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THE LASER AND THE CALIBRATION
OF THE CERGA LUNAR RANGING SYSTEM

by J.F. MANGIN, CERGA, France

The actual laser pulse width at half amplitude is 3 nanoseconds. In
increasing the dye concentration, we can obtain 2.2 ns reliably.

The pulse energy is about 2.5 joules. The photon energy is :

hv = 6.6.10"%, 3.10% /0.7.107% = 2.8.1071% 4.
Then, each firing corresponds to 9.10!8 photons. It is necessary to
attenuate of 190 dB since the calibration requests “single photoelec-

tron" event.

The target prdximity forbids Flip-Flop use. Instead we have a beam
splitter :

T@hSCQfe

F\‘lo \"ens'
HBSOVBeV

lLaser

But this beam splitter permits many parasitic reflections on the P.M.
(photon-absorber ; mirror II and various scattering) which could be
very harmful.

To cure that and protect the laser, we decrease the laser output energy
by switching-off the final amplifier. A part of the laser spot is re-
trieved from reflection on the final amplifier front face.
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This pulse is directed via an optical fiber to the start pulse centroid
detector. We have checked that energy collected by the optical fiber
was independent of the final amplifier switeching., THus. the attenuation
is 25 dB (5 dB : amplifier gain ; 20 dB : ruby absorption). Then, we
can add 60 dB densities after the final amplifier. The target is a
corner cube retro-reflector. Its aperture is a thousandth of the tales~
cope's. So, we got 30 dB loss. Variable densities in front of the P.H,
allow an attenuation from O dB to 80 dB, Thus it is possible to adjust
the output Tevel in order to receive statistically single photoelectron

events.

The photomultiplier characteristics RCA 31034 A give 12 mY peak pulse
for one photoelectron,

Reception diagran
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The separator allows a display on a fast storage oscillioscope of the
returning event,

Start interface (fig. 1)

The start interface most provide the event-timer with a calibrated

pulse synchronized with the center of the laser pulse. A start pulse
centroid detector® is used. This

allows to minimize the energy and

Redl width jitters of the pulse (inho-
;§>C5 mogeneity of the dicarbocyanine-
Ovaw 4e '?f; methanol dye). We verified that,
d = Nowm.. | for a same laser pulse, two cen-

“‘F?“- troid detectors date this pulse

qreen {\i\%‘ Leve with t 120 ps r.m.s. delay: This -
:3Q\ integrator circuit is also used to.
display the energy of each firing

by means of 7 L.E.D.

Stop interface (fig. II}

The stop interface realize several functions.

e et i L Ay T e e o S A A

Assuming that the P.M. output pulse corresponds to only one or several

simultaneous photoelectrons, the half amplitude pulse width is about
. 4 ns. Ye did then an half amplitude

detection dividing the amplitude by
two and delaying the pulse by half
its width., A comparator gives a cali-
brated pulse at the pulse crossing
nAY . Jitter from statistical gain
gain variations of the P.W. are

thus eliminated.

2ns

- A - e L L

Post P.M. amplifier output pulse is compared with a variable level
ranging from 150 mV (Moon ranging : one photoelectron about 200 mV)
to 4 V (satellite ranging). A window allows to switch-on the signal
only when it is above the threshold.

*

cf.

- Third International workshop on laser ranging instrumentaticn
"pA start-Pulse Centroid detector", J-F Hangin and J. Gaignebet.
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An output from the processed pulses goes to a counter, allowing to
know the noise under the experimental conditions.

4/ Gate

A sianal from the "eate control® bnard aliows transmission of the pul

fu the event-timer 17 they are c¢lose Lo the predicted range. Gate widl
is adjusted manually from 20 ns to 50 ws by 20 ns steps.

it is possible to replace the threshold selector by a meas-~ing system
of the returning energy bui the calibration target ranging Jdid not show
explicitly any correlation between the measurements and the returning
pulse level if the detection works with faw photoslectrons.

Calibration _

- On June 17%h, 1981, & calibration was vealized on a target set up
at Gréoiiére pank, 7 631.021 m distant from the mount axes crossing.
The following histogram (fig. I1I) shows that measurements are distri-
buted over 5 ns,

- On september 16th, 1981, two series of calibration were made, single
and double round trip on the same target and one on the internal retro-
reflector (fig., IV, V, VI}

Calibration computing (V. Boudon, CERGA, France).

On June 17th, 1581 . Cal. = 189.0 ns

On September 16th, 1681 :

- Single Round Trip 1 Catl. = 198.7 ns
- Doubie Round Trip : Cal. = 18G.5 ns
- Silverberg method + Cel. = 18B.7 ns
- Internal target : Cal, = 1589, ns



- 317 -

.vud%»ut, vyl 4

- _

% mﬁ.g’nuu d&.@ "

28

Ld!..t(gﬂs L3I O

o5
A2S-

o Qw

T

AS=AS+

_

mso«

RN
L




3y -5.8,, Qq.m coun ler

; P s ™
me%@f w_ox .f..,:w ..mw .ruiwg;m

YR
Ifl! u\ﬂﬁc Mmbm - -t Jwﬁmﬁ a._..
a4 oot 4 e Gule i%s g2 .Ms
| <~ | A o ¥ - :
P gl ey 8 ISR § N
wmw A6 mm zow wa sto 9
rpmﬂ el liolo o= 51 b ﬁe
deteelion Silfpp—sp TS w% “p
=52 !W-N
w .
I 5
Gale O #
i l\mmml_u w&y i ﬁ\hikot.\
m 45V ?ﬁ o
; st
lft..N#
Mﬂo o
3
3 L N =58y
oo Vn D= e |
\5)? | %Wuﬁ e
- —te$y &.n )
, 3ok L7y 220 !

