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The Near Earth Asteroid Rendezvous (NEAR) mission began
a year-long rendezvous with 433 Eros on 14 February 2000. The
NEAR Laser Rangefinder (NLR) will measure ranges from the
spacecraft to the surface of Eros with a single shot accuracy of a few
meters. The NLR topographic data, when combined with doppler
tracking of the spacecraft, will enable determinations of the aster-
oid’s shape, mass, and density and will contribute to understanding
of its internal structure and collisional evolution. NLR is the first
space-borne laser altimeter with an in-flight calibration capability,
achieved by means of an optical fiber which directs a small portion
of every outgoing laser pulse back to the receiver with a known,
fixed time delay. Key results of groundbased and in-flight calibra-
tions of NLR are presented for: in-flight measurement of receiver
noise statistics, confirmation of instrument stability over the 4-year
cruise to Eros, absolute calibration of range measurements for ideal
targets (flat, uniform surfaces normal to the boresight), and a pre-
diction of single-pulse detection probability and range errors in the
presence of pulse dilation from nonideal target surfaces, based on a
Webb’s approximation model of receiver performance. We find that
pulse dilation is the major source of uncertainty in the single-shot
range measurements from NLR, and that this uncertainty is con-
sistent with the 6-m range measurement requirement for NEAR.
c© 2000 Academic Press
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The Near Earth Asteroid Rendezvous mission (NEAR) w
launched on February 17, 1996, inaugurating the NASA D
covery Program of low-cost planetary missions. NEAR bega
year-long, orbital study of the near-Earth asteroid 433 Eros on
February 2000. NEAR is a three-axis-stabilized spacecraft
carries a five-instrument scientific payload, composed of a m
tispectral imager (MSI), a near-infrared spectrometer (NIS),
X-ray/gamma-ray spectrometer (XRS/GRS), a laser rangefin
(NLR), and a magnetometer (MAG). The scientific backgrou
and expected results of planned investigations on NEAR, inc
ing a radio science investigation using the spacecraft cohe
X-band telemetry system, are summarized in a special issu
theJournal of Geophysical Research(Acunaet al.1997, Cheng
et al.1997, Trombkaet al.1997, Veverkaet al.1997a, Yeomans
et al. 1997a, Zuberet al. 1997). The spacecraft has been r
named NEAR Shoemaker in honor of Eugene M. Shoema
(1928-1997).

On June 27, 1997, NEAR performed a flyby of the C-ty
main belt asteroid 253 Mathilde. At least five craters were fou
at diameters of 19 to 33 km, comparable to the 26.5-km mean
dius of Mathilde (Veverkaet al.1997b). The NEAR flyby yielded
the first direct mass determination for an asteroid (Yeom
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et al. 1997b). With the measured mass of 1.033× 1017 kg and
an estimated volume of 78,000 km3, the density of Mathilde
was inferred to be 1300± 200 kg m−3. Comparison of this den
sity with that of carbonaceous chondrites suggests a porosi
∼50% for Mathilde. Subsequently, NEAR flew by Earth aga
on January 23, 1998, and all instruments were operated suc
fully (Izenberg and Anderson 1998).

On December 20, 1998, NEAR was scheduled to begin
rendezvous with 433 Eros, but the first rendezvous burn
aborted, and contact with the spacecraft was lost for 27 h. A
recovery of communications, NEAR executed a flyby of Er
on December 23, 1998. The rendezvous burn was executed
cessfully on January 3, 1999. Results of the Eros flyby inclu
determinations of the Eros mass (7.2± 1.8)× 1015 kg and den-
sity (2500± 800) kg m−3 (Yeomanset al.1999, Veverkaet al.
1999). The size and rotation pole of Eros were found to be con
tent with previous groundbased determinations (e.g., Yeom
1995).

During the rendezvous year at Eros, the NEAR Laser Ran
finder (NLR) will measure ranges to the surface with a sing
shot accuracy<6 m at 50 km range (Zuberet al.1997, Coleet al.
1997). NLR will produce high-resolution and high-accuracy
pographic grids and profiles to determine the global shape, m
and density as well as to characterize local and regional s
topography. These data will contribute substantially to und
standing the internal structure, evolution, and collisional hist
of Eros. NLR will use the body-fixed, planetocentric longitud
latitude reference system derived primarily from images to p
duce the global topographic grid. Zuberet al. (1997) estimate
that the mass of Eros will be determined to within 0.0001
while the density will be determined to within 0.1%. Princip
NLR data products will include a global topographic grid
∼500 m resolution and∼10 m radial accuracy, plus regiona
scale topographic models with∼5 m accuracy. In addition, join
observations of selected surface features are planned with
NIS so that images and spectral data can be overlaid on t
graphic data.

The present work presents a complete description of N
instrument operation and in-flight calibrations, including n
information needed to analyze and interpret NLR range d
NLR differs from previous laser altimeters in that in-flight ca
bration is possible even without any target surface: an opt
fiber is used to carry a portion of every emitted laser pu
back to the receiver with a known time delay. Also includ
here is a new model of the range uncertainties or “range w
caused by pulse dilation, the temporal stretching of backs
tered pulses due to surface tilt and roughness. This pulse
lation model is fitted to in-flight calibration data and yield
predictions of NLR ranging performance at Eros. A full descr
tion of NLR instrument hardware, ground test, and prelau
calibrations was given by Coleet al. (1997). Some calibra-
tion results presented below supercede those given earlie

instrument software change will occur in June 2000 and w
affect Eros data formats; unless noted otherwise, all inform
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tion in this paper applies both before and after the softw
change.

NLR INSTRUMENT

NLR is a direct-detection, time-of-flight laser altimeter th
determines the range from the NEAR spacecraft to the su
of Eros by measuring the round-trip travel time of laser pu
with 0.312 m range resolution (single count). It employs
rect, incoherent detection using an all solid-state, diode-pum
laser transmitter, a Cassegrain receiver telescope, and a re
electronics package that incorporates an IR-enhanced, s
Avalanche Photo Diode (APD) with thresholding and tim
electronics. Figure 1 shows the NLR flight hardware.

NLR is the first laser altimeter to employ continuous, in-flig
calibration using a fiber-optic delay assembly (FODA), wh
is a spooled 109.5-m fused silica fiber-optic cable. Part of e
optical pulse formed within the laser resonator is injected
the FODA, which injects a delayed optical signal directly in
the receiver. This allows end-to-end calibration for each em
pulse even when no target surface is available.

