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An error analysis is presented for the image reconstruction algorithm currently employed by the
electronically steered thinned array radiometer aircraft instrument, This instrument samples
components of the Fourier transform of the brightness temperature distribution at 1.4 GHz. Sources
of error are identified, including systematic offsets and stochastic noise in the measurements, errors
in the interference pattern antenna calibration, multipath scattering from the antenna support
structure, mutual coupling between nearby array elements, and variations in the antenna patterns of
the array elements. These errors are shown to produce artifacts in the image which appear as
“*streaks’’ running along the instrument flight line. Possible hardware corrections are discussed.
These include a reduction in the profile of the antenna support structure and a decoupling of adjacent
and other nearby array elements using corrugated *‘skirts.” Also discussed are several image
enhancement techniques which detect and correct for some of the streaking. These techniques
include a renormalization of the interference patterns based on the measured element patterns, a
perturbation based interpretation of image contrast, and a covariance analysis of noise present in the

image.

1. INTRODUCTION

Projected future requirements for the spatial res-
olution of microwave radiometers in low and geo-
synchronous Earth orbit (LEO and GEO) will de-
mand electrically large antenna systems. For
example, spatial resolution of 10 km requires a 50
wavelength antenna in LEO at 400 km altitude and
a 4500 wavelength antenna in GEO. A satisfactory
response to the ‘‘Mission to Planet Earth’’ require-
ments for the monitoring of key global change
parameters will require this resolution at micro-
wave frequencies which are suitable for imaging soil
moisture (1.4 GHz, 21-cm wavelength) and ocean
salinity (1.4 and 2.65 GHz, 21- and 11-cm wave-
length) [Murphy et al., 1987]. These antenna sizes
cannot be practically accommodated by conven-
tional mechanically steered reflector designs. One
promising alternative is the synthetic aperture inter-
ferometric radiometer (SAIR). This approach uses
the aperture synthesis process by which radio as-
tronomers have generated very large effective an-
tennas by cross correlating an array of widely
spaced antenna elements. An effective aperture is
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synthesized which is as large as the widest spacing
between elements in the sparsely filled array of real
antennas. The number of elements needed is signif-
icantly reduced below that of a conventional phased
array, and the mass and weight are both reduced
well below that needed for a conventional reflector
antenna with similar performance. In addition, the
antenna beam is steered electrically, so that the
problems with mechanical steering are also elimi-
nated.

An aircraft prototype has been built based on this
concept. It is called the electronically steered
thinned array radiometer (ESTAR), operating at 1.4
GHz with a synthesized antenna aperture of 3.5
wavelengths. The system design characteristics are
described by Hierr [1988], and initial flight images
are presented by Le Vine et al. [1990]. The initial
image reconstruction algorithm used to generate the
flight images is developed by Tanner [1990]. The
work presented here is an analysis of the errors in
the brightness temperature image reconstructed by
ESTAR from its raw measurements. The analysis is
divided into four parts. Section 2 is a review of the
fundamental principles of interferometric aperture
synthesis, followed by a brief description of the
ESTAR hardware and reconstruction algorithm.
Section 3 considers the different sources of error in
the image. Included here are multipath effects on
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the interference patterns, antenna element pattern
envelope effects, and stochastic and systematic
noise in the measurements. Section 4 examines the
inherent errors associated with the reconstruction
of uniform scenes, those without contrast. This
error can be partially corrected using an antenna
element pattern renormalization and can be cali-
brated with an image perturbation procedure. Sec-
tion 5 derives the correlation structure of the errors
in the image. An oscillating correlation between the
noise in different image pixels is found to result
from the multipath interference. This correlation,
when coupled with systematic biases in the mea-
surements or in the system calibration, will produce
pronounced *‘streaks’’ in the image.

2. REVIEW OF SAIR IMAGING

SAIR imaging is based on a fundamental spatial
filtering characteristic of interferometer pairs of
antennas. The effective antenna pattern formed by
two separated antennas whose signals are cross-
correlated together contains a sinusoidally varying
series of interference maxima and minima, envel-
oped by the patterns of the two antennas. The
frequency of the sinusoidal variation increases as
the antenna separation is increased. When used
with a microwave radiometer receiver, this effec-
tive antenna pattern acts as a spatial filter; it is most
sensitive to variations in the scene brightness tem-
perature distribution with the same sinusoidal vari-
ation. Coherent quadrature detection in the receiver
essentially extracts the sine and cosine components
of the spatial Fourier transform of the brightness
temperature distribution at a frequency determined
by the spacing between the interferometer pair. An
image can be formed by adequately sampling the
spatial Fourier transform, or visibility space, of the
brightness temperature distribution. An equivalent
Nyquist sampling criteria exists which stipulates
that visibility measurements be made at interferom-
eter pair spacings in increments of approximately
one-half wavelength in LEO and 2.8 wavelengths in
GEO. This follows from the angular extent of the
brightness temperature distributions which are
viewed from LEO (=%90°) and GEO (=+9°). The
maximum spacing in the visibility domain will de-
termine the spatial resolution in the brightness
temperature domain in a manner exactly analogous
to standard time and frequency sampling/resolution
relationships. y
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A derivation of the Fourier transform relationship
between visibility samples and the brightness tem-
perature distribution is given by Ruf et al. [1988]. In
GEO, with small flood beam antenna elements
covering the entire Earth disk, a visibility sample is
given by