-7,

by i



s« D'LL ..GO.U a.nvv.?\_\mw .w)vc) TR waxs:am

" 32F =z Cymm 0599 =4
W ozofigsr =°Q S,50 =
_%m»— qf W“ dSD.h m J. umt-ﬂﬁ G....d...._ U.-L.W H !o.uL Gg&umccu
0221 ™is o 1is oozt ¥3 own ™z o tn s

- 319 -

O 1 0 gut T

LU




- 320 -

P

4

|

|

Sy, 1130 Sl 180

Calibration

16°§ ¢
(313 s:sim

T=
f=

Asvmed wean vilve 544, 113 ¢ |l = 192 7us

m.\c.c a0 W

Flu, l200

De ¥631,02] a,
4, 706 1w

o=

u._\L.S@

Grealidie Taragh ; Sepfember 74 AEYY

f.“mmo\rk

ﬂ.ny .



- 321

*.n.%f

’)

304 'F + 308’y =P
(23¢'s - 170'159¢4) + FT20'IE3}F = Q

thaU Gu.qh;o.:\wo, d)_d__.. A T2 Tuijmq

O mm 939 2 9
2033k "l

1861 " ;Jiﬁoﬂd ! ;_.um.._ﬂ. wNOUG T MY |
oowo.imov B ) oﬂo.w_ﬁov oﬁo.q.\uov # o_:e_.w_m,ov 36.:@\% |
- -




- 322 -

i L]

1€ ug

.m,* Inp &»wo g

ﬂb?.fﬁb. foou Re o ?@rﬁuﬂ

Asumed Watenly cLCn 2809 us =

A
i

%musw MM&«.»

}

D= 3,263wm

maw«m:»_gc. 1é rh 1984

n.n..mUn uww.ﬁ x..m_

d83n4.0



- 323 -

SAC CALIBRATION TECHNIQUES

J. THORP AND J. WOHN

SMITHSONIAN ASTROPHYSICAL OBSERVATORY
CAMBRIDGE, MASSACHUSETTS (2138

Detailed and rigorous calibration procedures are the
key to ‘verifying system performance. In particular, as
ranging accuracy requirements become more stringent the
gources of data corruption become more illusive and more
difficult to observe in ranging data. In fact, with the
current state of geophysical models, it is unlikely that
aliasing effects at the decimeter level would be recognized
in 1long arc solutions. Calibration techniques may vary
slightly depending upon system configuration, The
techniques used by SAO are presented here as an example of
the care that must be taken to ensure data gquality and
reliability. We also point out that these techniques were
not invented by SAO but have evolved through experience by
many patrticipants in this field.

The SAO calibration procedures can be broken down into
three categories: electronic calibration, specialized
ground target calibration, and calibrations associated with
gatellite ranging procedures.



A full electronic calibration of the pulse processing
system conducted several times per month and whenever a
modification is made to the signal processing electronics
provides the dependence of system delay on output pulse
characteristics., It algo provides a measure of electronic
system jitter (post PMT}. The calibration is performed by
entering electronic pulses of widths 5; 6 and 7 nsec into
both the output (start) channel and return {(stop) channel
circuitry. The input to the start channel is then varied
+/=-3 db from the normal operating level of the laser to
encompass the effects of any wvariations in output signal
strength that may be encountered during ranging. Regression
analysis on this data gives the calibration parameter and a
measure of the electronic system Jjitter (see Figure 1).
Typical values for jitter range from .15-.20 nsec (2~3 cm).
The calibration parameter and the jitter are monitored at
both the stations and Headguarters O  assess system
performance,

Once per shift {(usuvally at the beginning) the response
of the 0.1 nsec resolution time interval counter is checked
with a 100 mgec period signal derived from the 1 MHz output
of the station clock. Expected performance is +/-.1 nsec;
1 sigma scatter is typically 50-80 psec. Performance
outside +/~.2 nsec indicates that the counter is not working
properly.

Bxtended target calibrations on ground bill board
targets are conducted at least once per month over the full
operating range of the laser (1 <« 1000 photoelectrons).
This test is performed to monitor system calibraticns as a
function of signal strength to ensure that wvariations in
system delay through the BPMYT and the pulse processing
electronics are consistant with accuracy requirements. This
measure also includes any long term drift effscts in the
system.

Iin practice, recelved al sty
with netitral density ! shotor
the dynamic operatling Lhratio 50 all
the way down to the = son Level slonal
strength {(pulse arsal from pulize dowunting
statistics. This sin 1 arez is then used to
calibrate signal strengt = § Aynzmic ANGA . in
the calculation, &bz Odsta zare dividsd up into swbzets by
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signal strength for convenience. Subsets have a minimum of
100 photoelectrons at the very lowest signal strengths and
as many as several thousand at higher signal strengths.

An example of a calibration result is shown in Figure
2. In the present configuration, the calibration response
is typically "flat® to better than +/-.4 nsec (6 cm). Error
bars denote the standard deviation of the individual

measurements.

