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MILLIMETER-WAVE RADIOMETRIC UTILITY STUDY

INTRODUCTION

Wide-area surveillance on a timely and global basis is critical for many military and environmental
applications. Passive millimeter-wave imaging has the advantage over visual and infrared systems of being
a near-all-weather surveillance system with the ability to see through ninety percent of all clouds and most
adverse weather conditions, with equal day time and night time sensitivity. The major drawback of
millimeter-wave radiometric systems is that the relatively long wavelengths require very large apertures,
several orders of magnitude larger than at infrared, to obtain similar high resolution. However even "low"
resolution millimeter-wave systems may contribute significantly to intelligence gathering and
environmental monitoring,

The purpose of this task is two-fold, The general purpose is to provide an introductory discussion
of passive millimeter-wave radiometry and its value to remote sensing, illustrated by examples of
imagery. The imagery of relatively high resolution has been acquired at various frequencies from aircraft
or truck, and the imagery of lower resolution (12.5 km), also important in intelligence gathering, has
bzen acquired by the 85.5 GHz channel of the DMSP-SSM/I (F8). Examples of military, man-made, and
environmental targets illustrate the all-weather capability of passive millimeter-wave systems and the types
of signatures received. '[he meteorological subjects observed with the SSM/I, particularly the millimeter-
wave characteristics of tropical cyclones, frontal systems, and clouds have become the basis of additional
environmental work with the SSM/I (to be published later under separate cover).

The more specific purpose of this task is to study the utility of passive millimeter-wave imaging from
space with systems that provide surface resolutions of 100 to 400 m. A baseline design for a low-
resoiution multiple real-beam imaging system, operating at 90 GHz and designed around existing
technology, is used to explore various applications and predict the usefulness of this technology. Both a
low Earth circular polar orbit at 400 ki and an elliptical orbit at 60-deg inclination with a perigee of 400
km and apogee of 1000 km are considered. The resuiting swath width, search rate, resolution, and
integration time are used to estimate signal-to-noise ratios for a wide range of man-made and
environmental targets for various atmospheric conditions, The utility of this system for target detection,
surveillance, and environmental monitoring is discussed.

MILLIMETER-WAVE RADIOMETRY
Brightness Temperature
The power received by an Earth-viewing radiometer consists of man-made radiations from point

sources and the seif ur blackbody type radiation from targets and the background ~nvironment. The
millimeter-wave signal is composed of three types of radiation:

Manuscript received September 7, 1993,




2 Hollinger, Highley, and Sandlin

¢ that emitted by targets and the Earth’s surface,
¢ the downwelling radiation emitted by the atmosphere and then reflected by the surface, and
¢ the upwvard emission and attenuation of the atmosphere between the surface and the radiometer.

The intensity of radiation, in watts/M?/Hz/steradian, from a blackbody at a physical temperature T is
given by Planck’s Law as

I = (h/NY/[exp (WIKT) - 1), )

where & and X are Planck’s and Boltzmann's constants respectively, v is the frequency, and A is the
wavelength. At millimeter-wave frequencies, where K7 > > hyp, the Rayleigh-Jeans approximation to the
Planck blackbody radiation law applies and

I = KT/N? @)

Therefore the power radiated by a perfectly radiating surface per unit bandwidth is proportional to the
physical temperature T of the material. If the surface is not a perfect radiator but has an emissivity e of
<1, the power radiated is proportional to eT. Even if the source is man-made and radiates by some
nonthermal process, the power it radiates can be specified by a temperature, This temperature is the
physical temperature a blackbody radiator must have to radiate the same power as the nonthermal source
over the same bandwidth. Thus the power radiated from any target and the environmental background
can be specified by a brightness temperature. This equivalent brightness temperature T can easily be
millions of degrees for nonthermal sources.

Antenna Temperature

It is convenient to also specify by temperature the power received by the antenna and delivered to
the receiver input. This is possible because of the Nyquist’s theorem, which states that the power
available at the terminals of a resistor per unit bandwidth is proportional to the physical temperature of
the resistor. Thus an antenna temperature T, can be defined as the temperature of an impedance, identical
to the antenna impedance, which when connected in place of the antenna delivers the same power to the
receiver as does the antenna. A millimeter-wave radiometer measures the absolute level of the total power
received by its antenna at a particular polarization over its reception bandwidth, In general, high-gain
antennas receive power primarily over a relatively narrow beam or solid angle; however some power is
usually received from all directions, The power received in these sidelobes and backlobes, although small,
is normally not desired and a correction is applied to remove it. The antenna temperature is the average
of the brightness temperature over all directions, weighted by the antenna gain G:

T, (r1) = [ Ty(r)G(r - r') dQ/dx 3

This power is then amplified by the receiver and appears at the receiver output terminals,

Recelver Noise Temperature

In any realizable receiver, random noise is generated by the receiver in the amplification of the
desired signal and unavoidably appears with it at the output terminals. This situation may be equally well
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represented by the addition of an unwanted noise power to the input signal at the input terminals of an
ideal noiseless receiver, which is then amplified along with the desired signal. This noise power may also
be specified by a temperature T). This is the temperature to which the input impedance of the receiver
must be raised in order that, when amplified by the ideal noiseless receiver, the noise power, per unit
bandwidth, at the output terminals is identical to the noise generated by the real receiver. The receiver
noise power T}, is essentially "white" noise with a flat power spectrum extending far beyond the spectrum
of T,. It is therefore necessary to filter or remove the receiver noise¢ contribution at equivalent spatial
frequencies where there is no signal from the antenna. The signal measured at the output of the receiver
is

T, () = ] [T,rt!) + TyG)HGE - < dt’ @)

where H is the impulse response of the receiver low-pass filter, The dwell ov integration time 7 on the
scene is determined by the cutoff frequency of the low-pass filter, Af.. For an ideal iow-pass filter r =

1/24f,).
Minimum Detectable Signal

The minimum detectable signal A7), is given by

Ty = K,,T,, [Af 177 5)

where T, includes both the receiver noise Ty and the signal from the antenna T; K, is a sensitivity
constant of order unity and depends on the type of receiver; and Af is the predetection bandwidth of the
receiver,

Therefore it is possible to describe the signal from the target and background in terms of a brightness
temperature, the signal received by the antenna as an antenna temperature, and the quality of the receiver
as a noise temperature, Note that 7y is an inherent property of the scene being viewed while both T, and
Ty can be selected to some degree by the design of the antenna and receiver.

