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1.0 INTRODUCTION

This is the second preliminary design report by the Hughes Aircraft
Company on the Shuttle Imaging Radar (SIR}. The first, entitled "Earth
Resources Shuttle Imaging Radax, " was published in October 1975. It
included designs for both the space radar and the ground processor. The
baseline design is a two-frequency radé.r, X-band and L~-band with dual
polarization {horizontal and vertical} at each frequency. The ground proc-
essor subsystem produces four images of four looks each, one for each

frequency and polarization combination; e.g., an X-band horizontally

polarized image and an X-band vertically polarized image.

All SIR designs include radar calibration for measuring the radar
backscattering characteristics of the imaged terrain. Such measurements
have been made with SAR imagery in the past, but with nowhere near the
éccuracy required for the SIR applications. To achieve the required accilra.cy
for the backscattering coefficient measurement (about 2 dB with 80 percent
confidence), the space hardware design must include a means of monitoring
the state parameters of the radar. For example, the transmitter output
power is sampled and a replica of its output waveform is circulated through
the receiver. These are recorded digitally and are used on the ground to
determine such radar parameters as the transmitter power and the receiver
gain. This part of the data is needed by the ground processo:i Lo measure
the terrain backscattering characteristics.

This repori‘; contains a description of this radar calibration subsystem

and discussions of its performance and implementation.
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1.1 THE MEASURED QUANTITY

The SIR system can measure the radar cross section for each image
resolution cell. If available knowledge of the radar and propagation were
perfect, this measurement would depend on the contents of the resolution
cells and the viewing angle. A resolution cell containing a man-made struc-
ture, such as part of 2 metal frame building or a radar corner reflector,
could have a large radar cross section over a wide range of viewing angles
{(Figure 1). In this case, the radar cross section would afford indication of
the material and structures within the resolution cell. But, no interest in
such radar cross section measurements of cultural objects for earth
resources has been expressed; so, although the SIR design provides the

capability for making these measurements, it was not studied here.
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Figure 1. Dependence of radar cross section on resolution cell
. contents and direction of viewing
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Meéasurements of diffuse backscattering wetre considered, A resolu-
tion cell containing diffuse backscattering elements such as-a field of wheat
or just bare terrain bas a radar cross section that is Hi_ghly dependent on the
direction from which it is viewed. Because of this dependence, the average
rather than the individual radar cross-section measurement is of interest.
Also, the average radar cross section of the cell is almost alwéys normal-
ized by the cell area, so that it represents the radar cross section per unit
area of terrain. The preliminary d,eéign analyses and the results presented

here are concerned with this normalized, average cross section (dentted Tl

1.2 APPROACH TO MEASUREMENT

A single, high accuracy measurement of the average backscattering
coefficient requires many — more than 30 — individual measurements of
resolution cell radar cross section. Since SIR forms four images at each
frequency and polarization, (i.e., each mode involves four looks) only four
radar cross-section measurements are available for each resolution cell;

while the image can be improved significantly by averaging the four looks,

 four samples are plainly inadequate for a single average backscattering

measurement., To obtain the rieeded radar cross-section estimates, resolu-
tion cells from a region of ground extending over several resolution cells
must be used (Figure 2). _ A
The extent is a function of single-to-noise ratio; for a single-to-noise
ratio of 8 dB, about 64 looks or samples are needed. A grecund region
100 by 100 m is covered by 16 resolution cells (25 x 25 m). Since each
resolution cell has four looks, this region of ground would provide the
needed 64 looks.
For the baseline design discussed in this report, the final crc','measﬁre—
ment for the 100 x 100 m region would have an accuracy of 2. 5 dB, with a
confidence of 80 percent, Thus, a high accuracy measurement of the
average backscattering coefficient is obtained by spaﬁally combining several

resolution cells. If the measurements of these resolution cells were plotted
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SECTION OF A SAR IMAGE

RESOLUTION
|~ CELLS

™~ TYPICALLY, A 10,000 S0 METER
AREA OF GROUND 1S USED FOR
ASINGLE g, MEASUREMENT.
FROM I7 64 SAMPLE RADAR

CROSS-SECTIONS ARE OBTAINED
FOR AVERAGING

Figure 2, Accurate average required for many radar
cross section measurements

for a o map, the result would be of lower resolution than the 25 x 25 m of

. 8IR; in the preceding example it would be 100 x 100 m.

_ In this report, only single T, measuréments are discussed. The
experimenter is presurmed to be at the ground processor, where he indicates
that region of image from which the resolution cells are to be taken, He
uses a probe to circumscribe that region of ground from which the cells for
the measurement are to come; with this probe he can also delete ény cells
in this region' not wanted. The end result or output would then be a single
v, measurement, accompanied by an estimate of the signal-to-noise ratio,
the accuracy of the measurement, and the number of samples used in the
estimate. 7

There are other approaches to the o, measurement, For example,
a ¢ map could be made for an entire 85 x 85 km ir~age frame instead of
for a selected region. Typically, such a map would have a resolution of
100 x 100 m, which is considerably more complex than what has been

above. Such a map would make it more difficult for the expei‘imenter to
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control the kind of data used. In the approach presented here, the
experimenter does part of the estimation., He can eliminate contamination
such as farm buildings, power lines, and other extraneous elements from
the input region. This would be more difficult to accomplish with a T, ™ap.

The approach taken here can be extended in various ways; one of the
more important is to provide a '"constant - u'o" test., When the experimenter
circumscribes a region for a ¢ measurement, the system assumes that
T, does not vary within the region. Knowledge of the statistical characteris-
tics for the class of backscatterers to which the region presumably belongs:
can provide a basis for developing a test of this constancy. Such tests are
best developed when experimental data are available for verification.

The Hughes approach to measurement was selected because a basic
algorithm was needed for making oy estimates with the ground processor,
With the evolution of that algorithm, it was easier to determine the required
data base and to isﬁlate certain critical radar parameters to which Ty
measurements might be sensitive.

The first operation the processor executes in making a backscattering
measurement (cr0 - measurement in Figure 3) is to form an image of the
area of interest. The experimenter then centers a cross hair in the region
of interest, which results in re-centering the displayed region on this point
and also expanding it, The experimenter then designates the specific region
of the display for which a ¢ measurement is to be made. The original radar
data are then reprocessed to form a new image.

Reprocessing is necessary because the four SAR looks used in making
the r, ~ measurement must be symmetrically located in the antenna pattern.
If they are not, the final accuracy of the measurement will be quite sensitive
to the known accuracy of the antenna pattern.

After the four SAR looks are centered and the image is reformed,
the amplitudes of those pixels circumscribed by the experimenter are used
to calculate the average backscattering coefficient, o In making this
calculation, certain variables other than those provided by the radar system

are needed: propagation loss, land altitude, and land slope. The importance
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of these is about the same for L- and X~band, except for the propagation :1
. loss, where the extent of data needed for the Li-band _loss is much less than
for X-band. | o

S e T e e

FURRPEIY

g

After the processor completes the ¢ - calculation the resultis

printed at the output terminal.. e o I :

o

1.3 CALIBRATION APPROACH

~ Calibration is the determination of those quantif:ies' needed to form 2
i an SAR image with pixel amplitudes equal to the square root of the back-
scattering coefficient (or the backscattering coefficient tiines a known
constant), The pixel amplitudes of an uncalibrated SAR image are affected

by the state of the radar and the state of the troposphere. The receiver

ey

gain can increase and cause an increased image amplitude for a fixed pixel

backscattering coefficient, Similarly atmospheric attenuation can be less

'ﬁq—:-‘—(‘q
S

at one geographical point than another and cause the image amplitude for
the same backscattering coefficient to be greater in one instance than . J
the other. | | } o
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Fortunately, these variations in the tropospheric and radar states
are fairly slow, so the image patterns are not distorted. The variations,

however, do present difficulties when making measurements of the radar

backscattering characteristics of the terrain within a pixel.  Since the pixel
amplitudes are used in estimating the radar backscattering coefficient, an
image must be produced with pixel amplitudes equal to the backscattering
coefficient (imes a known constant). In this SIR system, a conventional
uncalibrated image is formed first and then converted to a calibrated image,
- The quantities needed to make a calibrated image are determined
by estimating the effects of the radar components a2nd the environment on
image amplitude, S_u__cH effects are mostly multiplicative; only one, noise,
is additive. The major raéar and environmental contributors are seen bjr
tracing the flow of energy from the transmitter to the image (Figure 4),
First, the RF energy is generated by the transmitter and radiated, then,
atmospheric pﬁopaga{:ion loss, the receiﬁng aperture, receiver gain, and
finally the data transmission medium and ground processing. Rach of these

can vary, and each is measured in the calibrated radar system. For trans-

mitter+-power and receiver gain, the mieasurement is direct, To determine
: the antenna gam contribution, the locatlon of the pixel (i.e., resolution cell)

in the ga1n pattern must be known therefore, antenna pointing measurements

are made, and’ the p1xe1 position is accurately located.

Atmospherlc loss for I-band can be eatlmated by using a very snnple o

seasonal and geograp‘mcal model However, to achieve a ‘high accuracy of

calibr atmn the atinog pherlc loss model .Eor X-band should include esfn.mates

of exis tmg meteorologlcal condltlons
In the preceding, the antenna gam. a.nd antenna pattern were assumed
and did not vary s:.gmfmantly ‘These facts are necessary to: calibrati on,.

and the assumption appears correct, However some quest‘mn ex:.sts as

to whether antenna gam. and pattern can be predmted adequately from ground .

‘measurements. Measurements can be made on the ground for antennas as

large as those of the Shuttle Imaging Radar, but expenence is nee&ed in.

mak:.ng the desired. predlctlons from these measurements The antenna. Wlll

be effected ‘both electrlcally and thermally by' 1nteraci:1.ons with its’ =nv1ron-

ment; since the gain and pattern must be known w:.th very hlgh accuracy, it
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! Figure 4. Primary functions in SIR calibrations
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is not certain that these interdctions can be adequately accounted for from
the ground. For this reason it is recommended that a corner reflector farm

be used during SIR to make gain and pattern measurements.

1.4 CALIBRATION ACCURACY

The SIR sensoy can be calibrated to an absolute accuracy of about
0. 65 dB RMS, exclusive of propagation effects. The calibration precision
at X-band wavelengths with moist cloud cover is estimated to be about
0. 70 dB RMS. The calibration accuracy is obtained by frequent use of
precision pilot signals that are proportional to transmitter power-receiver
gain products and infrequent use of an array of 16 corner reflectors for
calibfations which include antenna gain, pattern, and probagaﬁon loss
factors.

The calibration precision for SIR includes a ''fixed" component
of abd_ﬁt: 0.5 dB, the mean uncertainty of calibration over the duration of
a missipn; and a "temporal' component of about 0.45 dB, which is

the deviation of calibration. The fixed and temporal components are given

in Table 1.

TABLE 1, ERROR STRUCTURE ASSUMPTIONS

Fixed Errors Temporal Errors
' Antenna Gain Pattern - Antenna Pattern Orien-
' tation (0. 3 dB budgeted
error) '
Transmitter Power, Terrain Incidence Angle

Receiver Gain Product (typically 0. 6 dB/deg at
an incidence angie of
10 degrees) :

Propagation Path Lioss
(typically total loss
1. 0;3 dB at X=band)

e 1 g

-

Y | D
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The temporal component is highly correlated for durations of about

10 seconds, corresponding to distances of about 75 km, and essentially
independent over much greater time intervals or distances. It represents
the "relative' calibration accuracy for 7 - measurements made at the same
place but on different orbits or at widely spaced distances, either on the
same orbit or on different orbits.

The calibration errors establish the limiting measurement accuracies
for cases in which U applies to very large areas, These areas are large
enough for the removal of scintillation errors by averaging measurements
from many individual cells. The limiting meéasurement accuracies are
customarily expressed in dB at an 80 percent confidence level as shown in
Figure 5. The calibration limited measurement accuracies, with a normal

distribution of calibration errors, are given bclow:

Standard Deviation Limiting Accuracy
of Error, at 80 Percent
Error Category dB Confidence, dB
Absolute 0. 65 1.8
Relative 0. 45

-

l.5 MEASUREMENT ACCURACY

Measurement accuracies of 2. 5 dB at 80 percent confidence can be
obtained with the SIR sensor, both at X~ and L-band, for general conditions
exclusive of precipitation, with four looks and smoothing over an area

of 150 by 150 m (36 resolution cells at two-dimensional resolutions of 25 m).

“Measurement accuracies for a given area are limited by the three components

of error, as shown by

€
() =
CoR Y T €0 sect °1

Examples of contributing error sources are given in Table 2.
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H TABLE 2. o, MEASUREMENT ACCURACY STRUCTURE ¢
Period of 8
{t Error High "
Component Correlation Contributing Errors =
i f €M 1 mission 1. Antenna gain and shapes

2, Transmitter power-receiver gain

i €0 sec 10 seconds 1, Receiver noise measurement
2. Antenna pointing

Large area propagation loss

L

€ 0 (little 1. Short term variation in propagation
correlation loss
hetween

measurements) Z. Scintillation in ground veturn

3. Ground slope and object area altitude

/1 =

=3
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Measurement accuracies are given in Table 3 for areas of 1 hectare
{100 x 100 m) and 2, 25 hectares (150 x 150 m)., Measurement accuracies are
given for the baseline o - measurement algorithm, and for an algorithm .
of near optimmum performance. The baseline algorithm is computationally } l
simple, but the measurement has accuracy limitations caused by the corre- )
lations between nearby measurement cells and the overlapped multi-looks ; 3: s

(the four looks are overlapped 45 percent to improve antenna illumination T e

characteristics). Measurement accuracies are improved with the near ;{ ]
optimum o, - measurement algorithm which is more eificient at the expense =
of computational complexity., The improvement for small area measurement R .
is apparent (2. 7 dB with the optinum as opposed to 4. 0 dB with the baseline \ : *
algorithm for an area of 1 hectare, 100 x 100 m). Signal-to-noige ratio :
is 8 dB in all cases, B &

The independent component of measurement error e_is included in |

I
the table. This error has a dominant term because of the scintillation

et
g

component in the ground return. This error is reduced by smoothing

the measurement from larger areas of terrain., It may be noted that the Iy t

-

advantage of the near optitmum algorithm is pronounced for the smaller

area (0. 6 versus 1, 0 dB), but its advantage relative to the baseline is

LR

Bt

relatively minor for the larger area, The error is expressed in terms of

the standard deviation of error for this term, as it is for the 510 sec .

(temporal) term and for the € MIS (fixed) error term, The latter errors

LU At L T T e STt e S e el T

are functions only of the calibration accuracies.
l.6 CRITICAL CALIBRATION AND MEASUREMENT ISSUES id i
The accuracy of o ~ measurement depends on the area of terrain ""é % i
whose mean Ty is sought, the measurement algorithm, signal-to~noise i :
ratio, calibration accuracy, terrain altitude, terrain slope and, at short - | :
. N |
wavelengths (A < 5 cms), atmospheric losses, ‘§ |

The critical issues with respect to calibration are listed below:

1. ‘What facilities are required to determine adequately antenna
peak gain and pattern (beamwidths) factors?

e et e e k. T o P L

2, What measures are needed to determine the stability of antenna :_{
gain and pattern factors (between calibrate updates)?

P
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TABLE 3,

BASELINE ACCURACY FCR 8 dB SN

To

Meagsurement
Algorithm

. Measurement Variances for Both I, and X-Bands, dB

Ground
Region
Dimension
(R x W)

Wvar (7))

80% Confidence

(VVar o))

r-Error in 4B

(\/Var (EIO sec))

r-Error in dB

(‘/Var (EI))

r~Error in dB

Baseline
Baseline

Near
Optimuom.

Near
Optimum

(100x 100 )
(150 % 150 m)

(100 x 100 m)

(150 x 150 m)

4.0
2.5

2.7

0.5

C.5

0.5

0.4
0.4
0. 4

0.4

1,0
0.5
0.6

0.5

P N
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3. What facilities are needed for accurate determination of

transmitter-receiver gain products?

