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1. INTRODUCTION

The "Millimeter Wave Radar Clutter Program” was funded by the U S.
Army Research Office in September, 1985 to answer a number of important
questions related to millimeter-wave radar scattering from terrain. This Final
Report provides a summary of the research conducted and the major resuits
realized under this program. The program was organized in terms of the

following five tasks.

Task 1 - Contruction of Millimeter-wave
scatterometers: in order to develop valid models for radar scattering
from terrain, it was imperative that we conduct careful measurements of
various types of terrain under a variety of conditions. The experimental data
serves to guide the development of the models as well as to verify their
applicability. Hence, the first task of the program focused on the
development of calibrated scatterometers with operating frequencies of 35,
94, and 140 GHz, which correspond to atmospheric-window frequencies.
Under a sepearte DOD-equipment grant, we also developed a system at
215 GHz. |

Task 2 - Examinatiorn of Radar Signal Statistics: The
literature contains several models for characterizing signal fading statistics
of radar scattar from terrain. This task seeks to determine the nature of
signal fading at millimster wavelengths and to evaluate the relationship
between the fading standard deviation and frequency bandwidth when

frequncy averaging is used.




Task 3 - Modeling Extinction Loss of Dry Snow:
Because snow is a dense medium and because the ice crystals are
comparabie to the wavelength in size in the millimeter-wavelergth region,
the modeis used at the lower microwave frequencies ars inapplicable at
millimeter wavelengths. The goal of this task is to develop a model for the
extinction loss of dry snow and to verify its behavior with experimental

measurement.

Task 4 - Examination of Bistatic Scattering from
Surfaces and Volumes: Prior to this program, no millimeter-wave
bistatic measurments of terrain had been reported in the literature. The
purpose of this tack is to examine the character of bistatic scattering and to
use it in the davelopment of radar scattering models. Even fcr monostatic
radar, the backscattering return includes multiple-scattering contributions that

are governed hy bistatic scattering in the medium under observation.

Task 5 - Development of Radar Scattering Models for
Terrain: Under this program, we concentrated on two types of terrain,
snow-covered ground and tree fcliage. The goal of this task is to develop
electromagnetic models that can adequately describe millimeter-wave

backscatter in terms of the physica! properties of the medium.

Over tha four-year duration of this program, numerous papers were
published in the literature and several presentations were made at
scienufic symposia documenting the various resuits realized in support of
the above five tasks. A subset comprisad of the major papers gonerated

under this program is included in Appandix A, and numbaered 1 through 13.




In the next section, we shall focus on the major conclusions learnt from the
~ research conducted under this program without going into the details of the
experiments and models. We will refer the reader to the details by

referencing the appropriate papers in Appendix A.
2. SUMMARY OF RESULTS
2.1 Task 1 - Construction of Millimeter-Wave Scatterometers

The basic approach used in designing the millimeter-wave
scatterometers is described in paper [1]. The initial plan was to design and
build three systems to operate at the atmosphaeric-windows frequencies of
35, 94, and 140 GHz. In 1989 we added a fourth channel at 215 GHz with
funds provided by a DOD equipment grant. The salient features of the
millimeter-wave system are given in Table 1. Examples of polarimetric
measurements made at 35 GHz are given in paper [2], and exampie of

observations mads at 140 GHz are given in paper |3).
2.2 Examinailon of Radar Signal Statistics

Based on extensive radar measurements that were conducted fcr
asphalt and snow-covered surfaces (see paper (S], the following results

were obtained:

(1) The Rayleigh fading model provides excelient agreement with
measurements for statistically homogeneous targets. The major cause
responsible for the confusion that exists in the Literature with regard to the

question of which probability density function is appropriate for




Table 1.  Parameters of the University of Michigan
Millimeter Wave Polarimeter

FREQUENCIES:
IF BANDWIDTH:
SWEEP RATE:
POLARIZATION:
INCIDENCE ANGLES:

PLATFORM HEIGHT:

NOISE EQUIV. ¢":

CROSSPOL ISOLATION:

PHASE STABILITY:

NEAR FIELD DIST:

BEAMWIDTH:

ANTENNA DIAMETER:

35, 94, 140, 215 GHz

010 2.0 GHz

1 ms/freq., §1, 101, 201, 401 freq./sweep

HH, HV, VV, VH

0to 70 degrees

3 meters minimum, to 18 meters maximum

35 GHz:
94 GHz:

140 SHz:
215 GHz:

35 GHz:
94 GHz:

140 GHz:
215 GHz:

35 GHz:
94 GHz:

140 GHz:
215 GHz:

35 GHz:
94 GHz:

140 GHz:
215 GHz:

35 GHz:
94 GHz:

140 GHz:
215 GHz:

35 GHz:
94 GHz;

140 GHz;
215 GHz:

4

-22dB

-28dB

-21dB

-304B

23dB

20dB

15dB

20dB

~1 degree/hour

~1 degree/minute

~10 to 50 degrees/second

~20 degrees/heur

2.7m

73m

27m

44m

R: 4.2deg T: 4.2deg
R: 1.4 deg T: 2.8deg
R: 2.2 deg T: 11.8 deg
R: 1.1deg T: 2.3deg
R: 6inches T: 6inches
R: 6inches T: 3inches
R: 3inches T: 0.36 inches
R: 3inches T: 1.5 inches




characterizing the statistical variability of the radar return from terrain is the
fact that the data aquired with airborne programs includes two sources of
variability, namely that die to fading and that due to the statistical in-
homogeneity cf the target scene. If we study thess two types of variations

seperately, we can easily compute the distributior: for the combination.

(2) £xamination of the stardard deviation associated with the
backscatter when frequency averaging over ~ bandwidth B is used,
compared to the standard deviation when no frequency averaging s used
(CW operation), led to the development of a model that shows thz reduction
in signal fluctuation with bandvidth. The model is in excellent agreement
with experimental observations. The equivalent number of independent
samples realized by frequency averaging is approximately

N=2RE

c

where D is the range resolution of the systam and c is the velocity of light.
2.3 Task 3 - Modaling Extinction Loss of Cry Snow

A millimeter-wave modal for the transmission loss of dry snow was
developed taking into account both coinerent loss due to scattering and
absorption and multiple scattering eifects [6, 7]. The mode! was compared
with measurements made as a function of siab (ickness for 18 different
types of snow with crystal sizes varying from 0.2 mm to 2.0 mm. The
m3aasurements were made at 18, 35, 60, and 90 GHz. The results form the

basis for modeiing the backscatter f-om snow using the radiative transfer




approach because prior to this investigation it was not clear as to how to

define crystal size in snow.

2.4 Task 4 - Examination of Bistatic Scattering from Surfaces

and Volumes

Papers [8] - [10] descnte experiments conducted and models
developed to characterize mi!'mater-wave bistatic scattering from surfaces
of varyirg surtaca roughress and from two distinstly different types of trees.

The major findirgs ware:

(1) For a smooth sand surface with rms height of less thain 0.1 mm,
bistatic scattering in the spacular direction was found to be within a fraction
of 1dB of theory for both horizental and vertical polarizations. As the
surface roughness was in:creased, the coherent specular component
decreased and diffuse scattering increased. By making measurements as a
function of both the azimuth angle and the elevation angle of the receiver,
three dimensional scatteting plois were generated for each polarization
configuration.

(2) Sistatic scattering by trees can be modeled as the sum of a forward
scattenng narrow-lcbed Gaussian function with a beamwidth on the order of
10° and an i1sotropic coriyponent, typically 20 dB lower in level than the peak
of the forward pattern. Inspite of the complicated geometry of the tree
architecture, insigniticart differences were observed between the scattering
pattarns corrosponding to horizontal and vertical polarizations. This result
led to sigrificant simplifications in the cunstruction of a phase function for

mocaling multipla scattering effects in vegetation canopies.




2.5 Task 5 - Development >t Radar Scattering Models for
Terrain

Radiative transfer models were develoged for tree canopies and
snow-covered ground. Using the form of the scattering patterns measured
in the bistatic scattering invetigations, a model was developed for the phase
matrix of tree foliage and then used in a radiative transter model to compute
the radar backscatter. Three solutions were examined: (1) first order, (2)
secend order, and (3) numerical. It was found that the second-order
solution provides accuracies within 1 dB for both like and cross polarization
if the albedo is less than 0.8 (paper [12]). Upon comparing the modal with
data, excellent agreement was obtained at 35, 94, ana 140 GHz.

A radiative transfer model with the quasi-crystalline approximation was
developed for snow. The modal acceunts for snow surface roughness,
crystal size, and liquid water content. Both model and data indicate that
surface roughness is of secondary importance for dry snow but not for wet
snow. The eftect of liquid water content is most significant at 35 GHz and
becomas smaller as we increase the frequency to 94 and 140 GHz.

Paper [13] providas a detailed description of the model. Companson
of the modal results with experimental observations is the subject of a
seperate paper which is in the final preparation stage but not yet ready for
inclusion in this report. Both papers will be submitted for publication in a

scientific journal in November, 1989.
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4. PARTICIPATING SCIENTIFIC PERSONNEL

The following people participated in The Millimeter Wave Radar

Clutter Program:

Or. Fawwaz T. Ulaby

Dr. Yasu Kuga

Dr. Thomas Senior

Or. Jack East

Or. Martti Hallikainen

Graduate Students

Dr. Kamal Sarabandi, Received M.S. (1986) and PhD (1989)

Mr. Michasel Whitt, Received M.S. (1987), expected PhD
completion in 1990

Ms. Emilie Van Duventer, Received M.S. (1987), expected PhD
completion in 1990

Mr. Richard Austin, Received M.S. (1988), expected PhD

completion in 1990
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Mr. Jack Ross, no degree completed. Transferred to another
university.

Mr. Vince Karasack, Received M.S. (1988)

Ms. Julie Hoffman, Received M.S. (1988)

Mr. Adib Nashashibi, expected PhD compietion in 1991

Mr. Mike Colluzi, Received M.S. (1988)

5. CONCLUSIONS

Judging by beth the quantity and quality of the work performed under
this program and by the significance of the results achieved relative to the
goals of the program, we beligve that we have made impo.tant contribu'ions
tewards uncerstanding tne nature of millimeter-wave interaction with terrain.
This type of research should be continued with primary emphasis placed on
the use o1 polarimetric data for characterizing the physical properties of the

observed scene
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A Millimeterwave Network Analyzer Based
Scatterometer

FAWWAZ T. ULABY, reLLow, 1EEe, THOMAS F. HADDOCK, MEMBER, IEEE,
JACK R. EAST, MeMBER, 1EEE, AND MICHAEL W. WHITT, STUDENT MEMBER, IEEE

Abstrect—The Milllmeterwave Polarimeter (MMP) s & setwerk-
smalyzer based scatterometer and reflectometer system 'hst hes been
developed in suppert of & program te charscierise radar cletter ot 38,
94, and 140 CHz. A HP 5510A aetwerk snaiyzer is employed ia the
MMP system a8 3 signal conditioner and processer to facilitate real-
time dats reductisa. (o reduce the shert tisme-doiny leakage seise {o-
herent in troditienal FM /CW radur, sad te ferther eahance the sig-
asl-te-noise ratie of the system through signal precessiag techniques.
Operstioa of the system ot millimetor wivelengths s achirved with vp-
coaversion and harmonic dewnceaversion. The use of barmeaic dove-
coaverters permits low-froquescy signal coamections betwesn compe-
sents of the system and allecs casy receadiguration i either
scatierometer, bistalic, or reflection/iransmission modes.

1. INTRODUCTION

E PRIMARY decign objectives of the Millimeter-
wave Polarimeter (MMP) is to achieve a system that
can operate at 35, 94, and 140 GHz with full polanization
and phase capability. It should operate from a truck plat-
form as a scatterometer for backscatter measurements and
in the laboratory for bistatic and transmission measure-
ments. and should have ranging and real-time processing
capabilities. The HP 8510A is an automatic vector net-
work analyzer with a computer-control system that allows
vector error correction of imperfections through the use
of calibration standards. ft provides the needed flexibility
and ciznsl conditioning and processing for our require-
ments.

The three configurations of the MMP are illustrated in
Fig. 1. Fig. l(a) illusirates the 94-GHz system in its back-
scatter mode. In this configuration it operates from a
vanable-angle mount on the end of an extendable boom
mounted on a truck. The front end RF and IF compunents
are mounted on the boom top. while the network anslyzer
and ancillary data processing and recording egquipment are
mounted 1n a control house on the bed of the ruck. Fig.
1(b) shows the bistatic measureinent configuration in
which the transmitter and receiver sections are sepanted
fiom one another and used 10 make bis‘atic measure-
ments. Fig. I(c) illustrates the transmitter and receiver
subsystems, operating without the lens-hom antennas, to
make transmission and reflection measuremente. In this

Manuscnpt received Janusry (2, 1987, revised July 0. |9!‘!
The suthors sre wich the Radistion Ladorstory. Depertment oV Electricel
Engineenng and Computer Scxnce. The Universaty of Michgan. Aas At

bor. MI 481U9-2122
IEEE Log Number 8717530

—— . ]

APUECTION / TRAMEMESEC MO0

Fig. |. The rhee ope

§ configu of the MMP.
configuration the two subsysiems directly face one an-
other, 30 the transmitted signal passes directly through the
sample,

Note that in the bistatic and reflection/trunsmission
modes the receiver and transmitter sections must be po-
sitioned independently of each other. Scattzrometer usage
requires that the entire system be portable, with the front
end mov.ng remotely and independendy from the HP
8510A back end. The MMP system illustrated in Fig. 2
addresses each of these goals, while providing standard
operating procedures and data format for all three types
of data acquisition.

II. MM? Desion

The design goal was to produce a single versatile in-
strument with the ability to be configured in the three de-

0196-2392/88/0100-0075301.00 © 1988 |EEE
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sired configurations. Discussion of each of the configu-
rations follows.

A. Backsccrier Mode

Fig. 2 illustrates the system in its backscatter mode, in
detail (part a) and in block diagram form (part b). At each
RF frequency a fixed-frequency Gunn source and mixer
are used 1o upconvert a 2-4 GHz swept signal, orntrolied
by the HP 8510A, to a swept 93-95 GHz signal. This
signal is transmitted (in vertical or horizontal polariza-
tion) through a lens-hom antenna to the targei. A sample
of the transminied signal is harmonically downconverted
with a low-frequency LO ( ~ 10 GHz) and transmitted

Ad

)

Fig. 2. Scantenng configurstion of the systers, detasl, and dlack diugrams. (3) Sysem diagram i1a scatteromeser mode. The 94-GHz2 system 1s sllustrated,
13- and 140-GHz syssme are smalogows. (b) Scaneromensy coadgursuos of b sysiem

through flexible coaxial cable to the reference signal (a, )
nort of the network analyzer The reflected signal, picked
up by a second antenna, is downcenverted and fed into
toe retum signal (&, ) port. The poianzation switch allows
the selection of either the horizontal or the vertical re-
turned signal. Due to the low frequency (24 GHz and 10
GHz) coaxial interconnections between the vanous up and
down coaverters, the transmiter and recerver subsystems
are independently mobile.

In a traditional FM /CW radar [1}-[3) the noise floor is
set by noavarying leakages and reflecions within the sys.
tem. For shon-range calibratad radars, or scatterometers,
this level is typically about 30 to 35 dB above the thermal
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Fig. 3. Like- and cross-polanzatoa traces for g typical MMP aneenna.

noise floor of the system. The HP 8510A has error coe-
rection routines that correct for imperfections in the test
circuitry through measurements of standard calibrators.
By using «n HP 8510A as a radar back-end, sources of
system measurement error can be characterized and par-
tially subtracted (rom the signal, hence, greatly increas-
ing system sensitivity over that provided by a2 coaven-
tional design.

In addition, since the HP 8510A makes measurements
by determining the phase and amplirude of retumned sig-
nals over a series of stepped frequencies, all phase infor-
mation is retained. When both horizonwl and vertical
modes of polarization are measured, complete polariza-
tion information can be obtained. This allows the recon-
struction of any mode of polanization, linear of circular,
thus making the system completely polarization agile.
This capacity can be used to completely specify the scat-
tering matrix of an objecy o¢ target of interest.

The HP 8510A has the capability to perform complex
binary math operations os pairs of swept signals. For ex-
ample, a signal may Ce memorized and used (o operate on
subsequent signals to remove or reduce unwanted re-
sponses. This can be used to reduce reflection and leakage
noise from within the system, as well as to reduce un-
wanted responses from outside the instrument.

The HP 8510A can perform real-time fast-Fourier
transforms from the frequency domain, in which the data
is taken, to the time domain. Range-gating capabilities in
the time domain sllow setting the respoase of the instru-
ment to a specified time range. This can dbe used to reject
signals reflected from targets outside of the desired range,
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as well as 10 measure the backscattered power as a func-
tion of range. ln studying the scattering from vegzetation
canopies, for exameple, it is possible 10 record the differ-
ential scattering as a function of range from the top of the
canopy down to the underlying ground surface.

Table 1 lisus projected system performance specifica-
tions, based on laboratory tests and specifications of our
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Fig. 3. Reflecion/transmissios cosfigurason of the syssm.

equipment. The values for the noise-equivalent o* for the
94-. and 140-GHz sysiems were derived on the basis of
tests in the lsboratory.

The bandwidth of the MMP can range from 0 to 2 GHz,
and can be changed ia real-ime. Narrow bandwidth al-
lows the system to have high spectral resolution, and
hence have good determiration of {requency-dependent
features of the targets. Wide bandwidth allows good tem-
poral resolution and can be used 10 reduce and study the
effects of fading.

Antenna pattems of s typical MMP antenna ace given
in Fig. 3. These antennas have corrugated corical feed
homs with matched diclectric lenses. Note that the cross-
polarization isolation is better than 40 db.

8. Bistatic Mode

The bistatic configuration diagram is shown in Fig. 4.
The operation 13 similar to that 1n the backscatter mode,

A6

only here the transmitier and receiver tections move in-
dependently of zach other in making the measurements at
varivus angles. Ease of movemeant of the two subsysiems
comes from the low-{requency IF (2 to 4 GHz) and LO
{ X-band ) interconnections. Note that due to range-gaurg.
bistatic measurcments can take place anywhere, 1n the
field, where the numerous unwanted reflections can be
time-gated out, or in the usual anechoic chamber setting.

C. Trangmission Mode

The transmission configuration diagram is shown in
Fig. 5. Openation is a3 1n the bistatic case, with the trans-
mitter and receiver units positioned independently, only
now the lens-horn antennas are removed and samples are
placed directly against the waveguide probes. fn this con-
figuration the polanzation switch is used to select either
the response from the reflected signal or the transmitted
signai.
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{II. PreLiMiNARY RESULTS

Fig. 6 shows a histogram of the tim ~domain respoase
of the system operating in the scarterometer mode at 33
GHz. The wrget waa a dense stand of trees, and the data
was taken with a full bandwidth of 2 GHz & an angle of
approximately 45 degrees. Calibratioa was performed
against a 15-in sphere, and the estimated 1-0 sccuracy
was | dB for the total canopy ¢° = —9.6 dB. The histo-
gram shows the power, givea as & percent of the total
removed power, through the canopy in 10-ns bins.

Fig. 7 shows ¢* measurements of an asphalt surface
versus angle for H-H, V-V, and V-H solarizations. This
dia was uken at 35 GHz with a 2-GHz bandwidth.

Fig. 8 shows g plot of the radar-cross-section versus
incidence angle for a leaf of cross section of approxi-
mately 40 cm?, with 63-perceot moisture content. This
data was taken in an ancchoic chamber at 35 GHz with
the system operating i the backscatter mode.

V. ConcrLus:ON

The HP 8S10A network analyzer shows great promise
a3 the back end of contimeter- and mullimeter-wave
FM/CW scatierometers and reflectometers. Use of its
various error correction and signal processing capabilities
should greatly improve sigral-to-ncisc ratio over equiva-
lent coaventional systems. Furthermore, the veratlity in
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bandwidth, polarization, and configuration of the MMP
allow for a flexible syitem for ficld as well as laboratory
use.
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Millimeter-Wave Polarimetric Measurements of
Artificial and Natural Targets

MICHAEL W. WHITT. STUDENT MEMBER, IEEE, AND FAWWAZ T. ULABY, fFeLLOW, (EEE

Adstract—The millimeter-wave polarimeter (MMP) is 3 scatter-
ometer sysiern that uses 'he HP 8510A vector network asalyzer foe
coberent processing of the received signal. It operstes ot 33 and %4
GHa, and s third channel st 140 GHz is te be sdded in 1968. The MMP
provides the polarization and phase measurement capability sesded to
measure the complete scattering matrix M & gives target. This paper
descrides & calidbration and et (e haique that wee used with
the MMP st 35 GHz to measurs (he scattering matrix for beth distrib-
uted and point targets. An analysis of the mensurement sccuracy was
performed by compariag theoretical sod mensured valuves (or & st of
conducting spheres and Raite leagth conducting cylinders. As aa ex-
tension of the analysis te astursl targets, the scatteriag metrix wae
measured for g series of twigs sad various smeeth and reagh surfaces.

1. INTRODUCTION

E OVERWHELMING majority of scattering data
reported in the literature for both distributed and point
targets consists of incoherent power measurements con-
ducted for specific polarization configurations. These
measurements were genenally limited to frequencies in the
microwave range below 30 Gliz. In recent years, the
technology has advanced to the point whese phase and
polarization are dei g explored more extensively, and the
frequency range of operating radar systems has been ex-
tended to the miliimeter-wave region. Early work by Sin-
clair (1], Kennaugh {2]. and Deschamps {3] showed that
scattening from a radar warget can be described in terms of
a complex scarering matrix. The scattering matrix trans-
forms the incident field into a scattered field and com-
pletely characterizes scattering from the target. Most of
the early work reiating to the scattering matnx concen-
trated on point targets. An extensive reference list for the
work in this acea is given in the papers by Huynen (4] and
Guili [S]. Recent interest in its application to remote sens-
ing has led to the development of polarimeter SAR sys-
tems, and quesi-calidbrated polanimetric data have been
obuained by the NASA/JIPL L-band SAR for a vanety of
terrain surfaces {6], {7). However, very little work has
been conducted in measunng and characterizing the scat-
tenng matnces of distnbuted targets using calibrated po-
lanmetnc,scatterometers. This is panticularly the case at
millimeter wavelengths.

Manuscnpt received March 21, 1988, revisey May 12, 1988 This work
was supporied by the U S. Army Research OfMce undar Comract DAAGLY-
45-K-0220

The suthors are with the Radiaiion Ladorstory Depaniment of Electncal
Engineenng. and Computer Science. The Univernity of Michigan. Ann Ar-
bor M} 48108-2122
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This paper will describe a technique developed at the
University of Michigan to measure the scattenng matnx
of both distnbuted and point targets at millimeter wave-
lengths. The technique uses the mullimeter-wave polar-
imeter (MMP), which is a coherent scatterometer devel-
oped to operate both in a laboratory setting and from a
truck-mounted boom [8), {$]. With such a sysiem, data
can be produced under laboratory and natural conditions
to facilitate the modeling of millimeter-wave scattenng
from natural targets.

[1. MEASUREMENT SYSTEM

The MMP system shown in Fig. | consists of an HP
8510A vector network analyzer, transmitter and recsiver
secuons, and signal processing and recording equipment.
The transmitter sectioa produces a 34-36 GHz frequency
swept RF signal by upconverting a 2—4 GHz signal sup-
plied by the HP 8350B sweeper. A sample of the trans-
mitted signal is harmonicaily downconvented and applied
to the a; pont of the HP 8511A frequency converter as a
reference. A similar downconversion stage 1s used in the
receiver section mounted directly below the transmtter.
The receiver supplies both vertical and honzonul com-
voneots of the returmed signal. The vertical and honzonual
cornponents from the receiver are then applied to the b,
tnd b, ports of the HP 8511A. respectively. A Faraday
rotason polarizer is used to provide the desired polanza-
tion for transmission.

Aa anechoic chamber with a target mount was used for
conducting the calibration tests and for measunng the
scattenng matnces of small wrgets. The target mount,
shown in Fig. 2, was a large diameter circular wooden
frame with a concentnc inner nng ( 1-m diameter) that
allowed variation of the target onentation angle. Mono-
filamen: line was used to suspend the target within the
circular frame. Based on the 3.4° half-power beamwidths
of the antennss, the 6-dB illumunated area at a 5-m warget
range is about 0.3 m 1n diameter, placing the \llumination
well withia the diameter of the target mount frame The
target mount had both elevaton and azimuth control to
allow accurate target positioning. The measured noise-
fAcor of the small target measurement configuration co-
responded 10 a radar cross section cf 0 = —40 dBm- for
co-polanized recurn and ¢ = - 50 dBm! for cross-polar-
ized retum.

Backscatter measurements made for Jdistnbuted wur-
faces (sand and rocks) were conducted 1n the laberaen,
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Fig. 1. Block diagram of the MMP sysiem opersting 8 the dacksaner
mode.
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Fig. 2. Target moust designed 10 allow both azimuth, elevatrod, aad on.
eMaL0n Angle adjusmment.
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Pig 3 Disnbutsd surface messurement configurinion
but without an anechoic chamber (sce Fig. 3). The mea- 111, MEeASUREMENT PROCEDURE AND CALIBRATION
surement system has a range resolution of about 10 cm,
so reflections from targets other than the one being mea- Using the HP 8S10A vector network analyzer sysiem

sured were s:mply gated out. The noise-equivalent back-  as the IF processor provides the user with several teatures
scartenng coeflicient (¢%) for the surface measurement that can be used to improve the accurscy of the measyre
configuration was less than —3$ dB. ment. Complex math openations are available and .an ¢
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used to subtract out the response of the chamber and any
ouier spurious but systematic errors. In addition, an in-
ternal real-time FFT processor is available to transform
the frequency swept dara to the time domain. Time-gating
can then be used to select the target response and reduce
spurious signals at ranges different from that correspond-
ing to the target. The gated frequency response can be
obtained by Fourier transforming the time-gated re-
sponse. Another importaat feature of the HP 8510A s its
averaging capability. Averaging of the returned signal re-
duces the system noise floor proportional to the square
root of the averaging factor.

To make a measurement of a particular target, the time
domain response of the target is displayed to allow the
time-gate to be set for the proper target range. The time-
gated frequency response for both the background and the
target/background combination are then stored for all po-
lanzation combinations. The trac2 math feature of the HP
8510A is now used to subtract the gated frequency re-
sponse of the chamber from that of the target/background
combination, resulting in the frequency response for the
target alone. To calibrate the system, a target of known
radar cross section is measured in the same manaer,
thereby allowing the magnitude and relative phase of the
scattered fields to be determined.

The procedure just described can alse t¢ implemented
by using the internal calibration capabilities of the HP
8510A and an external ccntroller (10). The same error
models developed for making network measurements may
also be used tu perform the error correction required for
radar cross-section measurements. The errors in the mea-
«yred frequency response of a given ta et can be modeled
as a response error Ex( f), which causes an error in the
magnitude and phase of the metsured signal, and an iso-
lation error £,( f ). which causes an error signal to arrive
in paraliel with the warget signal. The response error is the
gain and phase offset difference between the measurement
and reference channels, and the isolation error is the re-
sponse of the measurement configurstion without the
presence of the target. The isclation error containg the
response of the chamber and target mount. The voltage
Vo ( /) measured relative to the reference channel voltage
is given by

Va(f) = TUS)E(S) + E)) (1)

where T( /) is the actual target respoase. By measunng
the frequency response of a known targe<. thea the beck-
ground with the target removed, both the respoass and
isolation errors can be determined and used in the iitermal
HP 8510 one-port error correction procedure. The inter-
nal calibration method was preferred, since it overcomes
some of the limitations of the trace math approach.

This calibration procedure can be used for measure-
ments of both point targets and distnbuted targets. How-
ever, additional processing must be performed if the un-
known target i3 at a different range than the calibration
tasrget. The magnitude of the measurement must be scaled
by the muo of tie range dependence between the mea-
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surement and the calibration. The relative phase. how-
ever, is unaffected.

IV. THE SCATTERING MaTRIX

For plane-wave incidence upon a target located at the
origin and observed at a distance r, the vertical and hor-
izontal components of the incident and scattered electnc
fields are related by the scattenng matrix { S ] of the target

1 E'l ke l s s ” E' ‘

SM Sﬁv
O
Sm Sw
and k is the wavenumber in free space. Using the relation

between the elements of [ S ] and their corresponding ra-
dar cross sections, namely

an =S (4)

where the subscripts » and ¢ denote the receive and trans-
mit polanizations, the scattenng matnx { S ] can be wntten

(5} = e ou
‘/;:cua-u) \/;-.,:e“"'""'

We aave factored out the phase of the S, term since we
will only be able to measure relative phase. [n this form,
the scattering matrix can be determined from quanuues
that are independent of runge.

2)

(3)

o ¢|l~‘~l
v

(3)

V. RCS ror A FINTE-LENGTH CONDUCTING CYLINDER

To calibrate the MMP for scattznng matnx measure-
ments, the seven independent quantties of {S ] must be
measured for a knowan target. One target that was found
to work well for calibration is a finite-!ength conducting
cylinder. First, consider an infinite conducting cylinder
onented relative to the radar as in Fig. 4. Two coordinate
systems are defined, pnmed and unpnmed The pnmed
coordinates are local to the cylinder with the ¢’ axis along
the axis of the cylinder. The unpnmed coordinates are
fixed relative to the radar. The bistatic argle between the
transrmutter and receiver 13 about J.4°, which s sufh-
cieatly small 10 assume that the ineasured cross section
represents the backscattered case. The target was located
st a distance of S m, which is slightly less than the 2D°; \
far-field distance of 5.4 m.

For a verucally polanzed incideut wave, the electne
field is

Ea-on'-d‘ ‘6)

where an ¢ ~™ time dependence has been assumed and
suppressed. [n terms of the pnmed coordinates. the inci-
dent electnc field 18

'@ (8 cos8 =5 snd)Ege " ™
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Fig. 4. Radar geometry relative to the target; (a) radar geometry and (b)
uarge geometry.

The far-zon: backscatiered electric fleld due to this exci-
tation for an infinite conducting cylinder with radius a (11,
po. 267-273] is givea by

E'= E {%_xeuu-(ul))[y smO 2 (-1 Cﬂ'

+ 2 cos 8 Z (-1)'c.’"] (8)

where
J.(ka)
H."(ka)

_ Ji(ka)
HY (ka)

CHMNa - - C

(9)

C* = =CT, (10)

In terms of the original unprimed coordinates, the back-
scattered electric field is

E: - & ‘_'_i_x 'uu-u/ln(,c.. + !C..) (“,

The compiex coeficients C,, and C,, ere functions of the
orientation angle ¢ and can be written as

Co= eos’o._::;.(-n)'c:'

- "0._;;.(—1)':::' (12)
Co ™ co.nu[ _);_(-n) ch
+"§__(-|)'cr']. (13)

Similarly, for a horizontally polasized incident wave,
the incident and backscantered electric fields are

E' = 9Eje~* (14)
n. l_ g =i, 4
3 -Eo,fmc ' (9Ca + 2Ca). (13)

A3

In this case, the complex coefficients C,, and C,, are

Ca = sin’ 0 é (-'c

~cos’9 T (-1)'cl®

(16)

C‘ = Cg.. (l’)

The scattering width for the infinite cylinder is defined

as
.2
of, = 2rx limal%ll

s i ::

(18)

where the subscripts r and ¢ are the receive and transmit
polarizations. respectively. Using this definition, the scat-
tering widths for the infinite conducting cylinder are

4 2
’n.klcw‘ (19)

(20)

0;, = % ‘C.,‘z - 0:‘

(21

4

0:. - ; IC.l’.
The relative phases of the Av, vA, and vv scattereq fields
are
Im (C./C..)]
o ———— | . ‘ - ¢ lzz)
Re (Cuw/Ca)l "% 7"

Im (C-/Cn)]
Re (Co/Cu) )’

S

- tan”! [ (23)
For cylinder leagths much larger than a wavelength, the
radar cross sectioa ¢, can be written in terms of the scat-
tering width of the infinite cylinder with the same diam-
eter (11, pp. 302-305)
' 1
9, = i a;, (24)
r

where L is the length of the cylinder. The relative phases
for the finite-length cylinder at normal incidence were as-
sumed to be the sume as those for the infinute cylinder.
Unng these expressions ia (3). we can readily compute
the scztiering metnix for the finite cylinder versus the ro-
tatioa angle ¢

(5] = 2L ow |l CHl |c..|e"~'°~']
7: |Cua| ' ® [Co|ert® o

(28)

with Cw. C., = C.. C“. O = O = 04 ~ Qun. and

é,, — du given by (12), (13), (16), (22). and (23). re-
spectively.
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VI. MEASUREMENT RESULTS FOR SMALL TARGETS

Three types of small targets were measured: conducting
spheres, conducting cylinders. and natural evergreen
twigs. A photograph of these targets is shown in Fig. $.
Radar cross-section measurements were first conducted for
eight conducting spheres ranging in diameter from 0.787
to 6.35 cm. One of the spheres (d = 6.35 cm) was used
for calibration. and the measured normalized cross sec-
tions of the others were compared to Mie calculations.
The results. displayed in Fig. 6, show very good agree-
ment for all spheres. It is worth noting that the measure-
ments covered a wide d;mmnc range for 0. extending from
-45.7 t0o ~25.2 dBm‘. The ms error of the difference
between the caiculated and measured values of o was 0.7
dB. :

A conducting sphere is a convenient target to use for
evaluating the linesrity of the measurement system; it has
geometrical symmetry and o can be computed exactly.
However, a sphere cannot be used to calibrate the cross-
polasized (Av and vA) channels of the measurement sys-
tem. Instead. a dihedral comer reflector may be used.
When the axis of the dihedral is rotated by an angle 4 in
the y — z plane (as in Fig. 4(b) with the cylinder repre-
senting the common axis of the dihedral reflector), the
scattering mainx contains nonzero terms for hv and vh
n2)

(5] =

4~/;ab[-cos20 smu] (26)

A sin 20 cos 20

where a and b are the dimensions of a singie plane of the
dihedral. The elements of (S] measured for the dihedral
were found to be differert from those calculated on the
basis of (26) by several ‘fecibeis. This was sttributed to
scattering contributions f.om the unbeveled edges of the
dihedral planes and to the ifficulty of prsitioning the di-
hedral relatuve to the radar.

A conducting cylinder is an alternats target for cali-
brating the amplitude and refative phase of the Av and vA
channels of the measurement system. [ts scattering matnix
was denved in Section [V and is given by (25). Firxt, the
error coefficients were computed by measuring the _.npli-
tude and phase of the backscatter.d signal as a furction
of frequency for all four linear polarizatioa configurations
with the condurting cylinder oniented at § = 45°. The
cylinder was 7.62 cm in leagth (L /X = 8.89) and 0.1168
cm in diameer (28/N = 0.273). Then, the system per-
formance was evaluated at other values of § by companng
the amplitudes of a,. 9,,, and 0,,, 404 the rlative phases
Oay — O ADd O, ~ 9, with the values computed using
the theoretical expressions given in Section {V. The re-
sults presented in Fig. 7 show excellent agreement be-
tween theory and expeniment. Strmular tests were con-
dusted for several other conducung cylind=rs, all 7.62 cm
in length, but with diameters ranging from 0.0533 to
0.957 cm. The resuits were equally good in all cases. Fig.
8§ shows the results for a cylinder with a diameter of
0.317S cm.
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IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING. VOL. 26. NO 5. SEPTEMBER isgg

3
S
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Fig. 6. Measured versus oreucal comparsoe of ¢ for a set of conduct-
Ing spheres.

Based on the preceding analysis, the standarg deviation
characterizing the messurement precision of the MMP for
all channels was computed 10 be about 0.9 dB for ampli-
tude and 8.6° for phase. This precision reflects the error
in positioning the target as well as the error introduced by
the measurement system. The positionurs error was found
to be the most significant. Nouce in Fig. 7(b) for the
0.1168cm diameter cylinder that over the range 0°* < #
S 90°, the measured phase fits the theoretical very
closely. Since calibrativa was made with the same cylin-
der at § = 45°, the posiuoniog error 1s munimized. Based
o1 an rnalysis of this regioa, the precision of the mea-
sunment system without positioning error is on the order
of 0.5 dB for amplitude and 2.5° for phase.

Next, scattering matnx measurements were conducted
on three small twigs at onestaucn angles of § = 0°,

-45°, and ~90° where & 15 defined as in Fig 4(b) with -
the stem of the twig along the 2’ axis. The twigs were
shown 1a Fig. 3. and we wul refer to them as (from left
to nght) twigs A, 8, and C. Nouce that twig C has in
asymmetnc thape with the necdles coanected to tne
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Fig 7 Measured versus theoretical comparisos of from a coe-

ducring cylinder ¢ 8 fuacnos of orestsccs sagie # (L » 1. Q1 cm. d »
0.1158 cm); (2) amplirude wad (V) relative phase.

branch at about 1 43¢ angle. As an example of the results,
let us examine twig C st an oricotation angle of § = —4S5°,
with its needles oriented below the branch at an sngle of
8 » 0°. The measured scattering matrix for this config-

uration was
1k K}
(5] = e [o.om 0.00902 ¢ '] (27)

0.015% "7 0.020¢°""™

The difference between the smplitudes of §,, and 5,4 is
within the measurement precision for a signal-to-back-
ground ratio of 9.1 dB (13]. where we have taken the
background to be ¢ = - 50 dBm? and the target level to

g . " S
o P o o~ T ) . <
ﬁ ..........
40 -
Bb -9 3
am b
.“ ) _— s
' Q n [ - b - 10 1
Orienmtion mngle ¢ (deg.)

®)

Fig. 8. Measumd versus theoratical compansos of scateneg from g con-
ducting cylinder g9 8 feaction of oneststsoe angle (L = 762 m. d =
0.3173 cu); (s) amplinds snd (V) rviative phass.

be 0,,. Notice als0 that the vv and AA returns from the
twig are esasenvally in phase, but the cross-polanzed hv
m»hmmmmnedmphmwmumuly 160*
relative to the co-polarized recumn.

Ovoce the scattering matrix of the target is known, the
scafiering Cross section can be synthesized for any com-
binatce of transmit and receive polarizaticn. [a genenal.
an elliptically polarized wave can be defined in terms of
two angles, ¥ and x, as shown in Fig. 9. The angle ¢ s
the oricntation angle of the ellipge, and the angle x .. the
ellipicity. Notice that ¢ = 98° — 4 The normalized crmss
section can now be displayed as a funcuon of polanaation
n 8 plot called the polanzation signature that was intm

A 15
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Fig. 9. Polanzation ailipss.
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Fig. 10 Polanzauoe sigaeture for reig C ot se onestenca angis of ¢ =
135° (0 « -43"). (a) co-polanzed ugnamre aad (D) cross-golanied

duced by Zebker er al. [6] and van Zyl et al. [7). The co-
polarized and cross-polanzed signatures for twig C, based
on the scattering matrix given ia (27), are shown in Fig.
10. Linear polanzations are located on the line x = 0°,

A.lo

with vv polarization at ¢ = 90° and kh polanzation at ¥
= 0°*, 180°. Right- and left-handed circular polanzations
are located along the lines x = —-45° and x = 45°, re-
spectively. For twig C, we see that the co-polarized sig-
nature has 2 maximum at y = 130° (§ = -~40°) indicat-
ing that the backscatter from the branch is dominating the
return from the needles.

