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Abstract -Aperture synthesis concepts have been used for 
many years in radio astronomy to achieve high image resolution 
at a reasonable cost. The time has come for earth remote 
sensing technology to consider some of these techniques to meet 
the cost challenges OT large antennas in space for these and 
other applications. The electronically scanned thinned array 
radiometer is put forward as a viable alternative to improve 
spatial resolution by an order of magnitude over what is presently 
achieved by microwave imaging systems that are collecting data 
from earth orbit. 

INTRODUCTION 
HE CONCEPT of aperture synthesis was advanced T in the field of radio astronomy as a means to achieve 

the finest resolving power with an antenna array that uses 
a relatively small number of individual elements. The 
intent of this technique is to achieve the best resolution 
for a fixed amount of dollars available. A prime example 
is the very large array [1] which uses a “ Y ’  configuration 
of elements to achieve the resolution of a filled array 
whose diameter is equal to that of the circle that encloses 
the “Y”. Because of phase fidelity offered by microwave 
components, antenna complexity can be transformed to 
signal processing complexity to obtain resolution which 
would not otherwise be achieved. Indeed, radio tele- 
scopes utilizing aperture synthesis and very long baseline 
interferometry rival and even exceed resolution achieved 
by some of the best earth-based optical telescopes. 

Space-based microwave observations for applications to 
earth science is a much younger discipline than is radio 
astronomy. The first meaningful microwave observations 
of the earth surface were not obtained until the electroni- 
cally scanned microwave radiometer (ESMR) was 
launched on NIMBUS 5 in 1972. The ESMR operated at 
a single frequency (19.3 GHz) and utilized a phased array 
to scan cross-track about nadir to produce an image of 
the earth below it as the spacecraft advanced in orbit. 
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Although its usefulness was somewhat limited across the 
board in geophysical applications due to the single fre- 
quency and the gross spatial resolution (50 km), the 
ESMR was soon used operationally by the Navy and 
Coast Guard to monitor the extent of sea ice in the north 
polar regions. Although much finer resolution is desir- 
able, the fact is that only microwave satellite systems can 
provide an economical means to monitor the polar re- 
gions because of cloud cover, darkness, and the harsh 
environment. The ESMR was superseded by the scanning 
multichannel microwave radiometer (SMMR) and the 
special sensor microwave/imager (SSM/I). The SMMR 
was launched on both SeaSat I and NIMBUS 7 in 1978 
and the SSM/I followed in 1987. Both of these radiome- 
ter systems added dual polarization and multiple frequen- 
cies and provided more usable data to a diverse science 
community. The SMMR spanned 6.6 GHz to 37 GHz, 
and SSM/I spanned 19 GHz to 85 GHz. For both instru- 
ments, the spatial resolution was of the same order as 
ESMR; i.e., the aperture size has remained fixed for the 
last 20 years. Although larger spacecraft antennas are 
technically feasible, the fact remains that the actual an- 
tennas used have not been greater than one meter in 
diameter. 

As more geophysical users are getting accustomed to 
passive microwave satellite data, a demand is developing 
for both better spatial resolution and for the addition of 
frequencies as low as 1.4 GHz. Both of these demands 
now place the technologist in a similar quandary that 
radio astronomers were faced with 40 years ago; large, 
mechanically scanned filled apertures are just too costly 
to place into orbit. The ground rules for earth observa- 
tions are; however, somewhat different than those for 
radio astronomy. The spacecraft moves along at 6.5 km/s, 
so that processing must be done more rapidly. The earth 
is an extended source, whereas astronomical sources are 
embedded in a cold cosmic background which influences 
signal-to-noise ratios and sampling requirements. These 
and other issues have been addressed over the past four 
years, and has resulted in preliminary spacecraft studies 
and the development of an airborne demonstration in- 
strument called the electronically scanned thinned array 
radiometer, or the ESTAR. Some of this work was done 
in collaboration with Carl A. Wiley before he passed 
away. 
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THE INTERFEROMETER AS 
SPATIAL FILTER 

Fig. 1. Conceptual diagram of a two element imaging microwave 
interferometer. 

