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Atmospheric Refractivity Corrections
in Satellite Laser Ranging

JAMES B. ABSHIRE, senior MEMBER, IEEE, AND CHESTER S. GARDNER, SENIOR MEMBER, IEEE

Abstract— Atmospheric refraction can cause significant errors in sat-
ellite laser ranging (SLR) systems. There are two techniques which can
be used to correct for these errors. Atmospheric models based upon
surface measurements of pressure, temperature, and relative humidity
have been shown by ray tracing to be accurate to within a few centi-
meters at 20° elevation angle. The residual errors in the models are
thought to be primarily caused by horizontal gradients in the refrac-
tivity. Although models have been developed to predict the gradient ef-
fects, initial studies show that they can be sensitive to local topographic
effects. Atmospheric turbulence can introduce random fluctuations in
the refractivity, but only introduces centimeter level errors at elevation
angles below 10°. Pulsed two-color ranging systems can directly mea-
sure the atmospheric delay in satellite ranging. These systems require
mode-locked multiple-frequency lasers and streak-camera-based re-
ceivers and currently appear capable of measuring the atmospheric de-
lay with an accuracy of 0.5 cm or better.

1. INTRODUCTION

ULSED satellite laser ranging (SLR) systems estimate

the distance to retroreflector equipped satellites by
measuring the round-trip pulse propagation time. While
currently operational SLR systems can measure this time
with errors on the order of 150 ps, next generation systems
{1] should be capable of to less than 50-ps error. Both
atmospheric refraction and turbulence introduce errors
into SLR systems. Atmospheric refraction increases the
average optical path length to an orbiting satellite by 2im
when it is near zenith and by more than 13 m when the
satellite is at 10° elevation. Strong turbulence can intro-
duce random errors into the optical path length approach-
ing several centimeters at 10° elevation.

Models have been developed to correct SLR measure-
ments for the average atmospheric refractive delay. They
utilize atmospheric measurements taken at the ranging site
and currently are thought to be accurate to within a few
centimeters at 20° elevation. More accurate models can
correct for horizontal refractivity gradients as well as for
the spherically symmetric refractivity. These more com-
plex models require numerous meteorological measure-
ments which are spatially separated by 10 km or more.
Furthermore, models which use only surface measure-
ments can be sensitive to local topography and other ef-
fects on the atmosphere near the Earth’s surface.
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Two-color ranging systems can directly measure the at-
mospheric delay by utilizing the dispersion in the atmo-
spheric refraction. For currently available Nd: YAG or Al-
exandrite lasers, the dispersion is approximately 5-10
percent of the single-color delay. Therefore to measure
single-color atmospheric delay to 1 cm, about l-mm ac-
curacy is required in the dispersion measurement. Hence
two-color systems must have very high accuracy in mea-
suring the differential signal transit time.

Due to the large distance in SLR, pulsed two-color sys-
tems now seem preferable to continuous wave (CW) tech-
niques. Pulsed two-color systems require both mode-
locked multiple-frequency lasers and streak-camera-based
receivers for millimeter or submillimeter differential delay
measurements. Careful calibration techniques and mini-
computer processing are required to optimize the perfor-
mance of such systems. Based upon recent work, it ap-
pears that pulsed two-color systems can measure the
single-color atmospheric delay to 0.5 cm or better.

II. BACKGROUND

The geometry for a laser ranging site and its satellite
target is shown in Fig. 1. The optical path length between
the site and target is defined as the integral of the group
refractive index along the ray path. If the refractivity is
spherically symmetric, the ray path will lie entirely in a
plane. In this case the apparent range measured by a pulsed
laser system is given by

ary
n
= dr —-. 1

Ro Sm r sin 8 M
Here n, is the group index of refraction and § is given by
Sneil’s law for a spherically stratified medium (see Fig. 1)

nr cos § = nyry cos 6, )

where n, is the phase refractive index at the laser site.

The atmospheric correction is the difference between
the optical range R, and the straight path length R;. If the
group refractive index is expressed in terms of the group
refractivity N,

ng=1+10"°N, 3)
then the atmospheric correction can be expressed as
AC = Ry — R,
il rr
_ Ng | dr
=106‘\d—————. +S——R}. 4)
n " sin 6 Lmsinﬂ 1 )
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Satellite

Ranging Site

Earth Radius r,

Fig. 1. Geometry of satellite and ground target.

The first term in (4) is the velocity error, which is domi-
nant. while the bracketed term is the difference between
the geometric lengths of the ray and straight-line path.
The bracketed term reaches a maximum value of 3-4 cm
at 10° elevation and is negligible above 30°. Elevation an-
gles lower than 10-20° are seldom used in operational SLR
systems due to increased atmospheric attenuation and site
obstructions. However, in practice, the exact cutoff angle
depends both upon site geometry and atmospheric condi-
tions.

