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EVALUATION

This document contains the results of an analytical study conducted

between 9 September 1978 ard 30 September 1979. The study effort was

Initiated In address to the Foliage Screening problem (ref: TPO RIIB, Radar).

The expected application is to the development of a complete, reliable and

practical analytical tool for the prediction and evaluation of foliage

penetration radar performance. The study has significantly extended the

horizons of theoretical understandlng with regard to wave propagation

through random medium with specific application to foliage penetration.

Study results indicate a strong need for further theoretical and field

measurement work in this area in order to meet the intended goal.

HARRY H. GODLEWSKI, Jr., ]LT, USAF
Project Engineer
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1.0 INTRODUCTION

The quantitative description of the effects of the natural environment

on electromagnetic wave propagation and scattering reprcsents a research area

V where much work remains to be accomplished. Since electromagnetic theory is

a particularly detailed subset of boundary value mathematics and physics,

electromagnetic problems are not easily solved in the presence of a hodge-

podge of objects or surfaces such as is typical of natural terrain or vegeta-

tion. However, since most radiating systems must operate near to or in the

presence of such an environment, it is essential that we attempt to understand

the effects of these perturbing media. Within the last twenty or so years,

significant advances have been made in combining probabilistic mathematics

with asymptotic electromagnetic theory to obtain insight into this very diffi-

cult problem. In fact, it appears that this is truly the only feasible ap-

proach to the environmental effects problem.

This particular study comprises an effort to solve or model one of the

more difficult of these environmental effects problems. More specifically,

this investigation is concerned with obtaining a model for the effects of

foliage upon the target detection and imaging capabilities of a Synthetic

Aperture Radar (SAR). This problem has obvious military applications and it

is also of interest to the remote sensing of terrain and water resources.

Since the successful operation of a SAR is based upon the coherency of the

transmitted and the received field over the spatial and temporal extent of the

synthesized aperture, we must direct our attention toward the effects of foli-

age on the average or coherent field. The coherent field is defined as fol-

+
lows. Any electromagnetic field E which fluctuates about some mean value

+
<E> may be written as the sum of its mean value and its zero mean fluctua-

+tion Ef ,i.e.
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E = <E> + Ef

The power in this field averaged over all possible values is given by <1t12>

or
<It12> = 1<;>1 2 + <1lfI 2>

since < F> - 0 . The average field <E> is the coherent field and I<E>

is the coherent power. The term <Efl 2> is the incoherent power or the

variance of the field. It should be noted that if the coherent power is small

with respect to the incoherent power, the total average power is nearly equal

to the incoherent power. In a lossless random medium, the attenuation of the

coherent power represents a transfer of power to the incoherent term since

energy must be conserved. It should be noted that the coherent field is not

a random variable; rather it is the mean or first moment of the random field.

Before continuing it is worthwhile addressing at this point a question

that is often asked about the operation of a SAR in the presence of foliage

masking a target. This question is as follows; is it ever possible that the

total target scattered field received by a SAR is sufficiently correlated over

the spatial extent of the synthetic aperture to be useful in forming the image?

This question is equivalent to asking if Ef is sufficiently correlated over

the extent or the synthesized aperture as to appear as a coherent field. To

answer the question we need to know the correlation between the target scat-

tered fields at the beginning and end of the synthesized aperture. This Lor-

relation is determined by the correlation of these two fields as they exit the

foliage which, in turn, is determined by the spatial separation of the exit

point of these fields, the wavelength, and the scattering m-i hum. Ishimaru

[1, vol. 1] has shown that when the random medium comprises discrete particles

or objects which are small in terms of the electromagnetic wavelength, the
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fluctuating component of the random field decorrelates within a wavelength

separation. Thus, only for relatively low frequencies will the total field

be correlated over the full extent of the synthesized aperture. Actually the

situation is somewhat worse than this because if the target is large in terms

of a wavelength, the total field will not even be correlated over the full ex-

tent of the target. In fact this appears to be more of a limitation than

field correlation over the synthetic aperture especially for SAR's operating

at long ranges and near grazing incidence, e.g. where the spatial separation

between the two extreme fields forming the aperture as they exit the foliage

is possibly small in terms of a wavelength.

From the above discussion we can conclude that it is not reasonable to

expect that the total target scattered field will be coherent over the full

synthetic aperture of the SAR. Thus, we should direct our attention toward

the effects of the foliage on the average or coherent field scattered by the

target since this is the field that the SAR will use to image the target.

The remainder of this report is devoted to obtaining a simple model for the at-

tenuation and phase retarding effects of foliage on the coherent field.

1 1 Summary of Results

Thc primary result of this study is 4 model for the attenuation and phase

retarding effects ot foliage on the average or coherent field propagating

through the foliage. The model, which we call the Rayleigh-Effective Volume

or REV model, is based upon the hypothesis that it is the smaller components

of the forest or foliage which nave the greatest impact upon the coherent

field, This model is not based entirely upon suposition because there are

foliage propagation data which indicate that it is the smaller foliage com-

ponen-s whiolh are most effective in the attenuation process. Using these mea-

sured results we conclude that the fractional volume of wood that is important
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to attenuation consists of those cylindrical components having a diameter to

wavelength ratio of less than one-half. We also assume that these effective

scatterers/absorbers can be electromagnetically modeled using Rayleigh or

quasi-static techniques.

We next approximately solve the Foldy-Twersky integral for the propaga-

tion constant of the coherent field passing through a random collection of

Rayleigh cylinders. In the vicinity of 100 MHz, we conclude that all the woody

components of the forest may be considered as Rayleigh in their scattering

characteristics. Due to the large vertically oriented trunks, we conclude that

the probability density function for the orientation of the cylinders repre-

senting the woody components is skewed toward the vertical. This is shown to

give rise to a larger attenuation rate for vertically polarized fields than

horizontally polarized ones. In the neighborhood of 500 MHz (based upon pro-

pagation measurements), we conclude that a sufficient number of large tree

trunks have been eliminated from the effective fractional folume as to cause

the orientation density function to become uniform over the upper hemisphere.

Thus, above 500 MHz all polarization differences disappear in the model.

Because of the limitations imposed by the Rayleigh or quasi-static field

approximation, it is necessary to make an ad hoc correction for the scatter-

ing effects of the small foliage components and this is accomplished. We also

present a relatively crude model for estimating the effective fractional volume

of wood based upon forest stand table data and the criterion of cylinder diame-

ter to wavelength ratio of less than one-half. Finally, we also develop a

model for the complex dielectric constant of green wood over the frequency

range of interest to this study, i.e. 0.1 to 3 GHz.

At this point in the development, the model accounts for all of the woody

components in the forest and needles in the case of needle bearing trees. We
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show how leaves can be formally accounted for but we were unable to estimate

the effective volume of leaves and our analysis indicates that leaves

should start to become important near 1.5 GHz. Thus for leaf bearing ý;rees

the model is limited to less than 1.5 GHz; for needle bearing trees, the model

fails above 10 GHz because the effective fractional volume rapidly approaches

zero.

'When we compare the absorption dependent part of the propagation constant

with total average power measurements, we obtain rather surprisingly good

agreement. In reviewing some of the measurements, we detect the distinct pos-

sibility of a lateral wave contribution which causes an error in the measure-

ment, i.e. it leads to a smaller attenuation constant. Those measurements which

are suspect do, in fact, fall below the model predictions. In general, the

model shows much better agreement with measurements than we had anticipated.

We purposely approached this problem using a very simple theory which com-

bined some of the early work of Pounds and Lagrone [21 with random wave propa-

gation theory [1]. We did this for two reasons. First, we hoped to provide

systems designers with a relatively simple model which would enable them to

obtain reasonable estimates of the effects of foliage on SAR (and other types

of radars) performance. Second, we did not feel that the time allotted to this

study was sufficient to develop a completely rigorous model nor were we con-

vinced that all the input data required by such a model would ever practically

be available. As a consequenco, the Rayleigh-Effective-Voluine Model

has a number of analytical shortcomings which eventually should be resolved.

To this end, we have suggested an extensive experimental program to obtain

basic data on the attenuation of the coherent field. Before such a program

can be initiated there are a number of problems that must be solved and we have

suggested a feasibility study to resolve these issues. We feel very strongly
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Pbout the need for a measure•Me.ts program because of the analytical complexity

of the problem. '[lat is, we feel that experimental results should guide the

theorist and not just provide a benchmark against which theories are tested.

We also suggest further analytical efforts and we start on this problem

by obtaining an exact solution of the Foldy-Twersky integral equation for the

propagation constant of the average field in a sparsely populated volume con-

taining spherical objects. Tne approach used can be easily applied to any col-

lection oi similarly aligned objects which individually do not depolarize the

incident field. The extension to randomly oriented objects is more difficult

but we feel that is certainly worth further study.

In short, we feel that the Rayleigh-Effective Volume model can provide

engineering estimates of the attenuation and phase retarding effects of foli-

age. However, because of certain shortcomings of the model, we strongly urge

further experimental and analytical studies of this problem.

2.0 BACKGROUND

tn order to accurately predict the impact of a foliated environment on the

performanct_ of a synthetic aperture radar (SAR), one must first understand ,:he

effert of the foliage upon the propagation and scattering of an electromagnetic

field. Because Lf the complexity of the foliage, this latter problem is best

addressed using the techniques of random wave propagation theory. This means

that, at best, the propagating electromagnetic field can be described by a

probability density function and a spatial-temporal correlation function or,

more practically, a few of the statistical moments of the field such as the

nman imo varLiance. This of course does not help the systems designer who is

looking for pulse-by-pul3e behavior; however, it does provide performance bounds

which can be effectively used during cystems design and evaluation.

6



Bearing in mind the fundamental characteristics of a SAR, there are four

general means by which an intervening layer of foliage can effect the detec-

tion of targets. The primary one is the attenuation of the transmitted and

target scattered field; the second is the dispersive characteristics of the

foliage, the third is the spatial decorrelation distance of a field propagat-

ing in or through foliage, and the last is the ratio of the signal strength

backscattered from the emtedded target to the signal. strength backscattered

from the range-distributed foliage. The first and last of the above proper-

ties determine, to a large degree, the minimum detectable target size or type

for a given depth of foliage. The second property impacts the accurate loca-

tion of the target while the third determines the maximum synthesized aperture

available for full and complete coherent integration. The work reported here

is concerned primarily with estimating the attenuation and phase delay imparted

to the average field by the foliage. As noted in Section 1, we do not feel

that the total target scattered field will be sufficiently coherent over the

full synthetic aperture to be useful except at very low frequencies. Even in

this case, we question the coherency properties of the incident and scattered

fields over the full extent of the target. Thus, the attenuation and phase

characteristics appear to be the most useful in estimating the performance of

a SAR when viewing targets immersed in foliage.

2.1 Continuous vs. Discrete Media Approaches

Having isolated attenuation and phase delay of the mean or average field

as the parameters of interest, it is necessary to establish a realistic mathe-

matical model for the propagation mad scattering of an electromagnetic field

by a foliated environment. As a first step one must choose between models for

propagation through continuous or discrete random media. Although foliage is

a discrete random medium, there are some valid reasons for modeling it as a
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medium having a continuously varying dielectric constant. Most of these rea-

sons center around the fact that propagation through continuously varying ran-

dom media is better developed from an analytical point of view and possibly

better understood also. In fact, one often finds discrete theories referenced

to equivalent continuous theories in order to take advantage of the level of

understanding of continuous problems. Loth and Elachi [3] have even used con-

tinuous theory to predict the attenuation of the mean field propagating in a

discrete collection of rocks. Collin [4] has shown that when a plane wave is

incident upon a half-space having a dielectric constant which fluctuates in

one dimension and is characterized by an exponential spatial correlation, two

propagating waves can be excited at the interface. Collin's work is particu-

larly attractive in view of its similarity to the problem considered here.

The primary difficulty with using continuous theories for discrete prob-

lems is that the continuous theory assumes that one has knowledge of the mean,

variance, and spatial correlation function of the complex dielectric constant.

In actual fact these quantities are completely unknown and one can only guess

at their true value. For example, in the case of the spatial correlation'gunc-

tion of the complex dielectric constant fluctuations, one often finds that

this electro-physical property of the medium is chosen more for analytical

convenience than physical realizability. Thus, although the theories dealing

with propagation through continuous media are at a more advanced stage of

development and understanding, the inputs to these theories are not known for the

discrete problem. Consequently, the models used in this analysis will adhere

to the discrete nature of the foliage.

2.1.1 General Propagation Assumptions

Having decided that this problem is most meaningfully approached using

the theories governing the propagation of electrognetic fields through discrete
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random media, it is next necessary to determine exactly what is needed to de-

rive the attenuation and phase delay of the mean field. Since the complex

propagation constant is primarily governed by the constituents of the medium

and nut the boundaries, the infinite boundary problem can shed light on the

behavior of the propagation constant of the mean field. That is, as a first

step, the foliage is assumed to fill all space and the propagation constant of

the mean field in this environment is determined. Then, if the free space-

to-foliage interface can be considered to be planar and if there are no second-

ary propagating waves excited at the interface (such as in the continuous medium

problem [4]), one can estimate the reduction in the mean field amplitude across

the planar interface via conventional Fresnel theory. The average complex

dielectric constant of the random medium is determined from the propagation

constant of the average field in the medium.

Implicit in the above approach are two subtle points which require further

consideration. The first has to do with the assumption of a planar free space-

to-foliage interface while the second is that the propagation constant may well

depend upon the direction of propagation or the angle of incidence. The assump-

tion of a planar free space-to-foliage interface is one of mathematical simpli-

fication whereas the actual boundary is anything but planar. The difficulty

associated with estimating boundary effects in a problem of this nature stems

primarily from the fact that the foliage boundary is diffuse as opposed to a

distinct surface separating two well defined continuous media such as the ocean

surface. Thus, conventional rough surface scattering phenomenon such as specu-

lar point reflection and Bragg resonance scattering are difficult to apply to

this problem. If, however, the equivalent complex dielectric constant for

the average field is not much different from free space, the boundary effects

cannot be too important simply because there is not a significant change in the
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constitutive parameters across the boundary. This means that backscatter

from the foliage will be due primarily to incoherent scattering within the

medium and will not result from the free space-to-foliage interface. This

hypothesis is confirmed to a degree by the measurements of scattering from

crop foliage by the University of Kansas in which volume scattering was esti-

mated to be the primary mechanism. In summary, the assumption of a planar

boundary is not considered to be unreasonable primarily because of the low

dielectric contrast between free space and the average medium, i.e. the medium

pertaining to the mean or average field.

The fact that the propagation constant may depend upon the direction of

travel and polarization of the mean field is due to the anisotropic properties

of the average medium. For foliage, anisotropy in the mean will be a result

of either the shape, orientation, or complex dielectric constant of the con-

stituents comprising the foliated environment. This point will be discussed

in more detail later in the report. In view of the conventional usage of SAR

systems, it is not unreasonable to assume that the SAR is operating very near

grazing incidence. For the analysis to follow, it will be assumed that the

SAR is operating, for all intents and purposes, at grazing incidence. This

means that the random propagation pretlem can be treated as if the direction

of travel of the incident field within the foliage is parallel to the free

space-to-foliage planar boundary. An additional advantage of this simplifi-

cation is that analytical results can be compared with point-to-point communi-

cation attenuation measurements. Certainly the few degrees difference between

near grazing incidence and exact grazing incidence should not drastically alter

the computed values of the propagation constant of the average field, go this

would appear to be a reasonable simplification.

At this point it is probably wise to summarize the general approach and
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assumptions that will be employed in this analysis. First, theories pertain-

ing to the propagation of the average field In a discrete random medium will

be used. Second, propagation in an infinite unbounded medium comprising typi-

cal foliage constituerts will be analyzed to determine the propagation constant

of the average field. Free space-to-foliage boundary effects on the average

field will be ignored although they can be easily accounted for if it is as-

sumed that the boundary is planar and no secondary propagating fields are

excited at the interface. Finally, it is assumed that propagation in the medium

is parallel to the free space-to-foliage interface or sufficiently close to the

actual. di:ection of propagation of a SAR transmitted field to be the only direc-

tion of interest.

As this report progresses additional hypotheses and assumptions will be

employed. However, the above are considered special because they are common

to all of the analyses to follow.

2.2 Relevant Foliage Characteristics and Simplifications

The previous sections have dealt with the general approach and assump-

tions that will be employed in analyzing the propagation of the average elec-

tromagnetic field in a foliated environment. To a large degree, specific

analytical approaches to this problem will be dictated by the characteristics

of the foliage. That is, since it is not possible to solve the problem exactly,

certain simplifying assumptions will have to be made and these should be based

on the physical and electrical characteristics of the foliage... The foliage

parameters that are of importance to the propagation problem can be grouped

into the three following categories; the physical statistics of the foliage

constituents, the shape of the constituents, and the complex dielectric con-

stant of the constituents. The term constituent, as used above, refers to the

physical components that make up the foliage such as the leaves, stems, branches,
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tree trunks, bark, etc. The physical statistics category refers to such

parameters as the average fractional volume occupied by the fo] lage, the spa-

tial homogeneity of the foliage, and the statistical distribution of the s'ze

and orientation of the foliage constituents.

The average fractional volume occupied by the foliage and the spatial

homogeneity of the foliage are very important because they will dictate, to a

large degree, the complexity of the random wave propagation model.. The sta-

tistical distribution of the foliage constituent sizes will impact the varia-

tion of the average or coherent field with frequency. The actual shapes and

permittivity of the foliage constituents will be most important in determining

the absorption and scattering properties of the average medium. In regard to

the shapes of the foliage constituents, it is obviously not possible to model

exactly every detail of a leaf or branch. Consequently, it will be necessary

to replace these exact shapes by simplified or canonical forms. For example,

leaves will be replaced by thin discs while branches, stems, and trunks will

be approximated by cylinders. Obviously, this approximation ignores the. curl-

ing of leaves, the crookedness of branches, and certainly the roughness of the

surface bark of branches and trunks. Whether or not these characteristics are

important remains to be evaluated.

3.0 RAYLEIGH-EFFECTIVE VOLUME (REV) MODEL

The purposes of the previous section were to define the problem as it

applies to an SAR, establish the basic analytical approach, and state certain

simplifying assumptions. This section will be devoted to obtaining a model

which predicts the attenuation and phase delay of the average or coherent field

propagating through foliage. Before getting into the details of the derivation,

it is necessary to explain the assumption that will be employed herein.
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It should be clearly obvious that a full-blown, detailed, rigorous ap-

proach to this problem is well outside the time constraint imposed upon this

study. Conversely, the modeling effort should comprise more than just empiri-

cal extrapolation. In point of fact, what is really desirable is a model

which adheres as closely as possible to basic scattering principles, contains

insight into the basic problem, provides s:raightforward and simple results

which can be used by system designers, and, most important of all, agrees with

measured results. If all of these criteria cannot be simultaneously satisfied,

which then are the most important? From an analytical point of view and cer-

tainly for the purposes of future studies, it would be desirable to obtain as

much insight into the general problem as possible. However, for the purposes

of system design and evaluation it is more important to generate a relatively

simple model which agrees with measured data.

For the purposes of this study, we have chosen the latter criterion as a

guide. That is, attention has been specifically directed toward generating a

relatively simple model which car be used by systems engineers and one which

exhibits a great deal of agreement with measured data. This approach was

selected for the following reasons. First, this approach is in consonance

with the end goal of the study, i.e. providing an engineering tool for esti-

mating SAR performance. Second, this approach provides a "strawman" model

which can be studied more thoroughly and improved upon in future studies.

Finally, we feel very strongly that in problems as complex as this it is more

important to generate a model that agrees with measurements than to derive a

model which requires so many input variables as to be essentially impractical.

3.1 Model Rationale

This section is very important because it presents a justification of the

particular approach used in this model. A forest may be considered to comprise

13



three basic constituents; tree trirnks, branches, and leaves. In the case of

pine or needle bearing trees, there are no leaves and the needles may be

broadly categorized as branches by virtue of the cylindrical shape. Tree

trunks may be so classified by their size, vertical orientation, and relatively

small number density. Although the tree trunks are few in number density, they

have a large enough average volume to comprise anywhere from 60 to 90% of the

total fractional volume occupied by the foliage. Branches are characterized

by their smaller average size, random orientation, and relatively high number

densiLy. In spite of their high number density, branches only comprise from

10 to 30% of the fractional volume of the foliage. Both the trunks and the

branches will be modeled as cylinders. Leaves are similar to very thin discs

with a random orientation and a relatively high number density. Like branches,

they only comprise a very small percentage of the total fractional volume of

the foliage, say, less than 10%.

It is intuitively obvious that at very low frequencies, the trce trunks

are the dominant foliage constituent in determining the propagation charac-

teristics of the coherent or average field. That is, since all of the foliage

constituents are Rayleigh scatterers/absorbers and the tree trunks have the

largest volume, they will dominate the process. At or near optical frequen-

cies, tho leaves dominate the attenuation of the coherent field because of

their high number density and their geometric cross sectional area. The tran-

sition from low frequency volume dependent attenuation to high frequency area

dependent attenuation is well understood from single scatter random propaga-

tion theory. What is really important, for the purposes of this study, i3 the

LrarnjiLion in the roles of importance of the foliage constituents. In fact,

we conjecture that each of the three primary foliage constituents (trunks,

branches, and leaves) is dominant in only a limited range of frequencies and
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as each constituent transitions from a Rayleigh or volume dependent scatterer/

absorber to a number density/cross sec.tional area dependent scatterer/absorber

it dwarfs, in impact, the effect of the much larger volume (but fewer in num-

ber) obstacles.