27 =
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0 0

. pl2mlusin @ cos & + vsin fsin ¢) sin 0 d6 dé (1

where u and v are the relative coordinates of the
interferometer pair in the plane of the antenna array
in units of wavelengths, 7T3(8, @) is the brightness
temperature distribution across the Earth and cold
space, and P(0, ¢) = E (0, ¢) E3(0, ¢) where E| 5(6,
¢) are the electric field radiation patterns of the two
antenna elements and the asterisk denotes complex
conjugation. The coordinate system relating u, v, 6,
and ¢ is described in Figure la. In LEO, one
possible antenna configuration consists of a line of
unevenly spaced antenna elements, each element
having a long, thin (fan beam) antenna pattern. All
of the fan beams overlap, defining a brightness
temperature strip on the Earth surface to be im-
aged. Pixels along the strip can be resolved by
interferometry and the strip can be oriented cross
track to the direction of motion, so that forward
motion will create a ‘‘pushbroom’™ imager. The
visibility samples for this type of SAIR are given by
[Ruf et al., 1988]:

Vn) = f " Ta(d) P(d)el ™M dgy @

where n is the number of half wavelengths between
the interferometer pair, Ty(¢h) is the brightness
temperature distribution along the strip, ¢ is the
off-nadir angle along the strip, and P(¢) = [JE, (6,
¢) E5 (0, ¢) sin 6 d6#, where E;,(6, ¢) are the
electric field radiation patterns of the two antenna
elements with the narrow dimension of their fan
beams oriented in the # direction. The coordinate
system relating the orientation of the antenna ele-
ments to # and ¢ is described in Figure 15b.
Nyquist sampling of the visibility function insures
that the image reconstruction does not suffer from
aliasing. Here aliasing is equivalent to increased
sidelobes in the synthesized antenna pattern. The
visibility function can be adequately sampled by an
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Fig. 1. Coordinate systems and orientation for synthetic
aperture interferometric radiometers. (a) Two-dimensional syn-
thesis using small, flood beam antenna elements and (b) one-
dimensional synthesis using long, thin, fan beam antenna ele-
ments. The ESTAR instrumgnt uses one-dimensional synthesis.
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array of antenna elements which is significantly
thinned out, relative to a uniform grid (in two
dimensions) or a uniform line (in one dimension) of
elements. This thinning procedure has been exam-
ined for one-dimensional synthesis in LEO
[Moffett, 1968; Ruf et al., 1988] and for two-dimen-
sional synthesis in GEO [Ruf, 1990]. All necessary
spacings between interferometer pairs are sampled
by cross correlating all possible pairs of antennas in
the thinned array. The fact that this thinning can be
so pronounced, and in fact increases, as a percent-
age of the equivalent uniformly filled array, with
increasing antenna size, is largely responsible for
the attractiveness of the SAIR approach to synthe-
sis of electrically large antennas in space.

The degree of thinning possible in one dimen-
sional synthesis has been studied as a number
theoretic problem [Leech, 1956]. Leech found that,
in the limit of very large thinned arrays, optimally
thinned configurations are bounded by

gl deng
2+;5 lim —=- 3)

o

where n is the maximum number of unit spacings in
the array (typically one-half wavelength) and % is
the minimum number of elements. The spatial res-
olution of the one-dimensional SAIR imager is
inversely proportional to its maximum spacing. For
a n half-wavelength maximum spacing the resolu-
tion is approximately [Ruf et al., 1988]:

2
HPBW = — rad (4)

n

where HPBW is the half power beamwidth of the
synthesized antenna pattern. Combining (3) and (4),
the minimum number of antenna elements, k, re-
quired is bounded by

2.20 2.31
12 =k= 112
HPBW HPBW

(5)

Note that the number of elements required only
increases as the square root of the resolution. This
is in contrast to the linear relationship between
antenna element count and array resolution for a
uniformly filled linear array antenna. The number of
elements (as well as the power, weight, and cost)
has been reduced significantly. However, this re-
duction in real antenna size also reduces the signal
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Fig. 2. Antenna array configuration for the ESTAR aircraft
instrument. Also shown are all possible interferometer pairs
which are formed by cross correlation of the individual antenna
outputs. Note that three of the interferometer pairs, those with
spacings of 0.5A, 1.5A, and 2.0A, are each formed twice [from
Tanner, 1990].

to noise ratio of the reconstructed image [Ruf et al.,
1988]. This imposes practical limits on the thinning
that is possible with very large antennas.

The aircraft prototype ESTAR instrument is a
one dimensional synthesis SAIR with five fan beam
antenna elements in its array. A schematic of the
antenna configuration is shown in Figure 2. Cross
correlations of all possible pairs of antenna ele-
ments produce samples of the visibility function at
interferometer spacings of 0, 1, 2, +++, 7 half
wavelengths. These spacings are labeled in Figure
2. Also, shown in the figure are the redundant
spacings, those sampled more than once, which are
labeled **A’" and *‘B.”