At optical wavelengths the group refractivity can be ex-
pressed as [2]

Ng = RdDd + Rwa (5)

where the dry air and water vapor (wet) specific group
refraction terms are given by

(130 + ¢%)
1= . .397 35
R, = 23.7134 + 6839.39 130 =
(38.9 + o)
F 45473 —————
+ 4 73 (38_9 — 02)2 (6)
R, = 64.8731 + 1.741740% — 3.55750
x 10726* + 6.1957 x 1073¢® )

and the dry and wet density terms are given by

r

p,=Ffel; . Pd(5‘7.90 x 1078
T \
9.3250 x 1074 N 0.25844\"; ®
T T ,)j
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Fig. 2. Group refractivity of air at P = 1013.25 mbar, 7 = 15°C, and
RH = 50 percent.

D, = -;{1 +e[l +3.7 X107 ¢

r

1 —237821 % 1072 4 22230
L T
_710.792 . 7.75141 x 104“) 9
72 pas J/\ &)

In this formula, ¢ = 1/A and

P, is the partial pressure of dry air (mbar),

T is the atmospheric temperature (degrees Kelvin),
e is the partial pressure of water vapor (mbar), and
X is the optical wavelength (um).

Marini and Murray[3] have simplified this formula for
laser ranging applications to

N, = 80.343f(\) (P/T) — 11.3 (e/T) 10

where

FON) = 0.9650 + 0.0%% . 0'009,228.
A N

The dispersion factor f(A) accounts for the wavelength
variation of N,. The group refractivity of water vapor,
which is significant at microwave frequencies, is typically
less than 1 percent of the dry component at optical wave-
lengths. N, is plotied versus \ in Fig. 2 for typical atmo-
spheric conditions.

III. ATMOSPHERIC MODELS

Numerous formulas have been developed which can par-
tially correct range measuremerts for the average effects
of atmospheric refractior. Two spherical models whick:
provide accuracies of a few centimeters at 20° elevation
were developed by Marini and Murray {3] and Saasta-
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moinen [4]. Further improvements in spherical models for
low elevation angles (10°-20°) have been discussed re-
cently by Davies er al. [5] and Truehaft er al. {6]. The
limiting error sources in the best spherical models are
presently believed to be horizontal gradients in the refrac-
tive correction.

A. Model Description

Formulas such as Marini and Murray’s are particularly
convenient for correcting satellite ranging data because
they only require measurements of P, T, and relative hu-
midity (RH) taken at the laser site during the satellite pass.
However, their formula was derived by assuming that at-
mospheric refraction is spherically symmetric. Because
this assumption holds only approximately in the tropo-
sphere, horizontal refractivity gradients can introduce
centimeter-level errors into spherical-correction formulas
at low elevation angles. A gradient-correction model [7]
based upon surface meteorological measurements has been
developed by Gardner to predict this effect.

The general form of the atmospheric models can be ex-
pressed by writing the range correction for atmospheric
refraction in the form

AC = SC + GC. (11

The term SC models the spherically symmetric atmo-
sphere, while the term GC models the horizontal refrac-
tivity gradients. The correction terms can be expressed as
functions of meteorological parameters by evaluating the
integrals in (4) using an appropriate group refractivity
profile. This profile can be obtained by using the perfect
gas law, the law of partial pressures and the hydrostatic
equation. The resulting spherical- and gradient-correction
formulas [3], [7] are given by

A A+ B
SC = S (12)
F(, H) Gin E 4+ B/(A + B)
sin E + 0.01
and
C
= ————n - V(P,T,K,
¢ sin £ tan E " (P.T.K)
D(1 + 1/2 cos*E) fP.rlx?]
. . V i 3 5 5
s EamE " Via-g| (P
where
F@, H) = 1 + 0.0026 cos 2§ — 0.0031H (14)
K, = 1.163 + 0.00968 cos 260 — 0.00104T;
+ 0.00001435P, (15)
A = 0.002347P, + 0.00141e, (16)

B = (1.084 x 10°% P,T.K, + (4.735 x 107%

- (P3IT) 23 — 1/K) (17)

~

R
C = 80.343f(\) —— 10™°
S )(Mg)_

6.915 x 107°f(N)

80.343 (N 2 K 10°°
—80.343 f( ),_O(Mg):

I

(18)

o
[

~6.362 x 1077f(N) (19)

and

is the water-vapor pressure at ranging site (mbar),

is the surface pressure at ranging site (mbar),

is the surface temperature at ranging site (K),

is the colatitude of ranging site,

is the altitude of ranging site above sea level (km),

= 28.966 and is the molecular weight of dry air,

= 8314.36 J (K) ~' (kg-mole) "' and is the universal
gas constant,

= 9.784 m/s and is the acceleration of gravity,

= 6378 km and is the nominal Earth radius,

= sin ax + cos ay. where x and y are the east and
north unit vectors,

a is the satellite azimuth angle, (e = 0 = North), and

E s the satellite geometric (unrefracted) elevation an-
gle (Fig. 1.)

Both SC and GC are given in meters when the listed val-
ues and units for A. B, C, and D are used and the gradients
are in units of reciprocal meters.

