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Abstract

The HI-CLASS (Hgh Rerformance ©2 LAdar Surveillance &nsor) operating

in conjunction with the AEOS 3.6 meter aperturesebpe atop Mt. Haleakala has
demonstrated its ability to produce simultaneoegigion range (4m in narrow band; 10
cm in wide band), range rate, and angular positieasurements (FWHM beam width of
4 micro-radians) of both uncooperative ( > 0.12-®. diameter) in LEO trajectories and
cooperative (retro) satellites. We describe keprowmements and investigations into the
system that are helping to extend the system’seraguracy toward its precision. The
limiting range-rate error source is also addressgukcifically, the impacts of the timing
system, the electronic time delays, and the losaillator stability on the metric accuracy
are assessed.

1. Introduction

HI-CLASS? is a coherent laser radar system providing pratisinge and range-rate
measurements and range-Doppler imaging. It wagdegifor tracking and imaging of
space objects. Also, its imaging functionality makewell suited for missile defense
applications. The system has a nominal design tsatysfor detecting satellites with
reflectivity area products of 1 m"2 at 10 Mm. Hystem can output 12 J per pulse at 15
Hz. The transmitter, which is shown in Figureslbased on a transverse excited
atmospheric (TEA) Colaser operating at 11.15 microns. The 11.15 mievavelength
has a 92% transmission efficiedidgpom Haleakala (10,000 ft elevation) looking sjfti
up. This wavelength also has a high turbulenceieficy whereglooking straight up is
approximately 6 — 8 m. Therefore, it is well suifedlarge aperture projection such as
through the 3.6 m AEOS telescope shown in Figufehg.laser is eye safe out of the
telescope.

The original design precision of 4 m in range hesrbexceeded by demonstrations of 0.1
m in its pulse-burst format. While the laser wavefas expected to allow sub-10 cm
precision, the accuracy is currently limited byesteources of error.

The HI-CLASS ranging data is compared to orbitsvéer from International Laser
Ranging Service data for the Lageos satellite.résalting residual is a measure of the
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HI-CLASS accuracy down to the sub 10 cm uncertdengl. This paper investigates
errors associated with the timing system and edaatrtime delays in the receiver in an
effort to improve the absolute accuracy of theeyst The measurement method and
results for the time base and jitter errors is@nésd. Frequency dependent time delays
arise since HI-CLASS is a heterodyne system araydblrough the receiver varies
depending on the frequency of the beat note. Asalt; filter calibrations are required to
compensate for the non-constant time delay inhanethie electronic channels of the out-
going pulse monitor (OPM) and the received sigrlt&se signals have a varying
frequency on a pulse-to-pulse basis that is lardepjendent on the local oscillator-to-
seed locking stability and the Doppler shift frame target that is un-cancelled
electronically. The method and procedure for cating the time delays is presented.

The range-rate precision and accuracy has beessass® be limited by the stability of
the local oscillator during the time of flight. Brssessment is supported by cm/s level
noise floor measurements at short range. Alsottisligy of the local oscillator when
referenced against an ultra-stable laser is c@mdistith the velocity noise floor
measured against space objects when consideringrtbef flight. Data is presented for
velocity measurements that are corrected usingéhé signal between an ultra-stable
laser and the local oscillator.

TEA CO2 Laser, A =11.15 ym  lransmitter
optics table

Flgure 1 The TEA laser is the large chamber |nd|cated The lneh |n front of it holds transmitter
optics and the seed laser.



Figure 2 The 3.6 m AEOS telescope on top of Mt Haleakalahsre a HI-CLASS transmitter and
receiver is installed.

HICLASS employs two waveforms shown in Figure 3eTbp plot shows the
heterodyne pulse tone waveform. The pulse body ihe order of 4-6 microseconds
typically. There is a gain switched spike with a IHW of approximately 200 ns. The
narrow gain switched spike enhances the rangeutssohwvhile the wide pulse body is
desirable for fine velocity resolution. The uncertgin the range for acquisition of an
object for the pulse tone format can be 18 Km withandergoing any search for the
object. The pulse tone range sigma has been deratatsto be 4 m for high signal to
noise signals from satellites. In-lab data has shmmge standard deviation of about 2
meters for high SNR data. The lower plot showsntioele locked pulse-burst waveform.
The micropulses are separated by 40 ns. The widtieandividual micropulses can be
1.5 ns, contributing to its higher range precisier the pulse tone format. Range
precision of 0.1 m has been demonstrat&tle pulse-burst format enables the system to
function as an imaging ladar. The acquisition winde 5 km in the pulse burst format,
which favors the pulse tone for acquisition. Théspdone format has a simpler signal
processing requirement and it has been used exéyn$or real-time metrics. While the
system can toggle between pulse tone and pulsédiuesshot-to-shot basis, only the
accuracy of the pulse tone format is the subjethtisfpaper.

