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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.
(© 2000 Academic Press
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INTRODUCTION

The Near Earth Asteroid Rendezvous mission (NEAR) wa
launched on February 17, 1996, inaugurating the NASA Dis
covery Program of low-cost planetary missions. NEAR began
year-long, orbital study of the near-Earth asteroid 433 Eros on !
February 2000. NEAR is a three-axis-stabilized spacecraft th
carries a five-instrument scientific payload, composed of a mu
tispectral imager (MSI), a near-infrared spectrometer (NIS), a
X-ray/gamma-ray spectrometer (XRS/GRS), a laser rangefind
(NLR), and a magnetometer (MAG). The scientific backgrount
and expected results of planned investigations on NEAR, inclug
ing a radio science investigation using the spacecraft cohere
X-band telemetry system, are summarized in a special issue
theJournal of Geophysical Researfhcunaet al. 1997, Cheng
etal. 1997, Trombkaet al. 1997, Veverkat al. 1997a, Yeomans
et al. 1997a, Zubeet al. 1997). The spacecraft has been re-
named NEAR Shoemaker in honor of Eugene M. Shoemak
(1928-1997).

On June 27, 1997, NEAR performed a flyby of the C-type
main belt asteroid 253 Mathilde. At least five craters were foun
atdiameters of 19 to 33 km, comparable to the 26.5-km mean
dius of Mathilde (Veverkatal.1997b). The NEAR flyby yielded
the first direct mass determination for an asteroid (Yeomar
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et al. 1997b). With the measured mass dd33 x 10' kg and tion in this paper applies both before and after the softwal
an estimated volume of 78,000 Rnthe density of Mathilde change.
was inferred to be 130& 200 kg nT3. Comparison of this den-
sity with that of carbonaceous chondrites suggests a porosity of NLR INSTRUMENT
~50% for Mathilde. Subsequently, NEAR flew by Earth again
onJanuary 23, 1998, and all instruments were operated succesBHLR is a direct-detection, time-of-flight laser altimeter tha
fully (Izenberg and Anderson 1998). determines the range from the NEAR spacecraft to the surfa
On December 20, 1998, NEAR was scheduled to begin @ Eros by measuring the round-trip travel time of laser pulse
rendezvous with 433 Eros, but the first rendezvous burn waith 0.312 m range resolution (single count). It employs di
aborted, and contact with the spacecraft was lost for 27 h. Aftetct, incoherent detection using an all solid-state, diode-pump
recovery of communications, NEAR executed a flyby of Erdaser transmitter, a Cassegrain receiver telescope, and a rece
on December 23, 1998. The rendezvous burn was executed sleetronics package that incorporates an IR-enhanced, silic
cessfully on January 3, 1999. Results of the Eros flyby includédalanche Photo Diode (APD) with thresholding and timing
determinations of the Eros mass3# 1.8) x 10'°kg and den- electronics. Figure 1 shows the NLR flight hardware.
sity (25004 800) kg nT3 (Yeomanset al. 1999, Veverkaet al. NLR is the first laser altimeter to employ continuous, in-fligh
1999). The size and rotation pole of Eros were found to be consigdibration using a fiber-optic delay assembly (FODA), whict
tent with previous groundbased determinations (e.g., Yeomaissa spooled 109.5-m fused silica fiber-optic cable. Part of ea
1995). optical pulse formed within the laser resonator is injected int
During the rendezvous year at Eros, the NEAR Laser Rangre FODA, which injects a delayed optical signal directly intc
finder (NLR) will measure ranges to the surface with a singléhe receiver. This allows end-to-end calibration for each emitte
shotaccuracy:6 m at 50 km range (Zubetal.1997, Colestal. pulse even when no target surface is available.
1997). NLR will produce high-resolution and high-accuracy to- NLR is a bistatic system, with the transmitter separate fror
pographic grids and profiles to determine the global shape, maks, receiver. The laser transmitter uses a diode-pumped, sol
and density as well as to characterize local and regional scalate Cr:Nd:YAG with an active lithium niobate Q-switch to
topography. These data will contribute substantially to underentrol the formation of the laser pulse. Similar lasers wer
standing the internal structure, evolution, and collisional histogsed in the Clementine (Zubet al. 1994) and Mars Global
of Eros. NLR will use the body-fixed, planetocentric longitudeSurveyor (Zubeet al. 1992, Smithet al. 1999) laser altimeters.
latitude reference system derived primarily from images to prohe transmission of the laser optical pulse is accomplished usi
duce the global topographic grid. Zubetral. (1997) estimate a 62-mm Galilean refractive telescope, whose large apertt
that the mass of Eros will be determined to within 0.0001%educes beam divergence to 236 The laser pulse repetition
while the density will be determined to within 0.1%. Principatate (PRF) can be selected from amcgug, 2,and 8 Hz.
NLR data products will include a global topographic grid at The receiver uses an 8.89-cm-diameter, gold-coated alun
~500 m resolution and-10 m radial accuracy, plus regionalnum Dall-Kirkham telescope to focus backscattered laser ener
scale topographic models withb m accuracy. In addition, joint onto the APD detector. The APD is a temperature-compensatt
observations of selected surface features are planned with M&hs-impedance detector. Detected signals from the APD &
NIS so that images and spectral data can be overlaid on topeaplified, passed through a 30-MHz Bessel filter, and sent
graphic data. the time-of-flight (TOF) measurement system. The TOF sy:
The present work presents a complete description of NUBm measures times from laser firing, as indicated by the las
instrument operation and in-flight calibrations, including newansmitter start pulse, to the first receiver stop pulse (from tt
information needed to analyze and interpret NLR range daRODA calibration signal) and to the second stop pulse prc
NLR differs from previous laser altimeters in that in-flight caliduced from the backscattered laser light returning from the tz
bration is possible even without any target surface: an optiggt. The Bessel filter integrates the analog pulses to maximi
fiber is used to carry a portion of every emitted laser pulske probability of detection for returned pulses that have bee
back to the receiver with a known time delay. Also includestretched in time (“dilated”) by scattering from the rough, tiltec
here is a new model of the range uncertainties or “range walldrget surface. The filter also attenuates high-frequency ele
caused by pulse dilation, the temporal stretching of backscatnic noise. A comparator in the TOF system tests whether tf
tered pulses due to surface tilt and roughness. This pulse filiered analog signal exceeds a commandable threshold volta
lation model is fitted to in-flight calibration data and yieldsvhen this occurs, a digital stop pulse is generated. The thres
predictions of NLR ranging performance at Eros. A full descripsld level used by the comparator is set by ground command
tion of NLR instrument hardware, ground test, and prelaungutonomously through an auto-acquisition sequence. After tl
calibrations was given by Colet al. (1997). Some calibra- two TOF counters are stopped, a digital processing unit (DPL
tion results presented below supercede those given earlier. idads the range measurements and formats them into scie
instrument software change will occur in June 2000 and willata packets together with instrument status and housekeep
affect Eros data formats; unless noted otherwise, all informiaformation.
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Mirror Assembly

Laser Transmitter Digital / LVPS

FIG.1. NLR flight hardware.