The gradient term is a function of the horizontal pres-
sure and temperature gradients and is significant only at
the lower elevation angles. Because surface pressure is rel-
atively uniform, under normal conditions, horizontal re-
fractivity gradients will be predominantly a function of
the temperature gradients.

The gradient correction is more difficult to calculate
than SC because the formula requires measurements of the
horizontal pressure and temperature gradients at the rang-
ing site. These gradients can be estimated by measuring
pressure and temperature at three or more points sur-
rounding the ranging site. The measurements then can be
used to calculate the parameters of an appropriate model
for the horizontal variations of P; and T,. Such a model
depends upon a fixed relationship between the path-aver-
aged gradients and those measured as input data to the
model.

x : m Qhﬂpru‘:\

Tow

B. Spherical Model Accuracy

The accuracy of the spherical correction formula has
been extensively checked by Marini and Murray [3] by ray
tracing through atmospheric refractivity profiles which
were calculated from radiosonde data. The radiosonde
data, which consists of P, T, and RH measurements taken
at various altitudes during the balloon’s ascent, were used
to construct spherically symmetric refractivity profiles
above the balloon’s release point.

The ray-trace corrections and formula showed very good
agreement even at low elevation angles. Table I summa-
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TABLE 1
ANGE ERROR CALCULATED BY MARINI AND MURRAY {3] FOR A RUBY LASER
(A = 694 nm}
(RT, is the ray-trace correction for spherically symmetric refractivity
profiles.)
RT, - SC
Elevaticn RT Standard
angle Mean {m) Mean (cm) deviation (cm)
80° 2.47 0.07 0.04
40° 3.69 -0.10 0.07
20° 6.91 -0.05 0.12
15° 9.08 0.C5 0.19
10° 13.32 -0.08 0.49

rizes Marini and Murray’s results for comparisons with
534 different ray traces through refractivity profiles gen-
arated from radiosonde observations taken near Dulles
Airport. Virginia, during 1967. Additional data from other
sites representing all seasons of the year yielded similar
results. These results show that the formula for SC is a
nearly unbiased estimator of the spherically symmetric ray-
trace correction RT}.

The standard deviation of the difference between SC and
RT, arises both from modeling errors in the formula for
SC and errors in the measured values of P, T, and RH
which are used to calculate SC. The dominant error source
is pressure. A 1-mbar error in P introduces approximately
14-mm error in SC at 10° elevation.

The effects of input measurement errors on SC can be
estimated by taking the partial derivatives of SC with re-
spect to the meteorological parameters. If the measure-
ments of P. T, and RH are assumed to be statistically in-
dependent,' the total rms error in SC can be expressed as

asc \* /asc \
osc = \Gp %) T\ar "

/2

29172

dRH
where
a8C fOo  0.2357
= /mb
3P = FO.H) smE c/mban @1
3SC _ f(N) 1.084 X 107°P,K,
oT sin® E
(c/K) (22)
3SC _ f(ON) 8.615 X 108
dRH F(@.H) sinE

{ 17.2U(T, — 273.15)
(237.15 + (T, - 273.15))

- exp

(cm/percent) (23)

and op. 07. and ogy denote the rms errors in P, T, and
RH. respectively. These derivatives are plotted versus el-

"This 15 only an approximation since RH reiates the partial pressure of
water vapor t¢ 7. However, since these errors are much smaller than thai
due 10 pressure. the conclusions presented here are suill vahd.

10°
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Fig. 3. Variation of the spherical correction formula (7) with respect to
pressure, temperature, and relative humidity.
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Fig. 4. Mean value of the uncorrected {R7:-RT,) and corrected (RT;-RT,-
GC) gradient error versus azimuth at 10°-elevation angie.

evation angle in Fig. 3. For a well-calibrated satellite rang-
ing system, typical measurement errors could be 0.5-1
mbar for P, 0.7-1.5 K for 7, and 5-10 percent for RH.
Consequently. for such a system operating above 10° ele-
vation angle, the measurement error in pressure is the
largest source of error in SC.

C. Gradient Model Accuracy

The accuracy of the GC formula has also been evaluated
by comparing it with ray-trace computations {8]. The re-
sults for 10° elevation are illustrated in Fig. 4. RT; 1s the
correction obtained by ray tracing through a 3-D refrac-
tivity profile calculated from datz obtainec by radiosondes
released almost simultaneously from eight locations near
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TABLE 11
GRADIENT CORRECTION AND RAY-TRACE COMPARISON:
MODEL: -4 cos (a — @)

El:::;:cn RT3 - RTl GC (R‘I‘3 - R'l‘l) - GC

E (deg) A {(mm) 1 (deg) A (mm) o (deg) A (mm) o (deg)
10 24.0 3 22.0 11 4.9 -66
20 6.5 Q 6.3 11 1.2 -73
40 1.5 ] 1.5 11 0.29 -75
80 9.15 3 0.14 11 0.041 -78