NLR is a bistatic system, with the transmitter separate f
the receiver. The laser transmitter uses a diode-pumped, s
state Cr:Nd:YAG with an active lithium niobate Q-switch
control the formation of the laser pulse. Similar lasers w
used in the Clementine (Zuberet al. 1994) and Mars Globa
Surveyor (Zuberet al.1992, Smithet al.1999) laser altimeters
The transmission of the laser optical pulse is accomplished u
a 62-mm Galilean refractive telescope, whose large ape
reduces beam divergence to 235µr. The laser pulse repetitio
rate (PRF) can be selected from among1

8, 1, 2, and 8 Hz.
The receiver uses an 8.89-cm-diameter, gold-coated al

num Dall-Kirkham telescope to focus backscattered laser en
onto the APD detector. The APD is a temperature-compens
trans-impedance detector. Detected signals from the APD
amplified, passed through a 30-MHz Bessel filter, and se
the time-of-flight (TOF) measurement system. The TOF s
tem measures times from laser firing, as indicated by the
transmitter start pulse, to the first receiver stop pulse (from
FODA calibration signal) and to the second stop pulse
duced from the backscattered laser light returning from the
get. The Bessel filter integrates the analog pulses to maxi
the probability of detection for returned pulses that have b
stretched in time (“dilated”) by scattering from the rough, tilt
target surface. The filter also attenuates high-frequency
tronic noise. A comparator in the TOF system tests whethe
filtered analog signal exceeds a commandable threshold vo
when this occurs, a digital stop pulse is generated. The th
old level used by the comparator is set by ground comman
autonomously through an auto-acquisition sequence. Afte
two TOF counters are stopped, a digital processing unit (D
reads the range measurements and formats them into sc

ill
a-
data packets together with instrument status and housekeeping
information.
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FIG. 1. NLR

OPERATION OF NLR

Measured laser pulse characteristics are summarize
Table I (data from Coleet al.1997). The temporal, spatial (nea
and far-field), and pulse energy characteristics were meas
during NLR flight system development. Pulse energy meas
ments of the transmitter beam and FODA port output w
measured using NIST-traceable equipment accurate to±5%.
Measured near-field spatial beam distributions included be
diameter (1/e2), modal structure, and energy distribution ch
acteristics. Far-field measurements included beam diverge
jitter, and wander.

The receiver sees two optical pulses per transmitted pu
The first arrives∼558 ns after laser firing and is the calibratio
pulse routed through the FODA. Detection of this pulse st
the calibration counter, yielding the calibration value (“Calib
tion” in Table AI; see Appendix). The next detected return
the surface backscattered pulse, stopping the range counte
yielding the range value (“Range” in Table AI).

NLR’s receiver is a leading-edge detector, meaning that a
pulse is generated as soon as the optically produced signa
filtered, analog voltage from the calibration pulse or the tar

return) exceeds a threshold (“Threshold Voltage” in Table A
The time when this signal crosses the threshold determines
ight hardware.
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measured TOF, which therefore depends on the threshold v
creating threshold-driven “range walk.” This threshold can
commanded to any of eight values (Table I), although no c
bration signal is detected at the highest value.

Figure 2 shows the sequence of events that occur with
laser shot. After the fire command, the laser pulse is gener
after a time delay that varies from 170 to 190µs. The firing
time delay varies slowly on 10-min time scales. The emit
optical pulse generates the start pulse for the two TOF coun
The calibration pulse is received about 0.558µs after firing,
and the laser return from the target is received much later,
time determined by the range (the range counter overflows
2.18 ms). The NLR receiver is “blanked,” or prevented fro
I).
the FIG. 2. Timing of instrument operation.
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TABLE I
NLR Characteristics

Parameter Measurement

Max. range (altitude) 327 km
Range accuracy <6 m
Range precision 0.312 m
Pulse energy 15.3 mJ at 1.064µm
Energy jitter <1% rms knowledge
Pulse width 15 ns
Pulse width jitter 0.82 ns rms knowledge
Wavelength spread ±1 nm
Pulse frequency 1/8, 1, 2, 8 Hz
T-0 mask 0 to 511.5µs,1 = 500 ns
Range gate 81 ns to 42.7µs,1 = 41.7 ns
TEM00 (% Gaussian fit) 91% (TEM00 mode-like)
Divergence (1/e2-points) 235µrad
Calibration power jitter ±5%
Calibration timing jitter <1.05 ns
Thermal control <±2◦C
Shots (lifetime) ∼109

Effective RX aperture,f/# 7.62 cm,f/3.4
Spectral receiver <7 nm
Bandwidth
Temporal receiver 30 MHz
Bandwidth
APD dark noise voltage 150µV rms
APD hybrid responsivity 770 kV/W
Optical receiver FOV 2900µrad
Threshold levels 16 mV× 2n, for n = 0, 1, . . . ,7
Data rates 51 and 6.4 bps
Boresight shift, TX-to-RX 345µrad

detecting a pulse, for a time intervalT0 after the fire command
This T-0 mask (see Table I) is set by ground command wit
default value of 180.498µs. In-flight tests have shown that th
default value, as well as values half as large, are sufficien
prevent electronic noise from interfering with the receiver.

The value ofT0 is adjusted by two parameters returned in
NLR data; the first is called “T-0 COUNT” and is represente
here by the symbolδ, while the second is called “Range gate” a
is represented by the symbolrg. This range gate parameter do
not define a range gate in the usual sense of a brief time inte
during which the receiver is active, encompassing the time o
expected range return. Rather, the NLR receiver becomes a
once the timeT0 has elapsed, and it remains active until two s
pulses are generated, one from the calibration return and
from the target. The relation betweenT0 and the commandabl
parametersδ andrg is

T0 = 0.081+ rg× 0.0417+ δ × 0.5, (1)

whereT0 is in units of microseconds and whereδ andrg are both
integers in the range [0, 1023].

The NLR timing shown in Fig. 2 applies to normal operati
at any of the four PRF values. NLR also includes two spe

failure modes of operation, which can be used in the event
failures involving either the start pulse or the calibration puls
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In the former case, the FAILSAFE mode starts the TOF coun
at the final value of theT-0 COUNT countdown. In the latte
case, the ONESTOP mode causes NLR to use the first rec
stop pulse as the range pulse from the target. As of June, 2
the start and calibration pulses are functioning nominally,
there is no plan to use either FAILSAFE or ONESTOP.

NLR has two additional special operating modes designe
enable autonomous operation without excessive ground c
manding. The first is called “AUTO ACQUIRE,” in which NLR
uses the calibration pulse to find a threshold voltage above
noise level in the receiver. NLR fires 16-shot bursts at each o
eight possible values for the voltage threshold that are liste
Table I, which are labeled TH= 0 (forn = 0 in Table I) through
TH = 7 (for n = 7). The results of all prelaunch and in-flig
tests through May 2000 have shown that AUTO ACQUIRE s
the threshold at TH= 3. The second special operating mo
is called “CALIBRATE,” in which NLR autonomously sets th
value ofδ. During CALIBRATE, NLR incrementsδ until it finds
as large a value as possible that still assures detection of a
calibration pulse. Figure 2 shows that ifδ becomes too large, th
time T0 that the receiver is blanked will include the arrival tim
of the calibration pulse, which cannot then be detected. A
May 2000 there is no plan to use CALIBRATE during aster
operations because the default values ofδ andrg are completely
satisfactory.