OPERATION OF NLR measured TOF, which therefore depends on the threshold vall
creating threshold-driven “range walk.” This threshold can b
Measured laser pulse characteristics are summarizedcimmanded to any of eight values (Table 1), although no cal
Table | (data from Colet al. 1997). The temporal, spatial (near-bration signal is detected at the highest value.
and far-field), and pulse energy characteristics were measureffigure 2 shows the sequence of events that occur with ea
during NLR flight system development. Pulse energy measutaser shot. After the fire command, the laser pulse is generat
ments of the transmitter beam and FODA port output wegdter a time delay that varies from 170 to 128. The firing
measured using NIST-traceable equipment accurate5%. time delay varies slowly on 10-min time scales. The emitte
Measured near-field spatial beam distributions included beanptical pulse generates the start pulse for the two TOF counte
diameter (¥€?), modal structure, and energy distribution charFhe calibration pulse is received about 0.558 after firing,
acteristics. Far-field measurements included beam divergeraed the laser return from the target is received much later, at
jitter, and wander. time determined by the range (the range counter overflows aft
The receiver sees two optical pulses per transmitted pul2el8 ms). The NLR receiver is “blanked,” or prevented from
The first arrives~558 ns after laser firing and is the calibration
pulse routed through the FODA. Detection of this pulse stogfire laser cal target
the calibration counter, yielding the calibration value (“Calibra**™™*™ pulse retrn remrn
tion” in Table Al; see Appendix). The next detected return it . 170-190 s
the surface backscattered pulse, stopping the range counter I _'[<— 0.558 us -'| | time
yielding the range value (“Range” in Table Al). % | | V\r | >
NLR's receiver is a leading-edge detector, meaning that a st
pulse is generated as soon as the optically produced signal (
filtered, analog voltage from the calibration pulse or the targs ;zii;:; glanked To receiver active
return) exceeds a threshold (“Threshold Voltage” in Table Al). °
The time when this signal crosses the threshold determines the FIG. 2. Timing of instrument operation.
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NLR Characteristics

Parameter Measurement
Max. range (altitude) 327 km
Range accuracy <6m
Range precision 0.312m

Pulse energy

Energy jitter

Pulse width

Pulse width jitter
Wavelength spread
Pulse frequency

T-0 mask

Range gate

TEMgp (% Gaussian fit)
Divergence (1€?-points)
Calibration power jitter
Calibration timing jitter
Thermal control

Shots (lifetime)
Effective RX aperturef /#
Spectral receiver
Bandwidth

Temporal receiver
Bandwidth

APD dark noise voltage
APD hybrid responsivity
Optical receiver FOV
Threshold levels

Data rates

Boresight shift, TX-to-RX

15.3 mJ at 1.064n
<1% rms knowledge
15ns
0.82 ns rms knowledge
+1nm
/B,1,2,8Hz
0to511..xs,A =500 ns
81 nsto 42uk, A =417 ns
91% (TEMH mode-like)
235urad
+5%
<1.05ns
<#£2°C
~10°
7.62cm,f/3.4
<7nm

30 MHz

150V rms

770 kVIW

290@rad
16m« 2", forn=0,1,..., 7
51 and 6.4 bps
345.rad

Inthe former case, the FAILSAFE mode starts the TOF counte
at the final value of th& -0 COUNT countdown. In the latter
case, the ONESTOP mode causes NLR to use the first recei
stop pulse as the range pulse from the target. As of June, 20
the start and calibration pulses are functioning nominally, ar
there is no plan to use either FAILSAFE or ONESTOP.

NLR has two additional special operating modes designed
enable autonomous operation without excessive ground col
manding. The firstis called “"AUTO ACQUIRE,” in which NLR
uses the calibration pulse to find a threshold voltage above t
noise levelin the receiver. NLR fires 16-shot bursts at each of tl
eight possible values for the voltage threshold that are listed
Table I, which are labeled TH: O (forn = 0 in Table I) through
TH = 7 (for n = 7). The results of all prelaunch and in-flight
tests through May 2000 have shown that AUTO ACQUIRE sef
the threshold at TH= 3. The second special operating mode
is called “CALIBRATE,” in which NLR autonomously sets the
value ofs. During CALIBRATE, NLR increments until it finds
as large a value as possible that still assures detection of a ve
calibration pulse. Figure 2 shows thag ibecomes too large, the
time Ty that the receiver is blanked will include the arrival time
of the calibration pulse, which cannot then be detected. As |
May 2000 there is no plan to use CALIBRATE during asteroic
operations because the default values afdry are completely
satisfactory.

The timing of NLR events relative to other NEAR spacecraf
events is shown in Fig. 3. All spacecraft events are coordinats
by synchronization pulses sent over the Mil-Std-1553 data bus
each 1-sinterval of mission elapsed time (MET) under control ¢
the command and telemetry processor (CTP). These 1-sinterv

detecting a pulse, for a time intervéy after the fire command. are referred to as “major frames.” Every major frame is divide
This T-0 mask (see Table I) is set by ground command withjgto eight minor frames (Fig. 3) numbered 0 through 7, eac
default value of 180.498s. In-flight tests have shown that thisiasting 125 ms. The NLR DPU controls instrument timing, whict
default value, as well as values half as large, are sufficientitocked to the receipt of the MET synchronization pulses onc
prevent electronic noise from interfering with the receiver.  per second from the CTP. NLR fires the laser in specific minc
The value ofTy is adjusted by two parameters returned in thRames, depending on the PRF mode as shown in Table II. In :
NLR data; the first is calledT-0 COUNT” and is represented cases, laser firing occurs withind ms of the start of the minor
here by the symbdl, while the second is called “Range gate” ang¢tame(s) shown in Table II.
is represented by the symbrgl This range gate parameter does Taple Il indicates that the laser firing times depend on th
not define a range gate in the usual sense of a brief time interyastrument software version number. Software Version 6 we
during which the receiver is active, encompassing the time of thged exclusively from launch through June 2000, when it wi
expected range return. Rather, the NLR receiver becomes acfiéereplaced by Version 7. The laser firing times in 2-Hz mod

once the timéd has elapsed, and it remains active until two stogill be changed in Version 7 to minor frames 2 and 6, instea
pulses are generated, one from the calibration return and one

from the target. The relation betwe&gpand the commandable MET pulse 125 ms MET pulse
arameters andrg is atNLR minor frame at NLR
P d Y == O O
To = 0.081+4r4 x 0.04174 5 x 0.5, (1) | 7 0 | 1 ! 2 3 4 ! 5 6 7
whereTy is in units of microseconds and wherandrg are both MET pulse MET pulse

at MSI at MSI

integers in the range [0, 1023]. max MSI exposure |

The NLR timing shown in Fig. 2 applies to normal operatior I
at any of the four PRF values. NLR also includes two specii t t