A ‘‘naive’ attempt to invert (2) and solve for
Tg(¢) would result in an inverse Fourier transform
image reconstruction algorithm of the form [Ruf et
al., 1988]:

N

" 1 i
Tp (¢) = }T(m. Z V("}e—_;mlsmtp (6)
n=-N
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where Tp(¢) is the estimate of the true brightness
temperature distribution 7Tz(¢), given the measure-
ments. This approach produces unsatisfactory re-
sults due to the inexact nature of the spatial filtering
of the actual interference patterns formed by the
interferometer pairs. A number of effects, including
mutual coupling between adjacent antenna ele-
ments, variable polarization rotation versus off-
nadir scan angle for different interferometer pairs,
and multipath scattering from the mechanical struc-
ture, produce interference patterns which are not
purely sinusoidal [Tanner, 1990]. As an example,
the measured interference patterns are shown in
Figure 3 for the zero wavelength spacing (the self-
correlation of a single element) and for the 1.5
wavelength spacing. The element pattern envelope
P(¢) is also included in the measurements. Also
shown in the figure are the corresponding ideal
Fourier interference patterns which would produce
exact spatial filtering at these interferometer pair
spacings. These ideal patterns include a raised
cosine envelope, intended to simulate a typical
antenna element pattern. Note that the measured
(nonideal) zero spacing ‘‘interference’’ pattern has
a significant component of oscillation at a much
higher spatial harmonic. This is due to multipath
scattering. The 1.5 wavelength spacing also has a
number of other spatial harmonics present in addi-
tion to its strong fundamental oscillation.

The current ESTAR image reconstruction algo-
rithm is described by Tanner [1990]. In review, the
interference pattern is measured on an antenna
range for each of the interferometer pairs. For a
given brightness temperature distribution, then, the
measured visibility samples can be predicted (with-
in the accuracy of the antenna range measure-
ments). The image reconstruction algorithm con-
sists of solving for that brightness temperature
distribution which minimizes the squared error be-
tween the measured visibility samples and those
predicted using the interference patterns. The min-
imization process is executed numerically by divid-
ing the brightness temperature distribution into dis-
crete regions and approximating the integral in (2)
by a summation. The ith visibility sample can then
be described by

L
Vi= 2, g{-,-TJ,- (7)

i=1
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Fig. 3. Measured and theoretical interference patterns for a one-dimensional SAIR array. (a) Measured

self-correlation of one antenna element in the ESTAR array. Note the presence of higher-frequency oscillations
due to multipath scattering. (h) Theoretical self-correlation without any multipath effects, including a raised
cosine element pattern envelope. (c) Measured interference pattern for a 1.5A interferometer pair spacing. (d)
Theoretical interference pattern for a 1.5A spacing, assuming no spatial harmonics other than that due to the 1.5A

spacing are present.

where g; is the sensitivity of V; to brightness
temperature at the jth pixel in the image, T; is the
brightness at the jth pixel, and M is the total number
of pixels in the image.

The complete measurement of visibility samples
made for a given brightness temperature distribu-
tion can then be represented by

V=GT (&)

where V is the vector, of measurements, G is the
matrix of sensitivities 9i;» and T is a vector repre-

senting the brightness temperature distribution ly-
ing within the antenna element pattern. Two rows
of G were plotted in Figures 3a and 3c. The image
reconstruction algorithm then follows as a general-
ized matrix inversion of (8)
=G'Y (9)
where T is the estimate of the bnghtness tempera—
ture distribution vector and G' = G'(GG") !,
where the dagger is the matrix ranspose operator.
This estimator solves for that image, T, which
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Fig. 4. Synthesized antenna pattern for ESTAR with a trian-
gular aperture taper. Significant further reduction in the sidelobe
levels is possible with a more extensive aperture taper.

minimizes the squared error 22, [V; — (GT);]%.
Here GT is the estimate of the vlSlblllty samples
given the antenna range data.

The performance of this image reconstruction
algorithm can be simply evaluated by combining (8)
and (9)

T=AT (10)
where A = G'G. The matrix A can be thought of as
the synthesized antenna pattern of ESTAR. The
center row of A, corresponding to the nadir viewing
antenna pattern, is shown in Figure 4. Aperture
tapers can be applied, in order to reduce the side-
lobes in the pattern, by weighting the visibility
samples, in a manner analogous to conventional
antenna tapers.

3. SOURCES OF IMAGE RECONSTRUCTION ERROR

Several hardware and measurement related ef-
fects produce errors in the brightness temperature
images that are reconstructed from the visibility
samples. The Fourier transform relationship be-
tween visibility samples and the observed bright-
ness temperature distribution results from the inter-
ference pattern formed by cross correlating
separated antenna elements. This, in turn, results
from the difference in path length from the bright-
ness temperature sougce to the two antennas. A
particular path length difference produces a partic-
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ular frequency of phase reinforcement and cancel-
lation. However, scattering of the incoming signal
from the mechanical structure surrounding the an-
tenna elements produces additional signal paths
and, consequently, secondary path length differ-
ences. This results in visibility samples which are
primarily sensitive to the Fourier coefficient corre-
sponding to the interferometer pair spacing but with
smaller contributions from other effective spacings
due to the multipath. The image reconstruction
algorithm accounts for this by not presuming an
exact Fourier transform relationship, and the syn-
thesized antenna pattern shown in Figure 4 demon-
strates that all spatial harmonics affecting the vari-
ous visibility samples have been properly
accounted for. However, this cross coupling of
spatial harmonics causes other problems, discussed
in more detail in section 5, relating to the correla-
tion of errors in the image. For this reason, the
nature and magnitude of the multipath effect will be
examined more closely here.

