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1. INTRODUCTION

The NASA JPL Deep Space Network (DSN) of large,
dual reflector antennas is subject to continuing demands
for improved performance and reliability as a result of
communications, control, and radio science
requirements for future missions.

As a consequence, a new generation of 34m Beam
Waveguidc (BWG) antennas is being added to the
existing complement of 34m and 70m casscgrain-like
antennas, and X-band (8.42 GHz) and K,-band (32
GHz) transmitting and receiving systems, the latter
utilizing stable, total power radiometers (TPRs), arc
being implemented throughout the system to
complement the existing S-X-band capability.

These developments have in turn established the need
for a set of easy to usc and reliable tools for the
assessment, calibration, and improvement of the
performance of a large number of antenna systems.

In this paper wc describe a new approach being taken
for the measurement of antenna gain and pointing, as
well as the calibration of radio sources used in the
antenna gain assessment. The companion paper (Part 2)
discusses panel and subreflector alignment, and antenna
stability.

As a result of a systematic analysis of the entire
measurement procedure, with particular attention to the
noise characteristics of the TPR plus the
tropospherically induced radiometer fluctuations, and
the implementation of new techniques for data
acquisition and reduction, it has been possible to obtain
measurement precision yielding up to an order of
magnitude improvement over previous methods in the
determination of antenna aperture efficiency, and
factors of five or more in the determination of pointing
errors and antenna beamwidth. This improvement has
been achieved by performing continuous, rapid raster
scans of both extended and point radio sources.

The significance of improvements in antenna calibration
and performance in the DSN can be put in perspective
by recognizing that each dB of improvement in the
quantity G/T is estimated to be worth about $80 million
in terms of mission support capability [Clauss (1)].

In the following section we describe the general
requirements for the DSN antenna calibration effort.
This is followed by a discussion of current methods, and
their shortcomings, and a final section describes the new
approach being taken, and some early results.

2. CALIBRATION SYSTEM REQUIREMENTS

The performance of a DSN antenna must be accurately
characterized at the time it comes on line as a new
instrument. Also, certain characteristics must be
checked periodically to maintain performance as well as
assess the cause of, and correct for any observed
anomaly during normal tracking of a spacecraft.

The initial calibration consists of precision setting of the
individual main reflector panels, and subreflector
alignment by means of microwave holography,
discussed in part 2 of this paper, the determination of
aperture efficiency vs antenna elevation angle, and the
development of a suitable pointing model to permit
accurate antenna pointing.

All of the measurements needed to carry out these
calibrations involve far field observations of
monochromatic signals transmitted by satellite beacons,
or broadband radiation from various celestial sources.
Holography measurements arc typically carried out at X
or Ku-band, based on the availability and elevation of
suitable satellite signals, while the remaining
measurements utilize S, X, rrnd K,-band frequencies,
depending on the equipment planned for the particular
antenna under test.

In all cases some form of sampling of the source
radiation as afunction of antenna offset from [he source
is carried out, the exact nature of which, as well as the
subsequent data processing, determine the precision and
accuracy achieved in the overall calibration effort.

In the following section we briefly describe, and point
oat the deficiencies of the conventional approach that
has been used in aperture efficiency and pointing
measurements. The remainder of the paper is devoted to
a discussion of the approach now being pursued to
significantly improve these measurements.

3. CONVENTIONAL APPROACH TO APERTURE
EFFICIENCY & POINTING MEASUREMENTS

Antenna aperture efficiency, 7, may be defined by the
equation

_ 2kTC,
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where k=Boltzmann's constant, T=system noise
temperature increase due to the source, C,=source size
correction factor, A=antenna physical area, and
S=source flux density. Each of the quantities T, C,,
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“ and S represents a source of error, and the measurement
method used to determine each must thus be addressed
in any search for improvement.

3.1 Sour ce size correction factor

The source size correction factor is designed to account
for the flux density of an extended source not collected
by the antenna, and is best understood with reference to
the fundamental radiometric equation from which
equation 1 is derived,

kT, (v:0.0) =
11,0 [[ 80,00, (V0" - 0.6’ - g, 2)

source

where B, is the source brightness function, P, is the

normalized antenna power pattern, and (6,¢) are
rectangular, angular coordinates relative to the source
center [Krauss (2)]. Here, we have been specific
regarding the dependence of various quantities on thc
antenna elevation angle, ¥, and the operating
frequency, v.as well as the fact that the measured
system noise temperature increase duc to the source,

T,,, depends on the antenna pointing.