. . . . 80 ms 80.9 ms
failure modes of operation, which can be used in the event or
failures involving either the start pulse or the calibration pulse. FIG.3. Timing of NLR minor frames and MSI image exposures.
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TABLE I Eros. To obtain sufficient signal in the image, NLR is operated ¢

NLR Firing Times 8 Hz to produce eight shots during the maximum imager expc

sure time of 999 ms. The relative timing of NLR operation anc

PRF mode (Hz) Minor frame (s) MSI image exposures is shown in Fig. 3. The MET synchro
1 4 nization pulses at NLR and at MSI are time-aligned within &

i 4 few milliseconds. During the maximum MSI exposure, the firs

> 0, 4, Version 6 NLR shot occurs-80 ms after the start of the exposure, and the

2.6, Version 7 last occurs~44 ms before the end, provided that shots are fire

8 All in every minor frame. When operated in Version 7, NLR will

always begin a 16-shot, 8-Hz burst in minor frame 0, so two ful
major frames will have shots in every minor frame. In Version 6
an 8-Hz burst can begin randomly in any minor frame.
of 0 and 4, to correct a spacecraft interface problem that gives
a false overcurrent indication, causing NLR to be powered off. NLR DATA COLLECTION
With the Version 6 software, NLR is shut off by the spacecraft
within 3 s of operation at 2 Hz, unless the overcurrent protectionDuring Eros rendezvous, NLR will fire laser pulses wheneve
is disabled. The 2-Hz mode will not be used to acquire datathe instruments are pointed at Eros for data acquisition (all the il
Eros until this problem is corrected with the Version 7 softwarstruments can observe Eros simultaneously). NEAR Shoemal
The 2-Hz mode is needed to obtain contiguous samples whalequires data for approximately 16 h per day and downlinks da
nadir pointed in 35-km orbit. for approximateg} 8 h per day. During downlink periods, NLR
NLR can sustain continuous firing ét 1, or 2 Hz PRF for will not be pointed at the asteroid but will remain powered on
indefinite periods. However, because of thermal limitation NLR NLR is operated in the 1 Hz mode, it will obtain a total of
cannot fire indefinitely at 8 Hz. In the 8-Hz mode, NLR fires 16-2 x 10’ range measurements during the year-long prime mi
shots in 2 s, after which NLR is quiescent for 14 s. Hence, sion and generate up tel.7 G bit of data. NLR commenced
this mode NLR fires an average of one pulse per second. data acquisition at Eros when the spacecraft descended to witl
An important NLR science objective is to correlate the las&00 km range from the surface of Eros on 28 February 2000.
altimetry data with imaging data from the NEAR Multispectral During the first 2 weeks of May 2000, NLR controlled the
Imager (MSI), as discussed by Zuledral. (1997). To accom- spacecraft attitude while in an approximately circular, 50-kn
plish this objective, it is necessary to determine the boresightlar orbit (measured from the center of mass). Most of the NLI
offset between the NLR and the MSI. Both instruments hawata will be acquired while nadir pointing, with NLR pointed to
been designed to enable a direct measurement of the boresigatEros center of mass, or while pointed at a fixed angular offs
offset, by using MSI to image the laser spot over the dark sidefodbm nadir. Figure 4 shows the ground coverage for 1 week ¢

North Pole

Equator 7| Equator

South Pole

FIG. 4. Global coverage of Eros from one week of nadir-pointed observations in the 50 km circular, polar orbit. Sub-spacecraft tracks are show
longitude—latitude grid.
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nadir-pointed observations in the 50-km polar orbit. The fooFhe FITS file nhaming convention is as follows: for the nor-
prints of successive laser shots at 1 Hz PRF will be significantlyal format FITS file, LyydddNT.FIT is used where L means
overlapping while NLR is nadir-pointed during most of this orlaser, and yyddd represents digits giving date of observation
bit, except when NEAR is directly over an elongated end @fvo-digit-year and day-of-year format; correspondingly, for the
Eros (Zubeet al. 1997, Colect al. 1997). The footprint diame- high-rate format FITS file LyydddHT.FIT is used. An example
ter is 7 m at an altitude of 30 km and at normal incidence. The L96116HT.FIT for data obtained at 2 Hz on April 25, 1996.
sub-spacecraft point on Eros moves at 3-5 m/s. Even 1 weekVhile the NLR packets contain basic information on the in
of nadir-pointed observations will yield a data set well suitestrument status, additional information on the state of the instr
for determining global shape, size, and rotation state (Zubment is returned in the spacecraft housekeeping packets. T
etal.1997). Although each NLR track is densely sampled in tH&DC merges this additional information with that from the NLR
50-km orbit, Fig. 4 shows that the successive tracks are spapedkets to produce the NLR FITS files. A full listing of the datz
more than 1 km apart at the equator of Eros. Cross-track scaalues in the NLR FITS files with complete definitions is giver
ning of NLR, using spacecraft maneuvers, will be used to obtaimthe Appendix.
a more uniform areal coverage of Eros.

Since the laser footprints are overlapping or nearly so at 1 Hz
PRF while nadir-pointed in the 50-km orbit, NLR operationé‘ABOR'A‘TORY CALIBRATION OF RANGE MEASUREMENT

through June 2000 will use the 1-Hz mode. Once the spacecrafﬁ.h O
. . ) e absolute calibration of NLR range measurements, or tl
descends to 35 km orbit, the 1-Hz PRF will no longer sufflclee d

, . lation between measured TOF and range, was measurec
for contiguous samples, and NLR will be operated at 2 Hz USIrI'&’ooratory tests prior to launch (Cad¢al. 1997). Two separate
Version 7 software.