The timing of NLR events relative to other NEAR spacecr
events is shown in Fig. 3. All spacecraft events are coordin
by synchronization pulses sent over the Mil-Std-1553 data b
each 1-s interval of mission elapsed time (MET) under contro
the command and telemetry processor (CTP). These 1-s inte
are referred to as “major frames.” Every major frame is divid
into eight minor frames (Fig. 3) numbered 0 through 7, e
lasting 125 ms. The NLR DPU controls instrument timing, wh
is locked to the receipt of the MET synchronization pulses o
per second from the CTP. NLR fires the laser in specific mi
frames, depending on the PRF mode as shown in Table II. I
cases, laser firing occurs within∼3 ms of the start of the mino
frame(s) shown in Table II.

Table II indicates that the laser firing times depend on
instrument software version number. Software Version 6
used exclusively from launch through June 2000, when it
be replaced by Version 7. The laser firing times in 2-Hz mo
will be changed in Version 7 to minor frames 2 and 6, inste
of
e. FIG. 3. Timing of NLR minor frames and MSI image exposures.
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TABLE II
NLR Firing Times

PRF mode (Hz) Minor frame (s)

1
8 4

1 4
2 0, 4, Version 6

2, 6, Version 7
8 All

of 0 and 4, to correct a spacecraft interface problem that g
a false overcurrent indication, causing NLR to be powered
With the Version 6 software, NLR is shut off by the spacecr
within 3 s of operation at 2 Hz, unless the overcurrent protec
is disabled. The 2-Hz mode will not be used to acquire dat
Eros until this problem is corrected with the Version 7 softwa
The 2-Hz mode is needed to obtain contiguous samples w
nadir pointed in 35-km orbit.

NLR can sustain continuous firing at1
8, 1, or 2 Hz PRF for

indefinite periods. However, because of thermal limitation N
cannot fire indefinitely at 8 Hz. In the 8-Hz mode, NLR fires
shots in 2 s, after which NLR is quiescent for 14 s. Hence
this mode NLR fires an average of one pulse per second.

An important NLR science objective is to correlate the la
altimetry data with imaging data from the NEAR Multispectr
Imager (MSI), as discussed by Zuberet al. (1997). To accom-
plish this objective, it is necessary to determine the bores
offset between the NLR and the MSI. Both instruments h

been designed to enable a direct measurement of the boresightthe Eros center of mass, or while pointed at a fixed angular offset

of
offset, by using MSI to image the laser spot over the dark side offrom nadir. Figure 4 shows the ground coverage for 1 week
FIG. 4. Global coverage of Eros from one week of nadir-pointed ob
longitude–latitude grid.
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Eros. To obtain sufficient signal in the image, NLR is operate
8 Hz to produce eight shots during the maximum imager ex
sure time of 999 ms. The relative timing of NLR operation a
MSI image exposures is shown in Fig. 3. The MET synch
nization pulses at NLR and at MSI are time-aligned within
few milliseconds. During the maximum MSI exposure, the fi
NLR shot occurs∼80 ms after the start of the exposure, and
last occurs∼44 ms before the end, provided that shots are fi
in every minor frame. When operated in Version 7, NLR w
always begin a 16-shot, 8-Hz burst in minor frame 0, so two
major frames will have shots in every minor frame. In Version
an 8-Hz burst can begin randomly in any minor frame.

NLR DATA COLLECTION

During Eros rendezvous, NLR will fire laser pulses whene
the instruments are pointed at Eros for data acquisition (all th
struments can observe Eros simultaneously). NEAR Shoem
acquires data for approximately 16 h per day and downlinks
for approximately 8 h per day. During downlink periods, NLR
will not be pointed at the asteroid but will remain powered o
If NLR is operated in the 1 Hz mode, it will obtain a total o
∼2× 107 range measurements during the year-long prime m
sion and generate up to∼1.7 G bit of data. NLR commence
data acquisition at Eros when the spacecraft descended to w
300 km range from the surface of Eros on 28 February 200

During the first 2 weeks of May 2000, NLR controlled th
spacecraft attitude while in an approximately circular, 50-
polar orbit (measured from the center of mass). Most of the N
data will be acquired while nadir pointing, with NLR pointed
servations in the 50 km circular, polar orbit. Sub-spacecraft tracks are shown on a
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nadir-pointed observations in the 50-km polar orbit. The fo
prints of successive laser shots at 1 Hz PRF will be significa
overlapping while NLR is nadir-pointed during most of this o
bit, except when NEAR is directly over an elongated end
Eros (Zuberet al.1997, Coleet al.1997). The footprint diame-
ter is 7 m at an altitude of 30 km and at normal incidence. T
sub-spacecraft point on Eros moves at 3–5 m/s. Even 1 w
of nadir-pointed observations will yield a data set well suit
for determining global shape, size, and rotation state (Zu
et al.1997). Although each NLR track is densely sampled in
50-km orbit, Fig. 4 shows that the successive tracks are sp
more than 1 km apart at the equator of Eros. Cross-track s
ning of NLR, using spacecraft maneuvers, will be used to ob
a more uniform areal coverage of Eros.

Since the laser footprints are overlapping or nearly so at 1
PRF while nadir-pointed in the 50-km orbit, NLR operatio
through June 2000 will use the 1-Hz mode. Once the space
descends to 35 km orbit, the 1-Hz PRF will no longer suffi
for contiguous samples, and NLR will be operated at 2 Hz us
Version 7 software.

NLR DATA FORMATS

NEAR uses Consultative Committee for Space Data Syste
compliant data packet formats, of which two formats, norm
and high rate, are used for NLR science data. With softw
Version 7, all data will be returned in the normal format. W
Version 6, the normal format is used for1

8-, 1-, and 8-Hz PRF
data, whereas the high-rate format is used only for 2-Hz d
Cruise phase calibration data in the 2-Hz mode were returne
the Version 6 high-rate format, but no Eros data. All Eros d
are in the normal format.

Both data formats have a packet length of 2864 bits
are constructed as follows: primary header (48 bit), second
header (48 bit), user data, and instrument status (2768 bit).
normal NLR data format has user data for 56 shots and 80-b
strument status. The high-rate format has user data for 112 s
and 80-bit instrument status. The status bits are the sam
the two data formats. Several data values present in the no
format for each shot are not included in the high-rate packet
mat, because each high rate packet includes 112 shots, wh
only 56 shots are included in a normal format packet of the sa
length.

The spacecraft packet telemetry stream consists not on
NLR packets but also those from other instruments and sp
craft housekeeping. The NEAR Science Data Center (S
processes the packet data to generate NLR Experiment
Records (EDRs) containing the information needed for N
data analysis (Chenget al.1997, Heereset al.1997). The NLR
EDRs take the form of Flexible Image Transport Standard (FI
files, in which each packet makes up one record. The NLR F
files are organized such that all the normal format packets f

any UTC day are compiled into one file, while all the high
rate packets from the same day are compiled into another
ANGEFINDER 577
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The FITS file naming convention is as follows: for the no
mal format FITS file, LyydddNT.FIT is used where L mea
laser, and yyddd represents digits giving date of observatio
two-digit-year and day-of-year format; correspondingly, for t
high-rate format FITS file LyydddHT.FIT is used. An examp
is L96116HT.FIT for data obtained at 2 Hz on April 25, 1996

While the NLR packets contain basic information on the
strument status, additional information on the state of the ins
ment is returned in the spacecraft housekeeping packets.
SDC merges this additional information with that from the NL
packets to produce the NLR FITS files. A full listing of the da
values in the NLR FITS files with complete definitions is giv
in the Appendix.