Leonardtown, Maryland, during January and February
1970. The results showed that GC, which is a sinusoidal
function of azimuth, had a peak-to-peak value of 4-6 cm
at 10° elevation and 1-1.5 cm at 20° elevation. They also
showed that at 20° elevation angle, the sea-level gradient
correction is approximately 1 cm peak to peak for a hor-
izontal temperature gradient of 1°C/100 km. In Fig. 4,
RT, is the ray-trace correction for the equivalent spheri-
cally symmetric refractivity profile. The gradient effects
(RT; — RT)) vary sinusoidally with azimuth and are pre-
dicted reasonably well by GC. The comparisons at 10°,
20°, 40°, and 80° elevation are summarized in Table II.
The amplitudes of the gradient correction predicted by the
GC formula are within a few percent of the ray-trace val-
ues (RT; — RT,). However, the average ray-trace correc-
tion peaks at 0° azimuth while GC peaks at 11° azimuth.

The results shown in Table II should be interpreted with
caution. Refractivity gradients have their greatest influ-
ence at the higher altitudes, where the laser-beam trajec-
tory is relatively far down range from the laser site. The
gradient-correction formula attempts to predict the effects
of these high-altitude gradients from surface measure-
ments of P and T.

Errors can be introduced into the GC formula in several
ways. Terrain features such as mountains, large bodies of
water, and vegetative cover probably have a greater influ-
ence on meteorological conditions near the ground than at
the higher altitudes. Consequently, these terrain features
could sufficiently distort the temperature and pressure
fields near the ranging site to cause both amplitude and
phase errors in GC. Errors in measuring P and T at the
surface will also cause errors in GC.

Both of these problems can be minimized by using many
weather stations to obtain the required meteorological data
and distributing them over a large area. This approach has
the added advantage of also improving the accuracy of
spherical correction. However, studies by Gibbs and Ma-
jer [9] and Dunn et al. [10] indicate the presence of rela-
tively large temperature variations occurring over short
spatial scales (~ 10 km) which may significantly distort
the calculated value of GC. This problem is likely to be
more severe in mountainous terrain where the surround-
ing weather stations may be at widely differing altitudes.
Clearly, more tests of the gradient model are required be-
fore its operational accuracy can be assessed.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING. VOL. GE-23. NO. 4. JULY 1985

[V. ATMOSPHERIC TURBULENCE

Atmospheric turbulence causes the optical path length
to fluctuate. The turbulence itself is caused by small ran-
dom fluctuations in P and T along the propagation path.
The rms path-length fluctuations caused by turbulence are
related to the turbulence spatial power spectrum and the
refractive-index structure parameter C2, which varies with
altitude and time of day. The mean-square path deviation
calculated using the von Karmon spectrum is given by [11]

(ALYY = 3.12C% L3 hyyisin E (24)
where

AL s the path-length deviation,

C% s the turbulence structure parameter value at the
ranging site,

Ly is the outer scale of turbulence,

hy, is the atmospheric scale height for turbulence, and

E s the satellite elevation angle.

For satellite ranging, Ly and A, are on the order of 100
m and 3 km, respectively. Under these conditions, the rms
path deviations can be up to a centimeter when the satel-
lite is at low elevation angles (~ 10°) and the turbulence
is very strong C% = 107°m ™22, Under most conditions
C,Z,o will be much weaker (< 107" m~*?) so that the rms
deviations will be a few millimeters or less. Two-color
ranging systems can partially correct for the random path
fluctuations, so that in most cases turbulence effects are
negligible [11].

V. Two-CoLoR LASER RANGING

Two-color laser ranging provides an alternative to
models for determining the atmospheric correction. The
technique is based upon the dispersion in the atmospheric
refractivity and was first proposed by Prilepin [12] and
later by Binder and Owens [13]. The dispersion causes the
optical path length at two different frequencies to differ in
proportion to the path integrated atmospheric density.
Therefore the difference in optical path length at two laser
frequencies can be used to estimate the atmospheric cor-
rection.

The correction technique can be expressed by letting L,
and L, denote the optical path lengths measured at wave-
lengths N\, and A,, respectively. Then the atmospheric cor-
rection at wavelength A, is approximately

AC

1

Yy, — Ly 25)

where
Y= (ngZ - 1)/(”32 - ngl)- (26)

Although (25) is accurate at optical frequencies at radio
and millimeter wavelengths, the differing water-vapor re-
fractivity can introduce substantial errors. This is because
at optical frequencies, water vapor contributes only about
1 percent of N,.