This statement can be proven if it is assumed that single or independent

scattering theory [5] provides a reasonably accurate expression for the attenu-

ation constant of the coherent field. According to single scattering theory,

the attenuation constant of the average or coherent field is given by [1, Vol

II]

Im(k) -p(as +a )

where p is the number of scattering/absorbing objects per unit volume and

a and a are the scattering and absorption cross sections of a singlea a

object. Ignoring the complex dielectric constant dependence, since it is not

germane to the argument, the absorption cross sections for trunks and branches

are proportional to PtVt = PTra2tLt and pbVb = 0ba2 , respectively, when

the frequency is sufficiently low that the objects are Rayleigh scatterers.

V is the volume, a is the radius, and L is the length of the cylinders

representing the trunks and branches; the subscripts b and t denote branches

and trunks, respectively. Because of the significant size difference between

trunks and branches, ab << at and L << Lt ; however, the number density

of branches is much larger than that of the trunks, i.e. pb >> Pt , so that

ptVt is at most larger than PbVb by a factor of ten. In the optical limit,

a a 0 where 0 is the geometric cross section of the scatterer/absorber.a g g

For the trunks ag = 2atLt because they are all represented as similarly

oriented cylinders. The branches comprise a collection of randomly oriented

cylinders with all orientations assumed equally likely. Van de Hulst [101 has

shown that the geometric cross section of a randomly oriented object is
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one-fourth the total sarface area; thus, for the branches 7g ITaLb/2

Consequently, in the optical limit the attenuation constant due to the trunks

only is proportional to 2pt V t/'Tat while the attenuation constant due to

branches only is proportional to pbVb/2ab . The ratio of these two attenua-

tion constants is given by the following;

Im(k.) 7at PbVb

Im(kt) 4 ab ptVt

As noted previously, PbVb/P tvt 1 0 however the ratio of the trunk radius to

the branch radius is significantly larger than ten. Thus, in the optical

limit, the attenuation due to the branches can be significantly larger than

the attenuation due to the trunks. This difference is even more drastic in

the case of leaves versus branches because the volume of a leaf depends on its

very small thickness while its geometric cross section is determined by the

surface area of the leaf. Once again it should be pointed out that the reasons

for the transition in the dominant scattering/absorbing objects from trunks to

branches to leaves as the frequency increases is due to the change from volume

to area dependence and the much larger number density of the branches and the

leaves.

Having established the relative importance of trunks, branches and leaves

as a function of frequency and assuming that they act essentially as indepen-

dent scatterers, one could use classical boundary value techniques to accurate-

ly compute a + C for a single object (trunk, branch, or leaf). The attenu-a s

ation constant could then be estimated from the single scattering approximation,

i.e. Im(k) = o(a+a) . The problem with this approach is that the size

parameters for each of the three primary cannonical objects (trunks, branches,

and leaves) are random variables with unknown distribution functions. That is,

even though the problem can be solved formally, it is doubtful that measurements
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of the required size distribution functions are practical; this is especially

true for the branches and the leaves.

One way of overcoming this need for detailed statistics on the trunks,

branches,, and leaves would be to assume that those foliage constituents which

are primarily important to the propagation problem are the ones which are Ray-

leigh scatterers/absorbers. That is, only those constituents which are small

in terms of a free space wavelength are significant in determining the attenu-

ation of the coherent or average field. If this were the case, the problem

could be analyzed using low frequency or Rayleigh approximation techniques.

This, in turn, would mean that the attenuation constant is dependent upon an

effective fractional volume of foliage, i.e. {pV } where p is the numberPe

density of Rayleigh foliage constituents, V is their volume, and the sub-P

script e denotes effective. Such an assumption, if true, would certainly

be a great simplification because there are approximate means and data avail-

able for estimating {pVp I as a function of frequency. However, does such
Pe

an assumption have any analytical foundation or is it justified by measurements?

First it should be noted that the use of an effective fractional volume is in

agreement with the above reasoning that as the scatterers become electrically

larger they become less influential in the attenuation of the coherent field.

That is, by using an effective fractional volume comprising only those foliage

constituents whose characteristic dimensions are small in terms of a wave-

length, the influence of electrically large constituents is eliminated. The

problem that remains to be solved is the electrical size of a constituent where

it transitions from an effective to an ineffective scatterer/absorber relative

to the attenuation of the coherent fi3ld. If this transition occurs in or

near the Rayleigh region, the use of Rayleigh scattering/absorbing approxima-

tion and an effective fractional volume is justified. If, on the other hand,
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the transition occurs well into the resonance or optical region, the approach

is totally invalid.

The only analytical or experimental results that have a bearing on this

problem which we have been able to find are the recent measurements by Stutz-.

man, et al., [6]. In this experiment, an attempt was made to correlate the

attenuation of an X-band signal with the weight and size of the intervening

foliage (pine trees in particular). They found the highest correlation to

depend upon the green or dry weight of those foliage constituents having a

diameter of less than one half a free space wavelength. That is, they. found

that the attenuation correlated more strongly with the smaller Aiage constit-

uents than with all the foliage. Unfortunately, they did not attempt a cor-

relation with even smaller constituents so the exact point of maximum corre-

lation is unknown. In any case, we consider that these experimental results

do show that the use of an effective fractional volume comprising only Ray-

leigh constituents has some degree cf justification.

The purpose of this section is to provide some degree of rationale for

the Rayleigh assumption. We know that it must fail beyond some frequency be-

cause all foliage constituents will eventually no longer be Rayleigh scatter-

ers or absorbers, i.e. {pV } goes to zero. Conversely, we feel that there

is some frequency range for which it is valid because it ha: some analytical.

justification and it is in reasonable agreement with measurements. In addi-

tion, it has the added benefit of being very simple in terms of the number of

required input variables. For these reasons, we have developed a model based

upon the Rayleigh-effective volume assumption and it will be called the

Rayleigh--Effective Volume (REV) model.
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3.2 Model Development

The Rayleigh-Effective Volume (REV) model is based upon the approxima-

tion that only those foliage components having a diameter to wavelength ratio

of less than one half are the major contributors to the attenuation of the

average or coherent field. Furthermore, it is assumed that all foliage com-

ponents in this category may be considered to be Rayleigh in their scatter-

ing and absorbing characteristics. With these model characteristics in mind,

it is now appropriate to direct attention toward the determination of the

propagation constant of the average or coherent field.

Having already decided that we will use a discrete medium formulation to

solve this problem, the choise of approach essentially boils down to three;

single scattering, the Foldy-Twersky integral equation, or the Lax-Twersky

integral equation. Single or independent scattering [5] completely ignores

any multiple scattering between particles or objects in the medium. It pro-

vides a very simple result but one does not know for what range of object

parameters the solution is accurate. If the mEdium is sparsely populated

with scattering/absorbing objects, the Foldy-Twersky integral equation pro-

vides a reasonably accurate description of the process provided the objects

comprising the medium are not strong backscatterers relative to scattering in

other directions [1, Vol II]. (A good counter example is the case of

small Rayleigh spheres which are perfectly conducting.) If the medium is so

densely populated with scatterers/absorbers that the positions of the particles

are not mutually independent, then the Lax-Twersky approach must be used.

The choice between the Foldy-Twersky and the Lax-Twersky formulation le-

pends primarily upon the fractional volume occupied by the scattering/absorbing

objects. In most forests, the fractional volume occupied by the wood and

leaves or needles seldom exceeds 0.1%. There are exceptions to this figure
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especially for managed forests in Europe where the fractJonal volume can be as

large as 0.5%. However, even in this case the fractional foliage volume is

sufficiently small as to indicate that the Foldy-Twersky integral equation is

an adequate description of the process. Another very practical reason for

choosing the Foldy-Twersky formulation is that we have no idea as to how the

positions of the foliage constituents are correlated; consequently, we do not

have adequate information to solve the Lax-Twersky equation.

During the latter phase of this study, we were able to obtain an exact

solution of the Foldy-Twershy integral equation. This solution for the case

of spherical objects or particles is given in Appendix A. Unfortunately, this

e:tact solution was obtained so late in the study that we were unable to apply

it to arbitrarily shaped objects having all orientations equally likely. In

fact there is some indication that the solution presented in Appendix A is

strictly only applicable to objects which do not give rise to depolarizatior.

o:7 the forward scattered wave even though this depolarized wave may go to

zero when averaged over all orientation angles. However, in the case of Ray-

l•_igh scatterers the problem simplifies somewhaL and it is possible to obtain

an approximate solution.

In the Foldy-Twersky formulation, the total average field outside the

pirticles is also the field incident upon any one object or particle. Using

this fact and assuming that the volume enclosing all the particles or objects

ft infinite, Appendix A shows that the average field outbide of the particles

<E (r )> and the average field inside the particles <E (ra)> are related

as follows;

2 2 - 2(-k +k )<E (r )> = -k PV (, - 1)<E(r)> (1)
0 0 a o p i

where it has been assumed that the average field outside the particles is a
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plane oave, i.e.

<E o(ra )> - Eexp (-j kr a)

In (1), k is the unknlown propagation constant of the average or coherent

field, k - 21T/X is the free space propagation constant or wavenumber p
0 0

is the number of particles or objects per unit volume, V is the voluve ofp

a particle or object. r- - E - j - " is the complex dielectric constint of
r r r

the material comprising the objects, and an exp(jwt) time convention :s as-

sumed. In order to solve (1) for the unknown propagation constaot, it is

xiecessary to obtain the relationship between <E > and <E > and this is

difficult to do in general. However, in the case of Rayleigh particles or

objects, such as assuued in the foliage case, the quasi-static approxination

can be used to find an approximate relationchip of the form

<E£> g( r P)<Eo (2)

because <E > is also the incident field. The constant of proportiontlity ina

(2) depends uplon the dielectric constant of the object or particle and the

shape of the object. Substituting (2) in (1) yields the following expwes-

sion for k

2 +k Vp(r- i) g (CrP) (3)
0 0 p rr

Thus, in order to determine the propagation constant of the average or 1'oherent

field it is necessary to use the quasi-static approximation to estimate g(crP).

3.2.1 Propagation Through Small Cylinders and Discs

There are a number of different ways to obtain approximate expressions

for g(c rP) and the approach presented here should not be considered as the

only valid one. The advantages of this approach are that it is analytically

21



simple, intuitively appealing, and it makes use of measured data to determine

certain unknowns in the problem. As noted previously, the three major scat-

tering/absorbing constituents in a forest are the trunks, branches, and leaves.*

The only essential differences between branches and trunks are their sizes and

orientations; the branches are smaller in diameter than the trunks and they

are randomly oriented whereas the trunks are vertically oriented. This sug-

gests that we might consider lumping the branches and trunks together and, in

addition to dealing with an effective volume of the total, treat the probabil-

ity density function for their orientation as frequency dependent. That is,

for low frequencies where the bulk of the effective fractioiual. volume is con-

centrated in the trunks, the probability density function for the orientation

of the trunks and branches should be significantly skewed toward the vertical.

As the frequency increases and the trunks no longer contribute to the effective

fractional volume, the probability density for the orientation of the consti-

tuents comprising the effective fractional volume should approach a more ,mi-

form behavior, i.e. all orientations are equally likely.

We can easily construct probability density functions for the orientation

of the trunks and branches which are either skewed toward the vertical or are

uniform. What we do not know is at what frequency the transition from skewed

toward the vertical to uniform occurs. Fortunately, we can estimate this

transition frequency by exavining multifrequency propagation data through foli-

age. That is, at lower frequencies one should expect a significant difference

between the attenuation constant of vertically and horizontally polarized

waves and this difference should disappear as the frequency is increased.

*In the case of trees having needles rather than leaves, the needles may be
considered to be in the branch class by virtue of their similarity in shape
and random orientation.
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Surprisingly enough, most of the relevant data we have examined indicates

that the transition in polarization dependence always occurs near 500 M1z.

This does not tell us how the orientation dencity function changes in the

vicinity of the transition; however, as demonstrated below, this problem can

be overcome to a great extent by properly choosing the analytic form of the

skewed orientation density function.

Figure 1 illustrates an arbitrarily oriented cylinder and the defining

geometry. The (x,y,z) coordinate system is fixed while the angles 0 and

describe the orientation of the cylinder. In consonance with the Rayleigh-

Effective Volume (REV) model, we shall assume that the cylinder representing

the branches and trunks is long and thin and that the internal field may be

approximated by quasi-static techniques. Thus, if Ei is the incident field,

the internal field along the axis of the cylinder is given by

-*. A +E 'r = rE (4)

whereas the internal field orthogonal to the axis is [8]

r X Ei = r x-E +E 5)
r,

where r is a unit vector along the axis of the cylinder. Equations (4) and

(5) give the internal field components in tei.ms of a unit vector which changes

direction as 0 and ý vary. Before these field components can be averaged,

they must be converted back to the fixed (x,y,z) coordinate system. This entire

process is greatly facilitated by noting that the direction parallel to the

cylinder axis is given by the unit radius vector i of a spherical coordinate

system while 0 and c of the same system specify the directions orthogonal

to the axis of the cylinder. One then merely needs the relationships between

O This is an approximation which is true only in the thin cylinder limit.
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Figure 1. Coordinates and geometry for the cylindrical
representation of the woody components of a forest.
The angles e and 4 are random variables,
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the spherical coordinate rsystem unit vectors (r,$,0) and the cartesian unit
(AS A

vectors (xyz), e.g.
^,A -si

x r sine coso X cost cos x.• -- sine

yr sine sine y' 6 cosO sinc y = cos4
A ^ A.

z.r - cost 2.= - sine z'$ 0

Thus, if the incident field is z-polarized (vertical), then

E Ez = E [cos £r - sine 6]

and the internal field is

E = Ei ^joe 2 sine ]Ei [cost r - + n e]
i +1

r

which in terms of the fixed cartesian unit vectors is

i CS A 2
Ei E sinO cosO cost x + sinO cost siný y + cos 0"z

+1 [case sinO cosý x + cosO sine sin 9y sin2  1 21) (6)

The z-component of E., in (6) is the principally polarized component of the

internal field while the x and y-components are the cross polarized parts.

If the incident field is y-polarized (horizontal), then

= = Ei[sinO cos4 r + cosO sinc ý + cosc, s]

and the interual field is

Ei 2 ces n + cos1 2
E (sinO siný r + + sin

which in terms of the fixed cartesian unit vectors is
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2 2 2A
E sin20 cost sint % + sin2Q sin • + sinO cosO sin Z

2 2 2 2 2____2+ 1 (cosz0 cost sint - sins cost) X^ + (cos 2 0sil2 + Cos2
r

- sinO cost 2]) (7)

+

For this polarization of the incident field, the y-component of E is the
i

principally polarized component of the internal field while the x and z-

components are the cross polarized parts.

Equations (6) and (7) give the quasi-static internal field inside an

arbitrarily oriented thin cylinder for vertically and horizontally polarized

incident fields, respectively. We must now choose a probability density func-

tion for the orientation of the cylinder which is representative of the trunks

and branches. In selecting the density function, we will use measured data as

our guide. For example, near 100 MHz, measurements have shown [15,16] that a

vertically polarized field is attenuated at twice the rate of a horizontally

polarized field. A probability density function which will produce this be-

havior is as follows;

d 0 £ (0,'r/2)

dO dý(8)(2i) (Tr/2) F(2dO dt - t (0,2r)
Pw(0,49d~dp =

0 all other angles

That is, averaging (6) and (7) over all angles 0 and 4 using (8) yields

<E1> =. 2 1+ -+ (9)
r

for a vertically polarized incident field, and
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<E i> 2 + 1 (0

!or a horizontally polarized incident field. Substituting the above results

in (2) and then in (3) gives the following results for the propagation con-

stants of the coherent fields

k 2 -k2 + k 2 .pv} ( [1-) (11)

V 0 0 P ew r 2r+

kh2 =k2 + k 2 {PVp} (E: 1) + ( (12)

h 0 0 P ew r 2 2 2Cr+1

where the subscripts denote the polarization of the average or coherent field

and {pVpw denotes the effective fractional volume of the woody (trunks

Pew

and branches) constituents of the forest. Since the second terms on the right

2
hand sides of (11) and (12) are small with respect to k and because

0

IE i >> 1 for wood in the frequency range of interest to this study (see

Section 3.2.4 and Appendix C), (11) and (12) simplify to

kv k0 + ko{oVp}ew(Er-1) /4 (13)

Sk 0 + k{PV} ew(Cr - 1) / 8 (14)

and the attenuation of the vertically polarized wave is twice that of the hori-

zontally polarized wave.

It tnay appear, at first glance, that the probability density function in

(8) does not, in fact, represent an orientation density function that is skewed

toward the vertical. This apparent error is easily understood if it is realized

that the uniformity or skewness of the orientation density is only obvious when

the density is expressed in terms of the solid angle. That is, in terms of

@One author (GSB) is indebted to Dr. R. L. Fante for pointing this fact out.
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M,' I'- ", 1 1,

the dif f erential solid angle dQ and with dQ - sine de # equation (8)

becomes

2 dQ 0 < 2 < 2-ff
7T sine

p w (O)dQ - (15)
0 2ff < Q < 47

Clearly, the density function expressed in terms of the solid angle 0 by

(15) is skewed toward the vertical; in fact, when e - 0 the density is

4infirite.

Before leaving this subject, there are two other points that should be

addressed. When the trunks are included in the effective fractional volume,

we do not know a p.Eiori the probability density function for the cylinders

representing the woody components of the forest. We do, however, know from

measurements that the attenuation constant for a Vertically polarized field

is twice as large as that for a horizontally polarized field. In our model,

this observation means that the average vertically polarized field inside the

cylinder must be twice as large as the horizontally polarized internal field

for c r >> 1 . That is,

7T/2 27T

f f E i (0,ýJ^Z)p w (0, # 0

0 0

TT/2 27T

2f f (efly^)^p w (0,ý)# de (16)

0 0

where E i (0,ýJ^Z) is the internal field for a z-polarized (vertical) incident

field, E i (0,ýJy^) is the internal field for a y-polarized (horizontal) in-

A

cident field, and p w (e,ý) is the probability density function for the orien-

tation of the cylinders. Assuming that p w (0,ý) is functionally independent
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of 4 over (0,27T), it can be shown using (6) and (7) that (16) reduces to

the following;

1/2 I1/2

fccs2 Oew () d6 - f sin 2 ePw(6) dO (17)

0 0

Using some straightforward trigonometric substitutions, (17) reduces to

fcos e pw(e/ 2 ) dO - 0 (18)

0

Thus, a function p (0) which satisfied (18) and is a valid probability
w_

density function is a solution to our problem. There is, however, one other

point which may have some practical significance. When we transform ^w(6,4)

to w(•) , it would seem reasonable to require that p (0) should be every-

where finite. The density function given by (8) does not satisfy this condi-

tion because, as shown by (15), it is singular at 0 = 0 . However, another

choice of the density function is as follows;

0 < 0 < ,/2

sin2_ dO

(,)dd = d < 27r(19)

0 all other angles

This density function satisfieb (18), is a valid probability density function,

and is not singular when transformed to P (Q) . Thus, although (8) and (19)
w

lead to the same results for the attenuation constant, (19) is preferable

since it does not have any singularities when transformed into solid angle

space. The important point of this discussion is that equation (16) can be

satisfied by a large number of functional forms for p (0,4) , and so if we had

w
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measured data on w( (e,) , we could construct a function which matched the

data and satisfied (16). This is most encouraging because it means that the

model is not locked to a specific functional form for fw(0,c)

The above paragraphs present the details of the REV model for frequen-

cies below roughly 500 MHz. The larger rate of attenuation of the vertically

polarized average or coherent field is attributed to an orientation probabil-

ity density function that is significantly skewed toward the vertical; this

skewing of the density function is attributed to the vertically oriented tree

trunks. Above 500 MHz, measurements have shown that the attenuation constant

of the vertically and horizontally polarized average fields are nearly equal

[9, 15, 16]. These results are completely consistent with the REV model be-

cause as the frequency increases the effective fractional volume of wood,

{PVp} , decreases, i.e. only those cylindrical shapes having a diameter to
P ew

wavelength ratio of less than one half comprise {PV P ) .e Since the tree

trunks are the largest wood components in the forest, they are the first to

be eliminated from {PV I . As the tree trunks are deleted from {pV } ,
pew Pew

the remaining woody components represent the smaller tree trunks and nearly

all of the branches. These components would appear to be oriented in a more

or less random fashion. That is, for frequencies above 500 MHz the probability

density function for the orientation of the canonical cylinders representing

{PV } is probably best described by a function which is uniform in the
p ew

upper hemisphere. In terms of the angles e and C , a hemispherically

uniform probability density function is given by

OSince cylinders have end-for-end symmetry, their orientation need only encom-
pass the upper hemisphere.
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s____ dd 0 < 0 < 7T/2
sine eo

27T 0 < • < 27

Pw(O,o) ded• = (20)

0 all other angles

Averaging (6) and (7) over the upper hemisphere using (20) yields the follow-

ing results for k arnd k h

kv z ko + k°{pV Pew (er-1)/6

S(21)
Sz k + ko{PVp} (E - 1)/6

P ew

since lel >> 1 for wood in the range of frequencies of interest to this

study. Comparing (21) with k and kh for a skewed orientation density

function, i.e. (13) and (14), shows that the uniform orientation density gives

rise to a smaller value of k and a larger value of k hv

The above expressions are valid for those constituents of a forest which

can be canonically represented by cylinders. They can essentially be used

for all the woody parts of a forest and the needles of pine, fir, or spruce

trees; they cannot, however, be used for leaves. We assume that the effects

of the leaves can be computed independently and then added to (21) in order

to arrive at the net effect of the wood and the leaves. It is not necessary

to account for the leaves below about 500 MHz because they comprise such a

small effective fractional volume {pVP I relative to the wood. As noted

previously, the leaves are modeled as very thin discs which need not be cir-

cular. In the quasi-static limit, if the incident field is parallel to the

flat face of the disc, the internal field is equal to the incident field. If

the incident field is orthogonal to the flat face of the disc, the internal

field is equal to the incident field divided by the relative dielectric per-

mittivity of the leaf [8). The geometry of the disc representation of the
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TA.

leaves is shown in Figure 2. Recognizing that the unit vectors 8 and

are parallel to the flat face of the thin disc while P is perpendicular to

the face, we can proceed exactly as with the cylinder to determine the average

internal field. It should be noted, however, that there is a distinct dif-

ference between the internal fields in a disc and a cylinder, for a disc the

0 and S-components of the incident field couple strongly to the internal

field while for a cylinder it is the P-component of the incident field that

exhibits a strong coupling to the internal field.