Antenna peak gain and pattern stability begin with an antenna design
that has approximately predictable performance characteristics for the
shuttle environment, including thermal stresses. A promising approach to
the antenna is a planar array deployed for an unobstructed view of the
terrain and carefully designed with respect to thermal stresses encountered
in the shuttle imaping missions, Antenna designs and ground tests that
provide the basis for performance analysis are required. The facilities
for accurate calibration from space are needed,

Accurate measurement of antenna gains and patterns from space is
the most critical issue of calibration, A single calibration measurement
with a precise standard for gain and pattern measurement is not sufficient
because of substantial uncertainties associated with finite signal-to-
measurement noise, antenna pointing errors, and target position errors
with respect to image processing coordinates, The study proposes that an
array of 16 precise standard cross-section (corner reflector) targets be
employed {separate arrays for dual L-, X-band systems, a common array
for dual C~, X-bawnd systems). The selected array geometry and processing
algorithms for calibration should have the objective of minimizing overall
calibration errors, including errors of geometry and target cross-sections.

Ideally, several calibration cycles with corner reflector farms
should be performed for each SIR mission to provide accurate measurements
of calibration stability, However, a return to a fixed calibration farm is
impractical because of the short duration of the initial SIR missions
(5 to 7 days). Further, the considerable expense of providing ‘
adequate facilities makes the duplication of calibration farms questionable.
Thug, corner reflector calibration data obtained on a single pass must be as
dependable as possible, The standard targets should be portable and must
be rugged; they can then be used a2t two or more locations to provide data
with some indication of calibration stabilify during a single mission., It
may be possible to use several calibration points by moving them to suitably

chosen and monitored locations that will be accessible on later orbits.
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Frequent calibrations of transmitter power-receiver gain product are
possible. These may be made by using appropriately designed generators
of pilot signals that are precisely proportional to transmitter power.

Design approaches addressed to the critical calibration issues are
discussed in the following sections. Appropriate algorithms for effective
use of calibration facilities are also discussed.

The accuracy of the SIR T measurement increases with the size of
the data set used in computation. However, there is a practical limit of the
number of multiple looks and to the terrain area used in measurements. For
25 m resolutions, four multiple looks at a single resolution cell can be made
to smooth measurement errors. This limitation is imposed by antenna
illumination considerations. The accuracy obtainable with a given small
area (e.g., 1.0 to 2.25 hectares or 16 to 36 cells, 25 m resolution each) is
a critical measurement issue.

A nearly optimum measurement algorithm for accuracy is possible,
and an algorithm that approaches the theoretical limit of accuracy (the
Cramer-Rao lower bound) is developed and presented.

This nearly optimmum measurement algorithm is somewhat more
complex and requires more computations than the baseline aigorithm,
which performs simple power averages on ‘the individual cell image outputs.
The baseline algorithm is selected because of its simplicity and relative
computational efficiency. However, it does require a somewhat larger area
(e. g., about 2. 25 hectares as compared to 1. 0 hectare for the nearly
optimum algorithm).

The ¢ measurement accuracy is dependent in part on geometry and
the atmospheric propagation losses, Consideration of geometry is an issue
that requires some provision for processing with local terrain profile data
to meet stringent accuracy requirements, Provisions for processing with

meaningful models of current atmospheric propagation losses permit the
attainment of reasonable accuracies at short wavelengths with the cloud

cover penetration capabilities of the SIR remote sensor.
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2,0 CALIBRATION DESIGN CONCEPT

SAR image output data will be used in measurements of terrain and
vegetation canopy reflectivity, Reflectivities are used to deduce moisture
content of soil, type and vigor of farm crops, bio-mass of forage crops,
land use for animal husbandry, ete., To obtain these vital agronomic data,
the SAR sensor must be calibrated for the accurate measurement of the

reflectivity factor o,

A parameter calibration design concept for the accurate measurement

of L with SIR remote sensor data is presented. The concept involves three
major elements of the SIR measurement process:
1. The two-way link between the antenna and the imaged terrain,

including the intervening atmosphere with its propagation
properties.

2. The transmitter-receiver electronics in the shuttle.
The image formation process with appropriate measurement
algorithms.
These elements and their primary constituents were illustrated in Figure 4.
The discussion is specifically addressed to the shuttle imaging radar
with on-board data recording and ground processing for image formation,
The considerations apply to space processing as well, with, at most, a
difference in emphasis, For example, automation of calibration algorithms
and procedures is essential to real titne processing in space, whereas

operator intervention and multiple data passes are practical with ground
processing.
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Calibration consists of the determination of radar parameters K _ .,
a set of gain parameters g; related to antenna pattern and orientation, and a
recelver noise power ND, each necessary for v, meagurement, as illus-
trated in Figure 6, The ¢  measurement inputs are un~normalized amplitudes
y‘;“ obtained from terrain backscatter data identified with the specific
resolution cell i, These complex (voltage) amplitudes have the following
structures

u u

v, = Xi + Ziu (terrain plus noise} {1)

The expectancy (variance) for the terrain component Xiu is

2

ul _ 2
l - I{‘rad g % . (2)

s X . u
and for the additive receiver noise component Zi ,

where:

g; is the normalized antenna power for coordinates appropriate to
each look at cell i, T, is the terrain backscattering coefficient to be

measured, and

2.2
) PG Ad d T s 2
rad = 4 )3R 41 sin & N ch pulses (%)
(dw S Tat sys

In Equation (4), the symbols stand for SAR parameters:

Pp = transmitter peak power (watts)

G, = antenna peak power gain
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T E 2 5
o U d_d = dimensions of resolution cell (m"”) f
i v
"3 [—; I‘r = receiver power gain [
3 i o
% j R, = slant range (m) i
: i-{ L = system loss (loss between reference planes for P and Gq 5 31
L SYS  plus the loss between reference planes for G, andI}) Lo
Lo L, = two-way propagation loss in the medium between the antenna o
§ [ | a and the reflecting terrain i
; . :
i ¢ = local incidence angle at the terrain T
{ [ v
A A\ = wavelength (meters) g
} N__ =LkgBT, sum for pulse compression (B is bandwidth and T % i
2 P¢  the duration of the transmitted waveform), k. >1 I
a1 -
! N 1 = £, Ty, sum for azimuth (time) compression (£ is the :
H PUISES  sulse repetition frequency and T, the synthetic aperture i
integration time). §o
. P
U The radar parameter K _ . 1is the product of three terms: i
= 5 :
B K rad CSCGCR, $ (%) |
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where:

=P.I'N 2'NE'

CS T r 'pc pulses’

factor depending on the space SAR; (6)

= [a) ) 1 . ) . : . . '*
CG = (—?ﬁ) (4————WLéYS>,facto;'s which vary very slowly ‘.xrz.th time;
d_d_ | . |
Cgr 6= ' 1 , factors depending on resolutions; range;
v’ L R. sm (o] : S
incidence angle, propagation loss.

The calibration design concept involves the foliowing procedures:

1. For space factors Cg» No

2, Produce qa‘]‘.‘i‘brat_g record data for
(1) - Pilot image maps of the product of transmitter power
and receiver gain (Figure 7)
- (2} Sensor holse J.mag»a maps of receiver noise power

(Figure 8)

b. Implement processor algorithms for calibration measure-
ments GS for Cg and N, for N,

2. For antenna gain'Go and antenna pattern g;-sets

a. Provide a field of standard targets (corner reflector farm)

b. Implement a modified image processing mode for
calibration measugements G, for G, and. g ~sets for the
pattern factors g;. ™

The estimate CG for Cg will properly include compensation for time
variations due to known thermal and related environmental factors.

““The calibration algorithm for the corner reflector farm data is
end-to-end and includes the Cg parameter of space calibration;
thus the algorithm for measurement of Cg is updated in conjunction
with appropriate.space calibration data of the K,.,q Parameters,
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2.1 SPACE CALIBRATION FUNCTIONS

Radar calibrations are made at the beginning and end of each mapping
sequence. The three steps in space calibration are discussed in this section,

The first step i1§1 the calibration and measurement sequence is a 5-
minute warms-up and pc}wer measurement 'pefiod, illustrated in Figure 9.
The transmitter waveform is sampled w1th a calibrated coupling device
at a point very near thfé antenna corporate feed, then the powerin the pulsed
waveform is méasuredj with a precision instrument and the measurements
recordéd. Power ref]iected. because of imperfect matching of the trans-
mitter coupling to the antenna feed system is also measured and recorded.
Critical voltages, temperatures and parameter data (PRF, pulse duration,
bandwidth, etc. )} are included in the data recorded to establish the technical
status of the transmitter function, _

The second étep ig to record pilot signal data. A raplib.a of the trans-

mitter waveform is ‘sampled at a '"Pilot Signal Generator" port (the exciter

PILOT RF SIGNALS ARE PROPOATIONAL TO
TRANSMITTER POWER:

» ACTIVE SENSOR! | REFLECTED REFLECTED
) o POWER ———p
AN L POWER DATA
H-POL
{DIRECT)
. - REGEIVER
P '—!
1) td O Cormnremere
% 4—-
P, RF { TRANSMITTER [#———— EXCITER
—
TRANSMITTER s
SAMPLES, k, Pp EXCITER
_ SAMFLE
‘ PILOT SIGNAL  |ug— <
g »| GENERATOR P
_ POWER SET
LEVEL SET TO k, [ coMMAaND (k)
{ . _ PILOT
_ Pg = 2k kP " BIGNALS, Pg | TRANSMITTER
- _ Fra’T - ——® cower DATA

Figure 9. Sensor pilot mode transmitter power determination

2-6

73
v

L

FR e

St

RS

[

P

Sy
LR |

6
H
i

o]

T T P . Y I T T R LI

1
i
i

;
L
e
.
1
..1::'§



[ e |
|ty |

=
(=

Laa

=0

frs===

L8

RF drive signal sample "Pg' in Figure 9) and attenuated to match precisely

the power of the transmitter samples (kTPE = kOPT). * The pilot signals are

set to a command level k_ relative to the transmitter sample power lcoPT

for the pilot mode calibrate data record function.

Receiver RF pilot signals are coupled over a path that includes as

much of the relevant systemn RF coupling to the antenna feed structure as

is practicable (Figure 10). The pilot signal mode is a passive mode; the

transmitter is de-activated (modulation of the gridded power amplifier is

interrupted) and the antenna coupled to the receiver in an'operationé.ilf con-

figuration to provide a normal external noise environment.

PASSIVE SENSOR: GROUND. PROCESSOR:
V u
: : : | wacE | YnlocaL
oo RECEIVER 11— P! CORRELATOR [ ™ RECEIVER 1
~N H-FOL [DIRECT) /) —% i
) .
T X > : GAIN L1 o GAIN T,
i ane SET o
SIGNALS. TRANSMITTER |
' ‘NORF- [ T
}—3= POWER DATA (ky Pg = P}

PILOT SIGNAL ‘_—J;_FE x}

3| GENERATOR
-[_ | {LEVEL = kg ky Pp) : :
R R, | EXCITER-I

POWER SET
COMMAND k)

GAIN
\ SET
' [

h

—-GAIN T,
o

~{\ RECEIVER 2]
f . . V-POL[CROSS) TGAINT,

53
>

Ly Yn'loaL

IMAGE
¥ CORRELATOR

RECEIVER 2

Figure 10. Pilot mode

ala
£

The samples Py may be coupled at the output of fhe transmitter and

the transmitter coupling switched to an internal dummy load for the
subsequent pilot signal record sequence to be described. However,
this step requires the addition of thehigh power switch and dummy .
load as well as provision of at least 150 dB receiver isolation to per-
mit sensitive pilot signal calibrate récord data at zero time delay.
These considerations recommend the use of the exciter RF drive

samples Px.
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The pilot signals form a sequence of logarithmically decremented f ;
' signals, precisely proportional to the transmitter power.  The conceptual ‘ i , }
aproach for the pilot signal generator pulse train is shown in Figure 11; f
each RF waveform sample ig circulated M times in a loop with a delay 5 ;
element (delay Tp, spproximately 30 us) aind with a gain of precisely -3 dB. . !
Thus, successive pulses decrease in power level by 3 dB decrements, and o "
) b i
receiver calibrate data are provided over a range of 36 dB for 12 successive T e
range samples, - The receiver structure iz illustrated in Figure 12. Pilot TE 'I
- signal data are recorded for 3 seconds at the beglnmng and end of each SAR Ly :
s _ . .
B data set. - 4‘
= o - .~ CONCEPTUALAPPROACH -~ . Eﬁg‘;&}%bgﬂﬂﬁo - E
— 1{PRF '
‘o : S 1 ;
' ;":
. !
»0 QUTPUT : ;
DELAY Tp ~ 3045, GAIN =-3dB' ———=] - *g :
A .
N s |
. i 1 = tu'l'mTD - : 2
m =0,1.,..M : i : o
MTp<T S0 | - h ;
L Yo 7 o i ‘ g
.
;. , Aininigigtame | o
- ' o 1‘10 2&"0 ' ‘M}ﬁ ' 1/PRF ”E : ;
4 = &
- | i g
Figure 11. Pilot signal generator | i
:
E
B
E The power data of the sampled reference Pg is continuously b
£ thonitored to detéct any alteration during the calibration seguence
‘and to correct for any subsequent change in transmitter powexr during i
| ~data recording intervals, %
: i
X :
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i FOR EACH RADAR ACTIVATION:
RADAR ACTIVITY DURATION STRUCTURE
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BEGINNING AND END 4 : I §
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PULSE 4
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The third step in space calibration is to record receiver noise, 1
i

I

Receiver noise record data are provided at stipulated receiver gain settings

Bl

*

. [. with the pilot signal generator RF turned off. The receiver output noise
j signals are measured at periodic range intervals (Figure 12) and at
periodic time intervals (Figure 8), A 4-second sequence of data obfained
at the beginning and end of each radar activation provides a quantity of

data that is ample for noise measurement accuracy.

e B A e g0 s i m £ e

ii 2.2 ANTENNA GAIN AND PATTERN MEASUREMENT FUNCTIONS

- In calibrating antenna peak gain (Gg) and pattern parameters (the

B
i antenna beamwidth portion of the gj-sets), calibration facilities external to

el b e 25 e

the radar sensor proper are used. Standard cross section targets (corner
reflectors) are adapted to this purpose, as required by the baseline

calibration design concept.

i ? "One alternative approach makes use of calibrated field intensity
recording devices at suitable ground sites. For pattern measure-
ments, this approach is straight forward. Simultaneous transmitter
; power measurements of very good absolute precision aboard the
passing shuitle are required for peak antenna gain measurement
accuracy using this alternative approach.

The two-way, end-to-end, calibration with standard cross sec~
tion targets (corner reflectors) is preferred. The alternate approach
is a practical supplement; for example, a field intensity calibration
site near each group of corner reflectors would usefully augment
the utility of the. calibration test'range.
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Aﬁtenna gain and pattern measurements are included in the radar Y % 5
parameter calibration., These measurements require a field of standard .}E
cross section targets,. Corner reflectors are suitably dispersed in range _
and agzimuth for imaging during the passage of the shuttle, as illustrated 1 !

in Figure 13. Four groups of four corner reflectors each are appropriately 1
oriented in an object field of about 1 by 50 km. The groups are spaced i ::j

10 to 15 km apart in the cross-track dimension of the imaged swath to

permit measurements at four points in the elevation beam for each group. "TL ;

Aximuth beamwidth factors are measured at each elevation angle b

with 16 data points (four looks at each of four corner reflectors). The i
corner reflectors for this purpose are spaced 250 ~ 350 m for the baseline .
system at a nominal 25 m resolution, effectively decoupling the individual — ; g
measurements. | g s
ISR
AT B
LI R

abo

IR U

.8 ;

T4 i

Ly ]

?
;

[ EIOON

k|

4
T

Figure 13, Standard target fields for calibration -
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"Ideally, the corner reflector farm would be revisited periodically
for calibration updating, However, it is anticipated that a single
vigitina 5 to 7 day mission may be a practical limit. Thus, cali-
bration precision adequate for absolute calibration of the sensor
function on a single visit basis is a design goal.
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The antenna peak gain G, and the set of gi‘s belonging to the antenna

pattern for the measurement geometry are measured with an algorithm that

mihimizes mean square error, described in Section 3. 2.

