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Satellite Laser Ranging: Current Status
and Future Prospects

JOHN J. DEGNAN

Abstraci—This paper is intended to be a nonmathematical tutorial
on the subject of satellite laser ranging (SLR) with an emphasis on the
characteristics and capabilities of present and future field-hardware
and operational methods. Following a briel introduction to the basic
concept of SLR and the many science applications of both satellite and
lunar laser ranging, we discuss the developmental history of each of the
major components which make up the ranging machine, i.e., the laser
transmitter, photomultiplier, discriminator, and time interval unit. At
the same time, we attempt to identify the sources of range error in each
of the devices and present, whenever possible, experimental data which
guantifies the magnitude of these errors. We also describe some of the
subtletics associated with the operation of these devices in the field.
Following the discussions on hardware and system calibration tech-
niques, we briefly describe some error sources external (o the basic
ranging machine, but highly relevant 1o SLR, which are introduced by
the target, atmospheric channel, ground surveys, epoch timekeeping,
geopotential models, and numerical propagation errors. We summa-
rize the description of modern day hardware with samples of actual
salellite data, obtained as early as 1981, which show orbital fis with a
L5 cm single shot rms and normal point rms of less than 3 mm with
only 1-6 percent data editing. We conclude the paper with a discussion
of ongoing research to develop systems potentially capabile of millimeter
absolute mccuracies over satellite distances, These advanced systems
make use of dual wavelength ultrashort pulse laser transmitters and
streak camera-based range receivers.

I. INTRODUCTION

HE FIRST laser range measurements to an antificial

satellite equipped with optical retroreflectors took
place at NASA's Goddard Space Flight Center (GSFC) in
1964 [1]. A Q-switched ruby laser was used to measure
the distance to the Beacon Explorer B satellite with a pre-
cision of a few meters. Since that time, approximately 14
retroreflector-equipped satellites have been placed in Earth
orbit. Today, a global network of both fixed and maobile
satellite laser ranging (SLR) systems routinely ranges to
a subset of these satellites. The Laser Geodynamics Sat-
ellite (LAGEOS), launched in 1976, is the primary target,
however, since it was designed specifically to suppont a
variety of science applications. LAGEOS is a 60-cm-di-
ameter sphere whose surface is studded with a total of 426
cube-corner reflectors. The heavy (441 kg) satellite is in
a stable well-defined orbit at an altitude of 5900 km, and
therefore functions as a reference point in inertial space.
By ranging to it, sets of ground-based laser systems can
recover their relative geometry or their position with re-
spect to the Earth's center of mass or, alternatively, their
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position with respect to an inertial reference. The few-
centimeter accuracy of modern SLR systems, therefore,
permits the development of greatly improved geopotential
models, better estimates of the Earth's internal mass dis-
tribution, and global geodesy with accuracies of 2-5 cm
over continental distances. A time record of these mea-
surements yields data on tectonic plate motion, polar
(Chandler) wobble, and variations in the Earth's rotation
rate or length of day. A recent review of the scientific uses
of SLR data can be found in a comprehensive NASA
Headquarters report [2].

In addition to artificial satellites, a total of five planar
retroreflector arrays have been landed on the moon. Three
of the lunar arrays were placed there by the astronauts of
Apollo 11, 14, and 15 while two French-built arrays were
carried by two unmanned Soviet spacecraft, Lunakhods 1
and 2. Lunar laser ranging (LLR) data provides detailed
information on Earth-lunar dynamics including the motion
of the center of mass (lunar ephemeris), rotations about
the center of mass (librations), the internal mass distri-
bution (moments of inertia), and lunar tides. In addition,
LLR experiments have provided highly accurate measure-
ments of the gravitational constant-Earth mass product
(1.e., GM) and served as tests of competing theories of
general relativity. The scientific accomplishments of lunar
laser ranging have been reviewed by Mulholland [3] and
Alley [4] while a description of one of the earliest and
most successful LLR stations at the McDonald Observa-
tory has been provided by Silverberg [5].

Fig. 1 is a simplified block diagram of a typical ground-
based SLR system. A portion of the outgoing laser pulse
is detected by the range receiver which, in turn, starts a
time-of-flight measurement. The remainder of the pulse
propagates through the atmosphere and is reflected by the
satellite retroreflectors back through the atmosphere into
the receiving telescope. The telescope collects and focuses
the returning radiation onto the photocathode of a high-
gain high-speed photomultiplier and the resulting return
signal stops the time-interval counter. A digital word, rep-
resenting the round-trip time of flight of the pulse, is
stored by the system computer along with other informa-
tion to be described later.

Satellite laser ranging stations are now located globally
in over twenty countries and on every continent except
Antarctica [6]. Many stations are located at multiuser tele-
scope facilities and hence are fixed. Since 1969, NASA
has developed a total of eight trailer-based mobile laser
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Fig. 1. Sateflite laser ranging systcm concept.

Fig. 2. NASA/GSFC mobile laser (MOBLAS) tracking station.

(MOBLAS) ranging stations, shown in Fig. 2, capable of
occupying a variety of sites in support of tectonic plate
studies. A similar European version is becoming opera-
tional this year. More recently, a new breed of highly com-
pact transportable laser ranging systems (TLRS) were de-
veloped in response to a need of the geophysics community
to obtain SLR data at remote sites and to be rapidly relo-
cated in support of tectonic plate studies. The first of these
systems, TLRS-1, was developed by the Umiversity of
Texas and is contained within a small camper van, It has
been described in detail by Silverberg and Byrd [7]. The
second operational system, TLRS-2, was developed at
GSFC. The latter system is housed in a small number of
standard shipping containers which can be carnied 1n air-
craft cargo bays and reassembled gquickly at remote sites,
such as Easter Island on the important Nazca plate.

The compact size of the TLRS systems was achieved at
the expense of greatly reduced operational signal levels
(two orders of magnitude lower) resulting from a consid-
erably smaller telescope aperture (10 in versus 30 in) and
lower laser output energies (3 mJ versus 100 mJ) when
compared to the larger trailer-based MOBLAS systems.
On the average, a single-photoelectron satellite return is
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Fig. 3. Single photoclectron TLRS-2 raw range data near dawn at Cabo San
Locas, Mexico, 1984,
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Fig. 4. TLRS-} undergoing field tests at GSFC.

received only about once per twenty firings of the laser.
Thus the return is distinguishable from background noise
only through its association with other closely spaced
points from previous firings. This is illustrated in Fig. 3
which shows a 20-min segment of raw LAGEOS range
data obtained by TLRS-2 at Cabo San Lucas, Mexico, in
1984. The horizontal scale is in seconds relative to the
point of closest approach (PCA) of the satellite pass. The
vertical scale gives the observed minus calculated (OMC)
range in nanoseconds. The satellite returns are clearly vis-
ible as a dark line against a background of random noise
counts. This figure is particularly interesting since the data
was taken near dawn and there is a clear increase in back-
ground noise as we move from left to right on the hori-
zontal time scale. The single-photoelectron TLRS systems
employ special multistop time interval coumters which
permit up to 7 separate time-interval measurements, or
stop signals, for each stant pulse. This increases the data
yield by allowing the detection of several background-
noise counts without disabling the time-interval counter
prior to the actual satellite return. During ]985,
smaller higher performance versions of TLRS-2 will be
deployed. The first of these, TLRS-3, is shown at its GSFC
test site in Fig. 4.

Because of the large Earth to lunar distances and the
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fact that return signal strengths vary inversely with the
fourth power of range, LLR stations are also characterized
by small detection probabilities in spite of the fact that
they use the highest power transmitters and the largest
scientific telescope apertures. Instead of time interval
counters, these systems employ highly accurate event tim-
ers which record and “time tag” individual “'single-pho-
toelectron events™ without necessarily labeling them as
“start,” “stop,” or “noise’’ pulses. This permits the LLR
station to increase its data yield by operating at high laser
repetition rates (e.g., 10 pps) without regard to the rela-
tively long 2.5-s lunar time of flight.

In the remainder of this anticle, we will focus on the
developmental history and current status of the hardware
used in modern satellite laser ranging systems. We will
attempt to identify and explain, in nonmathematical terms,
the dominant error sources in modern centimeter-accu-
racy instrumentation and to describe current efforts to de-
velop millimeter-accuracy sytems.