Target Contrast

The effective antenna beam solid angle 1), is defined as the solid angle through which all the power
from a transmitting antenna would flow if the power were constant over this angle and equal to the peak
value. It is given by

Q, = j _[G0V/G,) dt = 4x/Gy, ©6)

where G(r) is the antenna gain in direction r, and Gy is the peak gain. The main beam solid angle 1 is
defined similarly, but with the restriction that the power is now just that from the main lobe up to the first
null—not the entire power pattern. The ratio Q,/Q, is the main beam efficiency and is typically ~0.9 for
filled apertures. The solid angle subtended by a target Q,, is determined by limiting the integral of Eq.
(6) to those directions from which power is received from the target,
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The target contrast AT, is defined as the difference between the antenna temperature when a target
is present in the antenna beam and when it is not. Following Eq. (3) the target contrast is given by

AT, = T, - T,, = [ ., TnGd0/4n - ]'“ T,,GdQ l4m a

where Ty, and T, are the scene brightness temperatures when the target is present and when t is not,
respectively. Equation (7) may be rewritten by using the definitions of Eq. (6) as

AT, = [0,/0,) [ Ty, = Ty = Ty,) GdO/ ] , Gda . ®

Thus the target contrast is the normalized integral over the solid angle subtended by the target of the
brightness temperature difference between the target and background, weighted by the antenna gain and
reduced by the ratio of the target solid angle to the effective beam solid angle. Note that 0/Q, is
approximately equal to A,/24py. A, is the target, and Apy is the half-power beam-width on Earth's
surface, Therefore for targets smaller than the half-power beamwidth

AT, & (4,245 Ty, - Ty). &)

For targets large compared to the half-power beamwidth @, is approximately equal to €, and
ATA - [TBf - TBb]'

As described above, the millimeter-wave radiometric signal is composed of not only the radiation
emitted by the target and background, but also of the downwelling radiation emitted by the atmosphere
reflected by the surface, as well as the upward emission and attenuation of the atmosphere between the
surface and the radiometer. The brightness temperature contributing to AT, as seen by a radiometer
looking at Earth from space can be written as

T,, = Tyl - a) + (1 = ¢,) aTy(l - a) + aT) . (10)

Here « is the fractional atmospheric loss and e, is the emissivity of the background; (1 — e,) is then the
reflectivity of the background. The physical teinperatures of the atmosphere and background are assumed
to be equal and are given by Ty. In this case, the atmospheric radiation is specified by a7y, The first term
in Eq. (10) represents the radiation emitted by Earth, e,T;, attenuated by the atmosphere (1 — a), The
second term arises from the downwelling atmospheric radiation, a7 reflected from Earth’s surface (1
— ¢,), and attenuated by the atmosphere, (1 — «). The last term represents the upwelling atmospheric
radiation. Equation (10) can be rewritten as

Ty = 6,To(1 - a)? + aly(2 - ). (n

Similarly, the radiation received from the target is given by
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Tp, = €,6T(1 - ) + ¢, Ty(1 - a)? + aT2 - a), (12)

where 67 is the difference in the physical temperature, if any, between the target and the background and
¢,, is the emissivity of the target. The contrast is then from Eqs. (9), (11), and (12):

AT, = (z%,;] [e,3T(1 - a) + (¢, ~ &,)T,(1 - a)) (13)

Note that:

the larger the target, the greater the signal until the antenna beam is filled’

the greater the difference in emissivities, the greater the signal;

the larger the atmospheric losses, the smaller the signal;

with the right combination of 67, e, — e,, and a, the target can disappear; and
signals can be positive or negative,

The signal-to-noise S/N of the target is given by the ratio of Egs. (13) and (5):

A‘
a;l[e,bT(l - a) + (e, - e)T(1 - «)f] (14)

SIN = [
Ky To(8S5) 7]

The target is defined by its area 4,, its emissivity e,, and physical temperature T; and temperature
difference from the background §7. The weather is specified by the atmospheric loss « and the
background by its emissivity e,. The radiometric system is defined by X,,,, T,,,, Af, and Apy,. The orbit
is specified by the dwell time 7 and Ay, It should be noted that while the physical temperature difference
between the target and background, 47, is the primary contributor to scene contrast at infrared, it is
generally negligible compared to the emissivity difference between the target and backgrouud, (e, — &,),
at millimeter-wave frequencies. In most cases, the term ¢47(1 - o) may be set to 0 in Eq. (14). With
clear skies and low humidity, o is near 0. With rain or heavy clouds, « will increase to near I. Table 1
gives typical values of « at 90 GHz for polar, temperate and tropical climates, with and without clouds
present. Table 2 gives representative values of a for various atmospheric constituents. The emissivity e,
will vary from near 0 for a metal surface to 1 for absorbing material. Emissivity e, for the sea surface
is about 0.6 at 90 GHz and varies between about 0.7 and 0.9 for land, depending lurgely on the moisture
content of the soil. Tables 3-5 give emissivity values at 90 GHz, for various targets and environmental
features.

BASELINE INSTRUMENT
Orbit Description

Two orbits are considered for the baseline system, a 400-km circular, near-polar orbit and a 60-deg-
inclined elliptical orbit with 1000-km apogee and 400-km perigee. For an extended satellite lifetime, the
altitude must be high enough to avoid atmospheric drag (300 to 400 km minimum). The 400-km polar
orbit will provide a lifetime of several years and allows total Earth coverage. The varying altitude of an
elliptical orbit causes the resolution to vary throughout the orbit, but it gives a shorter revisit time for
the area of Earth that the orbit covers. Highly elliptical orbits with the perigee between 100 and 200 km
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Table 1 -— Average Atmospheric Loss at 90 GHz

Loss in dB Fractional loss a
Climate »
Clear Cloudy Clear Cloudy

Tropical

Winter 2.0 4.8 0.38 0.67

Spring 2.6 6.0 0.45 0.75

Summer 29 6.2 0.49 0.76

Autumn 2.6 5.2 0.45 0.70
Temperate

Winter 0.8 2.8 0.16 0.48

Spring 1.0 2.8 0.21 0.48

Summer 1.4 3.2 0.27 0.52

Autumn 1.1 3.6 0.22 0.56
Polar

Winter 0.5 2.6 0.10 0.46

Spring 0.5 1.6 0.12 0.32

Summer 0.7 2.3 0.15 0.41

Autumn 0.5 4.1 0.10 0.62

Table 2 — Characteristics of Weather Targets at 90 GHz

Target Area (m?) | Emissivity | Temperature (K)
Low rain rates Beam fill 0.9 280
over ocean
High rain rates Beam fill 0.5 280
over ocean
Tropical storms Beam fill 02-09 270
Tornados 8000 0.2-09 270
Squall lines Beam fill 0.5-09 275
Fronts Beam fill 0.6-0.9 275
Dust storms Beam fill 0.9 300
Cloud cover Beam fill <0.9 260
Convergent winds | Beam fill 0.6 286
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Table 3 — Percentage Contributions of Atmospheric Constituents
to the Upwelling Radiation from a Thunderstorm