“D. Currie, P. Konkola, M. Kovacs, R. Pohle, “HI-CLAS&rgjing Accuracy Assessment Using Geodyn”,
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Figure 3 The top plot shows the pulse tone heterodyne wdaem. The lower plot is the pulse burst
waveform. It is a mode locked pulse tone waveform withGins micropulse spacing.

A simplified diagram of the hardware configuratimn HI-CLASS is shown in Figure 4.
The laser transmitter achieves single mode operatyacavity matching to a seed laser.
The seed laser is locked to the local oscillatougy of a seed locking controller and
detector. The beat frequency between the seetbaaldoscillator is nominally set to 6
MHz. The system uses a holey mirror as a transmiitraceive switch. Since the
telescope moves during the time-of-flight, the netheam deviates in angle from the
receive beam. The angle between the transmit ariveebeam is given by = 2 v4c.
Herevy is the cross-range velocity of the object anslthe speed of light. The telescope
points ahead while tracking the object and thekttag mirror keeps the return signals
stationary on the receiver detector and acquisitameras. The received beam is beat
with a local oscillator that may be acousto-opticahifted to ensure the return signal is
always greater than 500 MHz. The receiver trackglmiDoppler shift and brings the
signal down to base band for in-phase (I) and cqatade (Q) signals, which are separated
by a phase shift of 90 degrees. Finally, a dataiaitopn system digitizes and records the

OPM, I, and Q signals.
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Figure 4 A simplified diagram of the HI-CLASS heterodynelaser radar.

2. Ranging accuracy assessment method

Highly accurate ephemeris can be calculated usitegriational Laser Ranging Service
(ILRS) data and sophisticated orbit determinatewhhiques. Calculated ephemeris of
the Lageos satellites can have centimeter levelracg. We employ the Orbit
Determination Tool Kit from AGI and ILRS data fraime Lageos satellites to obtain the
highly accurate orbital reference data. The exgmkeatcuracy of our calculated
ephemeris was assessed using a previously use@tiati approach Figure 5 shows
normal point residuals of the ILRS tracking stasidor a Lageos-I pass on Sept 29, 2003.
This plot shows the centimeter-level residuals #rattypical of ILRS normal point data.
To assess the orbit determination accuracy for-&HASS-like scenario, the Haleakala
tracking station known as LURE was not used in‘theh orbit” calculation. Instead, its
residual from an orbit calculated using all theeoth.RS stations is shown. In this way,
possible questions of the orbital accuracy formaate location, far from other ILRS
stations, are eliminated. ILRS data from Sept 224)2003 was used to determine the
orbit. The shown sub-8 cm accuracy is the expdetesl of accuracy for ephemeris

using our current approach. Since this accuracyomasidered excellent for this phase of
the work, potential refinements in the orbit detieration process were not pursued.
While LURE is no longer operational, its archivetalcorroborates the ILRS-based
technique since the same level of ephemeris acgisaxpected for HICLASS
comparisons.

® R. Noomen, “Precise Orbit Determination with SLR: SetthgyStandard”, Surveys in Geophysics 22:
473-480, 2001.



Sep 29 All Trackers vs Definitive Ephemeris (Not Using Haleakala)
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Figure 5 Range residuals of ILRS tracking stations for tke Lageos-I satellite on September 29. All
stations shown but Haleakala were used to generate thebd. Residuals of all tracking stations,
including Haleakala, to this orbit are shown.

Figure 6 shows the HI-CLASS residuals from sevegelos 1l passes that occurred on
April 25 to May 3, 2005. The standard deviationsged from 3.5 to 4 meters, which is
typical and not a concern for the pulse tone formae average bias in the plot would be

subtracted for real-time data. Most importanttye thean residual from each pass varied
by +2 m. This is a statistically significant instahjlitonsidering that each pass had many

hundreds to several thousand data points.
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Figure 6 HI-CLASS residuals for seven Lageos Il passes April 25 to May 3, 2005.

Two issues were identified after observing the pagmss bias instability. The system
timing stability and time delays are the subjedtdhe next two sections.