LABORATORY CALIBRATION OF RANGE MEASUREMENT

The absolute calibration of NLR range measurements, or
relation between measured TOF and range, was measur
laboratory tests prior to launch (Coleet al.1997). Two separate
measurements were obtained: first, a determination of the
system delay in commanded threshold TH= 2, and second, a
determination of how this delay varies with TH (threshold-bas
range walk). The total system delay is the time between
arrival of a laser pulse and the electronic registration of cou
and it was determined by comparing the time delay of an opt
pulse through the FODA in two cases: FODA separate fr
the NLR (529.2 ns delay), and FODA integrated with the NL
receiver at commanded threshold TH= 2 (558.33 ns delay). The
total system delayTsd was measured as the increase in the ti
delay when connected to NLR, or 29.13 ns.

This measurement was confirmed, and the threshold-b
range walk was measured, during the absolute calibration
performed on August 8–9, 1995 (“hall shot test,” Zuberet al.
1997). The completed instrument was used just prior to in
gration with the spacecraft, ranging to a sand-blasted alumi
target at a range of 182.88 m measured with an NIST-trace
surveyor’s rule. NLR was fired in TH= 4 at 1 Hz PRF with the
window cover closed and with neutral density filters to achie
a total of 71 db optical attenuation. The measured range was
counts. From the NLR oscillator speed of 480 MHz± 0.0005%
(correcting the drift specification given by Coleet al. 1997),
each count equals 2.0833 ns in time-of-flight. Hence the un
rected one-way range was measured as 187.68 m, exceedin
true range by 4.80 m. The excess range converts to an exce
32.0 ns in the measured time-of-flight caused by the combina
of total system delay and the threshold-based delay (at a hi
detector threshold, the count is registered at a later time, w
the received signal exceeds the threshold; this “range walk”
lay depends on the pulse shape). Based on data from Fig.
Cole et al. (1997), the threshold-based range walk delay fr
TH = 2 to TH= 4 is 2 counts, or 4.16 ns. The sum of total sy
tem delay (measured above as 29.13 ns) and range walk de

-

file.
32.3 ns, which agrees well with the direct measurement of 32 ns
excess time-of-flight. We conclude that the total system delay is
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29 ns, with a (conservative) uncertainty corresponding to ha
count, which is 1 ns or 15.6 cm in range.

We note that the prelaunch data in Fig. 18 of Coleet al.
(1997) and in Fig. 7 of Zuberet al. (1997) showing calibration
counts versus TH are superceded by the in-flight calibra
data presented in this paper. This is because the FODA
for the August 1995 hall shot test was damaged during l
ground handling and was replaced by the flight spare unit prio
launch. Hence the cited prelaunch data do not apply to the fl
instrument, whose calibration counts versus TH characteris
are slightly different, as shown below. However, the measu
total system delay of 29± 1 ns, as measured in August 199
does apply to the NLR as flown, because the total system del
caused by propagation in the instrument optics and by electr
delays, both of which are not affected by replacement of
FODA.

IN-FLIGHT CALIBRATION RESULTS

A summary of all in-flight tests of NLR through the end
November 1999 is given in Table III. These include function
tests in addition to those intended for calibration. The Ea
swingby test involved attempts to use NLR to illuminate a
ceiver at the NASA Goddard Space Flight Center and to de
laser pulses transmitted from the same site. Owing to cloudy
conditions throughout the scheduled test, results were incon
sive (Izenberg and Anderson 1998). The SEQGEN test invo
commanding NLR via SEQGEN, a scheduling tool develop
by the Jet Propulsion Laboratory that is used for Eros operati

An extensive series of in-flight calibration tests was perform
to measure the calibration counts versus TH characteristi
the flight FODA and to monitor this characteristic for chang
over the 4-year cruise to Eros. Figure 5 plots the calibra
counts versus commanded threshold TH for all in-flight te
through August 1999. The calibration count values have b
stable within∼0.5 count since launch, and the 1999 test res
(displaced downward by 2 counts in Fig. 5) are even more tig
clustered. An increase in the slope of the curve from TH= 5 to

TH = 6 is evident for each of the observation dates. The same
incre

48
02

540
967
03
858
492

(2)
ase in slope above TH= 5 can be seen in Fig. 7a of Zuber

TABLE III
NLR In-Flight Calibration Tests through November 1999

Observation Date DOY Start UTC End UTC Duration (s) MET start MET end

Calibration and test 4/25/96 116 7:07:47 22:44:16 56189 5826259 58824
Calibration and test 5/22/96 143 21:07:45 21:46:49 2344 8209458 82118
Calibration and test 9/24/97 267 20:40:58 21:25:38 2680 50543860 50546
Calibration and test 12/19/97 353 15:15:38 19:29:24 15226 57954741 57969
Earth swingby 1/19/98 19 0:54:55 6:43:19 20904 60581499 606024
Calibration and test 4/19/99 109 15:07:44 20:10:41 18177 99944681 99962
SEQGEN test 8/13/99 225 12:00:04 14:41:12 9668 109955824 109965

R= 0.3122838× counts− corr(TH)− 4.37,
MSI-NLR align 9/14/99 257 20:40:04
ET AL.
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FIG. 5. Calibration counts versus threshold setting measured in-flight. D
from 1999 tests have been offset downward by 2 counts for clarity.

et al. (1997) obtained from the hall shot test FODA that w
not flown. The slopes of the calibration count vs TH curves
diagnostic of the laser pulse shape relative to the threshold
age levels (that is, the slope measures the time in counts fo
signal to rise 3 db, the interval from one threshold to the ne
The increase in slope above TH= 5 indicates that the compara
tor voltage level in TH= 6 is already approaching the max
mum signal level in the received calibration pulse. This s
gests that the calibration pulses are not seen for the next h
threshold TH= 7 because the received calibration signal ne
exceeds the TH= 7 threshold, which is 3 db higher than that
TH = 6.

The measurements of total system delay and threshold-b
range walk yield the conversion from range counts to rangR
in meters measured by NLR,
23:41:39 10895 112751825 112762720
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TABLE IV
Range Corrections in Meters vs TH

corr (TH), corr (TH),
TH 4/99 and 8/99 previous tests

1 −0.37 −0.36
2 0 0
3 0.40 0.51
4 0.84 0.92
5 1.38 1.38
6 2.17 2.15

where the last term accounts for the total system delay of 2
and where the correction corr(TH) is listed in Table IV a
accounts for the threshold-based range walk.