Thunderstorm
Constituent Clear Sky
Front | Core | Rear
Cloud drops 382 | 466 | 499 0.0
Rain drops 54.1 16.7 19.9 0.0
Graupel particles 021 179 4.9 0.0
Ice crystals 0.1 11.3 | 149 0.0
Aggregates 0.0 0.1 1.1 0.0
Gases 6.0 7.0 9.1 11.0
Earth's surface 1.4 0.0 0.1 88.0
Cosmic background 0.1 0.3 0.1 0.0

Table 4 — Characteristics of Environmental Targets at 90 GHz

Target

Oil spill

Fires
Vegetation
Soil moisture
Snow cover
Ice

Pollution
Vegetation stress
Slash and burn
Rivers
Icebergs

Area (m?)

Beam fill
10000
10000

2500
Beam fill
Beam fill

2500

10000
40000
2500
5000

Emissivity

0.6
095-1.0
0.9
0.7
0.8
0.7-0.9
091-0.93
0.87
0.7
06-0.7
0.7

Temperature (K)
——— |

286
700
300
300
270
270
300
300
300
300
268
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Table 5 — Environmental Loss at 90 GHz

Environment Loss in dB Fractional loss o
PR N A Y
Clear sky 1 0.21
Dry air 0.04/km 0.009/km
Moist air 0.4/km 0.088/km
Humid air 2/km 0.37/km
Fog 1.5/km 0.27/km
Clouds 5/km 0.68/km
Ice clouds = 0/km = O/km
Light rain 1 - 3/km 0.2 - 0.99/km
Heavy rain 10 - 20/km 0.90 - 0.99/km
Tropical storm > 30/km >0.999
Snow storm 10/km 0.9/km
Light smoke w 0/km =~ (0/km
Heavy smoke m 0/km = 0/km
Dust = 2/km 0.4/km
Chemicals ? ?
Vegetation 1/LAI 0.21/LAI
Earth 20/cm 0.99/cm
Sand 2/cm 0.37/cm

would increase resolution for a short time while maintaining a reasonable satellite lifetime. Integration
time is selected as the time for the beam to move half a beamwidth. Since the speed of the ground track
is inversely related to the altitude, higher altitudes give lower speeds. Altitude will govern integration
time and hence the receiver's rms noise level, Because varying integration times would unnecessarily
complicate data processing, the integration time for the elliptical orbit is derived by the speed at perigee
and held constant for the entire orbit. Table 6 compares system characteristics for three sizes of antennas
and two orbits. Revisit times will vary not only with altitude but also with the latitude of the scene
(Fig. 1) for a polar orbit. The actual orbit can be designed to produce one of many different ground
tracks, depending on program requirements.

Baseline Instrument Design

The baseline instrument is designed to have 100- to 400-m resolution from a reasonable orbit and use
present or near-term components. The resolution on the ground dx is the altitude /4 times the antenua
beamwidth BW, dx = h BW, where BW = k N/D; D being the aperture diameter, N the wavelength, and
k a constant related to the field distribution over the aperture. Since the brightness temperature contrast
of the signals of interest can be in the 1-5 K range, sidelobe and spillover losses must be kept to a
minimum. A field patern of E(r) = 1 — r* tapered to 0 at the reflector edge will result in sidelobe levels
of —25 dB, or 0.9 K, while looking at a 300 K source, and a value of &k = 1.27. Selecting the operating
frequency to be 90 GHz and an aperture diameter of 4 m results in a 3 dB beamwidth of 0.001 radian and
a ground resolution at 400-km altitude of 423 m.

An offset parabola design was selected to avoid blockage distortions associated with a simple center-
fed parabolic reflector, which would lead to increased sidelobe levels. A large number of feed elements
are needed to obtain a wide swath width with many pixels. This requires that the antenna system have
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o
© Table 6 -— System Characteristics
Antenna Size
17-meter | 10-meter | 4-meter
Circular orbit
o Altitude, km 400 400 400
i Revisit time, day 144 85 34
- Integration time, s 0.007 0.012 0.029
Search rate km?/s 65 110 274
) T, rms 0.10 0.08 0.05
L ) .
Elliptical orbit
Apogee, km 1000 1000 1000
Perigee, km 400 400 400
Revisit time, day 89 52 21
: Integration time, s 0.007 0.012 0.029
' @ Search rate, km?/s 104 176 440
T,), rms 0.10 0.08 0.05
® 160
120 -
£ 10 I
10 ™
§owrsgaant. >
N ; e S . \\
e 2 60 e N
0 4 =
20 I N "~ \\\
0 \\N il

) Latitude

Fig. 1 — Revisit time
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a large f/d (F number) to keep the beam aberrations low and to provide good beam-to-beam unformity.
Figure 2 shows the effect of F number on astigmatism for a two-surface system with F numbers of 1, 3,
and 5. In addition, coma and single-surface astigmatism for an F1 system are also shown for comparison.
Astigmatism will be the dominant distortion with larger F numbers and large off-axis displacements, The
aberrations are kept below 1.8 beamwidths for a 50-element-wide array with an F number of 5. Figure 3
shows a reflector system with an FS mirror, 4-m in diameter, with a focal length of 20 m. Placing
multiple receivers at this distance is unrealistic for a space system and results in large astigmatism, By
folding the optics and using an offset Cassegrain design, the receivers and main dish can be positioned
together on the main structure and a relatively small, light secondary reflector can be deployed (Fig. 4).
The required secondary mirror is 1.4 m in diameter and extends 5.5 m from the main reflector. A major
drawback of this design is that the heam spillover from the feeds to the secondary mirror view the hot
Earth. By rotating the secondary and moving the receivers to the top of the main reflector, the spillover
is directed toward cold space and the system is made more compact. Figures 5, 6, and 7 show the
configuration and approximate dimensions for 4-, 10-, and 17-m-diameter reflector systems respectively,
which would give resolutions of 423, 169, and 100 m.