3. Timing System Accuracy

The system timing accuracy was assessed usin@tine i Figure 7. The timing of the
HI-CLASS system is based on a delay generatotttiggiers the data acquisition on
OPM and two receive A/D boards. The delay betweggering the OPM and received
boards is programmed into the delay generatorsio&to-shot basis and its value is
based on an estimate of the time-of-flight of #eek pulse. For instance element sets can
be used to provide a range estimate with typicaliecies of 5 km. For in-lab testing, the
OPM to receiver A/D delay is user controllable. Tim&ing test was conducted to
measure the timing errors over the operationaldiofdlight (up to 67 ms) by adjusting
the user controllable range delay. The input toAH# cards was a CMOS square wave
from a recently calibrated CG63®ith the rubidium time base option. Its maximum
error over a whole year is specified as less thamppb.

® From Stanford Research Systems, Sunnyvale, W@#y.thinksrs.com
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Figure 7 The timing test setup.

The principle of the timing test can be seen fragufe 8. The clock period,clock must
be known accurately for the integer number of clpekiods to be known very
accurately. For a perfect instrument
N *Tclock = Tdelay +Trec —Topm(1)
WhereN is an integer number of clock periods ardklayis the delay programmed into
delay generator. The variablésecandTopmare found experimentally and are defined
as the time to the first rising edge in the datguéition windows. In a real system,
Equation 1 is never exactly satisfied and the rtgrerror is given by the difference
between left and right hand sides of the equatioah that
Timing_error = round[ (Tdelay +Trec —Topm)/ Tclopf clock - ...

( Tdelay +Trec —Topm).(2)
The system time-base error and jitter is assessadthe mean and standard deviation of
theTiming_errorrespectively.
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Figure 8 Timing test concept. Since the time between rising edgeknown very accurately, the HI-
CLASS system timing error can be assessed.

Through this test, we confirmed the timing accurasyng a calibrated reference. We
concluded that the old clock had a time base @fr0r65 ppm. Furthermore, an
investigation into the range calculation revealest the old system used a rounded value
of the speed of light contributing another 0.14 ppfrerror. Both errors contributed to an
inaccurate reported range such that

Reported_range (1-0.79e-6)teal_range. (3)



This time base is consistent with the ranging datavn in Figure 6 and again plotted in
Figure 9. In this figure the residual is plottedstes range. The expected slope of 0.79
ppm is corroborated by the experimentally deterohisiepe of 0.84 with uncertainty in
the linear regression of 0.07 ppm. Considering tth@ HI-CLASS system is designed for
ranging on satellites out to 10 Mm, the time-baserecould contribute almost 8 m of
error.

AprMay2005refephem-mod.xls. slope=0.848 +/- 0.068 ppm

residual(m)

range (m) % 10°

Figure 9 Residuals of HI-CLASS from seven Lageos-Il pass plotted versus range. The time base
error is evident by the slope.

The old time base was not expected to drift vesy &ad may have been largely calibrate-
able. However, since even 10 cm level errors weneterest, the time-base was
upgraded. The system time base now is the StaResgarch Systems CG635 with the
rubidium time base option. The effective time-baser of the HI-CLASS system was
verified against a second calibrated external ctodkeaccurateto better than 1 ppb in
pulse tone and pulse burst. This expected resabtighly confirms the time base
accuracy of the data acquisition system. The syfitaing jitter also demonstrated
excellent performance. In pulse tone, the timittgjiwas measured to be 0.3 ns, which
corresponds to a standard deviation in range of.5Aclow pass filter was used on the
external CG635 to obtain a 38 nsec rise time (10%)reference. The timing is a result
of interpolating the 70 MHz A/D sampled signal. Bxbough the pulse burst signal is
sampled at 1 GHz, the measured timing jitter ofrf&Sigma in this mode was actually
worse than the slower sampled pulse tone datapiilse burst timing was measured



using a 3.5 nsec (10%-90%) rise time referenceeNpeless, both the pulse tone and
pulse burst modes demonstrate excellent timingaygterformance.

While the clock upgrade resulted in a significaatfprmance improvement and the
timing system characterization allows the timingtsyn to be ruled out as a significant
source of error, other significant errors in theteyn remain. The next section
investigates the significant errors associated thightime delays in the receiver.