I1. Rancing CoMPONENTS AND ERrROR SOURCES
A. Laser Transmitter

Early satellite ranging systems used Q-switched ruby
lasers. These lasers were capable of generating very high
output energies, on the order of several joules, in a pulse
several tens of nanoseconds wide. Since the ruby laser is
very inefficient and requires large power sources to drive
the flashlamps, later systems employed more compact and
efficient Nd:YAG lasers which also had shorter Q-
switched pulsewidths on the order of 10 ns or less. Shornter
pulse-widths reduce the random ranging error contribu-
tion of the contribution of the transmitter which varies as
70/ VN where 7p is the FWHW laser pulsewidth and N is
the number of received photoelectrons.

It soon became apparent that (-switched lasers exhib-
ited variable biases which were undesirable in a precision
satellite laser ranging system. These biases arise from the
multimode nature of Q-switched lasers. In such lasers,
individual radiation modes, both *'spatial™ and “tem-
poral,” build up at their own rates and are coupled to the
external world by a partially reflecting mirror which forms
one end of a two-mirror laser cavity. Furthermore, differ-
ent spatial modes have different far-field radiation pat-
terns. This resuits in a range bias which is dependent on
the angular position of the target in the transmitter far-
field pattern. This effect has become known in the laser-
ranging community as “‘wavefront-distortion” error. In
addition, the magnitude of the bias has been observed to
vary slowly with time [8] suggesting that the radiated-
mode structure is a function of laser temperature.

An early approach to reducing the bias errors in Q-
switched lasers was to pass the laser pulse through an ex-
ternal “pulse slicer’ consisting of an electrooptic Pockels
cell situated between two crossed polarizers. Only the
central 4-5 ns of the typically 20-ns pulse would be trans-
mitted to the satellite. Although this technique was rela-
tively easy to implement in the field, it was rather ineffi-
cient since it rejected a sizable fraction of the laser energy.

A shon-lived interim solution to this problem was the
development of the pulse transmission mode (PTM) or
“cavity-dumped™ Nd:YAG laser. This is also a multi-
mode device, but the radiation modes are trapped inside
the laser cavity until they are simultancously *‘dumped™
by an internal electrooptic switch [8]). Thus since all
modes leave the transmitter at the same time, the angu-
larly dependent range bias is greatly reduced. With sub-
nanosecond switching times, cavity-dumped lasers have
pulsewidths on the order of 2-3 ns corresponding to the
time it takes light to make one round trip in the laser
cavity. .

The transmitter laser in the most modern field systems
consists of a mode-locked Nd: YAG laser oscillator fol-
lowed by one or more Nd:YAG laser amplifiers. Since
mode-locked Nd: YAG lasers operate in a single spatial
mode (i.e., the fundamental TEMy; mode having a Gaus-
sian spatial profile), they do not exhibit the aforementioned
“wavefront-distortion” errors. Individual longitudinal
(“temporal™) modes are “locked™ together, by cither a
passive dye or active acoustooptic or electrooptic modu-
lator internal to the laser resonator, to create pulsewidths
as short as 30 ps. A passive nonlinear crystal, such as Po-
tassium Dideuterium Phosphate (KD*P), convers the
fundamental infrared radiation of the Nd : YAG laser ma-
terial at 1.06 um to the 0.53-um green frequency-doubled
wavelength, with 40-50 percent efficiency, in order to take
advantage of more sensitive photodectectors available in
the visible-wavelength region.

A typical SLR transmitter, such as that used in NASA's
mobile laser (MOBLAS) tracking network, produces a sin-
gle optical pusle with a pulsewidth between 150 and 200
ps and a single pulse energy of about 100 mJ at the fre-
quency-doubled green wavelength. The pulse repetition
rate is typically 5 pulses/s. With these energies and rep-
etition rates, data sets of more than 10 000 range mea-
surements (up to 80-percent data return) have been ob-
tained in a clear atmosphere for a single high-elevation
LAGEOS pass lasting approximately 45 min,

Table 1 lists the ranging performance of various laser
types tested at GSFC [9]. The list includes three conven-
tional stable-resonator (denoted by §) @-switched lasers
as well as one unstable resonator device (denoted by L7),
three PTM Q-switched (“cavity dumped™) lasers, and
three mode-locked transmitters. Two standard tests were
performed for each laser transmitter: a “repeatability test™
and a “far-field range map™ [9].

In the repeatability test, a groundbased target is cen-
tered in the laser-beam and range measurements are made
for approximately 45 min corresponding to the time it
takes to complete a high-elevation LAGEOS satellite pass.
For each set of 100 range measurements, a mean and stan-
dard deviation is calculated and plotted versus elapsed
ume.

The range-map test is designed to quantify the range
biases resulting from the high-order mode effects (“wave-
front distortion™) discussed previously as a function of
target position in the transmitter far-field pattern. In per-
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TABLE |
Lasers TesTeD 8y GSFC
PULSEWIDTH
TYPE MANUFACTURER IFIWHM| REFPEATABILITY RANGEMAP
Q-SWITCHED (5] GENERAL PHOTONICS (IMOBLAS) T NSEC FOOR POOR
O-SWITCHED (5] MODHFIED GENERAL PHOTONICS 4 NSEC FalR [1PPS) FAIR |1PPSI]
POOR BRPS) POOR (BPPS)

Q-SWITCHED (5) WESTINGHOUSE (MILITARY ) B NSEC POOR POOR
O SWITCHED (U] OUANTA-RAY & NSEC VERY GOQOD POOR
FTM O-SWITCHED INTERNATIONAL LASER SYSTEMS & NSEC EXCELLENT FAIR

(LL1G2)
PTM O-SWITCHED GENERAL PHOTONICS 3.6 NSEC EXCELLENT FaIR
PTM C-SWITCHED NASA-MODIFIED GP 1.5 NSEC VERY GOOD VERY GOOD
ACTIVE MODE-LOCK INTERNATIONAL LASER SYSTEMS 225 PSEC EXCELLENT EXCELLENT
PASSIVE MODE-LOCK OQUANTEL INTERNATIONAL 80 PSEC, EXCELLENT EXCELLENT

Y40 AND ¥YGa0? 150 PSEC

CRITERIA FOR RANGING PEAFORMANCE RATINGS

RATING PEAK-TO-PEAK VARIATION IN 100 POINT MEAN
POOR EXCEEDS 20 CM PEAK-TO-PEAK

FAIR BETWEEN 10 AND 20 CM PEAK-TO-PEAK

GOOD BETWEEN & AND 10 CM PEAK.-TO-PEAK

VERY GOOD BETWEEN 2 AND 6 CM PEAK-TO-PEAK
EXCELLENT LESS THAN 2 CM PEAE-TO-PEAK

forming the test, the direction of the transmitter beam is
varied so that the target lies at different points within
the transmitter far-field pattern. At each position, two
100-point data sets are taken and a mean range and stan-
dard deviation is calculated for each set. The mean range
with the target at beam center is then subtracted from the
means at the other target positions to determine the de-
pendence of range bias on-far-field angle.

As can be seen from Table I, the performance of mode-
locked transmitters is far superior.to that of other laser
types. Bias effects introduced by mode-locked transmit-
ters, either active or passive, are typically at the subcen-
timeter level [9].

B. Photomultiplier

Almost all field SLR systems currently use conventional
dynode-chain photomultiplier tubes (PMT’s). In the latter
devices, the incoming light pulse impinges on a photo-
cathode with a quantum efficiency on the order of 10-15
percent. The resulting short burst of photoelectrons is then
accelerated through a potential difference to an adjacent
dynode where electron multiplication, or gain, takes place.
The electrons continue to multiply as they propagete from
dynode to dynode until they finally arrive at the anode.
Gains of 10° are typical for PMT's used in SLR systems.

The time it takes the electrons to propagate from the
photocathode to the anode via the intervening dynodes is

referred to as the ““transit time.” This represents a fixed

temporal delay, or bias, introduced into the time-of-flight
measurement. It varies with the PMT bias voltage and can
be on the order of tens of nanoseconds (meters). This de-
lay is just one of many optical, electronic, or cable delays
occurring in a typical ranging system. Fortunately, the
overall “'system delay,” which corresponds to the sum of
delays introduced by individual components or propaga-

tion lengths, can be accounted for, or possibly eliminated,
via calibration procedures or common channel receiver
techniques to be discussed later.