The standard deviations are examined to assess the
noise performance of the system (see Figure 3). In the
intermediate regions we expect the sigma to follow a 1//n
dependence. At high signal strengths, sigma  tends
asymptomatically toward a fixed level characteristic of
system jitter {(electronic and PMT) which is typically .2 -
.3 nsec. At very low signal strengths ("1 photoelectron)
aside from effects of photon~quantization, the data also
include corruption from degradation in pulse shape due to
PMT response, and inadeguate pulse sampling with the
digitizer.

Ground target calibrations using a - single
retroreflector have been used to map the wavefront
distortion of the laser. 'This distortion which arises from
internal mode structure in the laser was particularly
jillusive because it could not be seen with the standard
billboard target. Measurements of wavefront give us one of
the fundamental limitations on the accuracy of a particular
ranging system because in some cases error signatures may
not be separable from geophysical effects.

In the calibrations taken by SAO, we probed the beanm
with a 3 by 3 or 4 by 4 matrix with a minimum of a 1000
photoelectrons (20 shots) at each point. See Pearlman, et
al 198l. The results of a number: of calibrations show a
maximum variation of 2 co©m across the beam- with a
r.m.s. variation of about 3 omn. The pattern of the
wavefront distortion changes over a time period of several
hours, but the magnitude values above are quite typical.
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CALIBRATIONS ASSOQCIATED WITH SATELLITE RANGING

To account for any possible changes or drift in system
delay, calibrations are performed on the ground target
before and after each pass. These precalibrations and
postcalibrations, which consist of 20 points each at the 25
photoelectron level (for a total of 500 photoelectrons), are
submitted with the pass data. System calibration 1is
determined on a pass-~by-pass basis as the mean value of the
two calibration runs. The difference between precalibration
and postcalibration values and the rms are used to estimate
the short term system stability and the system noise. These
numbers are monitored and compared with historical data. An
example of calibration differences is shown in Figure 4.
RMS calibration noise is typically .3 - .4 nsec as would be
anticipated for a 6 nsec pulse. ’

In the process of ranging on satellites, we also record
{digitize) several examples of the outgoing laser pulse.
This is used for reference for centroid detection, and is
also available for assessment of laser performance.

In all cases where the waveform 18 recorded (electronic
calibration, target calibration, output pulse, satellite
ranging, etc.), the digitizer baseline (or =zeroset) is
recorded for use in normalizing pulse shapes.

CONCLUSION

Calibration is an essential part of ranging. It should
not be surprising that the laser in many cases must be fired
as many times for calibration purposes as for ranging. On
the otherhand, we must recognize that systematic errors can
be extremely difficult to observe and that great care must
be taken to design the hardware and the calibration
procedures to isclate and measure these effects.

REFERENCES

Peariman, M. R., N. W. Lanham, J. Wohn a herg
1981: The Current Status and Upgrading of the SAO Las
Ranging Systems, to be presented at
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DIGITIZED PULSE WIDTH

Figure 1.

Electronic system calibration showing change in start system delay with
pulse width. Points on the graph represent averages of data sets taken
at 5, 6 and 7 nsec with 0, 3 and 6db attenuation ?denoted as 0, 3 and 6)
in the signal line. The middle 3db point represents the nominal perfor-
mance of the SAO laser with 6 nsec pulse width.



328

SYSTEM CALIBRATION (nsec)
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THE FEEDBACK CALIBRATION OF
THE TLRS RANGING SYSTEM

BY

ERIC C. SILVERBERG .
UNIVERSITY OF TEXAS McDOMALD OBSERVATORY
AUSTIN, TEXAS 78712

The transportable laser ranging atation (TLRS)} which was
constructed under a NASA Contract by The University of Texas, uses a
multipulse mode-locked laser. The system relies on the use of real time
feedback calibration to correct the time-of-flight data for the system
delays. As such the system 1s truly gself-calibrating, in the sense that
it monitors the relevant system delays without operator interaction
during each satellite pass.

The main features of this calibration scheme can be
understood with the aid of Figures 1 and 2, the optical and electronic
diagrams respectively. After the laser fires, a small amount of the
output beam is diverted by an antireflection coated glass plate and
{mmediately attenuated another factor of 107, it is then further
attenuated to the single photoelectron level by a rotating attenuater
which is located directly in front of the system spacial filter.
Meanwhile, the signal from the system start diode travels through the
diseriminator circuitry and simultaneously starts the three system
verniers which are contained in a commercial EGRG TD811 time digitizer
unit. The start diode signal also latches the current epoch in a five
megahertz, 28 bit circulating count register. The counter is phased by
cable delays (D,) fo the T™811 to eliminate any 200 nsec ambiguities in
the interpretation of the two readings. If a photoelectron pul se wWas

. ereated by the feedback light, it then travels through the disecriminator

units, through delay box Dy to vernier 0. Vernier 1 of the TDR11 stops
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on the next 5 megahertz pulse which is delayed about 100 nanoseconds and
also fed into vernier 2, (The program automatically selects the use of
either vernier 1 or vernier 2 depending on which is closest to its
mid-range.) All the verniers are, for convenience, adjusted to have the
same slopes, but this is not absolutely necessary. The initial reading
of vernier 0 is saved as the principal calibration constant,