If the incident field is z-pclarized (vertical), the internal field is

given by;

= mi [cose P - sine (22)

and if the incident field is y-polarized (horizontal), the internal field is

given by;

Ei = Ei [sinL cos- r + cosO sin* + cost $] (23)

where Ei is the amplitude of the incident field. Converting (22) and (23)

back to cartesian coordinates and averaging over all orientations, assuming

all orientations equally likely, i.e. equation (20), yields the following

relation for the average internal field;

-+ (1 2)i
<E > =j + (24)
i \3Cr 3

for a z-polarized (vertical) incident field and

-r*
<Ei> + .E (25)

for a y-polarized (horizontal) incident field. Substituting this result in

(2) and then into (1) results in the following propagation constant for the
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Figure 2 Coordinate system and geometry for thle canonical

model of leave,.. Note that the leaf need not be

a perfectly circular disc, but may iave an arbitrarily

shaped broadside cross section.
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average field propagating through leaves only;

k k +kpV (gr - 1)/3 (26)

where {PVp} ie the effective fractional volume occupied by the leaves
P ek

and c is the permittivity of the leaves. If it is assiuned that the effectsr

of the leaves and the woody components of the forest add independently, equa-

tions (21) and (26) car. be ccmbined to yield the following result for the pro-

pagation constant above 500 MHz;

k 0 (C r - 1) [tPV}/6 + [nVP}/3] (27)

where it has been assumed that the permittivities of the green wood and the

leaves are esseuitially equal. It should be noted that for equal effective

fractional. volimes of wood and leaves, the leaves have a greater effect on the

propagation co'istant of the coherent field. This is a consequence of the man-

ner in which the incident field couples to the internal field.

In the above derivation, we assumed that the normal to the flat face of

leaves in a forest was uniformly distributed in orientation over the upper

hemisphere. In certain situations this assumption may not be completely valid.

Leaves orient themselves in such a manner as to intercept a maximum of solar

radiation. Thus, leaves on trees at the edge of a forest tend to be tilted

at an angle of 7T/4 or more with respect to the vertical. Inside a dense

forest, the leaves usually intercept maximum direct solar radiation when the

sun is overhead. Thus, these leaves tend to have their normals oriented per-

pendicular to the ground. In this case the density function for the orienta-

tion of the normals to the leaves flat faces will be skewed toward the vertical.

If we use a skewed (toward the vertical) density in computing the average in-

ternal field, the average internal field for horizontal polarization will
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exceed that for the vertical polarization. Consequently, the attenuation con-

stant for the average horinontally polarized field will be larger than that

for the vertically polarized field; how much larger will depend upon how

skewed toward the vertical the density function is. The important point is

that for very dense forests, one may find the attenuation rate of the hori-

zontally polarized field to be slightly larger than the vertically polarized

field. It should be noted that Jansky and Bailey [1.5] did find a reasurable

(but small) difference between the attenuation rates for the two polarizations

above 550 Mlhz and in the jungle. Furthermore, they found the horizontal field

attenuation rate to be larger.

3.2.2 Inclusion of Scattering Losses

It should be noted from the expressions for the average propagation con-

stant, e.g. (13) and (14) for frequencies below about 500 MHz and (27) for

frequencies greater than 500 MHz, that the imaginary part of k is entirely

dependent upon the loss factor c " of the complex dielectric constant. Thatr

is, if the material comprising the particles or objects in the medium is loss-

less then Im(k) = 0 and there is no attenuation of the average or coherent,

field. This, of course, is a physical absurdity that is a direct consequence

of the Rayleigh or quasi-static approximation for the fielc inside an object.

It is a mathematical oddity that is well known and is also well understood

[1, Vol I]. If one is only interested in the scattering cross section of a

Rayleigh object, it is also easy to overcome the limitations of the quasi-

static approximation [1, Vol I]. However, for the problem addressed here, we

need to obtain a better approximation for the internal fi,11d than is provided

by the quasi-static technique. This makes the problem simewhat more diffi-

cult and we therefore present a rather detailed approach below. It should be

remembered that we are trying to obtain a first order ccrrection field (to
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the zeroth order quasi-static approximation) which will yield a non-zero

value of Im(k) as the dielectric loss factor of the perturbing objects goes

to zero, i.e. " -+ 0

We take the incident field as follows;

E E e (28)

where E is the complex amplitude and & is a unit vector indicating the

polarization of the incident field. It is first: necessary to obtain the field

inside an arbitrarily oriented cylinder (the canonical model of the wood !.n

the forest). This !s accomplished as in Section 3.2.1; the incident field is

expressed first in terms of unit vectors along the axis of the cylinder (•)

and orthogonal to the axis (0 and P), i.e.

E-E °)+ ) ( p$)$]

The zeroth order or Rayleigh approximation to the field inside the cylinder

is given by

S=E + -:-.. (•. ) +
0 + $

or

E E (29)

where

2i

(^.A)^ + _-/--i L(_.) + (A-)_ (29a)
r +

Since r , 0 , and c change direction with the angles defining the orienta-

tion of the cylinder (0,•) , it is necessary to convert (29) back to the

cartesian unit vector base; that is
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E E -+ + Z (30)

Equation (30) represents the field inside the dielectric cylinder to the

order of approximation inherent in the Rayleigh or quasi-static approximation,

i.e. the zeroth order approximatioaL. It is known that this zercth order field

is only approximate since if c " , 0 the forward scattering theorem (1, Vol I]
r

predicts a zero scattering cross section. The problem is that the Rayleigh

approximation ignores a small field component inside the cylinder which is in

phase quadrature to the field given by (30). In the limit of C "- 0 , the
r

zeroth order or Rayleigh approximation for the internal field is real and the

correction field is purely imaginary. This correction field gives rise to the

non-zero scattering cross section of the cylinder which may be determined by

the forward scattering theorem. In order to properly account for scattering

in the results obtained in Section 3.2.1, it is necessary to obtain the small

correction to the internal field for the cylinder.

If 6E is the correction field, then the first order approximation to

the field inside the cylinder is given by

E + 6-E
1 i

or

+~~~ ~ ~ ~ [(ý+6/)-]^ 31)

The scattering pattern of the cylinder with (31) as an internal field is given

by the following [1, Vol I];
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p. oC 1 E/-) exp (J• k ÷r') ~' (2f(, f (:S rA)1 47+ r1s . 4• J s~ ~ -Erl xpikr ) dr (32)

V
p

where k - 2,rr/X , Pk is a unit vector in the direction of scattering,

kk ý k is a unit vector in the dire(.tion of incidence, and dr
s o s i

is a differential volume element inside V . Assuming that V is so smallp P

+I
that Ei / E is constant and

exp (j k *r' ) 1 15

then

k2f~S2 ' (E .1v[2x XF/](3i -4l)Vp ks £s i E(3

According to the forward scattering theorem, the total cross section t

is the sum of the absorption and scattering cross sections, a and, a 9a s

respectively, and

=( -- = + 4Gs Im (^, )e- (34)Ot a s k- i
0

The total cross section averaged over all possible orientations and random

dimensions of the cylinder is < t> where

t> = < > + <{ > LI Im ?kf,(k ,k )>- e} (35)<t a S ki i

Assuming that the orientation and volume of the cylinder are independent ran-

dom variables and substituting (33) in (35) yields

a > + <o > - k <V > Im (C -1) [-kxi x <•ii1/101 e) (36)
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In Section 3.2.1 it wag shown that the cross polarized components average

to zero, thus KE'I/E> is in the direction of • and

( IE> = [ 1 /Ege> + <6 E/ E. 9>]e

Ai

or using (29)

KE/E> [ a>+ Kst/E e>] e (37)

Sil×ce -k [ ] e (k 1ke) and because the incident field is orthog-

onal to the direction of incidence (Q." = 0) , (36) reduces to

< > + <a > = - k 0 <V > Im ((r-l) [•.1 + <K6/E >1) (38)

where • is given by (29a).

The definition of <a a> is as follows;

<a > = k ElEAEl d (39)
a o 

dvI

however since

+1 00 ÷o
Ei = Ei + 6EE Z E (40)

it can be shown by using (40) in (39) that

<a > =-k <V > Im {(r-1)Kt.>} (41)

The proof of this statement is given in Appendix B. From the expression for

- (the equation (29a)),it is noted that for either jc +11 >> 2 or

F >> r the normalized field • is predominantly real. Coasequently, the
r r
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normalized correction field 6E in (38) must be nearly pure imaginary be-

cause it must be in phase quadrature to • . Using this fact and (41) in (38)

shows that

<a > k <V >(r' -1) Im{ <6iE/E (42)

because JE; { ,/E - 6> } is real. We can determine o6 IE* E > from

(42) if we have an alternate evaluation of <a > . The alternate expressions

for <Y > is given by

<Cs > I <If(kki) 1 2 > d (43)

4T

where d2 is the differential solid angle centered on the direction k
s s

In the computation of (43), we ignore the contribution of the correction field

since it is assumed to be small with respect to the zeroth order field, see

(40). Using (31) in (33) results in the following

2

÷^ ~~[ ^ ^s÷÷fisAi r •- (€~ ) Vp{ (. )[I-ks ×~ ( )] + (•'Y) [-.s x (•sx%]

f~ k) Z- (P- -l -^) Y

or

2k 0
--kk - 1) Vp{ R x k kSx)] +0

+ (t.^Z) [^ - ^k (Z.*2)I (44)
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2
The function Ifi can be simplift.ed somewhat if it is realized that the fol-

lowing identities hold;

S)- k1 - (ks' Si

[fl-ks -k TIi'kk ". k _ .ý- (• '
k s J s) - - cosxs1 cosxSj

AA A Awhere n i represents any of the lnit vectors x, y, or z and Ksi is the

angle between Ti and ks " Thus, 1fl becomes

S~4
k 4 2 2 9 2

.12k2 + 1_Ysin2 X sIn2Xf (47T)2 IE:r " i p i.2sin')( sx si [SyY + l..sin2X.,

- 2Re [( x )('y)] cosx cOEX - 2Re [(ox)(g.)] cosxsx cosxs"
->SX ^ "5

-2Re [(k.)(E.z)] cOSX cOsx S (45)

Substitution of (45) in (43) anJ integration over the 41r sol .d angle causes

the cos(.) cos(.) terms to go to zero while the integration :)f the sin 2(.)

terms will yield 87r/3 . Thus, the average scattering cross section is given

by

< j>= Ky>r 1 1 <ix2I y(6
s ( 3) (47)0 -IZ.x 2 + r+ >46

From equations (29a) and (30), it is noted that

1-12 + .•yj + 1-1,12 = I.. + 1 2 12 { -. @12,_ Ij.$•1}

r

where e is the polarizatior direction of the incident fielc. Thus
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<aO> (3L _2. KL ! 2 1<1-.+12> + 2 2 [r 12> + <jAqj 2>1
(4x-) • •' r ~•,

(47)

and the alternate expression for <a > has been found.5

Equating (47) to (42) yields

;/*,AN ( 3 ~v 2 > I 2 (*)2+ 2 2 <^$2
~jE~ 3/ (47T) 2<V > (C >-1 r +1

p r

+ 2 )

or since 6c/E is pure imaginary

k8f k 3 <V 2 > kr 11 2 ? /9 2 12 [(02
=/-- OD 03 24r)V ( -1 ~xe r) -> + 1-

p(47)2<Vp> (Er +1

+ e K(. >1) (48)

Equation (48) is the expression for the average correction field that must be

added to the quasi-static internal field in order to obtain the proper aver-

age scattering cross section of the cylinders. It should be noted that this

field goes to zero as k -> 0 as it must since in this limit only the static0

field remains. The total average first order approximate field ,inside the

randomly oriented dielectric cylinder is given by combining (48) with (29), i.e.

< " = E <(eAr)2> + 2+1->(--

r

-flS '2> + 2 + <(^.$2>]

(4Tr) 2<V > ( - +1
pr (49)
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It is important at this point to determine under what conditions the average

correction field is small compared to the zeroth order average field. Ignor-

ing terms the order of 1/cr in (49), since E is large, results in the fol-

lowing criterion;

- r - . <<

(Onr)2 <V > (E: r IP

or

47 + rf2

4 2 - 1) 2 < 1 (50)3 '<V > I• - )
o p r

This is the criterion that must be satisfied by a small cylinder if the Ray-

leigh approximation is to hold.

If (49) is now substituted into (1) of Section 3.2.1 for <El.e> and

A +j*"with <E *e> = <E .e> , the following result for the propagation constant of0

the average coherent field is obtained;

{2 2
k 2 - ko2  i - {p<V >) (Er-1) F(e. r)2> + 2 re0 1 2 <(e-$)_r+ _ >

0 (P ew r r -r-1 Cr + 1

k 3+V 2 > -l 2 1 2 1 12

:e r+ 1 +( (51e-0

rr
+1 <V> (g-2 1)] (51)^)\2 ..

Ignoring terms the order of 1/c and 1/c 2 relative to one yieldsr r

k2 Z k 1 - {(<Vp<}e(r - 1) (e.r)2> + j o6<vV > .... (,- I )-

pr
(52)
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The imaginary term in (52) represents the contribution due to scattering.

Unfortunately it is difficult to evaluate for a forest because we only know

{p<V p>} ; however, if we take it to be small relative to one then we will
Pew

have satisfied (50). Thus, if we take

0 < V p > .r o.1 (53)

67<V > (C' -1)
p r

then the average correction field will be small compared to the quasi-static

internal field and the analysis will be self consistent. Substituting (53)

in (52) yields

--k 2 1l - {p<V >} (E 1.]) K .)2> (1 + j/10)' ~ (4

r (54)

The imaginary part of the propagation constant determines the attenuation

rate of the average coherent field. From (54) it is given by

Im(k) z 1 k {P<V >w <.A)2 )Lr' + (^r -i)/i0] (55)2 0 P ew

Of particular note in (55) is the fact that the contribution to Im(k) from

the nonzero scattering cross section of the cylinder depends upon the real

part of the dielectric constant or 6 r . It is also possible that the scat-

tering contribution is larger than the absorption effects, i.e.

(C ' - 1)/10 > Er"
r r

This result, however, in no way violates (53) but is simply a condition involv-

ing the relative magnitudes of the real and imaginary parts of the dielectric

constant.

For frequencies below about 500 MHz, e.4)2>= 1/2 for vertically

polarized fields and <(K.4)2> = 1/4 for horizontally polarized fields (see

Section 3.2.1). This difference is due to the dominance of the (vertically
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oriented) tree trunks. For frequencies above 500 %Itz, the dominance of the

trunks disappears and e( r )2> = 1/3 due to the branches. In this fre-

quency range, the effect of the leaves must be included also. The above field

perturbation analysis applies to the disc representation for the leaves except

,.> e is replaced by the sumi e+ eý = 2/3

thus, the imaginary part of the propagation constant including wood and leaves

is given by

Im(k k + P {PVp} } (56)

This section has presented a very detailed derivation of how the quasi-

static average field inside a Rayleigh particle having a random size and ori-

entation can be corrected to properly reflect the non-zero scattering cross

section of the particle. Unfortunately, the result of this correction and its

impact upon the propagation constant of the average coherent field, (52),

gives rise to a dependency upon characteristics of the foliage constituents

2which are not normally known, i.e. <V > and <V > . However, by requiring
p p

the correction field inside the particle or foliage constituent to be one-

tenth the quasi-static or Rayleigh field, it is possible to obtain a relatively

simple result for the effects of particle scattering upon the propagation con-

stant of the average coherent field. By approximating the internal correction

field as one tenth the zeroth order field, we are certainly making a gross

assumption. However, the assumption is consistent with the Rayleigh-Effective

Volume (REV) model and it does lead to a simple result which can be compared

with measurements.

3.2.3 The Effective Fractional Volume Of Foliage

The Rayleigh-Effective Volume (REV) model equation. for the propagation

constant of the average or coherent field were developed in the previous
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section. In order to evaluate this model one must know the complex dielec-

tric constant of green wood and the effective fractional volume of the wood,

{pV } , and the leaves, {pV } , comprising the foliage in a forest. This~ew Pe

section will be concerned with estimating the effective fractional volume of

wood.

The effective fractional volume of the wood or needles in a forest com-

prises those cylindrically shaped components having a diameter to free space

wavelength ratio of less than one half, i.e. D/%0 < 1/2 . This particularO

criterion is based upon the experimental results presented in [6]. The esti-

mation of {pVP I as a function of D/X is a most difficult task because~ew0

there are no extensive foliage measurements which directly apply to this prob-

lem. However, using some limited data on the percentage volume of wood of

greater than 7 cm in diameter as a function of tree height [7], forest stand

table data, and a model which we developed for estimating the total fractional

volume of wood (see Appendix C) it is possible to estimate the behavior of

{PV } as a function of D . A detailed description of the estimation tech-P ew

nique is given in Appendix C along with details of how it might be applied to

any forest. The results of this model and data are shown in Figure 3. The

vertical axis is the effective fractional volume of the foliage remaining

after all components of the forest having a diameter greater than a point on

the horizontal axis are removed. Using the criterion of D < 0.5 X , the

horizontal axis has also been converted to frequency. Thus, for a specified

frequency this fixes the point on the horizontal axis and one moves up verti-

cally until the curve is intersected; the value of {pV } at the intersec-P ew

tion is the effecti-e remaining fractional volume for the specified frequency.

When the curve flattens out, this indicates that all components of the forest

satisfy D < 0.5 % and the value for {PV } is then equal to the total
04 Pew
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Figure 3, Trhe effective fractional volume (if the woody componen-ts

of a forest based upon the criterion of )/X, 0,: 0.5.
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fractional volume of the wood. It should be noted that we have developed the

model for this curve to the point where we can estimate its shape based upon

conventional forest stand table data. The curve will certainly change based

upon the primary constituents of the forest, i.e. a small number of large

diameter trees or a large number of small diameter trees. It should be empha-

sized that the curve in Figure 3 is based upon forest stand table data taken

from a site in the Clear Creek Forest Experimental area in Anderson County,

Tennessee. This site was described as a "fair" quality site with approximately

15 year old dominant tree growth comprising 60 square feet per acre of basal

area density. A total of 1154 trees were counted to form the stand table data.

The species of trees in this area were as follows; oak, yellow poplar, dogwood,

and a few pines. We will use this curve to obtain estimates of the behavior of

!m(k) as a function of frequency in our model comparisons with measurements

(see Section 4.2). However, if stand table data for a forested areaare avail-

able, the techniques presented in Appendices C and F should be used to gener-

ate the appropriate equivalent of Figure 3. We did not do this in our com-

parisorns because there were no stand table data reported with the propagation

measurements.

Figure 3 shows that {pVp} decreases as the frequency increases; thus,
Pew

according to (55) and/or (56), the attenuation constant resulting from this

model will increase it a less than linear rate with frequency. That is, since

both Im(k v) and Im(kh) depend upon k {0pV PI , the increase due to kv ew 0

is partially offset by the decrease in {pV } as the frequency becomesP ew

larger.