The baseline system is designed as a pushbroom imager with 400-m resolution. Characteristics for
a 10-m (170-m resolution) and 17-m (100-m resolution) system are included. Other than the reflectoss,
the three systems would use the same hardware. There are 8 rows of 50 elements with the flight direction
in the shorter dimension (Fig. 8). Because the feeds cannot be placed sufficiently close together to get
full scene coverage (3 dB crossover), the rows are staggered by one-half a feed spacing and complete
coverage is obtained, but with a slight time skew. The multiple rows provide four samples of the scene
at different times, allowing various processing schemes such as beam-to-beam differencing and frack
generation, which require multiple measurements of the scene. Table 7 lists antenna characteristics for
the 4-m system.

5.000
1 1
£ 4,500 VA ,
e surf stigmatism
'3 4.000 dee astgma —=

£ =
g 3.500 /

£ 3.000 | ]

';, 2,500 , //

o 1 2 surfade astirmali

% 2.000 12 @—3—
$ 1.500 ] cim/// =

£ 1000 ] A A P
Lo Dl e e

[o] 0.500 ﬁ\/_/___";/_"—j"‘/,/

0.000 =
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00

Bearnwlidths from center
Fig. 2 — Aberrations
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®
1
Fig. 5 — 4-m folded Cussegrain
b
* | |
10 meter dia 17 meter dia
® Im 8 m
3‘5m-—|- ’ : - S.Sm-.-l st - ’
Fig. 6 — 10-m folded Cassegrain Fig. 7~ 17-m folded Cassegrain
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Fig. 8 — System footprint
Table 7 — Antenna Properties—4-m System
Type Modified offset Cassegrain
Diameter 4 meters
System F number 5
Secondary diameter 1.4 meters
Angular resolution .001 radian
Resolution @ 400 km | 423 meters
Pixel spacing 800 meters center-to-center
Array configuration 50 x 8 elements
Array size 20m XxX.32m
Swath width 40,000 meters
Corrugated horn 4-cm aperture, 6.2-cm length
Total coma .0020 radian
Astigmatism .0006 radian

The receivers are constructed with the mixer integrated into the horn assembly. The intermediate
frequency (IF) with a 10 GHz bandwidth is amplified and detected. The receiver has a noise figure of
5 dB, which corresponds to a noise temperature of 630 K. The rms receiver noise for a 30-ms integration
time is 0.05 K. Table 8 summarizes receiver specifications. The signal is then amplified by a video
amplifier and conditioned by a low-pass filter to the level necessary for the analog to digital converter.
The low-pass filter has a cutoff of 18 Hz, which gives a 0.028-s integration time. The signal is then
converted to 16 bits at 40 Hz rate and stored for downlinking. With housekeeping data, this gives a
downlink data rate of 300,000 bits per second. Table 9 summarizes telemetry, size, and power estimates.
Table 10 compares a 4-m system with a 10-m and a 17-m system,

The antenna beams are directed normal to Earth and the integration time is fixed to give Nyquist
sampling of the scene at the lowest altitude (highest velocity). The antenna array is composed of 8 rows
of 50 beams aligned crosstrack, with alternate rows offset by one-half of the feed spacing to provide
Nyquist sampling in the cross-track direction. Figure 9 shows how beam diameter and rms noise level
change as altitude increases. Search rate is a trade off with resolution. Figure 10 shows how the search
rate for a 50-element-wide array will change as the resolution increases. Figure 11 is a plot of integration
time vs reflector diameter for 5 altitudes. Figure 12 shows how rms noise changes as resolution is
increased with larger reflectors. Figure 13 plots the resolution and search rate for various sized reflector
systems,

T
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Table 8 — Receiver Properties

Frequency
Bandwidth
Noise figure
Rms noise level
Mixer, preamp
Size

90 GHz

10 GHz

5dB

50 mK

Integral with horn
25 %25 % 10cm

Table 9 — Telemetry, Power, Physical Estimates

Sample rate 40 Hz/pixel

Word size 16 bit

Samples per scan 400

Distance per sample { 185 m

Data range 0-500K
Resolution 0.0076 K

TM rate 300,000 bits/second
Power 1500 watts

Weight 200 kg

Deployibles Secondary dish

Table 10 — System Comparisons

17-meter
Frequency, GHz 90
Bandwidth, GHz 10
Noise figure, dB 5
Aperture diameter 17
System F number 5
Resolution, rad 0.00025
Resolution, m @400 km 100
Swath width, m 9000
Element spacing, BWs 1.9
Array size, elements 50 x8
Horn size, m 0.04
Array size, m 1.8 x 0.61
Secondary diameter, m 53
Secondary distance, m 23.3
Aberrations @ corners 1.8 BW
Sample rate, samples/s 290
Data rate, bits/s 1,500,000
Power, W 2000
Weight, kg 350
Deployables main dish

secondary

10-meter

9%
10
L)
10
5
0.0004
169
16000
1.9
59 x 8
0.94
1.8 x .61
35
13.7
1.8 BW
170
900,000
1500
225
main dish
secondary

4-meter

9%
10
5
4
5
0.001
423
40000
1.9
50 x 8
0.04
1.8 X 0.61
1.4
55
1.8 BW
70
350,000
1500
185
secondary
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Technology

The reflector system is the only real technological question in producing a high-resolution radiometer

* system. Present technology can easily produce a 4-m system; with a slight extrapolation, a 10-m system

: could be built. A 17-m system requiring that both the main dish and the secondary dish be large would

be much more complex. A 4-m reflector should be possible without deployment, a reflector larger than

4 m would have to be stowed and deployed in orbit. Work is continuing in the development of large

deployable structures; 10-m appears to be near future, 17-m could be several years off. It should not be

) a problem fo deploy the secondary reflector for the 4- or 10-m system with a 1.4- or 3.5-m subreflector.
The 17-m cystem will be a much more complex system, with two large reflectors and a secondary

reflector mounted up to 23 m from the space craft. This must tolerate dynamic alignment problems from

) thermal and mechanical stresses. The feeds are standard horns of reasonable size. The mixer-preamps are
" fairly common, however units with 5 dB noise levels are state of the art at present but should become
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common in the near future. A 10 GHz IF is not a problem, and video amplification, detection, and
digitization is standard. Data rate is well within the current capabilities. Pointing information of the order
of .0001 radian must be obtained if overlaying of data is required.