When a return from the satellite travels through the system
some tens of milliseconds later, the rotating wmirror and rotating
attenuater have moved to new positions so that the photons are routed
through the spacial filter along the same path as the feedback, If a
photoelectron is created, the latch again records the number of counts
in the 5 megahertz counter, since the receiver "and" gate is open. The
return photon also reactivates the start of the same TD&811 used for the
start sequence. In addition the return sinal travels through the delay
box to stop vernier O, The true calibration constant i.e., the
difference hetween the stop and start sides of the system is thereforsa
v - VD . By adjusting the length of the start cable, it i1s possible
to hold 1 - V02 close to 0 80 that any error in the measurement of the
vernier 8 calibration constant i3 not propagated into the range
accuracies,

The time of flight i3 measured by the difference in the
counter, as .ecorded by the twe operations of the latech, plus the
difference in verniers 1 and 2 which have ueen selected as mentioned
earlier, Per usual, we correct the time of flight to that which would
be measured if an dnfintessimally small telescope was ohserving from the
first non-toving point on the receive path, This requires that we
subtract twice the disgtance from the rotating mirror to the intersaction
of the axes (2a+2b+2d+2e+2f) and twice the additional size which the
telescope implants from that point forward (2g). Note that the
‘- measurement of the path length from the beam splitter to the
photomultiplier or from the beam splitter to the start dicde is not
important, since it affects both the ecalibration feedback path and the
range path in exactly the same manner. The stability of the calibration
vernier can, furthermore, be monitored independently by watching the
numbers which are derived for UOE' sinae this merely represents a fixed
aable delay.

So far all of these commentd could be applied to any system
which provides a feedback pulse which i3 at the same intensity as the

gatellibte return. In the ocase of a &ingle photoeleatron systenm,
however, the distribution in Vg, will statistieslly build wp whe pulse
ghape of the laser system over a matter of hundreds of szhoets, We can

use this information to not only determine the exact jittsr which ths
total ranging system is undergoing at the time, bubt fo fuiher inprovs
the accuracy of the results,. Our calibration constant is ramoved by
eross~eorrelating the array of VG? - UOE readings with #he array ol
returns from the satellite as plotted in residual spacs (o-c¢). This
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allows the system to work with any Ilaser pulse shape which can be
monitored during a reasonable interval of time by the statistieal
sampling process. In the TLRS, for instance, a multiple pulse, dye
mode-locked laser produces a return from the satellite such as shown 1In
Figure 3a. When the data from this strong 3-minute burst was
eross—correlated with the calibration data for that particular 3I-minute
span (3b), the cross~-correlation function loesbes the calibration
displacement with unerring accuracy. The point at which the calibration
data and the returns from the satellite show the best match immediately
realize the formation of & normal point which takes advantage of the
full information available in the data. Tt also identifies with which
laser pulse the returns should be identified and thus results in a

calibration for each of the various return groups. When each return
group was ealibrated and folded together the resulting residuals form
Figure 4. These data show an HRMS deviation of approximately 8

centimeters.

The advantage of a real-time feedback calibration system 13
that it is capable of monitoring subtle pulse shape changes,
diseriminator settings and other factors during the actual ranging
process thus preventing errors which might otherwise be possible. This
is especially important in long duration LAGEOS runs where changing
light levels, voltages and diseriminator settings can make pre/post pass
calibrations suspect, While it is bit more difficult to realize the
real time calibration scheme than to calibrate off a target board, our
experience in this area has been universally good and we recommend its
use whenever possible.
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Figure 1: A schematic drawing of the major optical components
in the TLRS.
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COUNT IN 0.t NRNOSEC BINS
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i ,._r.___m.
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12.0¢
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Figure 3{A}: Shown is a histogram of the Figure 3(B): The feedback calibration data

range residuals from a three minute burst from the same time interval as in Figure 3{A)
on the LAGEQS satellite plotted relative indicates not only the calibration bias, but
to the average for the entire burst. Note also the true Timitations of the system at
the multipulse character of the laser and that time.
the fact that, in this case, the earlier

pulses are slightly oversampled.
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GPS TIME TRANSFER RECEIVERS FOR THE
NASA TRANSPORTABLE LASER RANGING NETWORK

0. Jay Oaks and James A. Buisson
Naval Resgarch Laboratory
Washington, D.C. 20375

Schuyler C. Wardrip
NASA/Goddard Space Flight Center
Oreenbelt, MD 20771

ABSTRACT

Present time synchronization techniques used within the Laser
Network will be discussed. LORAN-C and portable clock data
taken over the past year at various installations will be
presented.

Future applications of the Global Positioning System (GPS) to
achieve worldwide submicrosecond timing within the Laser Network
will also be discussed.

The theme of the presentation will center on the performance of
the NRL developed GPS receiver which was recently field tested at
Kennedy $pace Center, Florida. Pottable clock measurements were
made during the tests for comparison, with all measurements
referenced to the Naval Observatory. Nine GPS timing receivers
will be built for use in the Laser Network and other NASA
facilities.
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BACKGROUND

Present time synchronization techniques within the NASA laser
network utilize LORAN-C and portable clocks. To use the highly accurate
iaser ranging data, i; is necessary to time tag data from the laser
stations very accurately. In applications where the data from two or
more stations will be merged to determine baselines for geodetic work
and polar motion determinations, it 1is mnecessary that the c¢locks at
the several stations be synchronized to within +1 microsecond with
respect to a master clock, such as that of the U.S. Naval Observétory
(USNO). Best synchonization results using the LORAN-C system were
obtained from the West Coast chain at the Goldstone, California laser
tracking station (MOBLAS 3) and have an RMS of a half microsecond
(Figures 1 and 2). Worst results have been a four microsecond RMS
obtained in Australia (MOBLAS 5) using a wave hop from the Northwest
Pacific chain (Figures 3 and 4). Portable clock measurements allow
worldwide synchronizations of less than a microsecond but require
frequent, therefore costly, travel to the remote stations.