VU. MEASUREMENT RESULTS FOR DisTRIBUTED
TARGET®
In the second phase of this study, we examined scater-
ing from distributed targets. For distnbuted surfaces we
can define the differenual scattenng matnx [5°] as

,/ ] a t'(..' ow)
So - gt hy 2
( ] ¢ {J 3 el(ﬁ- L} ,[ ) ea(hv-onnz ( 8)

where 0%, is the differential scantering coefficient of the
surface for rr polanzation. For the configuration previ-
ously shown in Fig. 3, the received power for rr polan-
zation is given by
2
Py = M SS l.8’(19,)8.(9,%"‘3.4"! (29)
(47) 4R

where P, is the transmit power, G,, and Gy, are the gains
of the receive and transmit 2ntennas along their respective
boresight directions, g,(8,) and g,(8,) are the normalized
gains of the receive and transmit antennas as a function
of the angles 8, and 8, relative to boresight, R is the range
mnpveapomonhomrftce and A is the area of illu-
mination. The transmit and receive antennas had circular
banu both with a half-power beamwidth of 3.4°, allow-
ing %, to be treated as constant over such a narrow an-
gular range. With this assumption, (29) can be wntten as

P, = [‘ﬁ‘ﬁ?ﬁ] o%1(A, 8o)
(47)

where I(A, 8,) is the illumination integral

!(h' '0) - SS‘ Eli "(")‘l(’l) da

at anteana height A and incidence angle 8,. The quantity
inside the square bracket in (30) is determined from the
cooducting cylinder calibration described in Section [,
and the illumination integral is computed from knowledge
of the anteana patterns and the illumination geometry.
Heacs, ¢%, can be determined from the measured power
P,,. The relative phases ¢y, = O, 4 ~ dun. and 0, -~
s Are measured directly by refercnciog the phase of the
respective signal to é,.

The differential scattering matrix [$°] was measured
for three surfaces: a rock surface, a visually smooth sand
surface, and a visually rough sand surface, all at an nc1-
dence angle of 64° relative o normal incidence The range
to the center of the illuminated cell was 4 2 m. which
slightdy shorter than the 5.4-m far-field distance for the
antenna. The illuminated cell was approuimately S~ um

(30)

(31)
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long in the range direction and 25 cm wide in the azimuth
direction. The platform used for containing the target ma-
terial (sand and rocks) consisted of a square wooden box
1.7 m on a side. Prior to conducting the measurements,
the radar was positioned directly above the box at a height
of 4 m. The backscattered signal at normal incidence was
then measured for a layer of sand as a function of layer
depth. This test was conducted to determine the penetra-
tion depth of the sand medium, and thus establish the
depth necessary for the target to appear semi-infinite a2 35
GHz. The penetration depth of dry sand was found to be
around 7.5 ¢m. For the measureineats *2ported in this
study, the box was filled with the sand or rock materiai to
a depth of 10 cm, which insures that the backscatter con-
tribution from the base of the box is at least 30 dB lower
than that from the target surface. The target platform was
placed on a rotatable positioner, which allowed the ac-
quisition of data from spatially independent footpriats by
rotating the platform in discrete steps over a full circle. A
total of 100 spatiaily independent samples were taken for
each surface target. Fig. 11 shows the three surfaces with
the target piatfcrm that was used.

The distributions of ¢° for the rock surface at A, Av,
and vv polarizations are shown in Fig. 12, and the phase
distnbutions of Av and vv relative to Ah are shown in Fig.
13. For all targets and polmzauom. the standard devia-
tion-to-mean ratio of o° was about 1, which is as expested
for Rayleigh fading. This means that the standard devia-
tion associated with the mean values of the dutn'bunons
given in Fig. 12 is £0.4 dB. The mean value of 02, was
0. Schlgherthanthemanvdueofc.. and 7.7 dB higher
than the mean value of ¢3,. The distribution of 6, ~ Sn
was approximately uniform betweea —]80° and 180°
while the distnbution of ¢,, — ¢, Was gaussian-like with
a mean value of 8.48° and a standard deviation of 63.5°.

The o° results obtained for the smooth sand surface und
the rough sand surface we .2 significantly lovet lll level
than those for the rocks, and the differences o, - ¢, and
0%, - a3, were larger than Lhose for rocks (see Table I).
However, the shapes of the 3% and relative phase distri-
butions were very similar. The distributions of ¢,, = ¢y
for the three surfaces differ only with respect to their mean
values. which are shown in Table II. For the rough sand
surface. the mean of the distribution for ¢,, — ¢\, was
-30.31° (see Fig. 14), which is a gignificant shif\ from
0° based on the standard error ¢/ VN =« 7° for the three
surfaces. For all three distributed targets, the distribution
of &y, — dw was approximately uniform between - 180°
and 180°, and the standard devistion was between 106°
and 110°. For a uniform phase distribution, the calculated
standard deviation is 104°.

Fig. 15 shows the co-polarized and cross-polarized sig-
natyres for the rocks, rough sand, and smooth sand sur-
faces. These signatures were obtained by converting each
of the 100 scatenng matnx samples to a Stokes matnx
tor Stokes scattenng operator), and then computing the
average Stokes matrix representing the target. For the rock
surface, the co-polanzed signature shown in Fig. 13(a)

al

(®)

()

Fig. 11. Surfeces messured using the disributed surface measurement
configurstion; (8) rocks. (D) rough sand. and (<) smooth sand

hu s maximum at the linear polmuuons (x = 0°%) with
o only 0.4 dB higher than ' as predicted by the mean
values in Table I. The minimum in the co-polanzed sig-
nature occury at the circular polarizations (x = +45°)
The cross-polarized signature in Fig. 15(b) has a mum-
mum at the lincar polanzations and a maximum at circu-
lar This type of polarization signature is charactenstic o*
specular reflection from a smooth dielectinc surface at
normal incidence {7]). The rock surface 13 not smooth. but
the scattering 1s dominated by specular reflection from
smooth facets where the local surface normal 1s onented
toward the radar.

The smooth sand surface and the rough sand ~urtace

17
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Fig. 12. Distribasions for ¢° for the rock serfece: (s) 0%, (0) el sad (c)

have polanization-sigradires similar to the rock sirface.
For both sand surfaces, bowever, the normalized co-po-
larized o° is maximum st vv polarization. Since the po-
larization signature is an average power rupresentation of
the target, the difference between vy and AA is equal to
the difference ia the meaa values as given in Table Il. [a
contrast to the rock surface, tbe minima (maxima) {or the
co-polarized (cross-polarized) signature are at ellipucal
polanzations instead of circular. Notice that the maxi-
mum (mimmum) ¢° for each value of ¥ in the co-polar-
ized (cross-polanzed) signature does not follow the x =
0° line as with the rock surface. In fact, whea the ellip-

A.18

ticity x for maximum o° is plocted as a function of the
oricntatice angle ¥ as in Fig. 16, we find that even the
rock surface exhibitz this effect to a small degree. This
curvature in the polarization signature anses at least in
part from the mean phase shift between §,, and Sy,

The polarization signatures for all three surfaces show
the presence of an unpolarized component of the scattered
ficld in the form of a pedestal (noazero minimum level).
which is spproximately the same for all surfaces The
pedestal can anse trom various effects, including multiple
scanenng, which is probably a sigmificant mechanism at
33 GHz for all three surfaces measured.
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VIII. ConcLusiONs
The results presented in this paper satisfy the first phass
of a two-phase expenment. The ability of the MMP to
measure the complete scattenng matnx of both distnbuted
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TABLE 11
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e 1.7 106.2
Sameth Sead j vv| 113 [_3)
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Rough Sand (v | 2001 [ X ]
he [ 1) 110.¢

and point scatterers has been demonstrated. The ampli-
tude and phase measurement precisions were found to be
0.5 dB and 2.5°, respectively, over the range of cylinders
measured. The noise level of the system corresponds 10 a
radar cross section oa the order of ~40 dBm? for co-po-
larized signals and ~50 dBm? for cross-polarized signals.
These levels are realized by the ability of the network ana-
lyzer to subtract out the effects of the target mount. It s
esumated that with & more carefully developed technique
t0 mount small targets, the noise level can be improved
by at least 10 dB. At the same time a new mounting tech
nique will also improve the precision of amplitude and
phase measurements on asymmetric tasgets such as cyl-
inders where the orientation is critical.

The second phase of the project involves measunng the
scaaering matrix of narurs] targets. Preliminary results on
a series of twigs and three surfaces were shown in this
paper. These results demonstrated the ability of the MMP
10 measure the complete scattenng matrix for distnbuted
targets. Now that the performance of the system has been
derronstrated, measurements will be condiucted to deter-
mine the polanmetnc scattenng behavior for 2 vanets ot
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natural targets inc.uding soil and rock surfaces and veg-
etation canopies.

The technique for making polarimetric measurements
described in this paper can be used at any frequency, pro-
vided the proper RF equipment is available. This would
require a change in the transmitter and receiver sections,
but all other aspects of the method would remain e same.
Moreover, the technique can be used to measure the po-
lanmetric scattering properties of distributed targets un-
der natural conditions using truck-mounted platforms. In
fact. such measurements have been made for bare ground,
grass, and tree canopies, and the results will ce reported
in a forthcon.ing paper.
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140-GHz SCATTEROMETER SYSTEM AND MEASUREMENTS OF TERRAIN

T. F. Haddock and F. T. Ulaby
Radiation Laboratory
University of Michigan
- Ann Arbor, M1
USA

Abstract - The goal of the University of Michigan millimeter-wave radar program is to
characterize terrain scattering at 35, 94 and 140 GH:. The 140-CHz channel of a truck-

mounted scatterometer system has recently beem added to give e full desired operating

capability. Two injection-locked 45.33-GHz Guan oscillators use triplers to supply tbe up-
and down-converters. Full polarization capability is obtained through the use of rotatable
quarter-wave plates. Real-time signal processing and data reduction takes f'ace in an HP
$S10A sutomatic network analyzer om the truck-mousted platform. Samp'e measurements of

millimeter-wave radar backscattering from vegetation and snow are given.

I. INTRODUCTION
Millimeter-wave systems offer the inherent advantages of high resolution, large bandwi<:.

and small antenna size. In recent years significant advances have been realized in the development
of millimeter-wave components for the construction and operation of imaging airtome radar
systems at the atmospheric window frequencies of 35, 94, 140, and 215 GHz. Hence, there is
much interest in measuring terrain scattering at these frequencies, and in the associated
development of theoretical and empirical scaniering models. While recent work has been cammed out
at millimeter-waveicngths on trees (1] and snow {2, 3], such dam is sall spasce, particularly at 140
GHz.

The University of Michigan 140-GHz scatteiometer system is the latest addition to the
network-analyzer based millimeter-wave scatterometer sysicm, a truck-mounted full-polanzanon

scanterometer that has been developed in support of a program to characizrize radar scattenng from
A.22




terrain at 35, 94, and 140 GHz. Basic operation of the scatterometer system has been described in
detail elsewhere (4, 5]. Conversion from a swept 2 to 4 GHz intermediate frequency (IF) to the
millimeter-wave RF frequencies is made in the front-end, allowing flexible real-time signal
processing by the remotely-located HP 8510A automatic network analyzer. An outline o¢ the
system is given in Fig. 1. An HP 8350B swe~p oscillator is swept from 2 to 4 GHz by the HP
8510A network analyzer. After a portion of this [F signal is taken off and fed to the a) reference
port of the HP 8511 frequency converter, it is up-converted within the 140-GHz radar and
mansminted to the target. The returned sigr:al is down-converted to the 2 to 4 GHz range and fed 10
the by port of the frequency converter. Signal processing of the return and reference signals takes
place within the network analyzer, and is sent on the HPIB bus to the HP 9920S computer where
final data reduction takes place, and the results are printed out and saved on disk. The HP 8510
computer-control system allows vector error correction of system imperfections through its
calibration algorithms. The system has previously operated in this mode at 35 and 94 GHz, and the
140-GHz channel is its latest extension in frequency capability.

I, 140-GHZ SCATTEROMETER DESIGN
A bdlock diagram of the 140-GHz front-end is shown in Fig. 2. The transmit porton across

the top and the receive portion across the bottom rre driven by a common local oscillator (LO)
chain. The LO consists of a 45.33 GHz free-running Gunn oscillaior, two circulator-coupled
45.33 GHz injection-locked Gunn oscillators acting as amplifiers and two third-harmonic
frequency multipliers. This combinstion provides a nominal output power of 10 dBm from each
muldplier to power the up- and down-converters. Other combinations of fundamental oscillators,
amplifiers or frequency multpliers are possible. This particular combinaton provided the best
combination of performance and cost Wave polani: - ‘o is contolled by a fixed quarter-wave plate
follawed by a rotatabls quartsr-wave plate. A 90-degree roaticn of the movable wave-plate moves
the electric field vector through 90 degrees to give cither vertical or horizontal polanizanon. The

polarized signal is transmitted though a conical standard-gain hom with a half-power beamwidth of
Al




11.8 degrees. Thereceived RF signal passes though a 3.0 inch diameter lens-corrected homn
antenna with a half-power beamwidth of 2.2 degrees. Hence the antennas’ product pattern is
essendally controlled by the receive-antenna pattern, resulting in an effecave beamwidth of 2.1
degrees. Receive poiarization is determined by movable and fixed quarter-wave plates, in the same
manner as the &ansrr:ix secton. The RF signal is down-converted using a tripled 45.33 GHz LO.
Since the conversion processes must be phase-coherent, the up- and down-converter LOs are each
injection-locked from a central dual-ended Gunn oscillator running at 45.33 GHz. This
arrangement gives a phase-coherent LO of sufficient power to supply both up- and down-

converters.

L. CALIBRATION AND PERFORMANCE
For each data set, measurement of a sphere of known size and range is used to generate the

401 VV and HH calibradon consants for each of the 401 frequencies in the 2 to 4 GHz IF band. A
calibration target with known cross-polarization response is used for VH and HYV calibragon. For
an incident signal consisting of either pure vertical (or pure horizontl) polarization, a return signal
oriented at 45 degrees to vertical 1s generated by a calibrator consisting of a rectangular standard-
gain horn followed by a 38.1 cm long section of WR6 waveguide with a short on the end. This
calhidrator is placed in the far-field of the 140-GHz radsr, and pointed toward the radar with the
rectangular aperture of the hom oriented at 45 degrees to harizontal. While a portion of the incident
radisrion is reflected from the horn, ancther portion passes from the hom into the waveguide and
propagates in the TEjg mode with the electric field in line with the short axis of the waveguide,
which is oriensed at 45 degrees to the horizontal. This signal, comprised of equal amplitude verncal
and horizontal components, is reflected by the short, and returns to the radar. It can be
distinguished from the recurn from the horn sperture by its longer time delay. The waveguide and
short are encased in a metal cylinder to prevent retum from the outside of the guide and flange at
the range of the short. Figure 3 illustrates the VV, HH, VH and HV responses of the cross-

polarization calibration target. While the return from the hom is complex, the tetum fror the shen
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gives a known cross-polarization response. At the range of the homn in Fig. 3 the like- and cross-
polarized responses diifer by approximately S dB. At the range of the short, where for a perfect
radar all four responses would be the same, all returns fall within a2 +/- 1 dB range (within

— - -

cxpcrimemal'unccnaimies). Measurement of this signal is nesd :5 generate the 401 cross-

polarization calibration constants.

Sphere calibration is made on a daily basis, but the standard-gain hom cross-polarizaton
calibration is more cumbersome and is made less frequently. Cross-polarization isolation of the
system is rypically about 15 dB, and this is checked at each use of the system by making cross-
polarization measurements of the sphere. For most natural targets, the cross-polarized return at 140
GHz is only 3 to 6 dB below the like-polarized return. Hence the cross-polarization isolaton of the
system is quite adequate at 140 GHz. Noise performance of the system is checked after each
calibration by making measurements of the sky at typical target ranges. Table [ lists the measured
system performance parameters.

TABLE 1
Parameters of Truck-Mounted 140-GHz Scatterometer

RF Frequencies: 138 10 140 GHz
Tranemit power: -4dBm
RF Bandwidde 0t 20GHz
Swesp Rax: 1 my/freq., 51, 101, 201, 401 freq/sweep
Polertzasion: VV,VH HV HH
Prodecy-Oain Beamwidty: 2.1 degroes
[ncideace Angiex: 0 10 20 degroes
Plaform Height 2.7 meters minimom, © 18 meters maz.aum
Noiss Equivalent o --20d8
Stability: ~02 dBMowr
Meagurement

Repeanability: -1d8
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Near Field Disance: 27m

" Footprint min: 0.013 m?
max.: (6.8 m2

Signal Processing: HP 8510A/8511A based
Output Products: received power verses range (AR = ¢/2B)

received power verses frequency (& fixed R)

Figure 4 illustrates the combined effects of stability and repeatability of calibration of the
140-GHz system over & diurnal cycle. Repeatability of sphere measurements due to pointing only
is typically within + 0.5 dB. Variations are the cumulative result of system gain variations and
sphere pointing errors. Installation of a controlled heater on the triple LO unit was required to

achieve the excellent system stability observed in Fig. 4 (+/- 0.8 dB).

For most terrain measurements, a data sct consists of measurements of the backscattering
coefficient g9 as a function of incidence angle for VV, HH, and VH (or HV) polarizations. The
incidence angle is set by an elevation positioner :ocaxed‘u the top of the truck-mounted boom. The
target is scanned in azimuth 10 obtain spatially independent samples. For each polarizaton
configuradon the number of independent samples, including bandwidth averaging, is at least 50,
which corresponds to a measurement precision of about +/- (.66 dB [6]. Data is tabulated as it is
recorded and examined in real nrne‘. -

1Vv. SAMPLE RESULTS
Several types of terrain surfaces and covers were observed by the 140-GHz scarterometer
in 1988 and 1989. Sample results are shown next for grasses, trees and snow.

A. Backscatter from Grasses

The backscatter plots shown in Figs. § and 6 correspond to a field of Amaranthus

Retroflexus, a spiny weed about 50 centimeters tall, commonly known as Pigweed. over ground
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cover of Stellaria Media, a low ground-hugging weed, commonly known as Chick Weed. Figure S
shows the 140-GHz backscatter response as a function of incidence angle (measured reladve to
normal incidence) for VV, HH, and HV. Throughout this paper the “receive-mansmit” conventon
is used. As expected for such a medium, volume scattering effects predominate and the VV and
HH retumns are cormparable to one anothet at all incidence angles. The cross-polarized retum is

approximately 6 dB lower than the like-polarized retums.

Figure 6 shows the HH backscatter response from the same target at all three of the
scatterometer operating frequencies: 35, 94, and 140 GHz The target shows a weak sensidvity (o
frequency, exhibiting 2 maximum spread of 5 dB between the three curves.

B.  Backscatter from Trees
Figure 7 shows 140 GHz measurements of the backscattering coefficient, plotted as a

function of incidence angle, for a uniform tree canopy of Thuja Occidentatis, commonly known as
Arbor Vitae. The trees were approximately 10m in height and the average water content of the
needles was measured to be 56.3%. The like-polarization components (HH and VV) zare
essentially identical in level and exhibit an approximately cos 6 dependence between 20° and 70°.
The HY component, on the other hand, increases with increasing incidence angie and its level
approaches those of the like-polarization 'compotm a 70°.

In a separate investigation, the backscanering coefficient at 35 GHz was observed as a
function of time over & two-week period for 3 canopy of deciduous trees (Bur Ozxs). The
observation pariod covered the autuma senescence stage during which the moisture content of the
trees decreased. The temporal respons= of the backscanering coefficient (Fig. 8) exhibited 2 3-dB
clm!ge in level between October 2 and October 4 as the leaves underwent a rapid change is

moisture content.

C.  Backscatter from snow

A27




[

In February and March of 1989, the University of Michigan millimeter-wave system was
used to measure the backscatter from snow at a site near Ann Arbor, Michigan. Figures 9 and 10
illustrate the angulay variadon of g9 for wet and dry snow. Figure 9 shows the response of dry,
metamorphosed snow with a crystal size of approximately 2.2 millimeters, and Fig. 10
corresponds to fresh, wet, unmetamorplosed snow, with crystal size of approximately 1.0

millimeter and a gravimetric water content of approximately 1.9 %.

While the angular dependence of the two plcts is similar, there is a 4 10 S dB level shift
between the like-polarized responses of the dry and wet snow targets. At these frequencies snow is
predominantly a volume-scattering medium, «nd the presence of liquid water in the snow medium
leads to increased attenuation and decreased albedo. For the dry snow, the cross-polarized
response is lower than the like-polarized response by about 4 dB, while for the wet snow the
difference in level is about 6 oB.

Figure 11 shows 140 GHz backscatrer measurements muarc *t o incic ~:ce angle of 40
degrees as a functon of ime over a 12-nour interval extending irom oo 9 lugnt on February
27, 1989. The liquid water content measured with & freezing caio. iz »'er {5t .. tcp S-cm snow
layer and the air temperature sre also shown. The backscantering coel: .ent is ~uinrved to exhubit
a 3-dB change in level at around 14:30 in response to the decrease is: »mperature a11d liquid water
content. At 140 GHz, the penetration depth is on the order of 1 ¢, particularly waen the snow i3
wet. As the air emperature drops below 0 C, the snow layer starts to freeze from the top surface
downward. Hence, sithough the liquid water content of the op S-cm layer may sall be greater than
zero, the radar responds oaly to the top 1-2 em layer and therefore exhibits a time response that
leads the temporal variaticn exhibited by the measured liquid water content. This dependance on
penetration depth is illustrazed further by the data in Fig. 12 which was measured by the 35-GHz
channel. Because of the g-eater penetration depth, te 35-GHz system exhibits a much more
gradual change in level between 14:00 hours and 24:00 hours. Alsa, the magnitude of the change

is level is 12 dB at 35 (;Hz, compared to only 3 dB at 140 GHz. At 94 GHz, the measured diura.
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pattern (not shown) exhibited a response similar to the 35 GHz data, but with 2 total change in
level of 8 dB. This observed decrease in sensitivity (of the backscartering coefficient to liquid rate
conteat) with increasing frequency is in agreement with earlier observations reported at 35 GHz
and lower freq}acncics 12.8).

VI. CONCLUSIONS

This paper describes the operation of a 140-GHz scatterometer system with 2 measured
accuracy of | dB. Sample measurements of terrain backscatter at 35, 94, and 140 GHz are shown
for grasses, trees, and snow. In all cases, the angular dependence is approximately as cos 8. The
two like-polarized components (HH and VV) exhibit essentially identical levels, and the cross-
polarized response is anywhere from | dB to 6 dB below th¢ like-polarized responses, depending
on target type. At 140 GHz, the backscatter from snow exhibits a dynamic range of about 3 dB, in
response to change in liquid water content.

This work was supported by ARO contract DAAG 29-85-K-0220.
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- FIGURES

Block diagram of millimeter-wave scatterometer system.
Block diagram of 140-GHz scatterometer front-end.

Measured backscartter response of 140-GHz system when observing a horn antenna
connected to a short through a 38.1-cm long waveguide section.

System calibration was established by measuring system calibration constant over a
diurnal cycle.

Measured backscarter angular response of pigweed grass at 140 GHz.

Measured angular response of pigweed grass at 35, 94, and 140 GHz for HH
polarization.

Measured angular response of Arbor Vitae trees at 140 GHz.

Iwo-week temporal response of the 35-GHz backscatter from Bur Oak trees at 70
egrees.

Angular response of the backscatter from dry metamorphosed snow at 140 GHz.

enugulu response of the backscmzr from fresh, wet unmetamorphosed snow at 140
z

Measured temporal variation of the 140-GHz radar backscatter, air temperature, and
snow liquid water content (of the top S-cm layer).

Measured temporal variation of the 35-GHz radar backscarter, air temperature, and snow
hqmdmconcm(ofd\ewps-cmhyu)
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Fi1g. 2 Block diagram of 140-CHz scatterometer tront-end.
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Fig. 3  Measured backscatter response of 140-CHz system when observing a horn antenn)
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MILLIMETER-WAVE POLARIMETRIC MEASUREMENTS
OF ARTIFICIAL AND NATURAL TARGETS

M. W. Whitt and F. T. Ulaby

Radiatior: Laboratory
Cepartment of Electncal Engineering
and Computar Science
The University of Michigan
Ann Arbor, Ml 48109-2122

ABSTRACT

The Millimeter-Wave Polarimeter is a scatterometer
system that uses the HP 8510A vector network
analyzer for coherent processing of the received signal.
it operates at 35 GHz and 94 GH2, and s third channel
at 140 GHz is 10 e added in 1987. The MMP provides
fuil polarization and phase capabilities to allow
measurement of the compiete scattering matrix of both
distributed and point targets. This paper describes the
calibration techniques used at 35 GHz to measure the
scattering matrix and presents some sample data. An
analysis of the measurement accuracy was performed
by comparing the measured values with theoretical
calculations for conducting spheres and finite-length
conducting cylinders. As an extension of the analysis
to natural targets, the scattering matrices o! a senes of
twigs were examined, and preliminary results are
presented.

I. INTRODUCTION

in the past, much of the scattering data for both
distributed and point targets consisied of incoherent
power measurements for only a limited range of
polarizations. Very little data at millimeter-wave
frequencies has been taken at all. In recent years,
however, remote sensing has developed 0 the point
where phase and polarization are being expiored more
extensively. Early work by Sinciair, Kennaugh, Gent, et
al. has shown that a radar target acts as a polanzation
transformer. The transformation was expressed by
Sinclair in the form of 8 scattenng matrix. An extensive
refgrence list for the werk in this grea is given in the
papers by Huynen (1] and Guili (2]. Much of the wark
relating to the scattenng matrix has been done for point
targets. Recent interest in itg application to remote
sensing has grown, but very little work has been done
in measunng the scattering matrices of distnbuted
targets. It is the purpose of this paper 10 describe a
technique to measure the scattenng matnx of either
distributed or point targets at miilimeter-wave
frequencies. The technique utilizes the
Millimeter-Wave Polanmeter (MMP), which s a

coherant scatterometer developed at the Umversity cf
Michigan [3, 4]. With such a system, a comprehensive
data set can be produced to facilitate the moceling of
millimeter-wave scattanng from natural targets. The
results from individual target measurements (leaves.
branches. rocks, etc.) can be integrated into a
comprehensive model for terrain surtaces and
canopies. Additional data taken for distnbuted targets
(soil surtaces, tree canopies, vegetation, etc.) couid be
used to further improve these modaeis.

. MILLIMETER-WAVE FOLARIMETRY

A. Measurament Sstup

The measurement system consists of an HP 8510
vector network snalyzer, transmitter and receiver
sections, and an anechoic chamber with a styrotoam
target mount. A biock diagram is shown in Figure 1.
The transmitter produces a 34-38 GHz frequency swept
RF signal by upconverting 8 2-4 GH2 signal suppiied
by the netwcrk analyzer. A sample of the transmitted
signal is harmonically downconverted and applied ‘o
the a4 port of the HP 851 1A frequency converter as a

reference. A similar downconversion stage s
employed in the receiver section, which is mounted

" directly below the transmitter, for both vertically ang

horizontally potarized <signals. The received
V-polarized and H-polarized signais are then aoplied
to the b, ang b, ports of the HP 851 tA, respectively A

Faraday rotation polarizer is used to provide both
polarizations for transmission. A photoegraph o! the
measurement sstup is shown in Figure 2.

The target mount consists of a styrofoam trame with
the edges cut at 8 variety of angles 10 allow rotation of
the target reiative 10 the radar. The targe’ s atta’ched
to the mount with nyion stnng as shown n Figure 3
where @ Cylinder is mounted as an gxampie Tre
measured noise-floor of the systam corrasponds 0 3
rada; cross-saction of approximately -50 dBm? arq t-e
radar cross-section of the target mount was deter™ ~2d
to be below this lavel. The onentation of !me "a-3a!
relative to the radar is defined in terms Z' "2
coordinate systems shown in Figures 4(a) arc =

Procseongs of IGARSS 87 Symposium. Ann Ardor 18-C° A4, 387
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Figure 2. Photograph of the measurement system Figure 3. Target mount.
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B. Measurement Procedura

Using the HPB8510 network analyzer system as the
IF processor provides the user with severai f atures
that can be used 10 improve the accuracy of the
measurement. Complex math operations are available
and can be used 0 subtract out the response of the
chamber and any other spunous but systematic errors.
In addition, an internal real-time FFT processor s
available 10 transform the frequency swept data to the
time domain whaere time-gating can be used to0 select
the target response and reduce spurious signals at
ranges different from that corresponding to the target.
The gated frequency response can ope obtained dy
Founer transforming the time-gated response.

To make a measurement of a particuiar target, the
time-domain response of the target is displayed to
allow the time gate to be set. The target s then
removed and the time-gated frequency response of the
chamber is stored for ail polanzation combinations.
The target is then replaced and the complex math
feature is used to subtract the gQated frequency
response of the chamber from that of the
targstchamber combination. To calibrate the system, a
target of known radar cross-section is measured in the
same manner, theredy allowing the magritude and
relative phase of the scattered fielas to be determined.

iIl. THE SCATTERING MATRIX

We can Oefine the scattering matrix [S) for a target in
terms of the verucal and honzontai components of the
incident and scattered electnc fields by the following
matnx equation:

S i
EV EV
= [S] . 0
S El
Ey H
whare

5] - Svwv SvH . @

Hv sHH
it we defing the radar cross-section of the target to be
,2

2
Sqr = 4nr lsRT . )

where subscripts T and R are the transmit and receive
polanzations, the scattenng matrx {S] can be wntten in

terms of the radar cross-section. By factonng out the
phase of the Syy term, we have
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i Oy oyy)
°°W \j Svv \/ Ovn ®

2 i(® ) i(® )

:;m \/—a; . Hv vy ‘/:.; . HH OV

(4)

(S} =

In this form, the scattering matnx ¢an be determined
from quantities that are independent of range.

V. RCS FOR A FINITE-LENGTH CONDUCTING
CYLINOER

The performance of the system can be evaluated by
measunng the scattenng matnx of a conducting
cylindec as a function of its orientation relative to the
radar. Figure 4(b) shows the geometry associated with
the onientation of the cylinder. Two coordinate systems
are defined; the unprimed coordinates are fixed relative
to the radar, and the pnmed coordinates are local to the
cylinder as it is rotated. The bistatic angle between the
transmitter and rucsiver is approximately 3.4 degrees,
which is sufficiently small to assume that the measured
Cross-section represents the backscattered case.

For a venrticzlly polarized incident wave, the filas
are given by

¥ . igg wofuy] <s)
R e 9%0- oxp[«'kox] : (6)

where an ¢'i™ time dependence has been assumed
and suppressed. In terms of the pnmed coordinates,
we have for the incident fisids

- (i‘ cosd-y' sine) €, xp [~-k°x] (7)

i . Eo
nl = lycosg+ sine) _11- .xp[.akox], (8)

The far-zone backscattered fiekis due to this excitation
tor an infinitely long pertectly conducting Cylinger with
diamater 2a are given by (5]:

'Y\/_ K me"‘"[ kot % ]Z(nc
IS e ]




=8
R .—(;,‘gs)' (10)
n
where
J (k a)
™ ™
Cn - ( ) - C-n (1)
(k a)

. < CE. (12)
( y (ega) n

c

e dngd TE
n

in terms ot the original unprimed coordinates, the
backscattered fieids are given by

#oift gl 1
g el e

)

(ia2®). (14)

-3
H-l
n

The complex coetficients Cyy and Cyy are a function
of the rotation angle and can be wntten as

™ TE
Cyp = cos0 sin® 2 (0" C, * 2 ('1)ncn

Nm-wn Ne~ee

(19)

2 n_ ™ 2 n TE
CW-sm (*] 2 {-1) cn «cos 9 2 {-1) Cn
Ne e n

(16)

Similarty, for @ herizontally polarized incident wave.
the incident and backscattered fieids are given by

E' =y Eo oxp[-ukox] (17)
e i-?-..p[..uo;] (18)
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n

in this case, the compiex coefficients Cyyy and Cyypy
are given by

Chv ® SvH 2m

T
M . smze 2 (-1)n(:nE

Nm o=

2 n T
Cppq=cos 8 2 1 C,
Nw o

(22)

The scattering width for the infinite cylindar s
defined as

2

¢ limr !ERl

Om - 2! 123

where subscripts T and R are the transmit and receve
poianzatons, respectively. Using this definition. ire
scattenng widths taor the infimitely long conguct'~g
cylinder are given by

[ 4 2

ow-k—o- ch| (24)
[ 4 2 ¢

°VH'T‘; lCVH' L :25)
c 4 2 25,
OHH.ho 'CHHI . 25

The relative phase cf the VH, HV, and HH scateceq
tigids can a!so be tound from tha foliowing express 2=s

im{ Cun'© w)

® - tan.
Ve RJ cvm’cvv§




-1 lm(cHH/CW)

(28)
R:( CrCwv )

OpH ~ Oy = 1an

For finite cylinder lengths much largar than a
wavelength, the radar cross-section can be wntten in
terms of the scatterng width for an infinitely long
cyiinder of the same ciameter. The radar cross-section
denved in this manner is given by

"o Lz e
Gm = K CRT . (29)
whare L is the length of the cylinder. The relative

phases for tha finite cylinder at normal incidence for a
finite cylinder can be approximated by those for the

ininitaly long cylinder. With expressions for o and
OnT - Syy, We can compute the scattering matrix for a

finitg-length conducting cylinder versus -otation ang'e
0.

V. MEASUREMENT RESULTS

Three types of targets were measured: a set of
conducting spheres, conducting Cylinders, and natural
evergreen twigs. A photograph of these targets is
shown in Fig. § along with the dihedral reflector used
for catibration.

£

Figure 5. Maasured targets.

A. Aditcial Targets

Radar cross-section measurements were conducted
for aight spheras ranging in diameter from 0.787 cm (0
6.35 cm. One of the spheres (4 = 6.35 cm) was used
for calbration. and the measured normalized
cross sections of the others waere compared to Mie
calculations. The results, dispiayed in Fig. 8, show
good agreement for ail spheres. The maximum and
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mimmum error bounds for the measured sphere
cross-sections range from +0.48 dB and -0.5 dB for tre
6.35 cm diameter sphere to +3.9 dB and -7.2 a8 for
the 0.787 ¢cm diameter sphere [6]. It 1s worth noting that
the measuremaents covered a wide dynamic range for

0. extending from -45.7 dBm@ (0 -25.2 dBm2-

— e bhaie
- ¢ W MeierLaseian
Q LR ttvry
2

3

L

(-]

7]

Q

<

21

Figure 6. Normalized radar cross-section
conducting sohere versus diameter.

for a

Tne phase performance was evaluated by
measuring the scattering matrix ot a sernes of
conducting cylinders approximately 7.62 cm in lengtn
and ranging tram 0.0533 c¢m t0 0.957 cm in diameler.
Calibration was made by measunng a dihedral as a
reference target. The scattenng matnx for a Cihedral 's

given dy (7):

2ab | -cos20 sin2e
(5] - 222 .
M |sin20 cos20

(30)

where a and b are the dimensions of a single plane of
the dihedral, and @ is the rotation angle. The relative
phase of the scattersd fields for VM, HV, and HH
polanzations were compared 1o the orencal vaiues
as developed in this paper. The relative phase versus
rotation angle for two different cylinder ciameters
(0.0533 ¢cm and 0.1168 c¢m) are given in Figures 7 and
8. The standard deviation in relative phase for these
two Cylincers was 9.7 degrees for all polanzatons.

The radar cross-section of the cylinders was also
measured, and an example of the measured ana
theoretical data versus rotation angle is given in Figure
9 ‘or the 0.0838 cm diameter cylinder. The degradaton
in accuracy for the magnitude measurement 1s due
pnmanly to difficulty in positioning the target within !
anienna bSeam. The length of the cyingers '=9
wavalengths) made the azmuth and elevats~
onentation very cntical for accurate ragar cross-sec: 2
measurements.
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8. Natural Targets

A set of three types of evergreen twigs were
measured at angles of 0, -45, and 90 degrees relal.ve
1o vertucal. These twigs ware shown in Figure 5 acrg
with the conducting spheres and Cyhnders. As an
example, the scattenng matrix for a pine twig at a -45
degree ang'e of rotation was measured to be

10,
v ~22.8°
v 0.047 0016 e 2

Qe 131 4°
S 0.03493

[s]=-
2 «21

4anr 2.018 e
3N

where the relative phase terms are given in cegrees.
Preliminary rasults show a reasonable accuracy :n z¢th
the magnitude and phase associated with -e
scattenng matnx.

VI. CONCLUSIONS

The results presented in this paper satisty the hrst
phase of a two phase expenment. The capability of tre
MMP to measure the complete scattenng matnx of point
scatterers has been demonstrated. The reiative pnase
accuracy for a single measureament was found to be
£9.7 degrees, and based on sphere measurements,
the magnitude accuracy was found to correspong weil
with that predicted from the measurement
signal-to-noise ratio as given in [6]. The noise ievet of
the present system <corrasponds to a ragar
cross-section on the aordei of -50 dBm<e. This level s
realized by the ability of the network analyzer 0
subtract out the effects of the target mount. It 's
estimated that with a more carefully developed
technique t0 mount the paint targets, the noise leve!
can be improved by at ieast 10 dB. At the same ume a
new mounting techmque will also improve the accuracy
of magnitude measurements on assymatric targe!s
such as cylinders where the onentation is very cntica’.

The second phase of the project invoives
measurements of the scattenng matrix for natural
targets. Preliminary results on a senes of twigs have
been obtained, and an example of a measurea
scattering matrix was shown in this paper. Now that :~e
performance of the system has been demonstrated.
measuremaents will be conducted to determing the
scattenng matrices for a vanety of natural targets
including sov and rock surtaces and vegetatcn
canopies.

This work was supported by A.my Researc™ C“ ce
Contract DAAG29-85-K-0220.
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Fluctuation Statistics of Millimeter-Wave Scattering
- From Distributed Targets

FAWWAZ T ULABY. rerlow. 1Ete. THOMAS F. HADDOCK. MEMBER, (EEE, AND
RICHARD T. AUSTIN. STUDENT MEMBER. IEEE

Adsrract—-The appiicabiiity of the Ravieigh fading model for char-
acterizing radar scattering from terrain 1s examined at 35S GHz for
both backscattering and bistati scattering. The model is found to te
in excelient agreement with exjerimental observations for single-{re-
quency observations of uniform targets such as asphalt and snow -cov.
ered ground. The use of frequency aseraging to reduce signal fading
variations was examined cyperimentally by sweeping the radar signal
from 34-36 GHz 1n 301 steps. The results show that the formulation
based on the Rayieigh model relating the reduction in signal Auciuation
to the bandwidth used provides a reasonable estimate of the improve-
ment provided by frequency averaging.