Variations in the transit time are referred to as ““transit
time jitter” and represent a random uncerainty superim-
posed onto the measurement. Many of the best dynode-
chain PMT’s, such as the *“electrostatic™ and ‘‘static
crossed-field” tubes introduced by Varian Inc., attempted
to minimize this “'jitter” by providing a well-defined path
for the electrons to follow through the use of controlling
electrostatic or magnetic fields. Unfortunately, this path is
only well defined if the starting point, the focal spot on
the photocathode, is also fixed. Pointing errors in a real
tracking system, however, will cause the satellite image
to move about within the photocathode. This can cause
variations, as large as 1 ns (15 cm), in the systematic PMT
transit time as the satellite image moves from center of
the photocathode to the edge [10].

Recently, the microchannel-plate photomultiplier (MCP/
PMT), has been introduced. Photoelectrons generated by
the photocathode are accelerated over a short gap of about
0.6 mm (*proximity focusing™) by a bias voltage and im-
pinge on the face of a microchannel plate. The latter is
made up of a closely packed array of narrow cylindrical
channels with diameters on the order of 10 um. Once in-
side a channel, the photoelectron ricochets repeatedly off
the cylindrical inner wall generating more electrons in the
process. Typically, three such plates must be stacked to-
gether to achieve gains in excess of 10°,

Since the MCP tubes are characterized by much-shorter
and better-defined electron-path lengths, they exhibit much
shorter transit times and smaller jitters than conventional
dynode-chain PMT’s. For example, the ITT F4128 MCP
PMT has a transit time delay of only a few nanoseconds.
More importantly, the path of the electron is tightly con-
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Fig. 5. A comparison of transit time jitter as a function of signal level for
the Amperex 1233B dynode chain PMT and the ITT F4128 microchan-

nel-plate PMT (gated and ungaied).

trolled by the high bias voltage appled over the narrow
acceleration gap and through confinement by the narrow
microchannel. This results in an extremely small transit
time jitter. Furthermore, since the transit time varies only
weakly with the starting position of the photoelectron, the
MCP exhibits a greatly reduced sensitivity to image-po-
sition effects and the resulting biases appear to be less than
3 mm [10].

During daylight operations, it is sometimes desirable to
“gate” the PMT. Gating of the tube is accomplished by
applying the acceleration, or bias, voltage only during a
time period when the returning laser pulse is expected.
This inhibits the propagation of photoelectrons from the
photocathode to the first dynode or microchannel and pre-
vents background optical noise ‘from saturating the elec-
tron amplification stages. The ideal “‘gate’ voltage pulse
15 short 1n duration (typically a few microseconds or less),
has a fast rise and fall time, is very flat in the temporal
region where the pulse is expected, and has a highly re-
peatable amplitude. If the latter requirements are not met,
the gate will severely degrade the timing performance of
the PMT.

Fig. 5 compares the performances of the ITT F4128
MCP PMT with that of an Amperex 2233B dynode-chain
PMT currently used in the NASA MOBLAS network [11].
The one sigma transit time jitter for an ungated MCP tube
is about 2 cm for single-photoelectron inputs compared to
10 em in the 2233B, For input signal levels of eight pho-
toelectrons or more, the jitter is subcentimeter in the MCP/
PMT. The jitter increases between 10 and 25 percent, de-
pending on signal level, for one particular gating config-
uration developed at Goddard. The MCP/PMT also has an
impulse response of 450 ps compared to 4 ns for the
2233B. The faster impulse response improves the perfor-
mance of the timing electronics to be discussed next.

The ITT F4128 contains two internal MCP amplifier
stages and has an electron gain of 2 X 10°. In our upgrade
recommendations to the network, the F4128 was chosen
over the higher gain F4129 model, with three stages and

a gain of 3 % 10°, because of the former's greater toler-
ance for the higher background radiation levels associated
with daylight tracking of satellites. The lesser gain can be
compensated for by the inclusion of a 1-Ghz bandwidth
amplifier available from ENI. One gigahertz is an ade-
quate bandwith since the 450-ps PMT impulse response
is usually degraded to about 1 ns by propagation through
long receiver cables in typical field systems.

There 15 some evidence to suggest that the transit time

can also be influenced by the amplitude of the input signal
or by a higher background of noise photons [12]. Exper-
iments with the Amperex 2233B PMT suggest that the
tube transit time decreases with an increase in the photon
background rate. Changes in the 2233B transit time on
the order of a centimeter have been observed for back-
ground count rates of 4 x 10° at typical PMT operating
voltages and the transit time decreased rapidly for count
rates in excess of 107. Similar studies have not yet been
performed on microchannel PMT's.
- To summarize, factors which can influence the perfor-
mance of a photomultiplier in a laser ranging system are:
1) impulse response, 2) transit time jitter, 3) the position
of the image on the photocathode, 4) the amplitude of the
mnput signal, and 5) background radiation. The micro-
channel-plate photomultiplier offers several important ad-
vantages over conventional dynode-chain PMT's.

C. Discriminator

The output from the photomultiplier/amplifier, which is
typically a quasi-Gaussian waveform with a randomly
varying amplitude, is input to a constant fraction discrim-
inator (CFD). The discriminator defines the point on the
signal waveform on which the timing will be based and
generates a rectangular NIM logic pulse having a few na-
nosecond width which, in turn, starts or stops the time
interval unit. Although varying signal amplitudes in other
discriminator types (such as fixed threshold, rise-time
compensated, and hybrids) will cause time biases on the
order of half the input pulse width, the bias is highly re-
peatable and can be taken out with a software correction
if the signal amplitude is measured and recorded with each
range measurement. The CFD, on the other hand, in-
cludes hardwired circuitry which attempts to compensate
for a varying signal level. A plot of time bias versus signal
amplitude is a measure of the degree to which the afore-
mentioned compensation circuitry has been successfully
implemented and is often referred to as the “‘time-walk
characteristic™ of the discriminator.

Fig. 6 displays the time-walk characteristics for the
ORTEC 934 CFD, currently used in the MOBLAS net-
work, and a relatively new CFD, the Tennelec TC453 [11].
Both dis¢riminators were adjusted for minimum time walk
with a 1-ns full-width half-maximum-input pulsewidth. To
generate the curve, start and stop pulses separated by a
fixed interval are generated elacmnical!y. The amplitude
of the stop pulse 1s varied by means of an attenuator. Each
point on the time-walk characteristic represents the mean
of 100 time-interval megsurements made at a particular
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Fig. 6. A comparison of discriminator time walk as a function of signal
level for the ORTEC 934 and the Tennelec TC453,

stop-signal amplitude. Thus the time-walk characteristic
is a measure of the expected signal-amplitude-dependent
bias imposed by the discriminator on the range measure-
ment. The standard deviation about the mean value (not
shown) is then clearly the random uncertainty associated
with the amplitude-dependent bias correction.

The vertical dashed lines in Fig. 6 represent the speci-
fied dynamic range of the ORTEC unit. As one can easily
see from the figure, the TC453 has a much flatter time-
walk characteristic. The rms deviation from the nominal
zero point is about 0.2 cm over the full dynamic range
compared to 1.5 cm for the older ORTEC device.

Tennelec also offers a four-channel gatable version of
their basic CFD, the TC454. The discriminator is gated
by means of a low-voltage rectangular logic pulse. This
permits the temporal interval, during which an incoming
“stop” signal will be accepted, to be narrowed to as little
as 10 ns (1.5 m) although other considerations, such as
uncertainty in target range, will usually dictate larger gate
widths on the order of 100 ns or more.