It should be noted from Figure 3 that at a frequency of 500 MHz only

about 1% of the total fractional volume has been eliminated from {pVP Iew

According to the REV model, 500 MHz is the frequency at which the large tree
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trunks are no longer effective in the attenuation of the coherent field. How-

ever, we should expect that the large tree trunks comprise more than 10% of

the total fractional voluwe occupied by the woody components; thus there ap-

pears to be an inconsistency between the REV model aid the approximate physi-

cal foliage data in Figure 3. This paradox may be due either to the approxi-

mate nature of Figure 3 or it may be that we have overestimated the amount of

vertical structure that has to be eliminated from (pV } before the reinain-P ew

ing woody components appear as randomly oriented cylinders. It may also be

possible that Figure 3 should be based upon the more rigorous Rayleigh cri-

terion involving the dielectric constant of the material, i.e. k D«<< I
o r

If, for example, this criterion were used to develop Figure 3, it would be

found that for c r z50 and at 500 MHz, {pV I only comprises ten percentfoundthat or Prew

of the total fractional volume of wood. In short, essentially no woody com-

ponents of the forest are Rayleigh scatterers or absorbers and, in fact, nearly

all components are sufficiently large in terms of a free space wavelength to

be considered electrically large. *This would explain the polarization insen-

sitivity above 500 MHz because electrically large objects have scattering and

absorbing cross sections which are equal to the geometric cross section of the

object irrespective of polarization. We reject this logic for the following

reasons. First, the transition frequency between polarization sensitivity

and insesitivity should be a function of the dielectric constant t ', i.e.r

because of the criterion k 47T D << 1 . However, foliage propagation mea-
0

surements in Asian jungles [15] and western hardwoods [9] indicate that the

transition frequency does not change with dielectric constant. Second, if the

great majority of the woody components are electrically large, the attenuation

constant should be independent of frequency (see Appendix A) yet total average

power measurements do not show this. Finally, if the great majority of the
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woody components are electrically large then the attenuatiorn constant should

be sensitive to the presence or absence of leaves and Trevor's measurements

[9] at 540 MHz do not corroborate this hypothesis. Thus, we do not feel that

the "large body" hypothesis is a viable !iternative to the REV model and the

inconsistencies between the REV model aid Figure 3 are due to factors which

we have yet to understand.

Unfortunately, we were not able to generate a curve similar to Figure 3

for leaves for two reasons. First, ve do not have a size criterion to clas-

sify the leaves as Rayleigh scattereis such as the case with the woody com-

ponents. Second, we found no data on leaves which could be used to estimate

Figure 3. Thus, for the remainder of this report we will ignore the effect of

the leaves on the attenuation constant of the coherent field. Fortunately,

we can estimate at what frequency the leaves should start to be significant

in their effect upon the attenuation constant. We know that leaves comprise

no more than 10% of the total fractional volume of a forest. According to

Figure 3, {pV p} is down to 10% of its maximum value at about 3 GHz.
Pew

However, according to equation (56) the effect of the leaves is magnified by

a factor of two relative to the woody components. Thus, as a crude estimate

we should expect the leaves to become significant at about 1.5 GHz. This fre-

quency should be considered to be a crude estimate because the accuracy of the

curve in Figure 3 is certainly open to question above 1.5 GHz.

3.2.4 The Dielectric Constant And Loss Factor For Wood

Ine. remaining unknowns in the Rayleigh Effective Volume (REV) model are

the dielectric constant E ' and the loss factor c" of live or green wood.
r r

A very comprehensive discussion of this topic is presented in Appendix D. The

purpose of this section is to summarize the parts of Appendix D which are

directly applicable to the propagation problem.
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Figure 4 is a sketch of a section of trunk or branch of a tree; the pur-

pose of this sketch is to define some nomenclature that is often encountered

when dealing with dielectric constant measurements of trees. There are three

primary directions that are used when referring to the dielectric constant of

wood; longitudinal is equivalent to the z-axis of a cyliodrical coordinate

system, tangential is equivalent to a tuit vector in the 4-direction, and

radial corresponds to a unit vector in the a-direction. The term parallel

orientation is also used and this corresponds to the longitudinal direction

while perpendicular orientation corresponds to any combination of radial and/

or tangential directions. The terms perpendicular and parellel are obviously

referenced to the direction of the wood grain.

Green wood is characterized by extremely large values of permittivity and

loss factor at low frequencies. This unusual behavior is not well understood

but is thought to be related to the complex molecular structure of cellulcse

and water and the manner in which they combine in wood. It is diffucult to

obtain dielectric constant measurements of wood in a natural state and many

of the reported results have started with dried wood and they injected pure

distilled water into the dry sample. How well these results predict the

dielectric constant for natural wood is not known.

Figures 5 and 6 show measured values for the real part of the dielectric

constant for the electric field oriented parallel and perpendicular to the

grain, respectively. Broadhurqt's [11] measurements were performed on cut

samples of poplar having different moisture contents while James' [12] results

were from dried and then water soaked samples of oak and Douglas fir. Of par-

ticular note here are the relatively large values of permittivity and the fact

that it is relatively constant over the frequency range of interest to this

study. Figures 7 and 8 present corresponding results for the loss factor
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TangentialII

Figure 4. Schematic repr sentation ,f a tree trunk, branch or
twig defining commonly userd directional nomenclature.
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The variation of the loss factor with frequency shows an upturn neer 1 GHz for

Broadhurst's results while James' measurements indicate an upturn near 10 MHz.

It is felt that Broadhurst's measurements are more representative of natural

wood.

Figures 9 and 10 present estimates of the possible range of permittivity

for hardwoods and softwoods as a function of frequency for parallel and per-

pendicular orientation, respectively. The range of values given in these Fig-

ures are primarily for summer months. For winter, the permittivity will de-

crease but it is not completely known by how much.

Variation of the loss factor with frequency, time of year and tree type

is less well known. For frequencies below 10 MHz, the loss factor is domina-

ted by ionic conductivity due to salts and other minerals in the tree sap.

The variation with frequency appears to be something like 1/f , but this

depends to a degree upon the density of the wood. That is, there is also

some effect resulting from high frequency cellulose relaxation loss. Above

10 i M§*zthe situation becomes more complex due to the comdined effects of con-

duction loss and dipolar or Debye relaxation loss. The complexity is a result

of the effect of impurities in the water and changes in the Debye effect re-

sulting from mixing water and wood. These factors can give rise to the fol-

lowing changes in the Debye relaxation curve; a shift in the center frequency

of the Debye curve, possible multiple resonant-like losses due to the cellulose-

water mixture, and a reduction in amplitude and spreading of the basic Debye

curve. The situation is further complicated by the fact that there are few

measurements of the loss factor in the frequency range of interest to this

study; almost none of the limited measurements reported were performed on

true green wood, and some of the measurements are contradictory. For example,

in Figures 7 and 8 Broadhurst's measurements hint at a normal Debye-like
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relaxation loss but his measurements do not go high enough in frequency to

completely validate this hypothesis. James' measurements, on the other hand,

indicate the initiation of a relaxation type loss at a much lower frequency.

Trapp and Pungs [13] cloud the issue further by reporting significantly lower

values of loss factor for fir wood.

The above inconsistencies have forced us into a very careful review of

the measurement procedures employed in these experiments. It is our opinion

that Broadhurst's results are most representative of the true green wood.

This opinion is based upon his use of green wood in his experiment and his

very scrupulous attention to the error sources (and their minimization) in his

experimental apparatus. Based upon Broadhurst's measurements, we are pres-

entiy using the following relation to estimate the loss factor for wood;

,, A B(f/f )
•r f096 +(57)

r fO.9 6 + 1 + (f/f )2
c

where

1.5 x 109 (Electric field parallel to grain)
AZ8

4 x 108 (Electric field perpendicular to grain)

and

20 GHz for summer (25%C)
f=

c
10 GHz for winter (0Q)

The factor B r2presents a modification to the magnitude of the basic Debye

relaxation loss; it has been assumed that any spreading of the Debye loss is

negligible. The data that we used to construct (57) is definitely limited

(see Appendix D); these data do however indicate a unique relation between

B and the product PP where 1i is the moisture content of the wood and p
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is the density or specific gravity of the wood. The product ýIp is also some-

times called the water volume ratio. A plot of our estimate of the relation-

ship between B and Pp is shown in Figure 11.

It should also be noted that isolating winter effects to only a change

in the Debye frequency is very approximate. During extremely cold periods

where the temperature is below freezing for a long time, B should also de-

crease. In fact, if the moisture in the tree freezes, B should approach

zero since ice does not exhibit a high frequency Debye effect.

A plot of (57) using the B curve in Figure 11 is shown in Figure 12.

The dip in the vicinity of 1 GHz is the transition between conduction loss

and Debye relaxation loss. Since the curve is based upon Broadhurst's mea-

surements, it should be most representative of poplar trees. Hardwood trees

will probably exhibit greater loss factors at the low end cf the frequency

band in Figure 12 due to their higher density. Pines, firs and other needle

bearing coniferous trees may have a larger Debye loss due to their increased

moistuve content. At this time there is very little data for extending the

results in Figure 12 to a wide variety of trees.

It should be noted that Figures 5 - 8 are presented as a function of the

orientation of the incident electric field with respect to the wood grain,

i.e. parallel or perpendicular. James, in his measurements, observed this

convention. Closer examination of Broadhurst's measurements technique indi-

cate that he deviated from this convention. Instead of aligning the grain of

his sample parallel to the electric field, as stated in Figures 5 and 7, he

aligned it so that the electric field was in a combination of longitudinal

and tangential directions. For the perpendicular cases in Figures 6 and 8,

his sample was aligned in the radial direction. Since we have used his mea-

surements to estimate c " , all of our model results are strictly only
r
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applicable for the electric field in either the longitudinal./tangential direc-

tion or the radial direction and we have so labeled our curves. However, we

feel. chat the Icongitudinal/tangential direction is most nearly equivalent to

theý parallel orientation while radial is closest to the perpendicular orienta-

tion.

3.3 REV Model Calculations

Each of the previous sections of this report have dealt with certain

aspects of the model for the propagation constant of the average field propa-

gating through a forest. Although this degree of detail was necessary, it

also tended to obscure the end result of the study. The purpose of this sec-

tion is to combine all the aspects of the model to illustrate the type be-

havior of the attenuation constant that is predicted by the model. For these

results, Figure 3 will be assumed to accurately represent the effective frac-

tional volume of the wood in a well developed forest. Figure 12 will also be

assumed to be a reasonable representation for the loss factor of the trees in

the forest.

If one ignores the change in probability density function for the orien-

tation of the cy1inderý: representing the wood for frequencies greater than

500 MHz, the atteauation constants due to absorption only for vertical and

horizontal polarization are given by (13) and (14) or

1. IIm (k,) = U'k 0 {PV }

v 4or Pew

(58)

im(kh) k c PV
8 r ew

The model contained in (58) is interesting because it illustrates what would

happen if theie were no change in the orientation statistics as {PV } de-
Pew

creases. The inclusion of absorption effects only means that the results can
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be compared to total power measurements [1]. Figure 13 is a plot of (58)0

as a fuiction of frequency, polarization, season, and parallel field orien-

tation. The flatness of the curves at the low frequency end results from the

inverse dependence of E:" on frequency (see Figure 12). Thie cusps around
r

400 MHz represents the onset of {pVp}ew decrealng. The increase in the

attenuation beyond I. GHz is a result of the product k P " increasing at a
o r

faster rate than {pV } is decreasing. Figure 14 shows the attenuationP ew

constants for the electric field perpendicular to the wood grain. Vor the

perpendicular orientation, the attenuation constant starts off smaller but

rises faster so that near 10 GHz both orientations are comparable. It is

interesting to noce that seasonal effects are most p-edoutinant beyond I GHz;

this is a consequence of the temperature effects on '-he moisture dependent

dielectric losses and is not related to the presence or absence of leaves.

It is wise at this point to reemphasize the frequency iiOritations of the

model. For leaf bearing trees the model is probably not accurate beyond 1.5

GHz. This is because at 1.5 GHz the "magnified" fractional volume occupied

by the leaves, see (56), is comparable to the effective fracticnal volume of

the wood and the model does not account for the leaves. For needle bearing

trees such as pine, fur and sprv'ce the model should be good up to 10 GHz be-

cause the needles can be accounted for by the canonical cylinder representa-

tion. However, 10 GRz is really stretching t'ie accuracy of the {pV P}ew

curve shown in Figure 3 and the basic assumptioas in the REV model. The actual

upper frequency bound on the model is probably most dependent upon when opti-

cal reflection and diffraction become important. At the present time, no

estimate is available for the frequency at which this occurs.

0The units of (58) are nepers/meter; conversion to dB/m is accomplished by
multiplying (58) by 8.686, i.e. 20 logl0 e
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Figurte 13. The predicted attenuation coastant for the average

coherent field oriented parallel to the wood grain,
and a skewed orientation of the woody components.
Only absorption has been included.
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Figure 14. The predicted atttdluation constant for the average

coherent field oriented perpendicular to the wood

grain, and a skewed orientation for the woody components.

Only absorption has been included.
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If (58) is corrected to include the change in probability of orientation

of the cylinders epresenting the wood, the following result is obtained from

(13), (14), and (21);

Im(kv) a .vk •" {PVP}
v vor P ew

(59)
Im(kh) = k E " {pV eh H o r p ew

where

1/4 f < 500 MHz
Ot :(60)
v 1/6 f > 500 MHz

and

1/8 f < 500 MHz

1/6 f > 500 MHz

Figures 15 and 16 show the behavior of the attenuation constants for parallel

and perpendicular field orientation with respect to the grain, respectively.

The only difference between these results and those shown in Figures 13 and

14 is the change in polarization dependence resulting from the deletion of

tree trunks from {pV p} and the subsequent uniformity in random orientation
Pew

of the remaining wood foliage components. It should be pointed out that the

transition region between 300 and 500 MHz was simply hand sketched since there

is no analytical description of this region. Also, in order not to clutter

the curve too much, only the summer value of the attenuation constant is showr.

The dip in the attenuation constant for vertical polarization and paral-

lel orientation near 500 MHz is intriguing in that it suggests that 500 MHz

may be a better choice than 100 MHz if lower loss is desired. However, it

must be remembered that these curves have been based upon a number of approxi-

mations and the dip may well reflect inaccuracies in these approximations.
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Figure 15. The predicted attenuation constant for parallel field alignment.

only absorption has been included.
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Figure 16. The predicted attenuation constant for perpendicular field alignment.

Only absorption has been included.
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The lack of a dip for perpendicular orientation may indicate that one must use

both orientations, appropriately weighted, to obtain the true polarization

dependence of the loss factor, This aspect of the problem has yet to be

studied. In any case, Figures 15 and 16 are representative of what the model

predicts when one only includes absorption effects. Consequently, the results

in Figures 15 and 16 should be comparable to attenuation constant data obtain-

ed from average total power measurements acquired at large separation distances

[1, Vol III.

The propagation constant for the average field in the foliage must in-

clude the effects of particle scattering. Thus, using (55) and the polariza-

tion dependent coefficients a v and oth for e(er) 2 >/2 yields the fol-

lowing result for the attenuation constant of the average field;

Im(k I = - (% k f{pVp} Ig' + ( 1 -) /10]

v v 0o ew rF~

Im(kh) = - ahkO {PVp}ew [}r' + ( r '- 1)/10] (62)

where av and ah are defined in (60) and (61). It is worth noting in (62)

that the scattering effects have the same polarization dependence as absorp-

tion and this is a consequence of the Rayleigh approximation. Figure 17 com-

pares (62) with (59) for parallel orientation; this illustrates that the inclu-

sion of scattering increases the attenuation. Figure 17 also indicates that

the most significant effect occurs near I GHz. This results from the decrease

in C " in the neighborhood of 1 GHz, see Figure 12, and the relative constant
r

value of r' ( 50) over the entire frequency range shown in Figure 17. Ac-r

cording to (62), the impact of scattering is going to be highly dependent upon

the ratio of permittivity to dielectric loss factor. This is also a direct

consequence of the Rayleigh assumption. The intriguing point of Figure 17 is
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Figure 17. Model predictions based upon absorption only and absorption

,plus scattering by the woody cylinders comprising the forest.
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that scattering increases the attenuation constant by no more than a factor

of two. Whether or not this is an accurate model of the actual propagation

situation remains to be determined. Unfortunately, there are no data to com-

pare the model with and there are no "rules of thumb" to apply to this situa-

tion. Certainly if the absorption only curve in Figure 17 compares favorably

with total average power measurements, then one should expect that the scatter-

ing model is also reasonably accurate. This is the case because the model has

been based upon a self consistent analytical development ana it is difficult

to see how one result of the model could be correct and another be grossly

in error. In any case, a final proof of the model must await the acid test

of comparison between theory and measurement.

4.0 MEASUREMENTS AND MODEL COMPARISONS

The previous sections have been concerned with the development of an an-

alytical model for the propagation constant of the average field in a foliated

environment. The true test of such a model is its agreement with measurements.

However, in all fairness to the model the measurements must also provide esti-

mates of the input variables to the model. In the past, these supporting mea-

surements have been almost nonexistent. Thierefore, all we can really hope for

in a comparison between theory and past measurement is a reasonable degree of

agreement and some logical retionale for large disagreements.

4.1 Review of Measurements

In addition to the above limitation, most past measurements were accom-

plished before propagation through forests was well understood. It is now

rcascnably well established that there are at least four mechanisms by which

energy launched at point A can be propagated to point B when either A or

B or both are immersed in foliage. At low frequencies the primary mechanism

is a surface wave which propagates along the foliage-ground interface. As
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the frequency increases, it is possible for the energy to be transmitted by

ionospheric bounce. Ionospheric bounce usually only occurs for large separa-

tions between transmitter and receiver and therefore need not be considered

for short transmission paths. As the frequency !.ncreases further, it is pos-

sible for a lateral wave to become the dominant mode of paopagation; the

lateral wave propagates along the foliage-air interface. Although much is

known about the lateral wave's characteristics [141, there are still some

gaps in the theory. For example, it is not really known at what frequency it

is no longer of importance and we do not know the minimum separation distance

necessary to support the lateral. wave. Finally, direct propagation through

the foliage is possible; this is the mode that we are attempting to model.

Even the measurement of this propagation mechanism is complicated because one

must realize the intermixing between coherent and incohei:ent fields.

The primary consequence of the above considerations is that one simply

cannot set up a transmitter and receiver, measure the loss, divide the loss by

the distance, and arrive at a meaningful value for the average attenuation

constant. One must not only tailor the measurement to isolate and identify

the mode of propagation but attention must also be given to obtaiating an ade-

quate statistical sample of the propagation process if average values are to

be meaningful. These are some of the criteria that have been used in review-

ing some of the past measurements.

4,1.1 Jansky and Bailey [151

Probably the most comprehensive set of measurements ever reported in the

open literature were accomplished by the staff of Jansky and Bailey in Thai-

land during the mid 1960's [15]. Not only did the measurements comprise many

frequencies but they also encompassed a number of other important variables

such as polarization, atitenna height, and terrain effects. The real worth of
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these measurements resulted from the experimental attempts to separate the

lateral wave from the direct wave. This was accomplished by measuring the

attenuation as a function of separation distance between the transmitter and

receiver. Since the "through-the-foliage" wave primarily attenuates exponen-

d-2
tially with distance and the lateral wave attenuates as d , it is possible

(though not easy) to isolate the two mechaaisms. This technique is especi-

ally important in the frequency range of 100-500 MHz. Unfortunately, their

analysis of the data and subsequent estimation of the attenuation coefficients

appear to be in error by a factor of 8.686 for the 100 KHz to 400 Miz data.

They assumed that the loss due to the direct path through the foliage

was given by

L =-20 logl A e- 1609 xd
LD = - 20 d~l

where LD is the loss in dB, A is a constant, a is the attenuation con-

stant in dB/m and d is the separation distance in miles. The factor 1600 is

the constant necessary to convert d from miles to meters so that it is dirni-

sionally compatible with cL , i.e. I mile = 1.609 meters. The units of a- as

it appears above are not dB!m but rather nepers/m; thus the valties repOrted

by Jansky and Bailey should be multiplied by 8.686 to obtain the att,,luation

constant in dB/m. Table I !hows the corrected value,,, ot A a• a fuizicttio ol

frequency and polarization. The results -tported by lansk. ind Bailev al.",

indicated that the transition from the Lhrough-the-foliage roaodc to the -ii, ra,

wave mode occurred at about 80 to 160 nWter!; separatioti distanc-c tletwevil tilt,

transmitter and receiver. The larger separation distance iorrvep ndted to tihl

lower frequency of 100 MHz. These results are imp,)rtant brcaul;:' they indikcat..

that the lateral wave can become important at much shorter distances tt , alt-

alytical estimates predict (14].
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Although the lateral wave pvopaga:les primarily along the foll ige-air

interface, it does encouncer some "through-the-foliage" attenuation in pro-

pagating from the transmitter to the interface and from the interface to the

receiver. Tamir [14] reported values of the attenuation constant for this

"through-the-foliage" path taken by the lateral wave. These data were report-

edly obtained from one of the Jansky and Bailey interim reports and are repeat-

ed in Table II for the frequencies of interest to this study. The disturbing

points of these data are that they are significantly larger than the results

in Table I and they do not show the same polarization dependence. It could

be that the values in Table II represent the attenuation constant for the

average coherent power whereas the Table I values correspond to the attenua-

tion constant of the total average power. Since the attenuation of the co-

herent power depends upon absorption and scattering while the total power only

depends upon absorption, the results in Table 11 should be larger than those

in Table I. However, the differences appear to be too large to be self-

consistent. That is, if the frequency is 100 MHz and we assume the tctal

through-the-foliage path length for the lateral wave Is 100 m for example

then the average coherent power will suffer 10 dB (vertical) and 7,5 dB (hori-

zontal) attenuation due to The foliage. The total average power, according

to the results in 'Table I, will only be attenuated by 3.9 dB (vertical) and

1.7 dB (horizontal) and the received power should therefore be dominated by

the lower absorption losses. Thus, it is difficult to understand how the re-

sults in Tables I and Ii can be compatible, and it appears that the results

in TabJe IT are somewhat too large. This point certainly bears further in-

vestigation.