The spacing of antenna elements in the ESTAR
aircraft instrument was described in Figure 2. Each
of the spacings 0.5A, 1.5A, and 2.0\ are sampled
twice, by an **A’’ and a ‘*B’’ pair in the figure. In
each case the “*A’" pair has one element at the outer
edge of the array and the ‘“B’’ pair has no element
at the outer edge. Thus the highest-frequency spa-
tial harmonic possible from multipath is higher for
the “*A”" than for the **B’ pair. This harmonic
would result from multipath scattering off of the
support structure at the opposite end of the antenna
from the outer edge element in the ‘A’ pair. Figure
5 shows the power spectrum of the interference
pattern of each of these redundant interferometer
spacings. For each spacing the “*A"" pair is shown
as a solid line and the “*B’” pair as a dashed line. All
of these spectra peak at the spatial harmonic appro-
priate for their interferometer pair spacing. How-
ever, the **A’’ pairs all have a weak secondary peak
at a spatial harmonic corresponding to a spacing of
four wavelengths. This is the multipath effect. The
**B”" pairs have a multipath harmonic contribution
which, in each case, corresponds to the greatest
separation between its elements and the antenna
support structure. These higher-frequency spatial
harmonics stand out clearly in the figure because
they are well separated from the fundamental har-
monic contribution. However, these is also much
additional harmonic contribution from spatial fre-
quencies near the fundamental, due to additional
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Fig. 5. Power spectrum of the ESTAR interference patterns
of the redundant interferometer pairs. In each case the solid line
represents the pair with one element at the outer edge of the
antenna array. The dashed line represents the pair with neither
element at the outer edge. Note the secondary peak near 4A for
each solid line, due to multipath interference with the opposite
far edge of the antenna support structure. (a) 0.5A spacing; (b)
1.5A spacing; (¢) 2.0A spacing.

multipath between the elements and closer edges of
the antenna support structure. In fact, the figure
indicates a strong inverse correlation between the
power in a particular harmonic due to multipath and
the distance between the element and the edge
structure with which it is interfering to generate that
harmonic. The effect of this cross coupling between
harmonics on image reconstruction errors will be
examined in section §.

The “‘interference’’ pattern for the zeroth visibil-

i 2 3 4 5 6

T T T

) 1 2 3 4
Spatial Harmonic (d/lambda)

e
-

Fig. 5. (continued)

ity sample was shown in Figure 3a. To the extent
that the Fourier transform relationship between
brightness temperature distribution and visibility
function is valid, this sample represents the bias, or
“D.C. offset,’’ of the distribution, about which zero
mean perturbations make up the contrast in the
image. It is a brightness temperature pedestal on
which cross track variations in the scene sit. For
many Earth remote sensing applications this is a
very useful perspective because nonlinear geophys-
ical retrieval algorithms are often devised as first
order perturbations about a nominal geophysical
condition. The brightness temperature pedestal pro-
vides a natural baseline about which to expand the
perturbation. This approach also avoids the prob-
lems with errors in the reconstruction of the actual
nominal brightness temperature distribution. Actual
brightness temperature distributions will rarely, if
ever, appear similar to the ‘‘interference’’ pattern
of the zeroth visibility sample. Thus the true bright-
ness temperature distribution will be poorly recon-
structed. However, perturbations about a nominal
distribution are well represented by a linear combi-
nation of the higher-order spatial harmonics. This
approach is described in more detail in section 4.
The image reconstruction algorithm described by
(9) has two sources of error. Measurement errors
are accounted for by uncertainties, AV, in the
measured visibility function. The interference pat-
terns assumed for each interferometer pair may also
be in error. This corresponds to uncertainties, Agi,
in the elements of the G matrix. The AV uncertainty
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can result from both systematic offsets in the data,
due to inaccurate calibration, and random, zero
mean, measurement noise. The random component
of AV is analogous to the measurement uncertainty
AT present in all conventional microwave radiome-
ters. The systematic biases in the visibility samples
are harder to predict since they typically result from
an incomplete or incorrect accounting for the
sources of offsets and gain corrections made when
calibrating an instrument. Uncertainties in elements
of the G matrix can result from measurement errors
during the antenna range determination of the inter-
ference patterns and from changes in the patterns
themselves between the antenna range tests and the
subsequent aircraft flights. Changes of the latter
type might result, for example, from differences in
the near-field mechanical environment surrounding
the antenna array.

The effects of uncertainties in the visibility func-
tion on the reconstructed image can be factored
directly from (9)

Iy = (GG (11)

where 'y is the covariance on T and T, is the
covariance on V. The main diagonal of I'y repre-
sents the variance on each pixel in the brightness
temperature reconstruction. The square root of this
variance is shown in Figure 6 as a function of
off-nadir angle. This figure assumes that the errors

RUF: ERROR ANALYSIS OF SAIR IMAGES

in V are independent and identically distributed,
with an rms value of AV = 0.1 K. Also shown in the
figure is the equivalent standard deviation derived
for an ideal instrument with pure Fourier transform
sampling by the visibility function. The oscillations
in the standard deviation of the ESTAR image are
consistent in form with measurements of the image
AT reported by Tanner [1990]. Differences in the
magnitude of the image AT are due at least in part to
the variations in noise level, AV, between different
visibility samples with the actual ESTAR hardware.
These oscillations in the image AT result from the
cross coupling between spatial harmonics in the
visibility samples. The oscillations are not present,
for example, in the ideal Fourier transform based
image covariance. The off-diagonal elements of the
covariance matrix I'; indicate the degree to which
errors in different parts of the image are correlated.
The structure of this correlation is the subject of
section 4.