Discriminator gating reduces the false-alarm rate pro-
duced by background radiation through temporal filtering
of the incoming counts. Narrow-band optical filters in
front of the PMT further discriminate against noise
through spectral filtering of the incoming light. The dis-
criminator also permits rejection of background noise via
the amplitude of the incoming pulse. Amplitude filtering
is accomplished by adjusting the discriminator threshold
so that it will trigger only when a prescribed minimum
voltage level (e.g., 1-3 photoelectrons) is input to it. In
practice, the discriminator threshold is usually raised until
the frequency of noise counts received from the sky back-
ground is at an acceptable level. Setting the threshold too
high will result in a lower probability of detection for the
range return and a reduced data yield. Furthermore, since
returns that are just above threshold are in the high time-
walk region of the discriminator characteristic (see Fig.
6). it is usually desirable for the mean signal level to lie
well above the threshold setting. Thus the final threshold
setting will represent a compromise between these com-
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Fig. 7. An upgraded dual-channel range receiver proposed for MOBLAS.

peting effects. Fortunately, at night the background count
1s usually so low that one can set a threshold just above
the single photoelectron level and even occasionally dis-
pense with the optical filter to increase the optical
throughput of the receiver. Needless to say, daylight track-
ing is a completely different situation. In systems designed
to operate at the single-photoelectron level, such as the
TLRS systems, one clearly loses the ability to “ampli-
tude™ filter the data.

D. Time Interval Unit

The purpose of the time interval unit (TIU) is to mea-
sure the time of flight of the optical pulse. Fig. 7 shows a
dual-channel range-receiver configuration which has been
recommended to the NASA MOBLAS network for the next
round of performance upgrades. It utilizes many of the
state-of-the-art commercial components previously dis-
cussed. In a dual-channel range receiver, the outgoing
pulse is detected by a photodiode and input to the start
discriminator while the incoming pulse is detected by the
higher gain PMT and input to the stop discriminator. A
logic pulse from the start discriminator starts the time in-
terval measurement and a corresponding pulse from the
stop discriminator stops it. Almost all field SLR systems
use single-stop time interval units. Presently, the Hewlett-
Packard HP 5370A time interval counter, which has a 20-
ps time resolution and 100-ps accuracy, is recommended
for field operations.

A noise pulse which enters the receiver prior to the sat-
ellite return and exceeds the stop discriminator threshold
will disable a single-stop TIU and prevent it from timing
the actual range return. For ‘multiple-photoelectron sys-
tems operating at night, the impact on data yield is neg-
ligible. During daylight operation, however, the added
background may force the imposition of more severe spec-
tral or amplitude filtering of the incoming radiation with
all of the attendant negative influences (e,g., reduced op-
tical throughput, increased discriminator time walk and
jitter, etc.) on the quantity and quality of the range data.
In these instances, a multistop TIU, capable of detecting
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Fig. 8. Timing diagram for a 9.76-ps resolution time interval unit built for
NASA by Lawrence Berkeley Laboratories.

and timing one or more stop pulses relative to the start
pulse, permits receiver threshold and gain settings to be
nearer their optimum values during daylight operation.
Unfortunately, most commercial multistop time interval
units have inferior time resolutions on the order of 1-ns.
Developmental multistop TIU's with 78-ps resolution,
however, exist at the Lawrence Berkeley Laboratories
(LBL) [13] and units with 10-ps timing resolution are well
within the state of the art [14].

Not all TIU's work in precisely the same manner, but
they do have a number of common components and fea-
tures which permits us to discuss the dominant error
sources in a fairly general way. We will use as our model
a single-stop TIU built for NASA by LBL which has a
9.76-ps resolution and a maximum range of 340 ms [14].
The corresponding timing diagram in Fig. 8 will be the
focus of our discussion.

The heart of the TIU is a very stable clock, or master
oscillator, which produces a train of pulses at a “‘fixed”
rate, (typically 50 MHz) and ultimately determines the
absolute accuracy and stability of the TIU. The measured
time interval T is defined as the temporal separation be-
tween the leading edges of a pair of logic pulses applied
externally to the start and stop inputs of the digitizer by
the corresponding discriminators. The time measurement
is split into three pans, i.e., T= T, + T,, — T, as detailed
in Fig. 8. T is the interval between the leading edge of
the start pulse and the second following master clock
pulse. T; is similarly defined as the interval between the
leading edge of the stop pulse and the second following
clock pulse. T, is the interval between the two aforemen-
tioned clock pulses and is measured by counting the num-
ber of intervening clock pulses in a binary scaler, i.e.,
H]_; = T”.IrTu. where Tﬂ 15 the master clock pthﬂdp

To accurately measure the smialler components T, and
T;, the latter are **stretched™ in two identical time-to-time
converters called *‘interpolators.” The stretching constant
k is an integer and selected to be k = T,/T, where T, =
20 ns is the master clock period and 7, is the desired tim-
ing resolution. A value k = 2048 in the LBL unit implies
a timing resolution 7, = 9.766 ps.. Competing TIU s gen-

erally differ in their approach to the interpolators. In the
LBL unit, the arrival of the start pulse causes a capacitor
to be charged at constant current over the small time in-
terval T;. The capacitor is then discharged by a constant
current k times smaller than the charging current. A com-
parator monitors the triangular current waveform across
the capacitor and generates a square gate pulse k times
longer than the original charging interval. This gate passes
a burst of N, clock pulses which are in turn counted by a
binary start scaler. The number of pulses counted by the
binary start scaler is given by N, = kT,/T,. Similarly, an
identical interpolator on the stop side counts N, clock
pulses given by N, = kT,/T,. Thus the measured time in-

terval is given by
I = Tn{ﬁlfk + le e Hz.l'g:].

Instead of capacitors, the HP5370A TIU uses a second
clock, which is slightly offset in frequency from the mas-
ter oscillator, and coincidence timing to stretch the T, and
T, time intervals. The start pulse initiates the second clock
and the start scalar counts pulses from the master clock
until coincident pulses from the two clocks are detected
to yield the value T,. The time T; is measured similarly.
A smaller frequency offset implies a longer period be-
tween coincidence pulses and hence a larger stretching

constant,
The error introduced by the TIU is now seen to be

AT = TAS/f, + TAAN, — ANy)

where Afy/fy is the stability of the external master oscil-
lator and AN, and AN, are the interpolator conversion
errors.

Considering the first term in the error equation, we see
that a fixed offset Af; in the nominal clock frequency will
result in a range-dependent bias error. On the other hand,
a varying Af, representing clock phase noise will intro-
duce a random error in the measured range. For subcen-
timeter-accuracy ranging to the LAGEOS satellite (T >
5 x 107* s), a clock accuracy of one part in 10" is re-
quired. To achieve the same precisions over lunar dis-
tances (T > 2.5 s), one would need an accuracy of a few
parts in 10",

To minimize the interpolator conversion errors AN, and
AN; the start and stop interpolator components are care-
fully selected and matched to take advantage of the fact
that the two interpolator time intervals are subtracted from
each other. Propagation delays of the start and stop input
signals through the interpolators are made as short and as
equal as possible to eliminate time offset errors and min-
imize temperature effects. The measured thermal stabil-
ity of the LBL-designed unit is about 3.0 ps/°C. High
bandwidth components are used to improve the phase syn-
chromization of the interpolators with the master oscilla-
tor, and fast risetime discriminators aid in the precise
definition of the beginning and end of the elapsed time
interval. Since the start and stop inputs are typically dc
coupled, any noise superimposed on the baseline of the
start and/or stop signals can result in a timing error due
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Fig. 8. LAGEOS induced pulse spreading.

to a time shift in discriminator firing. Major contributors
to timing jitter include component noise, power supply
ripple. and clock-frequency lock-in noise [14].

E. Targer Effects

The mechanical design of the LAGEOS satellite places
the front face of the solid-cube-corner reflectors (CCR's)
at a distance of 298.1 mm from the center of the satellite.
When one takes into account the size and index of refrac-
tion of an individual CCR, it can be shown that reflection
effectively takes place on a sphere 258 mm from the sat-
ellite center of gravity (CG) and this systematic bias must
be added to the measured range.