[. INTROOLCTION

fade. as defined in Webster's dictionary [1].1s “"to
change gradually in toudness. strength. or visibility.
when used (1n connection) with a mouon picture image or
an electronics signal.”* In radio communications {2]. sig-
nal fading refers to fluctuauions in the received signal
caused by multipath interference. and i1n radar sensing of
terrain the terms fading. scinnllation. and fluctuation have
all been used interchangeably to descnbe random-like in-
tensity vanazions corresponding to signals backscattered
from cells at different locations on a distnbuted target {3.
pp 463-495, 1803-1804). If the radar s of the imaging
type. the random vanauons produce a *‘speckle’’ pattermn
or appearance on the image. which co: plicates the image
.nterpretation problem and reduces the effectiveness of in-
formation extraction algonthms.

Consider. for example, the two image segments shown
in F1g. | These two segments, one of which corresponds
t0 a2 com field and the other to a forest parcel and which
were part of the same stnp of X-band radar imagery. have
Jifferent average rones. exhibit significantly different rex-
tures. and both exhibit large pixei-to-pixel intensity van-
ations. The average tone of an image is the average value
of the image intensity for all pixels contained in that im-
age (Each image segment contzins approximately 10*
pixels.) This average tone is proportional to the average
recerved power, which. 1n tum. 1s directly proportional to
:he backscanering coefficient ¢” of the imaged target In
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Fig 1| X-dand SAR images of (a) a comn field and D} a forested area Note

ihe textural differences between the two 1mages

other words, a° of the imaged target is. by definition. the
mean value of the random process charactenzing the in-
tensity vanations in the image. Texture refers to the low
spatial-frequency vanations of intensity across the image
{4]; the com field. being more spatially uniform than the
forest parcel, exhibuts the same type of random vanations
in all regions of the image. whereas the 1mage of the for-
est parcel contains ““clumps’” of dark and bnght regions.
on which the random vanation s supenmposed. If we
adopt the stnct defimition that the concept of “"a back-
scattenng coefficient for a distnbuted target’” 1s meaniry.-
ful only for targets with umform electromagnetic proper-
ties, then texture becomes the spatial vanauon of ¢” from
one icgion of an image to anothet. In the case of the forest
parcel, these vanations are related to the spatial nonum-
formity of tree density.

Unlike textural vanauons, which may or may not hasve
specific directional properties and which are governed ™
the spausi vanation of the target scattenng properties rel-
ative to the dimensions of the radar resolution cell. the
randem vanations that give the image its speckled ip-
pearance ar~ due to phase-wnterference effects and are 3
charactenstic feature of the scattenng pattem for 32y Jis-
tnbuted target (provided (he larget satishies cenain con-
ditions. as we shall discuss later). Image speckle 1s simplsy
a visual manifestation of fading statishics, whih oo e
central topic of this paper.

Thus. there are three types of intensity vanatons thyt
one may observe in a radarimage ) +aruanonm N pefice
tone from one distnbuted target tsuch as 3 hare ~or 7ol
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to another (such as a forest parcel). 2) textural vanations
from one region of a distnbuted target to another. and 3)
random fading variations at the pixel-to-pixel scale. These
vanations are governed by different processes and are
charactenzed by different probability density funcuions
(pdf’s).

In some radar applications. these three types of van-
ations are lumped together. treated as a single vanauon,
and charactenzed as termain cl/utter. To determine the sta-
tistics of the clutter random vanable for a given terrain
type or geographic area, the area 1s imaged and then a pdf
of the received voltage or power is generated. Next. the
data is tested against theoretical pdf°s 1o determine which
fits best. Such an empincal approach may produce a sta-
ustical description appropnate to the imaged area, but 1t
has some severe limitations. The empincaily generated
pdf is. in essence. a convolution of the three pdf's char-
actenzing the three types of variations referred to above.
Hence, it is both target-specific and sensor-specific. It is
warget-specific in that it pertains to the specific mix of ter-
rain categones and the spec:fic conditions of those cate-
gones at the ume the radar observations were made. Most
terrain surfaces sxhibit dynamic vanations with time of
day. season, and weather history. The pdf is sensor-spe-
cific because one of the undertying vanations, namely that
due to signal fading, is governed by the detection scheme
used in the receiver (linear or square-law) and the type of
filtenng or smoothing technique employed in the signal
processor. Filtenng techniques are used to reduce fading
vanauons. they may include spatial averaging and/or fre-
quency averaging schemes and may be performed coher-
ently or incoherently [4]-{9].

To charactenze the fading statistics associated with a
terrain surface cf uniform electromagnetic properties, the
usual approsch is to model the surface as an ensemble of
independent, randomiv iocated scatterers, all of con.pa-
rable scattenng strengths. Such a model leads to the result
that the amplitude of the backscattered signal 1s Rayleigh-
distnbuted [3, pp. 476-481). If the retum is dominated
by backscatter from one or a few strong scatierers, the
fading process is charactenzed by the Nakagami-Rice
distnbution ({0]. Some expenmental observations sup-
port the Rayleigh behavior (4], {11], [12] while others,
particularly those measured for complex terrain cate-
gones, are 1n closer agreement with the lognormal or the
Weibull pdfs [13]-{17]). or other more complicated dis-
tnbutions {18].

The purpose of this paper is to:

1) examine the applicability of Rayleigh fading at 35
GHz tor beth backscattenng and bistauc scattenng from
uniform terrain media.

2) examune the statistics associated with the use of fre-
quency averaging to reduce fading vanatons, and

)) determine 1f the staustical character of the back-
scacter 1s affected by the size of the ground cell (antenna
footpnnt) illuminated by the radar

To this end. both expenmental measurements and the-
oretical analyses were performed

FLLCTLATION STATISTICS OF mm-WAVE SCATTERING &9

Fig. 2. The illuminated ares 4 contains N, andomly disinbduted scatterers

II. RAYLEIGH FADING STATISTICS
A. Underlying Assumptions

The Rayleigh fading model used for descnbing radar
scattening from an area-extended (disinbuted) target s es-
sentially the same as the model used for random noise and
is based on the same mathematical assumptions. A review
of these assumptions will prove useful in later secuons.

The sketch shown in Fig. 2 depicts a radar beam illu-
minating an area A of an area-extended target. The illu-
minated area contains N, point scatterers designated by
the index { = 1, 2, - -+ , N,. For simplicity, we shall
confine our present discussion to the backscatter case. The
field intensity at the input of the receiving antenna due to
backscatter by the ith scatterer may be expressed as

E = KEqoexp[j(wt = 2r, + 0,)] (1)

where £, is the scattering amplitude and 8, is the scatter-
ing phase of the ith scatterer; ¢, 1s the range from the an-
tenna to the scatterer; & = 2x /\ is the wavenumber: and
K, is a system constant that accounts for propagation losses
to and from the scatterer, antenna gain, and other radar
system factors. The expression given by (1) may be ab-
breviated as

E, - K,E,o e'*

(2)
where

O, » Wt~ 2kr, + 8, 13

15 the instantaneous phase of E,.

Assumpuion |: The scatterers are statistically indepen-
dent. This assumpuon sllows us to express the total in-
stantaneous field due to the N, scatterers contained 1n the
ares A as 3 umple sum

~y

E= Z| KEge'* td

and (t imphies that 1nteraction effects between adiacent
scatterers may be i1gnored.

Assumption 2. The maximum range extent of the tarues
Armr =18 much smaller than the mean rarce
to the target area A. and the antenna gain is unitorm 4o- ..
4 This allows ustoset K, = K foralt ¢ Forconmen oo

A.53




N

IEEE TRANSACTIONS ON GEOSCIENCE aAND REMOTE SENSING VOL

26 NO Y MAY 1988

5.0030

—» Re E

Fig 3. The vector E 13 the phasor sum of N, flelds.

we shall set X = |. Hence

N,

E= T Eqe’* ()

The total field £ is a vector sum of N, phasors. If we
express these phasors graphically (Fig. 3) with the first
one starting at the ongin and the successive one starting
cach at the tip of the preceding one, the resultant is a vec-
tor from the ongin to the tip of the last phasor. The length
oi this vector and its phase angle are denoted £, and ¢,
respectively. That s

E=Ee" (6)

Assumpuon 3. N, is a large number. This assumption
allows us to use the central-limit theorem, which, in turn,
allows us to assume that the x- and y-components of E,
E,. and E,. are normally distnbuted. However, it can be
shown through computer simuiation that this condition can
be sausfied (apprcximately) for N, as small as 10. (The
same conclusion was reached by Xerr [19) in the 1940°s.)

Assumption 4. The scantenng ampliiude £, and the in-
stantaneous phase ¢, are independent random variables.
This condition is casily satisfied if E,4 is independent of
the range 7. which \.ould be the case if the scanerers are
randomly distnbuted in range.

Assumprion 5: The phase @, is uniformly distnbuted
over the range (0. 2x]. To satisfy this condition it is not
only necessary that the scatterers be randomly distnbuted
1n range. but the maximum range extent of the target Ar
must be several wavelengths across also.

Assumprion 6. No one individual scatterer produces a
field intensity of magnitude commensurate with the re-
sultant field from all scatterers. In other words. the fieid
€ v not dominated by one (or few) verv strong scat-
tererts) If this conditton 1s not satisfied. the Rayleigh
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noiselike statistics do not apply and the statistics devel-
oped by Rice {20] for one or more large signals contained
in 2 background of noise should be used instead.

Use of Assumptions 3-6 can be shown to lead to the
following properties {3, p. 479}:

PIE) = Sexp (=EH/25°), .20 (N

ple) = 1/(2x) (8)
- 1/2

E, = (5) s (9)

El = 25! (10}

where p(E,) and p( &) denote the pdf's of E, and o. re-
spectively, E, is the ensemble average (mean value) of £,.
and 5 is the standard deviaton of £, and E,. Equation «™)
is known as the Rayleigh distnbution.

8. Ourput Voliage

1) Linear Detection: If the receiver uses a linear de-
tectof. its output voltage V, 1s directly proportional to £,

VL = KlE’
E

[4
-

E,
= K.K;(ao)”f
- va

where K, is a system constant, K, relates the mean ned
E, 10 the backscattenng coefficient of the target 1

tually. ¢° 1s directly proportional ta £°. but £ =
£°). and f1s the normalized fading random vartar ¢« & .

-KIE
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by
f=E. E, (12)
Using the refation p(£,) dE, ="p1 f) df. we obtain
xf s
plfy=Sexp(=xf" 4. f20 (13)
f=1 (14)
I_( = Spl /TIL = 0523 (l5)

Because the output voltage V, is a product of its mean
value ¥, = K, K:(a”)’ * and the random vanable f. the
process is sometimes referred (0 as @ multiplicative noise
model.

2) Square-Law Detection: The voltage output of a
square-law detector 1s directly proportional to the power
of the input signal rather than to its field intensity £,. Thus

VS = K)P

= K\K,E:

= K)K;K,OUF (16)
where

F=Ci/E: (17)
is the normalized fading random vanable for power. The

pdf characterizing £ is the exponential distribution {3. p.
480]

p(Fy=¢" F20 (18)

with
F= (19)

and
sp = 5p/P =l (20)

C. Interpreration

What do these statistics tell us? To answer this question
we start by examining Fig. 4(a), which shows plots of
pt f) and p(F) for the Rayleigh and exponential distri-
butions. respectively. and Fig. 4(b), which shows the cor-
responding cumulative di. “ributions. We observe that the
range of fading associated with these distributions is very
large. That is, if one takes a single sample of the signal
from a Rayleigh-distnbuted or exponentially distnbuted
ensemble. one has very little chance of selecting a value
close 10 the mean. To illustrate this with a specific ex-
ample. according to the Rayleigh distnbution in Fig. 4(b)
the value of f that exceeded § percent of the ime 1s | 95
(relative to the mean) and that exceeded 95 percent of the
time 15 0.25. In decibels, these levels correspond to +5.8
and - 11.9 dB, respectively. If we select a sample at ran-
dom, .he probability 15 90 percent (95 10 § range) that us
value will be within the range extending from 11 9 dB
below the mean 10 5 8 dB above the mean. We may think

A
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Fig. 4. Plcts of (a) probability density functions and (B) cumulative Jdis-
tnbutions for 7 and £

of this as the 90-percent confidence interval associated
with our measurement. The important point o note here
is the fact that this interval ( 17 7 dB) is very large indeed
The situation is not much different when square-law de-
tection is used; the 5- and 95-percent levels of the cu-
mulauve distribution for the exponenuial pdf are +4 8 and
-12.9 dB. also totalling to 17.7 dB.

Now let us illustrate the fading behavior with measure 1
dawa. Fig. 5(b) presents a trace of radar backscatter mea
surements made by a 35-GHz truck-mounted scatterom-
eter as the truck was dniven across an asphalt surtace with
the radar beam pointing downward along the aft direction
at an incidence angle of 40° relauve 1o normal incidence
(Fig. 5(a)). The antennas were mourted atop a telescopic
boom at a height of 10.3 m above the asphalt surface The
sampling rate was such that the footpnnts (on the asphait
surface) corresponding to adjacemt sampies were 10talh
independent (no overlap). More detailed information on
the system and measurement procedure 18 given in Section
v

The vertical axis in Fig S(b) represents F. the rure
the received power (0 the average value computed *of .
1000 measurements. expressed 1n decibels 11ty uveur
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Fig 6 Companson of ihe measured pdf's with the erponennal pdf The
quantity £ = 0.2 13 the bin siza.

piF) - aF

that the mean of 1000 independent samples is a good es-
timate of the true mean.) We observe that

I) The measured values of F extend over a range of
30.2 dB. and that 90.8 percent of these data points are
within the ~12.9- t0 +4.8-dB range (which corresponds
to the 90-pcrcent interval for the exponential distnbu-
tion).

2) The standard deviation 5, = 0.97. which 1s in close
agreement with the value of | predicied by (20).

3) The measured pdf of F closely resembles the expo-
nential distnbution (Fig. 6). an acceptance hypothesis test
using the chi-square goodness of fit test shows agreement
with a probability of 86 percent.

Ay g
D. Independent Samples

To improve the uncerainty of a radar measurement of
the backscatter from a terrain surface, 1t 1s necessary 10
average many independent sampies together. An easy way
10 increase the number of independent samples v con-
1ained in an estimate of the radar backscatter is through
spatiai averaging, which amounts (o trading spaual reso-
lution for improved radiometric resolution. Other wayvs to
increase N are discussed in Section r.

1) Linear Detection: 1f N randomly selected samples
of a Rayleigh-distnbuted voltage V, are averaged to-

gether. the average value V,, has the following proper-
ties:

l v
Vv = q_zl v,

PN T :

= K Ky(a®) " = S

L.Vvil .
= K|K:(0°)l :f., i

where we defined
l v

==X (2

L N3

as the fading random variable corresponding to the aver-
age of N independent samples. its properties are

fﬂv‘l

0.523
VN

S = 23

and its pdf may be obtained by N-succassive convolutions
of the Rayleigh distnbution:(13). Plots of p( fy) are shown
in Fig. 7(a) for several values of N. As expected. as V
increases the distnbution becomes more peaked and nar-
row (the standard deviation decreases as N™' ' °)

2) Square-Law Detection: If the receiver uses square-
law detection

Vow = K)KAKWOFV (24
with
P
F"'F.?. F. (38
The mean value of Fy is 1. uts standard deviation 1s
S5re @ ‘T”. = 71—; (26}

and uts pdf is a x ° distnbution with 2N degrees ot treedom

(3. p. 1914)
F:-|~v’-vh .
A — v 2V -

P(F\) (N = 1) F. =

Plots of pt F ) are shown in Fig Tiby
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Fig. 7 Probability density functions for ¥ = 1.4 and 10 for (a) f. (linear
detection) and (b) £, (square-iaw detection).

k. Applicability of the Rayleigh Model

Does the Rayleigh fading model provide an appropriate
approach for charactenzing the statistics of radar back-
scatter from terrain? The answer is a Qualified yes. If the
assumptions underlying the Rayleigh fading model are
reasonsbly sausfied. the availsble experimental evidence
suggests that the Rzyleigh model is quite spplicable (4],
(11). [12]). Terrain wrgets satisfying the Rayleigh as-
sumptions include bare ground surfaces, agricultural
fields, dense forest canoptes, and snow-covered ground.
In all cases the target has 10 have stationary statistics,
which requtres that its *‘local-average’' electromagnetic
propsruies be uniform scross the extent of the target.

Rayleigh fading 13 inapplicable for a sparse forest ob-
served by a high-resolution radar because the high spaual
vanations in tree dersity at the scale of the radar resolu-
tion violate the stationanty assumption. Thus, a very im-
porant parameter governing appiicability of Rayleigh sta-
uistics to backscatter from terrain is the size of the radar
resolution cell relative to the spatial frequency spectrum
charactenzing the scartering from the terrain target under
consideration.

An urban scene is another targst class/condition for
which Rayleigh staustics may not apply [f the resolution
cell size 1s such that the backscatter s hkely to be domi.
Nated by the returm from one or a few strong scatterer(s),

s q

such as a building or a comer reflector formed by two
intersecting flat surfaces, the Rayleigh pdf 1s no longer
applicable.

In a recent study on image texture (4], Seasat SAR data
was examined for five land use categones in a test site 1n
Northeastern Oklahoma. Comparison of pdf's based on
the data from the digital SAR image with the Rayleigh
pdf revealed a good fit between data and theory for back-
scatter from a lake surface. a fair fit for grasslands and
cultivated terrain, and poor agreement for forests and ur-
ban areas. particularly for the latter.

[I1. WaYS TO INCREASE THE NUMBER OF INDEPENDENT
SAMPLES

According to the preceding section, if a radar is used to
measure the backscattering from a uniform. randomly dis-
tributed target with backscattering coefficient 0°, the volt-
age observed at the receiver output will be proportional
to (¢%)", with n = 1/2 for linear detection and n = 1 for
square-law detection. However, associated with the mea-
surement process there wiil be a multiplicative error rep-
resented by the random vanable fy (for linear detection)
or Fy (for square-law detection). These random variables
both have means of 1 and standard deviations proportional
to N='/2 Hence, the key to improving the precision of
the measurement process is t0 make vV «5 1aiz¢ 2s possi-
ble.

Fundamenuily, increasing N is equivalent to trading off
spatial resolution for improved radiometric resolution.
This statement is true when discre:e measure —ents (cor-
responding to discrete resolution cells) are a-craged to-
gether after detection, as well as when the averaging pro-
cess is an integral pant of the detection process ias we
shall discuss later).

A. Spatial Averaging

1) Discrete Samples: If N measurements correspond-
ing to suatistically independent nonoveriapping footpnnts
are averaged together, then the number of independent
samples charactenzing the average value is simply V. Sta-
tistical independence requires that the spacing between
adjacent footprints be greater than the spatial correlation
length of the random surface L,. Thus, reflections from
two nonoverlapping footprints on a very smooth surtace
are not considered independent because the correlation
length of a smoorh surface is very long (it is infinite for a
specular surface). Conversely, for 8 random surface the
returns f-om two footpnnts may be considered indepen-
dent even if the footpnnts do overlap. provided that the
spacing between the centers «.f the two footpnnis 1s greater
than a certain distance which we shall call the fading Je-
correlation distance L,. Expressions for L, are giver in
succeeding sections for specific antenna pointing conne
urations. [n all cases the condition L, > L, has to be
1sfied 1n order for the samples to be statistically wngep. -
dent.

2) Continuous Averaging in Azimuth  Conaider tne .-

-
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Fig. 8 Antenns with effective beamwidth 8, illuminsting a target at range
R and incidence angle ¢

tenna beam shown in Fig. 8: the boresight direction is in
the x-: plane, pointing at an angle 8, and the effective
beamwidth is 3, in the v-direction. The antenna is moving
along the v-direction (azimuth) at a velociy «,. the nom-
inal range to the antenna footprint is R, and the nominal
azimuth resolution {width of the footprint in the y direc-
uon 1s)
r, = 8.R. (28)
If the radar output voitage is recorded as a function of
time as the beam traverses the ground surface at the ve-
locity u,. the beam performs a form of continuous’ aver-
aging equivalent to low-pass filtering. From considera-
tions of the time it takes to travel over s distance r, and
the Doppler bandwidth of the signal backscattered from
the illuminaied cell, it can be shown |3, pp. 585-586) that
the output voltage represents an a*zage of N, -equivaient
discrete independent samyies. and that N, is given by the
Jpproximate expression
N ar/UL/D) (29)
where /. 15 the length of the antenna along the y-direction.
The above result. which 1s independent of u,. may be in-
terpreted as say:ng that the fading signal decorrelates
whenever the antenna moves a distance 1./ 2 1n the v-di-
rection. and theretore 3 resoluuion cell of width » con.
tains 7 (1 .1 independent samples Thus. the fading
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decorrelation distance is simply
Ly= /2 (30)

The result given in (29) is equally applicable to a pen-
cil-beam scatterometer and to a fan-beam side-looking
real-aperture-radar (RAR). In the case of a side-looking
fully focused synthetic aperture radar (SAR), the Doppler
bandwidth is used to improve the azimuth resolution from
r. = B.R 10 the resolution r, = [,/2 corresponding to a

synthetic aperture of length /, = 8,R. Thus. for the fully
focused SAR

N, =r/(1/2)

= 1.

Looked at ano;her way, N, represents the degradation in
spatial resolution from the best achievable (1, /2) down
to r-

.3J Continuous Averaging in Range: For a narrow pen-
c.xl-beam scatterometer traveling in the x-direction. con-
sideration of the time-bandwidth product leads to

N o&:r/L, {31)

and

L,a (1,/2) sec’ 9 (32)

where 7, is the ground resolution in the x-direction. and
I, is the height of the antenna in the elevation plane.

8. Frequency Averaging

The criteria used to decide whether or not a pair of sig-
nals ¥, and V; backscattered from two ground footpnnts
may be treated as statistically independent observations s
based on the magnitude of the correlation coefficient be-
tween them. p(V,, V,). If, on the average. o is smaller
than some specified value, such as 0.2, the two observa-
tions may be regarded as statistically independent. De-
correlation is a consequence of differences in the instan-
tancous phases of the scatterers present in the observed
cells. The phase of a given scatterer, as given by (3)

O = wt = 2r, + 0,
4
-wl--:vr,'ho,
[

may be changed by altering the range r, between the scat-
terer and the antenna, or by changing the wave frequency
r. Birkemeie, and Wallace (21] denived an expression tor
the correfation function for two signals {one at frequency
», and the other at frequency »,) scattered from the same
randomly distnbuted target as a function of the llumina-
ton geometry and the frequency separation Av = », -
»,. If Vg is the output voltage after square-law detection
(1e.. Vs = KP where Pis the input powert. the dutocr-
relation function for Vs (v, ) and Vg(vsdis given m

Rivi.v:) = Vilw)) Vsivn

’r'.'ﬁ'P‘V:‘

A.5R
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where K has been set equal to umity for convenience. For
the randomly distributed target depicted in Fig. 9. Bir-
kemeier and Wallace [21] argued that the process is sta-
tionary: i.e.. R(v,. ¥2} = R(Ay). and showed that the
autccovanance function. defined as

R(Av) =RIAW - P {34)
1s given by _
R.(av) = p: Snadvi (35)
. oadr

where P = P(v,) = P(v,} s the mean value of the input
power (assumed constant over the frequency separation
dv). and

2xD 2
a=-:—-=—’r,sin0, (36)

The correlaiion coefficient is the normalized autocovari-
ance function

p(dv) =

R.(Av) - (sin aAu)" (37

R.(0) adv

The two signals P(v,) and P(v,) may be regarded as sta-
tistically uncorrelated. and therefore independent, if the
separation Ar corresponds to the first zero of p(av).
which occurs at adv = x. This was called the cntical
frequency change by Birkemeier and Wallace [21). but we
shall refer to it as the decorrelation bandwidth Av,, and
1t is given by

¢ 150

with D in meters.
For continuous integration over a swept-frequency
bandwidth B extending from », 10 »,, the variance of
”n

P(B) = % S" P(r) dr (39)

1s grven by {2G}

: 2 (* £
s5(8) = 3 So (l - 8) R.(§) d¢ {40)

where £ 15 J» Use of (35) in (40) leads to

. 2Pt (* £\ /sinat\’
$3(B) = 5 So (I - E) (-—a-‘—) dg. (41)

The effective number of independent samples realized
av a result of frequency aversging may be obuined by
rzlating the vanance of P 10 its mzan value as in (26)

FLLUCTUATION STATISTICS OF mm-WAVE SCATTERING
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Fig. 9 Backscauering geometry tor an 1lluminated ceil with ground-range
dimension -,

This result will be evaluated in Section V through com-
panson with measured data.

If aB >> 1, the term £/ 8 is negligible over the region
where the autocovariance function is of significant size in
the integrand. whi~h allows us (o integrate the function
analytically and obtain the approximate solution

4
N;£B
c

& B/Av, (43)

Here D is the slant-range resolution of the radar system.
We may show the equivalence of the above result to the
chirped pulse-radar case (as in a RAR or SAR) by noung
that B is the chirp bandwidth and 2D/ c is the de-chirped
pulse length r. Hence

N a8
= 8/8, (43

where B, = | /7 is the receiver bandwidth. If the trans-
mitted pulse is de-chirped in the receiver to obtain the
narrowest possible pulse length, the receiver bandwidth
8, has to be equal to the modulation bandwidth 8. Hence.
N = [. However, if it 1s desired (0 have N be larger than
1. the pulse may be de-chirped only partiaily, thereby
using the excess bandwidth to provide frequency averag-
ing. This is referred to as coherent frequency averaging
(8]). in contrast with incoherent frequency averaging
wherein the averaging operation 1s performed after the de-
tection and sampling operations. That s, fuil de-chirping
is performed to retneve the best possible range resolution
possible, and then after the image 1s produced, several
range pixels are averaged together t0 increase N.

IV. ExperiMeENT Descrirrion

Two types of experiments were conducted in suppon of
this study. one involving backscatter measurements using
a truck-mounted platform and another expeniment invols -
ing bistatic scattenng measurements conducted in the lab-
oratory. To maintain continuity in this presentatidon onls
the backscatter measurement sysiem will be descnbed n
this section, and descnption of the bistatic conhguration
will be deferred to Secuion Vi
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The backscattered data analyzed 1n succeeding sections
was measured by a 35-GHz scatterometer that was
mounted on a truck-mounted telescopic boom as depicted
in Fig. 5(2). The system, which is part of The University
of Michigan’'s millimeter wave polarimeter [22]. uses an
HP8S10A vector network analyzer to sweep frequency
from 34 10 36 GHz 1n 401 discrete steps. Subseguent to
calibration against a metal sphere of known radar cross
section. the output is presented in the form of a frequency
spectrum of the measured backscattering cross section per
unit illuminated area (1.¢.. ¢") or in the form of a plot of
the received power versus round-trip delay. A more de-
tailed description of the system’s operation and signal
processing capabilities is given in Ulaby er al. {22).

The scatterometer uses a pair of 15-cm diameter lens-
corrected horn antennas mounted onto a common posi-
tioner one above the other in the elevation plane. The an-
tenna far-field distance is approximately 5.2 m and the
effective beamwidth of the product gain pattern is 3°. The
antenna positioner may be set at an angle of incidence ¢
from 0* (nadir) to 90°. and the platform height may be
extended up to 2 maximum of 20 m above the ground
surface.

Two types of terrain targets were selected: 1) an asphalt
surface. as a representative of targets from which the
backscatter is due pnmanly to surface scattering. and 2)
a layer of dry snow over a soil surface. as a representative
of media from which the backscatter is due primarily to
volume scattenng. Several experiments were conducted
for each of these targets 10 evaluate the statistical vari-
ability of the backscattered power for various combina-
tions of incidence angle and platform height. The mes-
surements for asphait were acquired with the antennas
pointing in the aft direction as shown in Fig. 5(a). To
insure that measurements from acjacent footprints were
statistically independent, the truck was moved s distance
greater than the extent of the antenna footprint between
successive measurements. The armangement for snow was
similar to that employed for asphalt except that the truck
remained stationary and the boom was made to move in
azimuth in order to avoid disturbing the snow surface.
The rms height of the asphait surface was measured to be
0.4 mm (from a surface mold). and the snow was 15 ¢cm
deep and had an average temperature of —~1°C.

To limit th scopa of the dats~Sllection segment of this
invesugation, all observations were made with the VV
polanzation only.

In addition (o the scatterometer system, the truck-
mounted platform camed three microwave radiometers
that were mounted on the same olatform and their beams
potnted along the same direction as that of the scatierom-
eter. Their center frequencies were 35, 94, and 140 GHz,
and ail three had temperature resolutions better than | K.
At the ume of this investigation. however. only the two
upper-frequency radiometers were in operating condition.
These instruments proved extremely useful 1n venfying
that 1) the targets were yniform, and 2) the snow was dry
tr.e .1t contained no water (n hiquid form).

6. NO ) MAY .98

‘Table I provides a summary of the statistics of the ra-
dnpmetn‘c observations. At 94 GHz, the mean vaiue of the
brightness temperature T, based on measurements from
10 spatially independent footprints was 252.8 K and the
standard deviation was only 1.2 K, which is an excellent
indicator that the asphalt surface was electromagnetically
uniform. For snow. the radiometric observations were
made at both 94 and 140 GHz, and from heights of 11 and
19 m. The two 94-GHz sets of observations (each con-
sisting of 50 measurements from spatially independent
footprints) had mean value that were within | K of one
another and standard deviations of only a few kelvins
each. [n spite of the slighly greater difference between the
mean values of the 140-GHz observations (which is at-
tnbuted to the greater sensitivity of the 140-GHz radi-
ometer (relative to the 94-GHz radiometer) to vanations
in cloud conditions between the times corresponding to
the 11- and 19-m experiments). the resuits again indicate
that the snow medium was fairly uniform from one loca-
tion to another. The magnitude of T, = 166 K at 94 GHz
is characteristic of dry snow (23], and considenng that a
change in liquid water content by only 2 perceni would
cause T, to increase by about 100 K (23], the measured
standard deviation of only a few kelvins is a clear indi-
cator that the snow layer was indeed dry everywhere. By
way of comparisons, we show in Fig. 10 radiometnc ob-
servations that were made later in the season for wet snow.
We observe that T, of wet snow is about 266 K at 94 GHz
(compared to 166 K for dry snow) and 270 K at 140 GHz
(compared to about 208 K for dry snow), and again the
standard deviations are only on the order of |-2 K.

A. Single-Frequency Observations

As was mentioned in the previous section, the scatter-
ometer measures the backscattered power at 401 equaily
spaced frequencies (channels) extending from 34 w0 36
GHz. In this section we shall consider only the stausucs
associsted with single-frequency measurements. namely
the 35-GHz channel. it should be noted, however, that
the results and conclusions realized at 38 GHz are staus-
tically indistinguishable from those found at lower and
higher frequencies in the 34-36 GHz range.

Our first example showing the variability of the back-
scattered power as a function of spatial position was pre-
sented eadlier in Fig. S(b) for an asphalt surface. and the
associated probability density function was compared to
the exponential distnbution in Fig. 6. S:malar results were
obuained for snow and a summary of the observed statis-
tics 13 given in Table (1.

The asphait results given in Table Il are divided into
two groups: (1) the near-radit group (0° and 4°). and (b
the highet-incidence-angle group (20° and 40°) This di-
V15100 18 necessary because the mechanics of signat 1ading
are different in these two angular regions At inc.Jd»nee
angles near normal incidence. the backscattered nacr
consists of a cohereat component £. and an (n. rerent
component P, (3. p 1812], and only the latter  \unoent

A.60




FLUCTLATION STATISTICS OF mm WAVE SCATTERING

B8rightness Temperature of Wet Snow

140 Gz

94 GMz

LLABY HADDOCK er w
- 272
»
1
270
3
268
-
266
3
o 26e v
¢ L

Fig. 10. Measured vanation of the bnghiness temperature of wet <n0w at

20 30
Spatial Pesition nden

v

40

$0

94 and 140 GHz. Each data pornt represents an independent footpnnt

SUMMARY OF VERTICALLY POLARIZED RADIOMETRIC OBSERVATIONS MaDE

TABLE

CONTEMPORANEQUSLY WITH THE RADAR OBSERVATIONS
(The incidence angle was 40°, and the statistics are based on

observations of N spauaily independent footpnnts. Sy, 13 the measured

standard deviation of T,y.)

FAEOUENCY

TARGET HEIGHT » s g

Aspras 94 Gz m -] 2228 12

Snow %4 Gz 1"m ] 168 38

Srow 94 Gre 1™ 0 1360 19

Sow 160 G2 "nm 0 o080 13

Snow 140 Gz i L] 0 100 12
TABLE i

SUMMARY OF THE STATISTICS ASSOCIATED WiTH THE BACKSCATTERING

MEASUREMENTS 'A0M ASPHALT AND SNOW (INOEPENOENT FOOTPRINTS).
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to signal fading fluctuations. Thus

FSP(+P: "‘s)

s’aj‘" (46)
and

S» Sp

T R ——— 7

PP +F (37)

For the incoherent component, Rayleigh fading suggests
that s, = P, (20). Hence

’;—f-l"?/(i’r +P) (48)
which is always significantly smaller than | if P15 sig-
nificant in magnitude relative to P,.

The coheren: component P, is largest at § = 0. de-
creases exponentially with increasing 6. and becomes
negligible in comparison with P, (for most natural sur-
faces) at angles greater than a few degrees (24]. Conse-
quently. the valuz of s,/ P computed on the basis ot the
experimental data was found to be 0.35 at 4 = 0°, 0.59
atd = 4°, and close to | at 20° and 40°.

The major conclusions reached on the basis of the sin-
gle-frequency observations are

1) The Rayleigh model is a reasonable descriptor of
signal fsding for uniform targets. This is supported by the
good agreement shown in Fig. 6 between the measured
pdf and the exponential distribution and by the resuit that
sp/P & | for both asphalt and snow (the deviation from
an ex: <t value of | is attnbuted to the fact that the sample
size is only 50, and therefore the values of s, and P given
in Table II are merely measured estimites of the true val-
ues).

2) No discemable difference between the statistics for
the beckscatter from snow and those for asphait is ob-
served.

J) No discemable dependence on footprint size 15 ob-
served over the nange of values examined in this study.
which varied in footprint area from 0.07 t0 3.24 m*. The
corresponding dimensions of the major and minor axes ot
the elliptically shaped footprint were 0.29 m x 0.29 m
for the smallest footpnat and 1.7 m x 2.31 m for the
largest.

8. Frequency Averaging

Fig. 11 displays a typical example of the frequency
spectrum of the messured power for a given footpnnt We
observe that P varies relatively stowly as a function of
frequency. implying high correlation between adjacent
frequency points, but the overal! vanation across the 34-
36 GHz band is on the order of 23 dB.

The improvement (reduction) in spatial vanability ot
the return provided by frequency averaging 1s Jdemon.
strated in Fig. 12, which shows both single-treque~ s
measurements and the 2-GHz averaged measurement.
the retum from snow as a function of spaual positier 7=y
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Fig 11 Typical trace of the frequency vananon from 34 1o 36 GHz of the
received power for a given footpnint of snow.
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Fig 12 Reduction of signal vanability through frequency averaging.

associated normalized standard deviation is 1.0 for the
single-frequency data, compared to 0.27 for the fre-
quency-averaged data.

1) Correlation Function: Now we shail examine the
role of frequency averaging relative to the theoretical ex-
pectations presented in Section 1II-B. We have 50 traces
corresponding to 50 independent footprints, each consist-
ing of measurements at 401 frequencies. Let us denote
P tv.) as the measured power corresponding to spatial
position ¢ (with ¢ = 1. 2, - - -, 50) and frequency »,
where v, = 34 GHz. », = [34 + 0.005(j - 1)) GHz,
and; = 1,2, - - - . 301. For each position i, we compute
the autocovanance

¥
R.(3r) = %ﬂz:' (P.(s,) = B][P.(r,.0) - B] (49)

and the Ltion coefficient

Rl‘ (A')
R.(0)

where k is the displacement index, N, = 401 ~ k, &» =
0.005k (GHz), and P 1s the mean value of P, (», ) aver-
aged over both i and j. The correlation coefficient is com-
puted for integer values of k from 0 to 200, corresponding
to a range of Ar from 0 to | GHz. Once this process has
been zompleted for eack position i. the correlation func-
tion p, (Ar) is averaged over all 1 to obtain a better esu-
mate of its frequency spectrum. Thus. the measured cor-

0, (4r) = (50)
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Measured vs. Theorstical Autocorreiations - Snow

Autocerrelation (Av)

° s¢ 100 150 200 2350
SheR(Miie)
Fig 1. Comparison of theoretical autocorreiation function given by 37y

with that computed on the basis of the spectral measurements ol the radar
backscatter.

relation coefficient is given by
{ 0

Pm(dr) = E.-Zl o (Av). (S1)
A plot of pu(37) is shown in Fig. |3 for snow. The figure
also includes a plot of the expression given by (37). We
observe that the measured correlation coetficient de-
creases with increasing frequency shift Av 1n an exponen-
tizl-like manner and at a rate somewhat faster than the
theoretical function. Similar results were observed for as-
phalt.

2) Normalized Siandard Deviation: From (37) and
(40), the normalized standard deviction associated with
the received power P, when averaged over a bandwdth
8. is given by

:’(B). -2.5.( S) :I:
P [B o l-B D(E)JEJ.

where § = Ar. Fig. 14 shows plots of ihe normalized
standard deviation as given by (52) with p(av =
Pa(Ar), the measured correlation function. and with
p(Ar) as given by (37). The figure also includes a plot

(52)

‘of the normalized standard deviauion as computed directly

from measured data. For a given bardwidth B. s, 1s based
on the vajues of P measured at all frequencies between
8/2 belcw and B/2 above 35 GHz. We observe that the
*‘measured’’ normalized standard deviation is close 10 the
curve calculated using the thenretical expression tor
o(Ar) given by (37) and that using the expenmental tunc-
lion o, (42). _

To provide a simple for.nula for estimaung 5,1 8) P,
we propose to use

$» | Ar, )
- - my/— for8 2 Ay,
P (Vs s

1, for 8 < 3,

with Av, selecied to nrovide a good fit to the Latu
process led to

Arv, = 138/D. (in megahenz! <
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.2

and 1s shown graphically in Fig. 13. [n the above expres-
sions, 815 in megahenz and D (the slant-range resolution
defined in Fig. 9) 15 in meters.

Tiiese formulas, which provide an excellent fit 1o the
measured normalized standard deviation for N 2 2. in-
dicate that the effective decorrelation bandwidth 1s ap-
proximately equal to the theorencal value predicted by
(38).