Time transfers by satellite have been performed by NASA
Goddard Spaceflight Center (GSFC) and the Naval Research Laboratory
(NRL) initially using the NRL Navigation Technology Satellites (NTS).
(1,2) Accuracies of several hundred nanoseconds were obtained.(3)
As an outgrowth of the NIS efifort, a Time Transfer Receiver (TTR}
which operates with the NAVSTAR Global Positioning System (GPS) satel-

lites is presently being developed jointly by GSFC and NRL. GSFC will
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use the GPS TTR in the Laser Ranging Network. The network consists of
eight mobile vans, a permanent installation at GSFC, and eventually
four highly transportable laser systems. The laser systems will be
deployed to various locations around the world (Figures 5 and 6) aad
will be used in support of the NASA GSFC Crustal Dynamics Progrant.

NAVSTAR GPS is a tri-service Department of Defense (DOn)
program, (%) The first GPS satellite flown was NTS-I1(3:8) which was
designed and built by NRL personnel. GPS will provide the capability
of very precise instanteous navigation and transfer of time from any
point on-or—around the earth. At present six NAVSTAR satellites are
on-orbit, providing instanteous navigation over selected areas for.
limited parts of each day. This constellation is part of the GPS
Phase I configuration. Additional space vehicles (8V) are to be
launched during the next year with the NAVSTAR 7 launch scheduled for
December 1981.

The major objective of a satellite time transfer receiver is
to determine precise time differences between a given satellite and a
local ground clock referenced to the TTR (Figure 7). Precise time can
then be obtained between the SV and a single vemote ground station
clock or between the SV and any number of remote stations. The remote
sites could then be synchronized among themselves.

THE NAVSTAR GLOBAL POSITIONING SYSTEM (GPS)

GPS is comprised of three segments. The space sogment fon-

sists of a constellation of satellites for global coveragao(7) Phase
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III GPS will have a total of 24 satellites, eight in each of three
orbital planes (Figure 8). The GPS orbits are near-circular at an
altitude of‘approximately 10,000 nautical miles, inclined at 55 degrees
to the equator. The period is adjusted such that a repeating ground
trace is obtained for a given ground tracking station. Each satellite
transmits its own ideﬁtification and orbital information continuously.
The GPS signal is spread spectrum in nature, formed by adding the data
to a direct sequence code which is then biphase modulated onto a
carrier.

The control segment consists of a master control staltion
(MCS) and monitor stations (MS) placed at various locations around the
world.(8) The current Phase I MCS is located at Vandenberg Air Force
Base with the supporting monitor tracking stations at Alaska, Guam,
Hawaii, and Vandenberg (Figure 9).

The monlitor stations collect data from each satellite and
transmit to the MCS. The data is processed to determine the orbital
characteristics of each satellite and the trajectory information 1is
then uploaded to each satellite, once every 24 hours as the spacecraft

passes over the MCS.

The user segmént consists of a variety of platforms containing
GPS receivers which track the satellite signals and process the data to
determine position.(9s10> Coverage of the Phase III constellation is

such that at least four satellites will always be in view from any point

on the earth's surface.
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TIME TRANSFER METHOD

To perform a satellite time transfer with GPS, pseudo-range
measurements are made that consist of the propagation delay in the
signal plus the difference between the satellite clock and the ground
station receiver reference clock. Data from the satellite is processed
to obtain satellite position and satellite clock information (offset
from GPS time). The propagation deiay is subtracted from the pseudo-
range by knowing the exact locations of the satellite and the station.
This result 1s then corrected by the GPS time offset to determine the
final result of ground station time relative to GPS time. The Phase I
GPS time is maintained at the Vandenberg MCS using a cesium oscillator.
The Phase III GPS time is planned to be referenced from the MCS to the
. 5. Naval Observatory (USNO) Master Clock. The final results obtained
from a single~frequency receiver, such as the one described in this
paper, will contain a small error due to the ionospheric delay which
may be modeleq and corrected.

GPS TIME TRANSFER RECEIVER (TTR)

The GPS TTR is a microcomputer based system which was designed
to replage existing receivers that formerly used the NTS satellites
for time.transfer. The design used hardware and software from fhese
receivers whenever possible. The following is a summary of the design

requirements:

A. GPS Signal Detection Characteristics

1) Operates at the single L1 frequency of 1575 Ml



2)

3)
4)

5)

6).
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Has sufficient bandwidth to track satellites throughout
their doppler range from horizon to horizoen

Uses only the course/acquisition (C/A) code of 1.023 HMHz
Tracks the C/A code to within 3% of a chip (30 nanoseconds)
Tracks any GPS satellite by changing to the appropriate
code

Detects and decodes the navigation data as required to

determine a time transfer

B. Operational Characteristics

1

2)

3)

4)

5)

6)

Requires a stationary platform during operation

Determines the time difference between the 1 pps input
station reference and GPS system time