The Jansky aad Bailey report also contains attenuation constant data for

the frequency range of 550 MhNz to 10 (;Hz. Smoothed estimates of their

76



TABLE I,

Correct'iJ Attenuation Constant Data From Jansky and Bailey

Frequency U Ot
(Miz) POLARIZATION nepers/meter dB/wetr

100 V .045 .391

100 H .020 .174

250 V .050 .434

250 H .025 .217

400 V .055 .478

400 H .035 .304

WThese values were erroneously reptted bv Jan,,ky and Bailey
to have the units of dB/meter.

fABIE 11I

Attenuat ion Const int Obtained From ,]an.ky and Bal 1ey

Later'al Wave Data and Reported 1v Tnirir [141

Frequency I i
(Mtz) PO I Ar 17iati onjO (dB/m)

50 V .69

50 It .5b

100 V 1.3

100 It .75

250 V 1.08

250 11 1.04
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measurements are shown in Figure 18. Area A was characterized by dense under-

brush and a large number of double canopy deciduous hardwood trees. Area A

is also where the data in Table I were acquired. Area B i:: dominated by bam-

boo of various sizes ranging from sticklike to extremely thick clumps. The

attenuation data were acquired along three propagation paths in Area A and

four paths in Area B. Because of the limited number of measurements used in

coastructing the curves in Figure 18, it is not clear how representative of

the average attenuation characteristics of the foliage the data in Figure 18

are. Also, no histograms of the attenuation constant were presented in the

J.U,,ky and Bailey report.

4.1.2 Saxton and Lane [161

Probably one of the most oft. quoted measurements in the open literature

aru those presented by Saxton and Lane [161. Tlhe Saxtoni and Lane paper actu-

ally suntmarizes a number of measurem-onts which were obtained earlier but pri-

marily had niot been reported. 'l1le original Saxton and Lane paper should be

coUnsulted for the actual sources of the data.

One reported measurement was accomplished in the sunmmer with deciduous

trees in full leaf and at 540 MHz; through 85 meters of foliage, they found

the attenuation to be 0.18 dB/m and 0.2 dB/m for horizontally and vertically

polarized waves, respectively. Another measurement was accomplished through

"four rows of lime trees about 27 m high and with the trunks spaced about 6m

in both directions". In this case the attenuation results at 540 MHz were

0.15 dB/m for horizontal and 0.25 dB/m for vertical polarization. For the

same stand of lime trees at 1.2 GHz, the attenuation was 0.35 dB/m irrespec-

tive of polarization. Saxton and Lane report on measurements at 100 MHz

through several hundred meters of mainly deciduous trees in full leaf and

with some underbrush; the attenuation constant resulLs were 0.03 dB/m and



2 z C

cc C

LLJ

coz
-w Ci

wm o Dv-
d o 6 J

(W/8P N~llnN~il

79 '



'1

0.06 dB/m for horizontal and vertical polarization, respectively. Saxton and

Lane also summarized the measurements of McPetrie and Ford; for a frequency

of 3.26 GHz the attenuation constant was 0.63 dB/m irrespective of polariza-

tion.

The measurements reported by Saxton and Lane are accompanied by almost

no data on the physical characteristics of the foliage of which the attenu-

ation results are representative. Furthermore, no statistics on the attenu-

ation variation are given. Of particular concern is the possibility that some

of their measurements could be contaminated by a lateral wave contribution.

Based upon the results of Jansky and Bailey, the separation distances reported

by Saxton and Lane were certainly sufficiently large in some cases to support

a lateral wave; this is particularly true for their 100 MHz measurements.

4.1.3 Stutzman, et al. [6]

Recently Stutzman, Colliver, and Crawford [6] have reported on the attenu-

ation of Virginia pine trees at 10 GHz. Their measurements comprise very short

transmission paths, i.e. 5 meters, arid their purpose was to determine if a cor-

relation existed between the green weight of the intervening foliage and the

attenuation of the electromagnetic wave. The frequency they used is beyond

the range of interest to this study; however, we feel that our model may still

be applicable since the needles of pine trees conform to our canonical cylinder

model. More specifically, we hope to use their data to obtain a better esti-

mate of the B factor in the equation for the dielectric loss factor, see equa-

tion (57) and Appendix C.

Professor Stutzman has very kindly provided us with copies of their deta

and we have reexamined it. One discrepancy that we found in their reported

results [6] concerns their so-called correlation coefficient for attenuation

versus green or dry weight of the intervening wood. We assumed, based upon
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their discussion, that they were computing the correlation of attenuation as

a function of green or dry weight. However, the values that they reported

seemed to be much larger than one should expect based upon the scatter of the

data. Using the data provided us, we computed the correlation coefficient

for attenuation versus green and dry weight of wood and found significantly

lower values, i.e. in the range of 0.5 to 0.7+. The disparity appears to be

a result of a misunderstanding of the statistical computer program they used

to compute the correlation. Apparently what they really computed was a cor-

relation coefficient for how good a linear regression curve fitted the data.

We feel that the correlation between attenuation and foliage weight is much

more meaningful than the correlation of any fitted curve.

In any case, the most important result of their measurements was that

the attenuation was most highly correlated with those parts of the pine trees

having a diameter of roughly less than one half a free space wavelength. This

result lends very strong support to the model hypothesis that only the small

scale forest constituents are important to the attenuation process. Unfor-

tunately, no correlations were attempted with even smaller scale components,

i.e. D/X < 0.5. Another important point that is not completely clear in the
o

experiments of Stutzman, et al. is whether the data are representative' of the

coherent power or the incoherent power. Since they used relatively short

transmission paths, it is not at all obvious which component of power dominated

their results.

4.1.4 Georgia Institute of Technology [17]

The Engineering Experiment Station of the Georgia Institute of Technology

recently reported foliage attenuation measurements at 9.4, 16.2, 35 and 95 GHz.

In our opinion, the Georgia Tech measurements tend to raise more questions than

they answer. In the first place, they chose to redefine the foliage path
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length. That is, rather than use the total path length from the onset of foli-

age to the receiver or the reflector, they chose to use the portion of the path

that actually comprised foliage. The stated reason for doing this was that

it reduced the variability of the measurement. From a practical point of view

it is doubtful that one would ever have a reasonable estimate of how much of

the total path is actually obscured by trunks, branches, twigs and leaves.

On the other hand, one might have a good estimate of the mean height at which

the path length starts to become obscured by foliage. Also, the fact that

the attenuation has a great deal of variability associated with it is merely

a consequence of the statistical nature of the problem. This, in turn, means

that a lot of data are required if one is to obtain a low variance estimate

of the average attenuation. Thus, redefining the path length to reduce the

variability of the measurement helps neither the radar systems designer nor

anyone attempting to model the average scattering and absorption effects of

the foliage because it introduces a new path length which is probably not

known.

Another potential problem with the Georgia Tech measurements is the use

of a corner reflector for all of their two way measurements. The corner re-

flector is primarily an optical-like device which redirects the boresight

rays back to the transmitter. The effect of scattering and absorption by

the foliage which is off the axis of the transmitter-reflector combination

will probably not be properly addressed by this combination. Thus, if the

corner reflector were replaced by adlffraction limited receiving antenna or

a resonant scatterer, the result should be expected to be different. This

same limitation may also apply to targets which are characterized by sharp

edge discontinuities. The point of this discussion is that one must consider

the specific type of target when determining the impact of the foliage upon

its scattering characteristics.

82



4.1.5 Others

There are two more measurements of attenuation that should be noted.

Trevor [9] measured the attenuation of 152 m of hardwood forest w"it.h and wi,'h-

out leaves at 500 MHz and without leaves at 250 MHz. For 500 MHz and summeit

he found the attenuation to be 0.12 dB/m independent of polarization. For

500 MHz and winter, the attenuaticn was 0.09 dB/m independent of polariza-

tion. For 250 MHz and winter, the attenuation was 0.07 dB/si for horizontal

polarization and 0.09 dB/m for vertical polarization. Almost no details of

the measurement process or the statistics of the attenuiation were given. It

is not clear from these data whether the reduced attenuation in winter results

from the absence of leaves or the possible reduction in dielectric loss fac-

tor due to the lower winter temperatures. Furthermore, it should be noted

that the separation distance employed by Trevor is sufficient to support a

lateral wave. Thus, Trevor's measurements may well represent a mixture of

propagating modes and this may explain their rather low value.

Downey [18] employed transmissionE by the MARISAT satellite to obtain

estimates of the attenuation induced by a fcrest at 254 MlIz. Using a circu-

larly polarized receiving antenna ýo match the circularly polarized satellite

signal, he estimated the foliage induced attenuation to be 0.22 dB/m. Downey

obtained his data in forests comprising fir and oak trees accompanied by rela-

tively thick underbrush.

4.2 A Comparison of the Model with Measurements

Figure 19 compares the previously described attenuation -measurements

with the model predictions for absorption effects onljX (Figuies 15 and 16).

The theoretical curves are for the electric field parallel and perpendicular

to the grain and they use the loss factor versus frequency curves in Figure

12 and the effective fractional volume cuirve in Figure 3.
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Figure 19. A comparison of itdel predictions with measured results.

'11w model only includes ab-;orptive effects and is probably
most representative of pine, fir or spruce forests.
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This figure is included to provide some idea of how ihe model compares

with the measurements. It is also interesting to spt -ulate on the changes

that one might expect in the model to reflect the actual '*orests encountered

in the measurements. Comparing the parallel orientation curve with the Janxsky

and Bailey results indicates that it underestimaLeS the attenuation at the

lower frequencies and it increases too fast with frequency beyond 1 Gliz. This

is felt to be due to inadequate kiiowLedge of the dielectric loss factor for

jungle wood. For example, jungle wood is probably denser and less moist than

the wood represented by the Loss tactor in Figure 12. This means that the low

frequency end ( <1 GHz) of the curve in Figure 12 should be increased while

for high frequencie. (> 1 GHz) the curve should be reduced. This change in

the loss factor w;tl translate directly to the model results in Figure 19;

that is, the high-r density of jungle wood will increase the attenuation at

the lower frequencies and the reduced moisture content will lower the loss at

the high end of the frequency scale in Figure 19.

One of the most intriguing aspects of the comparisons in Figure 19 is

the behavior of the Jansky and idailey data in the neighborhood of 500 MHz.

That is, the Jansky and Bailey data show a dip in the attenuation near 500 MHz

for the vertical polarization as predicted by the model. Caution should be

exercised in this case because the physical area represented by the solid data

points was not quite the same as the area represented by the curve labeled

"B". Unfortunately, none of the data acquired below and above 500 MGiz were

representative of exactly the same area so it is not possible to do more than

speculate on the dip near 500 MHz.

Although it remains to be rigorously proven, it is our feeling that the

curve labeled parallel orientation is the most representative of the two ori-

entations. This contention is based upon the fact that for either vertical
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or horizontal polarization the field is primarily parallel to the wood grain.

However, the curve in Figure 19 for perpendicular polarization is interesting

irn that it shows the effect of a lower dielectric loss factor below 1 GHz

(see Figure 12).

The 100 MHz measurements reported by Saxton and Lane and the 250 and

540 MHz results measured by Trevor are disturbing in that they fall consider-

ably below the trend of the other data. Both measurements were reported to

have been accomplished in dense forests with some degree of underbrush. Al-

though this is certainly not a precise description, it is doubtful that the

forests were any less dense than the one encountered by Downey in his measure-

ments. We tend to feel that the measurements reported by Saxton and Lane at

100 MHz and by Trevor at 250 and 540 MHz may be contaminated by a lateral

wave contribution. Certainly, the path lengths used in both measurements were

long enough to support a lateral wave, according to the data of Jansky and

Bailey. The lateral wave should also be attenuated less than the direct or

through-the-foliage mode. Unfortunately, it is not clear that the investi-

gators attemptea to separate the effects of these two modes as did Jansky

and Bailey.

5.0 CONCLUSIONS AND SUGGESTED FUTURE INVESTIGATIONS

A rather simple model has been developed for the propagation constant of

the average coherent field propagating through foliage. It is certainly not

based upon completely rigorous theory and in at least one aspect violates clas-

sical electromagnetic theory principles. Even this relatively simple theory

requires input characteristics which are not usually known for forested environ-

ments. Consequently, these characteristics have been estimated based upon ex-

tremely sketchy data. However, with all its drawbacks and limitations, the

model comes reasonably close to the measured reaults reported in t.ae literature.
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Furthermore, some of the disagreement between the model and the measurements

can be attributed to expected variations in the inputs to the model,

The primary conclusion of this study is that a model has been developed

which appears to work; however, more measurements and analytical development

are required to show that the agreement is something more than just good for-

tune. That is, we have taken an extremely complex problem and reduced it to

a relatively simple equation; does this equation represent the actual physics

of the problem or are the input parameters to the equation masking the true

behavior? Without further analysis and measurements, these questions cannot

be completely answered. The following sections briefly discuss analytical and

experimental efforts that might resolve some of these questions.

5.1 Modeling

We feel that the key to any future modeling or analytical efforts is the

approach presented in Appendix A. In Appendix A, we have developed an exact

solution of the Foldy-Twersky integral equation which, in turn, yields the be-

havior of the average or coherent field propagating in a sparsely populated

random medium. The primary advantage of the Foldy-Twersky integral equation

over a single scattering approach is that it retains all chains of multiple

scattering except "back and forth" interactions between particles.

The solution shown in Appendix A was obtained at the end of this study

so it was not possible to explore its application to this problem. The solu-

tion is easily obtained for spheres and any objects which do not depolarize

the incident field such as vertically or horizontally oriented cylinders when

illuminated by similarly aligned or misaligned incident fields. A solution

for cylinders could shed a great deal of light on the effects of the tree

trunks since they are vertically aligned. Of particular interest here is the

frequency range over which the solution is essentially Rayleigh and its behavior
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fur large values of the complex dielectric constant.

Some attempt was made toward the very end of this study to extend the

approach in Appendix A to arbitrarily shaped objects having all orientations

equally likely. Unfortunately, we were unable to do this primarily because

the Foldy-Twersky formulation is a scalar formulation and yet the solution

requires the internal field for any orientation of an object. It appears at

this time that the approach presented in Appendix A may not work in the case

of arbitrarily oriented objects having all orientations equally likely. In-

vestigations should be continued on this problem because this is the most rea-

oonable approach to modeling the tree branches and twigs.

Solutions should also be attempted for thin disc'- since this is a rea-

sonable canonical model for leaves. As above, the purpose of the study would

be to identify the frequency range for which the discs may be considered to be

Rayleigh even when they have a large dielectric constant.

Finally, the solution in Appendix A clearly shows that when the spheres

are large in terms of a wavelength, the propagation constant does not equal

the single scattering result, e.g. it is larger. Since this is true even in

the case of 1ies(-Sle C object.-., i.e. k " = 0 , the incoherent or total averager

power must also deviate from the single scattering result, i.e. it will attenu-

ate more rapidly than the singlh scattering result. Since energy must be con-

served, the larger attenuation rate of tnte incoherent power can only mean that

power is being Incoherently scattered in directicns other than the direction

of propagation _f the coherent power. What all this tmeani is that we have to

reexamine the single scattering solution for the incoherent power or the total

average power. It also means that we can no longer say that the total average

power, for large separation distances between the transmitter and receiver,

at tenuates as 4xp( -o a ) where o is the average ahsorption cross section
a a
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of a single particle; an assumption that we used to compare the REV model to

total average power measurements.

The Rayleigh-Effective Volume or REV model is intended primarily for use

by systems design specialists. Its strong point is that it does exhibit a

high degree of agreement WiLh limited measurements. Its weak point is that

it tenda to violate some conventional electromagnetic principles in that the

attenuation is attributed to Rayleigh objects rather than electrically large

objects. Thus, the aim of further analytical efforts on this problem must be

to gain further insight into the basic scat tering/absorbing mechanisms involved.

Furthermore, we feel very strongly that analytical efforts should be accompa-

nied by a high q;;ality measurements program and that the analysis should always

be directed toward understanding these measurements.

5.2 Measurements

One of the greetest hinderances to this study was the lack of a complete

set of measurements comprising foliage statistics, the ccMplex di,-iectric con-

stant of green wood, and the attenuation rate of the coherew, all(A incoherent

fields. Appendix E sets forth some concepts and fleas on t.t..F, noa,,,ýIrement of

the complex dielectric constant of green wood. Appendi.'.ý F dvt,ýils the types

of foliage measurements that should be accomplished and Appendix C shows how

these measurements can be converted into {pVpý f(-r tise in the REV model.

For the propagation part of this expeL-imei.', we are primarily interested

in the attenuation of the coherent field or power. It is desirable to obtain

data of this type over two types of paths; one completely inside the foliage

and one from outside the foliage to inside at a number of different incident

angles iýut with emphasis on near grazing. Also, it is desirable to sample the

propagating field at a number of different points in the plane, orEhogonal to
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the line of sight path in order to determine the transverse spatial correla-

tion of the total power.

There appear to be only two viable means by which the average or coher-

ent field can be measured. The first uses the fact that the probability den-

sity function of a fluctuating field amplitude can be represented by a Ricean

function when the mean of field is non-zeto. If the mean field is essenti-

ally zero, this density function becomes the more familiar Rayleigh function.

The practical problems associated with using this approach to est) mate the

mean field are significant. First of all, a large number of measurements

will be required to construct a reliable histogram in order to accurately esti-

mate the true probability density function. More importantly, the dynamic

range of this approach is very small. That is, it is doubtful that the coher-

ent power can be estimated reliably once it is greater than 10 dB below the

incoherent power. The one advantage of this approach is that it only involves

a total power measurement. However, it appears that this approach is not

particularly well suited to the foliage problem because of the number of samples

required and its inherently small dynamic range.

The other approach to measuring the average or coherent field is the use

of in-phase and quadrature detection in the receiver which is also coherent

with the transmitter. With this approach, both the amplitude and phase of the

received field are measured and recorded for analysis. The greatest diffi--

culty with this approach is maintaining the receiver local oscillator coherent

with the transmitter. We have found no obvious way to overcome this problem

short of physically connecting the receiver and transmitter by coaxial cable

so that both are driven by the same stable local oscillator. This raises the

question of how stable is a coaxial cable when it is exposed to bending, curl-

ing, and stretching. At the lower frequencies, say l½ss than 1 GHz, it may
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be possible to overcome phase changes through the cable by Del.ng very careful

in moving the cablu. One would certAinly want to check, in the laboratory,

the phase stability of a long run of coaxial cable Ahen exposed to bending,

curling, and stretching, It 3bould oe noted that if i.he phase of the signtal

transmitted throitgh the cabie changes randomly as the cable moves, this will

introduce phase noise into the neasurement which, in turn, will tend to reduce

the amplit,,de of the average or coherent field and increase the ilecoherent

power. We feel that the problem of phase locking the transmitter and receiver

to a conxcn stable local oscillator requires much more thought and analysis.

In order to determine the attenuation of the. average or coherent fiel.d

as a function of separetion distance between the transmitter and receiver, it

is necessary to measure the average field at each fixed separation distance.

That is, for a fixe(' separation distance, it will, be necessary to obtain a

number of indepen~let measurements of the amplitude and phase of the received

field. So as not to confuse the foliage effects with the free-space Green's

function, iLe. exp(-jk r)/47rr , the fixed distance measurements musc ba

accomplished on a circle centered on the transmitter. If this is not done,

the phase factor ia the Green's function will cause an additioaal variation

in the measurement which can lead to an error in estimati.ng the average field.

Obviously, this is not an easy task because iL may not always be easy to stay

on a circle or even to define a circular path. This is another aspect of the

problem that certainly requires further thought.

At any given separation distance, a large number of measurements will be

required to (1) adequately sample the foliated regicn, (2) insure that the

sample mean field has a low sample standard deviation, and (3) obtain measure-

ments which can be used to estimate the spatial correlation properties of the

field. How many measurement3 are adequate at a given separation distance?
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This depends entirely upon the sample standard deviation that one is willing

to tolerate in the measurement. For example, in the case of a completely in--

coherent power the probability density function is exponential; this means that

the ensemble mean and standard deviation are equal. Thus, the one-sigma error

bound on the sample mean is approximately given by t,'e ratio of the mean to

the square root of the number of samples and a one-sigma error bound that is

ten percent of the measured mean requires 100 samples.

Given the choice of ac(omplishing the measurements over long or short

paths, we feel that it is better to try and acquire the measurements using the

shortest possible separation distances between transmitter and receiver. With

longer distances and at tLe lower frequencies, there is the distinct possibil-

ity of launching other propagation modes such as the lateral wave and iono-

spheric bounce modes. Propagation via these modes can yield a completely false

measurement of the through-the-foliage effects. One can detect these modes

by noting the variacion or attenuation of the received field as a function of

separation distance but it is most difficult to isolate the tbrough-the-

foliage mode. Terrain effects at larger separation distancsi toc become

important. Furthermore, using a few long distance paths may also not provide

an adequate sample of the foliage because foliage does exhibit a great deal

of spatial vsriability.

In regard to the choice of test site, we feel that it is best to select

a conveniently located forest which will be available for measurements at any

time. It would also be beneficial if the site were one for which stand table

had recently been acnuired for this would simplify the foliage statistics

problem. It is important to realize that such a measurements program as this

iu going to involve a great deal of trial and error experimentation to estab-

lish and refine measurement tachnxiques. For this reason alone, ic is most
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desirable to use a site that is close to the laboratory so that new techniques

and ideas can be tested and evaluated in a relative short time and with a mini-

mum of expense. After the measurement techniques are re-ftned and the data

acquired on the test site are reduced and understood, then other test sites

comprising different types or density of foliage can be considered.