Water vapor, however, is more dispersive than dry air
and can cause errors in two-color SLR systems. This error
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TABLE I
ATMOSPHERIC CORRECTION TO DIFFERENTIAL PATH-LENGTH RATIO

A (nm) A, (onm) Y
1064 532 21.1
1064 355 7.45

532 1064 -22.1
532 355 12.1
355 1064 - 8.45
355 532 -13.1

>an be estimated by assuming that the water vapor is uni-
‘ormly distributed in the atmosphere up to its scale height,
>alculating the number of scale heights the laser beam
raverses for a given elevation angle, and then utilizing
r0rizontal path calculations for a path of that length. The
results show that under extreme conditions (40°C and 100-
sercent RH), a 17-percent error in estimating RH results
in a 0.6-cm range error at 20° elevation. Under more mod-
erate conditions (15°C and 50-percent RH), an 11-percent
error in estimating RH results in a 0.06-cm range error at
20°.

Since this error can be ignored in most cases, (26) can
de approximated as

v = fOW{f) = f\)}- @7

In Table I, v is listed for all pairwise combinations of
the fundamental, doubled, and tripled Nd:YAG laser
wavelengths. The magnitude of the ratios are slightly dif-
ferent when A\, and A, are reversed due to the higher re-
fraction when A\, is the shorter wavelength. Because v is
on the order of ten for all wavelength pairs, it is necessary
to determine the differential path length (L, — L,) with an
accuracy which is approximately ten times greater than
the desired accuracy for the atmospheric correction.
Therefore centimeter-level atmospheric corrections re-
quire millimeter-level measurements of L, — L,.

V1. AVERAGING Two-CoLorR SLR MEASUREMENTS

The accuracy requirements on the individual two-color
measurements can be eased considerably if the results of
numerous unbiased measurements are averaged. However,
since the atmospheric correction and differential path
length both are functions of the satellite azimuth and ele-
vation angles, the satellite position must be taken into ac-
count when measurements are averaged. For typical re-
fractivity profiles, the atmospheric correction given by
(11)-(13) can be modeled approximately as

Bi + B B; cos a Bs sin &
sinE sinn E sinEtanE  sin Etan E

(28)

The model coefficients 8,-84 can be expressed in terms
of meterological parameters by using (12) and (13). Alter-
natively, they can be caiculated by using (25) and (27) 1o
compute AC from measurements of L,-L, taken during the
satellite pass. Then the data can be fit to (28) by using a

AC =

419
300

o ~
W —270 m
a w
Q o
P 1]
e Iy
= o
w —240 =
-
2 g

o
< z
g —1i10 <
E £
g =)
o s
o -180 =
o g

150
300 600 1200

SECONDS INTO PASS

Fig. 5. Azimuth and elevation angle of the Starlette satellite as seen from
Greenbelt. Maryland, on July 5, 1979. Zero seconds into the pass is 03.47
GMT.

regression analysis. A more accurate value of AC could
then be obtained by evaluating the regression curves.
However. since this technique utilizes the two-color rang-
ing measurements only to calculate the atmospheric model
coefficients. it cannot correct for errors in the functional
form of the correction model.

The performance of the regression model given by (28)
has been evaluated using the geometrical parameters of
Starlette satellite passes over the Goddard Space Flight
Center in Greenbelt, Maryland [14]. The rms error of the
regression model can be written as

g
osc = 1 F (29)

where ¢,; is the rms differential path-length error at ze-
nith, N is the number of two-color measurements made
during the satellite pass, and F is a dimensionless error
factor which depends on azimuth and elevation angle and
on the geometry of the satellite pass. o, is proportional
to N™"2. This dependence is typical of the error reduction
obtained when independent unbiased measurements are
averaged. If N is large and F is small, the regression error
04c Will be much smaller than the single measurement er-
TOT Oy .

The azimuth and elevation angle of the Starlette satellite
is plotted versus time in Fig. S for a typical low elevation
angle pass over Greenbelt. Fig. 6 shows the error factor F
versus time for this pass. Measurements were assumed to
be taken only when the satellite was above 15° elevation.
At low elevation angles, the laser pulses are attenuated
more than at zenith because of the increased atmospheric
scattering. Satellite tracking is also more difficult at low
elevations due to the larger satellite distance. This effect
was taken into account in calculating the data plotted in
Fig. 6 by assuming that ¢,; « (sin E)". » was chosen so
that the path-length error at 20° was 1. 2, 5. and 10 times
larger than the error at zenith. These path-length error ra-
tios are denoted as r in the figure.
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Fig. 6. Error factor for the atmospheric-correction model of (24) and the
satellite pass in Fig. 5. The detection probability is one and the minimum
elevation angle is 15°. r is the ratio of the differential path length error
at 20° elevation to that at zenith.

F is largest at the beginning and end of the pass where
the satellite is at the lower angles. The reason for this be-
havior is evident from (28). The effects of errors in the
regression coefficients become more pronounced as the el-
evation angle decreases, particularly for errors in 3,, 83,
and f,. Also, the error factor increases at the lower ele-
vation angles where the path-length error is more severe.
However, F is usually less than 10 so that if N is large,
the regression model will provide a much more accurate
estimate of AC than a single two-color measurement.
The high elevation-angle Starlette passes showed similar
results [14].