4. Electronic Time Delays

A heterodyne receiver is used to amplify the OPM wteive detector signals, provide
low pass filtering for anti-aliasing, track out tBeppler shift of the return signal, and
provide in-phase and quadrature signals for theived signal. Figure 10 shows the
block diagram of the heterodyne receiver. The dédayugh the receiver is dependent on
the frequency of the OPM and received signals.JR&! has a varying frequency based
on the LO-to-Seed frequency locking stability. Theeiver delays are also dependent on
the target Doppler-to-receiver tracking. While teeeiver dependent delays will be
different on a shot-to-shot basis, range correstan be performed based on the OPM
and receiver frequency-dependent time delays
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Figure 10 Heterodyne Receiver Block diagram for the pulse torggnals



The OPM chain is relatively simple. The OPM is pnpéifed and then followed by an
anti-alias filter with approximately 20 MHz bandwhd The receiver chain is more
complicated as it is designed to track out the Depghift of the target. Furthermore, the
receiver is designed such that it requires a freque@reater than 500 MHz at point “A”
to function correctly.

A satellite has a larger Doppler shift when itag/lin the horizon. As the satellite rises,
the range-rate decreases. When its range rateagesrbelow 2.79 km/s (500Mhz*11.15
pm/2), an acousto-optically shifted local oscillabaam contributes an additional 500
MHz of optical shift. Since at culmination the Ddgpshift from the target is zero, the
local oscillator needs to be able to produce optieguency shifts of 500 MHz. Past
culmination, anegative500 MHz shifted beam beats with the received bessithe

object falls, the Doppler shift increases and theghifted local oscillator is selected when
the Doppler shift from the target exceeds 500 Mblaia The requirement for a greater
than 500 MHz optical difference between the loclitator and receive beams arises
from the wide band width of the optical signal uige burst mode. The mode-locked
laser spectra has positive and negative sidebanidlastrated in Figure 11. The center
frequency is at the seed frequency plus the Dol from the target. The frequency
spread typically has significant energy ouit®d00 MHz or more. Since the optical signal
is greater than 500 MHz, the positive and negatisdebands do not wrap around base
band. The large offset from DC also places theaitar away from the low frequency
1/f noise of the detector.

+/- ~200 MHz

v

<«
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!

fseep Laser + fDoOPPLER

Figure 11 Frequency spectra of a mode locked laser showingatithere are positive and negative
sidebands about the nominal.

v
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At point B the signal has been beat with a varifit#dguency oscillator to stabilize the
frequency of the signal through the rest of theuwtr The programmed VFO frequency is
based on an estimate of the target Doppler. Seedtimate is imperfect, the received
signal has an associated variability in frequerdythis point in the circuit, the signal is
centered at 7.5 GHz and is filtered witk: 875 MHz bandpass filter. A fixed 8.0 GHz
mixer beats the signal down to 500 MHz at poinTRe final pair of mixers, which are at
500 MHz but off by 90 degrees, produces in-phasand quadrature (Q) signals that are
also 90 degrees apart. The | and Q channels aio®€ level signals even though they
wrap the positive and negative frequencies abdde.0Orhe anti-alias low pass filter is at
20 MHz for pulse tone and at about 400 MHz for pudsrst.
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Figure 12 Frequency response test setup for the OPM channel.

The frequency response for the OPM is obtainedyu$ia setup in Figure 12. Here a
white noise signal is applied to the OPM channel thie frequency response is derived
from FFT(Output)/FFT(Input). A high resolution freéency response for the OPM
channel is shown Figure 13.

The FFT length was 16384 data points. Sixteenadaiae million samples each were
averaged using an overlap of half the fft lenggutléng in 1936 averaged data sets. The
resulting frequency response has a sufficientlg fesolution of 61 KHz with very little
noise.



Additional tests confirmed that the distortion loé tfast sampling (1 GHz) A/D channels
was negligible at the low, sub 20 MHz, frequencEsterest.

Frequency response. fitlen=16384, overlap=8192, datlen=1000064, sets=1936, FiIe:fiItrespLOPT
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Figure 13 Frequency response for the OPM channel

The frequency dependent time delay is derived fiftuerphase by the following
expression

¢=2rtT, (4)
wheregis the measured phase at frequeindyhe time delay i34. Note that théime
delay is different from thgroupdelay, which is only a measure of the slope ofpthase.
The time delay is the actual time it takes forgnal at a given frequency to pass through
the system. The relationship betweenrdregedelay and the time delay is given by

c
Range Delay= Td (5)
Wherec is the speed of light. The factor of two is duehe round trip path of the light in
the range measurement. The derived range delays/&#exjuency for the pulse tone
OPM is plotted in Figure 14. The £ 3.5 m of rangstability is significant. Furthermore
the range delay is very sensitive near 6 MHz, whisggeOPM is nominally centered.
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Figure 14 Range delay for the pulse tone OPM channel.
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Figure 15 The top plot shows the digitized heterodyne OPM he derived envelope is also shown. The
envelope is the square root of the intensity of the directatiect signal. The lower plot shows the

narrow bandwidth of the OPM of less than 300 KHz.