The integral appearing in equation 2 is the source flux
density collected by the antenna, and is smaller than the
total source flux density

s,= [[ B,(6, 9)aq, 3)
unless the source is much smaler in extent than the

antenna main beam, and the antenna is accurately
pointed at the source. Equation 2 may be cast into the

form of equation I by defining the source size
correction factor,

S

C"r,v(W) =\—V> l’ 4)
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where

S (W) = [[B,(6.0)E, (y:6 — 0.¢"~ 9)a]| 5

is the maximum flux density collected by the antenna,
i.e., the antenna temperature field, T,{(¥; 6, ¢), must be

explored at a given elevation until the maximum value
is found. It should be noted that the corresponding
coordinates will not be those for the source center
unless the source happens to be symmetric.

Equations 4 and 5 imply that the determination of
C,VV(W) requires a knowledge of the source brightness
function and the normalized antenna power pattern. For
those circumstances where C, (y) is within a fcw

percent of 1, the usua approach to its evaluation has
been to estimate both of these functions by symmetric
gaussians, in which case the oft gt.toted formula

c=1+(0,/0,).
where ©_ and ©, are the source and beam widths,
respectively, is obtained.

However, many commonly used sources have
corrections approaching 100 % for a large antenna
operated at high frequency. The 70m antenna value for
Virgo A at K,-band, for example, is calculated to be
1.90, and even at S-band this source has a 70m
C = 1.205 [Richter (3)]. Under these circumstances the
computation of the source size correction must be
carried out with more realistic functional
representations of the source structure, and the source of
these has been brightness maps measured with
interferometer arrays, or large antennas such as the
100m telescope at Bonn.

It is possible, in principle, to carry out a proper
deconvolution of such maps to compute equation 5.
I'bus, an average brightness map obtained with an
antenna having an equivalent normalized power pattern

P, (6.¢)isgiven by

B,(0,¢) = EzL H B(O'.¢" )P, (6-6',¢-¢)d’, 6)

O soure .
where Q,, is the equivalent measuring beam solid angle,
and wc now drop the explicit frequency and elevation
angle notation, and for simplicity assume beam
symmetry so that the integral has the form of a
convolution. I"hen, taking the Fourier transform of
equations 5 and 6 wc have

S(u,v)= B(u,v) B (u,v),

- 1 - -
B, (1,v) =— B(u, v)R,, (1, v),
Q‘()
from which wc obtain
< P(v)
S(p,v)=Q,==="""B(i, v), 7
E)n (,ll, V)
so that performing the inverse Fourier transform yields
S..n- This procedure has in fact been used to generate

the C, values currently used in the DSN for calibration

purposes, but the approach has a number of limitations
which become serious at high frequencies:

1. Maps arc usualy not available at the frequency of
interest so that an interpolation procedure must be used
to estimate a map at the required frequency.

2. Large antennas have significant flexure as a function
of elevation angle due to gravitational loading resulting
in aberrations that affect the beam pattern, so that one
really should have C, values calculated as a function of
elevation (see equation 4).

3. Information on the mapping beam solid angle and
shape is often approximate or unavailable in the
literature.

An alternative approach is thus called for which
eliminates the need for source size corrections, and this
approach is described in afollowing section.



“ 3.2 Flux density

Since source flux densities are determined from the
same equation used to determine aperture efficiency,
equation 1, al of the sources of error attendant the latter
must apply to the former as well. Thus, while the very
brightest sources can be measured with a low gain
system such as a horn, whose calibration is relatively
straightforward, the transfer of information from strong
to weak sources which are compact enough to serve as
reasonable calibrators for large antennas must be carried
out with larger antennas. Then, equation 1 leads to the
result

S] 'rl C"n
L=l 8)
S, T, C,

where the subscripts refer to measurements of two
different sources with the same antenna, and we secthat
not only antenna temperatures, but also source size
corrections enter into the calculation of flux density

ratios for different sources.

A survey of the literature on flux density measurements
shows that the use of inaccurate C. values contributes

significantly to the error budget for such measurements
[Richter (4)], so that eliminating the need for such a
correction would result in a significant increase in the
accuracy of flux density determinations.

3.3 Sourcetemperature

The basic method for measuring the system noise
temperature increase due to a source involves some
form of on-source, off-source subtraction. In the DSN
this is presently accomplished by aboresight technique
in which the antenna is successively offset in a given
direction, say @, relative to the source, by +5,+1/2,
and zero half-power beamwidths (H PBW's). The
resulting 5 data points are then fitted to a gaussian
function plus a linear background to account for the
decrease in system noise temperature with elevation,
and from this fit, the maximum, or peak source
temperature, and 6 pointing error and beamwidth arc
determined. The pointing error is then used to execute
an orthogonal boresight in the ¢ direction, and the

process repeated as the source is tracked.