The impulse response of the satellite is not expected to
be exactly spherically symmetric, however, due to the fi-
nite number of CCR's. The response of an individual cube
to incoming radiation drops off to zero as the angle of
incidence relative to the normal of the solid cube face in-
creases to a maximum of about 25°. Thus approximately
10-15 adjacent cubes contribute to the return signal seen
at the receiver. For a sufficiently short laser pulse and a
sufficiently fast receiver response, it is conceivable that
individual cubes, or rows of cubes, could be detected—at
least at some satellite orientations such as in Fig. 9. The
integrating effect produced by a few-hundred-picosecond
PMT response, however, leads to an asymmetric spread-
ing to the pulse return, as illustrated in Fig. 9, which will
cause the CG correction to be a function of both satellite
orientation and pulsewidth. :

Actual measurements of the CG correction at GSFC
prior to launch, using leading-edge half-maximum timing,
yielded an average value of 251 mm with a standard de-
viation of 1.3 mm and a peak-to-peak variation of less than
+3 mm over all orientations of the LAGEOS satellite [15].
For centroid detection, the correction was 249 mm with a
standard deviation of 1.7 mm. The measured CG correc-
tion varied by 8.1 mm as the laser pulsewidth was varied
from 62 ps (253.8 mm) to 1000 ps (245.7 mm). Thus the
proper CG correction varies, at the few-millimeter level,
as a function of satellite orientation, laser pulsewidth, re-

ceiver strategy (leading edge versus peak detection), and
recelver impulse response.

Finally, the 200-ps pulsewidths currently used in the
most advanced SLR systems are long enough such that the
individual cube returns overlap in time and their corre-
sponding electric fields interfere coherently at the receiver
in a totally unpredictable fashion. This “coherent fading
effect’ 1s sensitive to geometric changes on the order of a
wavelength and, hence, there is no correlation on time
scales corresponding to the laser fire period of 0.2 5. No
direct measurements of this effect were possible during
prelaunch testing, but theoretical calculations suggest that
“coherent fading™ will introduce a random timing error
with a standard deviation of 77 ps (1.15 cm) [15].

Only LAGEOS and Starlette are spherical in shape. All
of the other retroreflector-equipped satellites utilize one
or more planar arrays, and the induced pulse spreading is
a strong function of the angle of incidence of the imping-
ing radiation relative to the array normal. This clearly
causes a significant time-varying bias error in the range
measurement, which can only be removed if the satellite
orientation relative to the ground station is known reason-
ably well at all times during the pass.

F. Atmospheric Refraction Errors

As the laser pulse traverses the atmosphere, it sees a
varying refractive index resulting primarily from spatial
variations in the local pressure with only a weak depen-
dence on local temperature and humidity. The varying re-
fractive index influences the propagating pulse in two
ways. The most important effect from a laser ranging
standpoint is a varying group velocity, i.e., the pulse
speeds up as it travels from the ground station to low-pres-
sure regions at the higher altitudes. The second effect is
a consequence of Snell’s law of refraction which predicts
a bending of the light ray as it moves through atmospheric
layers having different refractive indices thereby resulting
in a curved ray path. Thus in order to convert time of flight
to an absolute geometric range, we must be able to ac-
count for the cumulative effect of the refractive-index vari-
ation on the pulse transit time.

The total bias introduced by the atmosphere is substan-
tial, amounting to about 2.5 m at zenith and growing to
13 m at elevation angles of 10°. Atmospheric models,
which assume a spherical-shell model of the atmosphere
and which use surface measurements of pressure, tem-
perature, and relative humidity at the site as inputs, are
currently used to eliminate the vast majority of the in-
duced bias error. The residual error sources following ap-
plication of the model clearly include 1)inadequacies of
the model (e.g., ignoring the variation of atmospheric pa-
rameters with latitude and longitude and imperfect knowl-
edge of the variation with altitude) and 2) errors in the
measurement of the various surface meteorological pa-
rameters used by the model. It is currently believed, based
on a limited amount of ray-tracing data, that the residual
bias error from these sources is between 0.5 and 1.5 cm.
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Fig. 10, Origins and elimination of system delay (instrument range bias):
{a) conventional dual-channel range receiver; (b) “zero delay™ common
channel receiver.

The current state of knowledge in this area is reviewed in
a companion paper in this journal. [16].

Atmospheric turbulence has a correlation time scale on
the order of 1 ms and, therefore, imposes an additional
random error on the range measurement at current system
fire rates. For typical atmospheric conditions and elevation
angles, the rms deviations are a few millimeters or less
but can grow to a few centimeters under conditions of
strong turbulence at low elevation angles (10°) [16]. Range
data, however, is never taken under conditions of strong
turbulence or at elevation angles below 20°,

G. System Delay Calibration

The goal of a laser ranging system is to measure the
geometric distance between a fixed reference point within
the system (the system “origin’) and the external target.
A common choice for system origin is the point at which
the telescope azimuth and elevation rotation axes inter-
sect. The system actually measures the round-trip time of
flight of the laser pulse between the two points plus a “‘sys-
tem delay.” Fig. 10(a) illustrates the origins of system de-
lay in a conventional dual-channel laser ranging system.
A portion of the outgoing laser pulse is deflected at time
7 = 0 by a beam splitter into the stant photodiode at time
7p1 While the remainder travels to the target and back to
the stop photomultiplier in a time 7,4 + 27, + 74;. In trav-
eling through the photodetectors, amplifiers, discrimina-
tors, and connecting cables to the time interval unit, the
start and stop pulses experience additional electronic de-
lays given by 7, (T A,) and 7, (T A,), respectively. The
latter are functions of the ambient temperature T and the
amplitudes of the start and stop signals A, and A4, as we
have seen from our discussion of discriminator time walk.
Other operational variables, such as PMT operating voli-
ages, discriminator threshold® electronic attenuator set-
tings, etc., also influence the system delay but, barring
operator error, these are kept constant in a given satellite
pass.

The method currently employed to estimate system de-
lay is to make repeated range measurements (typically a
few thousand) to a calibration target a “known” distance

away from the system origin immediately before and after
each satellite pass (“'pre- and postcalibration™). This
“known™ time of flight (27, in Fig. 10) is then subtracted
from the measured time of flight Ar to yield the overall
system delay. The received signal levels are varied over
the dynamic range expected from the satellite by means
of an optical attenuator. Range means are then computed
for signals falling within each amplitude range. During
reduction of the satellite data, the latter information can
be used to correct for the amplitude dependence of the
system delay.

When Q-switched lasers were used as transmitters, it
was not uncommon to see large variations (centimeters)
between the pre-and postcalibration means. The pre- and
postcalibration runs in the most modern field systems
which employ mode-locked transmitters, however, gen-
erally agree to within a few millimeters (see Table I).
Nevertheless, even subcentimeter-precision laser ranging
systems can have few-centimeter absolute errors if the ref-
erence standard, 1.e., the “known™ distance to the cali-
bration target, is in error by this amount. Currently, these
standards are obtained by making collocated continuous-
wave laser-geodimeter measurements at the ranging site,
Obvious error sources include systematic calibration and
random resolution errors associated with the geodimeter
reference and variable but systematic atmospheric effects
(which can be substantial over several-kilometer paths at
extremely low elevation angles) [17]. Furthermore, it is
usually not possible to position the geodimeter at or very
near the system origin since the latter is internal to the
ranging system or tracking telescope. Hence, there is an
additional error associated with estimating the position of
the geodimeter relative to the ranging-system origin.
Based on repeated site surveys over a period of several
years, past experience would suggest that the repeatability
in the geodimeter measurements is no better than about 2
cm. As system precisions improved to the centimeter and
even subcentimeter levels, the accuracy of the system de-
lay calibration took on increased importance and became
a subject for serious investigation.

The basic problem is to define an optical link such that
the time of flight 27, over the calibration range can be
truly known with the desired accuracy. To make maxi-
mum use of the capabilities of modern hardware, one
should strive for an absolute accuracy on the order of a
few millimeters. If possible, the calibration should be ap-
plied to each and every range measurement so that long-
term drifts and instabilities in the ranging machine can be
taken out of the data.

An obvious improvement to the conventional technique
1s to move the calibration target sufficiently close to the
system reference plane so that the intervening distance
can be measured with a measuring tape or rod. This ap-
proach would clearly eliminate all of the uncertainties as-
sociated with system calibration mentioned previously but
is not always feasible for a given optical design in an ex-
isting field system. Furthermore, multistop or redundant
TIU’s would be required to self-calibrate on every out-
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going laser pulse. Silverberg [18] has described one such
field implementation of a self-calibration scheme in the
single-photoelectron TLRS-1 system. Fiberoptic calibra-
tion paths have also been suggested. To be successful, the
fibers should be short enough so that uncertainties in the
effective index of refraction (group velocity) due to ma-
terial inhomogeneities, dispersion, fiber bending, temper-
ature effects, etc., are negligible. Furthermore, common
timing electronics must be used to the maximum extent
possible.