2.3 GROUND CALIBRATION AND MEASUREMENT FUNCTIONS

The ground processor performs the following calibration and oq

measurement functions by:

1,
2.

Image correlation common to calibration and ¢, measurement
Calibration algorithms for

a. Sensor radar parameter computation (K

and NO) with
the sensor pilot mode calibration data

rad

b. Antenna gain and pattern computations with the corner
reflector farm calibration data

T, measurements using generated calibration parameters (K
gi-sets, N,) for data normalization, including the suppressiacu
of the biag-term arising from receiver noise.

~t

Ground processing functions are illustrated in Figure 14. Theyare
listed below.

1.

Data Region Selection and Centering - An observer interacts
with the display to designate the position and size of a region
for o, measurement or calibration, as appropriate.

Ancillary data separation - Radar mode, platform angle data
{magnitudes and rates), and contoured AGC data are stripped
from the sensor data recordings with a '‘data separator,”

AGC Inversion - The contoured AGC data are used for AGC
inversion to restore the precise range dependent receiver gain

required fot data normalization with Road

Determination of Image Coordinates and Orientating the Antenna
Pattern - Ancillary data (e. g., average terrain altitude) and

ephemeris data, together with platform and clutter derived angle
data, are used by a ""geometry solver'' to determine image coordi-

nates (latitude, longitude), antenna pattern orientation, range R,
range rate R, and acceleration R terms as required,

"See BEarth Resources Shuttle Imaging Radas, Report No, P75-415,
Contract NAS-8-14273, Hughes Aircraft Co, , October 1975, Sec-
tions 4, 1 and 4. 2 (esp pp 4-1 through 4-24). A digital contoured
AGC for the baseline SIR radar which ensures 50 dB instantaneous
dynamic range with 5 bits (I&Q) recorded data is described,

2-11

W R TR . 4,

e

ST




ZL-2

» MAGE
I COORDINATES
i
OBJECT DATA
- — o CORRELATOR ANTENNA
GEOMETRY | R PATTERN
= SOLVER e PARAMETES ORIENTATION
EPHEMERIS A GENERATOR
DATA 1
PLATFORM =
DATA 13 RANGE lboppLER
FOCUS|MIGRATION
A E coRREcTIon| CENTERING
CLUTTER
TRACKER v
RADAR DATA MAGE :
DATA (PILOT AND NOISE EXPERIMENTOR
SEPARATOR > CORRELATOR —T—"
AGC

DATA

CENTERING

EXPERIMENTOR

L’ RADAR MODE

A

Figure 14,

ANTENNA PATTERN DATA
(TO GECMETRY SOLVER)

L'—""-""'-_l

PROPAGATION
DATA #

CALIERATION
GENERATOR

1

> REGION
SELECTION

DATA
NORMALIZATION

e

Ng (RECEIVER NOISE)

w
%

0o - MEASUREMENT
ALGORITHM

Ground processing block diagram

g9; - SETS




G omerron
e bt |

i
¢ b i {
P |
P ‘ P i
S 1 b
B i i
B 5. Image Correlation - Range and azimuth compression functions 1
I are performed with the '"Image Correlator', properly focused i
PR and positioned in cross track range (range migration correction) s
' and along-track range (doppler centering) by the "Correlator ;

Parameter Generator',

o

. Generation of Calibration Parameters - The ""Calibration e
r Generator' develops calibration parameters Krad and receiver i
b noise measurements N, appropriate to the o, measurements. s
In calibration modes (dashed lines), the parameters are
generated from appropriate image correlator data (e. g., pilot
signals in the case of the routine pilot mode calibration sequence;

: !
: ‘L corner reflector farm data in the infrequent calibration sequence j
using standard cross section targets). The vy measurement P
M - modes (solid lines) and the current radar parameter calibrations |
: I are supplied for data normalization with the "o Measurement
£ da Algorithm''; the "Geometry Solver' supplies antenna pattern
" ' orientation data (g;-sets). [
sj 7. Multi-look Overlap - The 'antenna pattern orientation'' data are ‘I:
[ e used in the o measurement algorithm to form suitable overlap ] 3
Eoo of the multi-look imagery.
i 8. Overlay and Registration - The geometry solver computes image 1 ;
oRe coordinates, which are employed to register multi-look imagery f
; B and to transform sensor image coordinate space to object field P
Lo (terrain) coordinate space. This post-correlator function is not ;
BT explicitly shown in Figure 14, b
L B
P
‘ i ;
Bl ‘5:
i/
i
E' i g? I
[
:.' 2-13
- ~ ‘ . o ﬂv




[ TS

[

saemrd

3,0 CALIBRATION DESIGN

The baseline calibration system is comprised of shuttle sensor
calibration facilities, at least one corner reflector farm, a ground process-
ing facility and appropriate computational algorithms,

The designs of shuttle facilities for transmitter power measurement
and for data records of transmitter power-receiver gain products are dis-
cussed in Section 3, 1. The space calibration data records, after ground
processing, are image maps of the two-dimensional impulse function
responses for the SAR. For this purpose the pilot signal generator produces

signal records with precisely controlled power levels proportional to the prod-

~ucts of transmitter power and receiver gains at discrete ranges. A surface

acoustic wave (SAW) device is the crucizl element of this facility, In addi-
tion, the space calibration design provides data records for noise image
maps, These noise image maps are processed for the bias compensation
necded for precision in measurement of backscattering coefficients.

Ground processing for calibration is discussed in Section 3,2, The
space calibration data records for determining radar parameters accessible
to the space calibration facilities are processed routinely; the critical
parameters of transmitter power and receiver pgains are developed from
the pilot signal generator data records. The corner reflecior farm data
records are processed when available to develop antenna gain and pattern
parameter calibrations.

The design of the corner reflector farm is discussed in Section 3, 3,
The corner reflector farm contains strategically arranged multiple corner
reflectors. The baseline design uses 16 precisely calibrated standard radar

cross-section targets, -grouped by fours, to provide the accuracies needed
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for calibrating antenna peak gain and pattern parameters, The corner

e i

1
reflector farm is important in that it provides for measurement of critical i

SAR parameters in addition to antenna factors; these include propagation _

14,

in the troposphere, registration, overlay of multiple looks, impulse func-

tions, range migration compensations and antenna pointing data functions, i

3.1 SPACE CALIBRATOR DESIGN l

Space calibrator functions are designed for execution in three time

sequences:

1. Power and Gain Set Sequence - In this sequence, transmitter

power is meesured and recorded. The pilot generator levels i

! are set to designated fractions of the transmitter power, and )

receiver gains are set to values assigned at the beginning of a -

data run or used at the end of a data run. A 5-minute warme-up '

! period precedes the start of data runs in this sequence of the .

space calibration function., Thus operating parameters can be
stabilized before data are recorded.

S T - -

2, Pilot Data Record Sequence - During this 3-second sequence, -
fransmitter power~receiver gain data are recorded with use of
the pilot signal generator replicas of the transmitter waveform; i
the receiver dynamic range is sampled at 4. 5 km range intervals ot
and at 3 dB logarithmic decrements per step.

i s e e e

3. Noise Data Record Sequence - During this 4-second sequence, T{
sensor noise data are recorded with passive radar functions i
(transmitter and pilot signal generator in standby modes). The
antenna is configured as for normal operation, and the system
is sensitive to all external sources of noise and interference of
significance to measurement. Receiver gains are set to values

| appropriate to sensitive measurement of relevant SIR sensor

i noise (i. e., receiver gains are increased by approximately the

average sighal-to-noise ratio for data records with nominal A/D

converter quantization and saturation noise contributions).
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Pilot mode sequences of the sensor calibration functions are given .

in Table 4, with time lines addressed specifically to initial calibration data .

r records (before a data run), Critical components of the calibration function h}
are activated 5 minutes and 12 seconds before data recording is scheduled

to start. Duriang the 5-minute warm-up period: o

R A LA A LA RO ¢ NIRRT T

1. Transmitter power output and waveform characteristics stabilize

.
Y

2. Receiver gains are AGC'd to nominal levels corresponding to
terrain characteristics, antenna patiterns and geometry
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TABLE 4. PILOT MODE SEQUENCE

BEFORE DATA RECORD INITIATE AT DESIGNATED TIME T y:
- TIMETO Tp ——% _ -
S 52MIN |7618Ec | 7.3sEc | 7.256c | a2sEc | 415ec | 0.1SEC | 0.000 S
TRANSMITTER ON & OFF » ON & 3
RECEIVER: ON >
GAIN T, AUTO SET | RECORD -»| RE-SET | RECORD | RESET |RECORD o~
EXCITER ON 2 -
PILOT GENERATOR: ON i STANDBY >
REF POWER kyPg AUTO SET/RECORD $| CONFIRM/RECORD | COMFIRM/RECORD >
PILOT LEVEL SET kp SET CONFIRM/RECORD -  OFF #{ SET BIT MODE ===
RECORDER(S)T |sTanDBY| ON S
TRANSMITTER POWER DATA |RECORD* |RECORD ' k1P B —p| RECORD' s
REFLECTED POWER DATA RECORD*|RECORD'| OFF #{ RECORD' =
PILOT DATA RECORD STANDBY ® START ON OFF >
NOISE DATA RECORD OFF & START oN OFF 5
DATA RECORD OFF &{ START ON $
NOTES:
' HIGH DENSITY TAPE RECORDER(S) FOR SIR MISSION DATA (WIDE BANDWIDTH)
* NARROW BANDWIDTH (ENGINEERING PURPOSES) DATA RECORDERS

3. The pilot generator develops a stable reference power level in
an automatic level set mode of operation.

4. Data records for engineering purposes (narrow bandwidth data)
are produced; these records include transmitter power, reflected
power from antenna feed, critical voltages, temperatures,
parameters status (PRFs bandwidths, pulse durations, reference
commands, etc.)

5. The high-density tape recorder(s) stabilize before the recording

of wide-bandwidth data begins.

Pilot data records begin 7. 3 seconds before SIR data records; the
transmitter is turned off, the pilot generator reference level (kTPT) is set
to equal the transmitter power reference level (kTPT), and each receiver
gain is set to an appropriate reference level for calibration. The pilot
reference power level (kTPE) is monitored throughout the data record

interval to account for any (unexpected) reference power drift.
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Noise data records begin 4, 2 seconds before SIR data records; the
pilot generator outputs are set to zero, and each receiver gain is re-set to
the reference lavel for noise calibration.

The transmitter is returned to active operation 100 ms before SIR
data recorlds begin. Transmitter power monitoring is initiated in a BIT
(Built-In-Test) mode to account for any significant power level drifts during
SIR data records.

SIR data records begin 100 ms after return of the transmitter to its
normal operating mode.

A Built-In-Test (BIT) mode is active and provides for continuous
monitoring throughout the data record sequence (i.e., 2 to 20 minutes},
Transmitter power is monitored with the pilot power measurement function,
Receiver gain may be monitored at zero range (coincident with RF trans-
mission) with an IF signal coupled into the receiver for that purpose. A
practical mechanization is to ase an IF pilot signal offset 1/2 PRF from the
transmitter leakage. Transmitter power reflected from the imperfectly
matched antenna is mouitored to account for the corresponding loss in
radiated power and to detect significant changes in antenna feed and/or
antenna condition.

Ancillary data comprising critical voltages, temperatures, system
and subsystem parameters (including PR¥'s, pulse durations, transmitter
waveform bandwidth, etc, ) will also be recorded. Data are included that
are either essential to correct for known systematic variations (e. g.,
thermal factors in antenna pattern or gains, waveguide losses, etc.) or
useful for diagnostics in the event of anamolous results.

The space sensor implementation for the pilot signal calibration
approach is illustrated in Figure 15, Samples of the transmitter amplitudes
and precise pilot signal replicas ofthe {ransmitter waveforms are coupled

at a common point in the sensor waveguide feed very near the radiating

antenna port (point 1 in Figure 15). The transmitter waveform samples of power

Plm = kP, are used to monitor transmitter power and to set the propor-
tional levels of the pilot replicas. Thus, the pilot data used in the calibra-
tion process is precisaly proportional to the product of transmitter power

P and receiver gain l'“r at a point very near the reference plane for antenna
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PILOT DATA

POWER
MEASUREMENT ([€———o0 POWER SET

COMMAND (kp)
AND SET TRANSMITTER
T ‘o POWER DATA
|—| ﬂ l kp kg P l
= kp kpk F-,—e'“"‘ v
m = 0, 1 .M RF
'\ o —
&\ et = 172 N
-
2Pe ICOMPARATOFIE < COMMANDS
DELAY
THF (DELAYED!} |GAIN sERVO l
PILOT SIGNAL GENERATOR GAIN I’
[+]
’ CROSS POL.
3O
y V-POL PILOT DATA

Figure 15, Pilot signal calibration approach,
functional implementation

peak gain G,; common losses between the transmitter, receiver and the
reference plane (point 1) are included in the calibration. The coupling factor
ko is measured as a function of frequency and temperature, The response
characteristics of the power measurement and pilot signal generator should
be measured before and after each mission to determine with precision the
critical ratio PT/PC. This ratio must be adjusted to correct for known
thermal factors involved in space sensor measurements,

Calibration is executed in sequential steps of active (radiating) and
passive (nonradiating) sensor operation, ¥ The RF references Py are used as

source of pilot signals during the passive pilot mode for calibration, The

“Passive modes are used to avoid the possible contamination of
calibration data with active sensor returns and to permit processing
of calibration signals at zero relative range.
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power measurement and pilot level set functions are performed with :§
attenuated samples (kTPE) matched to corresponding samples (klkoPT) :

of the transmitter waveform. The waveform of PE is a replica of the

transmitter waveform obtained by either coupling to the exciter RF drive
signal for the transmitter or to the transmitter output w1th the transr‘nt{:er

switched to 2 dummy load. =

——— B
— st e

The coded power level set command k_ is used to select an attenuation
level appropriate to the pilot data used for calibration. The zero~range
calibrate signal (m = 0 in Figure 15) is coupled into the direct-polarization

receiver at port 1 and the cross polari;*ation‘ receiver at port 2. A ganged

. a———ry

high-power switch is used to select either horizontal or vertical linear’ .
polarization for direct polarization., The transmitter sample input to the ¥
"Power Measurement and Set'" is unique to horizontal or vertical polarization i
with the selector switch between the coupling port (1 or 2) and the transmitter,
as shown, The receivers are identified with direct or cross polarization,
using this switching configuration. e
Range delayed pilot data are obtained for calibration by recircuolating ;T
a portion of the "Pilot Signal Generator' RF inputs (point B in Figure 15) =
. through a delay medium. The RF outputs (point C in Figure 15} are in the
form of a logarithmically decremented pulse train repeated at PRF intervals;

the delay medium includes a net loss of 3 dB per circulation,

"The implementation provides pilot data at zero relative range (i.e., -
concurrently with the transmitter waveform). Doppler offset of
the Pp samples is used to discriminate between them and the 7
inevitable portions of transmitter signals that leak into the receiver; i

for example, a o/w biphase modulator in the input for Px, is alter-
nately switched at the PRF to effect a 1/2 PRF offset for the
calibrate signals. Thus, at the cost of a modulator, a high power
switch and a dummy load, the transmitter itself is usable as the
source of pilot calibration signals. .
e In an alternative arrangement, a three-position switch might be used i
in the transmitter-to~-circulator coupling link; the third position
coupling to a dummy load. A second circulator with attendant loss .
(.2 to .4 dB at X-band) would be required in the path of the cross }
polarization receiver. s
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Figure 16. Sensor noise mode B

I . . . P L ) . . : {;é :

[J The noise calibration sequence is effected by operating the sensor ‘1 %

- system in a passive mode {no external rad1atmn) Implementat_ion of the z

7 noise calibration sequence is snnply a command function, involving only ', \

'; B rudimentary hardware provisions. * The sensor conflguratmn is shown in r; ,

| Figure 16, ) N L ii s

* D Power Measurement and Level Set Design - }

o _ 1o

The objectives for power measurement and level set design are

H 1. Precision; 3 percent (0. 13 dB) or better, 1o

- 2. Stability: =*1 percent (0, 04 dB) or better, lo ‘ ;o

Ll The precision and stability of a reference power (kTPy, in Figure 17) i

relative to a transmitter power level (P'p in the figure) are of most interest. il

The product of transmitter power and receiver gain is a fundamental param- |

P eter for space calibration determination. Thus, the function of first impor-

' : tance is to produce the pilot signals P'_ {Figures 15 and 17) precisely r ;

Pt proportional to transmitter power. ’» j

A

- _ | b

; “For exemple, the transmitter may be operated in a passive mode ¢ : ]

N by interrupting grid modulation for the final power amp lifier, ]

. Receiver gain is set according to prearranged schedule using i

ems ting circuit functicns. ! o

N Excluslve of directional couplers at coupling ports 1 and 2 of i

];.1} L Figure 15,
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AT \ o AePe — \ADJUSTABLE
VP, $ N ; ATTENUATOR
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PILOT i ) :
SIGNALS PG AD - ~0.1 MW {-10 dam)
POWER SET
) ) STER . COMMAND (kp)
* NOTES: ATTENUATOR P
P'r, AVERAGE POWER: ~400 MW (X} : TRANSMITTER"
~ 1B0 Mw {L} - :b REGISTER POWER DATA
A 21.2 dB AT X-BAND v ® R '
17.8 dB AT L-BAND

Ap: RANGE 27 dB, RESOLUTION, < 0.04 dB

Figure 17.