The threshold-based range walk corrections in Table IV w
obtained from in-flight calibration tests. The calibration cou
for all shots with a given TH are averaged from a given test, om
ting shots without valid calibrations (e.g., FAILSAFE data, a
data with range gate values that suppress the calibration pu
Each entry in Table IV is the average of>1000 valid calibrations
The difference in average calibration counts between the g
threshold and TH= 2 yields the range correction in Table I
using the conversion 0.3122838 m per count. The TH= 2 cor-
rection is zero by definition. No calibration pulses are detec
for TH = 7 so no range correction is shown, and none is sh
for TH = 0, which is at the noise level and which will not b
used for mapping.

The second column of Table IV shows the threshold-ba
range walk corrections from the combined data sets obta
in the flight tests performed 4/19/99 and 8/13/99. The val
in the second column will be adopted for initial analyses. T
third column shows, for comparison, the corrections obtai
from the combined data sets obtained in all flight tests fr
launch through 1998. The changes in these corrections ove
>3-year time span are regarded as a conservative estima
the uncertainties in the corrections. The uncertainty in corr(T
corresponds to less than 11 cm range.

We now estimate the single-shot range uncertainty when r
ing to an ideal target (a flat, diffusely reflecting surface norm
to the boresight). The contributions to this range uncerta
as discussed above are collected in Table V. The entry u

TABLE V
Single Shot Range Uncertainty, Ideal Target

Contribution to uncertainty, Range
single shot uncertainty (m)

Range counts ±0.156
Threshold-based range walk ±0.11
Total system delay ±0.156
Oscillator drift,±5 ppm ±0.2 at 40 km range

Total (rss) ±0.32 (at 40 km)
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“range counts” is±0.5 count in the measured TOF. The unc
tainties are statistically independent and are combined by
square root of the sum of the squares (rss). The uncertainty
to oscillator drift is±0.0005% of the measured range, based
prelaunch tests. The actual oscillator drift after 4 years in sp
can be estimated from analysis of range measurements to
obtained from different orbit altitudes. As NEAR descends
progressively lower orbits, the measured ranges should dec
accordingly; this allows estimation of the oscillator drift fro
the data. The orbit can be determined independently of N
from radio tracking and optical navigation.

Finally, Table V does not include the effect of pulse dilati
caused by reflection from a nonideal target surface, which
dominate the single-shot ranging uncertainty at Eros. In addi
no temperature corrections to measured ranges are neede
flight tests have confirmed that any temperature-induced ra
errors are negligible on NLR (see Appendix). We note that
ibration errors have been estimated on a best-effort basis
measurement errors will be slightly greater.

MODEL OF RECEIVER PERFORMANCE
WITH PULSE DILATION

The probability of successful ranging measurement (Pd) de-
pends on the surface reflectivity of the target, distance f
the target, surface height distribution within the laser footpr
target surface tilt, transmitted laser pulse energy, receiver
scope aperture, and the noise levels within the receiver. A
ple receiver model is presented below that predicts the N
single-shot detection probability using Webb’s approximat
(Gardner 1992, Coleet al. 1997). The new result here is th
the NLR FODA enables for the first time an in-flight measu
ment of the key receiver parameter that determines the s
shot detection probability at a given threshold setting, nam
the ratio of threshold voltage to receiver noise. The main i
is that the model predicts not only the probability of dete
ing the reflected signal pulse, but also the probability of fa
alarm, which is the probability that receiver noise will exceed
threshold and generate a false TOF. The false alarm rates
been measured in-flight at NLR’s lowest two threshold lev
that are within or close to the receiver noise level. With the
of the Webb’s approximation receiver model, these in-flight c
ibrations yield determinations of the receiver noise and lea
predicted probabilities of successful ranging by NLR.

The NLR receiver model, as calibrated by in-flight tests
also combined with a model of pulse dilation by a tilted tar
surface. Pulse dilation is the temporal stretching of a retur
pulse when compared to the transmitted pulse and comes a
when different parts of the laser-illuminated target area ar
different ranges from the instrument, so measured TOF va
are dispersed. The pulse dilation model outlined below pred
the return pulse intensity versus time from a diffusely reflecti

planar target at nonnormal incidence. Surface roughness also
contributes to pulse dilation (e.g., Gardner 1992), but the effects
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TABLE VI
Radiometric Inputs

Input Symbol Value

Transmitted pulse energy (J) Et 15 e-3
APD quantum efficiency ηAPD 0.35
Photon energy (J) hν 1.867 e-19
Collecting area (m2) A 0.00456
Range from target (m) R Input
Receiver transmission ηrcv 0.8
Solar irradiance (W/m2/µ) Isolar Input
Reflectance of target rdiff 0.2
Receiver bandpass (µ) 1λ 0.007
Receiver field of view (rad) θfov 0.0029

f surface roughness and tilt are not separable by a leading
etection system such as used by NLR (characterization o
eceived pulse waveform would be needed to do so). He
he receiver model predicts NLR’s single-shot probability
etection from a tilted target surface, and, at the same tim
ields estimates of the range walk error induced by pulse
ion. In addition, comparison with measurements of Eros m
ield constraints on the “effective” surface tilt within the las
ootprint, where this effective tilt includes a contribution fro
urface roughness.
The key radiometric parameters of NLR are defined

able VI, which also lists the adopted parameter values f
oleet al. (1997).
The number of signal photoelectrons generated per pul

hen

ns = Et

hν

rdiff

π

A

R2
ηrcvηAPD, (3)

hich evaluates tons = 181 photoelectrons per pulse at a ran
f 190 km, a typical altitude above the surface during NL

nitial mapping operations from 200 km circular orbit. In wh
ollows, the rate at which reflected laser photons are abso
er second is writtenφ, and the total number of photons absorb
er pulse is writtenφτp, whereτp is the (dilated) pulse width
he solar irradiance is 230 W/m2/µ at 1.68 AU from the Sun,

ypical value for the 50-km circular polar orbit at Eros, and
.064-µ Eros albedo is from groundbased observations (
urchie and Pieters 1996). The number of solar backgro
hotoelectrons per second is writtenφb,

φb = ηAPD

hν
Isolar1ληrcvπ

(
θFOV

2

)2 rdiff

π
A,

hich evaluates toφb = 4.63e+ 09 s−1 for the given inputs.
Pulse dilation from a nonideal target surface is simply m

led here by considering a planar target which is incline
he boresight, although the model can be generalized to

ase of a rough, nonplanar target surface. The transmitted p
hape is assumed to be a Gaussian with mean= 19 ns and
ET AL.
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FWHM = 12 ns, but truncated to be zero for timest < 0 (the
start time ist = 0) andt > 39.6 ns. The beam angular distribu
tion is assumed to be Gaussian also with full width ate−2 of peak
intensity at 235µr. The target surface is assumed to be pla
but tilted to the line of sight with specified incidence angle. I
a distanceR from the instrument along the boresight directi
(the center of the emitted beam). A uniform, rectangular gri
defined on the target plane, and the ranges from the instrume
each grid cell are denotedRi j , i = 1, . . . ,20 andj = 1, . . . ,20.
The returned photons from each grid cell arrive at a time

tarrival = ttransmit+ 2Ri j /c,

which is calculated for each transmit time and grid celli j . The
number of photons from each grid cell attarrival is determined
from the transmit time relative to the (truncated) Gaussian p
shape and from the angular displacement of the grid cell off
boresight. Each grid cell is assumed to have the same reflect
The total number of received photons per pulse is normalize
ns/ηAPD. The transmit time is discretized in units of one receiv
time-of-flight count, which is 2.083 ns. Finally, the numbers
photons from the various grid cells are sorted by arrival time
determine the returned number of photons from the entire ta
versus time.