While thisworks well at S-band, it is less satisfactory at
X-band, and unsatisfactory at K,-band, especially with
regard to the pointing determination, where, for
example, it has been unable to provide the requisite
precision to meet the radio science requirements for the
Cassini mission to Saturn, scheduled for launch in
October, 1997. Additionaly, the method is inherently
sow since each of the 5 measurements in a given
direction requires that the antenna servos and
mechanical structure settle at the offset specified before
a temperature measurement is made. A further problem
is that the gaussian fitting function only approximates
the actual profile of the temperature measurement, and
for an extended source this approximation may not be
very good.

In view of these limitations one would like to have a
source temperature measurement of inherently greater
accuracy. This would not only improve our knowledge
of antenna gain and pointing, but would also improve
the calibration of weak sources by the comparison
method described above.

In the following section wc describe a new approach to
the calibration of large, ground based antennas that
significantly improves the precision achieved by
reducing or eliminating the above noted sources of error
inherent with present methods.

4. THE RASTER-SCAN METHOD

The kcy to reducing the error sources discussed in the
previous section lies in making system noise
temperature measurements over a finite area of sky
including the source, rather than along orthogonal cuts
through the temperature profile. Thus, integration of
equation 2 over the two dimensiona angular field

(6.¢) gives
I
k|| T(6, $)d = —nAQS,
J1(0.0)02=n 9
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where Q is the antenna beam solid angle, and we have
dropped the explicit frequency and elevation angle
notation for simplicity.

If wc now consider the application of the above
equation to two sources, the equivalent of equation 8
becomes

[[1(6.9)a02
S S 10)
[0y s,

source
+heam

aresultindependent of source size corrections.

If the source considered in equation 9) is small enough
relative to the main beam to be considered a point, then
its brightness may be represented by

B(6,¢)=15,5(6)5(¢) . 1)
where 8(x) is the Dirac delta function. Then, equations
4 and 5 show that C =1 so that equation 1 becomes

24T,

12)
AS,“
If the flux density, S,, of this point source is known,

then equation 12 immediately yields the aperture
efficiency in terms of the peak source temperature.
However, it frequently is the case that point sources
bright enough for calibration purposes are also variable,

so0 that onc may not have apriori knowledge of S,. In
this case, equation 10 may be used to determine S, by
comparison with an extended, calibrated source whose
flux density, S.,is known. Then, combining equations
10 and 12 we have
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which now becomes the fundamental equation for
determining aperture efficiency.

13)

The data for the computation implied by equation 13 arc
the temperature fields T,(6, ¢) and T.(6, ¢) for the

point and extended calibration source, respectively, and
these are obtained by scanning the antenna beam across
the source in a raster pattern, similar to a (non-
interlaced) TV scan (see below).

It should be noted here that the ratio of the integrals
appearing in equation 13 is, by equation 10, just the
ratio of the flux densities for the two sources, i.e, a
constant. Thus, the measurement strategy should
involve the aternate scanning of the two sources over a
small but finite elevation change so that the data points
corresponding to each integral, as a function of
elevation, can be fitted to a linear, or perhaps quadratic
function. Then, it should be found that the ratio of these
two fitting functions is constant and equal to S, /S, . As

apractical matter the extended calibration source 3C274
(Virgo A) and the variable point source 3C273 serve
admirably for such a strategy as they have nearly the
same R.A.

Substitution of equation 11 into equation 2 gives the
result

T(9¢)— "P(9¢) T,P(6.9), 14)

so that the raster scan data set for the point source hasa
functional dependence determined by the beam pattern
plus a background term due to the sky, which may be
linearly approximated over the small field scanned.
Thus, if we assume that the antenna is in good
alignment, there are small system aberrations, and the
main reflector is nearly uniformly illuminated, which is
close to the truth for the shaped reflector designs of the
DSN, then P(6,¢) can be well approximated by an

asymmetric Airy pattern

2n0? 2,2
K,0° +K,¢
AlKk,0,x,0) =
( (4 ¢ ) \[K:92+K‘:¢2

so that the system temperature data set for the point
source raster scan has the form

Tp (9’ ¢)

=T,AlK, (6 6,).5,(¢ .., . T, . a0 . ag,
where x, and k, are beamwidth parameters, 6, and

15)

16)

¢, are the pointing errors, and a, and a, arc the sky
background coefficients for the 8 and ¢ directions,
and T ,.is the system operating temperature.