KpkoPr
~ 0,01 MW (-20 dBm)

functional block diagram

Power measurement and pilot signal level set

The critical elements of the approach shown inFigure 17 are given

below:

1. A reference power source is slaved to match the transmitter
power samples (AEPE = A‘TP‘T in Figure 17)

2. The transmitter power level is monitored with common elements
of the power comparison scheme (fransmitter power data derived
at point D in Figure 17},

3. A precision step attenuator is used to establish pilot power level
per command (power 1eve1 at B = kp(klk ) P‘I" with kp precisely

known and k 'I‘)
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Two critical requirements must be satisfied in the physical design:

1. ‘Thermal drift effects of critical elements must be controlled;
in particular, the attenuators (A,.' and .A.E), the power bridge
with related circuits, the step atfenuator and control circuits must
must be therma.l-lg" isolated and controlled to a temperature
range of 20 to 40°C, or bhetter,

2. The VSWR of the bridge elements and sources must be controlled

to 1,18 and 1.12 or less, respectively, over the temperature range
{20 to 400C) and a bandwidth of +2 percent centered on the assigned

carrier frequencies.
The power bridge should satisfy.the following constraints:
1. It should be self-balancing or contain an automatic, self-zeroing
calibration source
2. Accuracy should not be degraded by prime power fluctuations of
+15 percent, .
Additionally, the "power measurement and set' device should include
a biphase (0-w) phase modulator readily adapted to synchronization from a
PRF strobe. This fécility is adaptable to 1/2 PRF frequency offset to
discriminate against re ceiver/transmitter cros s~coupling.
The device is operated in two modes (Figure 17):
1. AUTO - a digital sampled data control loop slaves the reference
power AEPE to the input power A'TP‘T
2. SET - the device is operated open loop as a fixed attenuator.

Transmitter power A 'TP‘T is monitored for transmitter power data

in the AUTO-mode; the reference power AEPE is monitored in the SET-mode.

The inpu.ﬁ reference power Py in Figure 17 is coupled from the
exciter R¥ drive signal for the transmitter. Alternatively, this sample may
be coupled from the output of the transmitter and the transmitter switched
to & dummy load during the pilot mode record data phase. Biphase (o/w)
modulation at the PRF is used in this latter instance to discriminate the

pilot signal from transmitter leakage into the receiver.

3-9
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Pilot Signal Generator Design ’ T
Range delayed replicas of the transmitter waveform (point C in Fig- B
ure 17) are generated by the pilot signal generator. The basic objective of T

design is to produce stable amplitude characteristics; the device perform-
ance can be measured in a laboratory with excellent precision. Furthermore,
the input signal {point B in Figure 17) is also a zero-delay calibrate signal; . L
hence a stable reference of the amplitude of recirculated signals is provided.” o
The pilot signal generator, shown in Figure 18, employs a time delay E
element operating at IF to circumvent practical difficulties in achieving .’
adequate time delay at the Li-band and X-band carrier frequencies of SIR. I i
The selected delay length of 30 ps is greater than the transmitter pulse %

duration for SIR (about 25 pus maximum). The suggested design avoids the l

HOLD

ENABLE t'=t+ Ty
GATE

+10 dBm =1+ T

e L e T,
R P S T VPR TP PP i ST TL I

DELAY | YD " 30uS
To. Lp Lp ~40dB
BW ~ 40 MHz2

IF ~ 200 MHz 'i
~ -30 dBm il .
v =
[ s s ainad 1 :

A1 als) !

€~ ENABLE i

COMMAND -

Lo ~ .20 dBm -
B ETC ETC s

E Figure 18. Recirculating pilot signal generator functional block diagram
S with levels, gains and losses

"Pilot signal record data at zero delay are important for this reason.
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considerable complexity in the discriminant required for accommeodation of
pulse overlap.

The delay element is the most critical design item for the device
because of the large time-bandwidth product of the transmitter waveform
(e.g., 25 ps duration at 25 MHz bandwidth for 25 m ground range resolution
at look angles near 10 degrees), A delay element with at least 40 MHz band-
width is shown in Figure 18. To satisfy this requirement, a surface-
acoustic wave (SAW) device is used, In particular, a minimum diffraction
cut lithium tantalate substrate SAW is recommended., For such a device at
30 ps delay, a bandwidth of 40 MHz is practical at a carrier frequency of
200 MHz with an insertion loss of 40 dB maximum. Designs of a delay
element with a LiTa03; substrate having frequency dispersion losses and
spurious responses better than -40 dB are practical., Delay sensitivity is
about 3 ps/cm at 65 ppm/oc. A moderate degree of thermal control (e. g.,
+10°C) for critical elements of the pilot signal generator, including the
delay device, the amplifiers, cornverters, and gain control circuits, is
advisable, ™

The recirculated train of pulses is decremented logarithmically at
3 dB per circulation by servo adjustment of loop gain to precisely -3 dB.
The gain control discrimination is accomplished at a common point in the
loop (point E in Figure 18). The discriminator samples the input amplitude
at zero time delay, takes the difference between the stored result divided
by root 2 and the amplitude of the first circulated signal, time delayed TD
(30 us). The process is repeated at PRF intervals, and the amplifier gain
A, adjusted as a consequence until the first delayed replica has an amplitude
of -3 dB relative to the input. The replicas recirculated two or more times
also have amplitude ratios of -3 dB for a linear system. (The discriminant,

in principle, can be cascaded for K pairs of circulations per PRF; however,

since the PRF (=1500 Hz) sampling rate is large in comparison to fluctuation

bandwidths of practical amplifier designs, it is not necessary,)

“The critical elements of the pilot signal generator and the power
measurement and set device should be isolated thermally in an
enclosure controlled to a temperature range of T © £10°C (e g.,
T, = 30°C, a range of 68 to 104° Y.

3-11
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it is evident that the sampled data discriminant can be placed at any
point in the common signal path of the input signal and its replica, i.e,,
anywhere between points D and F of Figure 18, Point E is chosen for the
discriminant to operate the detector in its linear amplitude region with the
large voltages sampled at this point. The line schematic of Figure 19a is
helpful in appreciating the general scheme of this device.

Gain control analysis for the pilot signal generator is facilitated by
the simplified schematics of Figure 19. A zero-order hold circuit for the
discriminant is practical because inputs are very nearly constant, and the
amplifier Al has a stable design. The moderately high sampling rate (at
PREF = 1500 Hz) permits a stable sampled data control loop design with
excellent precision and 2 moderately short settling time,

The gain control loop is balanced at a loop gain of -3 dB, The condi-
tion for zero error (discriminant node voltage e(t') = 0 in Figures 18 and 19)
at the n-th sampling instant (t' = nT + Ty, T = 1/PRF}) is given by

e(t') = r(nT)K, (nT) [IIV'ZT-Kl(t‘)Kz(t’)] = 0 (7)

which is satisfied if:
K, (£)Kp (') = NZ (8)

where:
Kz(t') = LzAz(t‘)
Kl{t" ) = LlLoAz(t‘}
Az(t’) = AOG(t')

and G(t'} is the loop gain control (voltage).
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b. Equivalent transform representation

BEquivalent circuits for gain control analysis

Figure 19.
of pilot generator
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Gain control loop design emphasis is directed at precision and i
stability of response to step input gain errors. A design with a simple analog

integrator is chosen:

| Ca
mi
; G(s): o R i}—‘_‘oi Ta = RaCa, Go >10°%
_( @
=1, -
KOKlTaG(s) =3 KK T, = 16/PRF (9)

For practical cases, KDKI = 1 and the integrator time constant T, is

approximately 10 ms, The control loop is assymptotic to a unit step input
without overshoot and with a 63 percent response time less than 11 ms (16
samples at 2 PRF of 1500 Hz). The loop settles to better than 0. 1 percent

gain error in less than 90 ms., The control loop gain provides effective

response to slowly fluctuating inputs below about 16 Hz, Gain error is

b
b

bounded to +1 percent for drift rates confined to %10 percent per second, .

The pilot signal generator is controlled by enable command and
enable gate sighals, The OFF state is enforced by near open circuit condi-
tions at the SAW delay element input and output; the input gated driver (GATE
in Figure 18), and the outfput amplifier (the gain controlled amplifier "Az“ in
the figure) are operated at cut-off parameters. The '""ON'" state is established
with enable command and enable gate signals applied simultaneously in the

gain control loop for Az and to the delay line input gate, respectively, as

indicated in Figure 18, The enable gate signals are applied in synchronism
with the PRF, thus generating a controlled number of range delayed trans-
mitter replicas each PRF and squelching multiple echoes at ranges greater i

than the inferpulse period. The time relationships of these functions are ‘ g

shown in Figure 20,

“A moderate degree of thermal control for circuits subject to drift
is advisable, as discussed above,

3-14
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Figure 20. Control signals for pilot
signal generator

The initial operation of the pilot signal generator is at a nominal
loop gain established by the quiescent state of the gain coatrol G(s). The
quiescent loop gain is preset to -3 dB approximately, minimizing the settling
time for the gain contrecl response. y

The levels, losses, and gains shown in Figure 18 are recommenda-

tions based on the following design considerations:

1, Practical values of amplitudes for the pilot data records

"A design option is to gain control amplifier A and fix the gain of
Az

1. U"OFF" state, A, cut-off, gain less than -50 dB,

2. "ON" state, A2 gain nominal, about £10 dB.

Automatic gain control of Aj during the "OFF" state necessarily
would be referenced to the input zignal only; i, e., a logic state
signal would switch the gain control discriminant:

a, "OFF" state, coupled at the undelayed sample and hold
output (''S;-HOLD" in Figure 18) and referenced te a fixed
level;

b. '"ON'" state, coupled at the difference sample and hold output
("'Sg-HOLD" in Figure 18),

The amplifier A in this option could be operated at a fixed nominal
gain (about 40 dB) in the "OFF" state, The amplifier A mmust have
a reasonable gain to operate the amplitude detector well within its
linear input-output characteristic
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2. Operation of mixers at values consistent with linearity and
signal-to-noise ratio considerations

3.+ Mixer noise at down conversion (i. e., at Lz) dominant
in re~circulating signals

4., Linearity for signal amplitude detection

5. Reasonable delay line driver requirements,

The local oscillator signal for the down-conversion and up-conversion
of signals may be derived from the sensor LO. * The local oscillator
stability should be comparable to that of the system LO, though maximum
delay is less than 60 ps (pulse width plus delay), The LO mixer injection
level must be well above maximum signal levels for linear conversion. The
mixers should be image rejection types. The RF combiner network at the
input/output junctions should be chosen carefully for low less and thermal
stability, The RF circuits should be included in a thermally stabilized
enc"losur'e, in conjunction with other critical RF elements of the power
measurement and set device, as discussed above.

The pilot signal generator should be well tested, calibrated and

certified before use. Calibrations, in situ, should be performed before

~and after shuttle missions to establish a firm experimental base for system

calibration error budgets.

3.2 GROUND PROCESSING FOR CALIBRATION

The calibration parameters for the baseline SIR measurement system
are developed through the ground processing of data records. Pilot signal
and receiver noise image maps are processed routinely to provide current
calibration parameters K..a and N . The sensor pilot signal data records
are processed at the beginning and end of each data record set, Data
records of transmitter power are monitored during image processing
and calibration parameter K. 4 corrected for any significant driftin

radiated power. Antenna peak gain and antenna pattern factors, (i.e.,

*A system first IF of about 200 MHz is recommended so that LO's may
be common, In other cases, the pilot signal generator LLO may be
derived with an injection lock oscillator with a stable offset frequency.
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beamwidths) are calibrated with data records for standard radar cross-
section targets. The standard RCS targets are provided by one or more
corner reflector farms as available.

All important aspects of SIR measurement are involved in develop-
ing the calibration parameters from corner reflector farm data. Thus the
critical functions of antenna peinting, range migration compensation, focus,
overlay, etc., are evaluated and the calibration parameter data set is
updated, A ''steepest descent' algorithm is used to develop the calibration
parameter set with optimum accuracies. This algorithm provides current
calibration of the geometry solver and the clutter tracking functions that
produce the antenna orientation sets g, required for ¢ measurement. The
steepest descent algorithm is described next.

The measurement of calibration parameters begins with un-normalized
intensities Y?, as shown in Figure 21. The image intensities Y‘i"l have the

following structure:

Yci[ = XL;' + Ztil {terrain plus noise)

u 2 2
E lxii } = Kradgi‘ro
g,: normalized antenna pattern (i.e., G,/G)

T3 terrain backscatter coefficient (to be measured)

2.2
PtGo A da.dr Iy 2 2

K

rad pulses

(av)> R*L_.L._ sing PC

s at T sys
E {lz‘?
i

2
= NY (receiver noise power appearing at i-th cell,
same for all cells)
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Figure 21, Measurement of calibration parameters

Receiver Noise Parameter Ny Measurement

T o S

No measurement is made with noise record data (Xlil = 0} where the

receiver gain is I"r . The basic algorithm is

0
N = (L VIt NosE (10a) |
I (o] K = . ;
L rad ir o .
: [s) i E
" where:

M

1 S u 2
NOISE = v E (Y )l {, atgain Fro, (10b)
m=0

K. ad and ( I/ 1"1.0) are the radar parameter and the receiver gain A
ratio for To measurements, respectively. The number of indepe.dent h g
measurements Mo is chosen to be large (e. g., Mo = 2048) to provide

negligible error in the measurement accuracy for NOISE., This is - : i
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accomplished, for example, by making measurements witha noise image map

of 256 range cells by 8 along track (azimuth) cells, The standard deviation

of the measurement is accordingly:

1/2 NY

[VAR (NOISE)] = —=2 =0, 095 dB

\}2048

The receiver gain I‘ro for noise measurement is selected to produce
a mean power level at the A/D converter which is the same as the expected

power level with terrain signal; i, e.:

2
E [IY"I! J = E[NOISE] = (N‘;)CAL

and I'“ro = I}/SNR.

Thus A/D converter, processor roundoff and truncation noise contributions

are effectively the same for LR measurement and N measurement. The

“overall accuracy for noise compensation is 2 function of the gain scaling

(f‘r/ I"ro). Data records of receiver gain l."r are supplied concurrently with
image data records; the gain scaling should be accomplished with an RMS
error less than 0. 15 dB.