As is discussed in the next section, actual two-color
measurements are seldom unbiased. Therefore, in prac-
tice, the improvement factor due to averaging will only be
achieved when the measurement biases are much smaller
than the observed atmospheric errors.

VII. Two-CoLoR LASER RANGING SYSTEMS

Since two-color ranging was first proposed as a tech-
nique to correct for atmospheric refraction, several CW
instruments have been built and used for horizontal path
measurements. An early instrument [15] used an exter-
nally modulated Hg lamp for its optical source, while later
instruments [17]-[19] have utilized externally modulated
HeNe and HeCd lasers. Length-measurement accuracy
with improved instruments [20] is approximately 0.2 ppm.

In principal, CW techniques can also be used to mea-
sure or correct for the atmospheric refractivity in SLR.
However, several factors make such an approach difficult.
The first is the limited optical signal return from the dis-
tant satellite. In order to make useful measurements, mul-
tiwatt CW lasers are required and must be modulated ef-
ficiently at a minimum of several hundred megahertz. The
optical receiver must be able to accurately measure the
phase difference in the weak CW return signal, without
the benefit of range gating. In order to overcome the shot-
noise fluctuations of the signal, narrow-band electrical
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tracking filters must be used in the receiver. These must
also track the Doppler shift of the return signals intro-
duced by the moving sateilite.

Pulsed multiwavelength systems are becoming attrac-
tive alternatives to CW systems for long-distance ranging.
Key to their operation is production of picosecond optical
pulses of widely separated wavelengths with energies in
the tens of millijoules. Presently, the mode-locked fre-
quency-doubled and -tripled ND:YAG laser is a viable
commercial candidate. Mode-locked Alexandrite lasers
have been reported to produce ~ 10-ps pulsewidths. Fre-
quency-doubled Alexandrite systems operating near 750
and 375 nm would also be well suited for two-color rang-
ing.

Measuring the differential signal delay of photon-lim-
ited pulses with millimeter to submillimeter accuracy is
the prime technical challenge in pulsed two-color systems.
Several pulsed two-color receivers with photomultiplier
(PMT) detectors have been built using both a discrimi-
nator/time-interval unit-based timing system [21] and a
waveform digitizer-based timing system [22]. The PMT-
based system [23] built at NASA-Goddard is shown in Fig.
7. Two-color measurements taken with this system over a
921-m round trip horizontal path are shown in Fig. 8. Even
though this system is capable of the 1.8-mm accuracy
shown in the figure, it requires very careful calibration for
accurate use. This is due to the relatively long 500-ps im-
pulse response time of the receiver detectors and electron-
ics. Differential measurements of 1-mm accuracy require
timing measurements to within 1 percent of this response
time. Although computer processing of the waveform data
has given this resolution, the systematic time shifts within
detectors and the waveform digitizer must be kept below
1 mm. This difficult requirement makes use of this timing
technique unlikely for future two-color SLR applications.

VIII. STREAK-CAMERA RECEIVERS

Streak-camera-based receivers are much more attrac-
tive for two-color ranging applications. They use the
swept-image converter of the streak camera to provide pi-
cosecond response time. Streak cameras are commercially
available’ with 2-ps impulse response time, while devel-
opmental streak cameras have 0.2-ps response times [24].
These fast response times are much better matched to
mode-locked pulsewidths than are PMT-based receivers.

The operation of a typical linear-scan streak camera is
shown in Fig. 9. The incident optical pulse illuminates the
photocathode and frees photoelectrons from its rear sur-
face. These are accelerated rapidly by a mesh electrode
and then are deflected vertically by a fast electrical sweep.
This results in a time-to-space mapping of the electron
stream. The resulting electron distribution impinges on the
microchannel plate, which preserves the spatial distribu-
tion and amplifies it. The amplified electron bundle exits
the rear of the plate, and is accelerated into a phosphor
screen. This produces a weak optical image whose spatial

*For example, Hamamatsu Corp., Model C1370.
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Fig. 8. Three consecutive days of data taken with system shown in Fig. 7.
The dashed lines denote the dispersion value predicted from endpoint
meterological measurements.

intensity distribution is proportional to the temporal in-
tensity distribution of the illuminating optical pulse. In
most streak cameras, an intensified video camera reads
out this image and a digitizer-microprocessor system con-
verts it back to an intensity versus time profile.

Circular-scan streak cameras have been developed for
SLR applications [25]. However, using a dual-channel lin-
ear-scan camera permits recording of extended optical re-
turn signals in both channels. This allows streak cameras
to be used with targets, such as the ocean surface, which
are more spatially extended than are retroreflector arrays.
Such receivers are useful in other short-pulse laser appli-
cations such as altimetry and remote sensing of sea state
and atmospheric pressure [26]-[28].