The 8 parameters appearing in equation 16 may be
found from a nonlinear, least squares fit to the point
source raster scan data, thus giving complete

information on the peak temperature, and pointing
errors and bheamwidths for the two orthogonal directions
corresponding to the scan axes. The precision of the
resulting fit will depend on the noise fluctuations
present in the temperature data, the scan parameters,
and the data processing used, and these are dealt with in
the following sections.

4.1 Fluctuationsin system noise temperature

Three main sources of fluctuation of system noise
temperature can be identified:

1. Therma noise generated in the radiometer and
atmosphere,

2. Gain-bandwidth variations in the radiometer caused
by ambient temperature fluctuations of electronic
components, especialy in the first stages,

3. Fluctuations caused by variations in tropospheric
density, especially of water vapor content. This is most
significant at Ka-band.

The two-sided power spectral density (PSD) of the
output fluctuations of a typical DSN K,-band
radiometer has been measured as a function of
fluctuation frequency over the range 6.5 x 10°to 0.5
Hz, and the results compared with a model based on the
above mechanisms. The results are shown in Figure 1,
where curve a corresponds to the radiometer looking at

an ambient load and curve b was obtained with it
looking at the zenith sky.

Curvec isafit to curve a decreased by the square of the
ratio of the system operating noise temperatures,

= 14.6, and curve d corresponds to a

o0 Laram} “f'l.\'ky
statistical model for tropospheric fluctuations for
average conditions at the DSN complex at Goldstone,
Cdlifornia[Treuhaft and Lanyi (5)].

Curve a, which is constant at high frequencies and

follows a l/f2 dependence at low frequencies,
corresponds to thermal noise and gain-bandwidth
variations, and if these were the only terms present with
the radiometer looking at the zenith sky, the data of
curve b would follow curve ¢. There is a significant
departure from this however, but when curves ¢ and d
are added together the result follows curve b closely,
from which we conclude that tropospheric fluctuations
play an important role in the total radiometer
fluctuations at frequencies below about 0.1 Hz.

Since we are interested in frequencies greater than 10°
Hz when making gain calibrations, i.e., times of interest
are considerably shorter than 1000 see, we may consider
only the high frequency behavior of the Treuhaft-Lanyi
model, which has a 1/ f** dependence so that curve b
may be represented by the equation

K K
S, (f)=S,+=1+—, 17)
£t
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where the coefficients for the K 4-band radiometer tested
have the values

S = 150x 10°K’ /Hz
K =1.64%10" K’ /sec

K,= 236X 10K’ /sec™®
corresponding to average weather with the radiometer
looking at the zenith sky, and a T, of approximately

100K.

With the above form for the PSD of the fluctuations,
one may determine the corresponding standard
deviation of the fluctuations. This depends on both the
integration time, 7, i.e.,, the period over which the
measurements are averaged by the power meter, and, in
view of the nonstationary behavior indicated by
equation 17, the total duration of the measurement, 7.

It can be shown that the variance of a random
process X(t) , of duration T, having a high frequency
cutoff, is given by

oy(1) = 2] [1=sinc’ (wD)]s (H)df,  18)
where sine(x) = sin(x)/x,and S, (f) isthe PSD of the
process. If the signal X(t) is continuously averaged
over atime interval 7, the resulting PSD is
Sz (f) = sinc” (a7)S, (1), 19
S0 that the variance of the averaged process Tl (1), of
duration T, is
o, (r. T)
20)
= 2.[:’[1 -- sincz(nff)}cincz(WT)ST“V(f)df.

The evaluation of this integral for the spectrum given by
equation 17 is accomplished by contour integration,
with the result

-Sn 27[2K1 /3
o, (7T sF>+=7"+ 83KT!, 21
v 7 3

where it has been assumed that the measurement
duration is considerably longer than the integration
time, i.e, 7'>>7.

The duration of the measurement of interest in the raster
scan method depends on the rate at which the data arc
taken, and the details of the analysis. For example, if
one were to operate at alower frequency than K z-band,

the 7¥* term in the above equation, corresponding to
tropospheric fluctuations, would be absent, and if a
radiometer gain caibration were carried out at the
conclusion of each line of the scan, then the appropriate
time would be the time required for the execution of a
single scan line. Generally speaking, however, 7' will
be the time required for one complete raster, and an
important conclusion to be drawn from equation 18 is
the need for short measurement times. This, perhaps
counterintuitive conclusion, has been born out in actual
tests as will be shown below.