BACKGROUND 
The interferometer shown in Fig. 1 is the basic building 

block of the aperture synthesis technique developed for 
earth observations. If the outputs of the two isotropic 
antenna elements are multiplied together, it can be shown 
(see [2],  for example) that the equivalent measurement is 
described by the following formula: 

V ( d ) = J T ’ 2  TB(8)exp[- j ( 2 ~ d / A ) 8 ] d 8  (1) 
~ a / 2  

where A is the electromagnetic wavelength 8 is the inci- 
dence angle and d is the spacing between elements. We 
have chosen to call this expression V to conform with the 
nomenclature “visibility” function that is commonly used 
in the radio astronomy literature. If we sequentially mea- 
sure the visibility function for 0 < d < D ,  then V can be 
defined as the Fourier transform of the thermal emission, 
or brightness temperature of the scene. The scene can 
then be reconstructed by performing the Fourier inverse. 
The resolution of the measurement is then determined by 
the total baseline D, and not the dimension of the an- 
tenna elements. Furthermore, only discrete samples with 
d equal to integer half wavelengths are required for 
perfect reconstruction of the scene with spatial resolution 
determined by D. 

Unfortunately, such a scheme is not practical from low 
earth orbit because the forward motion of the spacecraft 
limits the time on target. A practical system will require 
simultaneous sampling of all integer half wavelengths 
distributed over the baseline. The dilemma has led to 
the concept of thinned array radiometry as proposed by 
Moffett [31. The objective is to appropriately distribute a 
small number of elements over a baseline, perform power 
divisions of each output, and then perform the cross-cor- 
relations to generate the complete set of visibility func- 
tions. An example is shown in Fig. 2. In this example, five 
elements are doing the work of eight. Although the sav- 
ings are trivial in this case, we will show by illustration 
that the thinning geometrically increases as the size of the 
array increases. This is a desirable characteristic, since 
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Fig. 2. Example of thinned array antenna with five elements perform- 
ing as a filled array of light elements. 

antennas become more expensive as the electrical size 
increases. 

The thinned array concept offers interesting cost bene- 
fit trade-offs. We have already indicated that one trade-off 
is the exchange of antenna complexity for system com- 
plexity. In the example cited, five receivers and fifteen 
correlations are utilized to image the scene. This particu- 
lar trade-off option of thinned arrays has become attrac- 
tive as a result of advances that have occurred over the 
past several years in microwave and computer technology. 
However we should note that the system complexity is 
considerable as the array thinning becomes more signifi- 
cant. The other trade-off relates to signal-to-noise consid- 
erations. The figure of merit of a single total power 
radiometer is determined by AT, the measurement stan- 
dard deviation, as given by the following formula: 

T 
sys AT=- 
& 

where Tsys is the system noise temperature, B is the 
system bandwidth, and T is the post-detection integration 
time. Because of the type of processing used in aperture 
synthesis, The AT of the thinned array additionally de- 
pends upon the size of the array and the degree of 
thinning, which generally leads to a significant degrada- 
tion over what can be achieved with a total power ra- 
diometer in a “stare” mode. Such a trade-off is discussed 
in 141. 

THE AIRCRAFT ESTAR 
In order to demonstrate the utility of a thinned array 

radiometer for earth observations, an airborne L-Band 
prototype was constructed at the University of Mas- 
sachusetts, and flown several times on a NASA P-3 air- 
craft. A conceptual diagram is shown in Fig. 3. The 
system uses five “stick” antennas consisting of a linear 
array of eight dipoles, which behaves as a 64 element 
filled array that projects a number of beams in the synthe- 
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AIRCRAFT CONFIGURATION 
OF THE ESTAR PROTOTYPE 
m 

Fig. 3. Configuration of five element array used for the aircraft proto- 
type instruments. 

sized direction. This is a hybrid system that respectively 
utilizes a “real” aperture along the aircraft direction of 
motion, and “synthetic” aperture in the cross-track direc- 
tion. An image of the scene is therefore developed by 
means of a pushbroom scan. The performance of this 
particular configuration has been studied in some depth, 
and is given by the following formula for a hybrid system 
composed of N elements with rn redundant visibility 
measurements [5]: 

N 1/2 

C l / r n  
AT = Tsys n =  ! BT 

(3) 

where T,,, is the system noise temperature, B is the 
predetection bandwidth, and T is the post detection inte- 
gration time. The system parameters are such that the 5 
element ESTAR constructed at the University of Mas- 
sachusetts achieves a theoretical AT of better than 0.5 K, 
which is more than adequate for its prime application of 
measuring soil moisture. 

The ESTAR was first test flown in June 1988 on a P-3 
aircraft flown out of Wallops Island, VA. This first test 
flight was a mapping mission designed to determine 
whether or not aperture synthesis concepts would actually 
work when applied to earth observations. To this end, 
lines were flown from the Atlantic Ocean,. over the Vir- 
ginia eastern shore, and over the Chesapeake Bay. The 
purpose was to achieve a wide dynamic range of bright- 
ness temperatures to discriminate land from water, and 
then to detect more subtle changes associated with varia- 
tions in soil moisture over the eastern shore. The flight 
was highly successful, considering the limited objectives of 
the mission. The L-band map has recently been published 
[6], which clearly indicates a response to soil moisture in 
addition to detection of land-water boundaries. Subse- 
quent analyses have also indicated that the ESTAR re- 
sponds to more subtle signatures associated with differ- 
ences in the emissivity of ocean and bay water due to 
differences in salinity. 