MMIC will soon be practical at W band and could be used to eliminate the mixer, thus lowering
noise levels and power requirements while decreasing size and weight. This technology is still several
years away for practical use,

Tradeoffs

Table 11 shows how some of the system features change as the resolution increases. The magnitude
column gives an idea of how fast the feature changes as the resolution is increased by a factor of N, The
impact column is a qualitative estimate on how this change effects the system viability, i.e., is it a show
stopper. Changes in integration time, system noise, and transmission (TM) rate are all related and do not
drive any technical limits. The TM rate increase can easily be handled, while background clutter noise
will be large compared to the increased system noise. Weight and system complexity will go up, but they
should be manageable. Swath width can be partially compensated for by adding beams, but this has a
limit and may increase system size or decrease performance. Search rate and revisit times are major
losses with increased resolution, and program needs will dictate if the system is operationally sound.
Active pointing could be used in some applications to increase revisit times for limited areas. Cost may
be prohibitive for the higher resolution systems. The large apertures will require large deployable
structures and a great deal of development work. System pointing requirements will also become more
severe as the resolution is increased.

Table 11 — Takeoffs for Increased Resolution - N

Feature Effect | Magnitude | Impact
Integration time \ 1/N -1
System noise A N 0
Tm rate A N 0
Swath width v 1/N -3
Search rate v I/N ~3
Revisit time A 1/N -3
Signal/noise A NLS 2
Weight A N/2 ~1
Complexity N NS -2
Cost A N3 -5

TARGET AND BACKGROUND CHARACTERISTICS

Millimeter-wave Images

Figures 14 through 16 provide examples of scene brightness temperature contrast at 90 GHz, All
three were obtained from an aircraft by using a single scanned beam. The surface resolution is about 15
m and, with one exception, the false color code for all of the images begins with blue (coldest)
progressing through green, yellow, and orange, to red (warmest). The one exception is Fig. 15 where
the coldest temperatures, such as oil tanks and the docked ships, are colored pink. In general, metal
surfaces appear coldest at millimeter wavelengths; water is at intermediate temperatures and turbulent
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white water and terrain are warmest, Note that this is the apparent millimeter-wavelength radiative
temperature, not the physical temperature of the material. Accompanying each image is coincident
photography. The image in Fig, 14 of Portsmouth, Virginia, shows highways, buildings, and open areas
in the city. The brightness temperatures T, range from 186 to 288 K. Notice the cloverleaf intersection
to the left of center in the image. The dots on the road leading out of the interchange are trucks. The
image in Fig, 15 of the docks at Norfolk shows docked ships, oil storage tanks, buildings, parked cars,
and grassy areas on the docks. Here the T range is 168 to 279 K. The two aircraft carriers at the
extreme right are distinguishable in the imagery by their shape. Also note that the island superstructure
of the aircraft carviers is recognizable. The images in Fig. 16 of Virginia farmland show identical areas
for both spring (April 1980, T, = 180-295 K) and winter (January 1981, T, = 189-277 K). For this set
of images, purple represents brightness temperatures intermediate between those represented by blue and
green. Ice on the lake at the left of the winter image shows as purple, while in spring, swampy areas
there show as purpla, Furthermore, emissions from the farm fields are similar to the surrounding forest
in the spring (both aze reds and yellows). However, during the winter, the open farm fields appear colder
(green) than the surrounding areas (red). In general, the 90 GHz images closely resemble the detail and
form of the visual image. This makes the millimeter-wave imagery particularly easy to interpret and
greatly facilitates use of imagery by relatively untrained observers,

Clutter
Surface Clutter

Variations in the reflectivity, emissivity, scattering, and absorption of the surface and atmosphere
constitute a clutter background against which the target must be identified. The wide range of size, shape
and contrast of land features is clearly visible in Figs. 14 through 16. Examplas of background clutter
spectra are given in Figs. 17 through 19 for farmland, sea ice, and docks. Note the similarity of the shape
of the spectra and that the power is greatest at the lower spatial frequencies, A target with dimensions
of 100 m or smaller has spectral power primarily at spatial frequencies of 10 Hz/km or higher where the
background clutter is relatively small, This provides a means to suppress the clutter by matching the
spatial frequency response of the receiving system to that of the target and rejecting the lower spatial
frequencies of the background clutter. The ocean presents a more uniform background than land, but
clutter is generated primarily by breaking waves and atmospheric variations such as clouds, rain cells,
and water vapor density variations. In order to detect targets near or at the limits set by the receiver
sensitivity, the background clutter must be suppressed. To do this, the characteristics of the receiver must
be matched to some property that is unique to the target and is not present or is present to a lesser degree
in the background. This property may be the size and shape of the target, the amplitude, polarization,
or frequency spectrum of its radiation or the time variation of any of these. If the target is moving
relative to the background, the clutter may be suppressed by using an array of beams. This technique
relies on repeated differencing of the signals from successive beams as they sweep over the scene. Those
features, which change very slowly compared to the time delay between beams, such as spatial clutter,
will be subtracted out whereas a target which has moved relative to the background in the time between
successive measurements will present a signal. By using this technique, clutter rejection of as much as
23 db has been obtained at 10 GHz with an aircraft real multiple-beam system here at the Naval Research
Laboratory. Figure 20 shows an example of these results. The unshifted output from two of the beams,
one of which trails the other by two beamwidths, is shown at the top of the figure. The result of
subteacting the signal from the first beam, appropriately delayed, from the signal from the trailing beam
is shown in the middle of the figure. The clutter has been reduced by more than an order of magnitude,
and the target signal is apparent. The horizontal S-shaped response to the target is due to differencing the
gignal from the two beams. The large spurious deflections are due to aircraft pitch, roll, and yaw motions




Millimeter-Wave Radiometric Utility Study 23
® FARMLAND EASTERN VIRGINIA
3.0 —
| @
-l
E
X
Feor _
Ll
4 a
[
-
Q.
= .
< |0t~ — )
®
o Lo L L1l RN
) Ol 1L.O 10.0 100.0
® SPATIAL FREQUENCY (Km™")
Rlg. 17 — Spatial clutter spectrum of farmland at 90 GHz
, SEA |ICE GREENLAND SEA
®
3.0t —
..|;.j
<
° ¢
L 2.0 —
(3}
)
=
g
o =
<
| 'O o —
®
0 ] LllllllJ l llllllll Ll 1]
ol 1.0 10.0 100.0

SPATIAL FREQUENCY (Km™)
3 @ Fig. 18 — Spatlal clutter spectrum of sca ice at 90 GHz