In designing the field test hardware, we feel that a great deal of atten-

tion should be given to accomplishing as much of the actual data reduction

and analysis in the field as possible. That is, along with all the equipment

necessary to generate and record the data, emphasis should also be put on us-

ing a van-mounted mini-computer to provide near-real-time analysis of the data.

Such an approach would eliminate a great deal of remeasurement and it could

be designed to indicate problems that would invalidate the data.

In summary, the measurement program that we have suggested is neither

easy nor cheap and, in fact, there are some serious questions as to the fea-

sibility of such a program. Consequently, as a first step toward implement-

i.,n this program, we feel that it is necessary to perform an in-depth feasi-

bility study of the sugg sted program. Such problems as phase locking a remote

receiver to a transmitter, making a field attenuation measurement on a circle

centered on the trdnsmiCter, and minimizing the generation of other propaga-

tion modes are not trivial and they require much more study than we were able

to devote to thcm. It is not unreasonable to conjecture that a feasibility

study and the design of a detailed experiment plan would require a good three

man-year effort. This manpower estimate depends a great deal on the ability

of the researchers to overcome some of the above noted problems0  The time re-

quirea to implement the experiment depends upon the volume and quality of data

necessary to validate the analytical models. For the initial phase of the

experiment where all the hardware is put together, the complete system is
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checked out, and test site is adequately measured the time requiLement may be

something on the order of four to five man-years of effort. This may seem

high but it nust be remembered that these measurements should be accomplished

when the trees are in full leaf and when they are bare so this is going to

stretch the experiment out in time.

A measurements program such as this will require a good deal of time, ef-

fort, and funding. Howevec, without it we can never hope to adequately evalu-

ate the accaracy of anaiytical models nor can we reliably predict the perfor-

mance of electromagnetic radiating systems in the presence of foliage.
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APPENDIX A

COHERENT WAVE PPROPAGATION THROUGH A SPARSE RANDOM

COLLECTION OF SPHERICAL PARTICLES

The Foldy-Twersky integral equation for the average or coherent field

propagating through a medium containing randomly located particles or objects

is particularly applicable to the foliage problem because of the small frac-

tional volume comprising foliage. A previous approximate solution of this

equation for finite bize particles only applies when the dielectric constant

of the particles is very near unity, ie. the parLicles are neerly transparent.

This solution also assumes that the particles are large in terms of the wave-

length. In this appendix we first simplify the Foldy-Twersky equation to an

algebraic expression which can be approximately solved for Rayleigh particles

which either individually or as a group in the mean do not depolarizE the

field. For spherical particles, we solve the complete equation exactly. Un-

fortunately, the approach used to solve the spherical particle problem was

obtained too late in the study to be of use in the REV model. However, the

exact solution for the spherical particles has some very interesting proper-

ties. For example, in the case of large spheres we find the attenuation con-

stant to be 33% larger than the single or independent scattering result. We

attribute this additional attenuation to multiple scattering.

Introduction and Summary of Results

With the advent of lasers and coherent radar systems there is renewed

Interest in the propagation of electromagnetic fields through a random col-

lection of particles. In many cases the particle density is sufficiently

small, that one is tempted to use the so-called single or independent scat-

tering theory [Jones, 1964]. Invariably, the question azises as to the range
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of perameters for which single scattering theory is valid. Even if the medi-

um is so sparsely populated with particles tbat multiple scattering is not

expected to be a significant factor, there is still a question concerning the

validity of the far-field approximation used in single scattering theory. In

the hierarchy of descriptive formulations, one can next turn to the Foldy-

Twersky integral equation for a more rigorous solution and, hopefully, more

inaight into the problem.

If the fractional volume occupied by the particles is very small, if

correlations between particles can be ignored, and if the average field in

the medium can be represented by scalar equations then the Foldy-Twersky inte-

gral equation is a reasonably accurate description for the average field

[Beard, et al., 1967]. The Foldy--Twersky integral equation has the following

form;

a+

"1: (ra)> = *ira) + P f V (rs)>dr (1)

V

where is the incident wave in the absence of the particles, <*('a)> is

the total average wave outside the particles and evaluated at r a p is the
a

particle density or the ratio of thce number of particles N to the enclosing

volume V , and v <W(r s)> is the average wave at ra due to a particle at

rs with <4( s)> incident upon it. The Foldy-Twersky representation ignores

"back and forth" scattering between particles; however, when the individual

particles are strong forward scatterers, this error vanishes as N 4 -

[Twersky, 1964]. For particles which are not strong forw:'rd scatterers, it

is not clear whac significance this error has even as N + o
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The main drawback to determining the advantages of (1) relative to single

scattering theory is that the Foldy-Twersky Eitegral equation has only been

approximately solved for a very limited class of particles. Foldy [1945]

obtained an expression for the propagation constant or wavenumber of the

average field when the particles are isotropic point scatterers. Twersky

[1964] qolved (1) for a slab of large diaphanous dielectric spheres, and

Brown [1979] obtained the wavenumber of the average field in an infinite

volume comprising Rayleigh particles. The latter two solutions were facili-

tated by the fact that one can approximately relate the field inside a par-

ticle to the incident field for Raylelgh and Rayleigh-Gans particles [Jones,

1964; Ishimaru, 1978]. Unfortunately, both Twersky and Brown used approxi-

mate expressions for the field vh <(r s)> which are not rigorously correct

and the impact of these approximations Is difficult to evaluate. Twersky

used a far-field approximation for v <lp(r )> while Brown employed a single

component (no depolaxization) vector potential representation for va<ý(s)El

Both these approaches failed to recognize the fact that the integration in

(i) encompasses the observation point ra and the previous respective ap-

aaproximations for v s<i(r s)> are therefore invalid, Thus, there is a very

definite need for a more general solution of the Foldy-Twersky integral

equation.

In this note an exact solution for the wavenumber of the average field

is obtained for an infinite collection of spherical particles. The analy-

sis starts by using an expression for vs<lp(rs)> which is valid regard-

less of the location of the observation point r relative to the particle
a
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boundary. This expression involves a principal value integration (over the

volume of P single particle) of the product of the average electric field in-

side the particle and the free space dyadic Green's function [Van Bladel,

1961], When this expression is substituted in (1) and V is taken to be in-

finit6, the integration over the volume of the particle can be completed.

The redulting equation involving an integration over V can be simplified to

a determinantal equation through the application of the operator (V2 +k )
0

The determinantal equation for the wavenumber of the average field shows that

both the average field outside and inside the particle must propagate as

plane waves having the same wavenumber. However, in order to solve the de-

terminantal equation for the wavenumber or propagation constant it is neces-

sary to determine the constant relating these two average fields. Because

the average fields outside and inside the particles are both plane waves and

because the average field outside the particle acts as the incident field on

the particle, it is possible to solve the integral equation relating the two

fields exactly for spherical particles. The problem of nonspherical parti-

cles with all orientations equally JLkely is presently under study. For

spheres, the result is a closed form expression which is valid for any value

of k a where k is the free space wavenumber and a is the radius of the0O O

spheres. Furthermore, there are no restrictions on the range of values that

can be assumed by the complex relative dielectric constant.

For spherical dielectric Rayleigh particles, the present result reduces

essentially to the single scattering solution. The exact solution obtained

herein for Rayleigh-Gans spheres yields a slightly larger attenuation than
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single scattering results due to the inclusion of off-forward scattering.

Probably the most important limit is obtaiiied when the fractional volume oc-

cupied by the spherical particles and the physical size of the spheres are

held constant and the free r:pace wavelength is decreased, i.e. the particles

become large In terms of a free space wavelength. In this limit, it is found

Lhat the coherent power attenuates as 8/3 times the geometric cross section

of the spherical particle rather than two times as predicted by single scat-

tering theory. Since this is an exact solution of the Foldy-Twersky integral

equation under conditions for which it should be an accurate description of

the process, the additional 33% attenuation p be represeutative of multi-

ple scattering effects. It is not possible at this time to be less equivo-

cC. about the source of the additional attenuation because the Foldy-Twersky

equation is an approximate furmulation and the impact of the neglected

orders of multiple scattering is largely unknown.

The primary purpose of this note is to present an exact solution of the

Foldy-Twersky integral equation and to compare this solution with the results

of single scattering theory. Although an exact solution is found, it does

not shed any new light on the basic limitations of the Foldy-Twersky repre-

sentation for the scattering process. Given the degree of difficulty inher-

ent in any analytical approach which attempts to improve upon the Foldy-

Twersky formalism, it would seem that this new result might be best tested

by experimental techniques.

General Analysis

It is assumed that both the number of particles N inside the volume V
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and the volume V are infinite but in such a manner that the ratio p - N/V

is finite and constant throughout the volume. In the following, (I) will be

written as a vector equation although the final result will reduce to a

scalar formulation. Corresponding to the geometry in Figure 1, the average

scattered field at r due to a particle or scattering object at r may bea a

written in the following form regardless of whether r is inside or outside
a

the particle volume V [Van Bladel, 1961];
p

<E(ra )> A (Er-1 <E(rs+rl>" (r-r -rl) + I--3kjI 6(r -r-rr d (2)

a o 3r j a si 2k sl1Jl

V 0

p

where <E> is the average scattered field outside or inside the particle,

<E > is the total. average field inside the particle, I is the unit dyad,

6(.) is the delta function , r = P.V. C where P.V. denotes principal

value, and

- 4.=
G(ra - rs - r ( I fI+-J VV) g (Ira- r -r 1 l)

0

(3)
OrI a -r -s1I)- exp( - J k oIr a-rs + )/ 4rI_ -rs

and an exp(jwt) time convention is assumed. The quantity s = C - J C

r r r

is the complex relative dielectric constant of the material comprising the

particles and the particles are assumed to have the same permeability as free

space. It should be noted that the free space dyadic Green's function has

been used in (2) rather than the "average medium" dyadic Green's function.

The correctness of this approach has been established by Twersky [1964] in

the case of a sparse collection of particles. Substituting (2) into the vec-

tor equivalent of (1) yields the following;
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Figure 1. Single particle scattering geometry.
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r *.n --- It -(

41 (r ) > -Ec) -r 0p~ -) Ir>' r-r -r ) +0 a a o f a5 1 j~

'V
p

1-+r].)" d-1dr (4)

3ka -r ( -a S i. s s
0

where I a is the incident field in free space and <Eo (r a)> is the total
+ +

average field outside of the particles. Interchanging the r 1  and rs-
+ 4" 4 +

integrations and substituting r-r 5 + r1  in the r -integration yields

4< +a + 12 + + +<E (r )> E (r ) p(E -l) <Ei(r)>{ (ra-r) +-T3k l (ra-r drdr1

V V 0 (5)p
4

because V is infinite. Since the integrand is independent of rI , the

rl-integration is trivial and the result is as follows:

<Eora) + 2 _+ Vp Ik (6)
<E0 ar> = Fia) - k0pV (r-.1 <Efi(r)>. (ra-r) + 2 T r a-r dr

O~ f 3k a (6)
V 0

Attention will now be directed toward determining the source-free plane wave

solutions of (6) for <F > and, in particular, the propagation constant k

2for <E > . To this and, the operator (-VxVx+k ) is applied to bothS0

sides of (6) yielding

20 + 2 + +
(-VxVx+k )<E (r )> = -k pV ( )< (r)> (7)

o o a o p r ia

because [Van Eladel, 1961]

2 -= + + 1 2 )+-r r,-VxVx +k0) ra-r) 1 6(r-r -0 - (-VxVx+k )I(r -r)
3A-
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If the medium comprises spherical particles or if it is isotroptic in the

mean then (7) reduces to the following result;

2 2 ~ 2 +4 4
(k + k)<EM (rt )> =-k 0p V p(C.s-l)<E I(r a)> (8)

where it has been assumed that

0exp (- j a * (9)

Equation (8) may, at first glance, appear to be in error because it

equates the average exterior field to the average interior field. However,

it must be remembered that iii the Foldy-Twersky formulation the average ex-

terior field is also the average field incident upon the particle, Since

this incident field exists at a point regardless of the presence or absence

of a particle, equation (8) is perfectly legitimate. Equation (8) clearly

4. ~+
shows that if <E > is a plane wave then <Ei> is also. In short, <E >0 0>

and <E1 > can differ at most by a complex conEtant. Equation (8) is differ-

ent from the result obtained by Brown [1979] because he used a vector poten-

tial representation in place of (2) and such an approach does not permit

r aCV [Van Bladel., 1961]. Since <E > is also the average field incidenta p o

upon the particles, (8) can be approximately solved for Rayleigh or Rayleigh-

Gans particles because, for such particles, approximate relationships between

the incident and interior fields are known. For nonspherical particles hav-

Ing all orientations equally likely, this approach has definite merit at low

frequencies. This result is used in the REV model (see Secrion 3.2).

To solve (8) for k it is first necessary to determine the complex con-

stant relating <E > and <E I> . To do this one must make use of the fact

that <E > is also the average field incident upon a particle, i.e. i.t is
0

the source for <E > . It is a reasonably straightforward task to do this
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for spheres; however, to illustrate the difficulties involved with nonspheri-

cal particles, a more general developmmt will be presented. To .implify

matters somewhat, let all of the particle6 have the same rihape, size, and coar-

plex dielectric constant; the only random parameters are the particles' re-

spective locations and their orientationa. The averages in (8) a-'e over all

possible relativc particle locations and orlentations, (Evwn in this devel-

opment, all orientations of a particle are assumed to be equally ±.ikeiy in

order to be corsistent with the scalar nature of the Foldy-Twersky equation).

Let <E . and 4 > be the total field inside a patticle and the incident

field, respectively, averaged over all possible locations of the particles.

Eveu though these fields have only been aveclged over relative locations of

particles, they must still satiufy the following integral equation for a
4.

ATingle particle .ita ans o:icnration [(itiesay and Chen, 3974] and r a (V

cS+2\ 2 ( 4 -rd
.)- I <E ra)> + k (sr-1) r<E(ro+r)> G ( +a r dr

3' a or- ji 0 a o

V
p

= <E o )> (10)

The bar through the integral sign denutes the principal value of ths volume

integral which is defined in a very specific manner, see Var. Bladel [1961].

4+
Let the particle rotate about the tip of the position vector r in passing

through all possible orientation angles. Also to simplify matters let r 0,r=0•

so (10) becomes

3-- j <El(ra)>Z+ k2(sr-l) f 4 (r)> G (ra-r)dr = <E o(ra)>

V p
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"!akinK the average over all possible particle orientation angles 1 yields

c +2 2 -4+(------/').i(r)> + k (Cr-1) <E (r)> G G(r -r)dr < (r )> (11)
3~ 1. ra o r-1 < <i (') a ) d a0 a

V
p

w~aere the fact that <.> has been used. The solution of (11) when

the particles have an arbitrary shape is presently under study.

Spherical Particles

For the remainder of this paper the particles will be assumed to be

spheres. In this case the limits on the volume integral in (11) are not

functions of otientation angle and the averaging is trivial;

fc+2~ 4++ 4
3-)"<Ei(r a)> + k (C r-1) <El(r)> .G(ra-r)dr = E (r a)>

V
p

Since plane wave solutions for <E > are sought, one setso

-j kra
(ra)> = (E x+E y+E z) e

replaces <Ei> by <E > using (8), and sets ra =0 to simplify matters.

Following these steps and assuming that neither Ex Ey nor E are zero,

the above equation becomes

ý _2 3E
( r+2)(k -k ) (k-k 0x.

2Lg Ex +-x xg exp(-J-k*-r))dr*
3k 0pV p(cSr -) p f' kq) k0ql

V q•p
p

= p =1,2,3
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where x, _x , x2 y , x3  z and the subscripts on g denote partial differ-

entiation with respect to the indicated cartesian variable. To simplify

evaluation of the integrals involving the partial derivatives of g , one can

take advantage of the fact that the propagation is isotropic in the mean.

This means that the polarization and direction of propagation of <E > can

be chosen arbitrarily. For example with

<E 0(r) > = E exp(-j kz)
0

the previous equation reduces to the following form;

2

2 2 k PV (c-l)
k 2 k = ____o (12)

( -3 k (0 .l) g 4f2 exp( jkz) dr

V
p

If k does not differ appreciably from k , an assumption which can be

easily checked in the result, k inside the integral can be replaced by k

and (12) becomes a particularly simple equation for k . The integral involving

g can be evaluated directly or through the use of the mean value theorem for

plane waves rKaral & Keller, 1964], i.e.

g(r) exp (-j k z) d= 1 - exp(-j 2koa) - j (13)

V
p

where a is the radius of the spherical particles. The term gxx(r) is

given by [Livesay & Chen, 1974]

g (r) = sin20cos 2  d +
XX dr 2  r dr r dr
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where conventional spherical coordinates (r,O,$) have been used. The

and 0-integrations are straightforward and the result is as follows;

a

V32 J 3 1 2 (kor) 2dr
exp (--, k z)clr (2 7/2 2 1 : &

XX 0 f - (k0r ) L/ dr 2 r drj

P

+ J12(kr) k0)r r2dr (14)

where i is a small number. Using the recurrence relation for Bessel func-

tions to replace J1/2 by J3/2 and J5/2 ' integrating by parts the term

involving d2g/dr , and then taking the limit as n - 0 yields the follow-

ing;

fg exp (-Jk z)dr= - j J (k a)exp (-.j ka) [(k 0a)32 0 ~ a) 12

Vp

+1
S3 (15)

Substituting (13) and (15) into (12) produces the desired result for k , i.e.

2

3k 2 Pg( -1)k2 2 k prk cr+2 2+ 3(Er-_) T (ka) (16)

where

1 [i -exp(-j2ko)] + J k0a/2 - 1/3 + 7-T/2 [J3/ 2 (koa) exp (-Jk a)

{[koa] + j [a] a-/2
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which is the desired result. Apart from the replacement of k by k in0

(12), equation (16) comprises the exact expression for the propagation con-

stant of the average field in a discrete random medium which is sparsely

populated with spherical particles and homogeneous in the mean, at least to

the accuracy of the Foldy-Twersky representation.

It was previously stLpulated that all the spheres in the medium be of

the same size. This is overly restrictive and, in fact, the equation for k

resulting from (16) can be averaged over all possible particle sizes to ac.-

count for a diversity of particle sizes; one should realize that V p-ra 3/3P

in (16). It should be noted that such an averaging process may well accenu-

ate the impact of a relatively few large particle , a fact that has been pre-

viously noted [Ishimaru, 1978].

Discussion of Results

In the following it will be assumed that p V or the tractional volumeP

occupied by the spherical particles is very small with respect to one. If

2k a << 1 , the various terms in T can be expanded in power series about
0

k a = 0 and to the order of (koa)4 there results

o2

00 2 2 _____ r- _ _ _

k2 - k 2 r (17)
0

i (+ r-1 --r-3 (koa) 2 + (k a) 3C,) LTs o +r

Since 0 < l(Er-l)/(cr+2)1 < I , and the terms involving k a are small,

(17) simplifies to the following form;

k - k0 Z2k 0ko Vp[ + c 2 N (ka 32 cr1l (k2a)$(8)

rrr14
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which is the small particle limiting form of (16). It is interesting to note

that unlike the conventional Rayleigh approximation, (18) does not require

k 0a << I but only k a << 1. . The reason for this will be discussed

shortly.

In view of the conditions stipulated in the development of (18), it is

rot u, reasonable to expect that k should agree with the single scattering

result k wheres

k -0 k -Re-f(1) j Im[fe(Tj. (19a)

and

SRe[f(ifi(^ , .) k pV Re (19b)
k0 2 0 p T~2/

IMf (ii)A k4a3 Crl 112 r3 +2k (19c)
k lo c+ o rp

0 r r

f(T,T) is the forward scattering amplitude, a is thn scattering cross

section, and a is the absorption cross section of a spherical particle

[Ishimaru, 19791. Comparing (18) and (19), one finds that the first term

on the right hand side of (18) is equivalent to (19b) and pOa/2 while the

third term equals Po /2 . The second term in (18) is small compared

to (6r-l)/(C r+2) so it may be ignored. This comparison shows

that if the spheres are Rayleigh-like, the exa(t solution ot the Foidy-

Twersky integral equation is identical to the single scattering result. As

will be shown, this is in fact a rather obvious result which fullows from the

form of the Foldy-Twersky integral equation.

The limit of small free space wavelength or large k is most interest-

ing. If 2k a >> 1 and jk a( --I) >> + 2 then (16) reduces to the

A-15
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following form;

k-k k - .- j -- _I- i - e (20)
a a -)*(koa) 2ko a

Both the real part and the absorption dependent term in the right hand side

of (20) go to zero as k- With V - 4wa 3/3 and to the order of k-1
o p o

(2U) becomes

k- k -- A p a (21)

where a = Ta 2  is the geometric cross section of the spherical particle.g

The right hand side of (21) is 1/3 larger than the single scattering result,

i.e.

k -k =- jpaks - o g

Equations (18) and (21) represent the low and high frequenzy asymptotes

of the exact solution to the Foldy-Twersky integral equation. This does not

mean, however, that (18) and (21) are solutions for the actual process be-

cause the Foldy-Twersky equation itself contains certain approximations. The

important question is the following; given the Foldy-Twersky equation, its

implicit approximations, and its exact solution how does one determine when

the solution is a valid representation of the actual process? Since there is

no known exact solution for the actual process, it is not possible to provide

a complete answer to this question; however, estimates on the validity of the

solution can be obtained.