Radar Parameter Ky.;q Measurement

The parameter Cq is measured with data records of pilot signal image

maps and the parameter K, ad calculated using current calibrations for

parameters Cg and CR,dJ:

Kpaq = Os Cg Cr ¢ (11a)
} 2 2
Cg = Py ILN pc N pulses {11b)
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C =(KG°) 1 (1lc)
G L 4:1rLSYS
c = _..(.iﬁ'.(.i_r__ (11d)
R, 4
LatRs gsind

where the parameters transmitter power Pt’ receiver gain l"r, pulse

compression sum Npc’ azimuth {time) compression sum N » antenna

pulses
peak gain GO, range R, etc., are as defined in Section 2, The parameters
CG and CR,cb are estimated with CG and CR,t]: respectively, based on the

calibrations of the parameters Go’ Lsys’ da’ dr’ Lat’ Rs, and ¢,

The pilot signal image data are measured as calibrate variates
u

(Vi) car
~u _ e u
(Yoarn = Eloar ¥ (25)eaL
where
u 2 2 .2
E “Xi] } = *car®t Tr_NpcMpulses T *caLCs (12)
and

E {I(zglz} = (NG AL,

The receiver gain is recorded with the data, and K.ad scaled as required for
the receiver gain Fr corresponding to the image data records. The cali-
brate gain is chosen to equal the image data gain where possible, and scaling
in most instances is nominal or unity, The parameter kCAL is the calibrated
transfer characteristic for the pilot signal data mode; generally it is a
function of range (decreasing at 3 dB per range step} and may be varied in

calibrated increments, -‘which are encoded on the image data tape records.
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The parameter Cq is determined by averaging a large number of

measurements of image intensities:

M [ u'z u
_!'Yil car - MNolgar|

1
S My & kear,
1= 1

ot

C {13)

-

Precision is improved by coatinuing measurements at the various values of

kCALi over Ml intensities corresponding to about 3 seconds of data.

Antenna Gain and Pattern Measurements

Radar parameters, including antenna gain and pattern factors, are
calibrated with target imapge data obtained by processing corner reflector
farm records. The baseline system determines the calibration of the
parameters by ground processing.

Ground processing procedures for the measurement of antenna peak
gain and patiern factors include:

1. Detection and designation of the standard target signals to be

processed

2. Generation of parameters to optimize ficus and range migration
compensation at the range and angle coordinates of the target

3. DPositioning processor coordinates to nearly center the target
coordinates in the corresponding resolution cell

4, Determination of calibration parameters which minimize mean

square calibration error.

The detection and designation of the standard target functions are
facilitated by the large signal-to-noise ratios of the discrete targets and the
readily recognized pattern of the target array, respectively., The processor
focus and range migration compensation functions are then performed, as
necessary, to optimize image formation of the individual targets. Calibra-
tion errors due to quadratic phase errors or motion of the target during image

formation are thus minimized.
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Ideally, target coordinates are centered in an image cell, since the
slope of the symmetrical impulse function responses are zero at this point.
The calibration errors caused by imprecision in target position data degrade
rapidly with target distance from the center of the resolution cell coordinates,
For this reason, the ground processor is asked to re-position the image cell
center at the apparent target coordinates in range and azimuth. An RMS
accuracy of at least %15 percent the resolution cell dimensions, or 3,8 m
at 25 m resolution, is needed for this positioning function, including the
limitations caused by finite signhal-to-total noise ratio (about 20 dB,
typically).

The SAR multilook images should be processed with :ymmetrical
illumination of the antenna pattern in the azimuth plane, This need arises
to minimize measurement errors caused by imprecision in the antenna
pointing data, The target imapge data should be reprccessed as needed to
provide symmetry equivalent to £5 percent the azimuth beamwidth of the
antenna. The adjustment for symmetry is a simple (timme) shift in the initial
inputs for synthetic aperture formation,

Records of SIR sensor data may be repeatedly processed with the
ground processor facility., The calibration operations are especially crucial
with respect to accuracies for the early missions with SIR. Only a very
few such operations are performed with corner reflector farm data records
for each mission. Thus the need to reprocess for the best possible calibra-
tion accuracy is a relatively minor inconvenience and expense.

The target data for calibration operations may be processed in groups
of resolution cells (e. g., the sum of energies from four, five, or nine
neighboring cells containing the target) and, at the expense of signal-to-
noise ratio, the sensitivity to target position and motfion in the cell may be
reduced. A calibration approach of this sort will obviate the need for
repeated processing of calibration data and can be exercised in real time
processing, When SAR sensor experience has developed through the early
shuttle missions, it is anticipated that routine calibration operations of an

essentially single pass character will have evolved.
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The antenna peak gain and antenna pattern factors are determined
with 2 steepest descent algorithm, together with other radar sensor param-
eters subject to calibration. This algorithm is described below,

The antenna pattern factors are determined in the conventional
orthogonal azimuth and elevation planes. This convenience and custom are
especially suited to the types of rectangular planar array anticipated for
SIR, The antenna pointing angles and beamwidths for separable arrays are
designated in the algorithm. Figure 22 illustrates the antenna configuration

relationships involved in the g;-calibration sets used for v, measurement.

TERRAIN ILLUMINATION,
CELLiATA, §

Figure 22. g; set determination

TERRAIN |LLUMINATION/
CELL i, AT Ay, B,

G lag, Byl
. o Pt
G

gin o =

_GlA-A, B-

% G,

5 I {A 'Aa} - 92( 8- Bo"
Algorithms
The problem of determining the antenna gain ahd the antenna gain
pattern parameters from the calibration data iz a nonlinear parameters
estimation problem. Thus, if iz implied that the solution cannot be

determined easily in closed form. This section is a description of a nhumeri~

cal technique that simultaneously finds the maximum likelihood estimate of
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all the antenna parameters from the standard target returns, This technique
is one of rnany standard multidimensional optimization numerical routines
available is most computer system libraries.
A steepest descent algorithm for calibration is used to determine
the maximum likelihood estimate for all the antenna gain pattern parameters.
From estimation theory:
1. The Cramer-Rao bound is a lower bound on the mean square
estimation error.

2. For an estimator to achieve the Cramer~Rao bound, it must be
efficient; an efficient estimator need not always exist,

3, If an efficient estimator exists, it must necessarily be the
maximum likelihood estimator,

A test can determine whether an estimator is efficient; however,

in this case the actual form of the estimator is not known (the parameters
are obtained numerically) and, therefore, they cannot be tested for
efficiency. -

Therefore, Hughes can claim only

1. The estimates for the antenna parameters are optimal in the
maximum likelihood sense;

2. If an efficient estimator for the antenna parameter can be found,
it will be the Hughes estimator and thus have the best perform-
ance possible,

The maximum likelihood estimate method for o, measurement takes
advantapge of statistical relationships between resolution cells and multiple
looks. The near optimum o, estimator is the maximum likelihood estimator
(2lso efficient) for the region of interest (SNR = 8 dB, ground area =z 104
square meters). Since the maximum likelihood estimator is efficient for
this problem, it achieves the smallest possible mean square estimation
error, On the other hand, the baseline and marginal estimator require
much more area to achieve the same performance. Thus to compensate for

lack of knowledge of the statistical structure, the area of ground return must

be increased,
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The antenna parameters consist of the antenna peak gain G,

azimuth beamwidth AA, elevation beamwidth ApB, and azimuth and elevation
pointing angles Al’ By relative to the ground coordinates ¥, ¥ for the
centroid of the imaged area, Equivalently, a single five dimensional
parameter vector can be defined and the antenna calibration problem reduced
to determining an optimal antenna parameter vector from the calibration data,
Because the calibration data are non-deterministic, the optimal antenna
parameter vector can be chosen to be the maximum likelihood estimate of
the parameter vector. That is, given the outputs of the resolution cells
{zi, i=1,2,...., N}, the vector that will maximize the log likelihood

functional can be found.

is the observed set of resolution cell outputs

N
]

a = |AA is the parameter vector

p(z|e) is the probability density of the set of resolu-

tion cell outputs given the parameter vector
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2
Go = peak antenna gain squared

AA = agimuth beamwidth

[ S O L o r I

A1 = azimuth pointing angle relative to the patch centroid (%)

AP = elevation beamwidth .

|31 = elevation pointing angle relative to the patch centroid (¥) - §
The calibration data can be modeled as "
7 = Bl@) (my + o) (k=1,..., N) (14)
wheres g
g
™y = kth cell output component due to the standard cross-section '
target™™

Cp = clutter contribution to the kth cell output

In vector notation

o mea N

- : z=D_(2) (m+ ¢ - o
: g -
where: #
g;(e) i=) -
D H
( g(u:t'))1J 0 " ‘
ml C
m = mz ’ c = CZ
mN cN i ‘L

#*Thermal noise is neglected at this point to simplify the problem
and because it is comparatively negligible,

**The same resolution cell has a different index for a different
look,




The random vectors m and ¢ are assumed to be statistically independent,
but the vector components of each vector are statistically correlated,

Assuming Gaussian statistics, the log of the likelihood functional can be

written as
ln[:p(_; |g)] = ..Q*Aﬁl(.@_).z. - 1ln (determinant [A(_c_r_)]) (15)

where:
= AD
Ale) Dg(.os) g(g)
A =mM + crOR

ke
t

transpose of the complex conjugate vector z

1
}]

power reflected by the standard target

n

m
M = covariance matrix of the set of standard target samples

o, = clutter power reflected by the diffuse terrain

R = covariance matrix of clutter

The above quantity must be maximized or its negative minimized with

respect to the parameter vector ¢. This is done numerically by a steepest

descent algorithm,
The steepest descent algorithm is one standard numerical technique

utilized in optimization theery, The algorithm will determine simultaneously
all the required antenna parameters that will maximize the log likelihood
functional. The algorithm is summarized in Table 5,

It should be noted that to determine the maximum of the log likelihood

functional, the gradient must satisfy

voln[p (z|8)] =0

This implies that once the optimal parameter vector is found, it

must necessarily satisfy the condition given in step 3 of Table 5.
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TABLE 5, STEEPEST DESCENT ALGORITHM

Step 1
Given
1. The ohservation vector z
Z. The initial parameter vector 2%, i, e., the antenna param-
eter vector updated by the most recent calibration or
ground pattern measurements.
Step 2

Assume one has the nth iteration parameter vector g(n) to generate
the (n+1)t parameter vector utilize the following recursive form:

E{(n—i—l) n+1)

=™ 4t g n el e ™)

where:
i:(n+1) _ . : :
= step size tHat is determined by the Golden

section search method given at the end of this
section.

Y. In[p(zlgn)] = log likelihood functional gradient vector
= evaluated at ¢™; its form is given in Table 6.

Step 3

Repeat step 2 until the following test is satisfied

5 2
nt+l n
2 (@™ e ™) o
k=1
If the test is satisfied, then set the optimal antenna parameter
vector as
+1
&= o
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TABLE 6. COMPONENTS OF THE VECTOR Vg 1n [p(z|e)]

62-¢

Vector Component Vector
Index k Component Vgln [p{z | @)] Component
5 1 NN, a.Ai".l - N
1 G Ly > s
o G 2 G 2
o \i=ti=1- &&% —
N N o -1 N
7z, abl o 5 2
2. sA S o> LI tae)] - D §,, 1nE®)
i=1 j=1 &iBj-o i=1 T

L e tia g g g JE

N N z :’.:Z A-—l - N 5 2
3 A z z %%A [1n (gigj)] z A In (gl )
i=1 j=1 885, i=1
N N ziz.Ai__l 5 N 5 5 —
4, AB z z __LGLZ"B“AB [ln(gigj” = z ""a"Arj 1n (gi )
i=1 j=1 Bi&j-q i=1
N N -1 N e
z; a.Ai. F 3 2
5. 8 S > A 5 tinige)l -y 54 inigd)
i=1 j=1 £iBj%o i=1
Note: The matrix A=mM, + ¢ _R and Ai—jl is the (i. j) component of the inverse matrix AT i
e
t
o e R T T L R R LR R I T L e o L et




The attractive features of the steepest descent algorithms are
simplicity and efficiency, Its efficienty is reflected in its rate of convergence
which is geometric, That is, the algorithm converges to the solution
geometrically, ¥ Other numerical techniques that are more efficient are
also computiationally more complex and therefore less attractive.

Neglecting receiver noise in the model of Equation (14) simplified
the problem tremendously. With the proposed standard targets, the signal-
to-clutter power ratio is about 20 dB minimum and clutter-to-receiver
noise ratio is abe -t 8 dB typically., This justifies the simplification,
Although the negligible noise assumption is usually realistic, the antenna
parameter vector & with noise can still be solved. To include receiver noise,
the following changes must be implemented, The log likelihood functional

in Equation (lg) is of the same form but the matrix A(a) becomes
Ala) = D_g(g) AD,(a) + N R

where:

N, is the receiver noise power.

This impliés that computing the log likelihood functional and its
gradient requires a matrix inversion. In terms of the steepest descent
algorithm, it is implied that A‘l(g) must be computed for each iteration,

A large increase in the number of computations is created and the method
becomes unattractive, The algorithm can be utilized for the simplified
problem as described in this section to g2t an initial point for the numerical
algorithm which solves for the antenna parameters and includes receiver

noise.

z':A oki, Masanao, "Introduction to Optimization Techniques, " The
Macmillan Co,, N. Y., 1971, pp 102-126.
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¥ Golden Section Search Method

This one~-dimensional search will determine the optimal step size
T of the descent algorithm in the desired direction. At the ath step of the

(n)

descent algorithm, one is given g'"’ and computes Vyln [p(glg_ (n))] . To

" determine the step size the following method is used:

Let

PouE—
£

(ao, bo) be the initial closed interval of search so that

a < l:(n+1)

<b anda =20
(o) 0 “o

\ o) = 1n[1;(§|g ]+t (vgin[p @e ]

Assume, the search interval at the kth

has been reduced to }a,, bk] . To generate the (k + l)th interval of

step of the one-dimensional search

search given

CY bk]' compute
tk-i-l = 0. 328 (bk - )t a

th . = 0,618 (b, - &

Y+ a

k+1 k k

and perform the following test:

|
W

If dlty, ) <(t'y, ), thenay =

1
o

and by, =¥y

p— 1
and by, =ty

To end the one-dimensional search algorithm, determine if

; ak-bk = €, €=0 (16)

)
§
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If Equation (16} is satisfied, then the optimal step size at the nth iteration
0 1) o the descent algorithm becomes gotl) o (a; + b )/2.
Otherwise, continue the one dimensional search until Equation (16)

is satisfied and the corresponding step size determined.

3.3 ANTENNA GAIN AND PATTERN CALIBRATION DESIGN

Designs for a corner reflector farm and for a processing algorithm to be
used for antenna gain and pattern calibration purposes are discussed above and
in'this section, The corner reflector farm provides standard radar cross
section targets for absolute and relative gain measurements, The process-
ing algorithm is a mathematical expression for nearly optimalparameter
measurements with the recorded SAR data, including the error contribution
caused by imprecise knowledge of antenna pointing angles and corner
reflector position relative to resolution cells. *

The two basic objectives of measurements with the reference target
data are gifen below:

1, To calibrate antenna peak gain G, and pattern beamwidths in

azimuth and elevation

2. To provide overall "end-to-end' calibration measurements
that update and supplement sensor calibration measurements
of transmitter power, receiver gain and system losses.

The corner reflector farm design provides an array of 16 standard
cross section targets for:
1. The smoothing of measurement errors to obtain precision in peak

gain determination

2., The determination of antenna beamwidths in vertical and horizon
horizontal planes of the pattern with data smoothing for
accuracy.

ole
Optimal as used here implies minimum mean s quare error for the
ensemble of parameter measurements obtained from each specific
set of corner reflector farm SAR data,
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s ; Multiple corner reflectors are used to permit data smoothing for

reduction of errors from the following sources:

e L o

Antenna pointing knowledge (sensor and tracking errors)

Target cross section variance (reference errors)

.