Fig. 10(b) illustrates a somewhat different approach to
system delay calibration currently being investigated at
Goddard. In this approach, both the start and stop pulses
utilize a common photodetector and timing channel sg that
the electronic system delay cancels except for calibratable
signal-amplitude effects. Thus any time-dependent varia-
tions in the electronic system delay caused by ambient
temperature variations, etc., cancel out in this “common-
channel-receiver” approach (which can be implemented
with the HP 5370A TIU described previously). If, in ad-
dition, the optical propagation paths ‘are made collinear
and a reflector is placed at the system origin to deflect the
start pulse into the PMT, the start and stop optical delays
will also cancel and the system will have an expected bias
of zero, i.e., no system delay.

The ease with which a zero-delay system can be imple-
mented depends heavily on the design of the transmitter
and receiver optical trains. It requires the use of transmit/
receive switches (e.g., active electrooptic or rotating mir-
ror switches or passive polarization-dependent switches)
to control the start- and stop-signal amplitudes on the pho-
todetector and is easiest to implement on refractive col-
lecting telescopes. Zagwodzki et al. [19], however, have
described one implementation of the *‘zero-delay”
scheme, shown in Fig. 11, which is currently being eval-
uated at a new experimental satellite laser ranging facility
located at the Goddard Optical Research Facility. The
transmitted laser beam is expanded to fill the 1.2-m di-
ameter primary of a coude-focus cassegrain telescope. A
retroreflector, located in a plane normal to the azimuth
axis and containing the elevation axis and system origin,
reflects a small fraction of the outgoing laser pulse into
the common start/stop channel of the range receiver to start
the time-interval measurement. The start signal into the
PMT is attenuated by reflection off an AR-coated area on
a rotating-mirror transmit/receive (T/R) switch and by
several neutral density filters rotating with the mirror.
Several nanoseconds earlier, the same components aid in
reducing the level of scatter when the output laser pulse is
transmitted through the same AR coating. By the time the
stop pulse returns many milliseconds later from the sat-
ellite, a highly reflecting surface is in place to maximize
the throughput to the PMT. ‘

Dual-channel field systems such as MOBLAS can also
be readily modified to permit common channel ranging.
In these systems, the laser beam is transmitted via a small
refractive telescope adjacent to the receiver telescope. A
fraction of the outgoing laser pulse can be deflected via
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Fig. 11. Implementation of “zero delay™ common-channel range receiver
in experimental satellite laser ranging system (ESLRS) at Goddard's 1.2-
m telescope facility,

mirrors into the receiving telescope aperture and atten-
uated, if necessary, to provide a start pulse to the range
receiver. In this manner, the receiver electronic delays
cancel (except for signal amplitude effects) and, since the
start and stop pulses follow a common optical path from
the receiver telescope aperture to the receiver PMT, most
of the optical delay also cancels. The residual optical delay
is sufficiently short that it can be measured very accurately
with a steel tape or rod. In a MOBLAS system, for ex-
ample, the residual delay would correspond to the rela-
tively short optical-path length followed by the diverted
transmitter start pulse as it propagated from the system
reference plane, through the diverting mirrors, to the re-
ceiver telescope aperture.

H. Error Sources External to the Ranging Machine

Before a developmental SLR station is deployed into the
field, it undergoes a “collocation test” in which two or
more stations, located within about 60 m of each other,
range simultaneously to a common satellite. When possi-
ble, one of the stations is a “‘standard™ with a good per-
formance record. The close proximity between stations
simplifies the data analysis and assures a common refrac-
tion path through the atmosphere. The purpose of the test
is to detect and identify the source of any system biases
through reduction and comparison of the satellite range
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data obtained by the two stations. Even after deployment,
intercomparisons between the satellite range data taken at
different stations can point out discrepancies at a partic-
ular station via the global model fit. Such intercompari-
sons will also be sensitive to errors which are external to
the ranging machine and to the atmospheric channel. For
the sake of completeness, we will discuss them briefly.

One example is a systematic error in epoch time often
referred to as a “time-tag’” error. This is the difference
between “‘station time”’ as determined by the station clock
and “universal time."" Depending on the sign of the dif-
ference, the satellite will be either farther along or lagging
behind in its orbit relative to its expected location based
on “station time.” This clearly has an impact not only on
the agreement between observed and calculated range
(about 4 mm/us of epoch-time error) but also on the sys-
tems ability to acquire and track the satellite. Thus a time
standard, such as LORAN-C, is required at each site to
maintain epoch time to within 1 s with respect to a mas-
ter clock such as the one at the U.S. Naval Observatory in
Washington, DC. At remote sites such as Easter Island,
timekeeping is performed with about 50-ns accuracy by a
rubidium clock referenced to a global positioning system
(GPS) receiver [20]. The rubidium clock is stable enough
to maintain time for short periods when the GPS satellites
are not accessible. The GPS system can also provide ini-
tial estimates of station position in unsurveyed areas by
interrogating 4 or more satellites in the GPS satellite con-
stellation.

Errors in station location can also be detected in the
data reduction process. This is the position of the system
reference or origin relative to some fiducial marker or sur-
vey monument in an earth-based geodetic reference sys-
tem.

Discrepancies between the observed and calculated
range to a satellite can also be caused by deficiencies in
the orbital model, inaccurate interrange-vector (IRV) (see
Section III) data input to the model, or numerical propa-
gation errors in long arc computations.

. The various error sources inherent in a satellite laser
ranging system are summarized in Table II.

III. AcQUISITION AND TRACKING

In order to acquire and track the satellite, an IRV con-
sisting of a position and velocity vector for the target sat-
ellite at a specific time r is provided to the tracking com-
puter. The tracking computer integrates the orbital
equations of motion using a fairly simple geopotential field
model and performs a series of coordinate transformations
to control the azimuth and elevation axes of the optical
mount to arcsecond accuracies. Absolute pointing at the
arcsecond level is not possible ‘unless one takes into con-
sideration the effects of mechanical fabrication and align-
ment tolerances and “*sag’ within the optical mount which
produce pointing errors varying with azimuth and eleva-
tion angle. These errors are taken out by means of a star-
calibration procedure. In this procedure, the telescope is
commanded to point to as many as fifty stars. The angular
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bias errors in both axes are measured and recorded for
each star position. The bias errors are fit, in a least squares
fashion, to a two-dimensional polynomial in azimuth-
elevation space. This, in turn, provides an interpolated
software correction for any pointing angle contained
within the solid angle defined by the star set. In pointing
to the satellite, a software correction is also made for the
effects of atmospheric refraction on the “apparent™ an-
gular position of the satellite, i.e., optical ray bending re-
sulting from the variation of atmospheric refractive index
with altitude. The model utilizes ground-based measure-
ments of surface pressure, temperature, and relative hu-
midity at the site. Furthermore, all field systems incor-
porate an operator-adjusted device for inserting a time
bias into the pointing commands to correct for along track
errors. Similarly, cross-track errors in pointing can be
eliminated with the appropriate angular biases.