~7

4.2 Raster scan design

Equation 21, together with the need to avoid settling
problems with the antenna mechanical system, suggest
that the raster scan should be performed with a
continuous motion at a constant, high angular velocity
in a given direction, say 8, while discontinuously
stepping in the orthogonal direction, again, mimicking a
TV scan. This means that the data arc taken “on the fly”,
so that the averaging process referred to above will
contribute to a distortion of the signal that must be taken
into account.

A second, and related consideration is selection of the
sampling interval, ¢, . In view of the Fourier transform
relationship between the complex, far field amplitude,
U (8,¢), and the complex aperture field, C(X, y), the
scan signal for asingle line is absolutely bandlimited.

Thus, for a coherent detection scheme such as that used
in the microwave holography system, which also uses a

raster scan for-mat, the signal is of the form v (61, @),
where Vis an arbitrary amplitude factor related to the

antenna gain, and 6@ is the constant scan angular
velocity, and one may show that the spectrum of this
signa has, by virtue of the clearly defined antenna

aperture, a sharp cutoff at f, = 6/20, , where

O, = /24 =antenna main beamwidth. This cutoff,
moreover, is independent of the main reflector
illumination and system aberrations, and depends only
on the maximum dimension of the aperture in the
scanned direction, 2a.

Similarly, for the noncoherent detection used in gain
measurements, the signa is of the form

VP (61,6) = V|U,(61.9)
so that its spectrum is given by the autoconvolution of

the coherent spectrum, and consequently has a cutoff
frequency twice as high.

From the above we infer that Nyquist sampling for a
coherent system requires a minimum of one sample per
beamwidth, while for anoncoherent system, a minimum
of two samples per beamwidth is required.

Also, since the signal spectrum is bandlimited in both
cases, a sharp cutoff digital filter can be used to remove
noise above the cutoff, and this can then be followed by
a suitable Wiener filter to compensate for the distortion
introduced by the integration, with no loss of high
frequency information.

In order to study the interaction between scan velocity,
6, array size, N, and integration time, z, computations
have been made of the errors expected in the fitted
parameter T, for a range of values for each of these

parameters for a one-dimensional fit corresponding to a
single scan line, and the results are shown in Table 1. In

all cases the sampling interval, #, = 7/2.



The computed errors in T, arc based on a general,
nonlinear least-squares fitting analysis, using
equation 21 to estimate the noise standard deviation,
and agaussian beam pattern

T,(8) = T,exp[-x2(0-6,) /2] 22)
rather than an Airy pattern, for simplicity [Richter (6)].

Also shown in Table 1 are the RMS fitting errors of
aperture efficiency vs elevation curves based on
quadratic fits to the data for a complete 6 hour pass of
the source. These errors are inversely proportiona to

N, , where N, is the number of complete rasters

executed during the pass, each of which yields an
estimate of all of thefitting parameters.

It is clear from these results that the best overall
precision is obtained with a high scan velocity and small
array size. Indeed, it appears from the analysis that thc
limiting factor may well turn out to be the behavior of
the antenna servo system and the dynamic response of
the mechanical structure.

5. TEST RESULTS

Table 2 presents a typical early test result based on a
single scan line through tbc source 3C273 with a 34m
BWG antenna at K, -band. The parameters, and their
errors obtained from the diagona elements of the
covariance matrix of the fit, are based on fitting the data
to equation 16 with ¢ = O. The theoretical errors for the
scan line are computed as above from a nonlinear, least-

squares analysis using equation 21 to estimate the noise
standard deviation.

The last two columns show theoretical errors for the 5
point boresight method, described in section 3.3, using
the same nonlinear, least-squares analysis, and
measured errors obtained under essentially the same
conditions as for tbc scan line test.

It can be seen from the data in Table 2 that the
measured parameter errors obtained from tbc single
scan line are considerably smaller than those obtained
with the conventional bores ighttechnique. The
predicted errors based on the nonlinear, least-squares
analysis are seen to be about a factor of two smaller
than those measured for the scan line, and roughly the
same factor smaller in the case of the boresight
measurements, With the exception of the error for T,

which agrees well with the measurement.

In the former case this can be traced to the inadequacy
of the fitting function used. The predicted noise

background for the scan line,0, = 0.0242 K, is in

very good agreement with the measured value,
o, =0.0250 K, but the reduced chi-square for the fit

is3.53 +0.35, indicating that a significant part of tbc
parameter errors is the result of using a fitting function
that cannot foliow the data to within the limit imposed
by the random data errors.