IX. PuLsep Two-CoLOR SYSTEM OPERATION

For streak cameras to achieve millimeter-level accura-
cies in SLR systems, they must be interfaced to the rang-

MICRO-CHANNEL-PLATE

PHOSPHOR SCREEN

TRIGGER ——ad  SWEEP
GENERATOR
SWEEPING
ELECTRODE
INCIDENT __Se——

T

—
~

Fig. 9. Operation of a typical linear-scan streak camera. The lower left-
hand image is the phosphor screen after the photocathode has been illu-
minated with a series of exponentially decaying pulses. The lower right-
hand is the intensity (horizontal) versus time (verucal) profile of the left-
hand image.

ing system. possibly modified for near photon limited op-
eration. and carefully calibrated. Abshire er al. have
recently constructed such a breadboard system at NASA-
Goddard and have developed some techniques to meet
these requirements [29].

The optical configuration of this system is shown in Fig.
10, and its parameters are summarized in Table I'V. This
system operates in the following manner. The 30-ps pulses
from the dye-mode-locked ND:YAG laser first enter the
transmit beam-aligner system. which matches the diver-
gence angles and center points of the 355- and 532-nm
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Fig. 10. Current configuration of the streak-camera-based three-color
ranging receiver. The roof turning mirror and horizontal path are the

same as in Fig. 7.

TABLE IV
PARAMETERS OF STREAK CAMERA-BASED LASER RANGING SYSTEM

LASER : QUANTEL YG 40: dye mi, 30 psec FWHM
5mJ @ 1064 nm, 2 mJ @ 532 nm, 1 mJ @ 355 nm
DIV: 0.3 TO 1.0 mrad, align: <10% DIV
MIRRORS Double dielectric, MAX R @ 355 & 532 nm
Tsys : Typ 45% AT 532 & 355 nm, (exciuding telescope & periscope)
TELESCOPE : 460 cm? AREA, 91 cm FL
PMT : HAM. R1294, MCP-type, QE = 4%, G = 10°
WAVEFORM
DIGITIZER - TEKTRONIX R7912
TIU : HPS370, 100 psec accuracy

STREAK CAMERA : HAM. 1370, 2 psec resol., 550 psec window, 2.2 psecichan

MINICOMPUTER : DEC LSI 11/23, SKYMNK array proc., dual floppy disks

beams. The original offset is caused by the angle-tuned
KD*P doubler and tripler inside the laser. The aligned
beams then are reflected up into the periscope system, and
are directed to the target cube corner by the roof periscope
mirror. The optical return from the corner cube is re-
flected by the roof mirror and is collected by the receiver
telescope. It is reimaged by an eyepiece, which relays the
focal point to the start of the optical delay system. Just
before this point, a beam splitter reflects part of the optical
signal into a PMT, whose output is then amplified and
triggers the streak camera. The remainder of the energy
enters the 40-ns imaging delay line, which operates in

TABLE V
CHARACTERISTICS OF HORIZONTAL PATH FOR RANGING SYSTEM TESTS

LENGTH 921.2 m (round-trip)
ELEVATION +3.5 deg
ANGLE
REFLECTOR : 254 cm CC
END POINT : T  — aspirated thermometer
SENSORS P — setra 270

Rh — hair hygrometer
ALGORITHM - ATy = & Argy (P, T, Rh)

L = cTy [V =g Py, T, R

9 (Pm, T, Rh) = group refractivity at A
(OWENS, APP. OPT., 1967)

P, — midpoint pressure

T, — TIU reading at A,

the same manner as a White cell. The signal from this sys-
tem then enters a light-tight enclosure, where the 355-nm
pulses are reflected from a dichroic beam splitter while the
532 pulses pass through it. The pulses in each path then
pass through a bandpass filter for background light rejec-
tion. They are then recombined by a second dichroic
and are focused onto the streak-camera photocathode at
slightly offset spots.

The characteristics of the horizontal path, which is cur-
rently used for 2-color ranging tests, are summarized in
Table V. Equation (5) is used to predict the refractive delay
difference between the 532- and 355-nm pulses. The me-
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‘ig. 11. Laser pulse profiles at 355 and 532 nm taken with the streak-cam-
era receiver: (a) recorded from the reference path, and (b) recorded after
the pulses traversed the atmospheric path.

eorological data for this formula are taken from P, T, and
*H sensors mounted at the periscope mirror. Sensor ac-
:uracy is sufficient to allow less than 1-ps uncertainty in
lifferential delay over this short path.

Laser pulse shapes recorded by the system when the
aser etalon is in the 60-ps setting are shown in Fig. 11(a)
ind (b). Fig 11(a) pulses were recorded from the reference
vath, while Fig. 11(b) pulses were recorded after a second
yulse pair traversed the horizontal path. The pulses are
:orrectly aligned in time for both figures. The shift of the
155-nm pulse in the Fig. 11(b) is caused by the additional
efractive delay it encounters in the path. The small scale
tructure within the pulses shows the picosecond temporal
esolution capability of the streak-camera system.