VI RESULTS OF THE BISTATIC SCATTERING
OBSERVATIONS

The scattemmeter system that was used 10 scquire the
backscattering data reported in the preceding section had

been designed to operate in a bistatic mode as well [22
Bistatic scattering measurements were made for seversl
sang and gravel surfaces using the arranzement showr in
Fig. 16. Details of the results and their significance are
given elsewhere (25]. our present interest pertains to the
vanability of the bistaucal'y scattered signai onty  More-
over, we thall limit the discussion to a typical example
in one of the bistatic scattenng expenments. the re-
ceived power was measured at many azimuth angles o
ranging between 10° and 180° for fixed and equal * slues
of the incidence angle 9 and scatterzd elevation anyic =
namely 8, = 8 = 66°. The configuration with 3 = '~
corresponds to the specular case At each ungle > -:
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Fig 16 Biss.iic armangement
Smooth Sand (HH polarization) power scattered in the specular direction was dominated
. by coherent scattering that is nat subject to fading. Con-
sequently, the measured normalizec standard deviation
was found to be onty 0.015. This resuit is analogous with
the backscattering result for the normal incidence case (see
1 M/‘\ (48) and Table (D).
S VII. ConcLusIONS
"
. This paper has shown that the Rayleigh fading model
oviegdfothopatdingg is indeed appropriate for charactenzing the fluctuation
se0 oot statistics associated with radar scattenng from terrain,
provided the target's properties satisfy the model's un-
ot - v oy - —— derlying assumptions. One of these properties is spatial
° % 6 W 0 0 W uniformity. [f the termain target is an asphalt surface.
Arswah (og) snow-covered ground, or a grass surface. the Rayieigh
Fig 17 Standard-deviation 1a Nean raio versus the azimuth angle for the model gives results in good agreemznt with expenmental

D.A311¢ Katlenng measurements for smooth 1and. Each data point s
bared un measurements of 1V spatiai posinions (footpnnts)

received power was measured for 10 independent (non-
overlapping) footprints on the target surface. This was ac-
compl: “.d by partiaily roriting the target platform be-
tween successive measurements. In each case the reccrded
power was the received po'ver averaged over the 34-36
GHz band. _

Fig. 17 presents a plot of 5,/P as a function of ¢. At
each value of @. 5. and P were calculated using the 10
observations descnbed above. Except for the near-spe.-
ular directions (o & 180°). the normalized standard de-
viation exhibited an approximately coastant value of 0 2
The equivalent total number of independent samples 1s .V
=11 02) =25 Thus. frequency averaging provides
about 2§ independent sampies per spatial sample The

A gd

nbservations at 35 GHz for both backscanenng and bi-
static scattering. When frequency averaging 1s used to re-
dice the vanabiluty of the radar retum. however, the for-
mulations based on the Rayleigh model , ov:de a good
estimate of the improvement provided by (requency av-
enging.
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Extinction Behavior of Dry Snow in the 18- to 90-

GHz Range

MARTTI T HALLIKAINEN, seNtOR MEMBER, |EEE, FAWWAZ T. ULABY. FELLOW,. (EEE. AND
TAHERA EMILIE VAN DEVENTER

4bstract—The extinction sroperties of several dry saew types were
examioed ia the 18- to 90-Gi’z ramge. The smow types ranged from
newly falles snow (o refrozes saew, and the demsity and mean graia
size varied from 0.17 t0 9.39 g/ c’ and from 0.1 te 1.6 mm, respec-
tively. From measurmiassts of the transmissioa loss as a fusction of
sampie thickness st 3 temperstare of - 15°C, the extiaction coeficient
aod the surface scattering loss (due to surface roughness at the froat
snd back surfaces of the snow 3iad) ware determined foe each snow
type. The experimental vaiues were compared against theocetical re-
sults computed according to the stroag Guctustioa theory. [n gemeral,
good sgreement with the experimental data wes obtaised at 18, .. and
68 GHz when the grais size used in :be thesretical caiculstions was
choses 1o be siightly susaller thas be obesrved smow-perticie size.
However, the extinction coefliciers of large-grained refrozee saow as
predicted by the stroag Suctustioa theery is much larger st %0 GHs
thas the values determined experimentaily. The attenustion is saew
was observed (e increase caly siightly with incressiag temperature in
the =)Sto ~1°C range.

{. INTRODUCTION

HE FEASIBILITY of microwave radiometers and ra-

dars to provide information on seasonal snow cover
has been evaluated in several experimental . in-
cluding both ground-based [1}-{7] and satellite [8])-{10}
investigations. Recendy, the frequency range of the ex-
perimental programs has been extended o 90 GHz (3],
[4], (7]. However, thc basic tools to interpret the results
from those measurements, namely the dielectric and scai-
tenng properties of snow, are not knc va v th adequate
accuracy. At present, expenmental microwsve dielectric
data combined with venfied diclectric models (the real
and imaginary pant ~f the complex dielectric constant ¢,
= ¢, — je;) are avaulable as follows: ¢, ~ je; for wet
snow and ¢; for dry snow st frequencies up w 37 GHz
(11]. and ¢, for dry sno.~ at frequencies up to 13 GHz
{121, {13]. Using a mdiometnic techaique, ¢, was recenty
measured up to 9 GHz for two snow densities by elim-
nating the effect of scatering [7]. The temperature depen-
dence of ¢, s very smail, whereas ¢, increases with in-
creasing temperature. Since one of the primary uses of
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microwave sensors for snow measyrements will be re-
trieval of the water equivalent of dry snow cover, high-
frequency data on the dielectnc and scattenng loss of dry
snow are needed.

The total loss of dry snow is expressed by the exunction
coefficient, which includes both absception loss and scat-
tering loss. At low microwave frequencies (snow-partcle
size is much smaller than the wavelength) absorpuon s
the primary loss process, whereas at high microwave and
all millimeterwave frequencies (snow-pafticie size 1s of
the same order of nagnitude as wavelengih) scattenng
dominates over absorption. According to Mie theory cai-
culations for 3 snow panticle with a diameter of | mm.
scattering dominates at frequencies above 1S GHz {141

Few experimental investigations on the attenuauon of
dry snow have been reported at millimeter wave frequen-
cies [2], 7], [15], (16]. The snow parameters were not
documented in a detailed manoer to allow the denvauon
of any quantitative expressions for the extinction coetfi-
cient and the su-face loss as a function of snow properues.

In the preseat (nvestigation, the extinction coerficient
and the surface loss for :everal snow rypes were obtained
from transmission-loss measurements of snow slabs as a
function of sample thicknes.. The effects of frequency.
snow-particte size, snow metamorphism, and temperature
were investigated in a detailed manner. The expenmental
results were compared with throretical values obtained
from the stoag fluctustion theory [17). Recent evalua-
tyoas of this theory suggest that it can be applied to cal-
culate the effective dizlectric constant and the extinction
coeflicieat of snoy, as well as the bnghtness temperature
of snow-covered terrun {18].

. TrANSMIsSION MODEL FOR SNOW SLaB

The following discussion conceming the transmission
of a plane wave through a slab of scanerers 15 mainly
based on a representation availadble in the literature (19}
Since a dewiled derivation of an approximate solution to
the problem has been given previnusly [20]. only a briet
discussion is included in thus paper.

The geometry of the problem is depicted in Fig | The
towal intensity incident on the slab s denoted by /1) 7 =
ls. The intepsity transmicted through the air-snow .ncer-
face 1s reduced by T, the Fresnel power tansmissior coet-
ficient, and by S, a surface roughness factor that 4o o=

0196-2892'87'0600-0737301 00 © 1987 [EEE
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F:g 1 Transmission of electromagnenic wave through a slab of scatterers.

for scatterning by a nonspecular surface. Thus
1007) = [,T5. (1)

A refatively simple model for § that has been used ia con-
nection with soil-surface scatrering [21] takes the form

S = exp [ ~(2k5)'] (2)

where kg = 27 /X and s is the effective rms height of the
surface fluctuation. In practice. this model is reasonably
adequate, although the value of 5 needed to match exper-
imental data usually is smalier than the measured rms
height of the surface. Combining (1) and (2) leads to

1(0°) = LT exp [~ (2k8)'}. (3)

In the snow medium, the total intensity consists of a
coherent component /. and an incoherent coinponent /,

Hz) = 1(2) + L(2). (4)
The coherent intensity attenuates due to both absorption
and scattering

I(z) = 1(07) e« ()

where the extinction coeflicient «, is the sum of the ab-
sorption coefficient x, and the scattering coeflicient «,

(6)

The forward-scattered incoherent intensity is given by
Ishimaru [20. pp. 268-274], assuming that the scattering
is mostly concentrated in the forward direction, as

I(2) = 1(0°) g[e™* - €7*!] M

where g represents the fraction of the total scattered powes
intercepted by the beam angle of the receiving antenna.
The total power transmitted across the boundary at z = d
13

K, =K, + &,

Hd") = [I(d") +1, 3] TS
= LTS e + g™ - ™))
The loss factor L(dB) is defined as
L(dB) = ~10log [”—70;2]
= 34.72k}s* - 10 log [e”
rqe -], T et (9)

For a smail slab thickness d such that exp ( =x,d) >>
qlexpt —x,d ) ~ exp ( —x,d)], the coherent intensity 13

(8)
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Fig. 2. Plot of the transmission loss.

the dominant contnbutor to [ and (9} may be approxi-
mated as

L(dB) & L,(dB) + 4 34«,d 110)

where L,(dB) = 34.72k3s? is the loss factor attnbuted to
surface roughness at the two slab boundanes. For a large
slab thickness such that exp ( —x,d) << q(exp ( —«x,d
— exp ( ~«.d)], the incoherent intensity modified by g
becomes the oaly significant remairing component of the
original incident power, and (9) may be approximated as

L(dB) = L,(dB) - 10log q + 4.34xd. (11)

Thus, because of multiple scattering, the rate of attenua-
tion for propagatioa through a thick sample becomes pro-
portional to «, rather than «, becsuse the loss due to scat-
tering is approximately equal to tie generation of
incoherent inteasity by scattering.

According to the preceding model. if we measure the
transmission-loss factor L(d8) as a function of the slab
thickness d, the following four parameters can !.& deter-
mined: 1) the extinction coefficieat «, (from Slope | 1n
Fig. 2), 2) the absorption coeficient «, (from Slope 2 in
Fig. 2), J) the effective rms height of the surface ¢ ( from
L,). and 4) the parameter ¢ (from the absolute level of the
curve),

Equation {11) was not used to determine «, 1n the pres-
ent investigation. This would have required the measure-
meot system (o be able to measure transmussion losses as
high as about 70 dB. Hence, the accuracy of (11) could
not be evaluated either. It is relevant to note that the o
attenustion of tree foliage (observed range: 1! 1o 30 4B
has beea jound 0 follow a behavior simular to that shew:
in Fig. 2 [22].

[1I. EXPERIMENTAL ARRANGEMENT
A. Snow Samples

All spow measurcments were conducied under laber
tory conditions at the Radio Laboratory. Helsinki Ln
versity of Technology. The snow samples were o suuse
from natural snow cover, inciuding both the top u-u i
bottom layers. Extreme care was taken not 1o Lo om e
structure of the sampies The extra snow ar-.-
tial sample (diameter 33 cm. maximurs e,
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TABLE 1
PROPERTIES OF SNOW SamPLES

%o. faty Ypin ‘e Jbsarved Surface nelt- Llusterivg Density Qfeledtric Commenty

1198S5) Snowgact  Maan Grata  Roughness Freele ) Constant

Stie (em)  em) 2scles tq/em’y at {0 W2

! Ced. 5§ 20 3.2 ] vone vone 2.472 19 1 Ine-ngur 214 snow
2 Ten. 5 vear 3o 3.5 P wonre one 2.194 1.]¢ Yewly ’3llen sn0w
} Ten. 5§ vear 3o b b] Ngne None 3.2 1.9 ewly %311en srow
4 cen. .8 “op 3.2 3 None None 0.322 1.58 Wing-griven $-day o'¢ snow
$ ey 12 Too 3. ] None “ne 2.277 1.52
5 warcn 12 Wagle 2.9 k) vonre Norne Q.264 1.49 Separate gratnas

wren (3 Nesr “o9r 3.4 3 wone wone 0.238 P} | Newly fallen snow
L] waren 21 vesr Sottom 1) 3 vone xonre 0.118 1.58
3 wren 29 o0 V.3 1 feu wone 0.3a8 1.7% “ard snow
13 arch 29 veer dotioe 1.J H wone wone Q.276 1.50 Seperate Jra'ny
Ll derst 7 T30 1.3 2t Some Sams Q.307 1.6
2 el Ll Toe 1.3 3 Some Some 0.104 1.6
13 4dort! [1 wear Sottos .} 1 0l one one q.293 1.5¢
4 Apri) 1) Top 1.3 2w} Some Some 0.348 1.64
1S Aprt) 1) wiagle 1§99 1% 2 Tew none 0.322 1.6
16 fprtl 16 Sottom 1.1 1202 wonre None Q.361 wn Sevarate Jratng; ~0 IRt AUOUS Sl- ct.re
17 dpril 17 Top 1.9 2w Some Somy 9.19% 1985 )
18 dort) 30 wear Yoo 1.4 201} Severs] Some 0.)91 1.66
19 aren (8 wear Top 0.4 9 None None 0.200 1.4 Acquired | @ iy ‘roe vo. !
20 March 29 sesr Sottom .y 1 “ore none en 1.48 Acguired | & qway from vo. 1)
21 dprt} 7 Top 1. 2t} Some Some Q.11 1.64 Kauired ! @ qway from ¥o, 'l
22 April 1) Top 1.8 2t Some Some 0.1%Q 1.8 MKaired | & away 7708 do, (4
23 Aget) 17 Top 1.9 2t d Some Some 9.)00 1.1 Kauired | @ qway from No. |7

Sampies | 10 18 were measurad as 3 function of sampls thickness and sampies |9 to 23 as a function of temperature.

was removed, the upper surface was smoothed with a
straight edge. and the sample holder was placed upside
down on top of the sample; the sampie was then cut,
turned right-side up. and its lo'er surface was smoothed.

A total of 23 snow samples were acquired between Feb-
ruary S and April 30, 1985 (Table I). Samples | w0 18
were used to determine the extinction coefficient and sur-
face loss for different snow types at —15°C, whereas
samples 19 to 23 were used to investigate the temperature
dependence of the extinction coefficient. The sampies ac-
quired in February were new snow, whereas those ac-
auired in late March and April were refrozen snow. The
melt-freeze period (warm days, cold aights) in late March
and April was exceptionally long in 1985, allowing the
development ot a thick crust layer oa the snow surface.
Consequently, the samples acquired even from the top-
most snow layers in April were reasonably homogeneous
in terms of grain size and density, which is oot the case
dunng a norma! winter.

The density of a sample was determined from its vol-
ume and mass. For cases | 10 18 ia Table [, these param-
eters were determined for every thickness of each snow
sample 1n order to check for density vanagoas. The dea-
sity range among all the samples was €.17100.39 g /cm’.

The average grain size and the surface roughness were
determined from photographs taken with a macro leas.
For photographs, small samples of each snow type were
placed on 2 glass plate equipped with a mullimeter scale.
1t 1y emphasized that, although extreme care was taken to
provide accurate grun-size estimates, the absoiute values
may Lave a buas. However, it 13 believed that the relative
accuracy of the grain-size estimates is good. For non-
sphencal snow particles, the mean grun diameter esti-
mate s based on volume. In case of clustenng, the par-
ticle-size estumate 1s for individual crystals.

B. Measurement Procedure

The transmission loss for cases 1 to 18 (Table 1) was
measured at 10, 18, 35, 60, and 90 GHz using free-space
transmission systems. In free-space transmission mea-
surements, a sample is placed between the transmuting
and receiving antennas and an electromragnetic plane wave
is transmitted through the sample. Tte use of the free-
space technique for dielectric measurements 1s discussed
in [23) and [11). In addition. the phase shift due to e
sampie was measured at 10 GHz for each sample thick-
ness to provide ¢,. Since ¢, and the dry snow density o are
relsted (11] by

e, =1 +19 {12)

in the microwave range, the measured e; can be used to
verify the deasity values

After completing '* .ement in the 10- t0 90-GHz
range each sample was cu. thinner and the measurement
procedure was repeated. The minimum sample thickness
used in this iavestigation was 1.5 cm. For cases 1910 21,
the transoussion loss at each frequency was measured as
a function of temperature in the =35t0 -1°C range. The
sampls thickness in each case was 10 cia. The first set of
measurementr was made st —35°C; the temperature then
was increased to the next desired value and the measure-
meats wers repeated. Onc temperature step per day was
used to guaranies stabili:ation of the temperature within
the sample. In order to avoid damage to the sample sur-
faces in the eavironmental chamber (from air blovers,
ewc.), the sryrofoem sample holder was always covered
with a styrofoam lid.

Upon completion of the transmission-loss measure-
ments at = | *C, three f the saniples were cooied co-an
to ~15°C and the transmission loss was mneasure: * ¢

A.68
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sample thicknesses of 7. §. 3. and 1.5 cm. This allowed
the loss behavior for each snow type to be ccmpared with
that of the neighboring sample (see Table I). For exam-
ple. sample nos. 7 and 9-were acquired simultanenusly
from the same place (| m apart) and depth.

During the measurements. the samples were handled
and stored at —15°C. The sample kolder and the lid (both
made of styrofoam) provided the necessary thermal in-
sulation during the measurement (the free-space transmis-
ston systems were at room temperature).

The distance between the transmicting and receiving an-
tennas varied from 60 cm (60 GHz) to 75 cm (90 GHz).
Hom antennas were employed in all free-space systems.
The maximum loss that the measurement system couid
handle was about 55 dB at 90 GHz, 47 dB at 60 GHz, and
40 dB at 35 and 18 GHz. Since the transmission loss of
snow samples increases with increasing frequency, the
sample thickness was limited by the maximum loss that
the 90- and 60-GHz systems could measure.

[V. EXPERIMENTAL RESULTS

A. Transmission Loss

Due to the structural vanations within each snow sam-
ple. the transmission loss was found to depend substan-
tially (the largest observed variation was +5 dB for an
average loss of 50 dB) on the location of the sample be-
tween the transmitting and receiving antennas. Conse-
quently, the loss at each frequency was measured as a
function of the sample location. The sample was moved
systematically both scross (to some extent) and in the di-
rection of power propagation; the loss was recorded using
a pen recorder. The loss value used in this paper for a
given snow sample is the average value of the recorded
signal. The results of the transmission-loss meastrements
for different sample thicknesses are given in Fig. 3. The
sample rumbers refer to those in Table L. giving the tem-
poral order of measurements. The precision of the results
in Fig. 3 is estimated to be +£0.3 dB for the lowest values
{~1dB) and +2 dB for the highest values ( ~ 30 dB).
The measured loss values at 10 GHz are practically zero
for all samples; hence, they are not shown.

The main observatioas from Fig. 3 are: 1) the ‘rans-
mission loss increases with increasing frequency and in-
creasing grain size (see Tabie ), 2) the loss depends lin-
earty on sample thickness at 18 and 35 GHz; st 60 and %0
GHz the nonlinearity of the relationship incresses with
increasing snow-particle size, 3) the surface loss factor L,
(estimated by extrapolating the transmission loss down to
zero sample thickness) is, in most cases, negligible at 18
and 15 GHz, but it may be as large as 20 dB at 60 and 90
GHz for refrozen snow.

Comparison of the experimental results shown in Fig.
3 with the model behsvior in Fig. 2 indicates that siope 1
textinction coefficrent) can be estimated easily from the
data in Fig. 3. but that is not the case for slope 2 (absorp-
nion coefficient). [n order to obtain the ahsorption coetfi-
cient, the measurements should extend over a much larger

SO 2 SOVEMBER WY

range of the sample thickness. This would have required
the measurement system (o be able t0 measure transmis-
sion losses as high as about 70 dB. The maximum loss
the present free-space system at 90 GHz can measure 1s
S8 48.

The temperature dependence of the transmission ioss
was observed to be negligible inthe =350 ~10°C range
(cases 19 to 23 in Tabie I). Between =10 and - 1°C the
experimental loss increases with increasing temperature.
The measured loss values are compared with theoretcal
results from the strong fluctuation theory in Section V.

B. Extinction Coefficient and Surface Loss

The extinction coefficient and the surface loss were de-
termined for each case by fitting a straight line to the mea-
sured transmission loss. For snow types exhibiting a
quasi-linear relationship between L and d. all the data
points were used. This was the case for pracrically all 18-
and 35-GHz results and low-loss types at 60 and 90 GHz.
For snow types exhibiting a nonlinear variation between
L and d. only the data points falling on the first linear pant
of the curve (see Fig. 2) were employed. Typically, the
number of data points used in that case was three. The
intercept of the straight line gives the surface loss factor
L, (in decibels).

The values of the extinction coefficient and the surface
loss factor determined using the above procedure are listed
in Table II. For convenience, the values are given in dec-
ibels instead of nepers. To conven decibels to nepers. the
values must be divided by 4.34.

It is evident from Table II that both the extinction coef-
ficient and the surface loss factor exhibit strong vanations
with snow type. For newly fallen snow, the extinction
coefficient at 90 GHz is only 10 to 20 dB/m, compared
to ~400 dB/m for some samples o refrozen snow

The following empirical expressions were developed to
relate «, (in decibels per meter) to the observed snow-
particle diameter dy:

k, = 1.5 + 7.4d3>, in decibels per meter at 18 GHz

{13a)
z, = 30d}; in decibels per meter at 35 GHz

(135)
x, = 180d}°; in decibels per meter at 60 GHz

13y
x, = 300d*; in deciozis per meter at 90 GHz.

1 11d)

The observed particle diameter dg 13 1n millimeters
Equauons (13a) to (13c) can be combined into a vingle
equatioa of the form

«, = 0.0018f1%43°,
in decibels per meter for 18-60 GH: 4

A.59
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Fig. J. Measured transaussion loss for smow samples. Sampie aumbens
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In (14). fis in gigahertz and d is in millimeters. Equa-
tior (14) holds for particle sizes below 1.6 mm in the 18-
to 60-GHz range. For 90 GHz, (13d) should be used in-
stead.

From the surface loss values in Table O, the effective
rms height was calculated from

- [ L, ]l/l (|s)
37288

where L, 13 the surface loss in decibels and & is the weve
number in free spece. The ezperimenial surface loss vai-
ues at 60 GHz are compared with those at 90 GHz in Fig.
4(a), and the corresponding effective rms heights are com-
pared 1n Fig. ¥(b). The effective rms heights at the two
frequencies are strongly correlated (R = 0.263) with

sep = 0.019 + 0.95814 (in millimeters)  (16)

where 5,5 and sqp are the rms heights at 60 and 90 GHz,
respectively This relationship 1s very close to s¢q = 34,
which 1s what the modet in (2) would predict. Companson

between the observed (Table 1) and calcul "sd Fig. )
values for the surface roughness shows that th.. calculated
values are much smaller.

The surface loss at 90 and 60 GHz was observed to be
negligibie for new snow and to increase linearly with in-
creasing obecrved grain size for refroien snow types

L, (90 GHz)
0dB, fordy < 0.6 mm
'{-lo.ﬂ + 18.63d,, fordy =2 0.6 mm

L, (60 GHz)
0 dB, fordy < 0.7 mm
{-6.86 + 10.27d,, fordy 2 0.7 mm.

V. CoMPARISON OP EXPERIMENTAL AND THEORETICAL
RESULTS

The strong fluctuation theory was apphied 5y Stognr
{17). {18] to calculate the effective complen Jrefectne

™T™
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Fig. 4 Companson of (a) expenmental suitace (0ss values (from Table
i), and (b) corresponding effective surface roughness vaiues (from (1))

at 60 and 90 GHz.

TABLE
EXPERIMENTAL EXTINCTION CORPRICIENT AND SURPACE SCaTTERING LOSS
soR DrrreranT Snow Tyres

Sample €atinceion Coeffictent

gl 98/®) .
18 @ 38 3 60 oz %0 oux

]
Surface kn:ﬂnq Loss

Lol
10 iz 38 o’ 0 tuz %0 G2

1 2.2 2.8 5.1 0.
? e} [ ] 2.8 108
3 4.9 £3.1 €3.3 178,
4 1.6 2.9 1.9 14
S 1.4 1.1 9.0 “
(] 4.2 19.1 7.6 )
14 3.9 2.7 2.3 58.
8 6.4 10.4 1441 )%
] 10.2 8.8 247.2 s
10 6.7 141 173.86 1M
il .2 fl.y 299 21
12 9.6 4.7 2.0 &0
13 8.1 4. Mle 4
14 9.2 4.5 4167 ol
18 3.0 &6 101.6 XM
18 8.0 3.0 234
11 1K) N3 W8 W)
18 .3 10446 49 5

RN IR N BDLUORBMB AR~

0.0 0.0 0.3 0.0
0.2 0.0 0.1 0.2
3.3 0.t -0.% 0.5
0.2 0.1 0.0 0.2
e.0 0.2 0.8 Q.1
0.1 0.0 3.8 5.6
2.0 0.2 0.l 0.1
N8 0.4 .2 0.1
.3 0.7 2.4 1.1
0.0 0.1 -0.3 0.8
-0.2 1.8 1. 2.0
0.3 9.2 0.6 6.9
-0.) -0.% 0.1 1.9
9.4 9.6 §.$ 15.9
0.2 0.8 4.0 12,8
4.1 0.2 3.0 1.2
.6 3.2 4.4 19.3%
0.3 1.6 3.9 1.0

constant of dry snow ¢, using an exponeatial correlation
function with a correlation length gives by

L=l ~v)d (19)

where v, is the volume fraction of ice in the saow and d
's the 2verage grain diameter (18]. The assumption of an
exponential correlation function is supported by experi-
mental daa aiscussed in [24). The formulation (18] for
the effective dielectac constant ¢, accounts for both scat-
tering and absorption by the ice pasticles in the snow me-
dium. The extinction coefficient can be obained readily
from

x, = 2io|im (e ). (20a)
The expression 1n '20a) is analogous to that for the ab-

sorpion coeflicient
£, = 2kg|Im (¢ )], 120b

In order to calculste ¢,, we need to know ¢,. the quasi-
staric value of the dielectnc constant of dry snow The
veal part of ¢, has been observed to follow (12) in the |
1 37-GHz range. Since ¢’ for ice is practically constan:
in the 1- to 100-GHz range {25], (12) can be assumed 1
bold in the 1- 1o 100-GHz runge also. For ¢, . however
experimental data exist oaly for frequencies betow 1 1 GH:;
(12]. For the purposes of this paper, we shall adopt the
following inixing model (14]:

“ m et 2 + 1) N
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served snow pasticle suze, with (roquescy as & parametsr.

where o, is the volume fraction of ice in the snow medium
and subscnpts 5 and i refer 1o snow and ice, respectively.
Data for ¢’ as a function of frequency and teraperature
were obuained from (13).

Fig. $ shows plots of «, that were computed using (20a)
after computing ¢, using the formulation given 1n (18].

33

Because the assumption of no correlation between the
snow density and the average grain size 1s not reaiistic. a
regression analysis between the measured densities and
estimated grain sizes in the present data was performed
resulting in

o = 0.159 + 0.1364, ()

where p is the density in grams per cubic centimeters and
dy is the observed grain size in millimeters. Fig. 5 shows
\heoretical «, values for both p = 0.3 g/cm’ and for o
from (22). The effect of density on «, is significant only
for small particle sizes. For companson. Fig. 6 shows the
absorption coefficient for snow. caiculated from (20b) and
2n.

Comparison of Fig. § with Fig. 6 indicates that at 35,
60, and 90 GHz, the scantering coefficient (x, = «, — «,)
is much larger than the absorption coefficient for all re-
alistic grain sizes. At 18 GHz. absorption and scatenng
losses are comparable in magnitude for smatl-grained
snow.

In order to compare values of «, from the strong fluc-
tuation theory with the experimental data, theoretical val-
ues were computed for the 18 snow types. In each case.
the snow density was kept constant. and the grain size was
treated as a free parameter whose value was chosen such
that it gave a theoretical extinction coefficient equal to the
measured value. By repeating this for each of the 18 snow
types. a set of mcdel-derived grain sizes was obtained at
each frequency.

Fig. 7 is a scatter diagram of d.,, the model-denved
gruin sizes, versus the observed gran sizes dy. The modei-
derived values at 18 GHz are larger and those at 35, 60.
and 90 GHz are smaller than the observed values. The
linear expressions shown in Fig. 7 are given by

dey = 0.26 + 0.91d, at 18 GHz (13a)

dey = -0.15 + 0.82d, at 35 GHx (13b)

dy = -0.15 + 0.83d, at 50 GHz (23¢)
-0.11 + 0.674d,,

iy = fordy < 0.9 mm, at 90 GHz (33d.

0.31 + 0.184,,

for dy > 0.9 mm, at 90 GHz.

The slopes of the lipear equations at 18, 35, and 6C
GHz ia (2?) are reasonably close to 1. The expenmental
values of £, ot 18 GHz may be biased, due to the lov
values of the transmission loss L (mosty below | dB
even for thick snow samples. kK is remarkable that the
expressions for d,, at 35 and 60 GHz are almost 1denucal
This, combined with the sumular slope s 18 GHz. strongly
suggests that the strong fluctuation theory provides rea
sonably accurate results in the 18- to 60-GHz range fc
all realisuc grain sizes, and alse at 90 GHz for 2rain wize:
smaller than 0.9 mm.

At the present time, we do not have a oo ¢ o anatios
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for the ooserved deparnure of the 90-GHz results for re-

frozen snow (dy > 0.9 mm) This behavicr may be dus

to the fact that at 90 GHz the wavelength in ice is about

1.8 mm, which is compatadie in size to the ice particles

in refrozen snow; such a condition is conducive to reso-

nant scattering and absorption.’

The following method wazs used to obtain an estimate
to the temperature dependence of the exuncuon coeffi-
cient from the measured transmission-loss values in the

-35tw0 —1°C range. [t 1s assumed that the surface scat-

tening loss does not dépend on temperature. This assump-
tion 1s supported by the fact that the surface roughness is
constant and the measured ¢, for each case (19 10 23) was
found to vary oniy +0.01 between —35 and ~{°C. Fur-
ther. it 1s assumed that the surface scantering loss for each
case is equal to that measured for its neighboring sampie.
For example, samples 19 and 7 werc acquired from the
same area (| m apant) and from the same depth (Table D).
Hence. the surface scartering loss can be subtracted from
the transmission loss resuliting in & value that accounts for
the volume effects only
L, = L - L, (in decibess) (24)
In (24). L and L, are the experimental transmission loss
and the surface scattering loss, respectively. Although L,
divided by the sample thickness is equal to the extinction
coefficient only when the data point is located on Slope |
in Fig. 2. the temperature behavior of L, should give &
reasonably good esumate for that of «,.

L, for cases 19 to 23 was calculated from (24) for each
temperature used in the experiuent. Since the values for
~35 and -20°C were practically the same for esch case,
the value observed for —20°C is used as a reference. The
observed average increase from L at —20°C is depicted
for 35. 60. and 90 GHz in Fig. 8. The experimental val-
ues are slightly smailer than the theoretical behavior ob-
tained from (20).

The present theoretical and experimental values in Fig.
8 are substantially smaller than the experimental increase
of 100 percent reponted for L, at 35 GHz in [15).

V1. CONCLUSIONS

The extinction coefficient and the surface loss factor for
18 dry snow types, ranging from newly fallen snow o
refrozen snow. were messured in the 18- to 90-GHz range.
The expenmental results indicats that the extincti~ .. coef-
ficient increases rapidly with increasing froqueacy and in-
creasing average snow-particle sizo. However, the extinc-
tion coefficient at 90 GHz exhibits s weaker dependeace
on grain size for snow with graing larger than 0.9 mm in
diameter than for snow with smaller greirs. The effect of
temperature was examuned in the —~35 10 -1°C nange;
only a slight increase in snow attenuation with increasing
temperature was observed. The surface lcss factor (in-
cluding both surface scattering and reflection loss) was
found to be negligibie at 18 and 35 GHz and quite sub-
stantal at 60 and 90 GHz. The magnutude of the surface
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Fig. 8. Soow artenustion as a function of temperature. with -20°C as a
reference point. Expenmental dsta: average values for snow types 19 o
23 (Table D).

loss factor was observed to be highly correlated with grain
size.

The messured values of the experimental extinction
coefficient were compared with theoretical vaiues ob-
tained using strong fluctustion theory. By matching the
theoretical values (with grain size as a free parameter) to
t.e measured valuer in each of the 18 cases. a set of
model-derived grrin sizes was obtained for each fre-
queacy. In geseal. the model-denved grain sizes are
slighuy smaller than the observed ones. It 1s emphasized
that. although the sbsolute accuracy of the observed grain
sizes is difSicult to establish, their relative accuracy 1s be-
lieved 10 be good, based on macro photographs of each
snow type. Gond agreement detwezn 1) the model-de-
rived grain sizes 4t 35 and 60 GHz. 2) the slopes of the
model-derived grain size versus observed grain size at ail
frequencies (only nonmetamorphosed snow at 90 GHz).
and 3}) the otserved and calculated temperature depen-
deace of the loss uggesis that *he streng Auctuation the-
ory provides fairly accurate estimates of the extinction
coefficient of dry snow at microwave and millimeterwave

frequencies
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EXTINCTION COEFFICIENT OF ORY SNOW AT MICROWAYE AND MILLIMETERWAVE FREQUENCIES

Martti T, Hallikainen

Helsink{ University of Techrology
Radio Laboratory
Otakaari 5 A, 02150 Espoo, Finland

Abstract

The extinction properties of several dry sncw
types were examined in the 18 to 90 GHz range. The
snow types ranged from newly fallen snow W re-
frozen snow, and the density .and mean grain size
varied from 0.17 to 0.39 g/cm” d¢nd from 0.2 m» to
1.6 wm, respectively. From measyrements of the
transmission 10ss as & function of sample thickness
at 4 temperatyre f -159C, the extinction coeffi-
cient and the surface scattering loss (due to sur-
face roughness at the front and bdack surfaces of
the snow slad) were determined for each snow type.
The experimental values were compared against
theoretical results computed according to the
strong fluctuation theory. In general, good agree-
ment with the experimental data was obtained at
18, 35, and 60 GH2Z when the grain size used in the
theoretical calculations was chosan to de slightiy
smaller than the observed snow particle size. How-
ever, the extinction coefficient of large grained
refrozen snow as predicted by the strong fluctu-
ation theory i3 much larger at 90 GHz than thre
values determined esperimgntally. The attenuation
1n snow was odbserved to increase only slightly with
increasing temperature in the -359C to ~19C range.

Keywords: Extinction coefficie~t, Snow, Attenuation

1. Introduction

At the present, experimental wmicrowave dielec-
tric data (real and i-ghury part of the comple.
dielectric consunt tg'-jeg”) are availadle
as follows: ¢'- ?or wat snow and ¢f' for dry
snow at !requcnciu up to 37 Gz (1], and ¢," for
dry snow 4t frequencies up to 13 Gz {2, 3’
tempersture dependence of ¢’ s very ulll
whereas 1,' fncreases with increasing tempersture.
Since the frequency range of microwave sensors has
been recently extended to 90 GHz, high-frequency
data on the dielectric and scattering loss of dry
$NOow are needed.

The total loss of dry snow {s expressed by the
extinction coefficiant, whicr includes both absorp-
ticn loss and scattering luss. At low microwave
frequencies (snow particle sfze {3 much smaller
than the wavelength) absorption is the primary
Toss process, wnereas at high wicrowave and all
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millineterwave frequencies (snow particle is of

the same order of magnitude as wavelengtn) scat-
tering dominates over adsorptior. According to Mie
theory calculations for a snow particle with a
diameter of | mm, scattering dominates at frequen-
cies above 15 GHz [4].

Few experimental {investigations on the attenu-
ation of dry snow have been reported at mil)limeter-
wave frequencies (5,6]. Mowever, the snow parame-
ters were not docunented in a detailed manner 0
allow the dertivation of any quantitative expression
for the extinction coefficient and the surface
loss as a function of snow properties.

In the present i{nvestigation, the extinction
coefficient and the surface loss for several
snow types were obtatned from transmission loss
measurements of snow stabs as a function of sample
thickness. The effects of frequency, snow particle
sfze, snow metamorphism, and temperatyre were
investigated in a detaiied manner. The experimen-
tal results were compared with theoretical values
obtained from the strong fluctuation theory 7',
Recent evaluations of this theory sugGest that 't
can be applied to calculate the effective dielec-
tric constant and the extinction coeffizient of
snow as well as the Ddrightness temperature of
snow-~covered terrain,

2. Transmission Model for Snow S1ad

The transmission of a plane wave throygh a slad
of scatterers has been discussed previousty 9,10 .
The geometry of the prodlem s depicted in Figure
1. The total {intengity i{ncident on the slav s
denoted by I{0®) ® I5. The intensity transmitted
through the air-snow interface is reduceq oy 7,
the Fresnel power transmtssion coefficient, and Dy
S, & surface roughness factor that accounts for
scattering by a non-specular surface. A relatively
simple model for S that has been used in connection
with sofl-surface scattering [11] takes the form

S o exp(-(2kgs)?] S

where kg ® 2n/3g dnd 8 s the effective ™s re';~2
of the surface fluctuation. In practice, tms =c:ie’
1s reasonadly adequate, although the va'ue ¢
needed to match exparimenta) data usudlly 1§ s=a "2-
than the measured rws hefght of the surface.
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Figure 1. Transmission of electromagnetic wave

through a slab of scatterers

The total power transmitted across the boundary at
z *dis

1(d*) o [or3s3[evedeq(em<ad . o7vedy) | (2
where q represents the fractfon of the tatal
scattered power intercepted by the bdeam angle of
the receiving antenna, and «,, the extinction
coefficient, 1is the sum of the absorption coef-
ficient 5 and the scattering coefficient «,
{3)

g T g *t g .

The loss factor L(dB) is defined as
1{¢*)
L{eB) = <10 o
Q[T]

- 34.72&0252 - loloq[e"ed’q(e"‘d-e"'d) I

e 1. (W
For a small slad thickness d such that exp{-«gd)>>
qlexpl-cad)-exp(-cgd) ] the coherent intensity f{s
the dominant contributor to [ and (4) may bDe
aoproximated ~

L(dB) 2 Lgi{dB) » 4.38 cod ,

wnere ([ (dB) = 34.72k¢;zs2 fs the loss factor
attridbuted to surface roughness a4t the two slad
doundaries. For « large sladb thickness such that
exp{-ced) << qexz(«r,d)-exp(-cqed) ], the inconerznt
intensity modified dy q decomes the only signifi-
cant remaining component of the original {ncident
power, an: (4) may by approximated as

(5)

L(dB) = L.(dB) - 10 Tog q * 4.34 «,d . (6}
Thus, because of multiple scattering, the rate of
attenystion after propagation through a thick
sample becomes proportional to «4 rather than ce
because tie loss due to scattering {s approxima-
tely equa) to the generation of incoherent inter
sity Dy scattering.

According to the preceding wodel, {f we measure
the transmission loss factor L{d8) as a function
of the slab thickness d, the following four para-
meters can bde determined: (a) the extinction coef-
fictent «¢o (from Slope 1 (n Figure 2), (b} the
apbsorption coefficient «, i(from Slope 2 in F', . e

7R

148)

loss fattor i

Th.oaness

Figure 2. Plot of the transmission 19ss.

21, lc) effective -ms neijnt of the surface s
Lg), and (d) the parameter g

. om
(from the 10s3',te

Tevel of the curve). [t “: relevant to note 3rat
the total ittenuation of tree foliage nas deen
observed %o follow a Ddehavior similar to 2nat
shown in Figure 2 121,
3. Experimental Arrangement
3.1 Snow Samples
A1l snow measurements were conducted uncer

laboratory conditions at the Radio Laboratory of
the Helsinki University of Tecnhnology. T"he sncw
samples were acquired from natyral snow cover,
including both the top and the bdottom layers.
Extreme care was taken not to disturd the struc-
ture of tne samples. A total of 23 snow samples
were acquired between rebruary § and April 30, 1385
(Table [). T™he samples acquired in February were
new snow, whereas those acquired in late March ang
April were refrozen snow.