The APD and receiver characteristics are modeled as in C
et al. (1997) using Webb’s approximation in which the stat
tical distribution of the number of photoelectrons approache
Gaussian near the mean valueGφτp with a varianceFG2φτp,
where the APD excess noise factorF is given by

F = keffG+ (2− 1/G)(1− keff)

and the APD parameters are given in Table VII. For NLR,
excess noise factorF = 2.627.

The effective signal pulse widthτ is approximated as the
greater of the receiver filter time constantτ1 and the dilated
pulse width (defined as time interval from receipt of 10 to 90
of total pulse energy, as computed above),

τ = max(τ1, dilated pulse width).

The mean APD outputs areµ0 in the absence of signal andµ1

TABLE VII
Receiver Parameters

Parameter Symbol Value

Receiver filter time (s) τ1 60 e-9
Surface leakage (A) Is 2.00 e-08
Bulk leakage current (A) Ib 5.00 e-11
APD gain G 100
Ionization coefficient ratio keff 0.0065
Feedback resistor (ohm) R1 22000
ulse Preamp noise temp (K) Tn 750
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with signal, where

µ0 =
(
λbX + Ib

e
+ Is

eG

)
τ

µ1 = µ0+ nsX,

where

X = τ1

τ
.

Heree is the elementary charge. The variance of the preampl
and APD leakage current noiseσ 2 is given by (k is the Boltzmann
constant)

σ =
[

2kTnτ

R1e2
+ Isτ

eG

]1/2

.

In the case of no signal, the APD output is described by
distribution functionPPD0(z),

PPD0(z) = 1√
2π

1[
1+ G(F−1)z

s00

]1.5 exp

[
−z2

2
[
1+ G(F−1)z

s00

]],
wheres00 =

√
G2Fµ0.

With signal present, the APD output is described by

PPD1(z) = 1√
2π

1[
1+ G(F−1)z

s11

]1.5 exp

[
−z2

2
[
1+ G(F−1)z

s11

]]

s11 =
√

G2Fµ1.

The probability of false alarmPFA is then given by

PFA = 1− exp

[
−T

τ

∫ z1

z0

PPD0erf

(
s00z− nTs0

σ

)
dz

]
(4)

s0 =
√

s2
00+ σ 2,

wherenT is the threshold level normalized to the noise lev
which is fitted to in-flight calibration data. Constant values ofz0

andz1 are chosen to include the entire variation of the integra
HereT is the time from laser firing to photon return, andPFA is
calculated as a function ofT for a given value ofnT. The func-
tion erf(z) is the cumulative distribution function of a Gaussi
random variable with zero mean and unit variance.

Similarly, the single shot probability of detectionPD is

PD =
∫ z3

z2

PPD1erf

(
s11z− nTs0+ Gns

σ

)
dz (5)

and constant values ofz2 andz3 are chosen to include the entir

variation of integrand. Both integrals are evaluated by numeric
quadrature.
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PREDICTED RANGING PERFORMANCE AT EROS

The model outlined above is fitted to in-flight calibration da
of NLR. There are three relevant observations. First, in TH= 0,
the false alarm rate as measured on 4/19/99 was 62%, de
as the fraction of shots in which the range count was less
the correct value of 264 (this value is the correct calibrat
count, because the arrival of the calibration pulse also stop
range counter in TH= 0). The range count of 264 correspon
to a range window open to 82.4 m. Second, in TH= 1, the
false alarm rate as measured on 4/19/99 was 45.6%, de
analogously as the fraction of shots in which the range co
did not overflow (overflow occurs at a count of 1048450, so
range window was open to 327.4 km). Finally, in TH= 2 the
false alarm rate was not measurable (no false alarms seen i
shots on 4/19/99 or in 5224 shots on 1/19/98).

The measurements are reproduced by the Webb’s approx
tion model with inputs as listed above (except, of course,
there is no solar background), and with the fittednT values in
Table VIII. The threshold voltage count values are returne
the NLR telemetry (see Appendix), so the ratio of the thre
old voltages in TH= 1 versus TH= 0 is known independently
from the NLR housekeeping data. ThenT values in Table VIII
are consistent with these in-flight data. ThePFA value could not
be measured for TH= 2, so the values given in Table VIII ar
the model predictions based upon annT value of 10 as inferred
from the NLR housekeeping data.

These results are applied to ranging to the sunlit surfac
Eros from the 200-km orbit (nominal range 190 km). The
panel of Fig. 6 shows the cumulative number of photons
ceived (dashed curve) versus range from the tilted target su
at 20◦ incidence angle (boresight to surface normal). Althou
NLR will be nadir pointed, the asteroid is nonspherical, a
incidence angles of 20◦ or larger are expected. The solid cur
shows a single shot probability of detection approaching u
from the 200-km orbit. The mean value of the measured rang
estimated from the range at which the probability of detec
reaches half of its ultimate value, is 190.0003 km, imply
a range walk error of+0.3 m induced by pulse dilation. Th
probability of false alarm is predicted to be 0.04%, which
negligible.

The bottom panel of Fig. 6 shows the effect of pulse d
tion at the same nominal range, but with a greater surface
At 35◦ incidence, the total probability of detection decrease
62%, and the range walk error is now+8 m. The false alarm

TABLE VIII
In-Flight Calibration of Receiver Noise

4/19/99 nT PFA cT/2

TH= 0 1.3 0.618 82.4 m
TH= 1 4.5 0.456 327.4 km
al TH= 2 10 ¿10−4 327.4 km
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FIG. 6. Effect of pulse dilation on single shot detection probablity, rang

probability becomes 0.7% which is acceptable. Hence, NL
expected to range successfully to Eros from the 200-km orb
up to∼35◦ incidence. At shorter ranges, the number of retur
signal photons is much greater and the pulse dilation is less
cause of the smaller laser footprint. The probability of detec
is higher, allowing operation at significantly off-nadir pointin
and high incidence angle. For example, calculations show
in the 50-km polar orbit, with a nominal range of 40 km and
incidence angle of 45◦, the probability of detection at TH= 6 is
essentially unity and the range walk error from pulse dilatio
−0.9 m. Ranging accuracy from 50 km orbit is fully consiste
with the 6-m science requirement (Zuberet al.1997).

NLR commenced science operations at Eros on Februar
2000, when the first laser returns were detected at a rang
300 km. Science data acquisition has been accomplished
cessfully in orbits at 200, 100, and 50 km, qualitatively co
firming the predictions of instrument performance from Web
approximation. A quantitative comparison is difficult, becau
in the high orbits the incidence angles at the scale of the l
footprints are not well known, whereas in the low orbitsPd has
been essentially unity. A detailed analysis of instrument per
mance at Eros will be presented elsewhere.