IV. LAGEOS RANGING RESULTS WITH A PARTIALLY
UprGrRADED RECEIVER
In the summer of 1981, a passively mode-locked
Nd:YAG laser transmitter was installed in the MOBLAS
4 station at the Goddard Optical Research Facility, Green-
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. TABLE N
SATELLITE-PaAss SUMMARY

BEC PASSES
POINTS SINGLE SHOT AMS NORMAL PNT. _
DATE RETURNS REJECTED SYSCAL  PASS RMS (S50 AV) PRE/POST NOTES
=

10/8/81 450 16.8% 2.7CM 2.7CM SCM 0.0cM 2233PMT
10/9/81 287 10.1% 1.3 2 67 4 4 MCPPMT
LAGEQS PASSES

8/25/81 2420 35% 56 37 8 0.0 2233PMT
9/26/81 3717 3.0% 16 4.2 12 - B1* 2233PMT
9/28/81 3510 B.0% 5.5 25 1.0 -25.8* 2233PMT
10/9/81 86 17.0% 1.41 168 05 1.97 MCPPMT
10/14/81 2584 6.7% 1.18 1.77 27 0.0 MCPPMT
10/15/81 5286 4.7% 1.62 256 43 56 MCPPMT
10/17/81 1877 13% 1.15 157 24 39 MCPPMT
10/20/81 3083 2.6% 1.28 168 30 88 MCPPMT
10/20/81 2963 1.7% 2.3 2.2/2.0 4 0.0 MCPPMT
10/21/81 5 24% 2.24 4. 79 - B3 MCPPMT
11/3/81 504 4.3% 1.4 2.1 a7 58 MCPPMT

“DUAL HISTOGARAM FROM TARGET POLE REFLECTION ISEE TEXT)

belt, MD. Satellite tracking tests were initially performed
using the standard operational receiver which consisted of
the Amperex 2233B PMT, the ORTEC 934 ¢onstant frac-
tion discriminator, and the HP 5360 Time Interval Unit.
After taking 3 LAGEOS and 1 BEC pass with the standard
receiver, the 2233B PMT was replaced by a prototype of
the ITT 4129 microchannel-plate PMT. The latter had only
a 5 percent quantum efficiency compared to the 12-15 per-
cent of current commercial devices. Because of the shorter
pulsewidth out of the MCP/PMT, it was necessary to ad-
just the ORTEC 934 CFD for short-pulse operation by
means of an external cable delay. The ranging perfor-
mance of the standard and upgraded systems was evalu-
ated using the software package LASPREP which fits the
raw range data to a simple orbit (including geopotential
terms up to J3) using the best least squares eStimates of
range and time bias, applies a three sigma filter to the
data, and repeats the procedure until there is no further
improvement in the rms of the orbital fit. The software
also computes running normal points which are obtained
by averaging 50 returns and then dropping the first data
point in the subset and adding the subsequent data point
to compute the next normal point.

Table Il summarizes the results of the field experiments
[11]). Using the Amperex 2233B PMT with the mode-
locked laser resulted in single-shot rms precisions to LA-
GEOS between 2.5 and 4.2 c¢m, as determined by the
LASPREP processor, for three separate passes in Septem-
ber 1981. The Rms precision of the normal points was be-
tween 0.8 and 1.2 ¢cm. In these runs, anywhere from 3 to
8 percent of the raw data was edited out by the iterative
processor. Interestingly, the satellite data was better than
the ground pre- and postcalibration data. This apparent
inconsistency was later traced to a support pole behind the
calibration target which reflected spurious pulses into the

receiver and resulted in a double-peaked range calibration
histogram,

After painting the offending pole black and installing
the microchinnel-plate PMT, agreement between the pre-
and postcalibrations was typically subcentimeter with one
exception (1.97 cm) for the 9 LAGEOS passes. The single-
shot rms for the system calibration runs fell between 1.1
and 2.3 cm. The 'single-shot rms for the LAGEOS data
sets was only slightly higher than for the calibration data
sets, i.¢., typically between 1.5 and 2.5 cm for large data
sets. Only 1-6 percent of the raw range data was edited
by the processor in obtaining these results. Extensive lab-
oratory tests have suggested that 1.5 cm is about the limit
of precision achievable with the older HP 5360 TIU and
that the latter was the limiting error source in the field
receiver. Similar tests with the newer HP 5370A TIU typ-
ically yield a factor of 3 better precision, i.e., a single-
shot precision of about 0.5 cm. Nevertheless, the satellite
normal point rms was impressive, varying between 0.05
and 0.83 cm over the 9-pass LAGEOS data set. Fig. 12
displays a LAGEOS data set taken on October 20, 1981
with the microchannel PMT installed. Fig. 12(a) is a graph
of the raw data set totaling 3707 range measurements of
which 101 were rejected following ten iterations through
the LASPREP processor. The single-shot rms of the ed-
ited data was 1.68 cm. Fig. 12(b) is a plot of the corre-
sponding normal points which have an rms of only 0.3 cm.
This is only slightly higher than what would be expected
for a totally random error, i.e., 1.68 ecm/+/50 = 0.25 cm.
The peak-to-peak variation in the normal points was about
+ 0.8 cm.

Satellite range tests have begun with the fully upgraded
range receiver in Fig. 7. Preliminary results suggest a sin-
gle-shot rms of 0.9 cm off the LAGEOS satellite [21] but
the data is limited and has not yet been properly reduced
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Fig. 12. Sample LAGEOS data with partially upgraded MOBLAS receiver
{(prototype Quantel 402DP mode-locked laser, prototype ITT 4129 MCP/
PMT, ORTEC 934 CFD, HPS360 TIU).

and analyzed. Ground data over 1-km to a few-kilometer
horizontal paths using the same or similar receivers have
yielded unedited single-shot precisions between 5 and 10
mm. The long-term repeatability of the mean target range
is on the order of a few millimeters.

V, FUTURE SYSTEMS
A. Feasibility of Millimeter Accurdcy Systems

Even if the ranging machine and the on-site calibration
techniques were error free, efforts to convert time of flight
to an absolute range accuracy at the millimeter level would
be severely hampered by the uncertainties associated with
the atmospheric channel. As pointed out in [lﬁ] however,
dual-wavelength laser ranging systems, which utilize the
dispersion in the atmospheric refractive index, can be used
to directly measure the delay introduced by the atmo-
sphere. In a two-color ranging system, the shorter wave-
length (near ultraviolet) pulse is generated from the longer
wavelength (visible or near infrared) in a nonlinear crystal.
Thus they leave the ranging system simultaneously. As the
pulses propagate through the atmosphere, a differential
time delay is introduced by the atmospheric dispersion
which is proportional to the integrated air density over the
optical path. This differential delay will vary with atmo-

spheric conditions, elevation angle, etc. For readily avail-
able lasers, the dispersive effect is about 10 percent of the
delay at a single wavelength [iﬁ]. Thus to achieve 1-mm
absolute range accuracy in the atmospheric channel, a
timing accuracy of about 0.7 ps (700 fs) corresponding to
an absolute range accuracy in a vacuum of 100 gm would
be required. Since this represents a timing resolution about
three orders of magnitude better than the impulse re-
sponse of a microchannel-plate photomultiplier, the con-
ventional PMT approach seems doomed to failure.

The only optical receivers which have subpicosecond
time resolution are streak tubes. Linear streak tubes, with
resolutions of 1 or 2 ps are commercially available and
laboratory units having 0.25-ps timing resolution have
been reported [22]. In a linear streak tube, the incoming
pulse strikes a photocathode. The resulting photoelectrons
are accelerated by a mesh electrode and deflected in one
axis by a pair of plates which are subjected to a very fast
voltage ramp. This results in a time-to-space mapping of
the photoelectron distribution. The duration of the ramp
or sweep defines the time window seen by the tube. The
clectrons are multiplied by a set of internal microchannel
plates and accelerated onto a phosphor screen at the rear
of the streak tube. The spatial distribution of the resulting
image mirrors the temporal profile of the illuminating
pulse. The operational characteristics of streak tubes and
the results of some two-color differential delay measure-
ments with a commercial 2-ps-resolution streak tube are
distussed in a companion article by Abshire and Gardner
[16]. ,

The mode-locked NU:YAG laser transmitters used in
modern SLR systems are €asily capable of generating 30-
ps pulsewidths with sufficient output energy for satellite
ranging but, because of the relatively slow 450-ps impulse
response of the fastest high-gain photomultipliers, they are
usually operated with much longer pulsewidths to reduce
the risk of optical damage. The laser dyes and the solid-
state vibronic-laser materials, such as Alexandrite, have
sufficiently wide-gain bandwidths that subpicosecond
pulsewidths are possible. In fact, laser pulses as narrow
as 10 fs (1 x 107" s5) have already been demonstrated in
the laboratory using colliding pulse techniques in laser
dyes—although certainly not with the peak powers nec-
essary to range to satellites, Since one can usually time
to a small fraction of the laser pulsewidth ( < 10 percent),
pulsewidths on the order of a few picoseconds should per-
mit the subpicosecond timing required by millimeter-ac-
curacy two-color ranging. Generation of the required ener-
gies (tens of millijoules) at these pulsewidths appears to
be within the state of the art. _

Thus the basic components required for millimeter-
accuracy ranging exist. The problem then becomes one of
integration. The approach being investigated at Goddard
is the Optical Time Interval Unat,

B. Oprical Time Interval Unir
The concépt of the Optical Time Interval Unit (OTIU)
is very similar to that of the electronic TIU described in

Section II-D except that it uses optical rather than elec-
tronic pulses. It consists of a highly accurate optical clock,
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a pulse counter or scaler for obtaining the coarse time in-
terval measurement T,, and streak tube interpolators for
measuring T, and T, with the required subpicosecond res-
olution. There are a number of possible geometries [23]
but we will discuss the OTIU within the framework of a
two-color ranging system which makes maximum utiliza-
tion of existing ranging hardware and which allows for the
operational needs of existing commercial streak cameras.