The density of a sample was determined from 1ts
volume and mass. For cases 1 to '8 in Taple
these parameters were detarmined for every thnick-
ness of each snow sample {in order to checx for
density variaifons, The density jJrange amorg I
the samples was 0.17 to 0.39 g/¢m”.

The average grain size and the surface rougnness
were determined from pnotographs taken with a macrd
lens. For pndotographs, smali samples of edacn snow
type were placed on a glass plate equipped with 2
willimeter scale. [t s emphasized that, altnousn
extreme care was taken to provide acrurate gran
size estimates, the absolute values may nave 3
vias. However, 1t is believed that the relative
accuracy of the grain size estimates {s good. Sor
non-spheri<al snow particles, the mean jriin
diameter estimate is based on volume. [n case of

¢l staring, the particle size estimate s fir
{ndividual crystals.
3.2 Measurement Procedure

Yhe transmissicn Yoss for cases 1 to 13 “4o'2

1) was measured at 10, 18, 35, 60, ivc W} ~:
using free-space transmission .yslems. (-
space transmission measyrements, a samp'e ' o
between the transmitting 4nd recerv'";
and an electromagnetic plane wave 'S
through the sample. "he use of free-3C3.2

froa.
1w
paramay,
Seye mienle

s - NI

S S




Table [. Propertifes of snow samples. Samplias 1 to 18 were measyred as a function of
sample thickness and samples 19 to 23 as 3 function of temperatu-e.

No. Nate Qepth 1n Jbserved Surface Melt- (lystering Oensity Qfelectric Comments

11985) Snowpack  “ean Grain  Roughness Freeze ) Constant

Size (mm)  (mm) Cycles {g/cm”)  at 10 GHz

1 Feb. S Too 8.2 0 None None 0.172 .3 One-nour old snow
2 Fed. IS wear “ag 2.5 0 None None 0.194 1.34 Newly fallen snow
3 Fed. 15 Near Top 2.7 1} None none 0.217 1.39 Newly fallen snow
4 Feb. 18 Top 3.2 0 None None 0.322 1.8 wing-driver 5-4ay 014 snow
H March 12 Top 0.1 0 None None a.277 1.52
t sgrch 12 whddle 3.9 Q None None 0.268 1.49 Separate graing

Mareh 18 Near Top 0.4 Q None None 0.235 1.41 Mewly fallen snow
8 March 21 Near 3ottom 1.0 1 None None 0.21% 1.58
3 Qrcn 29 Top 1.9 t Few None Q.385 1.8 Hard snow
10 Sarch 29 Near 3o0ttom 1.0 1 None None 0.276 1.50 Separate graing
1i Ap-11 7 Top 1.3 2t 3 Some Some 0.307 1.61
12 Aprmil 11 Top 1.2 b} Some Some 0.304 1.61
11 April 11 wear Bottom 1.} 1 tol None None 0.293 1.54
14 Arril 13 Top 1.5 2 to ] Some Some 0.345 1.64
LS April 13 miadle 1.1 1 to 2 Few Yone 0.332 1.63
B April 16 Bottom 1.1 L o2 None None 0.361 1.77 Separate graing; no CONTLINYOUS SLruclyre
17 Apeil 17 Top 1.5 2 to d Some Some 0.3% 1.79
18  April 30 Near Top 1.6 2t Several Some 0.351 1.66
19 marcn 18 Near .7 0.¢ 0 None None 0.240 1.4} Acquired | ® pway from No. 7
20 March 23 Mear Bottom 1.0 1 None None 2.2 1.46 Acquired | m away from no. 1V
21 Apri} 7 Top 1.3 2 ta} Some Some 0.311 1.64 Acquired 1 m away from Mo. |1
22 Aprii 1) Top 1.5 2wl Some Some 0.350 1.68 Acquired | m away from No. 14
23 Apryl 17 Top 1.5 2td Some Some Q.380 1.72 Acquired | ® awiy from Wo. 7

for dielectric measyrements {s discussed in detat)
in (13]. In addition, the phase shift due to the
sample was measured 4% 10 GHZ for each sample
thickness to provide eg'. Since e¢g’' and the dry
snow density p are related (1) by
'a1+1.9 (n
in the microwave range, the measured ¢g' can be
used to veri’; the density values.

€s

After completing the measurement in the 10 ¢t
90 GHz range each saeple was cut thinner and the
measurement procedure was repedtad. The wminisum
sample thickness used in this investigation was
1.1 cm, During the measurements, the samples were
nandled and stored at -159C. For casas 19 to 23,
the transmission loss at each frecquency was meas-
ured as & function aof tewperature fn the -359C
to -19C rarge. The sample thickness fn each case
was 10 7m. The first set of measurements wis made
at -359C; the temperature was then incressed to
the next desired value and the masuresent; were
repeated.

The sample holder and the 11d (doth made of
styrofoam) provided the necessary thermal fnsyla-
tion during the measuresent (the free-space trans-
misston systems were at room temperature).

4. Experimenta) Results
4.1 Transaission Loss

The results of transmission loss measurements
for different sample thicknesses are given in
Figqure ). The sample numders refer to those In
Tadle [, giving the temporal order of w.asurements.
The preciston of the results in Fijure 3 fs esti-
mated to be +0.] a8 for the lowest values (~] a8’
ang =2 @8 for *he nhighest values (~50 dB). The
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measured loss values at 10 GHZ are practically zero
for a1l samples; hence, they are not shown.

The main sbservations from Figure 3 are (i) tre
transmission loss increases with ‘ncreasing fre-
quency and 1increasing gratn size (see Tadie [),
(b) the losy depends linearly on sample thickness
at 18 and 35 GHz; at 60 and 90 GHz the nonlinearity
of the relationshi  {ncreases with increasing snnw
particle size, (c, the surface loss factor L
{estimated by extrapolating the transmistion loss
down to zero samply thickness) 1y, in most cases,
negligible at .9 and 25 GNz, but it may be as large
as 20 dB at 60 and 90 GHz for refrozen snow.

Comparison o the experimental results shown in
Figure ] with the modal behavior in Figure 2 ingi-
cates that Slope 1 (extinction coefficiant) can
be easily estimated from the data in Figure 13,
but that is not the case for Slope 2 {apsorption
coefficient). In order to obtain the adbsorption
coefficient, the measurements should extend over 3
much larger range of sample thickness. This would
have required the measurement system to bDe adble to
measure transmission losses as high as about 70 48.
The maximum loss the present free-space system at
90 GHz can measure {s 55 @8.

The temperature dependence of the transmission
Toss was observed to be wegligivble in the -359C to
-109C range (cases 19 to %J in Tadble 1). Between
-109C and -19C the experizenta) Yoss increases w10
{ncreasing temperature. The measured loss val,es
are compared with theoretical -~esults from 2ng
strong flyctuation theory iIn Section S,

4.2 Extinction Coefficient and Surface Loss
The extinction coefficient and the surfice 55

were determined for each case by fitting a s7ry-;n"
1ine to the measured transmission loss. F:ir 3-:w
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Figure 3. Measured transaission 1oss for snow samples. Sample numbers refer 20 “hose in Table I.

types exhibiting a quasi-linear relationship bet-
ween L and d, 31! the data points were used. This
was the case for all 18 and 35 GHz resul%s and low-
loss snow types at 60 and 90 GNz. For snaow fypece
exhibiting a nonlinear varifation between L and d,
only the data points falling on the firs: linzar
part of the curve (see Figure 2) were employed.
Typically, the mambder of data points used in that
sase was three, The intorcept of the straight line
gives the surface loss factor Lg(dB).

The values of the extinction coefficienc and
the surface loss factor determined using the adove
procedure are listed 1n Tadle [l. The values are
gtven in decidbels instead of nepers. To convert @B
to Np, the values must be divided by 4.34.

The following empirical expressions were deve-
Toped to relate c¢o(dB/m) to the observed snow par-
ticle diameter dg:

ce * 1.5 ¢ 7.4d52.3 ; (d8/m) at 18 GMz (8a)

e * 30 q2-1 o (aB/m) at 35 GHz (8d)
e * 180 452-90 , (¢B/m) at 60 GHz (8¢}
e * 300 dol-9 . (aB/®) ai 90 GHz (84)

Table 1. Experimental extinction ccefficient and
surface scattering loss for different
snow typas.

Semple fatiacrion Loafficient
... vl S/w) Y B
A2 )9 W WM B @ )8 W o 0 g

Surfece Scatter:~j Losn
P

1 .2 1.4 A 10.2 9.2 99 3.2 P
& () [ ) ua 1GA .\ 32 3.3 RN PN
b o . 43) 1L 2.) 91 B IR Y Se 3
4 e 1.9 4 6.9 3.2 I 33 .
) 1.4 il ‘0 “ 3 3.3 I ) .
(3 42 101 76 T3 MY 3 '8 <y
' 1.9 b s ) 33 Y b

9 [ X H N 1681 584 B P ol

. 0.2 “s 22 04 Q9 Q] NI 4

10 $.) 161 1138 143 Q.0 I -1} P
131 n .y MYy Y -0.2 1 e 8 MU
4 19 “.7 IR0 s 4.3 N T vl
1) 8.1 “ 3 . JRCE R 0.} 0.3 J )
14 v.2 w.s s s Q.8 ) S8 R IRY
19 e “w.é LN ) 4.9 02 -9 L] T s
) £ 10 16 W Q1 32 [

i ) TS N R I ) P 1 e

L] 203 g0 % 448 82 ] e »

The observed grain diameter 4, is in nillinete-s.

Equations (B8a} to (8c) can de comerres ~-v: 3
stngle equation of the ‘orm

ce * 0.0018:2.8452.0 -+~ 3/m) cor 18-85 irr 3




In (9), f 15 in GHz and d, in millimeters. Equa-
tion (9) holds for particle sizes below 1.6 mm in
the 18 to 60 GHz range. For 90 GHz, (8d) should be
used instead.

Frem the surface loss values fn Tadle [I, the
effective rms neignt was calculated from

ot Lg 172

;m: ' (10)

where Lo is the surface loss in d and &, is the
wave number in free space. The effective rms
heights at 60 and 90 GHz are strongly correlated
“1th

s60 = 0.019 » 0.958 sgo (mm) (11

where sgg and sgg are the rms heights at 60 and
90 GHz, respectively. This relationship is very
close to Sgg ® 590, which is what the model {n (2)
would predict.,

5. Comparison of Experimental
and Theoretical Results

The strong fluctuacion theory [7,8] was applied
to calculate the effective complex dielectric con-
stant of dry snow, ee, Using an exponential corre-
lation function [8,14). The formulation for the
effective dielectric constant eq accounts for both
scattering and absorption Dy the ice particles in
the snow medtum. The extinction coefficient can be
readily obtained from

ce * Zglinleed/2)] . (12)

In order to calculate ¢o, we need 0 know ¢g, the
quasistatic value of the dielectric constant of
dry snow. For ¢°, & mixing wodel from [4, EB‘J
was adopted and for ¢;', (7) was assumed to hol
in the present frequency range.

2-0 A T g T
| S o 9 606“1 //1 ' .'4
® 90GHz . 60GHz

Theoretial Optimized Diameter (mm)

00 05 10 19 20
Observed S:ze (mm)

Fiqure 4. Theoretical optinized snow grain diame-
ters as a function of observed snow par-
ticle stze, with frequency as a para-
meter,

ALD

In order to compare the theoretical values cf
ce from the strong flyctuation thoory with experi-
mental data, theoretical values were computed for
the 18 snow types. In eech case, the snow density
was kept constant, and the grain size was treated
¢S & free parameter whose value was chosen such
that it gave a theoretical extinction coefficient
equal to the measured value. 8y repeating this for
each cf the 18 snow ty‘es, 4 set of model-derived
grain sizes was obtained * each frequency.

Figure 4 fs a scatter diagram of 4,, the model-
derived grain sizes, versys the oDserved grain
sizes, dy. The model-derived valyes at 18 GHz are
Targer and those at 35, 60 and 90 GHz are smaller
than the observed values. The linear expressions
shown in Figure 4 are given by

dm = 0.26 + 0.91 d, at 13 GHz (13a)

dn * -0.15 + 0.82 4y
dn = -0.15 + 0.83 ¢

at 35 GHz (13b)
at 60 GHz (13¢}

. "0.11 ¢ 0.67 dy for do<0.9 mm at 90 GHz
0.31 + 0.18 dy for dg>0.9 nm at 90 GHz
{134

The slopes of the linear equatfons at 18, 35,
and 60 GHz n (13) are reasonadly close to 1. The
experioental values of <o at 18 3Hz may be diased,
due to the low values of the transmission loss L
{mostly delow 1 dB) even for thick snow samples.
It 1s remarkadle that the expressions for dy at 35
and 60 GHz are almost identical. This, comdined
with the similar slope at 18 GHz, strongly suggests
that the strong fluctuation theory provides reason-
ably accurate results fin the 18 to 60 GHz range
for all realistic grafn sizes, end also at 90 GHI
for grain sizes smaller than 0.9 mm. The observed
departure of the 90 GHz results for refrozen snow
{dg > 0.9 mm) may de due to the fact that at
90 GMz the wavelength in ice 13 adbout 1.8 mm, This
{s comparsble fin size to the 1ce particles in
refrozen snow; such a conditions {s conducive to
resonant scattering and spsorption.

da

The following method was used to obtain an
estimate to the temperature dependence of the
extinction coefficient from the measured trans-
mission 1oss values in the -356C to -10C range. It
ts assuaed that (a) the surface scattering lnss
does not depend on temperature and (d) the surface
scattering loss for each case 1s equal to that
measured for its neighdoring sample. For example,
samples 19 and 7 were acquired from the same area
(one mater apart) and from the same depth (Tadle
1), Mence, the surface scattering loss can Dde
subtracted from the transmission loss resulting tin
a value that accounts for the volume effects only,

Ly L~ Ly (a8) . {14)

In (14), L and Lg are the experimntal transmission
1oss and the surface scattering lcss, respectively.
Although L, divided by the sample thicxress s
equal to the extinction coeffictent only wnen the
data point fs located on Slope | n Figure 2, tre
temperature behavior of L, should give a reascrad'y
good estimate for that of «q.
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Figure 5. Snow attenuation as a function of teme
perature, with <209C as a reference
point. Experimental data: averaje values
for snow types 19 to 23 (Table [).

Ly for cases 19 to 2] was calculated from (14)
for each temperature used fn %he experiment. Since
the values for -359C and -209C were practically
the same for each case, the value obdsarved for
-209C 13 used as a reference. The odbserved average
increase from L at -200C is depicted for 35, 50,
and 90 GHz in Figure S. The experimental valyes
are sligntly smaller than the theoretical behavior
obtained from (12). The present values in Figure §
are sudbstantially <maller than the previously
reported experimental increase of 100 3 for (, at
35 GHz 51,

6. Conclusions

The extinction coefficient and the suyrface loss
factor for 18 dry snow types, ranging from newly
fallen snow to refrozen snow, ware measured in the
18 to 90 GHz range. The experimental results
indicate that the extinction coefficient facreases
rapidly with ircreasing frequency and increasin)
average snow particle size. However, the extinction
coefficient at 90 GHz exhidits 4 weaker dependence
on grain size for snow with grain larger than
0.9 ma in diameter than for snow with smaller
grains. The effect of temperature wis esamined in
the -159C to -19C range; only a slignt iIncresse in
snow attenuation with increasing taemoerature was
observed. The surface loss factor ({ncluding dotn
surface scattering and reflection loss) was found
to de negligible at 18 and 35 GNz and quite sud-
stantial at 60 and 90 GHz. The magnitude of the
surface loss factor was observed to be hignly
correlated with grain size,

The measured values of the experimental estinc-
tion coefficient were Compared with theoretical
values odbtained using strong fluctuation theory.
8y mascning the theoretical values (witn gratn
sfze as a free parameter) to the meatured values
1n each of the 18 cases, a set of model-derived
grain sizes was odbtatned for each frequency. [t s

emphasized that, although the absolute accuracy of
the observed grafn sizes fs difficult to estaniish,
their relative accuracy is bdelieved to be good.
Good agreement between (a) the model-derived grain
sizes at 15 and 60 GHz, (b) the slopes of tne
mode) -derived grain size versus observed grain size
at a1l frequencies (only nonmetamorphosed snow at
90 GHz), and (c) the observed and ca'culated tem-
perature dependence of the loss suggests tnat tne
strong flyctyation theory provides fairly accurate
estimates of the exctinctian coefficient of dry
snow at microwave and millimeterwave frequencies.
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MILLIMETER TRANSMISSION PROPERTIES CF FOLIAGE
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Ann Arder, Ml 48109-2122. USA

ABSTRACT

A compact indoor measurement system has been
developed t0 study the transmission properties of
fohage at 35 GHz. The system uses an up-converner
and mixer-downconvorter to extend the operatng
frequency range of a2 computer-controlled HP 8510
network analyzer to millimeter-wave frequencies. The

system has been used t0o measure the transmission -

and scatter:ng properties of two ditferent types of trees
for honzontal, vertical, and ¢ 0ss polanzaton.

Keywords: Radar scantenng from trees, attenuaton,
bistatic scanernng.

I. INTRODUCTION

Accurate models for microwave scattering Dy
complex random structures, such &s a tree Canopy. are
not existant. This is due, in pan, 1o the lack of accurate
scattenng and extinction data for gsingle scatterers
(such as a leaf) and single trees. Thie is especally
true 1n the millmeter-wave part of the spectrum.
Relevant studies reporied In the iterature are given in
{1] - (4]. This paper documents an attempt to examine
some aspects of wave extinction and scattenng by
trees at 38 GHz. Using separa’e antennas for
fransmission and reception, 8 caibrated trangmission
system was vsed t0 measure the attenustion of
nGividual trees as & function of azimuth poartion and cf
several trees placed in series. The measurements
were conducted for two types of trees of markedly
different structure The system was also used !o
measure the Distanc racar cross-section of a tree as a
function of the azimuth angle between transmitter and
receiver. The comdinauon of the direct trangmission
measuremaents and the Dbistatic scattenng
messyrements provnde a picture of the relative ievels of
coherent and incoherent scattenng by the tree. Such
measurements are strong indicators of the relative
mpgartance of Giffuse scattenng and how multiple
scattenng may be 1nCorporated 1n volume scartenng
modeis

. EXPERIMENTAL SET-UP

The system used 10 measura the lransm.ss.cn a~d
bistatic scattenng properties of fohage s a
Milimeter-Wave Polanmeter (MMP) (5], The MMP s a
network analyzer based scatteromatar system ‘rat
ooerates at IS GMHz. It was cesigned to dbe usea n
three configurations: backscatter mode, bistatc —cce
ancg transmission/reflection mode. in this laboratcry
expenment, the MMP 13 used In the Distatic moce T e
transmitter 374 recever $@Ctions are mMounieg as ‘wo
independent units on polas of vanab'e haignt ara ca~
be placed at the desired locations with respect 13 '~
target. The set-up 18 shown in Fig ' ‘cr ‘-2
transmission mode.

Tree

Trensmit
fatenns

<—.

Recewe
Antenna

)

Network
Anelyser
iystem

Roteting
Platform

- em g

Fig. 1 - Trensmission Meeturement Set-Up

The MMP includes & swepl-'reQuency Source ¢ ve=
by the HP 8510 network analyzer It sweeds -
frequency from 2 to 4 GHz The signal s sert 'c *=2
trangmitter section and i1s upconvened (o 34-36 L--:
using a mixer and tixen-trgquency Gurn s>. .-
operatng at 32 GH~. The RF signal s trans™ =2z - -
lens-corrected harn antenna with a Dea~™a >'°
Pan of the transmitted sigral «$ $Sa~™:> =:
cireci onal co pler anag s acwngconverec "I .
the retererce signal Tre recever secicn T
another norn antenna  Since the Deamw '~

Proceecings of IGARSS 87 Symposium Ann Ardor "2 [0t
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t@ receva arg transmit artenras were of the arcer o!
3%, an infrared beam was used !0 nsure oproper
antenng alignment. The received signal /s Mixed cown
10 thy 2-4 GHz rarge ard then segat 13 the iast port of
the MP 85'0 Tie ma1 craracteristcs of the sysiem
ace symmarzed n Tapie !

r————— e
|l|‘o (LR AT

Tabie 1 - ™MMP System Characteristics

Caibration of the system 1s accomplishead by
refarencing the received power '@vel with the farget
Tetween transmitter and receivar 10 that receved ‘or
‘rg@-space. The system s calibrated for each
polanzation contiguration. Calbration for HH (both
transmit and receive antennas honzontaily polanzedq)
ard VV potanzation configurations s straight forward,
dut canbratton of HV polanzation s not so straight
forward for the transmission moce. The ratio of the free
space measuremaents n the MV mode to that :n the HH
lor VV) mode provides a measure of the polanzaton
solation of the !wo anternas in combination It we
regard the transmission problem as a
‘crwarg-scanering prodlem, rather than as an extinction
orobiem the receved pOwer :n the HY mode :n the
oresance of a tree should De compared 10 the receved
ocwer 1n the HH mMode uncer ree-Space cConaitions in
c-cer 10 ceterming the forward scaner.ng cross-sect:on
ot 're trge

NMeasurements werg conducted for two different
types of trees. cus and pine trees. They were chosen
Decause they are distinctly diterent ir ~C-~arance and
geomaetncail structure. The fhcus tr o (Frius Nitida-
Green Gem) has small flat, untoothe . - 1@ 'e*ves
acorommately 10 cm in area (se@ Fig. 2(c,.. The pine
*g@ '3 an eastern Arbor Vilae with @ branchead trurx
ara a comcal crown of short, spreading brancres A
9 verhical direction it has narrow neec'es
approximately 1 5 to Imm in tength (see Fig 2({dbN
More cetalled nformation about the trees exarmined n
s study :$ given :n Table 2 and shown in Figl The
dielectric constant of the leaves and trunk waere
measured up 10 20 GHz using the coaxial ine method
The resuits were compared to a dielecine madel for
vegetaton (6], where the nput parameters are the
fraquency of operalion and the graviometne moisture
Tra traes were kept 1n thair pots and did rot urcergo
ary maor changes durng the experment Hcwever

aif'erences as large as =5 aB were ctservec ‘cr sc—e
of the trees between maeasuremen's ‘axe” 3 waex
apart This s attnbuted 10 the ‘act :rat 'rese '"ees Cst
some leaves during that peroct of 'me 23~2 °~e

moisture content of the remaining ieaves ~ay ~a
cranged also

a

Fig 2/b) - Close-Up Photograph oftre 2 ~e =*- -




Fig. 3 - Photograph ot the Relative Height of the treas

Ficus Pine
Tree reight 1.6 m L4 m
Tree width (crown) >lm 80 om
Trurk Clameter 4§ 2 an ("
aaf/ Need.e area 10 o2 15 omd
JLaviomecric moistuse 0.74 0.%%
{.08VeSs)

Sr the pine tree, NO Mein trunk, dDut vertical
cers Sf s aeter 3 4°

Tadie 2 - Tree Information

. RESULTS
31 Transmission Measurements

Far the single-lree sxpenmaents, the iree was placed
on a rotaung platfcrm at 3 m from the transmit and
receive antennas. That cistarce comesponded 1o the
tar figly of the antennas. The transmigsion loss d:d not
seem 10 depend cn the tred’'s location between the two
antennas The transmit antennd, the receive antennra,
and the tree crown were at the same heght and
arranged such that the rersive antenna was an
azmuin angte of 1809 The received signal was
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measured as a function of rotaton angle over 36G°
The arga covered by the beam on the tree was avout
0 07 m and theraicre was well within the crown of i~
rae.

A statistics test was peurformed to detarmine '~a
tumber of samples N necassary t¢ cbtan a stancarg
deviation Sy, for the average u, of N sampies such ‘rat

Sn/uy 202  If the samples arg  statstcally
independent, S, = S/ N where S 15 the stangarg
deviation associated with a sing'a measuramen: Tre
number of samples N s equa! 1o 3609 / Q. where Q s
the spacing between measurements n degrees Frcm
N transmission measurements. the mean ., arg
standard deviation S are readily computed arg ‘~e~
used to determine S,. The piot shown in Fg 3 5
based on measuremaents mace for various $a™o -g
ntervals extenaing from cne sample every 5° ne  a
total ot 72 samples per rotation) to one sampe every
1800 (i.e., 2 samplas per rotaton) From Fig 4 ora
can see that samping eve:y 5° arcund the tree gives
the desired precision. Hence. most of the cata
acquired n this study reprasents averages of 72
samples obtained Dy rotanung the tree about 1S axis

10
089
o 35 GHez

< Wde Bara
064
2 06
024

00 v v r -

[} 20 40 60 80

Number of Sampies

Fig. 4 - Stat.stics test on the hcus

The output data of the system was n terms of 'me
magnitude of the received power cahbrated w:"
respect to free-space attenuatoi.. The total tree
attanuation includes absorption '0ss and scaltte g
1058. At lower frequencies, absorpton ' ¢ =21~
contnbution, Dut at miliimeter-wave ‘rec.ert =S
scartenng loss becomes an imponant facier Teca. ;e
leaves ard of the same order of maqr'.Ce 15 ==
wavelength)




Fraquency averag.rg over the 2 GM2 bandwidth of
the MMP system was used !0 reduce tag:ing ettects.
wrengver apphcabdie. Plots of the aitenuation versus
rotaron ang'e are shown in Fig. 5(3) for t"e pine and :n
F.g S(b) for the ticus Tre aitferenca between tha
singie-trequency attencaton data and the 2-GH:
averaged attenuaton data is on the orcer of only 0 3
aB  This indicates that the transmitied wave s
essentally oratly c3herent. in contrast. for bistatic
scattenng at ¢ = 90°."frequercy averaging procuces
resuits that are significantly aiffarent from
single-frequancy resu'ts because he scallerea signal
'S @ss8ntally incoharent in nature.

fFlas w TwWes

H o= 180"

CAME 1> TR B
3
-
-

1%
Y

F-g 513) - Attenuation vs rotating angie for the ficus

re@ { 0 = 180°) snowing the ghysical asymetry
of i e tree
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Fig S(b) - Artenuaron vs. rotating ang'e for the pine
reQ { 9 = 18Q°

Polanzation nformation gives an insight :r'p -a
geometry of the tree. At !gvrer trequencies. cre wo. d
expect the VV return 0 be stronger thar cirer
polanzations because of the oner.atcn of me ~ar~
branch (corunuation of the *unk) At m. ~ga-
f-equencies ng major dif‘arence have been cerec’'sc
whan companng the two types of trees for HH
polanzation (0.4 gB). However the two trees ex~n*
very differant attenuation vaiues for VV pciarzaicn
(75 @B). This i1s due to the vertical struct.re ¢* :~e
branches (see Tabie 3).

FICUS P0NT j
HH -28.% 28 =23.. 28
w -27.1 23 ~34.5 28

Table 3 - Transmission iCss f3r ¢

types of trees

For cross polarizaticn (horizontal transmissicn
vertical receotion), the depolanzancn ratio ot :-e
system was of the oraer of -24 gB. Witk the ree
present, the received signed level tcr HV ccrar 2a° 2~
was 19.4 dB below that received ‘or VV oc ar zat - *2-
the ‘icus. This cifference n evel 1s ingical ve = *=2
degrae of nuitipie scattenng that t2kes place ~ *==
‘chagy. If the medium cons.sts of randomly crerec
scatterers and strong muitiple scantenng takes dlace -
it, the MHV-polanzed s:gnal would apprcach :=a
ike-polanzed signal if the path langth .s suffcer'y
long fo allow incoherent scattanng to become '~e
dominant componant. [n contrast to the ficus tree, '~e
received HV - polanzed signal for the p:rg tree wes
greater than the VV - po'anzed signat (15 c¢B
ingicating that depoianzation i more proncurcec -
pine thar in ficus.

Attenuation measurements versus fol:age cec:n
were also performed by adaing some !rees n ‘"2
transmission path  The panetration depth at a ce~3 ~
frequency 18 dependent upon the geomatry of tre *re2
1he volumae percentage of f0liage and the water cc~te~
of the tree. The oower !eve! was recorded wrie *=2
1re8s wore rota:3d about their ams of symmaetry *=- N
positons of the two trees The N positars w22
selected Dy & random number generator oM 2€l- «
360° poss:bie posiions. The same procecure w~as
used for three trees. From Fig 6, 1118 posside '
observe the nCrknear Sehavicr ¢! attenruaton vers.s
foliage depth; 1.0, the antenuaiion in gec:de's increasss
with 10liage deoth at a rate siower than hngar T-s 5 -
agreement with data obtarned by Vio'e''e @' 2 '
Morgover, similar trends have beaen cDsenel a'”
vansmissian l0ss t ough srow (7]
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Fig. 6 - Attenuation (dB) for several treqs placed n
senes n the measurement path

3.2 Bistatic Measuremants

Similar measurernants were conducted in the
pistatic modae for a single tree to gain :nformation about
pistatic scattenng of a tree as a furction of the azimuth
angle ¢ (see Fig. 7). With the transmitter remaining
tixed in location and onentaton and the tree remaining
fixed 'n location, the receiver was moved (0 several
locations on the panmeter of a circle as shown in Fig. 7.
At eacx iocation, the received signal was measured as
;e tra@ was made 10 rotate about its axis. Plots of the
power measured versus rotation angle of the tree for o
= 309 are shown in Fig. 8. The single-frequency
pauern i1s quite Gifferent trom that averaged over a
pandw:dth of 2 GHz.

incoheraat
Camponent

\

Caherent
Network Compeonent

Anetyser
System

1\
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F.g 7 - 9stanc Measurement Set-Up (1CD view)
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16N LOWL 1IN 0B
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Fig. 8 - Aftenuation vs. rotaung angte for the pine
tree ( ¢ = 90°)

For ling-of-sight ree-space propagation congiions
(calibration contiguration), one :zan use the Frus
transrmission formuia to d<tirg the cahdration powar.

2

&3

A
P.=P, G G, (uﬂ)

wherg R i1s the distance between the !wo anlenras
The radar equation for bistatic scattenng is g.ven Dy

*]
-10
-20 4
§
; 40 4 @ ficus (VV)
- pne (VV)
.30 4 & noOse 1VV!
“‘W
<
'70 v \ g v M
0 90 180 279 bl 1}
engie (7)

Fig 9- Bistanc Scattenng Mseasuremant for VV
polanzaton as a functon of azimuts arg e 2
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wherg R, = R, 2 R2 a~g o s the bistatc racar
cress-secrcn ot tre target As ment.ored earter. :re
*slail pre.ected area c!f tre beam on the !ree s About
go2 m Since tha beam s within the crown ard
covers a goed numver of scaunerers ithe fohage can de
cescrnbed as a c¢ollechion of randomly orgntea

scatterers). the area-ex!ensive ‘orm of the radar
equaton can be used:
G.G, s
P =16P, 3 Agc )]
(ax) A"

where A 1§ the dluminated area. Combining (2) with ¢ 3)
'eads 1o

p' 2 2 2 p_ 2
" § g or o 0B =5 iaB) - 3% ¢B)
¢ <

wrerg 315 tha antenna Seamwiath (39)

Figures 9-11 show piots of ¢® as a function of

azmuth angle & far VV potanzation, HKH polanzaton,
ard HV pelanzanen, raspectivaly For the pine trge (VV
po'anzanon). the attenuatan at ¢ = 1809 is iarger than
a1 1709 ang 1309 This s because the trurk ot the tree
~xMDIts strong attenuation for the V-polanzed wave (E
paraiiel 10 the trunk) :n he forward scattenng direchon.
In general. the 1k@-poianzed patterns have narrower
main Iobes n the forward scattenng direction (0 =
180°) than trose of the cross-polanzed patterns  For
VV potanzaton, the bistatc scattenng patiern was
carrea out from 0w 10° 10 0 = 350°. Surpnsingly.
~scit@ Of Qiitgrence 1N Canopy structure, the two types
¢! trees gxnidit comMparable bistanc scattenng panerns

4 CONCLUSION

The gata presented n this p3per demonstrates the
utiity of transmission and Distatic scattenng daa for
ceveloping an understanding of the nature of the
scattenng that takes place n an an.sotropic
ANQMGganacus medium such as ‘shage  In future
phasas ¢f this program. adaitional data wil be acquired
and appropriate scanenng mcdels will te geve:oped
ard exam.reg
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Millimeter-Wave Bistatic Scattering From Ground
and Vegetation Targets

FAWWAZ T ULABY. rectow. 1eee. TAHERA E. VAN DEVENTER. STULDENT MEMBER, (FEE.
JACK R EAST. weuser. 1eee. THOMAS F HADDOCK. MEMBER. IEEE. AND
MICHAEL EUGENE COLUZZI. STUDENT MEMBER. IEEE

Adsiract— A 3S-GHz distatic rrdar svitem way used (o measure the
attenuation through trees and the bistatic scattering patiern of tree
foiisge. The data was found (o be 1n good agreement with a Arst-order
muitiple scattering mode!. Measurements were aiso made 1o study the
angular varistion of the histatic scatiering coefMcient of 2 smooth sand
surface. a rough sand surface. and a gravel syrfsce. The measure-
mcnts. which wete made: for HH. HY. and VV pularization configu-
rations over a wide range of the azimuth angle » and the scattering
angie ¥,. provide s quantitative ceference for the design and use of
mallimeter-wave Distalic radar systems.

[. INTRODULCTION

HERE IS A dearth of data available on the millimeter-
wave backscattenng properties of terrain surfaces. but
by companson. bistatic data is almost nonexistent The
only bistatic daia of note were measured in the late 1950°s
atl «3GHz[!)and inthe mid-1960"s at 10 GHz {2]. The
scarcity of bistatic data 1s due, 1n pan. to the fact that
bistatic radar measurements are more difficult to make
than monostatic measurements. and this 1s especially true
at millimeter wavelengths
This paper documents the results of an expenmental in-
vestigation conducted to examine the extiaction and -
static scattening behavior ot trees and the bistatic scatter-
ing patterns of smooth and rough ground surfaces. all
made at 35 GHz

1. McaSLREMENT SYSTEM

The data reponted in this paper were acquired by the
38.GHz channel of the millimeter-wave polanmeter
‘MMP) (3] operazzd 1n the bistatic mode (Fig. 1). The
MMP includes a swept-frequency source dnven by a HP
%S10A vector network analyzer. It sweeps in frequency
from _ 0 ¢ GHz The signal 1s sent to the transmutter
section and 1s upconverted tc 34-36 GHz using a2 mixer
and fixed-frequency Guna source operauing at J2 GHz.
The RF signal 1s transmitted by a lens-corrected hom an-
tenna with a beamwidth of 4 2* The transmutter section
also contains a fixed-trequency source operating at 10 7
GHz Pan of the ywept 34-36 GHz transmtted signal 1s
sampled by 2 directional coupler and then mixed vith the
third harmonic of the 10 7 GHz using a harmon.. down-
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Fig | Block atagram of the 33-GHz chanret 5f the MMP wnen sperate

0 the Distalic mode

converter to produce a 2-4 GHz swept frequency signal
for the reference port of the HP BS11A frequency con-
verter (port 3. 1n Fig. 1). The receiver section consists of
another antenna and another harmon:: downconverer A
sample of the 10 7-GHz signal transmitted from the trans-
mitter section (o the receiver section through a 10-m-iong
low-loss coaxial cable serves as the locui _sciliator signal
at the receiver. Thus, all cabies connecting the iransmutter
section and che receiver section with the HP 8510A 1and
associated penpherais) carry 2-4 GHz signzis and the ca-
ble connecting the transmitter to the receiver cames a
10.7-GHz signal. This design arrangement makes 1t pos-
sible to operate the radar system .n 3 bistauc mode while
maintainirg phase coherence between the transmutted and
received signals. A summaiy o ihe system charactenstics
1s given in Table [

The system was used in a laboratory setting tor mea-
sunng the power scattered from trees and from sand and
gravel surfaces. as discussed nexi.

[T MEASUREMENT OF FOLIAGE ATT_NULATION aND
BisTATIC SCATTERING

Two types of measurements were conducied (o7 trees
1) transmission measurements 1o determine the attenua.
non rate versus the number of trees (n the tRNsmMisyon
path, and 17 bistatic scattenng measurements (0 evaluate
the azimuthal vanatuon of the bistatic scattenng coerh.
cient The configurations used are sketched in Fig 2 Ir,
oth cases. The transmitter 3nd recerver antennas aire:

mounted on poles at the same height above the groung ;o

(988 IEEE
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the transmitter remained stauionary throughout both ex-
periments Because the beamwidths of both transmit and
receive antennas were on the order of 4.2°. an nfrared
beam was used (pnor to placing the trees in the transms-
sior path) to 12sure proper antenna alignment

Two distinctly different types of trees were selected for
¢xamination in thes study  Ficus and Arbor Vitae (Fig 3
The Ficus tree tFicus Nitida-Green Gem) has small. Aar,
simple teaves approumately 10 ¢m® 1n area (Fig ) The

o 1
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> ;‘ 4 ilta A 2
'y %‘5;:;_ [ s 4w
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4w " . . ;2 .
\ ! v «::‘,N\b .
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F g 2 Sherines oi tree architetures

i Arbor Vitae

Fig 4 Photographs of 2 Ficus teafl and an Ardor vitae Sranch

TABLE !l
FOLIAGE [NFORMATINN

Fewy Arbor v tae
Tree {shve ptatfors) 14m lém
Crows m itm
Trush diammer @ | & tougn tcm l:m
Lans Meowmnre Concant [ 7] [X1)
Conmans o M LMs 16411 n-m
Lt Bivems (hgrwm))

Arbor Vitae had a branching trunk arrangement and a con-
ical crown of short upwardly spreading branches lic
needles were approximately 1.5-3 mm in length (Fig 3

Additional information about these trees is given in Table
1. The compiex dielectne constants of ihe leaves and
trunk at 35 GHz were esumated by extending 1-20 GH:
dielectric measurements that were made using a coaxial
probe (4] 10 35 GHz by applying a dielectnc model that
was recently developed for vegetation [S]. Over the ex-
penment duration. the trees were kept in pots and did not
v.dergo major changes. however, differences as targe as
+S5 dB were observed between transmission measure-
ments made a week apant. These vanations are attnbuted
to the loss of a few leaves and to possible changes in
moisture content.