Errors in the G matrix will also cause errors in the
reconstructed image. This relationship can be quan-
tified by considering each element of G to be in
error by Ag;;. Then (8), (9), and (10) become

T=A'T (12)

where A’ = (G + AG)'[(G + AG)(G + AG)'] 'Gis
the synthesized antenna pattern with the errors
incorporated and AG is the matrix of elements Ag;;.
Independent random errors in the elements g; have
only a negligible effect on the image. For example,
a numerical simulation of these errors was per-
formed, in which the synthesized antenna pattern
A’ was computed for different levels of error in G.
The antenna gain, averaged over the main beam,
was determined for each of 100 realizations at each
error level. The results are shown in Figure 7. The
gain of the synthesized antenna pattern decreased
by only 1% with a 5% random error in the G matrix.
This decrease in gain can be equated approximately
with a corresponding increase by 1% in the inte-
grated sidelobe level (or decrease by 1% in the
beam efficiency). This small impact on the image
results because many of the G matrix elements are
linearly dependent. This oversampling averages
down the individual errors in the matrix elements.

Systematic errors in the G matrix are not reduced
by averaging, and they will have a more significant
impact on errors in the image. The most likely
sources of systematic errors are inaccurate gain and
offset corrections in the individual cross-correlator
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Fig. 7. Decrease in the average gain of the synthesized

antenna pattern over the main beam due to independent errors in
the individual measurements of the interference patterns. The
antenna pattern is largely unaffected because the interference
patterns have been greatly oversampled.

channels of ESTAR. These errors can equivalently
be modeled as uncertainties in the visibility samples
themselves, since they will affect all columns of a
particular row of G equally. The covariance formal-
ism developed above for the visibility function
errors can also account for these systematics.

4, UNIFORM SCENE ERRORS AND IMAGE RECOVERY

The idealized relationship between visibility
function and brightness temperature distribution
described in (2) presumes two important simplifica-
tions. One, the uncoupled filtering of Fourier com-
ponents by each visibility sample, has been dis-
cussed above. The other is the identification of a
unique antenna element pattern P(¢) for the entire
array of interferometer pairs. In fact, the element
patterns which envelope each interference pattern
are slightly different, due to near-field effects in the
antenna structure and to small differences in the
individual antenna elements. Thus image recon-
struction cannot solve for a unique function,
Ty() P(p), which can then be solved for Ty(d).
Instead, the reconstruction algorithm attempts to
solve directly for Tz(¢) by measuring the complete
element-pattern-weighted interference patterns and
inverting the integral equation with respect to
Tg(¢p). This procedure produces a **best’’ image, in
a minimum squared error sense, which is poorly
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suited to the reconstruction of uniform brightness
temperature scenes. This section examines the ex-
tent of the reconstruction error for a uniform scene
and suggests two possible refinements to the image
reconstruction algorithm to reduce the error,

The set of interference patterns for all interfer-
ometer pairs in ESTAR forms a basis over a sub-
space of all possible brightness temperature distri-
butions. All distributions in that subspace can be
constructed by linear combinations of the interfer-
ence patterns. Only distributions in the subspace
can be reconstructed exactly by ESTAR, and those
lying outside the subspace are approximated by the
nearest element in the subspace (nearest in the
sense of minimum squared error). Thus uniform
brightness temperature distributions, as well as
very slowly varying scenes such as the open ocean,
can only be approximated. The degree of approxi-
mation is shown in Figure 8. A uniform 290 K scene
has been reconstructed, using both the measured
interference patterns and the ideal, Fourier trans-
form, patterns. (The zero and 1.5 wavelength spac-
ing ideal patterns were shown in Figure 3.) These
images both include a triangular aperture taper to
reduce the synthesized antenna pattern’s sidelobe
levels. Note that, in both cases, a significant
amount of ripple is evident across the scene. This
ripple is consistent with the uniform scene recon-
structions presented by Tanner [1990]. The ripple is
unavoidable with the current ESTAR reconstruc-
tion algorithm because the subspace spanned by the
interference patterns does not include a uniform
brightness temperature distribution.

The ripple in the uniform scene reconstruction
can be reduced by transforming the subspace of
possible images. To the extent that a common
antenna element pattern P(¢$) does exist for all
interference patterns, a uniform scene is essentially
a measurement of P(¢). Thus for uniform or near
uniform scenes a transformation based on the shape
of the zeroth visibility *‘interference’ pattern is
appropriate since it approximates the antenna ele-
ment pattern. Normalization of the interference
patterns by P(¢) should place the uniform scene in
(or near) the subspace of reconstructable images.
This normalization is given by

Vn(‘m
Vi)

V() = (13)
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Fig. 8. Theoretical image reconstruction of a uniform 290 K scene using the present ESTAR algorithm. The
ripple in the images are caused by the truncation of the sampled visibility function at lower spatial harmonics due
to the antenna element pattern. (@) Using the measured ESTAR interference patterns, the rms error in the image
is 3.5 K. (b) Using the ideal Fourier transform interference patterns, the rms error in the image is 1.0 K.

where V,, is the normalized interference pattern for
the nth visibility sample and V,y(¢), the zeroth
interference pattern, is the approximate element
pattern P(¢). The image reconstruction algorithm
would then be modified to remap, or unnormalize,
the image back to the original brightness tempera-
ture subspace by