For a simple correction, the OPM can be assumée tt single frequency. Figure 15
shows an example OPM and the sub-300 KHz bandwidiie heterodyne signal. Figure
16 explores whether a simple frequency correcsguossible by comparing the error of
correcting using a single OPM frequency versukeafftequency is spread out uniformly
over 305 KHz. The difference between the two cassekown in the lower plot of Figure
16. The correction error is less than 0.1 m widhassumed 305 KHz box car filter if the
OPM is adjusted to be greater than 5 MHz. Thusagsumption of the OPM occurring
an infinitely narrow frequency will suffice for thrange correction.

Nominal Range delay and filtered with boxcar, width=305KHz
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Figure 16 The top plot shows the time delay for the moinal and when the nominal is filtered with a
305 KHz wide boxcar averaging filter. The bottom plot ighe difference between the two data sets.
The error is small — less than 0.1 m when the OPM is cortlled to be above 5 MHz.

Another source of error in the range correctiosexiif there is an error in the calculated
OPM frequency. Figure 17 explores this error when®PM frequency is off by a full
resolution element of the FFT. Even with this exteeassumption, the range correction
error is less than 23 cm when the OPM is contrdibelde above 5 MHz. Thus, even after
considering the bandwidth of a boxcar OPM and caagive assumptions of the
frequency uncertainty, the OPM range delay comeatirror is small (0.25 m root sum
square error). Thus, even a simple correctionprdduce more than an order of
magnitude improvement.
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Figure 17 The range error if the OPM nominal frequency is irerror by 61 KHz.

Figure 18 shows the residual after compensatiothisOPM frequency. The residual is
plotted versus the received frequency. The resislualvs significant frequency
dependence in both the in-lab and satellite ddte.shtellite data is from a 22195 pass on
July 17, 2006. The offset of 39.3 m was subtrafiaoh the 22195 data such that both
data sets were assigned the same mean for graplnipgses. Most importantly for this
current analysis, corrections of greater than #&renobserved. From this data we can see
that for the satellite pass and the in-lab dataebeived frequency can vary by more than
+2 MHz from the mean. The variability in the reaivfrequency for the in-lab data is
essentially the same as the stability of the sedddal oscillator. The variability in the
return frequency for the satellite is also depehderthe accuracy of the Doppler
frequency tracking. The tracking of the Dopplefftsisitypically on the order of £2 MHz
from the mean for the several Lageos satellitegsadgat were examined during this
study. However, the mean received frequency fatellge can be off by more than 10
MHz. The HI-CLASS system does have the capabititytfie operator to control an

offset to the VFO frequency, which would contras thnean return frequency better.
Other Doppler tracking features that feedback tkasured Doppler shift may be
considered in future work. Because the laser redata has a significant standard
deviation and errors of interest are sub-metegelaumbers of returns would be required
to get a high resolution frequency response forelseiver. A similar all electrical test as
the OPM is highly desirable. The receiver test Wiged to use digitizers with more
than 2 GHz sampling. This test, along with coicewd for the A/D board frequency
responses is an area for future work. The workim paper, highlights that the non-



constant time delays in the heterodyne receivesigreficant and justifies the further
tests. Future work will seek to implement high tagon frequency responses
considering the receiver, A/D boards, and VFO tiragkFurthermore, hardware
upgrades may be implemented that reduce the fregusansitivity of the system.
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Figure 18 The residual after the OPM frequency correction pltied versus the received frequency.
The in-lab data is the set centered around 4 MHz. The Lagsdl (Obj #22195) data set is centered
near 0 MHz. The fit shows the residual is dependent on the rewed frequency.

5. Velocity Metrics

Velocity metrics from HI-CLASS have typical standateviations of 0.25 m/s to 0.5 m/s
off from the Lageos satellites. This stabilityimmited by the stability of the local
oscillator over the time of flight.