measurements were obtained: first, a determination of the to
system delay in commanded threshold H2, and second, a
NLR DATA FORMATS determination of how this delay varies with TH (threshold-base
range walk). The total system delay is the time between tt
NEAR uses Consultative Committee for Space Data Systenasrival of a laser pulse and the electronic registration of count
compliant data packet formats, of which two formats, normahd it was determined by comparing the time delay of an optic
and high rate, are used for NLR science data. With softwapealse through the FODA in two cases: FODA separate frol
Version 7, all data will be returned in the normal format. Witlthe NLR (529.2 ns delay), and FODA integrated with the NLF
Version 6, the normal format is used fér, 1-, and 8-Hz PRF receiver atcommanded threshold BH2 (558.33 ns delay). The
data, whereas the high-rate format is used only for 2-Hz datatal system delaysq was measured as the increase in the tim
Cruise phase calibration data in the 2-Hz mode were returnediiglay when connected to NLR, or 29.13 ns.
the Version 6 high-rate format, but no Eros data. All Eros dataThis measurement was confirmed, and the threshold-bas
are in the normal format. range walk was measured, during the absolute calibration te:
Both data formats have a packet length of 2864 bits aperformed on August 8-9, 1995 (“hall shot test,” Zuleeml.
are constructed as follows: primary header (48 bit), secondd§97). The completed instrument was used just prior to inte
header (48 bit), user data, and instrument status (2768 bit). Tgration with the spacecraft, ranging to a sand-blasted aluminu
normal NLR data format has user data for 56 shots and 80-bit target at a range of 182.88 m measured with an NIST-traceat
strument status. The high-rate format has user data for 112 stsats/eyor’s rule. NLR was fired in TH: 4 at 1 Hz PRF with the
and 80-bit instrument status. The status bits are the samewandow cover closed and with neutral density filters to achiev
the two data formats. Several data values present in the norm#btal of 71 db optical attenuation. The measured range was 6
format for each shot are not included in the high-rate packet fasunts. From the NLR oscillator speed of 480 MH®.0005%
mat, because each high rate packet includes 112 shots, whefeasecting the drift specification given by Coét al. 1997),
only 56 shots are included in a normal format packet of the samach count equals 2.0833 ns in time-of-flight. Hence the uncc
length. rected one-way range was measured as 187.68 m, exceeding
The spacecraft packet telemetry stream consists not onlytafe range by 4.80 m. The excess range converts to an exces
NLR packets but also those from other instruments and spa8&-0 ns inthe measured time-of-flight caused by the combinati
craft housekeeping. The NEAR Science Data Center (SD@ftotal system delay and the threshold-based delay (at a higt
processes the packet data to generate NLR Experiment Daggector threshold, the count is registered at a later time, wh
Records (EDRSs) containing the information needed for NLERe received signal exceeds the threshold; this “range walk” d
data analysis (Chergt al. 1997, Heerest al. 1997). The NLR lay depends on the pulse shape). Based on data from Fig. 18
EDRstake the form of Flexible Image Transport Standard (FITSple et al. (1997), the threshold-based range walk delay fror
files, in which each packet makes up one record. The NLR FIT$ = 2to TH = 4 is 2 counts, or 4.16 ns. The sum of total sys
files are organized such that all the normal format packets fraem delay (measured above as 29.13 ns) and range walk dela
any UTC day are compiled into one file, while all the high32.3 ns, which agrees well with the direct measurement of 32 |
rate packets from the same day are compiled into another figcess time-of-flight. We conclude that the total system delay
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29 ns, with a (conservative) uncertainty corresponding to halfa 276
count, which is 1 ns or 15.6 cm in range.

We note that the prelaunch data in Fig. 18 of Ceteal. ol I ‘ggﬁ i »
(1997) and in Fig. 7 of Zubeat al. (1997) showing calibration _:_ e
counts versus TH are superceded by the in-flight calibration - o _14’19!98
data presented in this paper. This is because the FODA usec 272 1 419199 (2]

for the August 1995 hall shot test was damaged during Iater_g — 8/13/99 [-2]
ground handling and was replaced by the flight spare unitpriorto 3 270 1| g/14/99 [-9)
launch. Hence the cited prelaunch data do not apply to the flight g
instrument, whose calibration counts versus TH characteristicsg

are slightly different, as shown below. However, the measured £ 268 7
total system delay of 2@ 1 ns, as measured in August 1995, © A /
does apply to the NLR as flown, because the total system delay is 266 *’
caused by propagation in the instrument optics and by electronic
delays, both of which are not affected by replacement of the - /
FODA. L
IN-FLIGHT CALIBRATION RESULTS T i 5 5 i & & -

A summary of all in-flight tests of NLR through the end of Threshold level

November 1999 is given in Table Ill. These include functional FIG.5. Calibration counts versus threshold setting measured in-flight. Dat
tests in addition to those intended for calibration. The Earffem 1999 tests have been offset downward by 2 counts for clarity.
swingby test involved attempts to use NLR to illuminate a re-
ceiver at the NASA Goddard Space Flight Center and to detettal. (1997) obtained from the hall shot test FODA that wa:s
laser pulses transmitted from the same site. Owing to cloudy skgt flown. The slopes of the calibration count vs TH curves ar
conditions throughout the scheduled test, results were inconalliagnostic of the laser pulse shape relative to the threshold vo
sive (Izenberg and Anderson 1998). The SEQGEN test involvade levels (that is, the slope measures the time in counts for t
commanding NLR via SEQGEN, a scheduling tool developegignal to rise 3 db, the interval from one threshold to the next
by the Jet Propulsion Laboratory that is used for Eros operatiofiie increase in slope above BH5 indicates that the compara-
An extensive series of in-flight calibration tests was performedr voltage level in TH= 6 is already approaching the maxi-
to measure the calibration counts versus TH characteristicrofim signal level in the received calibration pulse. This sug
the flight FODA and to monitor this characteristic for changegests that the calibration pulses are not seen for the next higt
over the 4-year cruise to Eros. Figure 5 plots the calibratidhreshold TH= 7 because the received calibration signal neve
counts versus commanded threshold TH for all in-flight testxceeds the TH:= 7 threshold, which is 3 db higher than that in
through August 1999. The calibration count values have be€hl = 6.
stable within~0.5 count since launch, and the 1999 test results The measurements of total system delay and threshold-bas
(displaced downward by 2 counts in Fig. 5) are even more tightlgnge walk yield the conversion from range counts to raRge
clustered. An increase in the slope of the curve fromZFHB to in meters measured by NLR,
TH = 6 is evident for each of the observation dates. The same

increase in slope above TH 5 can be seen in Fig. 7a of Zuber R = 0.3122838x counts— corr(TH) — 4.37, (2)
TABLE Il
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 5882448
Calibration and test 5/22/96 143 21.07:45 21:46:49 2344 8209458 8211802
Calibration and test 9/24/97 267 20:40:58 21:25:38 2680 50543860 50546540
Calibration and test 12/19/97 353 15:15:38 19:29:24 15226 57954741 57969967
Earth swingby 1/19/98 19 0:54:55 6:43:19 20904 60581499 60602403
Calibration and test 4/19/99 109 15:07:44 20:10:41 18177 99944681 99962858
SEQGEN test 8/13/99 225 12:00:04 14:41:12 9668 109955824 109965492

MSI-NLR align 9/14/99 257 20:40:04 23:41:39 10895 112751825 112762720
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TABLE IV “range counts” ist0.5 count in the measured TOF. The uncer
Range Corrections in Meters vs TH tainties are statistically independent and are combined by t
square root of the sum of the squares (rss). The uncertainty ¢

corr (TH), corr (TH), to oscillator drift is£=0.0005% of the measured range, based o

TH 4/99 and 8/99 previous tests . . .
prelaunch tests. The actual oscillator drift after 4 years in spa
1 037 036 can be estimated from analysis of range measurements to E
2 0 0 obtained from different orbit altitudes. As NEAR descends t
3 0.40 0.51 progressively lower orbits, the measured ranges should decre
;‘ 2'22 2'22 accordingly; this allows estimation of the oscillator drift from
6 517 215 the data. The orbit can be determined independently of NL

from radio tracking and optical navigation.