Tp() Vo(d) [GY(GG") ' V]
where G is the normalized G matrix with interfer-
ence patterns given by (13). This reconstruction
algorithm is demonstrated in Figure 9 for both the
measured and the ideal interference patterns. In
both cases the ripple has been reduced relative to
the unnormalized reconstruction shown in Figure 8.
For the measured interference patterns the rms
error in the image has been reduced from 3.5 to
2.4 K, and for the ideal interference patterns from
1.0to 0.3 K. The greater improvement in the case of
the ideal pattern is due to the unique antenna
element patterns which was assumed. A consistent
cosine envelope, shown in Figure 3b, was used for
all interferometer pairs, and the normalization given
by (13) was more meaningful. This improvement
highlights the importance of reducing the variations
in the interference pattgrn envelope between inter-
ferometer pairs in the ESTAR instrument. This can

(14)

be done, for example, by reducing the mechanical
support structure extending out beyond the ground
plane of the antenna array (C. T. Swift and A.
Griffis, personal communication, 1991).

The ripple present in the image of uniform scenes
is a consistent feature of the reconstruction algo-
rithm. As such, it can be accounted for when
interpreting ESTAR images. For example, the im-
age reconstructed from the following brightness
temperature distribution

Tp(d) =291 K

|| < HPBW (15a)

Tg(p) =290 K otherwise (15b)

will largely reproduce the ripples in the image of the
uniform scene. The difference between the image of
(15) and that of the uniform scene is shown in
Figure 10. The large ripples due to the 290 K offset
have been removed and the remaining ripples, due
only to the 1 K perturbation, have been scaled
down proportionately. This correction follows nat-
urally from the linearity of the image reconstruction
algorithm. In practice, this approach can be utilized
when interpreting ESTAR images. Perturbation im-
ages, representing the change in brightness temper-
ature relative to a nominal distribution, would scale
the inherent ripples in the reconstructed image
down by the relative size of the perturbation. For
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Fig. 9. Theoretical image reconstruction of a uniform 290 K scene using a modified algorithm which
normalizes all interference patterns by the zeroth *‘interference'’ pattern. This places the uniform brightness
temperature distribution closer to the subspace spanned by the set of interference patterns. (a) Using the
measured ESTAR interference patterns, the rms error in the image is 2.4 K. (b) Using the ideal Fourier transform
interference patterns, the rms error in the image is 0.3 K.

example, open ocean ESTAR images could retrieve
salinity perturbations about a mean cross track
salinity distribution. The expected range of salinity
induced changes in the brightness temperature at

1 K Perturbation on 290 K Scene
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Fig. 10. The difference between a 290 K image and the same
image with a 1 K increase at the center pixel. By linearity this is
equivalent to an image of just the 1 K pixel. Note that the ripples
in the image have been scaled down, relative to those in the 290
K uniform image, by the relative brightness temperature. Per-
turbation image interpretaion would produce a similar scaling
down of the ripple artifact.
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1.4 GHz, 5-10 K at 0° incidence angle [Klein and
Swift, 1977], compares with a 100 K brightness
temperature offset. This represents a factor of 10-20
potential reduction in image ripple.

5. IMAGE COVARIANCE STRUCTURE

The covariance I'y on the reconstructed image |
is given by (11). In order to evaluate this expres-
sion, the form of the covariance on the visibility
measurements I", must be known. The correlation
between different samples of the visibility function
is evaluated explicitly in the appendix. For reason-
able predetection RF bandwidths B and postdetec-
tion integration times 7, the condition B > I/r
forces the noise in the different visibility samples to
be essentially uncorrelated. This results in a diago-
nal visibility covariance matrix.

The image covariance matrix I'y (and covariance
matrices in general) can be factored into the follow-
ing form

I'r = SRS (16)
where S is a diagonal matrix of standard deviations
and R is a symmetric matrix of correlation coeffi-
cients. Elements of R, r;, represent the degree of
correlation between the noise in the ith and jth
pixels in the brightness temperature image. Diago-
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g 06 A independent pixels on either side. This implies that
f-; 04 / \ f / \ noise (or systematic offsets) in the brightness tem-
2 5 \ I \ f \ perature image at nadir due to noise (or systematic
g '"\ ] \ { \ offsets) in the visibility function will be strongly
'_% b l ] \ \ , \ negatively correlated with the noise (or systematic
g 02 offsets) in the image at ==7° Positive errors at
S a4 \ / \ \ , \ nadir will be accompanied by negative errors of
2 s \ / \ \ f \ nearly the same magnitude at =7°. The next inde-
il T |V l} \ \ I \ pendent pixels out from nadir, at ==15° have
=f.5 7 7 v ¥ correlation coefficients of =+0.8. Errors at nadir
e s — : - will be accompanied by nearly identical errors at
‘ ‘ ; # O-ILOHEdir:ngI:{::Eg] i & 4 2 these piXEIS'
Fige:11.. Correletionsofl the:exmor (Aue~toybothsnbea and This oscillating behavior will produce an additive

systematic offsets) in one pixel of the ESTAR image with the
error in other pixels. The large negative and positive correlation
is due to the cross coupling of spatial harmonics between the
different visibility samples. The frequency of oscillation of the
correlation is determined by the spatial resolution of the image.
(a) Correlation relative to the image pixel at —14.5° cross track;
() correlation relative to the nadir pixel; (¢) correlation relative
to the +15.4° pixel.