Figure 19 shows the drift of the local oscillatsribwas referenced to an MIT Lincoln
Laboratory “ultra-stable” laser. The “ultra-stablaser is believed to have a frequency
stability better than 10 Hz in a 100 ms observatioe’. The corresponding error in

1. Melngailis, W. E. Keicher, C. Freed, S. Marcus, B. @wErds, A. Sanchez, T. Y. Fan, and David L.
Spears, “Laser Radar Component Technology”, Proceedinge tEBE, Vol 84, No 2, February, 1996.



velocity when it is used as a local oscillator refee is 60 microns per second, which is
negligible for our purposes.

The observed drift of the HI-CLASS local oscillator this particular data set is a
monotonic drift of about 140 KHz in 100 ms with hiffequency variations af 50 KHz.
As an example, for an object at 6 Mm (40 ms tim#ight) this frequency instability
corresponds to a velocity error of 0.3 m/s withaedditional 0.3 m/s due to the high
frequency component.
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Figure 19 The spectrograph of the LO-stable laser beat versusrte. The vertical axis is the
center frequency change from the average beat frequency of 8.6 MHEhe frequency
resolution of the FFT used to generate the spectrograph igt XHz.

The velocity stability in-lab, where the time-ofgft is essentially zero, is much better
than observed from satellites as seen in Figurd 26 top plot is the CNR for in-lab
ranging data. The CNR was adjusted by adding naiseh resulted in a 28 dB average.
The lower plot is the resulting raw in-lab velocityhe 4 cm/s velocity sigma is much
better than the best 25 cm/s stability that has lobserved on satellites. This raw data
needs to be corrected for the -.2 m/s offset, wharmalso be controlled with the VFO
setting. The observed velocity precision is coesiswith the Cramer-Rao bounds where

g = A (6)
" 2TJCNR’
Hereo, is the rms velocity precision. The variablés the laser pulse length and can be
assumed to be on the order of 6 microsec. At 2&NR, the velocity precision that is



expected is about 4 cm/s. In the high CNR limig tivise floor of the in-house ranging is
2 cm/s. This noise floor is attributed to frequentstability within the receiver. More
importantly, the 2 cm/s noise floor is much befterformance than HI-CLASS has
achieved off satellites where the local oscillai@bility dominates.

In-lab Test on 7-19-06 Plus 3000 Counts Moise
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Figure 20 The top plot is the CNR for in-lab rangingdata. The CNR was adjusted by adding noise
such that it was about 28 dB. The lower plot is the resuiftg raw in-lab velocity.

Figure 21 shows the velocity residual for a segnoématLageos Il pass. The velocity
correction derived from the LO-stable laser beatis® shown. The LO-stable laser drift
correction accounts for most of the residual. Afterrection for the LO instability, the
residual is 17 cm/s rms. Even though this perfolceas worse than the two cm/s noise
floor that has been demonstrated in-lab, it isbib&t achieved velocity performance to
date for the HI-CLASS system to a satellite at lesgeistances. It is believed that the
performance can reach the in-lab noise floor leftelr more precisely synchronizing the
TEA laser signals and the LO-stable laser beatbssgmn the two separate data
acquisition systems. Similarly, the high frequemayiations of the local oscillator
necessitate exquisite timing and signal processing.



Second mission LAGEOS-| on 7-17-06
— Velocity Residual After Polynomial Fit
1k —— Velcoity Carrection
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Figure 21 The velocity residual versus time for a Lageos llgss. The velocity correction derived
from the LO-stable laser beat is also shown. The velocitgsidual from the satellite is largely
attributable to the local oscillator stability.

6. Conclusions

Highly accurate ILRS-based “truth orbits” were use@ssess the ranging accuracy of
the HI-CLASS system. Through this method, a +2 masbinstability was successfully
identified.

Errors due to timing errors and time delays wevestigated. A timing technique was
developed to measure system timing errors ovefutheme-of-flight. A sub-ppb time-
base accuracy was demonstrated and a timing ntteeof 5 cm (0.3 ns) is reported.
Having ruled out the timing system errors, the taeéay can now account for the
significant remaining range instability. The frequg response of the OPM, which was
measured with high resolution, can account forat3.of range instability. Furthermore,
the frequency response of receiver can accourtt 80 m of range instability. These
errors are worst case since the limited frequepogasl and averaging over the pass
reduces the possible bias. Based on the OPM freguesponse, a look up table
correction technigue can be readily applied wittaecuracy of about 0.25 m.

The limiting velocity error source was also invgated. The stability of the local
oscillator limits the velocity accuracy. Velocitgreections using the local



oscillator/stable laser beat have enabled theHle€LASS Doppler residual so far under
relatively unstable local oscillator conditions.
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