To accurately calculate L,-L;, a minicomputer is used
o process the streak-camera data. A typical output of the
:omputer program used for dispersion measurements is
hown in Fig. 12. Recorded waveforms at 532 and 355 nm
ire shown on the left-hand side, while the convolution of
he two is shown at the top right. For every laser firing,
he program selects the convolution peak as its -best esti-
nate of L,-L,. The bottom figure right shows the histo-
rram of the L,-L, values. The mean and standard devia-
ion of L,-L, are calculated from this histogram. For the
lata set shown, one channel corresponds to 2.2 ps.

To achieve picosecond-level timing. the nonlinearities in
treak-camera sweep must be accurately calibrated. These
re measured by inserting a lossy etalor into the reference
iath, as is shown in Fig. 13. A single pulse input into the
talon results in a train of pulses with exponentially de-
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Fig. 12. Computer analysis of streak-camera data illustrating convolution
processing to determine differential arrival time.
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Fig. 14. Sweep-speed ﬁroﬁle of our current streak camera. showing 8-per-
cent nonlinearity; sweep-speed calibration: l-ns scale, 169-ps pulse sep-
aration.

caying intensities, which are separated by the etalon
round-trip time. Since this time is accurately known by
the setting of the translation stage. the emitting pulses can
be used as temporal calibration markers. The resuits of
this procedure are shown in Fig. 14. Each point plotted
here is the average of approximately 25 measurements,
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Fig. 15. Two-color ranging results taken with system shown in Fig. 10 over
the 921.2-m horizontal path. The error bars denote the singie measure-
ment standard deviation. The average system error is 2 ps.

and the error bars are the standard deviation of the sample
mean values. The data show that the sweep speed is fast-
est at the start of the sweep, and slows by ~8 percent
over the region shown. This profile is used to compensate
subsequent measurements for this effect.

To accurately measure the atmospheric delay, the fixed
offsets within the LR system also must be removed. These
offsets are primarily due to the transmit and receiver beam-
splitter assemblies, where the 532- and 355-nm pulses
traverse physically different paths. These offsets are re-
moved by first measuring the differential delay over the
horizontal path. Then the laser output is blocked from
traversing the path and the reference shutter is opened.
The same procedure is then repeated while the laser pulses
traverse only the reference path within the instrument.
Since all fixed offsets within the system are common to
both paths, subtracting the reference values from the path
values leaves only differential delay caused by the atmo-
sphere. Therefore the final atmospheric measurement can
be expressed as

L,—L = cag v () dx]
Xy ref
- U v () dx—‘ 3 (30)
X1 Jpa[h

where x, and x, are the measured positions of the 355- and
532-nm pulse peaks and v~ '(x) is the streak-camera in-
verse sweep speed. Both the sweep speed and offset cor-
rections are very similar to those developed for the wave-
form digitizer-based two-color LR system [22], [23], [27].

Recent results [29] from repetitively measuring the at-
mospheric dispersive delay after using these procedures
are shown in Fig. 15. Each plotted point is the mean value
of 25 measurements and the error bars show + one stan-
dard deviation. The average bias of the first set of 4 points
is —3 ps, while the average bias of the second set of 9
points is 2 ps. The shifts in the average value are thought
to be caused by small errors in spatially aligning the ref-
erence to the tower path. Even with these errors, the ac-
curacy of Ly,-L, is within +£0.5 mm for this measurement
set. Dual-color SLR data of such accuracy can be used to
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measure the atmospheric delay of single-color measure. '

meénts to 0.5 cm.

X. DiscussION

Streak-camera-based two-color laser ranging syste&s
are still in the developmental stage. To date development
efforts have concentrated upon integrating the streak cam-
era into the laser ranging system and identification and
reduction of systematic timing errors. Although the re-
sults shown in this paper were taken with the breadboard
system operating at high signal levels, no major problems
are anticipated when such systems are operating at low
return-signal levels. For these tests, an external image in-
tensifier will be used to increase detection sensitivity.

Two-color system accuracy has not yet been determined
in SLR tests. The modifications anticipated for a short-

pulse MOBLAS-type system to accommodate the two- -

color system include adding a frequency-tripling crystal to

the mode-locked Nd: YAG lasers, changing the intracavity -
etalon to one fof 30-ps pulses, adding a transmit beam

aligner to co-align the 532- and 355-nm beams, and re-
placing transmitter and receiver beam handling mirrors
with double-stack dielectric mirrors. This last step is im-
portant since, due to lower production efficiency and
higher optical and atmospheric losses, pulsed two-color
systems are likely to be power limited at the shorter wave-
length. )

One plan for improving the atmospheric correction for
SLR systems is to implement two-color systems initially
at only a few representative sites. The targets for these
tests could be cube-corner equipped high-altitude aircraft
balloons, or the STARLETTE or LAGEOS satellites. The
atmospheric corrections measured with these two-color
systems can then be compared to that from atmospheric
models. Long-term tests should determine the accuracy
of the models and could determine if the models can be
improved by using perhaps additional meterological data.
The results of such tests should be valuable in determining
the accuracy level at which two-color systems will be re-
quired for atmospheric corrections in operational SLR sys-
tems.
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