A range-receiver configuration which permits the two-
color differential time delay to be measured with a single
linear streak camera is described in Fig. 13. The corre-
sponding timing diagram for the receiver is presented in
Fig. 14. The two mode-locked pulses at wavelengths A,
and A, leave the ranging instrument simultaneously, travel
to the target through the atmosphere, and return separated
in time by an amount 7; — 7,. The signal strengths at the
longer visible or near infrared wavelength A, are usually
greater so this is used to trigger the conventional single-
color common-channel range receiver at the top of Fig. 13.
The incoming start pulse is detected by a high-speed mi-
crochannel-plate photomultiplier (MCP/PMT), amplified,
and input to a constant fraction discriminator (CFD). A
gating voltage supplied by the system computer permits
passage of the start pulse from the CFD to a conventional
electronic TIU (e.g., the HP 5370A) which starts the
“coarse’ ume interval measurement. Based on an a priori
estimate of the expected range to the target, the computer
supplies a second gating voltage to the CFD to permit pas-
sage of the “stop™ logic pulse to the TIU. The output logic
pulse of the CFD is also used to trigger the streak camera.
Gating the CFD reduces the probability that background

noise will trigger the receiver. The absolute timing accu-
racy of the HP5370A is on the order of 100 ps. The elec-
tronic TIU in Fig. 13 serves as the coarse scaler, or
counter, for the OTIU and provides the integer (N — 1)
in Fig. 14 for the measured time interval. It is only ne-
cessary that the TIU be_able to resolve the time of flight
with a resolution better than the period of the optical clock
to be described next.

An external master oscillator, accurate to a part in 10"
for LAGEOS distances, provides the clock pulses for the
electronic TIU measurement. The master oscillator source
is also multiplied electronically, amplified, and input to
the “optical clock™ which in turn generates a train of pi-
cosecond optical pulses which are then focused onto the
slit of the streak camera. The master-clock output could
be input to the terminal of a light-emitting diode (LED),
a laser diode (LD) held just below threshold, or to the
terminals of an acoustooptic or electrooptic modulator in
an actively mode-locked laser transmitter. A picosecond-
pulse laser diode is contemplated as the optical clock for
the initial experiments at Goddard. The period of the op-
tical clock must be shorter than the time window of the
streak camera so that at least two clock images are cap-
tured during the sweep. The frequency of the optical train
can be increased, if necessary, through the use of Fabry-
Perot etalons. These can also be used to calibrate the lin-
earity of the streak voltage ramp. To prevent saturation of
the streak camera by the optical clock, the streak-camera
gate pulse from the CFD can be used to trigger a Pockels
cell gate to permit only a few optical clock pulses to enter
the streak camera for a given range measurement.

The longer wavelength pulse A, which is the first to re-
turn from the satellite, passes through a fixed optical delay
line common to both wavelengths and then is reflected by
a dichroic beamsplitter into a variable optical delay line.
The fixed optical delay line compensates for a delay of
about 30 ns between the trigger pulse and the actual volt-
age sweep in commercial streak cameras. It is possible,
however, to trigger the streak camera by illuminating a
silicon photoconductor with a fraction of the first optical
clock pulse switched out of the train by the aforemen-
tioned Pockels cell. The silicon’s electrical output pulse

‘can be adjusted to give a voltage ramp with a delay of only

1-2 ps and a jitter under 1 ps [24]. The inconvenience
caused by a trigger delay is avoided with two-axis circular-
scan or single-axis *‘synchroscan” streak cameras which
continuously view the incoming radiation. To date, cir-
cular-scan tubes have demonstrated only 6-ps resolution
[25] and synchroscan tubes introduce additional ambigu-
ities in the measurement.

The purpose of the variable optical delay line is to re-
duce the temporal separation of the two return pulses so
that they both lie within the streak camera time window
as in Fig. 14. The time delay Arg, of the variable delay
line can be preset under automated control based on ap-
proximate a priori knowledge of target range and elevation
angle. A satellite laser ranging system operating over el-
evation a:tlglcs from 20°-90°, for example, would require
variable delay paths from about 25-100 cm in length. One
implementation of the delay line is a roof prism whose

page-15.jpg



IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. GE-23, NO. &, JULY 108S

START PULSE STOP PLLSE
i _I:la-l‘ H
CLDCk & i
i | IO sl | )|
Lagen | i BT
a ] : [ LASER Ay I : =| !
e ™I
P {14
i | j - F 1
| ' . {4
CLOCK i J\ CLOCK & I
1 iy I
1 ] I
i | [ 1
LASER | | 1w
|||! : Jﬂ‘ ia - .
1 1 | 11 “ 2]
_|.|!|.11i-— &1z |-—-_
ﬁl:.

Ty & M= T = ALy & &
Ty £ M- A = &by & Aig = Ky
Ta= Ty = Algg + by = A1y

Fig. 15. Two-color streak-camera images showing spatially separated
pulses.

position is controlled by means of a stepper motor-driven
lead screw. The delay can be precisely set with few mi-

crometers (femtoseconds) accuracy by counting the num-

ber of steps, computing the number of screw resolutions,
and multiplying by the screw pitch. The variable delay can
be adjusted on a shot to shot basis to keep the twa returns
within the streak camera window for all satellite ranges.
An alternative to using predicted values for the atmo-
spheric delay would be to utilize lower-resolution mea-
surements from a multistop TIU or second electronic TTU
to set the variable optical delay.

Since the start pulse at wavelength X; also travels
through the variable delay line, it is not recorded by the
streak tube but, since it enters the receiver simultaneously
with the pulse at wavelength )., no information is lost. To
avoid wavelength ambiguities, the two laser-pulse images
are separated spatially in the optical delay line so that they
illuminate separate points in the streak-camera slit. The
optical clock pulses are superimposed (spatially) on the A,
image and are identifiable by their fixed temporal sepa-
ration. This is readily done because commercial streak
tubes permit separate readouts over two spatial regions of
the slit. Furthermore, streak tubes are capable of process-
ing the data from three or more spatial regions in the slit
so that streak images of the two wavelengths can be totally
isolated from the optical clock pulses and each other. Ex-
amples of the expected streak-camera images are illus-
trated in Fig. 15.

V1. CoNcLUDING REMARKS

The present article has attempted to provide a tutorial
review of the hardware currently in use or contemplated
for use in operational satellite laser ranging systems. It
appears highly likely that single-shot rms precisions of
about 1 cm will soon be routinely achieved with single-
color systems to well-designed ranging satellites such as
LAGEOS, Starlette, and LAGEOS II, scheduled for launch
by the Italians on a future shuttle mission. The key com-
ponents required for millimeter-accuracy systems exist to-
day, but much additional work is required to integrate them
mto an absolute-range-measurement machine and to eval-

uate their ability to correct for atmospheric biases which
now appear to be a dominant error mechanism. It is hoped
that a prototype two-color streak-camera-based range re-
ceiver will be available prior to the testing of LAGEOS I1
at Goddard in 1986 so that effects of the target geometry

‘on such systems can be determined. Perhaps spherical tar-

get satellites having fewer but larger cube-corner reflec-
tors would be better suited to achieving millimeter abso-
lute accuracies. Such designs would further restrict the
number of cubes contributing to the return while retaining
a high radar cross section,

Potential future developments that have not been re-
viewed in the present article include the use of laser rang-
ing instruments from airborne [26], [27] or spaceborne
platforms [28]. These are potentially cost effective ap-
proaches to gathering large amounts of geophysical data
through the replacement of expensive ground systems with
relatively inexpensive passive retroreflectors.
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