First, it must be realized that the exact solution of the Foldy-Twersky

equation comprises the approximate solution of a deterministic boundary value

problem. In particular, rather than solving for the average fielo inside the

particle given the incident field, the Foldy-Twersky equaticn essentially
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states that both fields will. be plane waves and it is only -ecessary to solie

for the complex constant relating the two fields. This is recognized as the

same procedure that is used in the approximate analyses of deterministic

scattering by a Rayleigh or Rayleigh-Gans object. This doer not mean how.-

ever that the Foldy-Twersky equation is limited to these types of particles

because one must also consider the approximations implicit in the basic equa-

tion. For examplc, in the case of very large particles the salution of tha

Fo]dy-Twersky equation should be an accurate representa.tion of the process

because the approximations implicit in the equation are satisfied in this

case. Conversely, with small but perfectly conducting particles, the Foldy-

Twersky equatiau is probably not accurate. That is, with perfectly conduct-

ing small spheres, (18) predicts that the imaginary part of k is equal to

47rk4 a 6/3 whereas single scattering theory yields 57k 4a 6/3 [Jones, 1961
0 0

(pg. 504)]. This disparity results from the well known fact that one cannot

usl the asymptotic cross secticn of a small dielectric sphere to obtain the

scattering cross section of a small perfectly conducting sphere. In addi-

tion, since small conducting spheres scatter strongly in the backscatter

direction [Jones, 1)6^. (pg. 512)], this is exactly the type of situation for

which the Foldy-Twersky representation breaks down. For finite conductivity,

this problem is not encountered and (18) should be an accurate solution be-

cause it agrees with single scattering theory which, in turn, should be valid

for small scatterers.

In summary, an attempt has been made to determine when the exact solu-

tion of the Foldy.-Twersky equation is an accurate representation of the true

propagation process. Based upon the reasons given above, it is concluded

that (16) is probably accurate for all cases except when the spheres are

small with respect to a wavelength and perfectly conducting. In regard to
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Rayleigh-Gans spheres, i.e. k a >> 1 and k a(c -1) << , there is a slight

0 0 r

difference between this result and single scattering theory. With

a Isr-112(koa)2(ra 2)/2 [Jones, 1964 (pg. 515)], single scattering theory pre-Os r o,

dicts Im(ks )-PoG /2 whereas the exact solution of the Foldy-Twersky integral

equation yields Im(k) -Er-112 (ko0aa)2( )/3 . In a previous approximate

solution of the Foldy-Twersky equation [Twersky, 1964] which ignored all scat-

tering except in the forward direction, k ' k was found. Comparing thisS

result with the exact solution gives some idea of the impact of ignoring cer-

tain scattering chains.

Numerical Examples

Before concluding, it is instructive to present a few numerical examples

for the case of spherical particles. All of these results were computed

using the simple expression in (16). Figure 2 illustrates the behavior of

Im(k/pTra 2) as a function of k a for E = 1.77 . In single scattering

theory, Im(k/Pfia 2) corresponds to one-half the scattering cross section

of a single sphere. In the text above, it was shown that Im(k/p!a 2) and

the single scattering theory only agree when the spherical particles are

Rayleigh and the plot in Figure 2 illustrates this point. In addition to the

different asymptote, i.e. 4/3 rather than 1, there is a marked difference in

the cscillatory behavior also. That is, Figure 2 shows none of the high fre-

quency oscillations that are present in the scattering cross section of a

single dielectric sphere due to multiple internal reflections. This is not

surprising, however, since there is no reason to expect that the fine scale

behavior of a single particle should be evident in a multiple scatter environ-

mant. Figure 3 shows the behavior of Rb[(k-k )/pTa ] . Of particular note

here is the persistence of the oscillations as k a increases.0

As noted previously, the results obtained here are applicable to
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Figure 2. Variation of t1h. imaginary part of the normalized prop-

agation constant of the average field as a function
of k 1 for spherical particles and c = 1.77
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Figure 4. Variation of the imaginary part of the normalized
propagation constant as a function of k a for
perfectly conducting spherical particles.
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perfectly conducting spheres which are not small in ter'ms of a wavelength,

i.e. let c " -ow in (16) and take k a Z 1/2 . Figure 4 io a plot of ther o

quantity -Irn(k/p7Ta 2) as a functioa of k a for perfectly condticting spheres.
0

Here again there is a significant difference between these results and the

scattering cross section of a single sphere.
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APPENDIX B

DERIVATION OF A RELATIONSHIP REQUIRED IN SECTIGN 3.2.2

The purpose of this Appendix is to prove that

<C k0<V > im (C --1) _ .e
- ko~p

We start by using the definition of <0s> ,e.

a C f 11 El 2 dV(1V P

Since

F=E +.(5i ;l

"+-i

. 0
and 6"E << E , we have

E.. zE (2)

Substituting (2) into (1) yields

"v //
< Gil/ k c r E E dV /

and since V is very small, It°/Ej 2 only depends on orientacim and
p

C > , <V ><, E I/ E2> (3)a > o r p

Substituting (29) of Section 3.2.2 Into (3) yields

< ,a,> k <V >r), 2 2> + 2 I'< •.O," > 2 < ,e^ .)>2-

< (4)
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We now pro,:eed to show that

S- <v > Im {(-1)K .e (5)

is equivalent to (4). F.xp•nding (5) yields

k a k > / ^ + ^m ) 2>

(6)

and since e e)2> and e are real, It only remains to find the

imaginary part of the (c - C)/(r +1) . This is easily done with the fol-

lowir.g result

rI{~•~j - 2_ 2
2 I -E -+1 +rr

Thus, (6) becomes

<o>=k /(.V2 r 2 ~ [<^,12 2(.)>

. c P r 2 C r

(7)

which is identical to (4) and the proof is complete.
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APPENDIX C

ESTIMATION OF MODEL PARAMETERS FROM FOLIAGE STATISTICAL DATA

Introduction

This appendix will describe the development of a procedure for estimat-

ing the distribution of fractional foliage volume by its equivalent cylindri-

cal diameter. The REV model parameter {pVP I is the fractional volume of
Pew

scattering elements of a given size or less. For a forest, this becomes the

fractional volume of foliage (wood, needles) of a given cylindrical diameter

or less found within the enclosed forest volume.

The procedure relies on tree growth forms described in the literature.

These growth forms are then modeled according to standard summary statistics

available from a forest stand table. If the tree models are considered to

adequately portray an average tree, a fractional volume estimate is possible

for an entire stand of trees.

A prior understanding of the following terms and symbols will be helpful.

Term Definition

{pV I The fractional volume of scattering elements

occupying a total volume; may be further broken

down as a distribution function of the element

size, i.e. {pVPIew for wood.

Basal area The cross-section area of a tree trunk found

(or g 1 . 3 ) at "breast height", or about 1.3 meters ýrom

ground level.

d.b.h. Diameter breast height. The diameter of

the trunk about 1.3 meters from ground.

d.b.h. class A d.b.b. (or basal area) size category in

(Basal area class) which a range of sizes are included for the

purpose of classifying trees.
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Term Definition

h The average forest tree height, sometimes

defined as the arithmetic mean of the 100

tallest trees in a stand.

Treewood All the above ground wood found in a tree.

Stemwood All wood found in the tree trunk.

Cylindrical or Simply the diameter of a trunk or limb.

structural diameter

Branchwood All wood contained in limbs and trunk

(or saw-timber) with a cylindrical diameter greater or equal

to a standard size such as 7 cm.

Forest stand table A table of summary statistics for a forest

stand, usually on a per acre or a per hectare
2

(10,000 m .)basis. Included are tree count

by d.b.h. (or basal area) class, species present,

height information, and various other param-

eters depending on application.

Total Forest Wood Volume

A total wood volume model will now be developed. Needles and broadleaves

will be considered separately in a later section. It is necessary to first

determine total volume before finding the volume distribution. Information

from Assman [1i will be used to model a conifer form and a deciduous form

separately. This information is based on the Spruce (conifer) and the Euro-

pean Beech (deciduous), both common in Central Europe. Assuming that these

forms also represent other coniferous and deciduous species, it is possible to

use this model for other species.

Singling out an "average" tree, the trunk may be divided into five equal

sections from ground up. In Figure 1, h is the average height of the forest

and also is the height for this tree. aI a 5 are the cross-sectional areas

of the trunk at each section boundary, spaced .2h apart. The relationship
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Figure 1. Trunk volume model.
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between these areas hns been determined for Spruce and is given in [1] (p. 67,

Figure 36). Using this information, the relative section areas can be normal-

ized with respect to section area a2 and are given as follows; a 2  1 1 ,

a 3 - 0.78, a 4 - 0.57 , a 5 = 0.22 . Thus, if a 2  is known, a 3 + a 5 s an

be found by multiplying a 2 by each of these factors.

In Figure 1, the base section or bole of the trunk is shown as a flared

shape with the dashed lines. This is a more realistic portrayal of this part

of the tree. However, in an effort not to over complicate the model, a coni-

cal section will be used. Furthermore, a1  will be assumed equal to the basal

area g 1 . 3 even though a1  is at ground level. This is actually not so in-

accurate since the flaring is somewhat exaggerated in Figure 1.

Information from [1] (p. 66, Table 19) shall now be used to derive an

expression for a 2  in terms of aI (or g. 3 ) . Trunk diameter data are

given in [1] for different heights of Spruce trees. To utilize these data,

a linear fit of mean trunk diameter values was made with the following result.

If d and d2 are the diameters in meters of a and a2

d2 u .78 dI + .023

Since a 2 = 7Td 2/4

a 2 =7 78d 1 + .023)2

Also, since dI = 2vaal// T and a = g1 .3

12 = • 1.56 + .023

2

where g1 . 3 must be in m. 2



Areas a1  through ar are now related to the basal area stat~istic gl3"

Letting G 3  represent the tot~al. basal area of a forest stand and A1  through

the total trunk section areas for the stand-; A G 3 A 0, 78 A2 ,

A •0.56 A? A 0.22 A2 , and for G in square tmi.(ers

4 2 5 21.3

+G1.5( + .023

The total. trunk volume for a stand can now be calculated from the section

areas. The formula for a solid cone with base area A and top section area

A is
2

V, (A,, + h2 +V ) L (1)

where L is the length from base to top. Since the trunk has been modeled

as five such cotkes stacked on top of each other, the total volume is the sum

of the five layer volumes. Letting VTK be the total trunk volume for an

entire stand of trees the sum of the layer volume formulas yields;

VTK ( 1 + 2A32 + 2A 3 + 2A4fA--5 + 02 A2 3 3 + A9 A 4 +

(.A A 2h) (2)

Branch volume will now be estimated using intormation from [I]. 'The

conifer in Figure 2 will be based on Spruce data and the deciduous on the Euro-

penq Beech. V and V are defined as the overhead and underside branch0 u

region volumes. For both regions of the conifer and the underside of the

deciduous, these volumes are modeled as solid cones. The overhead branch

region on the deciduous is a segment of a sphere. In [i1, the ratio of k to h
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is about .4 for Spruce and .6 for Beechb The region boundaries will be ass'.Med

to be at a height of .8h , I.e., D .2h Also, • will be set eflaal t"

•''h for the conifer model and .4h for the deciduous. These values represent

some compromise in the original forms given in [1), but conveniently confine

the branch regions to the individual layer sections as previously defined.

The simplified models are shown in Figure 3. VI + V5 are the total voltemes

of each layer. VU4 and Vu3 are the underside branch region of the deciduous

split into two regions, one for each layer.

The branch region volumes are of course not solid wood in reality. They

'have been defined for the purpose of providing a relative limb volume distri-

1ution among section layers. If it is possible to relate the total volume of

branches to the treewood (total wood) volume, the branch region volumes can

be modeled quantitatively.

In [l], (Figures 39 and 40, p. 76) the percentage stemwood has been esti-

mated according to both d.b.h. and height from data for Spruce. Also, the

percentage branchwood has been estimated for Beech. This means that for the

conifer Spruce, we have an estimate of the percentage wood volume contained in

the trunk. This value is fairly constant and close to 85% for mature trees.

The remaining 15% is the percentage volume of branches, Knowing the trunk

volume, it is possible to estimate the branch volume froxa tnese values. For

the deciduous Beech, all that is given is the branchwood, or wood with cylin-

drical diameter greater than 7 cm. This value is also fairly constant for

mature trees and approaches 90%. Due to the growth pattern of many deciduous

species, it is usually difficult uio make a clear distinction between trunk and

branches since the trunk tends to split into several large limbs. Therefore,

lacking any better information about its growth form, the deciduous Beech

shall be modeled with the trunk model in Figure 1 and the branch region volunes
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in Figures 2 and 3 for deciduous. Furthermore, 90% wood volume will be assined

contained in the "trunk" and the remaining 10% in the branches.

Even though a somewhat artificial delineation of trunk and limbs was neces-

sary for the deciduous model, the important consideration is that all the wood

present in each layer is accounted for. In fact, the branch region shapes

are not really important so long as the volume is distributed and accounted

for accurately. Hopefully, this will be true for the deciduous model for at

least a first order approximation.

The branch volumes will now be derived. Referring to Figures 2 and 3 it

is evident that V0 = V for the conifer. Since 85% wood volume is in the0 u

conifer trunk, the total treewood volume, VTW is expressed by;

VTK
VTW .85

The conifer branch volume is the treewood volume minus the trunk;

V0 +Vu VTW VTK

VTK

V + V =- - V z .176 V(4)
o u .85 TK TK

Since V and V are equal;(~) U

V = V 1(76V) .088 V (5)

The deciduous overhead branch region, V is found by the formula for

a spherical segment volume;

o = I o +9() + 2 (6)

From [1], b is given to be approximately .28h for Beech. Substituting

this and Z = .2h in (6' yields;
0
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o 7 " ('2h) [3 .4h)2 + (.2h) 2

V 1 (.02)h 3  (7)

For the underside region volume, the formula for a cone is;

Vu - -b 9 (8)
3 34 u

Substituting b .28h and k 9 .4h in (3) yields;u

V 1W 28h)2 (4h)Su 3 4"

V T• (.03) h3  (9)
u 12

Forming the ratio of V to V given in (7) and (9) yields;0 U

V
1.333 (10)v

U

V and V can be related to the trunk volume in the same manner done for
0 u

the conifer mrodel. Using the 90% value for the deciduous trunk volume, the

total branch volume is given by;

VTK
V + V =V -V. "I V z .111 V (1

0 u N TK .9 TK TK

Using (10) and (11);

V
V + V .V .+11 VTK

0 u 0 1.333

So Vo z .06.3 VTK
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Also,

1. 333 Vu + V - ii VTK

so V U .048 VTK (13)

It is easy to show with the volume formula for a cone that;

V =iVu3 8 u

V -7 Vu (14)

Substituting (13) in (14) yields;

~ 1XVu3 (.048 VK) Z 006 V

7V -u (.043 VTK) Z .042 VTK (15)

This completes the derivation of all the necessary formulas for obtaining

treewood volume estimation from basal. area. The estimated volume includes as

many trees as the basal area value represents, and, if desired, can include

only that wood found in any of the five layers. If a forest is a mixture of

conifers and deciduous, the volumes could be calculated separately using the

basal area for each and the appropriate branch volume expressions. In other

words, formula (2) could be used to find the total trunk volume for each type

by using the corresponding basal. area. Then, branch volumes could be found

using the appropriate formula - (4) for conifers, and (11) for deciduous. The

sum of the trunk and branch volumes is the total treewood volume for each type

and the sum of the conifer and deciduous treewood volumes is the total for the

forest stand. This procedure can be simplified by realizing that the trunk

volume (2) is directly proportional to GI.3 ' Since we are using the same

trunk for conifers and deciduous, only the branch volume expressions require
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TnTp

VTK to represent the individual trunk volumes for each type. The trunk vol-

umes for conifer and deciduous can be simply found from the total trunik volume

by taking a proportional part of the total with respect to the basal area

values for each type. In other words, if G030 is the total conifer basai

area and G is for deciduous, the individual trunk volumes can be found
1.3D

from the following;

GC
.[G L 3C VTKTKC GI 13C + G1. 3D T

G1.3 .3D

l .3D -V'[ (16)
1.3D + G1.3C TK

where V 1XC and VTKD are the coniferous and deciduous trunk volumesa, and

VTK is found from (2) using the total basal area for all trees. Total tree-

wood volume is now simply found from the sum of all the trunk volume and the

branches. If VTW is the total treewood volume, and using (4) and (11) for

the conifer and deciduous branch volumes along with (16);

VTW VTK + .176 VTKC + .ll V[TKD

V VTK + .176 -,2---+ .111 Gl 3D (17)
1.3 G1.3

where G G + G
1.3 1.30 1. 3D

and V is the total trunk volume foLud from (2) using G0.3 to find A1 A5 .

A simple example can help illustrate the above. Suppose an acre of forest
2

land is found to contain a total of 60 ft. trunk basal area and an average

2 2height of 65 ft. representing most of the trees. Of the 60 ft. , 40 ft. are

conifers representable by the Spruce conifer model, and the remaining 20 ft.2

C-11I
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are deciduous resembling the Beech. The total treewood volume can be found

from (17). We first find AI through A5

A, X G13 ' 60 ft."

"A2 -=[1.56[ ... + .02_

The constants in the parenthesis of the expression for A2 require GI,3 in
2 22

m.. This means C,1.3 must first be converted to m. , i.e. G1.3 60 ft?

22
% 5.57 mi. The result for A will then be in m.;

2

A2 = 4 1.56 .... + 0.2 3 3.47m2

2 22A2 is now converted back to ft. , i.e. A, - 3.47 m z 37.35 ft. and
2L

A3 .78 A 29.13 ft.2

14= 5 6 A.- 20.92 ft'
42

A = .22 A = 8.22 ft2

Substituting these values for A1 through A5  in (2), we obtain

VT 1600.58 ft.
TK

From the information given, G = 40 ft2 and G = 20 ft. SubstitutingFrmte•fraingvn I.3C. G.3D

in (17) we get;

=N 1600.58 [1 +.7 -0)+.111 ( 20)1

V_ = 1847.6 ft.3
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Finally, the fractional volume of treewood in the forest enclosure volume,

VF is given by;

V, ,. _1.847.6 47.6 000653

V F 1 acre x h (43,560) (65)

Notice thgt th- stati.itic h was not really requi'ed for the fractional v.lume

calcilat:.on since It in the denominator cancels the factor h in the formula

for VTK ,(2), and thus V,

Volumc. Distribution ' e DL.aete r

The total vclu%-t or frac.,:ionra volume of wood must be further broken down

and distributed acrcording to its -)lindrical liameter. This provides the param-

eter {vp } required by L:ie REV propaitioa modzl. In order to accomplisb

this task, there must be available additional information concerning the growth

form of trees. Essentially, we need to know how wood is dist7.ibuted in a tree

according to its cylindrical diameter on some average basis so that estinates

can be extended over an entire stand. Such information couid niot be located in

the literature for any specie of trees and does not appear to be of general

interest. Tha only data which could be of any use whatsoever was found in [1].

This is the branchwood curve which provides a percentage value of treewood

volume for all wood witn cylindrical diameter 7cm. and greater. Such wood il

cormonly referred to as saw-timber and comprises that portion of wcod with

commercial value to saw mills. This means that given a. d.b.h. size for a tree,'

an estimate of all wood volume 7cm. cylindrical diameter and greater can be

obtained. This curve has percent volume wood for its y-axis and d.b.h. for

the x-axis and is shown in Figure 4 where it is labeled as the 7 clo curve.

It is the same curve referred to earlier for European Beech. Notice that for

db.h. sizes of about 25 cm. and greater, approximately 90% wood volume is
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d.b.h. size tree. Based on Beech data and model.

C- 14



contained in tree parts with 7 cm. and larger cylindrical diameter.

If additional curves were available, each representing a different cylin-

drical diameter, it would be possible to construct a simple distribution func-

tion of wood volume according to cylindrical diameter for a given d.b.h. size

tree. The percentage volume would of course be found from the intersection of

each curve with a vertical line from the d.b.h. axis. Each intersection would

provide a volume percentage for each corresponding cylindrical diameter. Each

pai.: of values would be discrete points for a distribution function.

A way to synthesize four additional curves was devised using the wood

volume model from the previous section and a fundamental assumption. Referring

to the deciduous model in Figure 3, we assume that all wood found in the tree

from any level along the trunk between ground and .4h, i.e. just before the

bvanches occur, has a cylindrical diameter greater than wood found above that

level, and less than wood found below. In other words, we simply assume that

the trunk model as proposed is valid, i.e. that the cross-section diameters

decrease with increasing height. Furthermore, we assume that up to at least

the a 3 cross-section at .4h, all branches found growing above have diameters

smaller than the trunk. This allows us to assign diameters to sections a,

a2 , a 3 and compute the remaining section areas according to the volume model.

The volume of the first layer, V1  is found and the volume V + V2  as well.