APPENDIX I—NLR DATA FORMATS

The NLR Experiment Data Records take the form of FITS files. These ar

time-ordered, raw data products from the merging of NLR science data pac
with instrument data extracted from spacecraft housekeeping packets. The
ng to dayside from 190 km altitude at 20◦ (top) and 35◦ (bottom) incidence angle.

is
t at
ed
be-
on
g
hat
n

is
nt

28,
e of
suc-
n-
’s
se
ser

or-

the

NLR packet formats, normal and high rate, are made into separate FITS file
are not merged with each other. As discussed in the text, NLR packets co
primary and secondary headers plus user data and status bits. Details are
in Table AI, which shows in the first column whether a data value is foun
the headers, user data, or status bits. In both NLR packet formats, the pr
header information is used for telemetry processing and is not pertinent to
analysis, while the secondary header contains the packet Mission Elapsed
(MET, 32 bit), software version number, and subprocess identifier (norma
high rate). Not all of the user data values in the normal format are include
the high rate format, as shown in the second and third columns of Table
The software version number is 6 for all data from launch through June 2
after which software version 7 will be used. All information in this Append
applies to either Version 6 or Version 7 except where stated otherwise. The
significant differences between the data formats in Versions 6 and 7 are

• Version 7 returns all data in the normal format, including 2-Hz mode d
• In Version 7, the first three fields in the science status bits are: Last

(calibration count of the last shot) and then the minor frames of the first
and the second shot of the packet. These three fields replace the first two
in the Version 6 normal format, which are Last Cal and First Cal.

As a general rule, data constants are converted to decimal integers i
NLR FITS files. For example, the 12 least significant bits of the 32-bit MET
returned for each shot in the normal format data (Table AI) and are convert
an integer in the range [0, 4095]. The “Range” counts are converted to intege
1048580]. The conversion from “Range” counts to range is given in the text.
“Calibration” counts measure the time delay introduced by the FODA and
returned for each shot in the normal format; additionally, the same “Calibrat
count values for the first shot and the last shot in the packet are returned a
the status bits (version 6 only). In the high rate format, calibration counts
returned only for the first and last shots in the status bits.

The NLR FITS files contain 8640 bytes of header information, including l

kets
two
of all data values in the NLR packets (Table AI) and all values from spacecraft
housekeeping (Tables AIIa and AIIb). Following the header, packet data are
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TABLE AI
NLR Science Packet Data

Location Normal format High rate format Comment

Packet header MET MET Mission elapsed
time in seconds,
32 bits

Software version Software version= 6 Version 6 or 7
Subprocess Subprocess ID= 5

ID= 4
User data,

each shot 56 Shots included 112 Shots included
MET (not included) 12 Least significan

bits of MET
Range Range Max= 1048580
Threshold (not included) Commanded

threshold
0, 1, . . . ,7

Calibration (not included) Counts
TxReady TxReady If transmitter is

ready to fire,
TxReady= 0

NoReturn NoReturn If range overflow,
NoReturn= 1

Status bits
Last Cal Last Cal Counts, last shot
Status 2 First Cal See Table AIa
Spare Spare Always equals ze
T-0 count T-0 Count AdjustsT-0 mask
Last command Last command Op-code, decima

see Table AIII
Threshold voltage Threshold voltage Counts
Time-of-flight Time-of-flight temp Counts

temp
APD Bias APD Bias Counts
Range gate Range gate AdjustsT-0 mask
PRF PRF See table AIV
Failsafe Failsafe If start ignore,

FAILSAFE= 1
One stop One stop If cal ignore,

ONE STOP= 1
Auto acquire Auto acquire If auto acquire,

Auto acquire= 1

given, one record per packet. There are 401 fields for each record (i.e., 40
values per packet, plus the packet number) for either the normal or the hig
format FITS files. These are packet number, packet MET (which is the tim
the first shot), and subprocess ID, comprising the first three fields; user data
next 336 fields (for 56 shots in normal format or 112 shots in high rate form
and finally 62 fields for instrument status data from NLR packets and space
housekeeping. These 62 fields include three data processing indices, NLRDQI,
CTP DQI, SUB DQI, which are used by the SDC and are not pertinent to d

TABLE AIa
Status 2, Science Packet Status Bits

Version 6 Version 7

Calibration counts Minor frame of
of first shot first shot

Minor frame of

second shot
ANGEFINDER 583
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analysis. For all data values other than range and calibration, the conver
from counts to engineering units are given below.

In addition to data returned in science packets, instrument housekeeping
mation is returned in the spacecraft housekeeping data stream, some of wh
commutated. The complete NLR housekeeping data sets are listed in Tables
and AIIb. Noncommutated values are shown in Table AIIa as well as the ti
sampled for each of the subcommutation frames shown in Table AIIb.
subcommutated data values and the frames in which they appear are s
in Table AIIb. The names of the data values are listed in the first column
Tables AIIa and AIIb and are given in the same order (top to bottom) as t
appear in the NLR FITS files. Explanatory comments are always in the
column. In Table AIIb, the column labeled “Frame” gives the subcommutat
frame in which the value is returned.

The op-codes corresponding to commands that appear among the statu
in the NLR packet data are listed in Table AIII. The hexadecimal op-codes
converted to decimal numbers in the NLR data sets.

The same information on PRF mode status is returned independently in
the NLR packet status bits (as “PRF”) and the subcommutated housekeepin
(as “Pulse Repetition Frequency”), although the times of sampling are differ
When PRF is returned as “2”, NLR is firing at 1 Hz (see Table AIV).

Numerous quantities are returned in both the science packets and the h
keeping data, but are denoted by different names in the two data streams
same scaling from counts to engineering units applies to both data streams
the data are nearly always identical in the two cases; differences arise from
different sampling times. In what follows, if the same physical quantity is
turned in both data streams with different names, both names are listed expl

As noted in Table AI, the voltage threshold and calibration counts are retu
for every shot in the normal science format. Moreover, the voltage threshold
one particular shot (which shot depending on DPU state, not determinat
returned in the status bits. For the high rate format, the threshold (one sho
determinate) and calibration values (last and first shots) are returned only i
status bits. In addition, the subcommutated housekeeping frame 3 contain
sample of calibration counts (“Fiber Optic Delay Assy Cal” which is offset
256, see comment in Table AII) and one range sample (“Range Measureme
Housekeeping subcommutation frame 2 contains one sample of threshold
age (“Receiver Comparator Threshold”). As is conventional practice, all s
commutated housekeeping values are supplied for every record in the NLR
files, although only one frame is returned in any packet, by using the data sa
nearest in time. Most housekeeping values are in any case slowly varying
actual MET values for the individual subcommutation frames used to comp
any record are given in the data words MET1 through MET5; these ma
may not be exactly contemporaneous with the science user data in the re
In particular, the range value in the subcommutated housekeeping is at ME

To convert counts to the transmitter diode pump temperature in◦C, the trans-
mitter power supply temperature in◦C, or the chassis deck temperature in◦C,

T = 100− 155

255
× counts.