FUTURE DEVELOPMENTS 
The aircraft ESTAR has a measured AT of 0.53 K, 

compared with a theoretical value of 0.32 K. The present 
limitation is not noise performance, but rather processing 
errors associated with inverting the visibility functions. 
These problems can be partially traced to limitations in 
the antenna performance, which tends to scramble the 
received polarization components. Work is underway to 
develop a new antenna array which will have better linear 
polarization characteristics. In the meantime, the sensor 
has participated in several field compaigns with the un- 
derstanding that the system has its limitations. 

Parallel with this activity, we are developing the next 
generation airborne sensor. The new system will use seven 
slotted waveguide stick antennas that are 75% longer, and 
it will take advantage of a new chip to perform the 
correlations in a much more straightforward manner. 
Only two additional receivers will be added, yet the 
number of usable beams and swath will be doubled. 

Further down the line, some system studies are being 
done by the NASA Jet Propulsion Laboratory for future 
spacecraft applications. The measurements could be made 
using an array of stick antennas, similar to the design of 
the aircraft prototypes, but operating at three frequen- 
cies; namely, 1.4 GHz, 2.65 GHz, and 5.0 GHz. The 
L-band frequency would provide the primary channel for 
determining soil moisture, with the S-band and C-band 
frequencies providing ancillary information to provide 
corrections for effects due to the vegetation canopy and 
possibly to estimate soil moisture profile. Over water, the 
L-  and S-band channels together provide an estimate of 
ocean salinity [7], [8] with the C-band channel providing 
ancillary information, such as sea surface temperature 
and surface wind speed. 

A preliminary study indicates that an orbit at 450 km 
would provide coverage of better than 95% of the earth 
every three days. A 10 km resolution cell at nadir will 
require stick antennas approximately 9.5 m long at L- 
band. The S- and C-band sticks would be proportionately 
shorter because of the higher operating frequencies. An 
instrument which can meet the measurement require- 
ments is illustrated in Fig. 4. This particular radiometer 
concept consists of an array of slotted waveguide stick 
antennas approximately 45 wavelengths long. The sticks 
are oriented so that their long axis is parallel to the 
direction of motion; i.e., along-track. As in the aircraft 
ESTAR, the antennas themselves provide the specified 
resolution along-track, and aperture synthesis is used to 
“manufacture” resolution in the cross-track dimension. If 
the cross-track resolution were to be achieved using a 
conventional phased array antenna, approximately 100 
individual sticks would be necessary at each frequency, 
and it would be difficult to accommodate such a large 
amount of mass within the shroud of a Delta-I1 class of 
launch vehicles. However, if aperture synthesis is used, 
only 14 sticks are required for each channel, and ade- 
quate empty space is available within the L-band array to 
nest in the higher frequencies. 
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ESTAR IN LEO 
FIRST CUT INSTRUMENT DESIGN 
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Fig. 4. Thinned array configuration for spacecraft applications. 

In the proposed instrument, the sticks would be made 
of standard waveguide and the entire structure would be 
folded, accordion style, to fit into the shroud of a Delta-I1 
class launch vehicle. The shroud could accommodate all 
the sticks without folds except at L-band, and these 
would have to be folded once near their midpoint (indi- 
cated by the hinge line, Fig. 4). The deployment and 
support structure is composed of tubular truss similar to 
structures which have been successfully designed in the 
past. Assuming existing composite graphite/epoxy de- 
signs, each waveguide element would weigh about 6.6 kg 
(L-band) and 1.5 kg (S-band) and 0.5 kg (C-band) for a 
total of about 525 kg for the antenna. Estimates of the 
total weight of the instrument, supporting structure and 
spacecraft are well below the capacity of a Delta-I1 class 
launch vehicle. 

Such an array would provide resolution at nadir of 
about 10 km. Assuming an integration time of 1 s, a 
bandwidth of 10 MHz and a system noise temperature of 
500 K, one would achieve a sensitivity of better than 1 K, 
which is adequate for the soil moisture measurement. The 
sensitivity needed for the salinity measurement (about 
0.25 K) could be obtained by averaging over adjacent 
pixels. This will reduce resolution but this is acceptable 
over the oceans. Reducing the resolution to 50 km per- 
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I 
I 
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mits averaging over 25 pixels and will yield a sensitivity of 
1,” = 0.2 K. 
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