nal elements of R, r;;, are by definition all equal to
unity. Several of the rows of the correlation matrix
R are shown in Figure 11. Included are the rows
corresponding to pixels located at off-nadir angles
of —15° 0°, and +15°. The correlation function is
seen to oscillate between very strong positive and
negative correlations at a periodicity corresponding
to the spatial resolution,of the image. For example,
the correlation function for the 0° (nadir) pixel is

noise structure with a *‘checkerboard’ appearance.
The magnitude of the additive noise is determined
by the rms noise, or AT, on the image. This noise
would be independent from strip to strip along track
as the ESTAR instrument moves along its flight
line. However, any systematic biases in the visibil-
ity samples, or any calibration errors in the G
matrix which can be equivalently modeled as biases
in the visibility samples (see section 3), will produce
systematic errors in the image which will repeatedly
exhibit the same ‘‘checkerboard’ structure every
strip. This will appear in the image as *‘streaks’
running parallel to the flight line and oscillating at a
periodicity corresponding to the spatial resolution
of the image. The magnitude of these streaks de-
pends on the size of the systematic errors in G or V.
Systematic errors in the absolute calibration of
conventional microwave radiometers are quite of-
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Fig. 12. Correlation of the error in the nadir pixel with the
error in other pixels for the ideal Fourier transform visibility
samples. The correlation damps out with a sin x/x behavior
because the noise on the visibility measurements determines the
power spectrum of the noise on the image.

ten several orders of magnitude greater than the
precision, or AT, of the instruments, and the same
should be expected for ESTAR. Correcting for this
correlation structure would involve first identifying
its magnitude through a correlation analysis of a
large set of ESTAR flight images, then simply
treating it as a known systematic bias and subtract-
ing it.

The cause of the large correlation between errors
at widely separated angles in the image, as well as a
possible approach to reducing it, is apparent by
considering the covariance structure of the bright-
ness temperature image reconstructed from the
ideal Fourier transform interference patterns. The
row of the correlation matrix factored from this
covariance matrix which corresponds to the nadir
pixel is shown in Figure 12. This image covariance
also assumes an uncorrelated, diagonal, visibility
covariance. In the case of true Fourier transform
relationships between visibility and image vectors
the interpretation is straightforward. The assump-
tion of a diagonal visibility covariance is equivalent
to assuming independent white noise in the visibil-
ity Fourier domain. The noise is ‘‘band limited’’ in
this case by the maximum interferometer pair spac-
ing of the visibility samples. Thus the power spec-
tral density of the noise in the image can be de-
scribed by
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Sar(d) =AV?  |d|=<3.5A (17a)
Sar(d)=0 otherwise (17h)

where AT is the rms noise on the image, d is the
separation between interferometer pairs, and AV is
the rms noise on the visibility samples. The auto-
correlation of the image noise follows as the Fourier
transform of S,7(d), by the Wiener-Khinchin theo-
rem [Papoulis, 1984]:

{AT(sin ¢) AT(sin ¢ — sin ¢'))

gy
sinc 3 sin ¢’

where A7T(sin ¢) is the rms noise on the image at sin
¢, the expectation operation { - ) is over the com-
plete image with respect to sin @, dp,x = 3.5A is the
maximum interferometer pair spacing, and sinc
(x) = sin (mx)/mx. The correlation structure in Fig-
ure 12 clearly reflects a sinc (x) behavior. The
periodicity of the correlation, sin ¢ = AMdy, is
determined by the resolution HPBW = d,,,/A.
Images generated from true Fourier transform vis-
ibility samples will be largely free from systematic
along track streaking and cross track ‘‘checker-
board™’ artifacts.

The measured G matrix covariance structure ex-
hibits a weakly decaying correlation in both direc-
tions away from unity correlation at the pixel lying
on the main diagonal of I'y. This is a result of the
dominant spatial harmonic present in each visibility
sample. However, the large degree of cross cou-
pling of harmonics between the different visibility
samples has introduced a significant degree of ‘‘col-
or’’ into the power spectral density of the noise in
the reconstructed image. This, in turn, degrades the
ideal sinc (x) correlation structure. Aside from
calibrating out the systematic streaks introduced by
the structure of the image covariance, a more direct
solution might be to reduce the degree of harmonic
coupling in the visibility samples. The predominant
source of this coupling was identified in section 3,
above, as multipath induced secondary interferom-
eter pairs. Possible hardware modifications to re-
duce the multipath include recessing the antenna
support structure surrounding the array ground
plane, as discussed in section 4, and electrically
decoupling adjacent and other nearby array ele-
ments, for example, by adding corrugated, flared

=AV? 2

(18)
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““skirts”” around the perimeter of the aperture of
each antenna element.

6. CONCLUSIONS

The image reconstruction algorithm presently
used by the ESTAR aircraft instrument introduces
‘“*streaking’’ artifacts into the image for a variety of
different reasons. Truncation of the lower visibility
spectrum due to the antenna element pattern enve-
lope on the zeroth visibility “‘interference’’ pattern
introduces a significant ripple in the reconstruction
of images with relatively little brightness tempera-
ture contrast. This reconstruction error has an rms
value of 3.5 K across a Tz = 290 K uniform scene.
The cross track ripple will appear as streaks in the
image oriented along the instrument flight line. The
error can be reduced to an rms value of 2.4 K by a
transformation of the subspace of brightness tem-
perature distributions spanned by the interference
patterns of the visibility samples. This transforma-
tion consists of an element-pattern-based renormal-
ization of the interference patterns. Limitations
with this approach are due to small inconsistencies
between the different antenna element patterns. An
ideal antenna array, with identical element patterns,
is shown to suffer a 1.0 K rms reconstruction error
without element pattern renormalization. This error
is reduced to 0.3 K with the transformation. Future
improvements in the ESTAR antenna hardware
should result in an rms reconstruction error be-
tween 2.4 and 0.3 K.