T e WENIRPITIRMEIIRISITRIE PSSR S SV A A



24 Hollinger, Highley, and Sandiin

' .
\
3.0 Nw“-.__& o WA \Q ] Y

-l
£
! .
x .
<
2.0p =
A ®
=]
=
g
< —
(el ol 1
®
‘ o ol | L )] ,
0l 1O 10,0 100.0
SPATIAL FREQUENCY (Km™) ®
Fig. 19 — Spatial olutter spectrum of dock area at 90 GHz
300 .
250 _
UNSHIFTED DATA 128
200
150 L -
7 . . ..
b 4
& 2 L —
1ST DIFFERENGE =
g - 10
a.
& -l —_—
15 _ s » TARGET ®
1at DIFFERENCE 05 L
WITH A/C MOTION & 0.66
~0) B —————
AEAM NORMALIZATIONS 05 -
—15 I ! L L J
0 10 20 30 40 50 e
TIME sen

Fig. 20 — Clutter suppression using beam differencing




Milliieter-Wave Radion.etric Utility Study 23

and to slight differences in the shape of the two anteina beams. The signal after correcting for these
effects is shown at the bottom of the figure. The target signal is now clearly visible, and the remaining
noise is almost entirely due to instrument noise.

Atmospheric Temporal Variations

Atmospheric variations in temperature, pressure, and humidity cause fluctuations in the millimeter-
wive radiation received from the atmosphere and from background scenes. These fluctuations in the
emission and absorption of the atmosphere place limits on the ability of passive millimeter-wave
radiometers to detect targets in a noisy environment that are in addition to the limits imposed by
instrumental noise and surface clutter described above. Upward-viewing measurements of the sky at 37
GHz for three groups of atmospheric conditions ranging from clear, group 1, to intermediate light clouds,
group 2, to heavy clouds, group 3, are shown in Fig, 21. Note that the power spectrum shown at the top
of the figure, while relatively flat for clear sky, shows increasing energy at low frequencies up to about
0.1 Hz (10-s period) with increasing atmospheric congestion. The temporal structure function D(7) is a
way to characterize a nonstationary random process, such as atmospheric turbulence, by taking the rms
difference between the time-dependent function and itself at n later time. It is given by D(7) == (Re+1)
— fibP} where 7 is the time lag. The temporal structure function analysis R(7) is a means of removing
the instrumental noise 10 obtain the true contribution of the sky. It is given by R(r) = sqrt {(D,(7)-D;(r))
! D{1)} where Dg and D, are the temporal structure functions of the scene and instrument. When R is
greater than unity, the temporal clutter of the sky exceeds that of the instrument, In particular, the value
of 7 for which R = |1 represents the approximate maximum useful integration or sample time for the
scene. As can be seen in the lower half of Fig, 21, this may be as short as a few seconds for heavy
clouds. This is shown further in Fig, 22 where the rms of the measured signal is given a~ a function of
integration time. Note that, for heavy atmospheric clutter, the rms signal actually increases for integration
times greater than about a second or so. In conclusion, sky temporal clutter may dominate system noise
for integration times greater than a few seconds. Longer integration times are not effective in decreasing
system noise and increasing signal-to-noise ratio since increasing the integration time will not necessarily
reduce sky clutter noise. Therafore, there is a limit to the reduction of the minimum detectable signal
obtained by increasing the integration time. Further increases of sensitivity will have to be achieved by
other means. The nonstationary nature of temporal variations of atmospheric emission does not preclude
the possibility of clutter suppression. However, a detailed knowledge of the spatial and temporal clutter
of the atmosphere and of background scenes is needed so that matched filtering in both the spatial and
temporal domains can be used to enhance the signal-to-clutter ratio,

Military Targets
Alrcraft, Tanks, and Vehicles

These targets are generally made of metal. Metal, even when painted, appears as a mirror to
millimeter-wavelength radiation; it reflects radiation while radiating little because of its own temperature.
The signal will depend on the orientation of the surface and what is in the reflected field of view. In most
cases, for space surveillance systeins, the surface is viewed parallel or neariy parallel with Earth’s
surface. Therefore, it will reflect only the radiation from the atmosphere and space, making metal
surfaces appear to be much colder than the surrounding surface. An exception is when an absorbent
coating in used on the metal, giving it a high emissivity where the signal will represent the temperature
of the target rather than the reflected scene. Table 12 lists characteristics of some selected military targets.
The following discussion of military target detectability assumes that environmental clutter has been
suppressed and that only instrumental noise is present.
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Table 12 — Characteristics of Military Targets at 90 GHz

Target | Arca (m%) Emissivity Temperature (K)
A
Aircraft carrier 8400 - 13700 0 2%0
Battleship 9000 0 290
Missile cruiser 3400 0 290
Destroyer 1300 0 20
Attack boat 260 0 290
FT boat 185 0 290 s
Patrol boat 30 0 290
Ship wake Up to 3000+ 0.9 290
Ship atmos. wake Beam fill 0.7-0.9 283
B-52 800 0 290
Backfire bomber 400 0 290
F-117A fighter 108 0 290
F-15E fighter 83 (U 2%
Tank 15 0 290
Car 12 ¢ 290
Missile 10 0 290
Mines 1 0 290
® ‘Froop concentration 100/company 1.0 290
Buildings 2500 0.87 290
Alrport/runways 50000 0.9 290 '
Fires/battleficld 10000 >0.9 700 B}
dumage sescasment
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Figures 23 through 28 show the high contrast signal of vehicles and aircraft obtainable with high
spatial resolutions. Figure 23 shows individual aircraft and vehicles at 34 GHz with a resolution of about
10 m. Measurements of a P-3 aircraft at 90 GHz over both land and water backgrounds are given in
Fig. 24. The resolution is 3 m in all flight strips in Fig. 23 except the fifth and sixth strips where it is
10 m. The signal contrast of the same P3 at 140 GHz and 3 m resolution is shown in Fig. 25. Figure 26
is an image of an aircraft on a pedestal, viewed from slightly below at 90 GHz with 0.5-m resolution.
The bottom of the aircraft appears much warmer than the top; it is reflecting the relatively hot radiation
from Earth's surface rather than the cold sky as does the upper surface. Images of automobiles at 90 GHz
and 0.5-m resolution are given in Figs. 27 and 28, The vertical feature between the two autos in Fig, 27
is the signal from a man. The beam-fill contrast temperatures for the aircraft and vehicles in these figures
is very large—as much as 80 K over water and 120 K over land. The atmosplieric loss is &« = 1/3 for
this imagery, although it typically vanges from 1/3 to 2/3 under cloudy conditions depending on season
and latitude, as given in Table 1.