There is, in fact, direct evidence that this is the case, in
that the complete two dimensional scans that were made
of the source showed a small, but clear indication of
sidelobe asymmetry, most likely resulting from a small
subreflector misalignment existing at the time of the
measurement.

6. CONCLUSIONS

A theoretical analysis of gain and pointing calibration
methods, together with a realistic assessment of system
noise characteristics, has led to the conclusion that
significant improvement in performance can be realized
by performing rapid, continuous raster scans of point
and extended radio sources, and determining
temperature and pointing information from two
dimensional, nonlinear, least-squares fits of the data to
realistic beam patterns.

The method has the further advantage that source size
corrections, which presently represent a significant
source of error in both gain measurements and source
flux density determinations, are not needed since
essentially al of the source flux density is collected
during the raster scan.

The usc of rapid scanning also results in the collection
of vastly more data than with conventional techniques,
so that errorsin gain, or aperture efficiency vs elevation
curves can be greatly reduced.

Preliminary measurements at K ,-band, based on one
dimensional fitting to single scan line data, are in good
agreement with theoretical calculations using measured
power spectral density data to predict the background
noise during a scan, and using this background noise as
input to a nonlinear, least-squares model to predict
fitting parameter errors.

Future work will concentrate on the development of
real-time, two dimensional Levenberg-Marquardt
nonlinear fitting routines, assessment of antenna
mechanical system limitations to the scan process, and
overall system engineering concerns for the
implementation of the method system wide.
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FIGURE 1- Power spectral density of T, fluctuations for K -band radiometer

TABLE 1 - Theoretics] errors for the source temperature, T,, and aperture efficiency vs elevation curve, nly),as a

function of scan velocity, €, and array size, N, based on a nonlinear, least-squares fitting analysis for raster scan data
acquired with a 34m antenna at K,-band. The RMS background noise for single scan lines, o,, and complete

rasters, 0,, is computed for given scan line durations, ¢, and raster durations, f,, fromamodel based on the measured
power spectral density for the radiometer system.

Elevation 90 deg, with troposphere, retrace time = 2sec .

N=17 T, sec 1, sec 1, se¢ . _'_]_lflcg o, K 0, K o, K Oy, % N,
sece

0.1 08 4710 100 0036 (.68 0037 0042 453

0.2 16 612 50 0026 0074 0041 (052 352

0.4 3.2 88.4 25 0.019 ().094 0.052 0.080 244

0.8 64 1428 12.5 0017 0.136 0075  0.147 i51

16 128 2516 624 0022 (0214 0O.118 0.309 85

N = 33 T, sec 1, sec ¢ sec . mdeg 0, K 0, K 0,, K 6,,,% N,
sec

0.1 16 118.8 50 0.037 0.123 0.034 0.060 181

02 32 1716 25 0027 0159  0.044  0.095 125

0.4 64 2772 125 0026 0232 0064 0.176 77

0.8 12.8 488.4 6.24 0024 ().369 0.101 0.370 44

N = 65 T, sec I, sec 1, sec . _mglg‘go, Ko, Ko, Ko, , %N
" sec

0.1 3.2 338.0 25 0.038 0.27S 0.038 0.115 63

0.2 6.4 546.0 12.5 0.029 0405 0.055 0.215 -39

J



TABLE 2- Comparison of errors for source temperature T, pointing offset, 6,,, and HPBW, 6, for a single scan line

through the point source 3C273, with those obtained with the boresight technique. Theoretical errors are computed from
the same nonlinear, |east-squares model used to predict the errorsin Table 1. The frequency was 32 GHz, and the scan

parameters were: N = 21, 8 = 8.0 mdeg/sec, 7 = 0.8 sec,?, = 0.4 sec, with atotal scan width of 64 mdeg.

Errors from Theoretical Theoretical
Parameters from covariance errors for scan  errorsfor 5pt.  Typical observed
I - dim' fit matrix line boresight borcsight errors
T, = 2.9428 K 0.0332 K 0.0149 K 0.1416 K 0.14K

6, = 5.3463 mdeg 0.0898 mdeg 0.0427 mdceg 0.4024 mdeg 0.64-1.23 mdeg
6,-17.2025 mdeg 0.2190 mdeg 0.0986 mdeg 0.4185 mdeg 0.58-0.68 mdeg
T,, = 114.5558 K 0.0250 K 0.0242 K
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