Target aspect knowledge (survey errors)

Target coordinate determination {(discriminant position errors)

A A

Target migration in resolution cell (focus and range migration
compensation errors).

Corner reflector specifications should have provisions for the

R P R R T

following properties:

1. Large Reference Cross Section - 0g = 1000 mz at assigned
wavelengths to provide signal to background clutter ratios of
at least 13dB for 25 x 25 m resoclution cells with background
backscatter coefficients 05 ~. 08 m2/m? (~11 dB);

2. Accurate Reference Cross Secfion - The on-axis cross section
of the corner reflectors should be known to an accuracy of at
least £0,5 dB, lo(x1.0 dB with 95 percent confidence);

3.~ Portability - the corner reflectors should be mounted to fixtures |

to enable: }

p - a. Basy adjustment and survey of aspect angle relative to SAR ]t
] imaging geometry 2

|

b. Convenient positioning and survey of target geographical
{ coordinates

Target position and aspect stability

d. Easy inspection of reflectors for geometrical integrity
in situ {dimensions, angle, flatness, surface smoothness)

e. FEasy dismounting of reflectors for convenient storage and security;
, f. The reflectors to clear surrounding terrain by about 1 meter
: and to be readily visible for detection and inspection (e.g.,
by aerial survey}.
{ The reflectors should be located in an area of about 50 x 3 km. The

terrain should be nearly homogeneous and should be characterized by

Lt o S e e etk s e T

j . generally low backscatter coefficients (o, <~-11 dB). The immediate vicinity
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of the corner reflectors should be free of large discrete targets (farm
buildings, machinery, vehicles, homes, grain elevators, etc. ).*

A site with generally stable atmospheric conditions should be selected
for the corner reflector farm, if practicable. Knowledge of the lower
atmosphere conditions is needed to determine two-way propagation loss with
an accuracy better than 0,2 dB (lc), at the time of the shuttle passage,
for calibration purposes.

The reflectors should be physically large for adequate signal-to-noise
ratio, and must be fabricated with precision to ensure theoretical pattern

properties. Significant parameters are as follows:
1, Lineal ditnensions of a side (see Figure 23):

312 1/4
a = (4“_ 0-5) +0, 6 percent, o = 1000 to 5000 m
2. Right angles at corner vertex: & =7/2 &3 mrad (90 %0, 2 degrees)

3. TFlatness: all surfaces flat to within =X /20 (=1600 microns at X-band)

2

A single corner reflector with a side a = 104 cms or 41 inches will
provide a cross section of 1000 to 5000 mz from C-band (4.3 GHz) to X-band
(to 9. 6 GHz); adequate for a dual C/X-band SAR. However, a corner
reflector of cross section L 1000 mz at L-band (1. 71 GHz) is 165 cms
{65 inches) on a side and has impractically large cross section of 31,500 mz
at ¥~band (9. 6 GHz). Separate corner reflectors are required for dual L/¥-
band systems. However, the corner reflectors may share a common site
with a judicious choice of corner reflector location to avoid potential X-band

ats s
™~

calibration errors caused by interference from the larger corner reflector.

"Multipath interference is not a problem for angles of incidence less
than 45 degrees. At greater incidence angles multipath inteference
due to terrain reflections near the corner feflector should be con-
trolled by suitably designed and positioned shields or fences for that
purpose. The corner reflectors should be mounted at a reasonable
heighth (e. g., 1 m minimum) above the terrain,

“"The disadvantage of large size for Li-band corner reflectors can be
offset by fabricating them with a wire mesh surface on a suitably
rugged framework with mesh size very small in comparison to a
wavelength (e.g., < A/50); thus the weight and wind surface effects
of very large metal reflectors can be reduced substantially,
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Figure 23.

Trihedral corner reflector
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A possible corner reflector farm and an approach to corner reflector
installation are shown in Figure 24, The 16 corner reflectors are dispersed
in four groups of four corner reflectors each, located on a strip thatis .

74 km long and 750 m wide. The reflectors are arranged for passage of the
shuttle at an altitude of 200 km above the terrain with the subshuttle path
direction 50 degrees west of local north. The local incidence angle is 50
degrees, and the cornexr reflectors have been positioned with their symmetry
axis tilted for SAR viewing at 90 degrees relative to the subsatellite path,
The corner reflectors are mounted on sleds rimmed with absorptive shizlds
to divert potential multi-path reflections from the corner.

. X-BAND

FOOTPRINT
AT Vgu7.5 ki/s

Vg

HORIZONTAL VIEW
(NOT-TO-SCALE)
H:200 KM
:46°-53°
:44.29.50.7°

SUB-SATELLITE
PATH

a., Reflector farm .

Figure 24. Corner reflector array and mounting
(Sheet 1 of 2)
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4.0 MEASUREMENT AND CALIBRATION ACCURACY

The accuracy of SIR measurement and calibration systems are
discussed in this section. The radar parameters requiring calibration,
error sources and an error model are described in Section 4,1. The statis-~
tical performance of three measurement algorithms is discussed in Sec-
tion 4.2, Error budgets for calibration and measurement accuracies are
given in Section 4. 3.

The calibration error budgets include estimates of performance for
the space calibration functions and estimates of accuracy of calibration of
the corner reflector farm targets by means of data records,

The measurement accuracies are estimated for the baseline
measurement algorithm, which makes use of simple averages of squared
amplitudes, and a nearly optimum algorithm. The later algorithm is more
complex computaticnally but superior in performance when used for small
areas; that is, at a given accuracy level, the nearly optimum algorithm has
better resolution, In particular, it is estimated that the more effective
algorithm gives results with an accuracy of 2.5 dB at 80 percent confidence
for an area of 104‘ square meters, while the baseline algorithm requires an
area greater than 2 x 104 square meters for equivalent accuracy. The less
complex algorithm was selected as the baseline algorithm because of its

simplicity and moderate efficiency,

4.1 MEASUREMENT ERROR CONTRIBUTIONS

Measurement error, in the context of this study, is the difference
between the measured value (‘530) and the true value (u-o) of the backscatter-

ing coefficient that characterizes imaged terrain areas. The imaged terrain
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areas, in general, consist of a number of resolution cells (e.g., 16 to 36 -
cells of 25 x 25 m each) which border one another. The number of cells is .-
chosen to provide adequate smoothing of scintillation error or noise caused .
by the diffuse scattering surface, consistent with the required resolution
area.

The algorithm used for measuring o provides an unbiased estimate

QE

E{%} =~ (17)

) imit 1
E {U-o} b NM-»x E\Tﬁ Z 1 (L&,o) (18)

n, m

where N is the number of SAR sensors making measurements and M the num-
ber of measurements made with each SAR. The common measurement
algorithm is used for the common backscatter coefficient o _.

The error in measurement is

€ = 0 - @ (19)
w o o) .
and the normalized error is
53]
€
~w = %0 (20)
% %

For purposes of this study, the normalized error is expressed in

decibels.
[ ¢
A,= 10 log (-—-) = 10 log (1 +—G“l) (21)
% o -
Ew :
=4,34-2,¢ <<l (22) =

o]
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Measurement error in the context of a2 single mission (5 to 30 days
duration) and a particular SAR sensor comprises fixed and temporal errors,

It is defined below:

1, Fixed error — constant for an entire mission

2. Temporal error — varies within a mission.

It is useful to classify the error components in terms of their correlation

period; three such components have been identified in this study (see

Table 7):

w = Mt losEcsT Y (23)

o

The measurement errors are expressed in decibels and in terms of
an 80 percent confidence interval based on the chi-square distribution or a
Gaussian distribution model for the errors. The 80 percent confidence
interval is expressed in decibels as 10 log (U/L), where U is the expected

upper bound (the probability of a measurement larger than U is 10 percent)

TABLE 7. MEASUREMENT ERROR COMPONENTS

Error Period of
Component | High Correlation Contributing Errors
€M 1 Mission 1. Antenna gain and shapes
2. Transmitter power/receiver gain
€10 SECS 10 Seconds 1. Receiver noise measurement
2, Antenna pointing
3. Large area propagation loss
€. 0 (Little corre- 1. Short term variation in propagation
* lation between loss
meagurements) 2, Scintillation in ground return
Ground slope and object area
altitude
4-3
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and L is the expected lower bound (probability of a measurement smaller -

than L is 10 percent),

The relations are shown in Figure 25 where u—y is

the standard deviation of the measurement error:

w > w

g
2 = E{(—=2-1" }= variance (). (24)
b Tq %

The decibel equivalent of the standard deviation is defined below:

ay (X}

py 1Y)

O, dB

NORMAL
PROBABILITY
CURVE

L 4 ov X —»

NORMAL
PROBABILITY
{ CURVE
{
|
!
!
|
* |
1.0 Y

10 log (1 + o'y) (25)

L
LET: Ofpcxn dX = 08

AND
X

T

THEN: (1) my = 1

@ o, - X 7%
(U+L) my
2

L 1-1.282 9

R -

@ oy st

U
. —_— 1
1282( y + )

1+ 1.282 @,
@ (l) Jrr2820y

o-ERROA INJB = 10 LOG (1 + oy)

B0% CONFIDENCE INTERVAL
IN dB =10 LOG({J—) s

Figure 25. 80 percent confidence interval and
standard deviation,
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The broad categories of error sources are given below:

1, &4, the error in o, due to scintillation in the backscatter from
the diffuse surface and the receiver noise; varies {rom loock-to-
look and cell-to-cell

2. EK, the error in the sensor parameter K,.;4, relatively fixed,
but includes a component (Cr ) which may vary cell-to-cell
because of propagation factors or geometry

3. bj, the error in gain parameters g;; will vary from look-to-look
and cell-to-cell in a systematic manner, depending on antenna
pointing and pattern errors

4, §N, the error in the measurement for the noise power; this
error is common to each set of N looks-and-cells,

The error sources are identified through the baseline measurement
process, discussed in Section 3.2, Measurements are made with a normal-

ized image variate Y, {(complex):

where
E{Ile} =g o +N
i i o o

and Krad is the radar sensor parameter discussed in Section 2.1, The

measurement is

2 -2
N, - E.N) (g, + 5,

N (Y. -
w 1 I 1|
% “TJE : (1 ) Er ) (26)

i=1
Krad)




-

Let
A 2 -2
U-o.l - (IY'1| h No) i
N
A= L A - A
U'O NZ 057 go_ T g U
i=y !
then
E{6,}= o

There are four component errors in measurement, neglecting higher order

terms than the fi;-st:

: :E : i k :E : 8
ng L&Jo "% T gcr B _P_tl—- gN B 6\-0 K p 6\'0 = (27)
) rad b= ©; \ &

The corresponding variances of the measurement errors (assuming statisti-

cal independence hetween component errors) are

N -2
:E: g g
K {(Ew- ﬁw)z} = Var (90) + -;]— Var (E,N) -:-cri Var(K k )

=1 rad
2
4
2lg 174 “ 25? v E 28> Y
* crc:: A E
k=1 \5k g
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where:

2 2
2 _E, E A
(gk + ak) - (g + 5 ) (gk + ak)

A
-..(EA)Z’]_.;..&.E +i:5_:ls.. 28
"“ggk B A ? ()
g 21

i.e., the antenna pattern is separable in elevation and azimuth,

The first term in Equation (27) is the minirﬁum expected error; it
determines the best possible measurement accuracy with the baseline
algorithm, The basic accu'rac:y limitation is fixed by finite area (N << o)
and the effective signal-to-noise ratio. The expected error is significant
for all practical values of N (N <<400), even for very large effective signal-

to-noise ratios (SNR >>10 dB):

12.

Var (}i’) . [1 u ‘SNIE’- (29)
o]

3>

where the equality applies for statistical independence among the N observa-
tions, Conversely, the expected error becomes very small with an indefinite
increase in area at finite SNR.,

The second term is contributed by the variance in the 1neasurement of
the receiver noise component No' The severity of this error depends on the
relative gain g; and is most severe near the edges of the illuminating beam
(gi <<1), This factor reflects the reality that receiver noise vcltages are
not modulated by the antenna gain pattern (g.1 z 1) as are the scintillating
signals from the diffuse scattering surface of the terrain,

The third term is the error from faulty calibration of Krad;

Equation (4):

2 .2
K = PTGO , drda }'_1‘ 2 2
rad - (4Ti’)3 R4 L...L SIN& pPc pulses
s TATTSYS
4.7
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The product of transmitter power and receiver gain, PT r‘erC pulses’

updated at frequent intervals by the pilot mode calibration routine. The

K
rad
reflector farm, This calibration is especially important since it updates

factor is updated at infrequent intervals with data irom a corner

the antenna peak gain factor Go and the propagation loss factor I"AT'

The final factor involves the antenna orientation components g their
contribution depends on knowledge of antenna pointing and antenna pattern
parameters (beamwidths), Calibration for these parameters are updated
with the infrequent visits to the corner reflector farm., The g;-set errors
5 vary systematically from cell-to-cell and look-to-look during L
measurement. The errors in the g,-parameter sets from look-to-lock are
minimal if the antenna illumination pattern is symmetrical for the four looks.
Thus, the effects of errors in azimuth angle pointing knowledge and antenna
beamwidth are minimized with image formation chosen for symmetry in
azimuth., The cell-to-cell variations in g, for elevation are small because
of the small fraction of the vertical beamwidth subtended by the image area
averaged in the N measurements. This essentially fixed error component is
accordingly sensitive to location of the imaged area relative to the swath
center; minimum error is obtained with an antenna pattern very nearly flat
(g.l = 1) over a large portion of the swath, The error sensitivity for a uniform
weighted array is severe at swath positions outside the middle third of the
elevation illumination pattern, both with respect to knowledge of vertical
antenna pointing accuracy (look angle) and of pattern {beamwidth). The
advantages of a shaped vertical illumination pattern are apparent, as dis-

cussed below in consideration of error budgets.

4.2 MEASUREMENT ALGORITHMS

Performances of three different oy algorithms are described and
statistically compared in this section. The algorithms differ in terms of
the required number of computations and the required a priori knowledge
of several system parameters. In general, given the correct system param-
eters, the more complex the algorithm, the better its performance. When

the system parameters used contain calibration errors, performance is
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slightly degraded, These performance losses are discussed in Section 4. 3.
In this section the algorithms are compared under the ideal condition, in
which all the system parameters are perfectly understood. The results will
indicate the accuracy of each algorithm without error in calibration, antenna
pointing, or noise power measurement.

The problem of determining the correct o, from the observed number
of resolution cells is equivalent to estimating power from a correlated set of
I {in-phase) and Q (quadrature-phase) samples of complex signals modulated
by the antenna gain and corrupted by receiver noise., Correlation exists
because neighboring resolution cells have a finite overlap and because dif-
ferent looks utilize common overlapped data. The observed image set
{Y'{l, i=1, ..., N} is unnormalized as shown in Table 8, The normalized
image is shown in Table 9. The terrain image is normalized so that the sig-
nal power is only a function of the gain pattern and the terrain backscatter

coefficient,

TABLE 8. UN-NORMALIZED Y?—SIGNAL STRUCTURE

Y., = X+ Z;l (Terrain plus noise}

EXuZ—K 2
|iI - Brad & %

g Normalized antenna power pattern (i.e., Gi/Go)
o, Terrain backscattering coefficient (to be
measured)
2,2
PTGO A dadr I 2 2
K‘rad - (4 )3 R4 L L SIN¢Npulse comp Npulses
T Bs SATHSYS
(Same for all cells)
u 2 u th
E lZ.l l = Ng (Receiver noise power appearing at i~ cell,

I

P Ve

e e . e e o Do - o .t g 8 + S WBPLA R

DA A T A o

same for all cells)
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TABLE 9, NORMALIZED IMAGE

Normalization by Average Power Normalized

Component ‘/Krad (*) Signal

u
Total Image (Yi) Y. =

: —‘/_-L_-—-

2
E]Yll =g, u'o'I'N

Terrain (X,) X, = —t E ‘X‘J e

Y.
Krad
X
1 A e ere—
i o K i "o
K.rad rad

It
il
1]
-
q

u u
N
. . i 2 o)
Receiver Noise 17_'..l S ——— E lZil " K = N
(Zi) v Krr:tcl rad °

*Krad is part of the radar calibration procedure.

