FOV of the acquisition detector such that
the beacon needs to be always in the FOV of the acquisition detector.
Therefore, the FOV of acquisition detector should be larger than the twice the
attitude control uncertainty (since this covers only one side of the 3-sigma value
of the attitude control uncertainty). If the acquisition detector is also used as the
tracking detector, the tracking error will increase as the FOV increases due to
the reduced per pixel resolution. Therefore, there will be a trade-off between
the required tracking accuracy and the acquisition FOV.

To define a typical range of S/C attitude control uncertainty, 34 spacecraft
were surveyed on the JPL mission and spacecraft library website [55]. These
were grouped into two categories: 27 Earth-orbiting spacecraft and 7 deep-
space spacecraft. A histogram of the spacecraft attitude control uncertainty is
shown in Fig. 5-28. Both types of spacecraft have been built with a wide range
of attitude control capability. The control uncertainty ranged from less than 1 to
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Fig. 5-28. Histogram of spacecraft
attitude control uncertainty (mrad)
from a survey of 27 Earth-orbiting
and 7 deep-space craft.
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90 mrad. In both types of spacecraft, the majority fall within +3 mrad in attitude
control. This implies that an acquisition detector with an FOV of 6 mrad will
cover most missions.

5.3.3.3.3 S/C Vibrations. Spacecraft platform vibrations cause jitter of the
downlink beam, which increases the mispointing loss. Compensation for S/C
vibration is necessary for precise pointing and generally requires high-speed
updates of the downlink steering mirror on the order of few kilohertz. Without
proper compensation, these vibrations can result in a mispoint of the beam on
the order of more than 10 prad depending on the vibration power spectral
density (PSD).

Several S/C vibration power spectral densities (PSDs) are shown in
Fig. 5-29 for the following spacecraft: Space Shuttle, Landsat, Bosch, ESA’s
communications satellite (Olympus), High Resolution Dynamics Limb Sounder
(HRDLS), Relay Mirror Experiment (RME). As an example of mispoint jitter,
the total RMS jitter for the Olympus S/C without any compensation is about 16
prad. To reduce this jitter effect a compensating control loop is designed to
stabilize the outgoing optical beam. The design of the control loop depends
highly on the frequency content of the vibrations as shown on the PSD plots.
The magnitude and frequency content of the spacecraft vibrations drives the
need for the control system to include varying levels of passive isolation, active
isolation, and active compensation to reduce the effective residual jitter
impacting the downlink beam.
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Fig. 5-29. Sample of spacecraft vibration power spectral density
characteristics.
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5.3.3.3.4 Detector NEA and Bias. For the image detector (or any array
detector), there are several components of measurement error. The detector
noise equivalent angle (NEA) is usually used to summarize the effects of errors
caused by photon statistics, read noise, or other sources, which are temporally
random. There are also several bias terms that are functions of the detector
pixelization or optics design that may appear to be random. First, there is the
high-frequency spatial bias (the S-curve, or centroiding bias) that is
approximately periodic on the pixel pitch and is determined primarily by the
image distribution—the point-spread function relative to the pixel response
function. Low spatial frequency (LSF) bias (or macro distortion) is due to
optical distortion, detector shape (flat versus spherical), focal length changes,
and chromatic effects that will cause slowly varying offsets as a function of
position in the FOV. The LSF bias terms are generally expected to be calibrated
and included as part of the focal length calibration. The key elements of the
image detector to consider are quantum efficiency, read noise, dark current
detector pixel non-uniformity, full well size, and analog-to-digital (A/D)
converter resolution.

* Quantum Efficiency. The ability to convert photons to electrons. This is
really a simplification (like an average value over a spectral range) of
the spectral response, which determines how well the detector converts
photons as a function of wavelength.

* Read Noise. We use this term very loosely to mean the noise
contributed in the course of reading a pixel.

* Dark Current Effects. Are separately allocated, since they are dependent
on exposure time and temperature.

» Detector Pixel Non-Uniformity. Refers to the variation of the average
pixel response over the detector.

* Sub-P