A. Single-Tree Antenuation Measurements

For the single-tree expenments. the tree was placed on
a rotating platform at 3 m from the transmit and recenve
antennas. The antennas were placed at an identical herghe
of | 8 m that provided transmission through the (entry.
region of the crown The crown was approximateny o v
in diameter for the Arbor Vitae tree and | nitorthe £ .
Thus. the distance between each ot the antennys ;- o~

-

outer edge of the tree crown was abcut 2 m The oo -
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this spac:ng was sutficient to satisty the far-tield condi-
ton. transmission measurements were made for several
locations of the trec beiween the two antennas extending
trom one extreme of placing the center of the tree or'y
2 m from the transmit antenna and 4 m trom the recennve
antennd up to the opposite extreme of placing the center
of the tree at 2 m from the receive antenna. The trans-
mission loss was round to be approumately independent
of the tree’s location between the two antennas (vanation
s 2 JdB)

The received signal was first measured with ro trees
present in the traasmussion path. This provided the free-
space reference level P,. Then. with the tree standing on
a rotatable platform placed midway between the two an-
tennas. the received power was measured as a function of
rotation angle over 360° The area of the tree illuminated
by the antenna beam was a circle approximately 1S cmn
diameter (and 0.02 m* in area) which was well within the
crown of the iree. The antenuation A 15 relaied o the re-
ceived power P through

P =P’ i
and 1n decibels
11dB) = 434 4

10 log ( Py, P ). (2)

Plots ot the measured attenuation versus rotation angle are
shown tn Fig. Sca) for the Ficus tree and in Fig S(b) for
the Arbor Vitae tree. We observe that A{dB) exhibits
large fluctuations. parucularly for the Ficus tree, which
are attributed to the physical asymmetry of the trees. For
cach tree. two plots are shown. one corresponding to CW
measurements at 35 GHz and another corresnonding to
measurements of the received power when averaged over
4 2-GHz band centered at 35 GHz. The difference be-
tween the single-frequency data and the 2-GHz averaged
-attenuation 1s on the order of only 0.3 dB. This indicates
that the transmitted wave 1s essentially totally coherent,
and that the refative contnbytion of multiple scattenng s
negligible. In contrast. for bistatic scattering at an azi-
muth angle ¥ = 90° (with ¥ as defined in Fig. 2(b)).
trequency averaging produces results that are significantly
Jdifferent from wingle-frequency results (as discussed later
in connection with Fig. 6) because the bistatically scat-
tered signal. being a result of diffuse scattering. is essen-
tislly incoherent in nature

Table [11 presents a summary of the attenuation results,
including the mean values of the measured attenuation and
the calculated standard-deviation to mean ratio. For the
Ficus tree. the mean attenuation is approximately the same
for both honzontal (H) and vertical (V) polanzations. but
for the Arbor Vitae tree the mean attenuation for veruical
polanzation. 4, (dB). 15 6 5 4B greater than 4, (d8) The
wave polarization is defined as vV when the E field 1s in
the verical direction. and as H when E s in the plane
Parallel to the ground surface The higner attenuation for

S e immarey s srew

fact that its branches and needles were onented m e oivng
the vertical direction than along the honzontal. ir contrj-,
with the Ficus tree whose leaves ‘vere essentially ran-
domiy or.ented.

B. Prop igunon Model

Except for the main trunk. tree foliage consists priras
ily of randomly distnbuted leaves (or needles) :n..
branches. most of which are much larger than the wave-
length :n size (at miilimeter wavelengths). have complex
shapes. and are charactenzed by a quasi-uniform oren-
taton distnibution. These properties suggest that whereas
individual scattenng elements may extibit highly com-
plex and polanzation-dependent scattering patterns. in zi-
emental volume dV containing many of these elements 1.
likely to exhibit propagation and scattenng properties tisat
are weakly polanzation-dependent and characterized by 4
relatively simple scattenng pattemn. This prediction s
supponed by the observations made in this study that show
that measurements of both the transmussion through and
the bistatic scattenng from trees exhibit ¢comparable re-
sults for H and V polanzations.

The random nature of the tree foliage suppornts the use
of transport theory (6] for modeling wave propagation
through the canopy [7]. We shall consider the foliage w0
be compnised of randomly distnibuted partuicles with aum-
ber density NV (number of particles per umit volume) and
average extinction. total scattenng. and bistatic scattering
cross sections d,. g, and a,,. respectively. By uivvruve.
we mean that

+ >

S e, {DYn(D)dD RS
0

g, = -
where n( D) is the particle size distnbution and 0 1 U s
the extinction cross section of a parucle of size D Simular
definitions apply to o, and o0,,. as discussed by Ishimaru
in {6, p. 74].

The bistatic scattering cross section 4., 1S assumed o
be azimuthally symmetnc with respect to the forward-
scattenng direction (¥ = 0° 1n Fig 2(by) Thus

an (¥) = 0,2(¥) cd

e

the scattenng pattern g ( ¥ ) has to sausly the condition

and s:nce

a.,(*)dﬂ ‘SI

1

— (¥)dl = 1. ‘

4r 55 guv¥) "
iy

In their analysis of millimeter-wave propagatii n t=- -~

trees. Schwenng and Johnson (7] proposed a s tier =

pattern of the form

gl¥) =aft¥) -1l = an .

AT
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'L 1GHs
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Randwdih (34-36 GHz)
'

Attenuaaon A (dB)

Rotation Angle ¢, (degrees)

Fig § Measured al(enuAIION versus lred rotalion sagle (Measured relative 10 8A arditrary HATIAG pUTILION) foe (8) Ficus and (D) Ardor Vitae The wave
polanzation was vertical

TABLE I

SLMMoRY OF SINGLE-TREE ATTENUATION MEASUREMENTS #OR

Hotizone 1L {H) anD YEATICAL (V) POLASIZATIONY

Mosgured Paresutery Nem Arter Vime

[ ] v [ ] v
Mens Altamatton. A <8} ny M i 4
Swsadard Devaton Masa, w A Las 188 [§,} 9
Csuarues CorfMaam 14 (/@) ms i Mt (1]

where £ (¥) 1s the forward lobe of the scattenng patiern
and (1 = a) 13 its 1sotropic background They further
proposed & Gausuan function for f(¥) As we will din-
cuss larer, we measured the bistatic scautenng trom 4 tree
and determined the pattem of g( ¥) expenmentaiiy  The
results suggest a function of the form

f¥) =20+ 3 e - .
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where J. 15 the effecuve beamwidth of the forward lobe
and 1s related to the half-power beamwidth 3; by 3, = |.4
J,. The multiplying coetficient of tne above function was
ottained by sausfving the condition given by (6).

An additional function of interest is *he normmalized
scattening pattern

_giV¥)
g(0)
2all = 3 e 4w - a)

= - (9)

datl ~ 37°) = (] = a)

2.1 ¥)

C Transmussion

For hine of sight propagation along the forward direc-
uon ¢ ¥ = 0) with no trees present in the propagation
path. the received power is given by

P, = P,G,oc,c,(L) (10)

8xR

where P, 1s the transmitted power, G,, and G,  are the
gains of the transmit and receive antennas, A 1s the wave-
length. and 2R 1s the distance between the two artennas.
When we place a tree of crown diameter J between the
transmit 2nd receive aniennas, the foliage attenuates the
incident intensity as wels as generates some forward-scat-
tered intensity through diffuse bistatic scattenng. The re-
ceived power s given by

P=pP + P, (1)

where P s the cuherent compone "t (also called the re-
duced incident intensity) given by

P = Pye (12)

and P, 15 the diffuse component. In (12). «, is the extine-
tion coetficient for extinction cross section per unit vol-
ume) of the foliage and is related to g, by

NPm ™!, (13)

{n his book on wave propagation in random media. Ish.
imary [6] provides the basic formulation for relating the
diffuse intensity P, to the scattenng properties of the ine-
Jium Schwering and Johason (7] extended the formula-
tuon hy develuping an elaborate model that accounts for
all orders of multiple scattenng in the form of a senes
soluon  In the present analysis. we shall adopt their
model. but we shail limit the formulation to the first-order
wolution. which takes the form

P, = Pyqe "[exp (q,aud) = 1]

x, = Ng,,

(14)
where w 15 the scattenng aibedo of the foliage medium

&, No, o,

o ® -8 — m —
«, No, o,

(13)

and g 1v g werghting tactor related to the scattenng pattem
¢! ¥ and the radiation pattemn of the receive antenna For
& receive antenna with a Gaussian pattern of the form

G.18,) = G.,exp (-4, 3:):
the factor q 1s given by

331+ 3H
237

where 8, 15 the antenna angle measured (rom the boresight
direcuon and 3, is the effective antenna beamwidth ( 3,
= 0.6 3, where 3; is the half-power beamwidth). The
above expression for g was denved by iniegrating the bi-
statically scattered ntensity over the antenna 2attem and
1s valid only 1f 3, 1s sigmificantly smaller than 3,. (For the
expenments discussed 1n the nex: section. 3, = 2° and
3, = 10°%)
Upon mserung (12) and (14) in (11, we get

P = P.)e""’{l + qlexp (x,aud) - l]} 118)

For a highly directive receive antenna. such that 3, <<
J,. and «,d not very large, P, 1s much smaller than P_and
P = P.. When this condition is sausfied. the attenuat' un
is A(dB) = 4.34 «,d. As d increases. the diffuse com-
ponent. which accounts for multiple scattenng in the me-
dium. becomes more important relative to the coherent
component and eventually becomes the dominant term.
Thus

A(dB) = 10 log (Py/P)
= =1010g {e[1 + ge=== - 1)}} (19)

3 4.M«d forqlev™ - 1] << | (20
2 4.3 «d(! - aw) - 101l0g q.
for«,d >> 1. (2N

The expression for A(aR) given by (19) includes four
unknown parameters: «,, w, a, and ¢. Actually. the pa-
rameter q is a proxy for 3, (because the only other param-
eter in (17) is the antenna beamwidth 3,., which usually
1$ a known gquantity). To determine the values of four in-
dependent parameters from expenmental measurements.
we need to conduct at least four nonredundant expen-
ments. This was done by measunng 4(dB) for one tree.
two (rees, three trees, and four trees placed in the propa-
gation path. The trees were placed very close to one an-
other, simulating a continuous canopy. The distance be-
tween the transmit and receive antennas was increased 1o
about 8 in. To measure the average attenuatios for two
trees, 72 measurements were made corresponding to that
many combinations of azimuth positions of the two trees.
the combinations were selected by a random number gen-
erator from 360 x 360 possible combinations A vimitar
procedure was used for measunng the attenuation ot three
trees and four trees. The expenment was conducted tor
Ficus trees only. The results, which are discussed in Je
tail 1n Section {11-C. confirm the general dependence .
A(dB). as given by (19). on the foliage depth ¢ 4ni -
in agreement with the expenmental results repone: -,
Violette er al. (8], but i was not possible to nbtain L .
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values tor the unknown paramet=rs because of variations
in 41dB) associated with physical vanations among the
four trees. It was not possible to make transmission mea-
surements for more than four trecs because the attenuation
measured for four trees (which was 82 dB) was only 10
dB above the receiver nowse level and. therefore, the ad-
dition ot another tree would have placed the received
prower below the noise level.

To solve this problem. we decided to comptement the
transmission measurements with bistatic scattering mea-
surements. as descnbed in Section I[1-C. The formulation
needsd for anaiyzing he bistatic measurements 15 given
next.

In an etfort to leam more about the transmission and
bistatic scattenng properties of foliage. bistatic scattenng
measurements were conducted as a function of the bistatic
angle ¥ defined 1n Fig. 2(by. The transmit and receive
antennas were at the same height above the ground. and
their beams always pointed i1n the honzontal plane and
always intersected at the center of the circle. which was
also the center of the rotatable platform on which the tree
was placed. Proper alignment of the antennas’ boresight
directions was realized (prior to nserting the tree) using
infrared guns mounted onto the transmutter and receiver
platforms and an infrared detector connected to a vertical
pole placed at the center of the circle.

With the transmutter remaining fixed in location and on.
entation and the tree remaining fixed 1n location, the re-
ceiver was moved to several locations on the penmeter of
the circle (Fig. 2(b)). For the verucal-transmit vertcal-
receive polanzation configuration (VV), the measure.
ments were conducted over the range from ¥ = -170°
to ¥ = 170°, but for the HH and HV polanzation config-
urations, the angular range was limited to ¥ = -90° t0
+90° At each receiver position. the tree was made lo
rotate about its verucal axis through 360° in discrete in-
crements of $°. The received power P(@,) was recorded
at each of 72 positions compnsing a complete rotation
over the tree’s azimuth angle @,. Sample plots of the re-
ceived power for ¥ = 90° are shown in Fig. 6. We ob-
serve that the single-frequency plot and the plot repre-
senting the received power sveraged over 2 2-GH:z
bandwidth are poorly correlated with one another, in stark
contrast with the ¥ = 0® observations discussed earlier
in connection with Fig. S. Bistatic scattenng at an az-
muth angle of 90° is a result of diffuse scartenng. which
ts incoherent in nature (does not preserve phase informs-

tion). and therefore the received signal will decorrelate
with frequency separation. Consequently, frequency av-
eraging helps reduce the vanability (of the received sig-
nal) caused by phase interference effects. the standand.
deviation to mean ratio of the measured power is |.2 for
the single-frequency (35-GH?) data. 1n companson t0 0.8
for the 2-GHz averaged data (34-36 GHz). Because of the
greater precision provided by frequency aversging. ail
bistatic scattering measurements were conducted in that
mode Each bistanic scattenng data point presented 1n the
remainder of this section 1s based on measurements of the

mean value of the received power P with the averaging
being performed over both the angle o, (by rotaung the
tree about its axis over 72 positions) and frequency (over
2 2-GHz bandwidth).

Now. we shall consider the power received at an angle
¥ as a result of bistatic scattenng by the volume formed
by the intersection of the beams of the transmit and re-
ceive antennas. The sketch shown in Fig. 7 has been
drawn at the correct relative scale so as to show the s:ze
of the intersection region relative to the dimensions of the
tree crown. For an elemental voiume dV located at point
B in Fig. 7. part of the power incident upon it in the in-
dicated direction s bistatically scatutered in the direction
of the receive antenna at an angle ( ¥) relative to the in-
cident direction. The differential power amving at the re-
ceive antenna due to scattenng by the elememt 4V at the
posiion vector 7 1s proportional to Vo, (F. ¥) exp
(=7 (7) = r.(7)]. where g,, (7. ¥) 15 the bistatic scat-
tering cross section, and r,(7) and r.(7) are the atten-
uation functions associated with propagation through the
foliage to the element at 7 (points A to B in Fig. 7) and
again from that element to the receiver (points B to C).
respectively. If we consider first-order muluple scattenng
contributions only zand we regard the gains of the two an-
tennas as constant over their respective beamwidths. the
radar equation takes the form {6, p. 73]

P¥) = P,G,oGro —s
(47)

SSS ot ¥ye T ay
RI(7) R (7) -

Scanenng

Volume

whers R, (?) and R, (7) are the distances from the trans-
mit and receive antennas to the volume element at posi-
tion P. We shall assume that gy, (7. ¥) is uniform
throughout the foliage-intersection-volume and that s a
function of ¥ only. In that case, the ratio of (22) to ¢ 10
yields

ly
PO EY e )
(]

where /(¥) is the illumination integral

exp | =« (d)(?) ~ do(F)))aV
¥y = SSS | TR Y

{nerreecuce
V oheme
1, 15 the extinction coefficient, d, 1s the path length in the
foliage traversed by the incident beam as it propagates to
the element at 7, and d is similarly defined for the power
scattersd by the element towsrd the receiver In Fig 8.
d, and d. correspond to the distances between pornts A
and B and between B and C. respectively From 12V the
bistatic scatienng cross section per umit volume

P(¥)
P, RI¥

No, (¥) = S
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If we use (8) to replace Nay, ( ¥) with Na, g (¥) and then
replace No, with «,, we end up with

P(¥) _x

o Fv Y

giv) =

C Estimation of Foliage Propagation Parameters

With regard 10 (26). P, 13 the (calibration) power mea-
sured with the two antennas boresighted towards one an-
other, P(¥) 15 the power measured when the receiver is
atangle ¥. R = 3m s the radius of the circle. and /{ ¥)
is the llumination integral given by (24) (f the extinction
coefficient «, 1s known, we can compute /( ¥) numen-

€ 9
-9 4
s -9 4
3
:’ Yy Matel
=30 4
Mot e
23 v —p— v v S
o 120 100 10 100 360
Angle ¢, degrems
° ,
1 130 (1] [] (1] 120 80
Angle W degrees

Fig § Bistatic scattenng pattern v (). a3 Jdetermined trom v -~
sured Distatc w antenng etpenments. The curve labeted  Modet
based on Niting ine function given by (9) 10 the data

cally for the specific geometry and antenna pattemns i
sociated with the measurements of P( v ). Hence. we cun
1) compute «, g( ¥ ). as a function of ¥. 2) compare the
shape of the patrem 10 that descnbed by the theoreniul
function given by (6), (7) and if the agreement 15 ooy
we can then estimate «,, a, and J,.

AL first examination, it would appear that the vucies
of *his procedure would hinge on having @ prior knowl
edge of «,. Based on the transmission measurements tor
one tiee, we can make an imnial esumate cof «, by none:
the contntuuion cf diffuse scattenng and using (1201 o e
termine x,. Such an estimate may be smaller thon tne 'rue
value of «,, but not larger. Funthemmore, caretul ¢y
natton of the ilumination integral [( W) reveais tnur

A




smali vhange in « causes the 'en ol ot the overall pattern
ot Jo ¥ 1o change but has g muiner influgnie on s shape
Hence. using the imnial estimate ot v = S 2 Npm ™"
should be possible 10 determine the shape of the resuitant
pattern ¢« ¥ This exercine led to the results shown in
Fig 3. which shows the domghized tunction ¢t ¥ as
Jertved trom the measured Juty tollowang the procedure
outhined above. and also shesos g plot ot the tunction 2iven
by (9 wath it parameters has e neen selected (0 best fit
the experimentalhy Xerived tunctuon The yood overall
agreement hetwezn the two tunctions mdicates that the
tunctional torm given by Ty v appropriate tor g ¥ ).
Moreover. the fit allows us 1oy obtain regsonable estimates
of x and 3 and an il estimate ot » - Waith 3, already
known. we can compute g using 117, {f we then insen a
and ¢ 1n 191 and replace w with «  «.. we end up with
an expression tor 4¢Jd8 1 that has only one unknown pa-
rameter x, By companng the ¢xpression to the measured
values of 4(d8) for each of the four transmission cases
tone tree. two trees. . four trees). we obtain four
values for x,. We (hen use the average value as a new
1nput into the computation of ¢t ¥ 1 and «,
After repeaung the above process through two cycles.
we obtained the following results

« =S22Npm°~

«, =47Npm”

«w =09

a =0138
d,=017nd =95°

and the theoretical curve shown in Fig. 9

The preceding results suppont the validity of the first-
order muluple-scattening propagation modet given in Sec-
tion l11-B and provide a quantitative picture of the bistatic
scattenng pattern of tree foliage at 35 GHz.

IV BiSTATIC SCATTERING MEASUREMENTS FOR SanD
2ND GRAVEL

The armangement used for making measurements of the
bistatic scattenng coefficient of sand and grave! surfaces
1s lustrated in Fig. 10: the incidence angle 9, 1s between
the surface normal and the boresight direction of the
transmit antenna, a similar defimition applies to the scat-
tenng angle 4,. and the az:muth angle @ 13 defined as the
azimuth angle of the boresight direction of the receive an-
tenna. The @ = 0 direction (£-axiv) 1 chosen to coincide
with the azimuth direction of the transmit antenna. When
using narrow-beam transmit and receive antennas. it 1s
difficult to achieve perfect overlap of their footpnnts on
the target surface. To avoid measurmment inaccuracies that
may be caused by imprecise pointing of the transmit and
receive antennas. a broad-beam antenna was used for re-
cepuion and a narrow-beam antenna was used for trans-
mission The transmit antenna had a beamwidth of 4 2°.
vompared to 15° for the beam of the receive antenna
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Thus. the power amving at the rece:* « Zar2ana Iy ¢vwen-
tally the result of scattenng by the acea riluminated by
the transmit antenna. '

The bistatic scattenng measurements were compnsed
¢ two major expenments. In the first expennment. both 3
and 6, were maintained constant at 66° and the azimuth
angle ® was vanad from 10° to 180° At a nominal range
of 3.2 m between the target and the transmit and recene
antennas. the area illuminated by the transmit antenna was
an ellipse with minor and major axes of 24 and 50 ¢m.
respectively. The target matenal (sand or gravel) was
placed in 2 *‘sandbox’" at the center of a circle approv-
mately S m in diameter. The sandbox. whose surface had
dimensions of 1.2 m x 1.2 m, was much larger in surtace
area than the footpnnt of the wransmit antenna. The door
area surrounding the sandbox was covered with absorbing
matenal.

The purpose of the second expenment was to extend
the results of the first expenment by examining the van-
ation of the bistatic scattenng coefficient ¢°16 . 8,. o) as
a function of both 8, and @ for a fixed value of 9 . namely
60°. The rationale for choosing 8, = 66> 1n the first ex-
penment and 60° in the second one will be discussed later

A. Calibration
The radar equation for the bistatic scattenng case
given by
P P, G.OG.%X'
(47)

(8.) ¢.18.)
Sx(li)l;: 0’ d4 2T

where P, 13 the transmitted power. G, 15 maumum ¢ain
of the (transmit or receive) antenna: g{ 61 s the normal-
1zed radiation pattern; R 1s the range 10 the targeet the
subscnipts ¢ and r stand for transmut and recerse raspes
tively: @ is the antenna angle relative to the Roresie™t

rection, and d4 15 an clement of area A o
approumately constant over the angular runce  © e
transmit antenna beamwidth. the precedine ¢c.o -

A5
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Fig 10 Geometry of the Bistatic xattenng arrangement

be rewntien as

P =P ——G'°G',°A:a’l (28)
(47)
where
[ ol [ 0!
1:5‘———,—1—‘;:‘ ) aa (29)

is the illumination integral, which 1s readily computable
from knowledge of the antennas’ radiation pattems and
the measurement geometry. Because the beamwidth of the
transmit antenna is much smatler than that of the receive
antenna, the illumination integral 1s governed pnmanly
by g.10,).

The system was calibrated by measunng the power re-
ceived with the transmit and receive antennas pointing at
each other along their boresight directions. This provides
the reference level P, given by (10). Combining (10) with
(28) provides the expression

- (%) (%)
P?) Pl

An alternat:ve calibration approach is to measure the
power reflected from a flat metal plate in the specular di-
rection (1.¢., the plate is oriented such that §, = 4, and 1ts
surface normal 1s 1n the plane containing the boresight
directions of the two antennas). If the plate is much larger
than the 3-dB footpnnt of the transmit antenna pattern,
image theory leads to the same expression given by (10)
if 2R 13 replaced with R, + R,. The two calibration ap-
proaches were found to yield results that agres with ore
another withsn a difference of | dB.

Using the metal plate as a specular reflector, the azi-
muth pattern of the transmit antenna was measured by
moving the receive antenna in azimuth in steps of 2° The
resufzs, shown in Fig. 11, are in close agreement with the
pattern measured at an antenna range. Actually, the plot

(30)
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Fig 11 Measured power refiected from the metal plate (normalized 10 the
power reflected A the speculas direction) a3 8 function of the azimuih
agle o

is & product of the radiation parterns of the transmut and
receive antennas, but the receive antenna pattern is much
wider than that of the transmit antenna and, therefore. its
effect on the shape of the product patiem 13 secondary 1n
imponance.

8. Noise Performance and Measurement Precision

The radar system used in this study had been designed
to step in frequency from 34 to 36 GHz in 401 steps B+
Founer-transforming the frequency response of the re.
ceived signal to the ime domain, 1t is possible to gate the
time response such that reflections from objects other than
the target area are filtered out. This procedure led o
noise-equivaient level for 0° equal to =45dB The loav-
o° value presented in this paper s — 33 dB. correspony ¢
(0 a signai-to-noise mun ~f 10 dB.
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Fig 12. Calculated Fresnel reflectivuy for sand

According to Rayleigh fading statistics. the rauio of the
standard deviation s to the mean value 3° associated with
a radar measurement of a random target ts given by

|-

1 b

= (31)

Qi
<

A\ X

where V is the total number of independent samnples in-
cluded in the measurement of o° [9]. In the present <tudy,
10 spaually independent samples were measured by ro-
taung the targ=t to different positions while always point-
ing the transmitted beam off-center such that its footpnnt
1s positioned halfway between the center and the edge of
the box. For 10 independent samples, s/3° & 0.3. This
1s very close to the values measured experimentaily and
presented 1n another paper in this issue [9).

C Turger Characteristics

The targets examined 1n this investigation included two

and surfaces and a coarse gravel surfacc. The first sand
surtace was prepaied to be flat and smooth and the second
one was ariificially roughened to generate a randomly dis-
tnbuted, slightly rough surface. Based on measurements
of two transects of the surface height profile, the m 3
height 1s estimated to be smaller than 0.1 cm for the
smooth surface and about | .67 cm for the slightly rough
surface. The latter surface consisted of smooth undula-
tions with no significant small scale structure; the undu.
laions looked like randomly onented plane facets ap-
proximately 10 cm in diameter. The gravel consisied of
stones that had reiatively smooth surfaces and raged in
size from 1-2 ¢m in diameter.

The depth of the matenal placed 1n the wooden box was
selected ,uch that it was equal to twice the penetration
depth &, The complex dielectne constant of the sand ma-
terial was measured at I0 GHzas e = 2§ = ;0.03. The
sand was totaily dry Hence. s ¢ at 35 GHz 13 not ex-
pected to be different from its value at 10 GHz. This leads

108, = 7.5 cm at 35 GHz. The sandbox was filled with
sand to a depth of 15 cm, or two penetration depthe The
two-way attenuation for a depth equal to 2 §, 15 17 dB

Thus, contnbutions from depths greater than 15 ¢cm may
be neglected. This conclusion was venfied expenmentally
by measuning the received power from the sand layer as
a function of layer thickness.

D. Bistatic Scartering From Smooth Sand

The first question that needed to be addressed was.
*‘How close 10 8 specular surface is a visually smooth
sand surface at 35 GHz?'' The scattenng function for a
specular surface is a delta function: for a given incidence
angie 8,, power is reflected only in the direction corre-
sponding to 8, = 8, and & = 180°. Moreover. the re-
flected signal is totally cokerent in nature. As the surface
depants from perfectly smooth, the magnitude of the co-
herent scattenng component decreases and incoherent
scattering becomes present in addition.

To answer the question we posed above. we first com-
puted the Fresnel reflectivity T for sand iwithe = 2 S -
1 0.03) as a function of the incidence angle 8. for both H
and V polanzations (Fig. 12). We wanted to choose #
such that the ratio Ty (8,) /Ty (8,) 13 large 50 1t would be
easy 10 measure, and yet we did not want 8, to be too large
because that would make the pointing geometry dithcult
to armange. In our first expenment we chose ¢ = 66°. at
this angle, I'y(66°) = 0.27 (or -5.7dB) [, (667 =
0.014 (or —18.5 dB) and the ratio T’y /Ly = 19 Y (or
12.8 dB).

With §, = 66°, the received power was measured slong
the specular direction first for the smooth sand surface and
then for a perfectly conducting flat plate placed vn top o1
the sand surface. The signal reflecied from the vand sur
face was lower than that reflected from the metal plate »
6 4 dB for H polanzation and by 18 4 4B tor v e
1zation. Thus, the measured reflectiviy My and 70
smooth sand surface are respectively only O ~ yri b
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can mceive waves whose £ A ids are i the £ direction

lower 1n level thaa their theoretical counterpans for a
specular surface ln other words, a *‘visually’” smooth
sand surface 1s also eleciromagnetically smooth with re-
gard to reflection along the specular direction at 33 GHz.

Fig. 13 shows measured values of the bistatic scattenng
coefficient a°(4,. .. @) plotted as a function of @ for 8,
= 8 = 66° The plots cover the range from 10° to 350°.
although the actual measurements covered only the range
from 10 10 180° and the remaining pan 1s a mirme im-
age We aobserve that i1n the specular direction. .y 1y
larger than a,, by 12 dB. but outside the main lobe re-
gion. gy, tends to be shightly larger than a.'...

In our second expenment. we fixed & at 60° and nieg-
sured 0°(0,. 0,, ¢) as a funcion of @ for 9 =4 ¢
es-entially replicating the previous expenmentt and as 4
function of 8, at each of two values of @. nameiy 180
and 27C°. Also. the measurements included obserations
with HV polanzation. in addition to HH and VV polar
1izavions. The polanzation onentation 13 defined with +.
spect of the frame of reference of the transmut or reoes .
antenna Thus. HH polanization, for exampie. reters
transmitted wave whose E-field points along the s
ton tFig 14) and to a4 receive antenng onentzd fe v
waves whose E-held 1 along the € direction wnen -

2.8
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Fig 13 Bisar< scatienag from 3 ymooih 1and surface »ith § @ 60° 2)
alimuth vanation with §. » 80° (b) watienng angle vananon with @ @
180°. and (<) scattenng angle vansuon with e = 270° and 1d) a cuntour

plot as & fuactiwn of ¢, and @

270° and along the ¥ direction when ¢ = 180°. This
means that at @ = $0° we shouid expect stronger cross.
polanzsd scattenng than like-polanzed scattenng. Our
expectation was confirmed by the results shown in Fig.
I5tar. oy 18 much smaller than a4y for & between 150°
and 210° (actually o, could not be measured at & =
180° because it 1s lower than dyuu by more than the 3O-
dB depolanzation solation factor of the antenna). but
Oy 15 largerthan g, tor o = H0°-90° (and 270°-300°)
Fig 15tb) and (c) depicts the vanaton of 0* (8, 8,. @)

A,

with 8, at & = 180° and 270°. Fig. 15(d) shows 3 contour
plot of 0° as a function of both 8, and © The plot was
generated using simple interpolation between the vne i
mensional profiles shown in pants (a)-(c) ot Fig 1S

E Bistanc Scattering From Rough Sand urnd Gra- .

The like-polanzed (HH and VV) bistatic saatteniy pat
temms of the rough sand and gravel surfaces 'F uv 1Ay
and [ Tian extubit significantly fower levels in ~e wre
ular direction and their mawn lobes are broacer "San “ne

RE
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= » © patterns of the smaoth sand surface. However. gluny the
G“g";“' xe specular direction, the difference between o, 1B and
. BJ;G‘I_I Jyy 1dB) s approximately the same tor both the smooth
2 )
and rough sand surtaces
- YV CONCLUDING REMARKS
= €— HH i
= ¥ The prime objectives of this phase ol the nmullimeter-
H HV wuave bistatic scattering study had been to develop cali-
© bruted nstruments. establish measurement approaches.
and acquire samples of bistatic scattering data for a van-
ety of targets 4nd target condiions This paper provides
d summary of how these objectives were realized and the
majur ¢onclusions drawn from the experimental obsena-
2 et e tions. The next step will involve the execution of care-
0 30 60 30 123 '50 "80210 240 270 300 330 389 £y |1y planned expenments designed to ¢valuate the depen-
Azimuth Angle ¢ (Degrees) dence of the bistauic scattenng coethcient 0219 . 4 o,
" on specific target charactensucs. such 3y the dielectne
constant and the roughness parameten of the surface Data
from such ¢xpeniments will then be used to guide the test-
30 ing and development of theoretical scattering models
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LIMETER-WAVE BISTATIC RADAR MEASUREMENTS OF SAND AND GRAVEL

F. T. Ulaby, T. F. Haodock, and M. E. Coluzzi

Radiation Laboratory
Oepartmant of Electrical Engineenng
and Computer Science
The University of Michigan
Ann Arbor, Ml 48109-2122, USA

ABSTRACT

Bistanc radar msasurements were conducled for
sand and gravel surfaces to evai.ate *hs vanation with
azimuth angle and polanzation configuration for
vanous surface roughnasses. The measurements
were made at 35 GHz using the Millimeter-wave
Polarimeter (MMP) system. With the transmit and
receive antannas orented to observe the target at the

same incidence angle (8; = 8,). the received power

was recorded as a ftunction of the azimuth angle ¢ over

the range from 10° to 180° (specular direction). A
second expenment s pianned, which will consist  of
measurements at ¢ =180° as a functich of 0 tor

specific iIncidence angles 6. Assuming the scattering

pattern of the target can be modeled as a product of an
azimuth pattern f(¢) and an e'evation pattern (6, 8,).

the two sets Of measurements provide an estimate of
the bidirectional scattenng function of the target. Such
a function s far supenor for evaluating the validity and
degrse of applicability of theorstical scattering modals
than the tracitional approach of only testing the
backscatter response as a function of incidence angle.

Keywords: Radar, bistatic scattering, milimeter-wave
systems.

I. INTROOUCTION

Compared t0 the volume of backscattering cata
avalable for both paint and distnbuted targets, distatic
data is aimost ronexistent. The only bistatic data of
note were rieasured in the late 1950's at 1.15 GHz [1)
and n the mid-1960's at 10 GHz {2]. The scarcity of
bistatic Gata 18 in part due o the fact ihat bistatc radar
measurements are more difficult to maxe than
monostatic measurements. From the standpoint of

The work was supporied by Army Research Office
Contract DAAG29-85-K-0220.

testing and evaluating the applicability of thaoretical
scattenng models, however, the avaiability of bistane
data provides two additional degrees of freedom. In

the backscatter case, the incidence angle 8; and
scattered argle 84 are equal, and the azimuth ang'e

between the incident and scattgred directions, ¢. is
zero. Hence, for an azimuthally symmetnc randomly
distnbuted target, which most terrain surfaces are, the
backscattering coefficient is a function of only one

directional variable, ei. In the bistatic case, ail three

angles (6, 64, and ¢) are independent vanabies. It

bistatic data are available to characterize the
bidirectional scattering function of a target, the process
of developing a scattering model agpropnate to the
target or class of targets under consideration ang the
testing of these models wouid be greatly facilitated.

This paper describes an attempt to calibrate a 35
GHz scatterometer system and to use it 10 make bistatic
scattering measurements for sand ang gravel surfaces.

iIl. SYSTEM DESCRIPTION

The block diagram shown in Fig. 1 depicts the basic
eslements of the Millimeter-Wave Polanmeter (MPP)
system when operated in the tistatic mode. Details of
the system descnption are given in {3]. For the
purposes of the present study, the systam was
opersted at 35 GHz and used to make HH- and
VV-polarized measurements over a wide range of the
azimuth angle ¢. The arangement used is illustrated in
Fig. 2; the angle 6, is between the surface normal of the

target's surface and the boresight direction o. the
transmi antenna, & similgr definition applies to the

scattering angle 65, and the azimuth angle ¢ 1$ detined

as the azimuth angle of the boresight direction of the
receive antenna (the x-axis is chosen such that the
azimuth angle of the transmit direction 1s zera) To
avuiu wasui8Mat §MOrs assocated with the pointing
of the transmit and receive anitennas such that the:r
{notprints always overlap perfectly, a broad-beam

A.103 Procsedings of IGARSS 87 Symposm, Ann Artor. 18-21 May 1987
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Fig. 1 Block diagram of the MMP gparating in the
pistatc mode.

Fig. 2 Geometry of the bistatic measuremert problem.

3 enna was used.for reception and a narrow-beam
antenna was used for transmission. The transmit

antenna had a beamwicth of 3°, compared to avout 15°
for the receive antenna. At a nominal distance of 3.2 m
between the target and the transmit and receive

antenras, the illuminated area for 6,-0,-66' i

17¢m x 42 cm for the transmit beam and B85 cm x
200 cm for the receive beam.

The radar equation for the bistatic case is given by:
S0 Cro J’ 9, (8)9,(8)
3 2 2
(4x) P‘ Rr

P =P A2 a°dA ., (1)

t

where Py is the transmiited power: Gy s maxim: m gan

of the (transmit or receive) antunna. gie) s :~e
normalized radiation pattern; R s the range o '~e
target; the subscrpts t and r stand for ‘rans™. ar-,
receive, raspectively; 8 1s the antenna " - ‘e re'atve '0

> voresight direction; 6° 1s the t ‘tate scatterrg

sufficient of the target. and dA is an elemant of area
Assuming ©° 1s approximately constant over ‘he
anguiar range of the transmit antenna beamwiatn *ha
preceding equation may be rewnten as

G,, G
2%0S0 ,
P(.Pt)‘ —3—0‘~ 2)

(dr)

where I, the illumination integral. may be ccrmoued
tfrom knowiedge of the antennas’' radiation patterrs ara
the measuremant gaomatry.

A. Calibration

The system was calibrated by maasurng !~e
received power with the transmit and receive antenras
pointing at each other along their bores'ght direct.cns
It this is referred to as the calibration signal Pe.

2 0n
)’GtO"rO

(4xR C)Z

PC.P \ 3)

where Rc is the distance between the two antanras.
then

P Rt
%-Lo‘ (4)
c ax -

An aiternate calibration approach s 10 measure 'ne
reflected power from a flat metai plate 'n the specu:ar

direction (i.e. ‘he plate 18 onentect such that 6, = 8¢ anc

its surface normal is in the plane containing the
boresignt directions of the two antennas). If the plate ‘s
much larger than the footpnnt of the transmit antenra
pattern, image theory leads to the sama expresc.cn
given by (3) it R, is replaced with Ry + R, The two
calibration approaches were found to yold resuits that
agree with cne another within an accuracy rarge o'
about 1 dB.

Using the metal plate ac a specular reflector. the
azimuth pattem of the transmit antenna was measurec
by moving the receive antenna in azimuth in steps ¢!
2°. The rasulls are shown in Fig 3 Actually '™mecc' s
a product of the radiation patterns of the transm ! a~a
receive antennas, but the receive antenna patter~ s
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much wider than that of the transmit antenna, and
hence its effect on the shape of the product pattern is
secondary in importance.

B. Na:se Performance

The radar system s designed ' step in fraquency
from 34 GHz to 36 GHz n 401 s:eps. The 2-GH2
bandwidth provides two major agvantages. By
Founer-transtorming the frequency response to tie
time domain, it 1S PossibIe 10 gate the time response 10
correspend to reflections from the target area atone.
thergby eliminating refigctions from other targets or
objects n the test area. This procedure led to a
noise-equivalent 'evel for o® equal to -45 ¢B. Whaen
absorbing matenal was used to cover the target area,
the reflacted power corresponded 10 o° = - 25 ¢B. This

'S because the test was performed for 6= es = 66° and

© = 90°. Away from normal incidence, the reflection
performance of absorbing materals deteriorates
rapidly for large vaiues of 8. As a data-quality test, only
values of ¢° largar than -35 dB, which corrasponds to a
signal-to-noise ratio of at least 10 a8, are censidered
acceptable for turther processing and analysis.

C. Measurament Pregicion

The second major advantage derived from using the
2-GHz bandwidth 1s that by averaging the received
Signal over such a wide bancwidth, the precision with
which ¢° 1S measured is greally imoroved. Accorging to
Rayleigh fading statistics, the ratio of the standard
deviaton s 1o the mean value g° associated with a
radar measusement of a target is given by

s 1

— —, (5)

o°m

where s the 1otal number of independent samples
included n the measurement of o°. Frequency
averaging over a 2-GHz bandwidth provides
approximately five independent samples for the
geometry used in this study. The caiculation leading to
Ny 25 is based on the expressians given in (4].