Finally, Table V does not include the effect of pulse dilatior
caused by reflection from a nonideal target surface, which m:
where the last term accounts for the total system delay of 29 figminate the single-shot ranging uncertainty at Eros. In additio
and where the correction corr(TH) is listed in Table IV andly temperature corrections to measured ranges are needed
accounts for the threshold-based range walk. flight tests have confirmed that any temperature-induced ran

The threshold-based range walk corrections in Table IV Wegg ors are negligible on NLR (see Appendix). We note that ca

obtained from in-flight calibration tests. The calibration coun{gration errors have been estimated on a best-effort basis, |
for all shots with a given TH are averaged from a given test, omjfeasurement errors will be slightly greater.

ting shots without valid calibrations (e.g., FAILSAFE data, also

data with range gate values that suppress the calibration pulse).

Each entryin Table IV is the average=sf000 valid calibrations. MODEL OF RECEIVER PERFORMANCE
The difference in average calibration counts between the given WITH PULSE DILATION

threshold and TH= 2 yields the range correction in Table 1V, » )
using the conversion 0.3122838 m per count. TheTB cor- 1€ probability of successful ranging measuremé) (le-

rection is zero by definition. No calibration pulses are detect@§"dS on the surface reflectivity of the target, distance froi

for TH = 7 so no range correction is shown, and none is sholg target, surface height distribution within the laser footprin

for TH = 0, which is at the noise level and which will not pdarget surface tilt, transmitted laser pulse energy, receiver tel
used for mapping. scope aperture, and_ the noise levels within the re(_:eiver. A sir

The second column of Table IV shows the threshold-basBlf receiver model is presented below that predicts the NL
range walk corrections from the combined data sets obtaingg9l€-shot detection probability using Webb's approximatiol
in the flight tests performed 4/19/99 and 8/13/99. The valufgardner 1992, Colet al. 1997). The new result here is that
in the second column will be adopted for initial analyses. TH8® NLR FODA enables for the first time an in-flight measure
third column shows, for comparison, the corrections obtain&€Nt of the key receiver parameter that determines the sin
from the combined data sets obtained in all flight tests frof{iot detection probability at a given threshold setting, namel
launch through 1998. The changes in these corrections over #@ ratio of threshold voltage to receiver noise. The main ide
>3-year time span are regarded as a conservative estimat&dfat the model predicts not only the probability of detect
the uncertainties in the corrections. The uncertainty in corr(THf}9 the reflected signal pulse, but also the probability of fals
corresponds to less than 11 cm range. alarm, which is the probability that receiver noise will exceed th

We now estimate the single-shot range uncertainty when rafigfeshold and generate a false TOF. The false alarm rates h:
ing to an ideal target (a flat, diffusely reflecting surface norm3fen measured in-flight at NLR's lowest two threshold level
to the boresight). The contributions to this range uncertain t are within or close to the receiver noise level. With the ai

as discussed above are collected in Table V. The entry un§&fe Webb’s approximation receiver model, these in-flight ca
ibrations yield determinations of the receiver noise and lead

predicted probabilities of successful ranging by NLR.

] TABLE V' The NLR receiver model, as calibrated by in-flight tests, i:

Single Shot Range Uncertainty, Ideal Target also combined with a model of pulse dilation by a tilted targe

Contribui . surface. Pulse dilation is the temporal stretching of a returne
ontribution to uncertainty, Range .

single shot uncertainty (m) pulse when compared to the transmitted pulse and comes ab

when different parts of the laser-illuminated target area are

Range counts +0.156 different ranges from the instrument, so measured TOF valu

Threshold-based range walk +£0.11 are dispersed. The pulse dilation model outlined below predic

gost;'”?t’s:edn:ifﬁigyppm igfa? 40 ken range the return pulse intensity versus time from a diffusely reflecting

Total (rss) +0.32 (at 40 km) planar target at nonnormal incidence. Surface roughness a

contributes to pulse dilation (e.g., Gardner 1992), but the effec
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TABLE VI FWHM = 12 ns, but truncated to be zero for times: 0 (the
Radiometric Inputs start time i = 0) andt > 39.6 ns. The beam angular distribu-
tion is assumed to be Gaussian also with full widte#tof peak

Input Symbol Value intensity at 235.r. The target surface is assumed to be planz
Transmitied pulse energy (J) E 15 e-3 but_tllted to the line ofIS|ght with specified mudenpe angle. I_t is
APD quantum efficiency 1APD 0.35 a distanceR from the instrument along the boresight direction
Photon energy (J) hv 1.867 e-19 (the center of the emitted beam). A uniform, rectangular grid i
Collecting area (1f) A 0.00456 defined on the target plane, and the ranges from the instrumen
Range from target (m) R Input each grid cell are denote®l;,i = 1,...,20andj =1, ..., 20.
Receiver transmission Nrev 0.8 Th t d phot f h arid cell : tati
Solar irradiance (W/A{y:) leotar Input e returned photons from each grid cell arrive at a time
Reflectance of target I diff 0.2
Receiver bandpasg ) AL 0.007 tarrival = lransmit+ 2Rij /C,

Receiver field of view (rad) Oov 0.0029

which is calculated for each transmit time and grid cgllThe

fsurf h dilt i ble by a leadi umber of photons from each grid celltativy is determined
ofsurtace rougnness and it are not separable by a ieading eggén the transmit time relative to the (truncated) Gaussian pul

detection system such as used by NLR (characterization of pe and from the angular displacement of the grid cell off -

:ﬁcewed_ pulse v(\j/a\lleforg) \tNo;fllka,Je n_eeldedhtot do Eo)t.)_ll_-:en Bresight. Each grid cell is assumed to have the same reflectivi
d?c retf:ewfer mo '?It pdret Ic St fs sing z-s tOthpro a “t'y tge total number of received photons per pulse is normalized
etection from a tited target surtace, and, at the same tim I/T}APD. The transmit time is discretized in units of one receive

yields estimates of the range walk error induced by pulse d”ﬁ%e-of-ﬂight count, which is 2.083 ns. Finally, the numbers of
otons from the various grid cells are sorted by arrival time t

tion. In addition, comparison with measurements of Eros m
yield constraints on the “effective” surface tilt within the lase etermine the returned number of photons from the entire targ
ersus time.

footprint, where this effective tilt includes a contribution fron"(/
The APD and receiver characteristics are modeled as in Cc

surface roughness.