To estimate the signal-to-noise ratio (S/N) [as given by Eq. (14)] for various military targets, a
typical value of o = 1/2 is used. This results in an atmospheric factor of (1 — «)* = 0.25. The
difference in temperature between the target and background, 67, is taken as O and the temperature of
the background as 290 K. The emissivity of the oceanic background varies from about 0.55 to 0.68 for
calm conditions, depending on temperature. It is 0.6 at 290 K. Under high sea states, emissivity increases
to 0.8 or more. The emissivity of the land background ranges from about 0.55 to 0.93 (Table 2). An
average value of 0,75 is used for the emissivity of the background, Table 1 gives the emissivity of the
target, The denominator of Eq. (14) is the instrumental sample noise. It is given as 0,10 and 0.05 K for
the 100- and 400-m resolution systems, respectively, in Table 6. These values result in a S/N, for a metal
target with O emissivity, of 0.027 and 0.0034 times the area of the target in m? for the 100- and 400-m
resolution systems, respectively. The 400-m baseline system with a 4-m antenna is 8 times less sensitive
than the 100-m resolution system using a 17-m antenna.

MICRAD TARGET DETECTION

SMALL MOBILE TARGETS

AIRCRAFT

SINGLE
VEHICLES

A " p—— . - -
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Fig. 28 — Very-high-resolution imagery of u parking lot
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Under these conditions and with clutter suppressed, aircraft are detectable with the 100-m resolution
baseline system. For er=nple, the area of a Backfire bomber (a large aircraft) is about 400 m?, resulting
1 §/N = 11 for these ui:-esolved targets. To put this in perspective, a S/N of 6 is required to obtain
.. probability of threshold de.>ction, 0.5, with a false alarm rate of 10®. However, for the baseline
sysiem with a resolution of 400 m, the S/N is only a little more than 1. Thus a single Backfire bomber
is practically undetectable. Howeve: flights of about five or more would be detectable if they were within
the 400-m resolution cell. Single fighters with an area of only about 100 m? would not be detectabie with
either system, nor would tanks and vehicles wi‘h an area of ~ 15 m®, An area of about 220 m? or greater
is required to obtair: 2 S/N of 6 at 100-m resolution. The 400-m resolution system requires a target with
an area greater than 1800 m?; thus single tanks or vehicles are not detectable. Massed groups of 20 or
more would be detectable if concentrated within the 100-m resolution cell. Eight times as many would
be required for detection with the 400-m resolution system.

Ships and Ship Wakes

Metal ships appear as a cold contrast against the sea, The foam from the ship wake or breaking
waves has an emissivity greater than the undisturbed sea and will appear to be warmer than the
surrounding sea. Figure 29 shows images of the aircraft carrier Constellation through clouds at 3¢ GHz
and with a resolution of 10 m. (Aircraft carriers as well as other ships are seen at the docks in Fig, 15.)
The area of an aircraft carrier is in excess of 8400 m?, Therefore,the contrast temperature is more than
twenty times larger than a Backfire bomber and is easily detectable, even with the 400-m resolution
system. In fact, the 100-m resolution system can resolve an aircraft carrier and provide contrast
temperatures of tens of degrees. Ships as small as an attack boat, with an area of 260 m? are detectable
at 100-m resolution, while something approaching the size of a missile cruiser is required for detection
at 400-m resolution,

Figure 30 shows an image of a ship and its wake at 90 GHz. The brightness temperature of the
turbulent wake here is as much as 60 K above the sea background of 199 K, and temperatures in excess
of 10 to 20 K can be expected in general. This wake is 15 km long implying a persistence of one-half
hour or more. Contrast temperatures of turbulent wakes longer than about 200 m will be several degrees
for the 100-m resolution baseline system; those longer than about 800 m will be nearly a degree for the
400-m system. Thus, S/N ratios of 10 to 20 will result. Ship wakes with lengths of kilometers will be
many samples in extent; this will enhance recognition and effective S/N ratio greatly and make them
readily detectable.

The signal from the Kelvin wake of a ship is much weaker than the turbulent wake. Figure 31 shows
the 90 GHz signal from a modeled Kelvin wake of a destroyer at 15 knots under both calm sea and 12-
knot winds, The calm sea case is also shown in profile in Fig. 32. The model is based on a representation
of the wake and sea surfaces as a collection of plane facets with dimensions of 5 X § ft. Although a few
individual facets may have brightriess temperature contrasts in excess of 20 K, the integrated contrast over
the entire wake is only 0.6 and 0.4 X for the calm and rough ocean, respectively. This indicates that,
despite the crudeness of the model, the Kelvin wake may be detectable with the baseline system, It should
be noted that although the turbulent and Kelvin wakes present positive contrasts above the background,
the ship contrast will generally be negative. Therefore, the net signal in a resolution cell may be reduced
and may possibly even be zero.
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Fig. 29 — 34 GHz imagery of the airoraft oarrier Constellation
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Fig. 32 — Silhouette representation of modeled 90 GHz
Kelvin wake from a destroyer

Infrastructure

Masonry structures, industrial and other buildings, road networks, runways, residential areas and
other cultural features will often have a high emissivity above that of pasture lands or forests and will
appear hotter than surrounding area. Metal roofed buildings, oil tanks, bridges, rail networks and
terminals and other structures predominantly metal will have low emissivities and will appear cooler than
the surrounding area. Figures 14 and 15 show the effect of high emissivity targets on land such as
buildings and rcadways. With the structure of roads, railways, and runways extending over many
resolution elements, pattern recognition techniques can greatly enhance identification and minimize noise
levels. Since these infrastructure targets are stationary, it will be possible to combine a number of passes
to elimirate weather effects and enhance the interpretation of these structures.

Barrlefield Damage Assessment

Sni e is essentially transparent at millimeter wavelengths, This allows especially the 100-m
resolution baseline system to be effective in a battlefield damage assessment. The location and extent of
fires is readily distinguished through the smoke. An example of this is shown in Fig. 33. The microwave
image at 36 G Hz clearly delineates the hot burning region of forest fire that is totally obscured in the
visible photo shown below it, Because of the much higher temperatures smaller burning regions would
be detected. For example, an intense fire has a temperature of as much as 1200 K above the background,
and, for an atmospheric loss of @ =~ 0.2, the burning region would require an area of only 16 m* to




37

Millimeier-Wave Radiometric Utility Study

axy pazoy ¥ j0 Lodvan ZHD $£ — ££ g

O010Hd TYI¥3V

Li6l

*130 8 19V 14 000S

% JNYlL oS5¥E

dVW ¥31IWOIAVY IAVMOUD IW
13 1SH0 SNIVINAOW ZINA VINYS

VIY31IN3dYYO




38 : Hollinger, Highley, and Sandlin

produce a S/N of 6 with the 100-m resolution system. An area of 128 m?, i.e., a region with dimensions
of about 11 m, would be needed for the 400-m resolution system, Thus individual aircraft, tanks, or
vehicles in addition to piers, buildings, and oil storage tanks will be deectable. Furthermoue, it should
be possible to assess the damage done to runways, roads, and bridges.