The cro—measurement algorithms are given in Table 10, The baseline
algorithm computes a weighted power estimate of the terrain image by com-
pensating for the antenna gain pattern and removing the power contribution of
noise, The near optimum alternate pre-whitens the data and also computes a
weighted power estimate by also compensating for the antenna gain and
removing the bias term caused by noise power. The near optimum algorithm
corresponds to the maximum likelihood estimate within the signal-to-noise
power ratio regions of interest (S/N2 4 dB). The marginal alternate algo-
rithm computes a simple power average which does not compensate for the
gain variations and correlation. This algorithm is the most commonly used
power estimate and is optimum when there is no gain variation and statistical
independence exists.

The complexity of each algorithm is determined by the number of
computations and the a priori knowledge of the system parameters
it requires. The parameters required in the computation of a particular
algorithm are given in Table 11. All the algorithms require measurement of

the normalization parameter Krad and noise power term No' In addition, the
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TABLE 10. % MEASUREMENT ALGORITHMS
A -
o, Algorithm
Algorithm
Classification Type Algorithm Matrix Form Summation Form
— =2 A -2
v!'D "y - N tr (D7) 1 -2 2 A
Baseline Weighted Power g N E ~ Z g. (Iyl - N ]
Averaging i=1 ' t °
— -1 N N
y'{D RD) " vy 1 A
Near Optimum Pre-Whitened & N E E—z 2 a.. (y.¥. - N r..)
Alternate and Weighted = = botyyoon
Power ]
> Averaging N() tr (D_l R_anlR) —__l —_———
~ < [ ] = [D R D l
— ] g
N
. . Yy 4o 1 A
Marginal Simple Power Z=== - N ey Z ly.] - N l
. N o N i o
Alternate Averaging )
L;J&;’K:‘y“:ﬂ:.--. o ek s e kbt F o

8 o




TABLE 11, 9y MEASUREMENT PRELIMINARY
PARAMETER MEASUREMENTS

o Measurement

System Estimated Parameters Related Notation
H [~ .
Baseline Krad g1 v 0 v 0]
g; {Antenna Pattern) D = 0 g, 0 ' 0
g 0 0 83 . 0

No {Normalized
Noise Power)

_.0 0 0 g N/
Near Optimum K..a R = [SA § h, (=, y) hj (%, y) dx dy
Alternate
g; hi (%, y) is the normalized
Z-dimensional impulse
N response function for ith cell
0

R (Correlation
Matrix)

baseline and the near optimum algorithm require knowledge of the antenna
gain pattern and pointing angles. The near optimum algorithm requires the
a priori knowledge of the covariance matrix so that data can be pre-whitened,.
Computationally, the near optimum alternate performs a weighted double
surmnmation of complex numbers. The baseline and marginal alternate per-
form a single summation of real numbers with an additional premultiply by
the inverse of the gain pattern,

The performance of the u‘o-algoriéhms is summarized in Figures 26
through 30, The performance described here reflects the accuracy of the
algorithms alone and not the effects of calibration, antenna pointing or noise
power measurement accuracies., The Cramer-Rao bound, illustrated in
most of these figures, theoretically is the smallest standard deviation possi-

ble for the L me=anrements and, therefore, a lower bound to measurement
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accuracies. [t should ke noted that four looks per resclution cell are
assumed for all these performance curves. Figures 26 and 27 show e
standard deviation of the baseline and near optimum alternate algorithms

as a function of number of cells (area) for signal-to-noise power ratio of

8 dB and infinity, The near optimum performance is superior and coincides
with the Cramer-Rao {CR) bound for given SNR ratios. The near optimum
alternate attains this bound because, for the SNR region of interest, this
algorithm is the '"'maximum likelihood estimate" (MLE) of L Cn the other
hand, even at infinite SNR, the baseline algorithm standa.d variation differs

considerably from the CR bound and the MLE algorithm.
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The relative performance differences of the baseline to the near
optimum algorithm for SNR of 8 dB and infinity is shown in Figure 28, The
baseline standard deviation is subtracted from the near optimum standard
deviation and then converted to dB, The figure shows that the maximum dif-
ference occurs when nine resolution cells are used. Beyond nine cells, the
difference diminishes monotonically as the number of cells are increased,
For 8 dB SNR, the maximum difference is near 0.5 dB.

The marginal alternate algorithm forms a biased estimate of scatter-
ing coefficient L The bias can be removed by estimating the sum of the
antenna gain pattern coefficients squared {(Table 11). The comparative per-
formance of the baseline is shown in Figure 29 versus the marginal algo-
rithm when the bias from the marginal algorithm is removed, The curve
shows that the standard deviation at 8 dB SNR for both algorithms are the
same for small numbers of resclution cells, and deviation from each other
becomes more pronounced as the cells are increased.

All the algorithms are compared in Figure 30 in terms of the required
number of cells and the signal-to-noise ratio (SNR) to achieve an estimation
error (standard deviation) ot a 0.5 dB. At SNR of 4 dB, the baseline and the
marginal algorithm require essentially twice as many cells to process as
the near optimum. For SNR of 10 dB, the marginal still requires twice as
many cells, whereas the baseline requirement is reduced to only 1,5 as
many cells. In all the cases, the number of cells required is monotonically
reduced as SNR is increased. For example, the near optimum algorithm
requires 40 cells at SNR of 4 dB and 20 cells at 10 dB; comparable require-
ments are 78 cells at 4 dB and 36 cells at 10 dB SNR for the baseline algo-
rithm, The near optimum performance is superior under every condition.
The algorithms with system parameter errors included are compared in a

later section.
4,3 ERROR BUDGET

4.3.1 Calibration Error Budget

Calibration errors are budgeted in terms of three correlation time

components (€ ) one each of three broad

s 3 €,
mission’ 10 sec’ independent
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categories, of error: radar parameter sources of error (Krad), the

antenna orientation error sources (gi) and the noise measurement errors

(NQ).

The radar parameter Krad is, in turn, budgeted in terms of three

major components:

C_ = sensor components periodically updated with the pilot mode

s

calibration routine, essentially the transm:.ter power and

receiver gain product P Fr'

C. = sensor components infrequently calibrated with corner

reflector farm data, essentially the peak antenna gain and

any system losses not included in C,

C = sensor components which depend on geometry and atmo-

R.,¢

spheric attenuation,

The error components comprise three correlation time components:

€mission

E10 sec

components highly correlated over the period of a
mission (5 - 30 days)

components highly correlated over a 10-second period,
corresponding to a ground path distance of 75 km.

"independent'' components of error which are uncorre-
lated for periods of time and distances as great as

10 seconds and 75 km; i.e., components of calibration
error highly correlated only fur multilook images and
neighboring cells used for areal smoothing.

The calibration error budget is summarized in Table 12. The compo-

nent errors are tabulated in units of the standard deviation, expressed in

decibels:

o, (dB) = 10 log (1 + v,), o2 = Var (e)

The independent component has only two contributors:

1. At X-band, a component of error caused by propagation loss
variations with spatial distance.
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TABLE 12,

CALIBRATION ERROR BUDGET

Mission
Error, dB

Correlated Over
10 seconds, dB

Independent
Component, dB

Calibration Component \/\far (e MIS) \/Var (EIO sec) /Var (EI)
Krad: CIS (PT « Rec Gain ...} 0.25 0.15 -
c.{0G )L ) 0.31 0.21 .
G o SYS ‘ ’
c d,d; L-Band: 0.10 0.22
R,o (75 )X-Bend: 0. 10 0.27 0.15
L, R SIN¢
K ad’ R5S: L.-Band: 0.41 0.34 -
T X-Band: 0,41 0.37 0.15
g;: (Antenna Pattern, Pointing) 0.26 0.24 0.20
NO: {Receiver Noise)* - 0.02 -
Net RSS: L-Band 0.49 0.42 0.20
X-Band 0,49 0. 44 0.25
TOTALS: L-Band: 0.67
X-Band: 0.70

———

*NOTE: Noise measurement accuracy 0. 12 dB, SNRz2 dB, and receiver gains scaled
with 0,12 dB accuracy or better.

—
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2, Antenna orientation, g.,, component error caused by fluctuations
in antenna pointing knowledge, These components arise because
of scintillation noise in the measurement of antenna pointing
angles and variations in terrain geometry (primarily altitude,
used in the determination of vertical angles).

The independent component of calibration error is a variable, a function of
external factors that are not assessable to direct calibration by sensor instru-
mentation. Topographical data can be used to supplement ephemeris and/or
altimeter data for terrain clearance altitude; it is assumed that provision
will be made for terrain profile data in ground processing. Similarly,
weather data from ground and satellite sources (e.g., Nimbus, or an auxil-
iary sensor) can serve for estimating cloud cover in terms of average propa-
gation loss for short wavelength (X-band) SAR cro-measurements. Ground
processing should factor propagation loss data into th® measurement algo-
rithms for the short wavelength band (X-band) SAR processing. In all cases,
basic temporal and spatial variation of propagation losses must be recog-
nized, and some estimate of the expected impact on measurement accuracy
must be made to best utilize the cloud cover penetration capability of the

SAR sensor. An effective modeling of variations in terrain altitude with
geographical location is also needed to improve the precision of
measurements.

The receiver noise calibration error contribution is very small,
essentially insignificant, at meaningful signal-to-noise ratios {SNR z 2 dB).
The tabulated error is equivalent to a measurement accuracy for the noise
factor No of 0,12 dB made on 1200 independent samples of the receiver noise
and scaled to the appropriate receiver gains with equivalent accuracy
{0.12 dB)., Without the remaoval of bias caused by noise, the expected
measurement error is £1 dB for SNR > 5,8 dB, The independent component
of receiver noise is a function of SNR and the scintillation smoothing for
u‘o—measurement. This component is not properly a part of the calibration
error budget but rather of the g -measurement accuracy treated in the fol-
lowing section. The noise component of calibration to remove measurement

bias errors is a vital component of ¢ -measurement algorithms,
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The antenna orientation factors, g include two related component
errors: one attributed to antenna pattern errors and the other to errors in
antenna pointing knowledge. The error components caused by antenna point-
ing knowledge are functions of data processing algorithms and of the antenna
patterns, These errors have correlation times that are short in comparison
to an orbit period and have a mean error over the duration of a mission that
is very close to zero. The antenna pattern errors, on the other hand, tend to
vary slowly and have correlation times that are large in comparison to
10 seconds. Thus the estimates for antenna pattern factors are included in
the mission error citegory of correlation times while pointing accuracy esti-
mates are based on short correlation times. The pattern factors are updated
with calibration algorithms using the corner reflector farm data. The point-
ing accuracies are functions of some form of doppler sensing in azimuth and
depend, in part, on the form of the algorithm used to derive these data; sen-
sor data alone do not suffice, The estimates for antenna pointing are based
on standard derivations of pointing equivalent to 5 percent the azimuth beam-
width, about 0. 1< mrad at X-band (antenna length of 10,7 at 9.0 GHz).

The accuracies of look angle pointing knowledge are about 2 percent
of the vertical beamwidth for uniform illuminated antennas and an error in
g; of +0,2 dB at the beam edges. Thus an accuracy of about 0,2 degree in
look angle knowledge is needed for an antenna vertical beamwidth of
10 degrees. The needed accuracy is greatly reduced with shaped illurnina-
tion functions for the vertical beams. Figure 3] is an example of a nearly
flat topped pattern obtained with truncated sin (Bx)/x illumination functions.
Antennas of this type are practical for the SIR sensor,

The radar parameter Krad errors, which constitute the major portion
of the overall calibration errors, are budgeted for the three factors: CS, CG'
and CR,q:' The factor CR:‘P includes two factors, L'A'I‘ and sin ¢, which
depend on the propagation medium altitude and terrain slope. An allowance
of 0.2 dB for temporal errors in the sine of the incidence angle ¢ is included
in the budget., Errors due to local slope variations, which contribute an
independent component of error, are not included in the budget. Thus, errors

caused by rough terrain are treated as part of the characteristic reflectivity
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Figure 31. Antenna weighting to control
gain slope

of the terrain, The effects of errors in this term are most severe near
vertical incidence (small look angle g), as shown in Figur.s 32 and 33 and

Table 13, The atmospheric loss factor L'AT in (_'.R b is relatively insignifi-

cant at I.-band but is a relevant contributer at X-band and shorter wavelengths,

especially for operations with cloud cover. Propagation loss variations with
spatial and temporal distribution of condensed water vapor in the cloud cover
contribute the independent component of error for X-band. The .css factor
estimates assume compensations for propagation losses with accuracies of
0,2 dB at X-band for areas roughly 100 km square. The mean error of the
compensation is estimated to be near zero over the duration of a mission,
Propagation losses are shown in Figure 34 for several models of

Southeast Asia and Central Europe weather conditions, * These models sub-

stantiate the propagation loss estimates; they show reasonable expectations

(annual occurrence rates of at least 15 percent) for weather conditions (e.g.,

*Capt. P, J. O'Reilly, "Adverse Weather Models, " USA Environ-
mental Technical Application Center Report 6467, October 1970,

4-23

K
E
A

e A A e e — AL

B NS ¥ N

S




I -

ya

L) g; SET ACCURACY DEPENDS UPON
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Figure 32. Terrain altitude and slope errors
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NOTES:

LIGHT TROPICAL RAIN {~5%)

MOIST LOW STRHATUS CLOUDS (~15%)

CLEAR [SOUTHEAST ASIA 8-14%)

LIGHT AAIN (CENTRAL EUROPE, ~5%)

THIN MOIST STRATUS CLOUDS (15-20%)

THIN STRATUS CLOUDS AND LIGHT FOG {-17%
CLEAR, DRY WITH HAZE AND SMOKE (24-38%)

TWO-WAY PATH ATTENUATION:
A (gB) =A_SEC j,4: VERTICAL
LOOK ANGLE
AT 3= 40% (H = 200 KM):

MODELS:

© SEA 1
® SEA 7
% SEA 8
] CE 1
= CES5
[

I CEG6
z CE?
o

E

g

ju |

=
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-
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-

A=133 A, 0B
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Figure 34, Propagation loss for southeast Asia and
Central Europe wenther models
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TABLE 13, TERRAIN ALTITUDE AND SLOPE
ERROR CONSTRAINTS

AT ORBIT ALTITUDE 200 km:
NEED: 1. Af< 03°p< 20°; Ap< 0.1 §>40°
2, A(SIN (#)) € 5% (0.2 dB): Ad
/“-—-‘I Asn 4]
X
I 1 km [
| |
dh1 FOR:
LOOK ANGLE, S SLOPE EHROR As
B . DEGREES Af=03| af=0.1 FOR SN (¢) ERAOR = 0.2 dB
10 tB5m —_ 8.1 mfkm
20 361m 120m 16.7 m/km
40 675m 225m 39.1 m/km
80 —_— 302m 86.1 m/kKm
DESIRED KNOWLEDGE:
1. ALTITUDE ACCURACY: * 200m
2, SLOPE ACCURACY: + 12m/km, § < 200
TO +40m/km, g > 400

moist cloud cover) with significant propagation losses for SAR carrier
frequencies above 6 GHz.

System parameters of wavelength X\, pulse-repetition frequency PRF,
pulse compression bandwidth, and range are determined to the precisions of
stable reference frequencies used in the SAR sensor. The contributions of
these sources to error in the CR,d) parameter are estimated at 7.1 dB for

the mission and for the temporal (¢ components, The equivalent

10 sec)
accuracy for range determination is a standard deviation of roughly 200 in
(orbit altitude = 200 km). Resolution parameters should be determined with
accuracies of 0.5 percent or better.