T 'tl;lhevlrey hr'aﬁlorlnetrl!c par:am(cejters o(ljf NLR are d(lefme? Lt al. (1997) using Webb’s approximation in which the statis-
able V1, which also lists the adopted parameter values frofl yistribution of the number of photoelectrons approaches

Gaussian near the mean valBet, with a varianceF G2¢t,,

Coleet al. (1997).
The number of signal photoelectrons generated per pmS‘Wﬁere the APD excess noise facfiis given by

then

Et rair A F =ketG + (2— 1/G)(1 — ketr)
Ns = E 7 @ Nrev?]APD, (3)
and the APD parameters are given in Table VII. For NLR, the
which evaluates tas = 181 photoelectrons per pulse at a rangexcess noise factdf = 2.627.
of 190 km, a typical altitude above the surface during NLR's The effective signal pulse width is approximated as the
initial mapping operations from 200 km circular orbit. In whatreater of the receiver filter time constantand the dilated
follows, the rate at which reflected laser photons are absorggdse width (defined as time interval from receipt of 10 to 90¥%
per second is writteh, and the total number of photons absorbedf total pulse energy, as computed above),
per pulse is writtept,, wherer, is the (dilated) pulse width.
The solar irradiance is 230 WAy at 1.68 AU from the Sun, a T = max(ry, dilated pulse width)
typical value for the 50-km circular polar orbit at Eros, and the

1.064w Eros albedo is from groundbased observations (e.ghe mean APD outputs aye, in the absence of signal and
Murchie and Pieters 1996). The number of solar background

photoelectrons per second is writtgg) TABLE VII
) Receiver Parameters
1APD Orov \ T diff
¢ = —— lsolarl@Anreyt | —— | — A, Parameter Symbol Value
hv g
. . ) Receiver filter time (s) 21 60 e-9
which evaluates tgy, = 4.63e 4 09 s for the given inputs. Surface leakage (A) Is 2.00 e-08
Pulse dilation from a nonideal target surface is simply mod- Bulk leakage current (A) I 5.00 e-11
eled here by considering a planar target which is inclined to APD gain i _ G 100
the boresight, although the model can be generalized to the '°nzation coeflicient ratio ket 0.0065
. Feedback resistor (ohm) Ry 22000
case of a rough, nonplanar target surface. The transmitted pulse preamp noise temp (K) T, 750

shape is assumed to be a Gaussian with med® ns and
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with signal, where PREDICTED RANGING PERFORMANCE AT EROS

b Is The model outlined above is fitted to in-flight calibration date
Mo = |ApX+ =+ =7 of NLR. There are three relevant observations. First, in-¥#,
the false alarm rate as measured on 4/19/99 was 62%, defir

1 = o+ nsX, as the fraction of shots in which the range count was less thi
where the correct value of 2(_54 (this value_ is 'Fhe correct calibratio
count, because the arrival of the calibration pulse also stops t
X — E. range counter in TH= 0). The range count of 264 corresponds
T to a range window open to 82.4 m. Second, in FH, the

Hereeis the elementary charge. The variance of the preamplififé\lse alarm rate as measured on 4/19/99 was 45.6%, defir

and APD leakage current noiséis given by kis the Boltzmann analogously as the fraction of shots in which the range cou
constant) did not overflow (overflow occurs at a count of 1048450, so th

range window was open to 327.4 km). Finally, in BH2 the
kTt Iz ]2 false alarm rate was not measurable (no false alarms seenin :
[W @} shots on 4/19/99 or in 5224 shots on 1/19/98).
The measurements are reproduced by the Webb'’s approxin
In the case of no signal, the APD output is described by thien model with inputs as listed above (except, of course, th:
distribution functionPppg(2), there is no solar background), and with the fittedvalues in
Table VIII. The threshold voltage count values are returned |
1 -7 the NLR telemetry (see Appendix), so the ratio of the threst
Nz [1+ G(F-1 z]1~5 &P 2[1+ M] ’ old voltages in TH= 1 versus TH= 0 is known independently
00 S0 from the NLR housekeeping data. The values in Table VIII
=R are consistent with these in-flight data. TRg value could not
Wr@gﬁf‘g&]al g‘rezlelg.t, the APD output is described by be measured fqr _TI:I: 2, so the values given in Tablg VIIl are
the model predictions based uponrgnvalue of 10 as inferred

Pppo(2) =

5 from the NLR housekeeping data.

1 —Z . . .
Prpi(2) = ——= exp|: SE=1% } These results are apphe_d to ranging to the sunlit surface
V2r [1+ g%g] 2[1+ =2 Eros from the 200-km orbit (nominal range 190 km). The to
panel of Fig. 6 shows the cumulative humber of photons re
s = vG?Fus. ceived (dashed curve) versus range from the tilted target surfz
- ) ) at 20 incidence angle (boresight to surface normal). Althoug
The probability of false alarmPr4 is then given by NLR will be nadir pointed, the asteroid is nonspherical, an
T incidence angles of 2(r larger are expected. The solid curve
Pea=1— exp[—— / pPDoerf(M> dz} shows a single shot probability of detection approaching unif
T Jz g from the 200-km orbit. The mean value of the measured range,

4) estimated from the range at which the probability of detectio
5 5 reaches half of its ultimate value, is 190.0003 km, implying
So=+/Spot 0% a range walk error of-0.3 m induced by pulse dilation. The

) ) ) robability of false alarm is predicted to be 0.04%, which i
wherenr is the threshold level normalized to the noise 'eveEegligible.

which is fitted to in-flight calibration data. Constant valueggpf The bottom panel of Fig. 6 shows the effect of pulse dila

andz; are chosen to include the entire variation of the integranﬁiOn at the same nominal range, but with a greater surface i

HereT is the time from laser firing to photon return, aRek is At 35° incidence, the total probability of detection decreases 1
calculated as a function df for a given value ohr. The func- 62%, and the range walk error is now8 m. The false alarm
tion erf(z) is the cumulative distribution function of a Gaussian

random variable with zero mean and unit variance.
Similarly, the single shot probability of detectid® is TABLE VIII
In-Flight Calibration of Receiver Noise

23
$11Z — Nt + Gng
Pb = /Z Pleerf( o dz ®) 4/19/99 nr Pra cT/2
2
and constant values @ andzz are chosen to include the entire 1: f(l) 4112 8'2&2 32?3 E‘m
variation of integrand. Both integrals are evaluated by numerical  1_> 10 <104 327.4 km

quadrature.
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TH=2, incidence angle 20 degrees
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FIG. 6. Effect of pulse dilation on single shot detection probablity, ranging to dayside from 190 km altitude(&@0and 35 (bottom) incidence angle.

probability becomes 0.7% which is acceptable. Hence, NLRNER packet formats, normal and high rate, are made into separate FITS files &
expected to range successfully to Eros from the 200-km orbitasg not merged with each other. As discussed in the text, NLR packets cont:
up to~35° incidence. At shorter ranges the number of retum@amary and secondary headers plus user data and status bits. Details are gi

h | bhot . h ¢ dth Ise dilation is | n Table Al, which shows in the first column whether a data value is found ir
signal photons Is much greater an € puise diiation s less, "headers, user data, or status bits. In both NLR packet formats, the prim:

Cause of the Sma”er Iaser_ fOOtpl’iﬂt. The probability (_)f de_te(_;tic?\réader information is used for telemetry processing and is not pertinent to dz
is higher, allowing operation at significantly off-nadir pointinganalysis, while the secondary header contains the packet Mission Elapsed Ti
and high incidence angle. For example, calculations show tHdET. 32 bit), software version number, and subprocess identifier (normal ¢

in the 50-km polar orbit. with a nominal range of 40 km and alﬁgh rate). Not all of the user data values in the normal format are included i
! the high rate format, as shown in the second and third columns of Table A

|nC|der!ce ang,le of 45the pI‘ObabI|I'[y of detection at TH:_G I_s The software version number is 6 for all data from launch through June 200
essentially unity and the range walk error from pulse dilation iger which software version 7 will be used. All information in this Appendix
—0.9 m. Ranging accuracy from 50 km orbit is fully consistendpplies to either Version 6 or Version 7 except where stated otherwise. The mq
with the 6-m science requirement (Zuletral. 1997). significant differences between the data formats in Versions 6 and 7 are
NLR Commenc?d science operations at Eros on February 28.’ Version 7 returns all data in the normal format, including 2-Hz mode data
2000, When_ the first laser r_et!J_ms were detected at a range Qf In Version 7, the first three fields in the science status bits are: Last C
300 km. Science data acquisition has been accomplished Sugibration count of the last shot) and then the minor frames of the first she
cessfully in orbits at 200, 100, and 50 km, qualitatively corgnd the second shot of the packet. These three fields replace the first two fie
firming the predictions of instrument performance from Webb /8 the Version 6 normal format, which are Last Cal and First Cal.
_apprOXimation-. A qua_ntit_ative comparison is difficult, becauseas a general rule, data constants are converted to decimal integers in t
in the high orbits the incidence angles at the scale of the las&R FITS files. For example, the 12 least significant bits of the 32-bit MET are
footprints are not well known, whereas in the low ortftshas returned for each shot in the normal format data (Table Al) and are converted

been essentially unity. A detailed analysis of instrument perfUE}Qintegerinthe range [0, 4095]. The “Range” counts are converted to integers
mance at Eros will be presented elsewhere 1048580]. The conversion from “Range” counts to range is given in the text. Th

“Calibration” counts measure the time delay introduced by the FODA and ar
returned for each shot in the normal format; additionally, the same “Calibration
count values for the first shot and the last shot in the packet are returned amc
APPENDIX I—NLR DATA FORMATS the status bits (version 6 only). In the high rate format, calibration counts ar
returned only for the first and last shots in the status bits.

The NLR Experiment Data Records take the form of FITS files. These are theThe NLR FITS files contain 8640 bytes of header information, including list:
time-ordered, raw data products from the merging of NLR science data packeftall data values in the NLR packets (Table Al) and all values from spacecra
with instrument data extracted from spacecraft housekeeping packets. The hwasekeeping (Tables Alla and Allb). Following the header, packet data a
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TABLE Al analysis. For all data values other than range and calibration, the conversic
NLR Science Packet Data from counts to engineering units are given below.
In addition to data returned in science packets, instrument housekeeping inf
Location Normal format High rate format Comment mation is returned in the spacecraft housekeeping data stream, some of whic
commutated. The complete NLR housekeeping data sets are listed in Tables £
Packet header MET MET Mission elapsed  and Allb. Noncommutated values are shown in Table Alla as well as the time
time in seconds, sampled for each of the subcommutation frames shown in Table Allb. Tt
32 bits subcommutated data values and the frames in which they appear are shc
Software version  Software versiené Version 6 or 7 in Table Allb. The names of the data values are listed in the first columns
Subprocess Subprocess#5b Tables Alla and Allb and are given in the same order (top to bottom) as the
ID=4 appear in the NLR FITS files. Explanatory comments are always in the la
User data, column. In Table Allb, the column labeled “Frame” gives the subcommutatio
eachshot 56 Shots included 112 Shots included frame in which the value is returned.
MET (not included) 12 Least significant ~ The op-codes corresponding to commands that appear among the status
bits of MET in the NLR packet data are listed in Table Alll. The hexadecimal op-codes a
Range Range Max 1048580 converted to decimal numbers in the NLR data sets.
Threshold (not included) Commanded The same information on PRF mode status is returned independently in bc
threshold the NLR packet status bits (as “PRF”) and the subcommutated housekeeping
0,1,...,7 (as “Pulse Repetition Frequency”), although the times of sampling are differer
Calibration (not included) Counts When PRF is returned as “2", NLR is firing at 1 Hz (see Table AlV).
TxReady TxReady If transmitter is Numerous quantities are returned in both the science packets and the hot
ready to fire, keeping data, but are denoted by different names in the two data streams. -
TxReady=0 same scaling from counts to engineering units applies to both data streams, :
NoReturn NoReturn If range overflow, the data are nearly always identical in the two cases; differences arise from 1
NoReturn=1 different sampling times. In what follows, if the same physical quantity is re
Status bits turned in both data streams with different names, both names are listed explici
Last Cal Last Cal Counts, last shot As noted in Table Al, the voltage threshold and calibration counts are returne
Status 2 First Cal See Table Ala for every shot in the normal science format. Moreover, the voltage threshold f
Spare Spare Always equals zeroone particular shot (which shot depending on DPU state, not determinate)
T-0 count T-0 Count AdjustsT -0 mask returned in the status bits. For the high rate format, the threshold (one shot, |
Last command Last command Op-code, decimal;determinate) and calibration values (last and first shots) are returned only in 1
see Table Alll status bits. In addition, the subcommutated housekeeping frame 3 contains «
Threshold voltage Threshold voltage Counts sample of calibration counts (“Fiber Optic Delay Assy Cal” which is offset by
Time-of-flight Time-of-flighttemp  Counts 256, see comment in Table All) and one range sample (“Range Measuremen
temp Housekeeping subcommutation frame 2 contains one sample of threshold vc
APD Bias APD Bias Counts age (“Receiver Comparator Threshold”). As is conventional practice, all sul
Range gate Range gate Adjustd mask  commutated housekeeping values are supplied for every record in the NLR FI
PRF PRF See table AIV files, although only one frame is returned in any packet, by using the data sam|
Failsafe Failsafe If start ignore, nearest in time. Most housekeeping values are in any case slowly varying. T
FAILSAFE=1 actual MET values for the individual subcommutation frames used to comple
One stop One stop If cal ignore, any record are given in the data words MET1 through METS5; these may «
ONE STOP=1 may not be exactly contemporaneous with the science user data in the recc
Auto acquire Auto acquire If auto acquire, In particular, the range value in the subcommutated housekeeping is at MET
Auto acquire=1 To convert counts to the transmitter diode pump temperattit€ ithe trans-
mitter power supply temperature i€, or the chassis deck temperaturé @)
given, one record per packet. There are 401 fields for each record (i.e., 400 data T =100— E‘_’ % counts
values per packet, plus the packet number) for either the normal or the high rate 2

format FITS files. These are packet number, packet MET (which is the time of . . —

the first shot), and subprocess ID, comprising the first three fields; userdatainth-go convef,t _counts to the time-of flight AS_IC temperature @ ( Tlme-pf-
next 336 fields (for 56 shots in normal format or 112 shots in high rate forma !'ght Te_mp in NLR packet data), the receiver detector temperatut€jror
and finally 62 fields for instrument status data from NLR packets and spacecF il medium voltage power converter temperaturedn

housekeeping. These 62 fields include three data processing indiceDRLR

CTP.DQI, SUB.DQI, which are used by the SDC and are not pertinent to data

84.668
= g x counts— 29.
TABLE Ala

. . To convert counts to receiver housing temperatured
Status 2, Science Packet Status Bits 9 P n