To convert counts to the time-of flight ASIC temperature in◦C (“Time-of-
Flight Temp” in NLR packet data), the receiver detector temperature in◦C, or
the medium voltage power converter temperature in◦C,

T = 84.668

255
× counts− 29.

To convert counts to receiver housing temperature in◦C,

T = 205

255
× counts− 100.

To convert counts to instrument main bus current in A (“Laser Rangefin
Current”),
I = 0.8

255
× counts.
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TABLE AIIa
NLR Housekeeping Data (Nonsubcommutated)

Nonsubcommutated values Description Comment

MET Mission elapsed time MET of housekeeping data
Laser rangefinder current Laser rangefinder current Counts
XMTR diode pump temp Transmitter diode pump temp Counts
XMTR power supply Transmitter power supply temp Counts
Chassis deck temp Chassis deck temperature Counts
Cover status Cover status Always equals 1
Rx housing Receiver housing temperature Counts
Cover release assy primary Cover release assembly status Always equals 0
Cover release assy secondary Cover release assembly status Always equals 0
Software version DPU software version Equals 6 or 7
Subcomm ID variable Subcomm ID variable Always equals 4
MET (first subcommutated frame) MET (subcommutated frame 0) Time of subcommutated data sa
MET (second subcommutated frame) MET (subcommutated frame 1) Time of subcommutated data s
MET (third subcommutated frame) MET (subcommutated frame 2) Time of subcommutated data sa
MET (fourth subcommutated frame) MET (subcommutated frame 3) Time of subcommutated data sa
MET (fifth subcommutated frame) MET (subcommutated frame 4) Time of subcommutated data sa
Disaster code Disaster code Normally equals 0
MVPS voltage MVPS voltage Counts
APD bias voltage APD bias voltage Counts
DC/DC converter input current DC/DC converter input current Counts
to engin

r

Note.If entry in Comment field is “counts,” the conversion

TABLE AIIb
NLR Housekeeping Data (Subcommutated)

Subcommutated values Frame Comment

Command receive count 0 Count is modulo 16
Command reject count 0 Count is modulo 16
Failsafe mode 0 If FAILSAFE,=1
One stop signal mode 0 If ONE STOP,=1
Transmitter enable flag 0 If enabled,=1
Automatic acquisition mode 0 If Auto Acquire,=1
Range gate bits 6 to 3 0 Counts
Time of flight ASIC temperature 0 Counts
Receiver detector temperature 0 Counts
Memory dump address 1 Always equals 0
Memory dump data 1 1 Always equals 7
Memory dump data 2 1 Always equals 227
Power converter 15-V status 2 Normally equals 1
Power converter -15-V status 2 Normally equals 1
Power converter 5-V status 2 Normally equals 1
Power converter -5-V status 2 Normally equals 1
Power converter digital 5-V status 2 Normally equals 1
Housekeeping voltage subcom ID 2 0, 1, 2, 3, or 4; see Table AV
Power converter output 2 Counts
Receiver comparator threshold 2 Counts
Medium voltage power 2 Counts

converter temperature
Fiber optic delay assy cal 3 Cal word of one shot

(indeterminate), minus 256,
expressed as unsigned intege

Spare 3
Range measurement 3 Range word of one

shot (indeterminate)
Pulse repetition frequency 4 See table AIV
Pulse count 4 Approx. count shot,

modulo 16,777,216
try in Comment field is “Counts,” the conversion to engineering
in the Appendix.

584
eering units is given in the text of the Appendix.

TABLE AIII
NLR Command Op-codes

Command Hexadecimal Decimal

Shot rate 40 64
Fire Enable 41 65
Auto acquire 42 66
Calibrate 43 67
Set Threshold 45 69
Cal Ignore 46 70
Cal Restore 47 71
Start Ignore 48 72
Start Restore 49 73

TABLE AIV
Firing rate

PRF Firing rate (Hz)

0 0
1 1

8

2 1
3 2
4 8

TABLE AV
Scaling Values for Subcommutated Power

Converter Voltage

Name Subcommutated ID Vs (V)

DIG 5V 0 9.96
POS 5V 1 9.96
POS15V 2 16.437
NEG 15V 3 −16.437
NEG 5V 4 −9.96
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To convert counts to dc–dc converter input current in A,

I = 0.996

255
× counts.

To convert counts to APD bias voltage in mV (“APD Bias” in NLR packet

V = 1073.12

255
× counts.

To convert counts to the medium voltage power supply voltage in V (“MV
Voltage”),

V = 747.94

255
× counts.

To convert counts to power converter output voltage in V,

V = Vs

255
× counts,

whereVs is listed in Table AV.
To convert counts to threshold voltage in millivolts (“Threshold Voltage”

NLR packets, “Receiver Comparator Threshold” in housekeeping),

V = 2307.1

255
× counts.

While the nominal values of the comparator threshold voltages are liste
Table I (for example., the threshold is 16 mV in TH= 0) the observed value
of voltage counts at each value of TH are listed in Table AVI. The thresh
in TH= 0 is actually set below the noise level in the receiver; this enable
in-flight measurement of the noise using the calibration pulse as discuss
the text. The threshold TH= 2 is far enough above the noise that the recei
false alarm rate (triggering on noise) is negligible. The threshold TH= 7 is high
enough that the calibration pulse cannot be detected.

APPENDIX II—TEMPERATURE SENSITIVITY

During the Earth swingby test of January 19, 1998, the spacecraft was ori
such that NLR became directly illuminated by the Sun, and the NLR rece
housing was raised to∼10◦C higher than maximum normal temperatures.
Eros, the spacecraft will always be oriented such that NLR is completely s
owed by the spacecraft, and such heating will not occur.

Figure A1 shows that even during the January 1998 Earth swingby tes
calibration counts measured by NLR in TH= 2 were unaffected (bottom), de
spite the temperature rise shown in the (top) panel. The lower panel of Fig

TABLE AVI
Threshold Voltage Counts Observed

In-Flight versus Commanded Thresh-
old TH

TH Threshold voltage counts

0 0, 1, 2
1 2, 3
2 6, 7
3 13, 14
4 27, 28, 29
5 53, 54, 55
6 113, 114, 115

7 224, 225, 226
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),

S

n

d in

old
an
d in
er

nted
ver
t
ad-

the

A1

FIG. A1. Calibration counts versus instrument housing temprature, E
swingby test.

plots the average of the calibration counts from the first shot and the last sh
every packet during the test. The temperature of the TOF ASIC (not shown)
constant to within 1 count (0.3◦C) throughout the event. However, Fig. 5 show
that the average calibration counts measured in TH= 1 and 2 during this test (for
all shots with valid calibrations) were about 0.4 counts lower than those m
sured 1 month earlier as well as lower than those measured subsequently
significance of this difference is unclear. The conditions of the Earth swingby
have not been reproduced subsequently and will not occur at Eros. In summ
the in-flight calibration data provide no basis for introducing any tempera
correction to measured ranges.
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