Measures the time difference once every six seconds

Has an RMS5 of less than 50 nanoseconds on the time differ-

ence measurements

Controls the operation of the receiver by inputs

from a keyboard

Qutputs data to the CRT display and records on a flexible

di sc

C. Input Requirements

1)
2)

3)

Antenna position in WGS-72 coordinates
1 pps from the station time standard

5MHz from the station time standard
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With these design requirements, the receiver block diagram in Figure 10
was implemented. The following is a description of the major components
shown in the diagram.
RF SUBSYSTEM

The RF subsystem provides carrier and code tracking capabilities
for the GPS signal. It demodulates the data message into the noa~
return to zero (NRZ) format and provides the voltage controlled crystal
oscillator {VCX0) frequency for coherent code generation. An external
control voltage inmput to the VCXO0 is used for acquisition tuning.
C/A CODE GENERATOR

The C/A code generator accepts the code sequence of any GPS
satellite from the microprocessor. It then derives the 1.023 MHz C/A
code from the VCXO frequency and outputs it to the RF subsystem for
code tracking. A satellite time epoch is derived from the C/A code
period and output . for the time interval pauedo-range measurement.
TIME INTERVAL. MEASUREMENT

A time interval counteg is controlled by the microprocessor Lo
measure the time difference between the satellite epoch and the station
reference. This méasurement occurs once every six seconds as commanded
by the microprocessor. The time difference, which is psuedo-range,
is output to the microprocessor for determining the time transfer.
The time interval counter is also used to determine the VCX0 frequency

for tuning control.
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1/0 TERMINAL

The receiver contains a CRT display with a keyboard and a
dual flexible disc drive recorder. Operator control of the receiver
is through keyboard inputs. The time transfer results are displayed on
the CRT and recorded on the flexible disc.
MICRCPROCESSOR

The microprocessor controls hardware functions in the receiver,
decodes the navigation message, and calculates the time transfer.
Receiver tuning is provided during acquisition by taking frequeﬁéy
measurements of the VCX0, comparing these measurments to predicted
values and outputing corrections to the control voltage through a
digital-to-analog converter.

The appropriate satellite C/A code is loaded into the code gener-
ator after being calculated uslng a linear feadback shift register
algorithm implemented in the microprocessor. The code phase is also
controlled by the microprocessor until a correlation or “code lock”
is established in the RF subsystem. After signal acquisition, the
microproces;or decodes the navigation data and commands pseudo-range
measurements to be performed wusing the time interval counter to
calculate the final time transfer result, This result is output to
the CRT display and recorded on a flexible disc once every six seconds.

TIME TRANSFER FIELD TEST

The prototype GPS TTR was installed and tested at NASA's

Merrit Island tracking site (MILA) at Kennedy Spaceflight Center, Flao.
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Figure 11 shows the horizon of the MILA facility and the portion of
the orbit of NAVSTAR 5 in view at the MILA site. Figure 12 shows the
orbits of all five NAVSTAR satellites along with approximate rise and
set times for the period during which the tests were performed. Most
of the data was taken during é segment of time when all the satellites
passed through a high elevation angle (60° to 90°) with approximately
the same azimuth. Figure 13 shows the segments of each orbit where
the data collection was concentrated. Figures 14 through 18 present
the clock difference between the MILA station ground clock and the GPS
spacecraft clocks a§ determined from individual satellite passes
observed during the test. On each graph a caleulated time transfer is
presented for an epoch close to the mid-time of the observed period.
The RMS of a least gquared data fit is also presented. The RMS of any
one pass varies from 11 Eo. 13 nanoseconds for a given satellite.
Fipure 19 is an extended track (two hour) of a NAVSTAR 6
pass, NAVSTAR 1 has a quartz crystal oscillator, NAVSTAR 3 and 4 have
rubidium oscillators, while NAVSTAR 5 and 6 have cesium oscillators,
Figure 20 shows the time transfer results taken through each
satellite and referenced to USNO master clock over a seven day period.
Figure 21 shows the same results as an equal weighted average of all
satellites. Results from ind?vidual satellites appear to vary as nuch
as several hundred nanoseconds. The most well-behaved data on a day-to-

day basis is that obtained from NAVSTAR 5. Figure 22 shows a compxrison
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of the five satellite average vesults with measurements made through
LORAN-C and with portable clock measurements referenced to the U.S.
Naval Observatory Master Clock.

Even though, during Phase I of the GPS, no attempt is being made
by the MCS to precisely synchronize the five NAVSTAR space vehicles
(sV), the results of the GPS data taken on all SVs during this experiment
compares to the portable clock data to within 200 nanoseconds. It is
planned during Phase III to maintain SV syanchromization to within 100

nanoseconds.

Improvements were made to the receiver as a result of thiéé
field test, and data has subsequently been taken at NRL. Figure 23
is a typical plot of data taken from NAVSTAR 4 over a period of 22

days. A fit to this data produces a 25 nanoseconds RMS over the observed

time period.