Environmental Signatures

Microwave radiation carries information on the geometric and bulk-dielectric properties of the surface
and volume of atmosphere viewed. The intensity of upwelling microwave radiation from the environment
is a function of frequency, polarization, incidence angle of observation, emissivity of the scene, and
transmission through, and radiation by, the atmosphere. At 90 GHz, the microwave sensor is sensitive
to many atmospheric phenomena of interest, as well as surface phenomena, which must be discriminated
or analyzed together for a particular scene. For convenience, surface and atmospheric signatures are
discussed separately.

Surface Signatures

Environmental targets are categorized as localized surface features; they range from a percentage of
beam-fill to many beams in size. For exampls, oil spills on the sea have the effect of smoothing the
surface and reducing foam, thereby decreasing effective temperature. Over large areas this will appear
as a parcel of below normal temperature, and it would be relatively easy to map the spill’s extent, At
thicker portions of a spill, the surface layer becomes significant compared to the wavelength of the
detected signal, and interference effects can change the perceived signal to a positive level. For another
example, snow and ice cover are targets of large arca that can be mapped easily, In addition, ice types,
first year and multiyear, can be discriminated, and snow signature will vary with liquid water content.
The 100- to 400-m resolutions can find openings in ice packs and trails in the ice made by ships. Thin
first-year ice can be located and sized for ship traffic, With 400-m or better resolution, icebergs can be
located and tracked. For agriculture, soil moisture variations over relatively small areas can be located
and vegetation stress estimated for crop yield and disease control. Soil/vegetation composites can be
measured. Fires and slash-and-burn areas can be located and time histories generated. Surface moisture
can be measureq] to indicate the effects of localized flooding and estimate the condition of the soil for
vehicle movement. Soll texture can be observed for volcanic or recent man-made activity. Figure 34
shows broad categories of surface types that currently are distinguishable at 12.5-km resolution for
frequencies near 90 GHz that can be observed as background for targets. Table 2 shows characteristics,
including emissivities, of surface environmental targets.

Oil Spills

Oll on the sea surface damps out the short millimeter capillary waves that produce increased
millimeter-wavelength radiation. This results In the area of the sea covered by the oil slick appearing
cooler than the adjacent unpolluted sea. The presence of oil also greatly suppresses the production of sea
foam, which also results in a reduction of the millimeter-wavelength signal in the slick. The oil tends to
be driven into thick pools at the downwind edge of the slick. The majority of the area of the slick is very
thin, only a few molecules thick, If the oil thickness is an appreciable fraction of the observational
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Fig. 34 — SSM/] land surface types
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wavelength in the oil, it will result in an increase in the radiation. The maximum increase occurs for
thicknesses of multiples of a quarter wavelength, about 0.5 mm at 90 GHz. This occurs because the oil
has a dielectric constant intermediate between the sea and free space. It acts as a quarter-wave matching
layer, greatly reducing the sea reflectivity and, thus, increasing its emissivity. Therefor, an oil spill will
appear as a cool depression in the millimeter-wavelength radiation over the slick area, with the warm
spots where the oil is thicker than a few hundred microns. Under high sea state conditions, the slick will,
of course, be broken up and the rough sea and white caps and spray will mask the effects of the oil.

Figure 35 is an image of an oil spill at 22 GHz; the spiil region is at the top, the 22 GHz region is
in the middle, and the false color bar is at the bottom. The red regionc are the higher brightness
temperatures from the rougher unpolluted sea. The smoothed region of the slick appears as a cooler blue,
The area of the slick is not discernible in the photo as it appears here, but it is on the original negative,
The bright yellow spot at the downwind end of the slick is the increased radiation due to a thick, 0.6-mm
region of oil. The stern of a ship making surface measurements {5 visible at the bottom left of the image.

The baseline system will easily map and track oil spills of dimensions greater than 100 m. In the case
of large spills, such as those in the Persian Gulf during Operation Desert Storm, it would be possible to
infer the thickness and, hence, the volume of oil present. The location and track of the spill could be
determined and the largest concentrations of oil could be located, allowing the most efficient containment
and clean up measures to be taken. The detection and quantification of oil spills on the land surface has
not been investigated in detail, but rough calculations indicate that they should be measurable.

Bare Soil

Figure 36 shows brightness temperatures observed for a range of soil types and soil/vegetation
composites for the Western coast of Africa. The variations in brightness temperatures are caused by
differing types of soil, including texture, amount of soil moisture, and vegetation. The brightest (whitest)
regions toward the north are the great sand dunes, such as Azefal Dunes and Akchar. The grey-white
colors represent the rocky, sandy soil and mountainous regions of the Sahara Desert. A sand storm is
blowing out to sea near the coastal city of Nouakchott, coloring the oceanic background turquoise. The
brown- hite region immediately southeast of Nouakchott represents mixed dry and arable land in the
transition region between desert and forest. The brown-green along the southern coast identifies the Ivory
Coast, a composite of arable land and forest. The darkest green identifies the lush forested region of the
Niger Delta. The white patterns over the sea and land to the south are clouds and humid air. The smail,
turquoise and yellow regions within the white clouds are cumulonimbus convection.

Normal, dry soil has an emissivity of 0.90 to 0.95 at microwave frequencies, so that its apparent
temperature is close to its physical temperature. The emissivity of dry soil is nearly constant with
frequency, so that the apparent temperatures at 90 GHz would be similar to those at SSM/I (sensor system
microwave/imager) frequencies, except that atmospheric clutter may be somewhat greater at the higher
frequency. With 100~ to 400-m resolution however, it is a tractable problem to separate the spatial and
temporal frequencies of land and atmosphere in the imagery; a problem that is much more difficult at
SSM/I resolutions. This would allow greatly improved target identification over land, compared to SSM/I
capabilities. Also, emission from dry soil is fairly highly polarized; the vertically polarized brightness
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