In agcition to frequency averaging, spatial averaging
was used Dy rotating the target about its own axis. This
led 1o 10 independent spatiai samples. Hence,

N e Ny Ng 350, and w/a° a .14,

m. RESULTS
A. Target Charactedstics

The targets axamined in this phase of the program
Included two sand surfaces ard a coarse gravel
surtace. The first sand surface was prepared 10 be fat

and smooth and the second one was artificially
roughened 10 genegrate a randomly distnbuted, shightly
fough surface. Based on measuremants of two
transects of the surtace haight protile, the r.m.s. heignt
is estimated to be sraaller than 0.1 ¢ far the smooth
surface and about 1.67 c¢cm for the slightly rough
surface. The latter surface consisted of smooth
undulations with no small scale structure: the
undulations coked 'ke randomly gnented plane facets
approximaiely 10 ¢m in diameter. The stones in the
gravel had diameters ranging from 1 t0 2 cm.

The target matenal (sand and gravel) was placed in
2 "sand box" at the center of a circle approximately S m
in giameter. The sand box couid be rotated about is
axis. The sand box v as several times larger than the
the size of the antenna footpnnt at the target surface
The depth of matenal placed n the box was
determined through calculations and verfied
experimentally. The dielectne constant of the sand was
measured at 10 GHz as

¢325-j0.03. (6)

The sand was totally dry. Hence, the dislectnc constant
of the sand at 35 GHz is not expected to be diftrent
from that at 10 GHz. The penetraton depth for e°/e’ << 1
is given by

Sp-%£l7.5cm. (7)

The sandbox was filled with sand to a height of 15 cm,
or two panetration depths. The two-way attenuaton for
z =« 28p is 17 dB. Thus, conubutions from depths
greater than 15 cm may be neglectad. The fact that this
was a valid conclusion was ventied expenmentally by
maasunng the received power from the sand layer as a
function of layer thickness.

The stones comprising the gravel had a permittivity
¢ = 46 at 10 GHz. The thickness of the gravel layer
used in this study was 15 cm aiso.

8. Ristatic Scatenng From Smeacth Sand

The first Question that needed to be addressed was
How close to a speculer surface 13 a “visually® smooth
sand surisce at 35 GHz? The scattenng function for a
specular surface is & delta function, tor a Qiven

incidence angle @, power s reflectad only n the

diraction corresponding to 0, =0 and ¢ = 180°

Mareovar, the refiected signal is toially cocherent in
nature. As the surface depans from pertecily smooin
the magnitude of the coherent scattenng comporent
decreases and :ncoherent scaitening becomas presen!
N aacition.
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With 8, = 66°, the received power was measured

alorg the specular direction first [or the smooth sand
surface and then for a perfectly conducting ftat plate
placed on top of the sand surface. The c:gnal reflected
from the sand surface was lower than that reflected
from the metal plate by 6.4 dB for H polanzation and by
18.4 aB for V polanzation. For a spacular sand surtace.

the ditterance in level should ba equal to [ (66°) for
H polanzation and equai to l‘\’,(66°) for V polanzation,
where 5(66”) is the Fresnel reflectivity at 8, = 66°. For
a sand surface with e as given by  equation (6),
5 (66°) = 027 and [{(66°) = 0.014. The
corresponding values in dB are r;--5.7 eB ang
r\s, = -18.5 dB. Thus, the measured reflectivities 'y

ang Ty are 0.7 d8 and 0.1 ¢B lower in level than their

specular counterpans. In other worcs, a “visually”
smooth sand surface 8 also electromagnatically
smooth with regard to retiaction along the specular
cirection at 35 GHz.

Figure 4 shows measured values of the bistatic
scattenng coetficient a°(0,, 8. ¢) plotted as a tuncon ot

¢ for 6, = 4 = 66°. The plots cover the range frem 10°
10 350°, aithough the actual measurements covered
only the rangs from 10° to 180°. We cbserve that in the
specular direction, o)y, 'S larger than oyy by 12 dB,
but outside the main-lobe reg:on, dyy tends to de
slightly larger than oyy.

C. Bistauc Scanenng From Rough Sand Sudace

The bistatic scattaring patterns o' the slightly rough
sand surface (Fig. 5) exmbit significantty lower levels
than the smooth sand surface along the specular

direction, by about 17 dB, but the ration ay;/oyy
remains the same (12 dB) as for the smooth surface.

Outside the main lobe region, a® of the slightly rough
surtace is generally higher in level than that of the
smooth surface and the lavels are adout the same for
tne two polanzations.

O. Bistatc Scattenng From Gravel

The scattenng patterns shown in Fig. 6 for gravel are
somewhat simiar 10 those observad for the rough

surface except that the difference bstween o and
oyy are for gravel than fcr the sand surface (8.5 dB
compared 10 12 d8).

For purposes of companseon of the tistatc data
measured for the three surfaces discJssed above, Figs.

7 and 8 show the HH-polanzation and VV-pglarzat on
curves presented eartier in Figs. 4-6.

Iv. CONCLUSIONS

The matanal presanted in this paper represents the
first phase of a new program des.gned to establish the
bistatic scattenng behawvior of natural surfaces. The
pnmary tasks reaiized so far in¢lude system caibraton
and noise performance evaluation and prehiminary
attempts to analyze the azimuthal variation o' the
bistatic scattering patterns of smooth and rough
surfaces. In future phases of the program, bistatic
patterns will be measured as a function of ail thrae

angles (8, es. and ¢) for many types of distrbuted
surfaces. Additionally, appropriate scattenng moge!s

wilt be developed as a function of the gielectne ang
geometncal paramete’s of the targets.
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- "MILLIMETER WAVE
SCATTERING MODEL FOR A
LEAF

K. Sarabandi, F.T. Ulaby, and T.B.A. Senior

Radiation Laboratory, Electrical Engineering and Computer Science Department,

University of Michigan, Ann Arbor

Abstract

At millimeter wave frequencies a typical leaf is a significant fraction of a wave-
length ia thickness, and its nonuniform dielectric profile now affects tne scattering.
To provide a simple and efficient method for predicting the scattering, two types
of physical optics approximations are examined. The first approximates the vol-
ume polarization current by the curent whi&x would exist in an infinite dielectric
slab with the same profile, while the second (and simpler) one employs the surface
current which, on the infinite slab, produces the known reflected field. It is showa
that the first method is superior, and provided the actual dielectric profile is used,
it predicts the scattered field to an accuracy which is adequate for most practical

purposes.

A.109




slab, produces a plane wave identical to the reflected field, ard this is the surface
current'physical optice (8CPOQ) approximation.

For an eleztrically thin leaf or plate, the two approximations are indistinguish-
able, but as the thickness (or frequency) increases, the predicted scattering differs
in most directions, and by comparison with the resuits of a moment method solu-
tion of the volume integral equation, it is shown that VIPO is superior. [n addition.,
for a two layer material, it is no longer adequate to treat the plate as homogeneous
one having an average dielectric constant. Provided the actual dielectric profile of
a leaf is simulated, it appears that VIPO can predict the ::zattering behavior of
a leaf to an accuracy that is sufficient for most practical purposes at millimeter

wavelenaths.

2 Structure of a Leaf

The structure of a typical vegetation leaf is shown in Fig.1. The type and number
density of cells may vary as a function of depth into the leal which, in turn,
results in a nonuniform dielectric profile. The effect of this nonuniformity becomes
observable at higher frequencies where the thickness of the leaf is comparable to
the wavelength.

Leaves contain two types of photosynthetic cells: palisude parenchyma, consist-
ing of column-shaped cells in which most photosynthesis takes place, aad spongy
parenchyma, which consist of irregularly shaped cells with large spaces between

them. Because a large part of the vegetation material is water, its dielectric con-

A.lx0




as 4 dB at 140GHa.
3 Physical Optics Approximations

At microwave frequencies where a typical leaf is no more than about A¢/50 in
thickness with lateral dimensions comparable to or larger than the wavelength,
the scattering properties can be accurately predicted using tiae physical optics
approximation applied to a resistive sheet model of a leaf [Sarabanai et al, 1983].
In effect, the leaf is modeled as aa infinitesimally thin layer, but as the frequency
increases, it is necessary to take the leaf taickness in to account. There are now two
types of physical optics approximation that can be employed. The standard one is
the surface cutrent (SCPO) approach in which an infinite dielectric slab is replaced
by an equivalent shaet current that produces a plane wave identical to the reflected
wave of the slab. This current is then used as an approximation tc the equivalent
surface current over the uppar surface of a finite dielectric plate. Alternatively,
the induced (voiume) polarization current in the plate can be approximated by the
current in the infinite dielectri: siab, and we shall refer to this as the volume integral
physical optics (VIPO) method. It is muore accurate than th: SCPO method,
although the latter is more coavenient to use ior evaluating the sca tered field.
To illustrate the two procedures, consider a dislectric plate consisting of a
homogeneous dielectzic of thickress d, and relative permittivity ¢; atop a second
material of thickness d3 ~ d, and relative permittivity ¢;. The plate occupies the

region -3 <y < 8, -2 <y <} and ~d; < 2 < 0 as shown in Fig. 2, and is
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C.Ry + Ce¥hh

r = C* + C-R;Cz'k“d' .

(3)
The corresponding results for a single layer of thickness J; and relative dielectric
constant ¢; can be obtained by putticg d; = d; and k;, = ky,, implying B, = B,
and A- =

Given a volume distribution of electric current J in free space, the correspond-

ing Hertz vector is

-b"-’l
/ I ) dv (6)

where Zo(=1/Y,) is the free space impedaace, and the resulting field is

E(F)= ¥ x 9V x(#),

H(F) = -ikoYoV x [1(7).
In the far zone of the current distribution

e'b' ‘zo =ty =iyt -
= /V I(7)e="™*" dv, (7

and

E(?) ~ —k2# x # x II(F). (8)

In the dielectric slab the volume current J is the polarization current
J = —ikYo(; = V)Ey. | (9)

where £, has the value appropriate to each layer (j = 1,2), and when this is

inserted into (6) and the integration carried out over the volume occupied by
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produces a pladie wave identical to the field reflected from the dielectric slab. As
evident from the impulse function §(z) in (16), thy urrent is located at the upper

surface of the slab, and when (16) it inserted into (6) we find

vigr ; H
scpo . 0 =i sin X -
I x y_kor 7 cos Oorab——x , (1mn

and the far field amplitude is then

- - : .
SSEPO(9, dg) = § =53 cos goLab i

o i (18)

In the specular (4, = —8,) and backsczttering (9, = 8,) directions it can be verified

that (14) and (18) are ideatical, but in the other directions the two approximations

differ.

In the case of H polarization for which
H' = yenb(:uh-:cal.) (19)
the analysis is similaz. With H, represented as shown in (2), the various coefficients
(now indicated by primes) differ frcm those for E polarization in having ky, replaced

by ki./¢; and kj, replaced by kj,/¢; everywhere except in the exponeats. The

induced polarization current then has two components and is given by
J = —ikoZo(e, = | )(E,x + E,2). (20)

where E, = (ikoe;)™"20dH,/3z and E, = —(ikee;)"' 240 H,/dz have the values
appropriate to each layer (j = 1,2). The Hertz vector can be computed using (6),
and for the scattered field H*, the far field amplitude is found to be

J -
SYIP9(4, 6,) = 953:_":'“7".(“ 0,F = sind,F)). (21)
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4 Numerical Results

To illustrate the difference between the VIPO and SCPO approximations we con-
sider a homogeneous (single layer) plate of thickness d; = Ag/4 with ¢ = ¢ =
3 +10.1. For an E-polarized plane wave incident at 30 degrees, the amplitude and
phase of SYIPO/SSCPO are given in Figs. 3 and 4, and these show that the dif-
ference increases sway froin the specular and backscattering directions. At a fixed
scattering angle, the difference increases with the electrical thickness of the plate
up to the first resonance and then decreases. To test their accuracy the two ap;
proximations have been compared with the results of a moment method solution
of the volume integral equation. The particular code used is a two-dimensional
one which was exteaded to three dim.ensions by assuming that the induced cur-
rents are independert of the y coordinatz. Since the dielectric constant of must
vegetation materials is high, it is necessary to have the cell sizes very small, and
one consequence of this is the need to compute the matrix elements extremely
accurately, especially for E polarization. Fer a 2)9 square plate formed from the
above-mentioned layer aad illuminated by an E-polarized plane wave at normal in-
cidence, the two approximations are compared with the moment method solution
in Fig. 5, and the superiority of VIPO is clear.

[n the case of a thin plate the two approximations are indistinguishable. This
i3 illustrated in Fig. € showing the VIPO expression (14) and the moment method
solution for a 2A¢ square plate of thickness d; = Ao/50 for E polarization. The

plate is a homogeneous one having ¢ = 13 + i12 corresponding to the average
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al [1987) the leaf can be modeled as a resistive sheet using an average value for the
permittivity. If the phwsical optics approximating is then applied, the resulting
scattering is attributed to a surface current, and this method is equivalent to the
SCPO approkimation. At higher frequencies, however, the thickness and structure
of a leaf are more significant. At 100 GHz and above a leaf is a counsiderable
fraction of a wavelength in thickness, and in spite of the reduced sensitivity to
water content, the noouniformity affects the scattering.

Fer a two-layer model of a leaf, the SCPO approximation has been compared
with the volume integral (VIPO) approximation. When the leaf is thin the two
approximations are identical and in good agreement with data obtained from a
moment method solution of the integral equation, but as the electrical thickness
increases, the two approximations diverge in all directions except the specular and
(for E polarization) backscattering ones. Alihough the VIPO approximation is
more complicated, its accuracy is greater, and the agreement with the momen:
method data is better using a two-layer model than when a single laver of average
permittivity is employed.

For most practical purposes it would appear that VIPO in conjunction with
an accurate diclectric profile of a leaf provides an adequate approximatica to the
scattering at millimeter wavelengths. As our knowledge cf the profile incrsas=s, it
may be desirable to use a multi-layer model which could even simulate a continuous,
nonuniform pmfile, and a convenient way of doing this is described in the Appendix.

We also note that at frequencies for which tae leaf thickness is comparable to A /2
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where J is the total electric current supported by the resistive sheet, and

A x {4 x [H* +H"]} - 'kﬁﬁ x %{E’ +E-]= -2R5J%  (A4)
0
J: = -Ax|[E*-E) (AS5)

where J;, is the total magnetic current supported by the conductive sheet.
The superscripts *'~ refer to the upper (+) and iower (=) sides of the sheet,

and f is the unit vector outward normal to the upper side.

A2 Scattering by a Stack of N Planar Sheets

Consider a stack of .V infinite planar combined sheets all parallel to the zy
plane of a Cartesian coordinate system (z,y, z) as depicted in Fig. Al. The
top sheet is in the z = 0 plane and the m* sheet is located at z = —dn,
where 1, = 0. The space between the m* and (m + 1)** sheets is referred to
as region m, and we note that region 0 (z > 0) and region N(z < -d,) are
semi-infinite {ree space. A plane wave whose plane of incidence is parallel to
the zz plane impinges on the stack of sheets from above. From the symmetry
of the problem, all the field vectors are independent of y (i.e, £ =0), a3 a
result of which the field components in each region can be separated into £—
and H-polarized waves which are the dual of each other.

In the case of E pclarization the incident field is given by (1) and the field
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expressed as (excluding the phase factor e'*osntos)

é 1+08
IZ = §2Yocos foe® <@ Nl - rmrmeE i | (A8)
TRy rE ) l
t=) l+.2uig<"‘o(‘(¢|"url‘ :

The total reflection coefficient in region 0 (Fg(8) = ['§) can be evaluated
from the recursive relation (A7) by noting that T = 0 (ihe region .V is
semi-infinite). The total transmission coefficient can also be obtained from

(AT) as foliows:

v 1+TE
- N _ m-1
Ts(o) = C(') - o~ 1+ edvin cu‘o(dﬂgn-‘n)[‘f‘ (Ag)

Unlike the E-polarized case where the magnetic current is zero, an H-polarized
wave excites a magnetic current in the y direction and the tangential electric
and magnetic fields are both discontinuous across the combined sheets. For
H polarization the tangential field vectors in region m can be obtained by
applying the duality relationships to (A6). In this case the amplitudes of
the travelling in —z and +z directions are denoted by B:, and B, respec-
tively. By applying the boundary conditions (A2)-(A5) at the m** sheet and

denoting the reflection coefficient in region m by

[H = Bn,-tik cetyina
= e— .

after some algebraic manipulation we obtain

" (QmPa=1)=(1=~Pu (Qm=1)TH 140 ¢% S(dmy1 ~ém)
L= ~(14Pn)(14Qm ) +(1=Qm P )T * M ot Toldmy1 =dm) (A10)
i (Qm=1)+(1+Qm)F5_ ;
Bn = =(14Qm}4(1=Qu )T X't “'.‘:(17-01-‘-) B,y (Al1)
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leads to—

T(F) & R [20, [ Thay Im(Feto e tiim et iatr gz dy,

'(F)x 228 20, [0 (TR Jn(F)ern et tidm)ethointi? dz'dy,
(A16)
Using the physical optics approximation, the currents obtained {or the infinite
sheets are substituted into (A16) to find the scattered fields. For E and H
polarizations the far field amplitudes are

sin X

S&(8., 80) =)"i;kgabzo(z JRa et =2, (A17)

mml

S LY ad H Hey iky cost,dem sin X
H(0,60) = Y;koablz(mﬁa.lm +Yod')e ‘ ]T- (A18)

mwal

where, as before, X = ?(sin 8, +sin o). In the backscattering (8, = ;) and
specular (6, = —8) directions the summation term in (Al7) reduces to a

telescopic series resulting in

N )
3= JEethembidn = 2Y, 008 8,C5 = 2Yo cos Ol £(6o), (A19)

mal

and backscattering cross section is then

3 - )
0£(00,00) = 41(“) cos? 8y | T(8o) |2 sin‘(ka sin 8y)

A? (kasin 8p)3 (A20)

Also, for H polarization

2.’.’.'.;(6009015 + %J:.)e'hw"" = =2cosfy Z-):-l(B:n-x - B)

= —=2co8 8985 = —2cosg [ 1(6s),
(A21)
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MEASUREMENT AND MODELING OF MILLIMETER-WAVE
SCATTERING FROM TREE FOLIAGE

F.T. Ulaby, T.H. Haddock, and Y. Kuga
Radiation Laboratory
University of Michigan

Ann Arbor, Michigan 48109

ABRSTRACT

Because the constituent elements of a tree canopy, namely the Ieaves, needles,
branches, and trunks, have complex geomaetries with curvatures and surface
roughness scales that are comparable to or iarger than the wavelength at millimeter-
wavelengths, the traditional approach used to compute the phase function of the
vegetation volume is totally impractical. In this paper we propose a relatively simple
model for characterizing the phase function on the basis of direct experimental data.
The model is used in conjunction with a solution of the radiative transter equation to
predict the backscattering behavior of trae cancopies. The model is found to provide
very good agreement with radar observations made of 35, 94, and 140 GHz.

This work was supported by U.S. Amy Research Otfice contract DAAG29-85-K-0020.
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Vegetation Scattering at Miilimater Wavelengths

1. INTRODUCTION

The'leaves. needles, branches, and trunks comprising a vegetation canopy
are lossy dielectric structures with complex geometries. Whereas it may be acceptable
to approximate a leaf as a thin, flat disc at centimeter and longer wavelengths, such a
treatment is invalid 2t millimeter wavelengths because the leat curvature and its
thicknes. are comparable to or larger than A. Similar statements can be made with
regard to the size and surface roughness of branches and other compone'nts cta
vegetation plant or tree. Consequently, it (s very ditficult, it not impossible, to use
numerical quadrature techniques for solving the vestor radiative transter equation
(Ulaby et al., 1986; Tsang et al., 1985] to compute tho radar backscattering coefficient
of vegetation at millimeter wavelengths. Tha problams encountered are: (1) it is not
possible to compute the scattering phase function of the vegetation volume because
accurate models for the scattering matrices of the scattering elemants (curved leaves,
rough-surface branches, etc.) are not available at milimeter wavelengths, and even if
such models were available, the numerical computations that would have to be
performed t0 obtain the phase function (which involve integration over size and
orientation parameters) would be extremely expensive, and (2) when the phase
function has a compiicsted dopcndonco on the bistatic scattering angles, it is very
difficuft to compute the solution of the radiative transtfer problem beyond the first order.
Hence, an alternate approach is needed for computing the radar backscatter from
vegetation at milimeter wavelengths.

in this paper we shall propose a relatively cimple model for charactenzing
the phasa function of vagetation canopies at milimeter wavelangths, and then use it in
a second-order solution of the radiative transfer equation to compute racar

A, 127




packscattering from tregs. Model results are compared with radar backscatter

measurements for tree canopies at 35, 94, and 140 GHz.

2. PHASE MATRIX

Except for the main trunk, tree foliage consists primarily of randomly
distributed leaves (or needlas) and branches, mast of which are much larger than the
wavelength in size (at millimeter wavelengths), have complex shapes, and are
charactenized by a quasi-unitform orientation distribution. These properties suggest
that whereas individual scattering elements may exhibit highly compiex and
polarization-dependent scattering paiterns, an elemental volume dV containing many
of these elements is likely to exhibit propagation and -catter.. g groperties that are
weakly polarization-dependent and charactarized by a relatively simpia scattering
pattern. This prediction is supported by experimental observations made by Ulaby et
al. [1988] which show that bistatic scattering from trees exhibits comparable results for
horizontal and vertical >olarizations.

The random nature of the tree foliage supports the use of radiative transter
theory {Ishimaru, 1978} for modeling millimeter wave propagation in the canopy [Ulaby
et al., 1988; Schwering et al., 1988]. In the radiative transfer model, the formulation is
given in terms of the phase function P(Bs, & 6, &) relating the specific intensity
scattered by a unit volume of the scattering medium into the direction (g, ¢¢) t0 the
specific intengity incident upon the unit volume from the direction (6, &), with both sets

of orientation angles being defined with respect 10 a reference coordinate (;. 9. Q). '
The phase matrix reprasents the average Stokes matrix of the particies constituting the
unit volume. To relate P to the properties of the medium, we start by considenng
scattering by a single particle. For a plana wave with electric field vector E' incident
upon the particle in the direction fq = (6, &), the far-field wave scattered by the particle

in the direction ﬁ, = (B4, 0s) i3 2 Spherical wave with field vector E. The vertical and
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horizontal polarization components or ES at a range r from the scatterer are related to
the components of the incicdunt field through the scattering matrix S(0g, ¢s: 6;, &) of the

particle Ulaby et al., [1986],

Nt
E:j r E‘,,J'

S (k, k) = : (2)

For a specified scattered/incident polarization combination, the histatic scattering cross
section of the paricle is defined in terms of the ratio of the scattered to incident power
densities. For vh polarization, for example,

am(k,.k)-[axr’.le:flle‘,,lz]-«ls,,,lz. (3)

When considering an elementary volume containing N randomly distributed particles
per unit volumne, we can characterize bistatic scattering by the volume in terms of the
distatic scattering cross section per unit volume (or bistatic scattering cosfficient )




Kw'sN<0'vh> ,

where < > denotes ensemble average.

The vector radiative transfer equation is formulated in terms of the specific
intensity vector | defined through the modified Stokes parameters [, 4, U, and V as

follows:
2 9
N <|EVI >
N
2
| <|E ‘ >
1dQ = | ' |da=" " . (5)
Ul ")2me<k,E,>
LV .
2lm<Eth>

For an elementary volume of length ds illuminated, in the general case, from all
airecticns iAq Dy incidant intensity ¥ (fq), the intensity scattered in the direction Kg is

givan by

l'(ﬁ,)-” ds P (k. K) 1 '(k)aq (6)

where P is the phase matrix given by
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P (k) =

whose elements are related to those of S by

2
>

2
<S>

L4 ] * ] hd . »
2<%wshv)>: 2<R96vh shh)>: <RO(S,VSM1 O'S,,hs hV)>: -</m(SWS [ Sw‘shv

. ! .
<Re(S,,S,1)> | -<Im(S,,S,n)>

2
<'svv| >

2
<lshv| >

svh

<

<R&(Sy, Syn)> -<Im(S, S\ )>

A A

- wm wn e @m == we

) 1 . [] L] . I ) .
2<mswshv)>: 2(:477(5"' Shh)> : <’mvvs hn +S vhs hv)> : <RG(SW Sh,., -SV A SM
L

7)

3. PROPOSED PHASE MATRIX

The 16 elements of P can be readily computed provided we know (1) the

number density N, (2) the probability density functions for the sizes, shapes and
orientations of the particies, and (3) the dielectric properties of the particles, and
additionally we have available appropriate models for computing the scattering
matrices of the par'icies. In most cases, this information is not available for terrain
surfaces and volumes, which forces investigators to estimate the physical paramaeters

of the canopy and to treat the canopy constituents as spheras, cylincars, and discs.
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These approximations lead tc errors, and because the number of parameters invoived

is large. it is difficult to assess the sources of error.

3.1 P#ASE MATRIX IN THE SCATTERING PLANE

instead of using the first approach described above to compute the elements
of the phase matrix P, we propose to use a semi-empirical approach based on

expenmental measuraments. Ulaby et al. [1988] used a 35-GHz t.static radar system
to examine the scattering patterns of small trees under Laboratory conditions. T-.o
types of experiments were conducted: (1) transmission measurements to.determine
the extinction coefficient x, for horizontal and vertical polarizations and (2) bistatic
scattering measurements in the plane of scattering (defined to be the plane containing
the incident ang scausied diractions and orthogonal to the polarization planes of the
waves [Chandrasekhar, 1960]) to evaluate the anguiar variations of the like- and
cross-polarized bistatic scattering cross sections per unit volume xyw{v), xvh(V¥), Knv(V),
and xnn(y), where v is the angle shown in Fig. 1. While the transmitter remained in
one location with the beam pointing at the crown section of the tree, the receiver was
maved in discrete steps around a circle in the horizomal plane with the tree at its
center. At each receiver location, defined by the angle v, the average received power
was measured and then used t0 compute xyw(V), Xvh(V), XnviV), and xnn(y). The
averaging process was realized by placing the tree on a rotating platform and
measuring the received power (for a given receivar location) as the tree was rotated
ovar 360°.

Two distinctly differant types of trees wers selecteu for examination: Ficus
and Arbor Vitae (Fig. Z). Tha Ficus trae had small, flat, simple leaves approximately 10
cm?2 in area, whereas the Arbor Vitae tree had a branching trunk arrangement with
branches supporting needlgs approximately 1.5 - 3 mm in length. More detailsd
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information about these test trees and the measurement procedure is given in Ulaby et
al., [1988].
The major conclusions derived from the experimental observations that

pertain to the prasent study are:
(1) For both types of trees, the like-polarized scattering patterns, x(v) and

xnn(y), ware approximately the same, and a similar result was cbserved for xyn(y) and

xwly). Thus,

(W) = (W) & x,(W) (8)

K (W) = k() 2 %5(¥) . (9)

(2) In spite of the fact that the two trees were markaedly different in terms of
the shapes and sizes of their scattaring e'emaerits (leaves, needles, branches), both
exhibited similar scattering patterns. Figures 3 and 4 shows plots of the measured
values of x1 (y) and x3 () for the two types of trees. Also shown are plots caiculated
using the eéxpressions discussed below. ,

The scattering coefficient x: for a h-polarized incident inicnsity is givan by

-5 CYSRENCPEY (10

and a similar oxpression can be dafinad for xj. In view of (€) and (9), we shall set

Ky = Ky w Ke.
Assuming azimuthal symmaetry with roapact to the forward scattaring ciraction (y =0),

the like- and cross-polarized scattaring cosfficients can be exprassed as




x, (v) = x g, (V) (1Y)

K, () = %, g, (¥, (12)

and to satisty (10), the sum of g,(y) and g,(v) has to satisty the relation
1 x
3 J[Q, (v) +92(v)]sinvdw.1 . , (13)

In view of the shapes of the measured patterns (Figs. 3 and 4), g,(v) and g(vy) can
each be described as the sum of a relatively weak isotropic component and a
Gaussian-shaped, strong and narrow forward-scattering lobe f(y),

o () = [atWe-a)]c

2 2
- [a, (3;) exo[-eg"-)’l*n '“1)}c (14)

G, (W) = [ag t, (W) + (1-)](1-C) |
e 2
da (2) e[ (%) )eti-a)g-q (15)

whare B4 and B2 are the effective beamwidths of the like- and cross-polanzed forward

scattering lobes. These expressions have the following properties:

L )




(a)

1 X

'5!91(\11) siny dy = C (1)
(b)

g,(v) snydy = 1-C (17)

|-
O Gy 9

()

jat(v)sinwdw!u-a)sinvdv-a/(1-a). (18)
0

The sum of properties (a) and (b) satisfies (13), the ratio (1-C)/C represents the ratio of
total scattered cross-polarized energy t0 tatal scattered like-polarized snergy, and the
ratio (1-a)/a represents the ratio contained in the isoptropic component to the energy
contained in the main lobe.

The “calculated” plots shown in the Figs. 3 and 4 are based on (11), (12),
(14), and (15), with the values of the parameters selected to provide good agreement
between the measured and caiculated plots. |

Now let us return to the phase matrix given by (7). The element Py4 is given
by

2
P, (w) = N<|S,| >

- <o, = L X (¥)
4x 4x

- i 91 (V) (19)
ax




Similary, it is easy to show that

Pzz (v) = P” (v,
and

L
P =P - - i
12 (W) 21 (W) po" g, (v) (20)

Next, we shall maka cerntain assumptions 1o simplity the remaining terms.

Let us consider the term Pu in P,

Ps=N<Re(S,S,)>
-N<Re (]S, |o™]s, |e™)>

«N<|S, ]IS, |cos(e,-e)>

-N<|Sw”Sm|><cos(gv-%)> (21)

whero ow is the phase of the scattering amplitude S, ,(and similar definitions apply for
the other scattering amplitudes). in the last step of (21) it was assumed that the
magnitude |S, y| 1Syl and the phase ditference (ev - #vn) are independent random
variables. According to 35-GHz radar measurements of the backscattering from rocks
[whitt and Ulaby, 1988] and 1.25 GHz polarimatric data extracted from airborne radar
images of forested areas, the phase ditference (¢v - ®vn) is uniformly distributed over
[0, 2x). Henca, the average value of cos (dwy - &vn) is 2810, and therefore Py = 0.
Simitarly, all terms in P involving the product of a like-polarzed scattening amphtvds

and cross-polarized scattering amplitude may be sat equal to zero.
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it was aiso observed (in the same investigations) cited above that the phase
difference (¢vv - énn) corresponding to the product of the like-polarized scattering
amplitudes has a Gaussian-like dsitribution centered at 0°. We shall, theretore, adopt
the approximations < cos (:\\v - onn) > = 1 ana < Sin (dvv - onn) > ~ 0. Furthermore, in
view of (8), we. shall assume that <|S,,| |Sm|>=<|S,,12>. Hencs, forthe terms

involving (S, v San’ ). we have

N<Re(S,S,)>=N<|S,||s,, |cos (-4, >

«N<|S, S |><cosiq, 40>

2
-N<|Sw| >
=P, (22)
and
N<im(S,S,)> =0 (23)

Upon incorporating the preceding results in (11), we obtain the simplified matrix

9, 9, O 0 ]
92 O 0 0
P - - (24)
W 4x [0 O ©,%9; 0

| 0 0 0 9,92

with g4 and g2 as given by (14) and (15), respactively.
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3.2 PHASE MATRIX FOR ANY INCIDENT AND SCATTERED DIRECTIONS

The phase matrix P(y) in Eq. 24 is obtained in terms of the scattering angle v as
shown in Fig: 1. If the incidant direction is (6, &) and the scattered direction is (8s, ¢s),
denoted by points P1(6;, &) and P2(8s ¢4) in the polar coordinate systen. shown in Fig.
5, the plane of scattering contairs the triangle OP1P2 and the scattering angle v is
given by the angle PyOP,. The radiative transfer equation, on the other hand, is
written in terms of the polar angles 6 and ¢. We need to obtain a new phésa matrix in
terms of @ and ¢ in order to use it in the radiative transfer equation. The detaiis of the
transformation from P(y) to P(9s, ¢s: &, &), which involves linear transformations
through angles v, and X - v, a'e described in Chandrasekhar [1960]. The

transformed phase matrix is given by

P(6,¢,:64 =L(x-v,) P(v) L() (25)

where L is a linear transformation given by

o

1.
cos’y sin’y 3 SNy
2 S
Liy) = sin'y cosy 23"‘27 o

sin2y sin2y cos2y O
0 0 0 1 (26)

The angles v, and v, are defined in Fig. 5.

Introducing the abbreviations
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L) = cosy, cosy, - siny, sin Y, (27a)

(&) = cosy, s Y, + Siny, cosy, (27b)
(%) = siny, cos Y, + cosy, siny, (27¢)
(r,r) = cos Y, cOsY, + siny, sin Y (274d)

We can write the phase matrix as

P9,0,:0,0) =2 g WA g it (W g, w)ra?
P V) an 1 " VIS, \WIrE) + g, v)(r.r)
g,(W)r)’ s g twir.n? 9,V g win’
209, (WAL +g,(WIENRN] 29, (VLB s, (W) rAEN)
0 0

0, (WL + g (WENLD) o ]

9, (W)LY - g (W)LY 0
(28)
9, (L) - (1) + g Wi - ) 0

0 9,(¥) - 9;v)|

Using the cosine and sin laws of a spherical triangle, wa can write (L.L), (r.r), (r.L), and
(L.r) in terms of B, ¢¢, 6 and &
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sin” (9, - 0,)

&L = sin®, sin® (cosy-1)-cos (¢ - 9,) (29a)

sin gy

2
sin- (¢, <9) ,

(r1) » ——5——sin 8, sin 6, (cosy +1)-cos (¢, - 9,) (29b)

sin

sin 8, sin®. cosy cos(e - ¢
(rd) = {(sec 8, +sec,) [sin (@ -o,) (1 + 2 ' 3 hd Y )]
sin
sin (¢, - ¢,)

. —;# [sin® 6 sece, + sin’ 6, seco ]} (29¢)

sSin®_ sin0 cosy cos (¢ -0)
tr) = {(sec 8. - sec 8,) [sin (o - 6,) (1 + 2 ' v &%

)

. 2
sin" y
sin (¢, -
- #[ﬂnz 6, seco, - sin’ 0, seco ]} (299)
sin" y
where
COsVY = C080, Cos8, + sin@, sinG cos(e-e,) (30)
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4. RADIATIVE TRANSFER MODEL

At millimeter wavelengths, the penetration depths of foliage rarely exceeds
1m. Hence, it would be reasonable to neglect the backscatter contribution of the
underlying ground surface, and in the case of most vegetation canopies it may also be
possible to treat the canopy as semiinfinite in depth. In this section we seek an

]
expression for the vector specific intensity | scattered from a forest canopy

characterized by a phase matrix of the form given by (28). To this end, we shall
develop a first-order solution and a second-order solution of the radiative transfer
equation and then compare the results with the exact solution (based on numerical
computations using the quadrature method) and with experimental data.

The vegetation canopy is modeled as a continuous, statistically
homogeneous, horizontal layer of vertical extent d. The layer has diffuse upper and
lower boundanes (Fig. 6) at 2=0 and 2=-d, respectively, and it is illuminated by an
intensity

I'= 1, 5(cos8-cos0)5(0-9,) (31)

incident upon the upper boundary in the direction (x - 6y, #y). Upon solving the

]
radiative transfer equation to obtain an expression for the intensity | (6, . ¢,) scattered
in any direction (8, , # ). we can 36t 6, = 6, and ¢, = X + ¢, which ccrresponds to
scattering in the backward direction, to compute the backscttering coefficient from the

equation
4x cos 9, l; (8 2+ 0,

I, (% - 85, 05)

(32)

ap, (8) =

where p, q = v or h polarization.
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4.1 Radiative Transfer Equations

When formulating the radiative transfer problem for bounded media, the
standard practice is 1o spiit the intensity vector into upward-going (l’ (9g, ¢s. z))
downward-going (I (x - 8s, ¢s, 2)) components, noting that @y varies between 0 and w2
[Ulaby et al., 1966). In the vegetation layer, the intensity I* (84, ¢s. 2) travelling in the

upward direction (6, , ¢, ) and the intensity l.(x - 6,. ¢,, Z) traveling in the downward

direction (x - 6, , ¢ ) must satisfy the coupled radiative transter equations

- K, .
L w02 G0, Do F 0, (33a)
]
d v Loy F 33b
® 'a'z- .u‘c “c z) - - " (‘“‘l ‘ ’ z) + ('“.l ° ’ z) ( )

s
where x, is the extinction coefficient of the vegetation medium, u, = cos 6,, and -uy =
cos (x - 6,). The source furdcnsF‘(y,. 4. 2) andF.(-p,, #,. 2) account tor directing
the energy incident upor an elemental volume from all directions into the direction (6, ,
#,) and (x - 6, , & ), respectively, and are given by

1
F'(.0.2) =« —
(g &, .

Oty

)
[P oime Viyaen
0

F- 3
of [Pucoima T tmean (342)
00
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F(4,0,2) = ::—- P (g 0,0 1y 8) ) M o2)dQ

<

—_—
O,

P (it 0,1y 8) | (-1, 0,20 (34b)

+
O, ¥
O, .

where df) = du; O¢ =sin 6, d68 ¢, and P(u,, & : 4;, ) 's the phase matrix of the
vegetation layer relating the intensity incident (upon a unit volume in the medium) in
the direction (8, &) to the intensity scattered in the direction (8, , ¢,). The phase matrix

is defined by (28).
The solution to differential equations (33a) and (33b) can formaily be

expressed as

.
- 2, (2ed - K RTViy o . .
IR Rl AR 1Y F (b, 0,2)82  (359)

d

- . . @V . o
Vet 0,2 =0 " T 0,00 [ @ P 0,200, 3s0)

4
Because there is no reflection at the (citfuse) air-vegetation boundanes at 2
= 0 and z = -d, the following boundary conditicns must be satisfied:

1 (4, 0, 0) = 18, - 1) B (0, - 0 (36a)

I (u, 0, 9) =0, (360)
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and because F * and F ’ are themselives integral functions of | * and l‘. we have to use

numerical techniques involving segmentation in z and (8, ¢ ) in order to obtain an
exact solution for Pt (6. ¢,. 2= 0). While this may be usefull, particularly for

comparing with results based on approximate solutions, the numerical technique does
not provide much insight with regard to the relative importance of various scattering
contributions. Hence, we shall use the iterative technique to develop expressions for
the first-order and second-order solutions of (35a) and (35b) and then compare their
results with the exact results of the numerical solution. The assumptions underiying
the iterative technique is that the mecium is weakly scattering; i.e., the scattering
albedo w = x, /5, << 1. At millimeter wavelength, ® = 0.5 - 0.9 for vegetation {3}, and
therefore the condition is not satisfied. Nonetheless, we shall now procesd with the

iterative technique and then avaluate its usefulness in a later section.