Multipath scattering of the incoming signal pro-
duces interference patterns with a strong primary
harmonic component and a significant secondary
distribution of effective interferometer pair spac-
ings. A spectral analysis procedure is presented
which identifies and quantifies the secondary har-
monic contributions in terms of the antenna hard-
ware design. The coupling of spatial harmonics
between the visibility samples introduces a very
strong correlation between the noise in the image at
widely separated pixels. This correlation will also
appear as streaks running parallel to the flight line of
the ESTAR aircraft. The correlation can in princi-
ple be detected by a covariance analysis of the
image and then corrected. However, the source of
the cross coupling between spatial harmonics can
also be reduced by careful antenna design. Possible
design improvements include a lower electrical pro-
file for the array backup structure and corrugated

RUF: ERROR ANALYSIS OF SAIR IMAGES

“*skirts’’ around each antenna element aperture to
reduce mutual coupling.

APPENDIX: SCENE DEPENDENT CORRELATION
OF VISIBILITY SAMPLES

The measurement noise AV present on all sam-
ples of the visibility function is equivalent to the AT
noise on conventional microwave radiometer mea-
surements. The exact expression for AV is [Ruf et
al., 1988]:

1 n
AV, = [(23 )[{Ts + T )(Tp + Tg,) + Vi- Vz]:l

(A1)

1 1”2
AV; = [(23 )[(Ts + Tg)(Tp + Tg,) + Vi Vf]]

(A2)

where V, and V; are the real and imaginary compo-
nents of V, B is the predetection bandwidth of the
measurements, 7 is the postdetection integration
time, T is the average brightness temperature over
the antenna element pattern, and Tk and Tg, are
the receiver noise temperatures of the two channels
of the interferometer pair. This appendix examines
the degree of correlation between the noise in two
different samples of the visibility function. Clearly,
noise originating from the receivers, Tg, will be
independent, provided the two interferometer pairs
share no common hardware. However, that portion
of AV due to the scene brightness temperature may
be correlated.

Following the noise process formalism developed
by Ruf et al. [1988], a complex visibility sample can
be expressed as

1 [i+2
Val) =— f b,-(r’)bj(r') dr (A3)
T =2

where V(1) is the noisy nth visibility sample, with
standard deviation given by (A1) and (A2) and with
mean given by (1). V, results from the low-pass
filtering of the cross correlation of interferometer
channels i and j. The noise processes by; at the two
antennas are defined by
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1+12

27 ’
bi(t) = b(8, ¢; 1) &%) si d A4 ‘ 1
) J; L (6, ¢; 1) sin 8 df d¢ (A4) <V"{I)me>;§ff{(vﬂ)

where b(6, ¢; t) is a stochastic thermal noise pro-
cess with power spectral density given by
Sp(f) =Tp(8, ¢)2B

|f] in the RF passband (A5a)

Sp(f)=0 otherwise (ASb)
and where k = 2#/A, with A the RF wavelength, and
ri(6, ¢) is the distance from the thermal emission
source at (6, ¢) to the ith antenna element.

The correlation between two visibility samples,
V,(t) and V,,(1), is found by examining the expec-
tation of their product

1 t+ 12
{(Va() V@) = <— f bi(t")bJt') dt’
U =12

1 1+ 72
e f bE(")b (1") d'f">
TJi-m

where the nth visibility sample corresponds to the
cross correlation of the ith and jth channels and the
mth sample to the kth and /th channels. Exchanging
the order of expectation and integration operations
gives

(A6)

(Vo) V()
1+7/2
1
=7 f j (bi(t")b I )b L")y (1) di' dt”
7
=72

(A7)

the expectation operation can be expanded using
the identity [Evans and McLeish, 1977]:

(abed) = (ab)(cd) + (ac)(bd) + (ad)(bc)  (A8)

and solving for the autocorrelation, Ry, (7), of b;(1)
from (AS5),

Ry (7) = (bi(0b 1 — 7)) (A9a)

Ry, () = Tg(8, ¢) sinc (B7) cos 2mfer) (A9D)
where sinc (x) = sin (mx)/mx and f. = c¢/A is the RF
center frequency. Cdmbining (A7), (A8), and (A9)
gives

1—7/2

- (VE) sinc? [B(t'—1)] cos® [2af,(t'—1")]

+ (VaXV) sinc? [B(' — )] cos? [2af.(t' — )]

+ (VaX Vi) sinc? [B(t'=1")] cos® [2af (')} dt’ dt”
(A10)

where the terms V ,;, represent the visibility samples
measured by cross correlating the ath and bth
channels. The first term inside the integral in (A10)
is independent of ' and '’ and can be factored
through the integral. The second and third terms,
which include the factor sinc? [B(t' — )] cos?
[27f.(t" — t")], will integrate to zero for B> 1/rand
fe = 1/7. This leaves

(VR(IJV:,(I» = (Vﬂ)<V:I (All)

This demonstrates that separate samples of the
visibility function have uncorrelated AV noise com-
ponents. The result is necessary in order to assume
a diagonal structure for the covariance I'y on V.
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