205
Version 6 Version 7 T= 255 X counts— 100,
Calibration counts Minor frame of To convert counts to instrument main bus current in A (“Laser Rangefinde
of first shot first shot Current”),

Minor frame of

0.8
second shot | = — x counts

T 255




TABLE Alla

NLR Housekeeping Data (Nonsubcommutated)

Nonsubcommutated values

Description

Comment

MET

Laser rangefinder current
XMTR diode pump temp
XMTR power supply

Chassis deck temp

Cover status

Rx housing

Cover release assy primary
Cover release assy secondary
Software version

Subcomm ID variable

MET (first subcommutated frame)

MET (second subcommutated frame)

MET (third subcommutated frame)

MET (fourth subcommutated frame)

MET (fifth subcommutated frame)
Disaster code

MVPS voltage

APD bias voltage

DC/DC converter input current

Mission elapsed time

MET of housekeeping data

Laser rangefinder current Counts
Transmitter diode pump temp Counts
Transmitter power supply temp Counts

Chassis deck temperature Counts

Cover status
Receiver housing temperature
Cover release assembly status
Cover release assembly status
DPU software version
Subcomm ID variable
MET (subcommutated frame 0)
MET (subcommutated frame 1)
MET (subcommutated frame 2)
MET (subcommutated frame 3)
MET (subcommutated frame 4)
Disaster code

Always equals 1
Counts

Always equals 0

Always equals 0

Equals 6 or 7
Always equals 4

Time of subcommutated data sample
Time of subcommutated data sample
Time of subcommutated data sample
Time of subcommutated data sample
Time of subcommutated data sample

Normally equals 0

MVPS voltage Counts
APD bias voltage Counts
DC/DC converter input current Counts

Note.If entry in Comment field is “counts,” the conversion to engineering units is given in the text of the Appendix.

TABLE Alll

TABLE Allb
NLR Housekeeping Data (Subcommutated) NLR Command Op-codes
Subcommutated values Frame Comment Command Hexadecimal Decimal
Command receive count 0 Count is modulo 16 ?ir;gtlzri;eble i(l) gg
Command reject count 0 Count is modulo 16 Auto acquire 42 66
Failsafe mode 0 If FAILSAFE=1 Calibrate 43 67
One stop signal mode 0 If ONE STOPL Set Threshold 45 69
Transmitter enable flag 0 If enabled] Cal Ignore 46 70
Automatic acquisition mode 0 If Auto Acquire;1 Cal Restore 47 71
Range gate bits 6 to 3 0 Counts Start Ignore 48 72
Time of flight ASIC temperature 0 Counts Start Restore 49 73
Receiver detector temperature 0 Counts
Memory dump address 1 Always equals 0
Memory dump data 1 1 Always equals 7 TABLE AlIV
Memory dump data 2 1 Always equals 227 Firing rate
Power converter 15-V status 2 Normally equals 1
Power converter -15-V status 2 Normally equals 1 PRF Firing rate (Hz)
Power converter 5-V status 2 Normally equals 1
Power converter -5-V status 2 Normally equals 1 0 0
Power converter digital 5-V status 2 Normally equals 1 1 %
Housekeeping voltage subcom ID 2 0,1, 2, 3, or4; see Table AV 2 1
Power converter output 2 Counts 3 5
Receiver comparator threshold 2 Counts 4 8
Medium voltage power 2 Counts
converter temperature
Fiber optic delay assy cal 3 Cal word of one shot TABLE AV
(indeterminate), minus 256, Scaling Values for Subcommutated Power
expressed as unsigned integer Converter Voltage
Spare 3
Range measurement 3 Range word of one Name Subcommutated ID Vs (V)
shot (indeterminate)
Pulse repetition frequency 4 See table AlV DIG_5V 0 9.96
Pulse count 4 Approx. count shot, POS5V 1 9.96
modulo 16,777,216 POS15V 2 16.437
NEG.15V 3 —16.437
Note.If entry in Comment field is “Counts,” the conversion to engineering NEG.5V 4 —9.96

units is given in the Appendix.

584
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To convert counts to dc—dc converter input current in A, Receiver Housing Temperature

0.996 % R i
| = X counts 30 i

o
255 B
(4]
To convert counts to APD bias voltage in mV (“APD Bias” in NLR packets), § 20
_ lora1z X counts E ®
~ 255 10 T - : .
60580000 60585000 60590000 60595000 60600000 60605000
To convert counts to the medium voltage power supply voltage in V (“MVP¢ MET
\oltage”),
Calibration cts, avg first and last
74794 counts
= —— X
255 269

i
[+2]
[+

To convert counts to power converter output voltage in V,

Vs
V = — x count
255 ¢ COUNts

calibration counts
5 3
(=] -~

whereVs is listed in Table AV.
To convert counts to threshold voltage in millivolts (“Threshold Voltage” in 50580000 60585000 60590000 60595000 60600000 60605000

]
2]
w

NLR packets, “Receiver Comparator Threshold” in housekeeping), MET
V= 23071 % COUNts FIG. Al. Calibration counts versus instrument housing temprature, Eart
255 swingby test.

While the nominal values of the comparator threshold voltages are listed in
Table | (for example., the threshold is 16 mV in HD) the observed values
of voltage counts at each value of TH are listed in Table AVI. The threshofdots the average of the calibration counts from the first shot and the last shot
in TH=0 is actually set below the noise level in the receiver; this enables g¥ery packet during the test. The temperature of the TOF ASIC (not shown) w
in-flight measurement of the noise using the calibration pulse as discusse@®istant to within 1 count (0:€) throughout the event. However, Fig. 5 shows
the text. The threshold TH 2 is far enough above the noise that the receivethat the average calibration counts measured ir<THand 2 during this test (for
false alarm rate (triggering on noise) is negligible. The threshole=THs high ~ all shots with valid calibrations) were about 0.4 counts lower than those me
enough that the calibration pulse cannot be detected. sured 1 month earlier as well as lower than those measured subsequently.
significance of this difference is unclear. The conditions of the Earth swingby te
have not been reproduced subsequently and will not occur at Eros. In summe
APPENDIX II—TEMPERATURE SENSITIVITY the in-flight calibration data provide no basis for introducing any temperatur
correction to measured ranges.
During the Earth swingby test of January 19, 1998, the spacecraft was oriented
such that NLR became directly illuminated by the Sun, and the NLR receiver

housing was raised to10°C higher than maximum normal temperatures. At ACKNOWLEDGMENT
Eros, the spacecraft will always be oriented such that NLR is completely shad-
owed by the spacecraft, and such heating will not occur. This work was supported by NASA under the Near Earth Asteroid Rendezvol

Figure Al shows that even during the January 1998 Earth swingby test, th@ject.
calibration counts measured by NLR in B were unaffected (bottom), de-
spite the temperature rise shown in the (top) panel. The lower panel of Fig. Al
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