STRIO/LASSO TIME TRANSFER EXPERLMENT

Future activities include joint participation by GSFC, USNO,
and NRL in .the European Space Agency (ESA) SIRIO/LASSO time transfer
experiment during 1982. The missions of SIRIO-2Z are twofold; meteor-
ological data dissemination and synchronization of intercontinental

atomic clocks,

The aim of the LASSO experiment is to provide a repeatable
near-real-time method for long-distance (intercontinental) clock synchro-
nization with nanosecond accuracy at a reasonable cost. The ploneering

aspects of this first experiment will provide the opportunity to compare
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the international network of atomic clecks with the internatioﬁélly
adopted atomic time scale (TAI) and with each other. It will also have
an impact on such practical applications as the tracking of deep space
missions, the calibration of other time transfer techniques such as
Very Long Baseline Interferometry (VLBI), Tracking Data Relay Satellite
System (TDRSS), the Global Positioning System (GPS), and future gener-—
ations of space navigation and telecommunciation systems.

SIRIO-2 will be launched during March of 1982 from Xoarou,
French Cuiana in South America into a synchronous orbit at 25 degrees
west longitude, just off the West Goast of Central Africa near Liberia
(Figure 24), 'The satellite has a 2-year lifetime design and will remain
in this position for about 9 months to permit time measurments between
the United States (Goddard Space Flight Center referenced to the Naval
Observatory) and major observatories and time keeping facilities in
Europe--principally with the Bureau International de l'Heure (BIH) in
Paris, France, SIRIO-2 will then be moved over Central Africa at 20
degrees east longitude and will remain there for meteorological data
dissemination until.the completion of its 2-year mission.

SPACECRAFT CHARACTERISTICS

The LASSO experiment is based on the use of laser ground
stations firing monochromatic light pulses at predicted times directed

toward the geosynchronous SIRIO spacecraft.

SIRIO~2 is a spin~stabilized geostationary satellite spun around

an axis vertical to its orbital plane (Figure 25). The spacecraft
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consists of a drum-shaped central body covered with solar cells. On
top 1s mounted a mechanically despun S-Band {1689.6 MHz) antenna for
support of the meteorological, timing missions, and housekeeping data.
Omnidirectional antennas (VHF 136.14 MHz) serve for command, ranging
and backup telemetry.

The LASSO payload is composed of retroreflectors, photo-
detectors (for sensing ruby and neodyme laser pulses), and a stable
clock for time tagging arrival times of laser pulses.

LASSO EXPERIMENT GOALS

The goals of the LASSC experiment ave as follows:

1. Verify that lasers can be used to perform a two-way tima
transfer from a pgeostationary satellite to within nano-
seconds or sub-nanoseconds.

2. Determine the limations and problems of such a laser time
transfer technique.

3. Verify the accuracy of other techniques, such as the
Global Positioning System (GPS) time transfer technique,
using receivers being developed for use 1in the Mobile

Laser Network,

FUTURE PLANS

Increased receiver performance and capabilities development
is continuing based on results and operational feedback from field

tests and on-going experiments. Extensive evaluation of the vreceiver
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is planned through several adaitional field tests. A joint experiment
is scheduled with the Jet Pfopulsion Laboratery (JPL), to evaluate
ionospheric delay error. Coflocation tests are planned to compare
nanosecond accuracy VLEI data with GPS TTR data. The co-location
tests will involve VLBI stations at NRL Maryland Point, Haystack/
Westford Observatory, NASA Deep Space Network (DSN), Goldstone, CA.,
and NASA DSN, Madrid, Spain. Analysis will also be performed from the
data obtained during the SERIO/LASSO experiment.

The first operational field test of the GPS TTR is scheduled in
the second quarter of fiscal year (FY) 1982 with the deployment of the
NASA CGSFC Transportable Laser Ranging System (TLRS) prototype to Easter
Tsland. Four additional receivers are scheduled to be deployed with

moblle laser systems later in FY 1982.
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TRANSIT/NOVA SYSTEM WORLOWIDE TIME DISSEMINATION
POTENTIAL CAPABILITY

LAUREN J. RUEGER
THE JOHNS HOPKINS UNIVERSITY APPLIED PHYSICS LABORATORY
JHU/APL
JOHNS HOPKINS ROAD
LAUREL, MD 20707

ABSTRACT

The Navy Navigation Satellite System (NNSS) has been in
continuous operation providing UTC time marks at even two minutas since
1963. These time marks are presently traceable to the United States
Naval Observatory (U.S.N.0.) master clock to uncertainties of 10 to 50
microseconds; a new spacecraft, (NOVA) was recently launched that has
the potential capability of time mark traceabiiity to less than 50
nanosecends error to users anywhere in the world.

SYSTEM DESCRIPTION: Polar orbiting satellites at 600 nautical miles al-
titude transmit 150 and 400 MHz carriers modulated with a data message
that mathematically describes the orbit position as a function of time.
The data message is a prediction of the satellite position based on data
from fixed ground stations making precise measurements of the frequency
shift in the 150/400 MHz carviers as the spacecraft passes each ground
station. There is sufficient information in the frequency shift on the
received carriers to calculate the geometric position of the sateilite
relative to any receiving station. Theréfore, knowing where the satel-
Tite is and knowing your position velative to the sateliite provides a
navigation fix. Part of this navigation solution provides the propa-
gation path length at each twWo minute mavrk betwsen the sateliita &nd

the ground-based receiver from which a time mavk corvection czn be de-
termined for setting local ground ciocks.