4.2 First-Order Solution
Wae start with the zeroth-order sclutions, which are obtained by setting P=0

in (34a) and (34b), which renders Fy = Fy = 0 in (35a) and (35b), where the zero
subscript denotes zero order. Using the boundary conditions given by (34) and (35),
the zeroth-order specific intensities are given by

(0,20 =0 (37a)

- l.l/&*
lo (1 0, 2) = 0 " 18 (- 11) 8(9, - 0) (37b)
The zeroth-order solution corresponds to propagation of the coherert wave

through the medium with scattering ignored, except for its contribution to extinction. To

A.144




obtain the first-order solution, we first need to insert (37a) and (37b) into (34a) and
(34b) to compute the first-order source function F: and F,, and then insert the results

in (35a) and (35b). This process leads to

2y

. s d
'1 (“s’ °a' Z) - 2 [O‘ : * e‘* ] P (”'s' °s; 'u'O' °o) '0 (38)

s 51

'1. (Hy 0y, 2) = 9‘02/"0 b 5(}1,'110)5(%'%)

<, 2/t
¥ GT;T [‘ : °w] P 1y 0y Ry 89) (39)
e @
where
K, & x, (1 + 148 (40)
K 2 K, (Vg = 1) (41)

The first-order solution for the backscattering coefficient can be obtained by setting z =
0, iy = iy, and ¢, = X + ¢y in (38) and then inserting the result in (32). Thesg steps
lead to the expression
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- 4
2::. ° “2)

":h @) = °3v (8,)

X _C0S 8 2x,dsmc o
o:, (8) = af} (6°)=-~'—-—°[1-9 - °]

2!:.

g, (n). (43)

For a thick canapy such that (2x, d sec &) >> 1, th

@ term in the second Square bracket
in (42) and (43) reduces to 1.

4.3 Second-Oriier Salution

The second order Salution for the backscattered intensity at the Surface

1, (8. %+4,, 0), can be obtained By (1) replacing (8,. ¢,, 2)in (38) and (39) with

(8.4.2 () inserting the resuttant exprassions in

(34a) and (34) to obtain
F{ (s, 0s, ') andF, (-, oy, 2),

and {3) then insenting those @xpressions in (35a) and

(4) finally raplacing (uq, ¢g, 2) with {Ho. x + ¢9, 0). This procass leads to

+ ¢ %2y o . .
'y @y ko000 « [ &% g (o X+ 8,2 )iz (44)
d
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R R R T Rt I

with
| |
* . /
F, (uo.zn»%.z)-::— e"l%P(uo,x+¢°;-u°,oo)l°
0
2x 1 ~<,z'/u, .
2 «
¢J‘,"e [9‘=° '9"6]"(“0"‘*%;“1")P(“r°ﬁ'“o'°o)|odn.
20 H% .
x 1 :'z'/u .
(-] L%
4‘6“'0[ u‘“ [1'0 ]P()-‘o"‘*'%.'u,@,)P('H»,O,:-uo.%)lodﬂ,]“s)
where
SR AR (45)
R AT
X 3( 1—1— 47
4 .(“0 “‘) . ( )

Using (14), (15) and (28) to dafine P, the integrals can be evaluated numerically, and
the computed intensity § can be inserted in (32) to compute agq for any

p. Q. = v or h polarizations.




5. MODEL BEHAVIOR AND EXPERIMENTAL OBSERVATIONS

Using the phase matrix given by (28) with the parameters measured for the
Ficus tree, the co-polarized (co-pol) and cross-polarnized (x-pol) backscattering
coefficients were computed for a vanety of canopy conditions in accordance with (a)
the first-order solution of Section 4.2, (b) the second-order solution of Section 4.3, and
(c) the exact numaerical solution using the quadrature gradient technique [Ulaby et al.,
1986). Figure 7 shows the variation of a° with the albedo w = xg / xq, fOr a canopy with
an optical thickness t = xq d = 1 Np. For an error within 1 dB of the nume'n'cal solution,
the first-order solution is useful up to w = 0.4 for the co-pol component but is not at all
useful for the x-pol componant, and the second-order solution is useful up to w = 0.85
for the co-pol component but only useful up to w = 0.5 for the x-pol component. If we
relax the error margin to 2 dB tfor the x-pol component, the useful range of w may be
extended up 10 0.85 for the second-ordar solution.

The dependence on optical thickness is illustrated in Fig. 8 for all three
solutions. For all inten's and purposes, ais independent of tfort2 1 Np. This
condition is almost always satisfied for tree canopies at millimeter wavelengths.

Comparison of the model behavior with experimental data is provided in Fig.
9 which shows measurements of c° as a function of incidence angle for a canopy of
Spruce trees at 35 GHz and a canopy of Bur Oak trees at 94, and 140 GHz.

The canopies had continuous crown sections, the trees were about 10m in
height, and the leaves had a moisture cuntent of 53% in the case of the Spruce trees
and 27% for the Bur Cak troes. The computations are based on the second-order
solution using the Ficus phase-function modael shown in Fig. 3. The only free
parameter used in attempting tc match the modal results with the data is the albedo w.
which was chosan to be equal to 0.6 at 35 GHz, 0.8 at 94 GHz, and 0.95 at 140 GHz.

Sim:'ar results were obtained in attempting to match the model to experimantal




obsarvations for (horizontally) continuous canopies comprised of other types of trees.
This observation is not surprising in view of the strong similarity noted earlier between
the bistatic scattering patterns shown in Fig. 3 and 4 for tv/0 trees with very dissimilar
tree architecturas. In other words, the proposed model appears to apply to a wide
range of tree types of continuous-crown canopies, with the only major parameter
controlling the levels of the co-pol and x-pol backscattering responses being the
albedo w. Intum, w is strongly dependent on the wavelength and probably dependent
on leaf moisture content. Further study is needed to establish the dependence of w on

these two parameters.

8. CONCLUSIONS

Using the phase matrix mode! proposed in this study, radiative transfer
theory appears to provide excellent agreement with experimental observations of the
backscatter from tree canopies at 35, 94, and 140 GHz. The only frag parameter used
in matching the mode! to data is the scattering albedo o which appears to depend on
only two paramaters, the wavsg frequency and the leaf moisture content. The roles of
shape and size of the troa leaves or needles and the tree branch architecture appear
to be secondary in importance. Further study is needed 10 estabdlish the exact
dependence of w on moisture content and frequency.
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Figure 1.

Configuration used for measuring bistctic scattaring from tree
foliage. The troe was placsd on a mtating plattorm, the transmitter

was in a fixed location, and the reciever could be sst at any angie v
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Figure 2.  Sketches of the tree architectures and photography of a Ficus leat
and an Arbor Vitae branch.
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Figure .  Coordinaie system showing the incident and scattered angles,
(6, &) and (6, ¢,). and thair relation to v.
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MILLIMETER-WAVE RADAR SCATTERING FROM
SNOW PART I-RADIATIVE TRANSFER MODEL WIThH
QUASI-CRYSTALLINE APPROXIMATION

Yasuo Kuga, Richard T. Austin, Thomas F. Haddock and Fawwaz T. Ulaby

Radiation Laboratory, Department of Electrical Engineering and Computer Science,
University of Michigan, Ann Arbor, MI

Abstract

Millimeter-wave remote sensing of ground snow has atracted coasider. Sle interest in
recent years. Because the size of the snow ice particle is comparable to the wavelength
in the millimeter-wave region, we can no longer use a simple Rayleigh phase fui “tion or
the small particle approximation usually used at microwave frequencies for calcu.ating
the extinction coefficient. In this paper we developed a model for MMW scattering from
snow using the vector radiative transfer theory and a Mie phase function. Assuming

snow to consist of randomly distributed spr=rical partic!*s embedded in a mixture of
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air and water, the vector radiative transfer theory is solved using the discrete ordinate
method. The extinction coefficient is calculated by the quasi-crystalline approximation.
The backscattering coefficient is calculated for different iiquid water coatents at 35, 95
and 140 GHz. We show that the backscattering coefficient is sensitive to liquid water

content at 35 GHz, but the sensitivity decreases at 95 and 140 GHz.
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L. INTRODUCTION

Although several papers have appeared recently documenting the results of millimer-wave
(MMW) radar observatiors of snow-covered terrain (1-11), the interaction mechanisms responsible
for the observed radar response are not well understood at the present time. Ai millimeter
wavelengths, snow is a highly lossy medium, particularly when wet; consequently, the penetration
depth is only on the order of a few centimeters [1.2]. For dry snow, the attenuation is dominated
by scattering because the ice particles are comparable to the wavelength in size, and for wet snow

both absorption and scattering are imporant.

The physical parameters that exhibit the strongest importance on the radar backscatter from
snow are snow surface roughness, crystal size, snow depth, and the liquid-water profile with
depth. This paper, which in part | of a two-paper sequence. provides a radiative transfer model
for characterizing MMW scatering from snow, using the quasi-crystalline approximation [14] to
compute the extinction coefficient of the snow medium. Part II describes the results of experiments
conducted at 35, 94, and 140 GHz, and includes comparison between theory and experiment for

certain cases.

II. SNOW MODEL

In our snow model, we assume ground snow to consist of spherical ice particles embedded in a
background medium. Liquid water, when present, is included as pan of the background medium.
The size of the water inclusion is usually much smaller than the wavelength for millimeter-wave
remote sensing. Therefore, it is reasonable 10 assume that the water is uniformly distributed in
the snow and the dielectric constant of water can be included as a part of the background. Thus,
the wet cnow medium is modeled in terms of ice ~~-sials in a “wet air’* background. It is also
possible to consider the snow as lossy pa A a thin film of water surrounded by air, in
which case the diclectric constant of the water inclusions is pan of the diclectric constant of the
lossy poniicles. This approach is inappropriate, however, because the liquid water in snow usually

occupies the spaces between adjacent ice crystals rather than coat the crystals [1].

From ground-tnuth data, we know that the ice particles have an average diameter on the order

of 0.1-2 mm and their shapes 1re round but non-spherical. La our model we treat the snow ice
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particles as spheres with a normal size distribution with an average diameter of 1 mm and a
standard deviation of 0.2 mm. The values of the dielectric constant of the ice particles needed
in this study were ootained from {15] and are listed in Table 1. Also from the ground-truth
data measured in conjunction with the experimental observations reported in Pan II, the volume
concentration of snow is approximately 40% and the snow depth is 0.45 m. These values are

used in our model.

A. Background Absorption by Water Inclusion

The imaginary pan of the background diciectric constant is directly related to the background
absorption coefficient. We use a diclectric mixing formula to calculate the background dielectric
constant, and we assume that scattering by the water particles to be much smaller than absorption.

The absorption coefficient x,, of the background medium is given by

kg 2Imag(ky)(1 = f) )

2%k, Imag(/es)(1 - f) @

where k, is the free space wavenumber, ¢, is the background dielectric constant, and f is the
volume fraction of ice particles. To obtain the dielectric constant of the background, which is a

mixture of air and water, we use the Van Santen mixing formula [1),

m, 1
wsi 5o 2 |t i

where ¢, is the dielzctric constant of water, m, is the volumetric snow wetress, and A, is the

depolari:ation factor which depends on the shape of the water droplet.

If the water droplet is spherical, A, is constant and given by A, = 1/3, but the water panticles
in snow are 1.sually non-spherical and they change shape with the amount of liquid water present
(1]. If the liquid water level is iow, known as the pendular regime, the values of .4, are close to
thuse for a needle. On the other hand, if the liquia water levei is high, known as the funicular
regime, the values of A, arc close to those for a disk. The transition from the pendutar to

funicular regime occurs at around m, = 2.5% {1].
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In our calculation of ¢,, therefore, we used three different sets of values for A, depending on
the valuss of m,. The results for ¢, are listed in Table 1 at 35, 95 and 140 GHz.

B. Scattering Characteristics of Ice Particles

The scattering characteristics of ice particles are calculated using the Mie solution [13,14].
The background dielectric constant is assumed to be the real pant of ¢, listed in Table 1. The
imaginary part of ¢; is not used because of the difficulty in calculaling the Mie solution when the
imaginary pan of the normalized dielectric constant is negative. The averags toral and absorption

cross-sections are shown in Table 1.

C. Extinction Coefficient of Dry Sncw

When snow is dry, the attenuation at MMWS is mainly due to scattering by the snow particles.
In a sparsely distributed medium in which the correlation between particles can be neglected,
the effective ficld approximation (EFA) can be applied and the extinction coefficient is linearly
proportional to the concentration of particles [14]. Ground snow, however, has a volume fraction
of 10 t0 40% and the diclectric constant of ice is much larger than that of the background medium.
Hence, the independent scatterers assumption is inappropriate for snow because it is necessary that
the correlation between adjacent ice particles to be considered(14). Two imporant phenomena
that must be considered in a dease meZinm like snow are the backscaitering-enhancement effect

and the decrease of the extinction coefficient when the density is high [14,17-23).

Backscattering enhancement is caused by the constructive interfersnce of two waves propa-
gating in opposite directions and is important only in the backscattering direction, when the phase
differsnce of the tw ~aves is zero [14,20-23]. The backscattering enhancement effect has been
observed for both randomly distributed discrete particles and very rough surfaces. The impor-
tance of the backscattering enhancement has been recognized in cptics and solid stae physics,
but its significance in microwave and millimeter-wave remote sensing has not yet been evaluated.
Since the angular width of ti ¢ backscatiering enhancement pattem is much less than i degree
for discrete particles, the backscattering enhancement eifect is not observable if the detecter's
field-of-view is large. In most microwave and millitneter-wave systems, the receiving cone of the

antenna is much larger than 1 degree and the observaticn configuration is not truly monostatic,
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Hence, the backscattering-enhancement effect is probably not significant and may be ignored, at

least to first-order.

When tie volume fraction of particles is more than 1%, the extinction coefficient is no longer
linearly proportional to the number density. The derivation from the linear relationship applicable
at Jow densities is related to the size parameter, dielectric constant and volume fraction of particles.
Extensive experimental and theoretical studies on the extinction coefficient in a dense medium
have been conducted in recent years [14,18,19]. The theoretical models include Twersky's model,
the perturbation solution with hole-correction, the quasi-crystalline approximation (QC ) with
Percus- Yevick pair correlation function, and the quasi-crystalline approximation with coherent
potential (QCA-CP). Twersky's model is simple but ii is applicable only for small particles. The
formula based on the hole-correction is valid if the voiume fracion is much less thar 10%. For
higher concentrations, QCA and QCA-CP with the Percus- Yevick pair correlation function have
becn shown to be effective [14].

In the millimeter-wave region where the size parameter is close to 1, we cannot use a small
particle approximation. We need to solve the QCA numerically {14]. We calculated the extinction
cocfficient of snow using the QCA with the Percus-Yevick pair distribution function at 35, 95 and
140 GHz. The results are listed in Table 1. When the volume fraction f is 0.4, the extinction
coefficients given by QCA are only 6.5 % of those calculated according to the EFA at 35 GHz
and similar percentages apply at 95 and 140 GHz. The optical distance, which is defined as
7 = (K. + Kay)d, is shown in Fig. 1 as a function of liquid water content for both EFA and QCA.

According 10 recent extinction measurements conducted for dry snow at 35 and 95 GHz [2),
the extinction coefficiem was found to exhibit a strong dependence on snow type. The reported
values cf the extinction coefficient covered the range between 0.96 and 154 (if—;ﬂ) at 35 CHz and
between 1.9 and 30.7 ('7‘"2) at 95 GHz, with estimated median valuss of about 3.7 (%ﬂ) at 35
GHz and 19 (%2) at 95 GHz. The median value at 95 GHz is close to th»* ~amprised using the
QCA method, but the median extinction coefficient at 35 GHz is much higher than that computed
according 1o the QCA method.

If the optical distance is greater than §, the backscattering coefficient of dry snow bscomes

essentially independent of the optical distance (in the millimeter-wave region). For a snow
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thickness of 0.45 m and extinction coefficient of 19 (_’!mz) , the optical distance is already more
than 8 ai 95 GHz. Therefore, the =xact value of extinction coefficient is not important at 95 and
140 GHz. However, an accurate estimate of the extinction coefficient is important at 35 GHz
because r is smaller. In our mode! calculations, we used extinction coefficients of 3.7 (‘-’Z{) at
35 GHz and 19 (£2) a1 95 GHz, which seem to offer the best fit to the experimental data. Due
to the lack of measured extinction-coefficient data at 140 GHz, we wil! use the value calculated
by the QCA model.

IIL. RADIATIVE TRANSFER THEORY

Microwave remote sensing of ground snow has been studied by many researchers in the past
(1,14). The model is usually based on the radiative transfer theory, and the Rayleigh phase
function is used for modeling the ice panticles. This is a good approximation for microwave
remote sensing because the ice-panticle size is much smaller than the wavelength. Fer millimeter-
wave remote sensing, where tie ice particle size is comparable to the wavelength, the Mie phase
function raust be used instead.

In aden edium like snow, we need to modify the conventional radiative transfer theory
t take into account the correlation between particles. A dense-media radiative transfer theory
was recently developed using the Dyson equation with QCA-CP and the Bethe-Salpeter equation
under the ladder approximation of correlated scatterers {14,17,18). The form of the dense-media
radiative transfer theory is the same as the conventional radiative transfer theory and, therefore,
the same numerical techniques can be used for its solution [18,24.25.26]. The difference between
the conventional radiative transfer theory and the dense-media radiative transfer theory is the
extincion rate, which can be nbtained by the QCA-CP and the new form of the albedo. The
phase function i3 still the single paricle phase function, which can be approximated by tae
Rayleigh phase function when the particles are small in size compared to the wavelength.

In this paper we shall use a mod:fied version of the conventional radiative transfer model, but
the formulation is not as rigid as the one given in [18]. We will use the measured sxtinction cocffi-
cient instead of the one obrained by the effective field approximation. This seems to give the best
fit to the experimental data. The background dielectsic constant of the snow layer will be obtained

by the QCA and the real pant will be used for calculating the reflectivity and transmissivity. The
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phase function will be calci'ated using the Mie theory. Unlike the dense-media radiative wransfer
theory, the albedo will not depend on the medium concentration The background .osorption will
be calculzted usi.g a mixing formula and included in the total extinction coefficient. This will

effectively reduce the albedo when the liquid water content increases in the background.

A. Problem Formulation

We consider a plane parallel medium containing spherical particles as shown in Fig. 2. A
lineasly polarized wave, which can be cither vertically or horizoatally polarized, is obliquely
incident with incident angles 8, and ¢,. The dielectric cons' 1ts of media 1, 2, and 3 may be
different. In c.ui wnodel medium 1 is air, medium 2 is snow, and medium 3 is the ground. We
assume ¢; and €3 do not change with temperature, but ¢; (the background dielectric constant of

medium 2) varies in response to changes in liquid water content of the snow layer.

The formulation of the radiative transfsr theory for an oblique incident case has been derived
previously in terms of the Fourier series expansion for the Stokes vectors [25). If the incident wave
is nomally incident and lincarly poiarized, only two t2rms in the Fourier series are necessary,
but the cblique inc.dent case requires all the components of the Fourier series {25]. In this paper

we will briefly describe the formulation. The details can be found elsewhere {24,25].

For convenience we will use the modified Stokes parameters (Iy, >, U, V),

I = (E:E})
L = (EE)
= 2Re(E\E})
= 2Im{E\E}) ()

where E, and E;, are the electric ficld in the 6 and ¢ directions. ihe equation of transfer for the

incoherent specific intensity / propagating in the 3 direction (Fig. 2) is given by

: Iflr;'j)'l = —x[I(F,3)] — ra,[I(F,3)] + . /;, dw'{SYI(F,3")] + x[1)] )
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where

(1

= 4 x 1 incoherent specific intensity matrix,

(5]
(£i]

(Si;] = 4 x 4 Mueller marrix,

4 x 1 incident specific intensity matrix (defined later by (13)).

The Mucller matrix (which also is called the scattering matrix) is expressed in terms of the

scattering amplitudes fy,, fi2, f21, and f;3 {Ishimaru):

({ful)? (1 hal)?
1 (Ifa)? (1 f22})?
(5]= ITH)
o) 2Re{fufs1) 2Re(fraf3)
2Im{fufy) 2Um{Hiaf3)

Re(fu fi2) =Im{f11f12)

Re(fu f3) -Im(faf3)
Re(fufn + fufn) -Im{fuffn - fufi)
Imifufyp+ fufy) Re(fufin - fufs)

where () denotes ensemble averaging over the particle size distribution and (o) is the average

(6)

extinction cross section of the particles. In terms of the optical distance = and the extinction

cocfficient x,., the equation of transfer becomes

I(r,s . e ’ ;' £
WA e, 4 % [, a1 ) + Zin)
Q)
with

u = cosf,
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da’d’ = d}lldol,
dr = puxlds,
K, = K.+ Ky (%)

Absorption by the background medium (wet air' is now included in <, in Eq 7 If the backgmound
absorption is zero, Eq. 7 reduces to Eq. 2 in (25]. However, if x,; ts not zero, x,, a'ts like an

additional loss term in the panticle’s extinction cross section,

B )
Ke Ke + "ug
In a sparse medium with number density .V and x, = .Vo, . the above equauon becomes:
Ke {a)
A L4 — (10)
ke (o0 + =
This form is similar to the albedo of a single paniicle which is dcfined as
W,=2t - 2% (11

(4 Ty + Ta

where ¢, and o, are the particle’s scatiering and absoption cross-sections. If we define the

effective albedo as

(L S (12)

we cbserve that it decreases as the background absorption increases. For example, the effective
aibedo of dry snow at 95 GHz is W, = 0.99. If the background is wet and the sncw wetness
is 5%, the effective albedo becomes W, = 0.69. A similar calculation at 35 GHz shows that
W, decreases from 0.95 for dry snow to IV, = 0.09 for a snow wetness of 5%. In our model
we assume ':'f to be independ=nt of the density and given by Eq. 9. For calculating the optical

distance and the reflection coefficients, however, we used QC A to obtain the effective propagation
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B. In.:dvnt Specific Intensity for Vertical Polarization

Bzcause of reflection at ‘he boundanes, we ~i.e spward ind iownwar: raveling :ncident
P d

wWaves

Lj=usl+"1" {13)

where (1*] is for 4)0 and (£} is for u(G. For a vertically polavizes .ncident wave /,[100C}*

incident along the direction (u,.0), [£¥] is given in terms of the :cuuced incident intensity I} by

3 = fisures
1
0 ' . I\ =g gt
= lon/IS] §p' = py 80" ) " me dy'do
0
0
Fy
F -
= ¢, | ™ e 7 (14)
Fn
. Fa
w=po

with

I(KIE) (Il _ 2Re(fufh) _ Um(fufi)
= o) vy o= (@) Fa = () AL Fy = (0 -, (15)
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Bo = c088,,0, = 0 Fyy, Fau, F31, Fa1 are evaluated at p = y,;

C. = Ti,
P - 3
1 = Ry3Ry exp(~42)
nj cos 8y 2
T = tY
1 ni Cos 91 l 12|
Ry = l"gllz'
Ry = [y,

(16)

an
(18)
a9

where the superscnpt v denotes vertical polarization and r}, and ¢}, are the Fresnel reflection and

(-ansimission coefficients at boundary i,

v n.cnsé; - n;cosé,
r = .

Y n, cos8; + n, cos b,
v 2,, cos 8,

Y n; coc§; + n, cos §;

The reflected incident specific intensity [I7] is given by

) =[Sz
1
L ' ' I 21, -1
= LGRa [19] | 805 B de expl -2
0
Fll
F
= [,CpRa n exp(—2r° T).
31 ¢
F‘l / [T g 7Y

C. Incident Specific intensity for Horizontal Polarization

For a horizontally polarized incident wave given by I,(0100]7, [I}*] is given by

A.1°3

(20)
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e e e e - we——
'

F
U =1c| " exp(——) (23)
FS'.’ Ho
Fy
W=po
with
(I f12]? i f22]? Re( fi2 f3,;) 2Im(f:2f3,)
Fip = Wl o (fal) p _ 2Re(fof; Fup = 12f3) 24
12 (o) n (o (o) 42 ) (24)

The reflected for horizontal polarization is given by

/Fn
F _
U7) = LCoRs | exp(-22=T), 25)
32 Mo
Fa

B==po
The qualities Cp, and R23 in (23) and (24) are given by the same expressions given previots:y for

the vartical polarization cass, except for replacing the superscript v with h everywhere and using

oo M cos6; — n, cos b, 26)
3 n,cosd; + n, cos b,
t:‘, _ 2n; cos §; 7

n, cosd; + n, cos §,

D. Outline of the Solution

The boundary ccndition for the incoherent specific intensity [/] is that the inward intensities
at the upper and lower boundaries are given by

—
=~

——
-4
i

o,-p) = [Ru(-p)jlI(r
(U(r = r,-w)] = [Ras(u)lI(r

ovp))y = Hu(0 (3)

ror )]s O(u(1 (29)

i
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where [R;:(u)] and [Rj3(u)) are reflectively matrices given by generic forms

AL 0 0
0 rh|? 0 0
(Ri,(n)] = ol (30)
0 0 Re(r;’) 3‘) =Im(r, r"')
0 0 Im(ryrhe)  Re(ryrhe)

It is possible to eliminate the ¢ dependence from Eq. 7 and obtain a new equation in terms of r
and u {1,14,24,25]. First we expand (/],(S] and [F] in Fourier series in ¢. For the planc wave
case, we can show that all Fourier components of the equation of transfer are independent of
each other, and for the vertically and horizontally polarized incident waves, the first two terms
of the stokes vector are even functions of ¢ and the last two terms are odd functions of ¢. The

incoherent specific intensity is given by the sum of all Fourier terms,

(1] = i[[]m cos mo + i[!]m sinm¢ a1

m=o m=1l
We can obtain the equation of transfer for each Fourier component. For the Fourier component

m = 0 and a vertically polarized incident wave,

d o PP
K= ,[1[,] ==l + / (L]o{I]odu' + Cp[F*]oe 3 + —C,Rza[F loe” Lazz 32)
where
I, F [ F
o= | " | (Ll =[S IF*), = | AF o= | " (33)
03 Fy - - Fa .
For m)0

dlm _ Ke [ s h L Re g = Ke SR, 3V
”T = _(’]m + ::'L‘[L]mlilmd# + ZCP[F |me # + K_:CPRNIF ].,,e (34)
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where

Iy \| Fy F,y
I, F. F; ’ Sia (S
Mm=| ™ = | =] (L= | B Bl ) )
m F.'Sl F31 —[53]"\ [51]?1.
Vn Fa Fa ) _ '
u=uo H==lio

The equation of transfer given by Eq. 32 and 34, together with the boundary conditions given by
Eq. 28 and 29, constitute the complete mathematical formulation of the problem. An analytical
solution of the integro-differential equation given by Eq. (32) and (34) is not available, but it is
possible to solve the equation of transfer numerically by several techniques. In this study we use
the discrete ordinate method. The details of these techniques are given in (24) and [25). Once
(], and [I]m have been found, the total incoherent specific intensity cmerging from the layer at
a point above the air-snow boundary can be computed from

n 0 )
[I] = [Tz) 2 cos mo + Z sinme at t=0 (36)
m=o 0 m=1 U
0, 14

where [T4] is the transmissivity matrix of the upper boundary. If the incident angle is larger than

the critical angle, {T;,] = 0; otherwise, it is given by

A 0 0
n3 cos §; 0 [ 0 0
7] = A—2 & A A e
n; cos §; 0 0 Rc(t:‘,tu‘) =In(t7)
0 0 Im(tth)  Re(tyth)

where ¢;; is given by (21) for vertical polanization and by (27) for borizontal polanzation.

Once the specific intensity has been computed for a vertically polarized incident wave, the
backscattering coefficients of the snow-volume for vv and hv polarizations can be obtained from

the first and second clements of [/)
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vv
w

4x cos 0,1,

Q
il

Av
v

4rcosb,l, (38)

Q
1}

IV. SURFACE SCATTERING AT BOUNDARIES

In the millimeter-wave region, most natural surfaces, such as ground snow, are rough compared
to the wavelength. Surface scattering at the snow-ground interface is not important for millimeter-
wave rermote sensing because uf the large amount of attenuation in the snow layer, however, the
scattering at the air-snow interface becomes important when snow is wet and the volume fraction

of ice panticles is high.

If the top ~urface is rough, the incident wave transmitted into the snow layer is no longer a
plane wave. Hence, we need to consider the interaction between surface scattering and volume
scattering. This interaction has been examined in the literature [1, 14] for a Rayleigh layer
bounded bv a Kirchhoff mugh surface interface. Based on these studies, we can ignore the
influence of the rough surfice on the wave transmitted into the snow layer because, as we have
shown in Table 1, the efective index of refraction of the snow layer is around 1.3. However, we
nave to account for the direct backscatter from the rough surface, which we can add incoherently

to the volume backscattering distribution dervied in the preceeding section (26].

Two widely used techniques for analyzing surface scattering are the Kirchhoff approximation
and the small perturbation method {1,14]. If a surface has a large rms slope, we can obtain a
simple expression using the Kirchhoff stationary phase approximation. Assuming that the surface
characteristics can be modeled by a Gaussiar correlation function, we can write the co-polarized

backscattering coefficient of the snow surface as

7(0)|? exp( - $324a)
8 T amicost 02, G9

where 8, is the incident angle, m is the ms slope, and r(0) is the Fresnel reflection coefficient
evaluated at normal incidence. The Kirckhoff approximation does not pmduce depolanzation in

the backscatter direction. Therefore, the total-snow backscattering coefficient is




o = ol+on
hA LY
0“ = a.u + T
hv vh . Lvh _ _Av
Ttag = Oy T 0y =0, (40)

V. RESULTS

In this section we shall discuss the variation of the backscattering ccefficient with snow
wetness (Liquid water content), snow thickness, and angle of incidence, and we shall graduate
the conuribution of surface scattering to the total backscattering coefficient. All calculations were
preferred for a snow layer with an ice volume fraction of .4 containing ice particles charactenized
by a normal size distribution with a mean diameter of lmm and a standard deviation of 0.2mm.

The snow surface is assumed (0 have a rms shape m = 0.5.

Evaluation of the Fourier components of (36) led i0 the conclusion that it is necessary to
include only the first four components in the computation of the scattered intensity / because the
contributions of the higher order coriponents are negligitly small. Moreover, except when the
snow layer is dry and its thickness is only a few centimeters, the effects of reflections by the

underlying ground surface may be ignored.

A. Surface Scattering Contrihuticn

The plots shown in Fig. 3 depict the 35-GHz variation of the snow-volume backscattering
coefficient o,, with liquid water coatent for a 0.45-m thick snow layer at the incident angle
0, = 40°. An additional cusrve is shown for the co-polarized case representing the total-snow
backscattering coefficient o,,, which includes o,, and the surface contribution o,,. We observe
that o,, decreases rapidly with increasing liquid water coatent due to the corresponding increase
in background abscrption. The rate of decrease of the cross-polarized compc <ot i< much higher
than the rate for the co-polarized component, indicating less multiple scatterii.,  the medium
becomes highly absorptive. Because we use spherically shaped ice particles in the mode, single
scattering does not produce depolarization; the depolarized return is caused exciusively by multiple

scattering.




For dry snow (m, = (), the contribution of surface scattering, o,,, is negligibly small in
comparison with o,,. However, a,, increases with increasing m, and becomes comparable in
magnitude with o,, at m, = 5%. These observations pertain to 35 GHz. Similar calculations
made at 95 and 140 GHz indicate thst ,, << o,, even at m, = 5%. Thus, surface scattering

may not be includsd at these higher frequencies,

The vanation of the backscattering coefficient with liquid water content at 95 and 145 GHz
is shown in Fig. 4. Compared with the 35-GHz results, o,, decreases with liquid water content
at a much slower rate, and the cross-polarized component remains significant in magnitude even
at high liquid wa:er contents, indicating strong volume scattering with snow layer. Although the
background absorption coefficient x,, is approximately twice as large at 95 GHz than its value at
35 GHz (see Table 1). the effect of the background absorption on the total backscattered signal is
less impontant at 95 GHz than at 35 GHz because the scattering cross section of the ice parvicle is
much larger at 95 GHz, as a result of which multiple scattering becomes dominant in comparison
to absorption. As was noted carlier, at 95 GHz the effective albedo of the snow volume decreases
from 0.99 for dry snow to 0.69 for wet ~~ - with m, = 3%, compared to a corresponding
decrease from 0.95 to 0.09 at 35 GHz. At 140 GHz, Uk «recrive albedo decreases from 0.99 for
dry snow to 0.90 for m, = 5%.

B. Angular Variation

The angular variation shown in Fig. 5 is very close to a cc-1. dependence for be.. < <0
and cross- polarized scattering coefficients. The co-polarized response icya-anrs both hh ard ve
polarizations because according to the mode! calculations, there is little differci.c. -
two responses. This cos 8 - like vaniations was aiso observed at 95 and 140 GHz.

C. Variation with Snow Thickness

Figure 6 shows the response of the backscattering coefficient 1o snow thickness at 35 and
95 GHz for 8, = 40°. Two wetness condiuons are shown. In all cases, the minimum thickness
considered in the model calculations was § ca. For dry snow, o, increases rapidly with increasing
snow thickness, panticularly for cross polarization, until it approaches a saturation level beyond

which the increase becores very gradual.
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D. Simulation of Diurnal Response

Let us consider a diumal cycle during which the liquid water content of a 0.45-m thick snow
layer exhibits the variation shown in Fig. 7a, which is Gaussian shaped with a peak value of
2%. In fact the wetness need pot be uniform in depth because the radar response is essentiay
controlled by the wetness of the very surface layer (as long as the layer is not dry and the snow

contains a subsurface layer with non-zero wetness).

Figures 7b, 7c and 7d show the corresponding diumal radar response at 35, 95, and 140 GHz.
All cases include both the co- and cross-polarized responses. As cxpected, the radar diumal
responses are approximately mirror images of the liquid-water diurnal vanation, with 35 GHz

exhibiting the greatest dynamic range and 140 GHz exhibiting the smallest.

VI. CONCLUSIONS

Using radiative transfer theory, we develcped a reasonably and computaticnally efficient,
uncomplicated, model for relating the backscattering coefficient of snow at millime:. - wavelengths
to the physical properties of the snow layer. According to the mode, snow-surface roughness is
unimportant when the snow is dry, but when the snow is wet snow-surface roughness is important
at 35 GHz but not at the higher frequencies examined in this paper (95 and 140 GHz).

Within an error of about 1 dB, the backscattering coeflicient o,, varies with incidence an-
gle as cos 8y for both the co-polanized and cross-polarized configurations at all millimeter-wave
frequencies and liquid water contents considered in this study. The effective penetration depth
of the snow medium is strongly dependent on frequency and the liquid water content. At 3§ -
GHz, the effective penetration depth decreases from about 30cm for dry snow down to abcut
1.5cm for m, = 5%. At 95 and 140 GHz, the penctration d=pth of dry snow is 5cm and lcm,
respectively. The backscattening ceefficient decreases with increasing liquid water content, with
35 GHz exhibiting the strongest seasitivity to liquid water variations and 140 GHz exhibiting the
weakest.
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FIGURE CAPTIONS

Figure 1. Optical distance r versus liquid water content m, at 35 and 95 GHz. Snow depth is
0.45 m, the ice volume fraction is 0.4, and average ice particle direction is 1 mm. EFA is

the effective field approximation and QCA is the quasi-crystalline approximation.
Figure 2. Geometry showing the sncw model.

Figure 3. Backscattering coefficients o,, and o, versus m, at 35 GHz. Symbols are the
calculated values based c¢n the radiative transfer theory. Solid lines are 3rd order polynomial
curve fit to calculated results. The incidence angle is 8, = 40° and the incident wave is

ventically polarized. The rms slope of the snow surface is m = 0.5.

Figure 4. Backscattering coefficient o,, versus m, at 95 and 140 GHz. Symbols are the
calculated values based on the radiative transfer theory. Solid lines are 3rd order polynomial
curve fit to calculated results. The incident angle is , = 40° and the incident wave is

horizontally polarized.
Figure 5. Backscattering cocfficient «,, versus incident angle at 35 GHz for 0.45 m thick layer.

Figure 6. Backscattering coefficient o,, versus snow thickness. The incident angle is 8, = 40°

and the incident wave is vertically poplarized.

Figure 7(a). Model for the liquid water content variation in time. m, = Wpeax exp(-(t -
13.85)?j0? where W, is the peak value Wpeox = 2%, ¢ is time in hours and o is the
standard deviation ¢ = 2. (b), (c) and (d) are the diumal variation of the backscattering
coefficient o,, at 35, 95 and 140 GH...

A.184




Table | Dielectic and propagation properties of a snow medium with ice volume fraction f=0.4.
average ice particle diarneter of 1mm, and number density N=7.64x 108.

3SGHz  €ce = 3.15+i0.003, o, =1.2x10°8, 5, =5x10710, x (EFA)=8.24 (Np/m)

my €p Kag K (QCA) (Np/m) Re[n(QCA)l  x,(QCA)
(%) Real Imag. (Np/m) Real Imag. (Np/m)
0 1 0 0 930 0.269 1.268 0.538

1 1.0427 0.0129 5.56 942 0267 1.285 0.534

2 1.1C4 00532 222 958 0.264 1.307 0.528

3 11776 0.0369 35.2 977 0.262 1.332 0.524

4 12405 0.1268 50.0 992 0.259 1.353 0.518

S 13046 01723  66.2 1007 0.257 1.373 C.514
95GHz g, =3.15+i0.0085, o, =5.29x10°7, O, =4.28x16°9, X.(EFA)=402 (Np/m)
my & Xag K(QCA)(Np/m)  Re[n(QCA)] x(QCA)
(%) Real Imag. (Np/m) Real Imag. (Np/m)
¢ 1 0 0 2562 11.35 1.2884 22.69

1 1.0296  0.0138 16.2 2582 1091 1.298 21.82

2 10626 0.0397 459 2504 1043 1.309S 20.86

3 11058 0.0697 787 2632 9.84 1.323 19.€68
4 1.141 0.0961 107.2 2654 9.39 1.335 18.78

5 1.1765  0.1244  136.6 2676 8.95 1.346 17.9

140GHz g, =3.15+i0.012, 0, =..95x10"6, g, <2.33x10°8, k (EFA)=1331 Np/m)

My €y
(%) Real

0 1

1 10254
2 10534
3 1.0883
4 1.1181
S 11482

Imag.

0

0.0115
00307
0.0540
0.0741
0.0953

Kag
(Np/m)

0

20
52.67
91.15
123.38
156.54

K (QCA) (Np/m)

Real

3876
3891
3909
3933
3955
3977

Imag.

56.58
54.95
53.94
53.3%
53.2
53.1

Re[n(QCA)]

1.32

1.326
1.331
1.339
1.347
1.354

K(QCA)
(Np/m)

113.15
109.9
107.9
106.7
106.4
106.3

my : liquid water coatent by volume, ey, :background dielectric constant, Xag: background
absorption coefficient, K(QCA):propagation consrant in the snow layer obtained by QCA,
Re(n(QCA)]: real part of the effective index of refraction ottained by QCA, x,(QCA)
:extinction coefficient of ice particles obtained by QCA, x,(EFA) :extinction coefficient of
ice particles obained by EFA. @, and o, :total and absorption cross-sections of ice particles
obtained by EFA.
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system stability requirements, and new calibration techniques were developed.
The scatterometar systems were then used In support of the rem.uning tasks. The
objective of Task 2 was 10 evaluate the effects of signal fading on the radar
backscatter from terrain. Based on experiments conducted from asphalt ard
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applicable at millimeter wavelengths, and a model was developed to show how
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