The CS component of the radar parameter Krad is determined with
the pilot mode calibration routine, discussed in Section 3.1. The pilot mode
routine uses precise instrumentation, which is tested and certified for accu-

racy in situ and which uses thermal control as necessary to ensure stable
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measurement data for transmitter power-receiver gain products,
Measurements are performed at adequate signal-to-noise ratios {(at least

13 dB) and with a sufficient number of sample points (at least 100) to ensure
a standard deviation less than 0.1 dB for each set of calibration data, The
pilot mode calibration routine is repeated at sufficiently short (e.g., 5 min-
utes} intervals to account adequately for any uncompensated drifts, Trans-
mitter power data are recorded concurrently with SAR sensor data to permit
compensation for temporal variations in this factor. The temporal compo-
nent of this source of error is estimated at 0. 15 dB, The in situ calibrations
of the pilot signal generator, performed before and after each mission, are
estimated to be accurate to £0,25 dB RMS,.

The CS component of the radar parameter K, aq 18 essentially antenna
peak gain G . CG is calibrated with SAR sensor data from a corner reflector
farm or equivalent facility. This calibration with SAR sensor data is supple-
mented by analysis based on known properties of the antenna and thermal and
mechanical test data,

The accuracies that can be expected of this parameter without cali-
bration {using corner reflector farm data) are uncertain and depend on the
type of antenna, thorough thermal and mechanical designs and extensive
ground test data. The performance of the antenna can be estimated only after
study of detailed designs of the antenna structure, its operational {(deployed)
configurations, and relevant shuttle and space environmental factors.

Repeated calibrations with corner reflector farm data are needed to
provide knowledge of the antenna gains throughout a mission. The precision
of calibration with the corner reflector farm data is estimated below at
+0,63 dB RMS, for one corner reflector and four independent looks.

Calibration precision of 0.3 dB {for CG is possible with data from a
corner reflector farm of 16 standard cross section targets and planar array

antennas, The temporal error in antenna gain is estimated at 0.2 dB, com-

pensated as needed for known thermal stresses.
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Calibration Accuracies with Corner Reflector Farm Data

The factors CSCG in Krad are measured with corner reflector farm
data, Consider the square of the amplitude measured with four looks for a

single corner reflector of cross-section )t

4
2 2
PG ) Ioy Z 8i x
i=1 2 2

E, = ' N° N (30)
k 3.4 pc " pulses
Loys (4™ "Ry Lap

where the radar parameter symbols stand for transmitter power (peak) PT’
receiver gain l"r, peak antenna gain Go, relative gain for the i-th look at the

k~th corner g 1’ wavelength A, system losses LSYS’ propagation loss L

. N , N
k pc pulses
processed for pulse (range) compression and for the SAR azimuth com-

AT’

and range R are the number of received signal samples

pression, respectively., Let

4
GLZ; = z gzi,l:

i=1
then »
Z a
= _ ©s%c%k %
Y (31)
{47) Rk LAT
. = .
and the estimate CSCG for the parameter CSCG is
2 2 2 16 _4 =
()LGO) PT l-‘r Npc Npulses _ (41TL3 Rk LA'l' Ek (32)
L - 16 ¢ 2
SYS k=1 k Gk
4-.28
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Estimated errors for measurements with data from a single corner
reflector are tabulated in Table 14, Component errors are caused by
measurement noise, target position and motion relative to image cell coor-
dinates, also to faulty compensation for background clutter plus receiver
noise bias, and the error in the estimate of the radar cross sectien of the
corner reflector.

The measurement error, estimated at 0,31 dB, is limited by the
finite signal-to-total noise {clutter + receiver noise) with which each of the
four looks at the corner reflector can be made., The cross section of the
corner reflector is specified at 5000 rnz to realize an effective measurement
SNR of 20 dB in practical clutter backgrounds (o’o = -12 dB for reasonably

smooth surfaces).

TABLE 14, STANDARD TARGET MEASUREMENT ERRORS

Measurement: Apparent Radar Cross Section:

Budgeted Error, dB

Source of Error Total RMS m
Measurement of Power™ 0. 31 0.31
Positlon in Cell 0.15 0.15
Migration in Cell 0,15 0.15
Background Measurement Error®* 0.04 0,04
Corner Reflector Cross Section Error# 0.5 0.2

Net RSS 0.63 ' 0,43

#4 independent measurements per target at signal-to-(clutter + noise)
ratio = 20 dB '

**Background o -measurement from area 150 x 150 m minimum with
measurement accuracy < 2.8 dB at 80 percent confidence

# Corner cross section =5000 mz, symmetry axis aligned to =10 degrees

(two planes)
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| 'The error in the estimate for 0, includes components caused by
faulty knowledge of target position in the resolution cell and uncompensated
motion of the target relative to the image cell, These components of error
are minimized by positioning the cell at the target coordinates throughotit
the measurement. The errors in positioning and migration compensation
are estimated at +15 percent of the resolution (25 x 25 m)} for positioning
a.nd 10 degrees quadratlc phase error for migration.

The background clutter and receiver noise bias errors are com-

'.pensated W:Lth res Ldual errors that are essentlally zero at reasonable

signal-to- total noise ratios a.nd for practical accuracies in the estimation

-of the b1as component. The estimate is made in a region of at least six by

six res olution cells surroundxng the target cell.

The a.p_pa.rent radar cross-section of the corner reflector includes
errors cause-ci' by imprecision in the corner reflector construction and cali-
bration and survey errors. The corner reflectors should be aligned with
their symmetry axes in the direction of SAR viewing and the aspect pre-
sented by the corner reflectors accurately surveyed to allow for any mis-
alignment, Alignment should be no worse than £10 degrees to minimize
the contribution of uncompensated alignment errors,

The parameters Glzc are estimated with the data for the 16 corner
_reﬂectors, using the method described in Section 3.2.

The érrors given in Table 14 are independent with respect to meas-
urement of peak antenna gain and related factors in the parameters K‘rad'
This statistical independence is assured by spacing the nearest neighbor
corner reflectors at many resolution cells, about 30 cells or 750 m for the
proposed corner reflector farm.

The estimated resultant meas urement accuracies for the factors

CSGG usmg the corner reflector farm of 16 standard cross section targets

are 0.28.dB at L- ba.nd and 0.34 dB at X-band, assuming measurements are

made with an error in propagatmn loss estimates for X-band. The calibra-
tion accuracies for these factors are approximately 0.3 dB for measure-

ments made in clear atmospheres. In-all cases, local a.tinospheric and-
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and terrain conditions relevant to measurement accuracy are appropriately

monitored. The estimated measurement accuracies are given below:

Independent component errors 'a_"k @ 0.64 dB:~~0.17 dB.
_ . k

: o . Li-band 0.23 dB
j; Correlated errors LA'I" Rk’ Gk' X-band _ 0.30 dB

Ciee o 2o =, Libagd  0.28 dB
Net RSS for (\G )" Prl /Lgys' . X pand 0,34 dB

Measurement Accuracy

Measurement accuracy is the aggregate of two accuracies. One is

the accuracy of o -measurement caused by finite signal-to-noise ratio and

T

area, discussed in Section 4.2 for a near optimum algorithm and the base-

line algorithm. The second is the accuracy attributable to calibration.

Comparisons of the two algorithms are presented for two areas: 100 by

S,

100 m (four by four cells of 25 m resolution) and 150 by 150 m (six by six

cells), In both cases, four looks at 45 percent overlap and a peak signal-

~
——

I

to-noise ratio of 8 dB are assumed. The results are given in Table 15,

The independent component of error includes the scintillation compo-

H

nent caused by receiver noise and the finite, diffuse scattering surface for

!

the u‘o-measurement. The accuracies are expressed in dB as 10 log (U/L)

where the intervals U to L are the 80 percent confidence intervals of mathe-

matical statistics:

'.,_ ,] | SR
£Ic

14+ 1.282 ¢
=

L-1-1.2820 (33)
b

.

5

*The L~band error caused by Faraday rotation in the ionosphere is
B : negligible for low orbit altitudes of 200 km. At low L-band fre-

' quencies near 1 GHz, compensation for Faraday rotation is neces-
sary for orbit altitudes greater than about 500 km, at least for

™ daylight hours.

&
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TABLE 15. o MEASUREMENT ACCURACY AT 8 DB S/N

T, Measurement Accuracy (% at 80 Percent

Confidence, dB)

Absolute Mission Independent
Accuracy, dB Component, dB Component, dB
w V.. (e ) V__ e
Var (0'0) ar ' MIS ar "1
0, Measurement | Ground Region
Algorithm Dimension, m L-Band | X-Band L and X-Band | Li-Band X -Band
Baseline 100 = 100 3.9 4,0 1.3 3.1 3.1
Baseline 150 x 150 2.6 2.7 1.3 1.6 1.7
Near Optimum 100 = 100 2,7 2.8 1.3 1.7 1.8
Near Optimum 150 x 150 z2.36 2.44 1.3 1.27 1.34




/=

2

Ty Ty Ty T

where
a,‘x(dB) = 10 log {1 + u"x)
2 U
¢ o = Var (%”o) ? 5
4m

and m i_s the number of cells in the area imaged at 4 looks for o -
measurement. The factor 1.282 is the units of standard deviation required
for 80 percent confidence, The variance cri is the sum of thle variance for
asideal data (perfect calibration} and the variance due to the calibration error.
The mission component is simply the calibration error expressed in
terms of the 80 percent confidence interval for calibration error
(_U'X = 0,49 dB). [t represents the very best absclute accuracy that can be
expected with 80 percent confidence for the aggregate of o -measurements
from all available terrains of common o imaged during a single mission,
The absolute accuracy is the aggregate of the variances for the inde-
pendent component, the mission component and the temporal component

errors:

The slight difference in ¢ -measurement accuracy between X- and
L-band is caused by the inclusion of an'atmospheric propagation loss error
(0.2 dB) at X-band. This error occurs because of the needed compensation

of propagation losses at X-band for average expected atmospheric conditions

over a substantial area (e.g., about 10, 000 square kilometers); errors also ,
accrue from the inevitable local variations in cloud thickness, moisture con- i _ ;

tent, etc. It is noted that the effect of this error is barely pezceptible in the

aggregate calibration error, a net RSS error of 0.67 dB at Li~band and 0.70 dB i
at X-band. Under more adverse conditions that include moisture laden j
clouds the situation degrades; with moderate to heavY précipifation, the }

X-band accuracy suffers greatly (see Figure 34),

4-33




12, L

The advantage of the near optimum algorithm as compared to the
baseline algorithm for ¢_-measurement is evident for the 1 hectare area
(100 x 100 m), which has an 80 percent confidence accuracy of 2,7/2,.8 dB
for the near optimum compared to 3.9/4.0 dB for the bas elir;e; or, in terms
of area, 2.25 hecté.res for the baseline compared to 1 hectare (104m2) for '
the baseline algorithm. At the larger area of 2.25 hectares (150 x 150 m),
the advantage of the near optimum algorithm is less but still'signi.ficant.

The independent component of errors exhibits comparable advantages.
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5.0 IMPLEMENTATION

Precision space calibrator equipments and standard radar cross
section targets must be developed to implement the baseline calibration
systems recommended for the shuttle imaging radar. One or more sites
for the corner reflector farm should be developed and surveyed as well,

The space calibrator equipments should be developed and fully
evaluated well before they are integrated with the shuttle sensor. The
evaluation shouid be thorough and should consider both accuracy and thermal
characteristics, The space calibrator hardware should be calibrated in
situ before the first missgion, a nd the relevant calibration parameters
should be certified.

The standard cross section targets and their mountings should be
carefully designed, with careful attention to cross section accuracy. The
corner reflectors must be rugpged and precise and be stable with respect
to effective radar cross section. Radar cross sections are ideally identical;
each target should be calibrated and the cross section should be certified
for use in shuttle calibration operations, Provision should be made for
precise orientation of the corner reflectors relative to calibration geometry.
The corner reflectors and their mountings should be designed to facilitate
survey and inspection services appropriate to shuttle calibration operations.

Task descriptions and estimated schedules for the development of

the elements of the baseline calibration systems are presented below.
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5.1 TASK DESCRIPTIONS -

Space Calibrator T

3 3 - H
iie space calibrator devices that require development and evaluation L
H

are listed below:

: 1. A power measurement device, for comparing two power sources I
i and for setting a reference power level. This device should v
perform the equivalent power measurement and set functions .
v described in Section 3, 1. |

i 2. A device for generating range delayed pilot signals, which are
E precise replicas of an input reference waveform. This device _
should perform the equivalent pilot signal record data source s
i functions described in Section 3. 1. o

‘ The critical tasks are listed below:

b e eAr 4 - anaima g s A S P -

1. Develop the power measurement and pilot signal generator _
devices described above. SRR

2., Develop, evaluate and calibrate the input and output hardware S5
required to integrate the calibration devices into the SIR sensor.

‘H,,.._
w

Evaluate the thermal characteristics and the accuracy limitations :
of the developed devices. .

et e+ T b o et n e oo

? ' 4, Develop a practical thermal control system to use with the SIR o
; calibration devices. i

[ 5. Produce and evaluate serviceable models of the calibration i
devices., e

v 6. Perform and certify calibration of the service models of the
calibration devices. :

Corner Reflector Farm i }

The cornef reflector farm tasks that must be performed for imple-

"
[

mentation of the baseline calibration subsystems are given below:

1, Select candidate sites for corner reflector farms, The sites
must be free of elements that could be the scurce of substantial
threats to the integrity of calibration of the target radar cross :
rections. They should permit locating targets in regions of
low reflectivity where they are free from interference (i. e., no 1
villages, farm buildings, radar sites, etc.). Atmospheric :
conditions should be generally stable and reliable estimates of ¢
tropospheric propagation losses should be available.
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2. Develop electrical and mechanical designs of standard cross
section targets., Radar cross sections should be 1000 m?
minimum (about 5000 m2, preferably) at the assigned wave-
lengths; cross section stability should be assured with suitably
rugged construction, The targets should be portable and mounted
to facilitate alignment and inspection.

3. Develop designs for mounting fixtures. The designs should
facilitate alignment and inspection, Multi-path interference
should be precluded; target heigth and a mounting base of suitable
configuration may be useful for this purpose, as described in
Section 3. 3,

Construct and calibrate the standard cross. section targets.
5. Install the corner reflectors in assigned sites and determine
locations.
Corner reflectors should be aligned, with the target axis of symmetry
colinear with the radar line of sight, before each calibration. Susrvey data
of target coordinates, radar cross section, and orientation should be certi-

fied for use in SIR radar parameter calibrations.

5.2 SCHEDULES

. Space Calibrator

It is estimated that the development of the space calibrator devices
described above will require nine months, including time needed for
calibration and certification of service models. An implernentation schedule

is shown in Figure 35.

Corner Reflector Farm

Implementation of a corner reflector farm is expected to require six
months, including time for installing the standard targets in a selected site.
Separate sets of 16 targets are needed for each wavelength of dual L-,
X-band SIR sensors, as discussed in Section 3, 3. An implementation

schedule for the corner reflector farm is given in Figure 36,
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MONTHS AFTER GO-AHEAD

o

0 1 2 3 q 5 6

SPACE CALIBRATOR
CRITICAL ITEMS®
SPECIFICATIONS ——
PROCUREMENT h—
BREADBOARD, LABORATORY TEST b :

CALIBRATION “ ]

PRODUCT DESIGN, FABRICATION [ ! ’
TEST -ﬁ_—

EVALUATION
CERTIFICATION

CALIBRATION ]

*POWER COMPARATOR BRIDGE, POWER MEASUREMENT AND CONTROL CIHCUITRY; IF DELAY,
COMPARATOR AND GAIN SERVO; PASSIVE WAVEGUIDE COMPONENTS

Figure 35. Space calibrator implementation schedule

MONTHS AFTER START
0 1 2 3 4 5 6
SITE SELECTION b ]
SITE SURVEY —— Ea—
TARGET SPECIFICATION
ELEGTRICAL _l .
MECHANICAL _-l
TARGET FABRICATION® w ;
CALIBRATION _-_f
CERTIFIGATION _1-
ACCEPTANCE ——
INSTALLATICN T -
16 TARGETS FOR ASSIGNED BANDIS) :

Figure 36. Corner reflector farm implementation schedule
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