DSCAR

The modulation in use gince 1963 is recovered in a veceiver
phase~locked to the carvier as + 60 phase modulation in a binary code
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bit (Fig. 1) period of 19.6 milliseconds (approximately 50 bits per

second). The phase modulation is generated in TZL logic with rise
times of 20 nanoseéonds. Antennas receiving signals from the overhead

hemisphere’provide signals at about — 120 dBmfffgf§ﬁthe signal level

~#i flyctuations dre due to multipath, and Faraday votation, of thié prop-

agated signal and is due to variations in the signal polarization and
attitude of the spacecraft. The time marks are kept in step with UTC
by planned deletions of cycles in the clock divider circuits (Fig. 2)3
the steps being 9.6 usec in size and occurring approximately 58 times
each 2 minutes. Successive two minute periods willayary-+-0r-~ ong.
count from the average number of deletions. Therefore, to realize time
from such a clock, it is desirable to average as many two minutes marks
as possible. Seven or 8 time marks can be recovered each time the
spacecrafi.passes the receiving station. ~Typically 2 successive.revo-
lutions are visible each 12 hours. Therefore,i in 3 days as many as
84 time marks can be averaged. Lo :

i :
f ¢

_w-\_g;gé.= QJ148 us is the timing uncertaiﬁ;y w/qwqﬁgjllgtor @rift i
2 X 10 n/Day » 1.7 us/DAY is a typical drift rate of orbiting

oscillators and is ‘predictable to

i
RSN

+2 X 10713 & 17 ns/ DAY s

2 X 10"12/Day + 0.17 us/DAY would be considered to be a low rate
. for an oscillator in orbit.

coe S G5

NOVA

The new generation of spacecraft for NNSS, has a much im-
proved reference oscillator and a programmable synthesizer to normalize
the frequency against drift so that a fixed divider chain drives the
clock without any deletions of cycles. The same modulation for message
data is used, however, another higher frequency modulation has been de-
signed into the system 1.6 MHz bit rate for a pseudo random code {PRN)
that repeats every 19.6 ms in synchronism with the message data. The
NOVA timing chain is shown in (Fig. 3).

Experiments performed 1in 1977 using recsivers modifiec to
vecover the PRN code on the 2 minute marks have demonstrated a 3 day
av@ﬂagéﬁai%éach?dfﬁtwqgstationsgpermitteq'iime transfer.at the 40 ns
level. The experiment was set up at U.3.N.0. in Washington, D.C. and
the NationaliButreau o€ Standards {NBS).-in Boulder, Colorado. The pef-
erence measurements were two clock trips bracketing the experiment,
‘one of which had probable errors of iess than 3 ns, the other clock
trip had errors as large as 25 ns.
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5 MHz -84.48 PPM

215 BIT PRN CODE

2'2 gyt pRN CODE

+ 8103

B> 33 BIT BARKER
SYNC CODE

2 MINUTE (120 SEC.) MARKER UT TIME SCALE

212 = 4096

N._m = 32,768

19.86 maec CYCLE
SLOCK PERIOD 800 nsse

19.6 masc CYCLE
CLOCK PERIOD 4.8 j8ec

120 SEC CYCLE
CLOCK PERICD 19.6 msec

Flg. 3. NOVA SPACECRAFT TIMING CHAIN
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Ground test data before launch on the satellite oscil-
lators {Fig. 4) showed that in 3 days the clock could be steered to
errors less than 50 ns and after 1 week the clock could be steered to
within 2 ns of the reference clock using single measurements spaced
12 hours apart. The algorithm to steer the clock has Kalman filtering
and clock modeling to accommodate the typical Allan variance of the
specific oscillator being steered.

RECEIVERS

Since Pseudo Random Noise (PRN) modulation is not re-
quired to operate the NOVA satellite in the navigation mode, no plans
to turn on PRN modulation exist. There is a commercial source for
the standard OSCAR signal modulation time recovery priced between
$10,000 and $20,000 depending on the optional features desired. Fre-
quency & Time Systems, Inc. calls the receiver Model T-200. Units
of these designs are operating at the U.S.N.0. and at several other
sites in the U.S. The original Model T-200 receivers have Right =
Circular Polarized 400 MHz antenna and the antenna must be changed to
either linear or Left Circular Polarized to recover NOVA signais.

NOVA PRN

The NOVA PRN modulation is expected to be turned on for
a short period of operational tests in the near future as a diagnostic
tool to make precision measurements on the oscillator performance in
orbit. It is desired to determine the in-orbit predictability of drift
rates as a reference mark for this oscillator and to examine the reso-
lution to which the drift rates can be canceled and indexed to UTC time,
The single measurement time resolution with PRN can be as small as |
nanosecond with the laboratory instrumentation available at JHU/APL.
Clock steerage is a software function; the operators of the spacecraft
system need only know the clock corrections to be made and do not have
to have direct access to the precision measurement receivers. Eventually,
only one master clock facility like the U.S.N.0. would need to have the
precision clock reception instruments to control the NNSS NOVA satellite.

If the remote site to be timed can see the exact same 2
minute time marks as the reference time station and measurements are
made when the ionospheric activity is low (i.e. at night), the system
can function at the 1 to 10ns level of time transfer.

If a valid requirement develops for the NNSS PRN timing
system, it 1s understood that the U.S.N.0. would accept the monitoring
role to obtain clock steerage data for the operational system. The use
of the clock error data to steer the clock in NOVA satellites is within
the current operating charter of Naval Astronautics Group (NAVASTROGRU)
who control the NNSS.
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Fig. 4. TIP~lil TIME STEERING RESULTS