Total volume is also computed and a percentage of both V and V1 + V2 to

total volume is found. Since we have assumed that all diameters above d1

are less than dI and all diameters above d2 are less than d2 and the

same for d3 , the volume percentages give us the volume of treewood with

diameters equal to or greater than the diameters assigned to dI , d2 , or d3•

To illustrate how this is done, consider the case for the curve labeled

15 cm. in Figure 4. The first point we obtain for this curve is easy. We

C-15
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merely assume that a tree with d.b.h. 15 cm has no wood greater than 15 cm.

in diameter. (This is not precisely true, but we have assumed for the volume

model that the ground level cross-section a1 is equal to the basal area

gl.3 * This is the same as saying the ground level diameter dI is equal to

d.b.h.) So for a 15cm. cylindrical diameter, a 15 cm. d.b.h. tree has 0%

volume wood with diameter greater than or equal to 15 cm. This gives us the

first point on the curve. Next, we assign the trunk diameter d2 to be equal

to 15 cm. Volume VI the volume of wood in the first layer between ground

level and diameter d2 , is found along with the total treewood volume using

the model This is done by taking the diameter at d2 = 15 cm. and finding

Sa2 . Then using the relationships between a2 and the rest of the section

areas, aI through a 5 are found. VI is found by the formula for a conic

volume. Total treewood volume, V Irw is found according to (17). The ratio

V1/VTw K 100 gives percent volume and dI is found from a 1 Since d1

is the d.b.h., we have the size tree in which the computed percentage volume

of wood has cylindrical diameters 15 cm. and larger. This is the second

point on the curve. The third point is found in the same way only now we com-

pute V1 + V2 , the volume between ground and d , when d3 = 15 cm. The ratio

of VI + V2 and total volume gives the percentage and dI (or d.b.h.) is

found from aI as before. Notice that as the 15 cm. diameter moves up the

truck, the model-predicted d.b.h. value increases as would be expected.

Since we are dealing with the deciduous model, we cannot assign the trunk

model diameter to any higher level than at a 3 . This is because at a3 ,

branches begin to form and the possibility exists of having branches below

any level above a3 with cylindrical diameters greater than the trunk. There-

fore, we would violate the assumption that allowed us to compute a volume

ratio which gave the percentage volume of wood with diameters greater or equal to

the assigned diameter.
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Three more curves were formed in exactly the same way. These curves

represent cylindrical diameters 20, 30, and 40 cm. Since our assumption

breaks down at a 3 , the remaining portions of the curves cannot be found

using this procedure. All that could be done here was to guess at the shape

of these portions of the curves based only on the shape of the entire 7 cm.

curve. Consequently, these portions are shown as dashed lines.

An example shall now be given of the use of these curves in producing a

volume distribution among cylindrical diameters. Again the assumption is

made that these curves which were developed essentially for a single, aver-

age, deciduous tree can be used to make estimations for an entire forest

stand. It would have been possible to produce a similar set of curves based

on the conifer model but the difference in the synthesized curves would have

been very little and certainly within the error bounds. (This is due to the

assumption made in the different volume models with the result that the trunks

were identical and only the branch regions differed.) Thus, we are dealing

with at best a first order approximation and the distinction between conifer

and deciduous disappears.

Suppose that from information obtained from a forest stand table, the

volume models were utilized to estimate the fractional volume for each of three

d.b.h. classes of trees. The results are given in Table I along with the aver-

age d.b.h. from each d.b.h. class.

TABLE I

Trees by d.b.h. class

1.3-13 cm. 13-28 cm. > 28 cm.

VTW
Fractional volume - .000436 .000418 .000523

VF

Average d.b.h. (cm.) 7. 20. 35.
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What we should like to determine is what portion or percent of each fractional

volume comprises wood with cylindrical diameters less than any given diameter.

In other words, what is the fractional volume distribution among cylindrical

diameters for each d.b.h. class. This can be found for a few diameter values

with the aid of the curves in Figure 4. For example, consider the last d.b.h.

class with an average d.b.h. of 35 cm. For this size tree, we can estimate

from the curves the percent volume wood with cylindrJcal diameters greater

or equal to 30, 20, 15, and 7 cm. This is shown in Figure 5. Since the param-

eter {(Vp)ew is defined as the distribution of fractional volume among diam-

eters less than any given value, it is necessary to subtract the y-axis per-

cent values from 100 because the scale shown provides a fateater than or equal

to percentage volume for each cylindrical diameter.

If the same distribution Is found for the remaining two d.b.h. classes,

it is then only necessary to total the contributions of fractional volume to

each distribution diameter from all three d.b.h. classes. In other words,

for the 35 cm. average d.b.h. class, we found the distribution of its frac-

tional volume amnong the 30, 20, 15, and 7 cm. distribution diameters from the

curves. Of course for the 40 cm. distribution diameter, 100% of the fractional

volume contributes since 100% of the volume of 35 cm. d.b.h. trees is less

than 40 cm. cylindrical diameter. Therefore, the total fractional volume

.000523 is present in the 40 cm. distribution diameter category. Each of the

remaining two d.b.h, classes have partial or total fractional volume contribu-

tions among all five distribution diameter categories. The contributions for

each distribution diameter category are totaled. The results are then frac-

tional volume totals from the entire forest stand for each distribution diameter.

From these data, the distribution function can be constructed. Table II gives

these results. Under each d.b.h. class heading, the five fractional volume
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contributions are given for each of the fl.ve distribution diameters. In the

right-hand column, the totals from each d.b.h. class for each of the five

distributiou diameturs is shown.

TABLE II

d.b.h. class 1.3-13 cm. 13-28 cm. > 28 cm.

Average d.b.h. 7. cm. 20 cm. 35 cm.

Total fractional volume- .000436 .000418 .000523

Distribution diameters TOTALS

7 cm. .000379 .000067 .000058 .000504

15 cm. .000436 .000159 .000094 .000689

20 cm. .000436 .000418 .000141 .000995

30 cm. .000436 .000418 .000371 .001225

40 cm. .000436 .000418 .000523 .001377

Fractional volume totals for the five distribution diameters can now be

used to construct a distribution function. A continuous curve can then be fit-

ted to these data points and is shown in Figure 6. The fractional volume is

now identified as pV PI , the parameter required by the REV propagation
Pew

model and is defined as the fractional volume of all forest wood with cylin-

drical diameter less than the distribution diameter on the x-axis.

Volume of Pine Needles

Until now, broadleaves or needles have not been included in the volume

estimates. A procedure for estimating the contribution from pine needles

will now be developed. It will be found that the same forest stand table

statistics can be used as was required in the wood volume models.
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Pine needles might be thought of as comprising the smallest diameter struc-

ture of a needle-bearing conifer. Their contribution could then be included

in the overall volume distribution. It is not clear, however, where broad-

leaves would fit in. Nevertheless, it may be necessary to estimate some quan-

titative parameter for broadleaves so they shall be briefly dealt with at the

end.

In published literature, various descriptive quantities of leaves and

needles have been modeled for trees aud forests. This information is signi-

ficantly important to timberland ecology. Su .h quantities have included weight

[2], [3], surface area [2], and volume [4]. Kittredge [3] has amassed exten-

sive data from different sites and species and his data shows that weight can

be correlated with d.b.h. and will consistently fit a straight-line in log-

log space with good correlation. The prediction equation thus assumes the form;

log W = b log D-a

where W = dry weight of leaves or needles and D = d.b.h. Large variance in

W was reduced by removing the effect from differences in moisture content by

taking the oven-dry weight of the foliage. It seems a rather common practice

to mix units of treasure in many of these studies. For D in inches and W

in kilograms, the range of "a" was .46 - 1.58 while "b" varied from 1.15 - 3.15.

Factors which influence the constants were site and species though no signifi-

cant trend could be established.

Letting the total foliage weight for a stand be WT and the weight of a

d.b.h. class be WC

N

WT = WC

C=1

where N is the number of d.h.h. classes for all trees. Solving the logarithmic
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regression for W an~d substituting;

N

WT I l0aNGDb = l0aNT b<

C=1

NC is the number of trees in eazh d.b.h. class, DC is the class average,

and NT the total number of trees in the stand. The angle biackets around

Db identify the average of the d.b.h. sizes to the bth power. This last

expression might prove useful if a forest can be classified by a known d.b.h.

distribution. In that case, <D b> could be determined and would remain con-

stant for any stand with the same d.b.h. distribution.

Reference [2] provides some data by which needle surface area can be

estimated from weight. Variation in this relationship is not expected to be

great among species. If AT represents total surface area, it can be expres-

sed in terms of total weight;

A
A _

T W T
n

where A and W are the area and weight of individual needles given in [21.

At this point it is best to mention that surface a-ea is not always defined

as the entire physical area of a leaf or needle. Usually it is the stomated

:urface only which is defined. Stomiated area refers to the surface area con-

taining small transpirating openirngs. For rriny oine species, however, this Is

the entire surface of the needle?, For broad leaves, It i- the underside area

only.

Total surface area of all needles is given by;

A
A' =-_nw 16a N T)

n
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It remains to utilize Information provided by Kozlowski and Schumacher [4] in

which area and volume of pixe necdles are correlated. Data provided were rep-

resentative of p3rticular species and it is not known how applicable the re-

sults are to other species. The technique for acquiring the data is described

and seems neither difficult or very time consuming for small samples.

Before embarking on a project to acquire additional area-volume correla-

tion data, it is well to recall the original goal of the model - to produce

needle volume estimates from stand table statistics. An alternative to con-

verting weight to area and area to volume is to simply convert weight to volume

using dry-weight density information. Such information is not difficult to

obtain directly and should remain fairly constant among given species at cer-

tain times of the year. Published values of needle density could not be located

in literature, however it is likely that some examples do exist.

The information contained in [4] was actually concerned with the inverse

problem of finding area from volume (since volume samples are easier to obtain

in survey work). However, the correlation appears quite high in the examples

given so there is not expected to be any problem inverting the results. The

inverted straight-line expression thus becomes;

VT = c + d(At -e)

where VT is total volume, AT total area, and c, d, and e are constants for

species. Values for the constants are given for Loblolly pine which is a

3-needle per fascicle specie with entire surface area stomates (fascicles are

clusters of needles joined at the base). Substituting the expression for AT;

VT = c + d 10-aNT Db> - e
T j

Values of the constants are given below in Table III.
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TABLE III

(From Reference [31)

Site Index

a b Trees Location (Standard height) Age
( . . ... .yrs.-

0.46 1.1.5 Ponderosa pine California, 20-39 24-69
5,000 feet

0.73 1.67 Ponderosa pine California, 20-76 5-69
4,000-5,000 feet

0.53 1.47 White pine Vermont 90 24

1.22 2.09 White pine Switzerland 72-87 . 21-70

1.15 2.32 White pine Vermont 47 28

0.91 1.96 Douglas fir Switzerland 80-110 20-45

0.94 2.56 Red pine Vermont 43 28

1.58 2.87 Jack pine Minnesota 45 37

1.16 3.15 Jack pine Ve rmon t 54 14

(All values of a and b are for D in inches.)

3
c = .0621 cm. (Loblolly pine)

d = .014108 cm. (Loblolly pine)

2
e = 6.078 cm. (Loblolly pine) [4]

A
A5 5 2S= 1.24 x 10 1.35 x 10 cm. /kg. [21w

n

The result for VT is in cubic centimeters if D is in inches and all of the

constants used as given. As with the wood volume model, it is only necessary

to divide VT by the total volume enclosing forest stand space to obtain

volume density.

Information for estimating broadleaf volume could not be found. Refer-

ences [2] and [3] contain one-sided area and weight data, but volume wa5 not
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considered. l•.e same. procedure for obtaining needle volume estimates could

be applied to broadleaves, but area-volune correlation Information is lacking.

As with needles, a preferable alcernative would be to estimate volume directly

from weight usiag density. A rough estimate could be made, however, if one-

sided area is found and multiplied by an estimated thickness. Leaf thick-

ness probably does not vary considerably for most species and a range of

.01 - .03 cm. should include many types. Constants which might be used to esti-

mate one-sided broadleaf area are a =1.36 [D in inches (live oak)] and

b=2.66 [3], and from [2]

A 4 5 3
--- = 8.77 x 10 -- 1.53 x 10 (oak)W Kg.
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APPENDIX D

DIELECTRIC PROPERTIES OF TREES AT RADIO FREQUENCIES

Dielectric Properties of Wood

Although dielectric ueasuremen's for living wood are scarce, some data

has been compiled cver the years by wood technologists for cut and dried wood.

It is expected that the greatest difference between lumber an14 living wood

(relative to dielfctric properties) is mqoisture content. lo a lesser extent

the suspension of sap and wet nutrients within the wood cells of living trees

affect the electrolytic nature and resistance to electric conduction. Also,

the majority of cut lumber represeuts inner regions of tree stemns away from

the thin cutex living sheath w-th its abundance of mineral enriched water and

sap. With these limitations in mind, however, a study of the dielectric prop-,

erties of livirg wood can at least begin by considering the results for cut

wood,

C. Skaar [11 reported one of the earliest studies of the dielectric prop-

erties of cut wood. Although his range of frequencies was limited to 2 - 15 MHz,

(indeed the method of measuremients employing a simple parallel plate capacitor

structure could not have supported very high fiequency accuracy - however, the

method excelled in "textbook" clarity as a near exact replica of pure theory)

the study revealed several of the most significant physical parameters affect-

ing the electric properties of all wood.

It was found that moisture content decidedly exerts the most influence on

dielkctric properties (Figure 1). The dielectric constant increa,4es substan-

tially as the moisture content increases. Skaar also) found that denser _3amples

displayed larger dielectric constant values (F[ggure 2). Another interesting

finding was that orientation of the electric field directiLn with respect to

wood grain altered :he polarizability of the sanple, and f'herefore the diele,,tric
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Figure 1. Effect of moisture content on the dielectrice
permittivity of wood showing linear trend past
approximately 30% moisture (by dry weight).
'rihe frequency was 2 MHz; from [2].
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Figure 2. Effect of moisture content and density on the dielectric
permittivity of wood. The frequency was 15 M4Hz; from [2].
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constant. With field lnes parallel to the grain, greater values were achieved.

A suggested explanation of this phenomena was that the alignment of cellulose

chain molecules and their bound water molecules in wood fibers is such that

freedom to polarize is greatest in a longitudinal direction to the grain.

Wood technologists were interested in the electrical properties of wood

as they relate to radio frequency heating and curing of glue joints and the

design and construction of wood moisture meters. A later report by Yavorsky

[2] gathered information from several sources. It was by then apparent that

the dielectric "constant" was anything but constant and was in fact a widely

varying quantity over the frequency spectrum. Moreover, the physical causes

at the microscopic level were complicated and not well understood. They seem-

ed to arise from several sources directly related to the macroscopic proper-

ties of the wood.

Physical Properties of Wood

Wood, whether comprising the bulk of living trees or cut and stacked in

the lumber yard possesses certain physical properties important to determin-

ing its dielectric constant and other electrical terms. Wood moisture content

V- is defined by wood technologists and forestry professionals in terms of

the oven-dry weight of the wood [3];

W - W
u 0

W
0

where W = weight of green (moist) woodu

W = weight after oven-drying
0

Using this definition as a percentage (100 x p), it can be seen that values

over 1007 are possible, and indeed are often encountered in living wood.
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The density, or specific gravity (weight per unit volume), is usually

defined as P - W /V where V is the volume of green wood. The reason V

is the green wood volume is that wood swells with increasing moisture up to

about 30% moisture and then its volume remains fairly constant.

To obtain some idea of reasonable moisture content values for living

wood, 38 common hardwood species and 26 common softwoods were analyzed sta-

tistically from data found in the U.S.D.A. handbook of wood [4]. Normal dis-

tributions were produced and shown on the graph (Figure 3). As can be seen,

hardwoods exhibit little variation (on the average) throughout the sapwood

(outer layer) to heartwood (core) regions. Typical moisture content values

are around 80%. Softwoods (conifers), however, display a marked transition

in moisture from the outer sapwood layer - usually 1.5 to 5.1 cm. thick - to

the inner, drier heartwood.

Density of specific gravity values vary considerably (from 0.25 to 1.25)

for all species in the world [3]. However, the more common species, especial-

ly those found in temperate climates, fall within a more narrow spread of

0.3 - 0.7 [4]. These values are applicable to lumber or living wood since the

manner in which density is defined precludes changes in moisture content from

affecting density values once V is established. To find the actual densityg

(including the water) for a moist sample of wood one uses the following;

actual density = p(i + p)

Care must be taken when reviewing reports dealing with any property of

wood affected by these parameters. The author's exact definition should be

known as sometimes different definitions are used. This, for example, occurs

with data reported by Broadhurst, [5] as compared to others; [1], [21 etc.

In a sampling of common living trees a certain correlation between p

and p occurs which influences dielectric properties. Referring to Figure 4

D-5



.020

-- SOFTWOOL) HEARTW..

f~AR2W~2P HAR1WQM
.: .016 .\ /V

: ~I•

U.o4

o- / \

LIJ..

ad /

, /

20 40 60 80 100 120 140 160 180 200

.-M_.OISTURE CONTENT (% DRY WEIGHT)

Figure 3. Normal distributions of typical dry weight moisture

content for 38 hardwood and 26 softwood species.

D-6



,! • • r .... ....... . . . . .;. . . . , . . ..- . . . . .

1.0
0 HARDWOOD SPECIES
•A SOFTWOOD SPECIES

(VALUES FOR SAPWOOD)
i ~.8"

DRY WEIGHT 0
DENSITY

.6 "•o , _p:2•(L/
0 0 .263(-L.)+.1926

.4- 0

.3

.2 * *llU I U lu UII u

.4 .6 .8 LO 1.2 1.4 1.6 lie 2.0 2P2

DRY WEIGHT MOISTURE
CONTENT

Figure 4. Inverse relationship between dry weight density and
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an inverse relation between p and p is shown. Certainly it is reasonable to

suppose the denser woods to be less capable of containing water. A given vol-

ume packed with more woody material usually has a smaller cross section of

water conduit openings. This is important when regarding an "average" forest.

Since p and p both affect the dielectric constant similarly thetr inverse

relation will tend to limit the range of dielectric constant values in dif-

ferent species. Trees with normally high moisture content such as softwoods

typically have relatively low densities. The effect of the high moisture con-

tent will be partly offset by the lower density, Nevertheless a spread of

dielectric constants can be expected since the effects of p and p are not equal.

Dielectric Polarization and Conduction

There are four types of polarization .n materials: interfacial, dipolar,

atomic, and electronic. They are distinct in the physical processes they in-

volve and in their range of influence over the frequency spectrum.

Interfacial polarization occurs in heterogeneous materials (such as wood)

in which dissociated ions are present but partly constrained to interfacing

boundaries within the material. This type of polarization usually produces

the largest polarizing fields, but is limited to low frequencies. Beyond a

certain cutoff, the ions simply do not have time to drift to the interfacial

[•orders within a period.

Dipolar polarization can extend well into radio frequencies. This is a

more common type in dielectrics and Is explained in terms of molecular dipoles.

This type has been extensively explored and described by Debye [6] and many

others since.

The last two types, atomic and electronic, extend well into optical fre-

quencies. Their respective contributions to overall polarization, however,

is usually small.
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The complex dielectric constant quantitatively relates po].arizt.tion and

conduction affects to field quantities inside and outside a body. It is

usually written as:

where 0' is the ordinary electric field permittivity that occurs in Coulomb's

Law as a property of the medium. The so-called loss factor 0' actually arises

when dealing with lossy media in harmonic fields. It accounts for a conduc-

tivity term in Ampere's Law and represents the in-phase conduction losses.

Strictly speaking, it also is meant to include losses arising from polariza-

tion phenomena.

One way to represent polarization and conduction is to model the materi-

al as a circuit analog with lumped parameter elements. Polarization results

from the displacement of charge concentrations within a material and any move-

ment of charge constitutes a current. If for the momenL this d/'placement is

considered frictionless, it will exactly coincide with the rate at which the

exterial electric field changes. This is equivalent to a 90* out-of-phase

"displacerient current'" and :_ represented as a pure capacitor in the circuit.

Since polarization is not frictionless or without loss, a certain resistance

to the displacement current arises. This i.& representabIe as a pure resiscance

in series with the capacitor. The net result is a current partially in-and

out-of-phase to the drive field. Direct current conduction by free charge

cerriero in the material results from the driven field and flows ir-phase.

It cnn be reprevented by .. putnc- resistance parallel to the series resistor

and capacitor. The equivalenc circuit is shown below.
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R Cp f
-----

R
c

In the diagram, R is the polarization loss element, C the polarization dis-P P

placement current element, and R the direct conduction path element. Obvious-c

ly, their values are dependent on the physical properties of the material and

frequency.

At the macroscopic level, a resultant current flows in the direction of

the instantaneous electric field. This current is a phasor quantity result-

ing from the in and out of phase components whose magnitudes are directly

proportional to C" and 6' respectively.

Permittivity of Wood

James [7] has devised a reasonable model expression for :' of wood. The

model includes the effects of each polarization type as a function of frequency.

The constants of his formula are actually functions of all the physical param-

eters affecting dielectric properties. They are, however, generally unknown.

The utility of the model is that given several data points at different fre-

quencies, a coptinuum of c' throughout all frequencies may be projected by

fitting the model to the data points. The model is of the following form;

EI = a + b/(l +f/f ) 4- c/f

where a represents electronic and atomic polarization effects, b implies

dipolar effects in which f is the center frequency in the range of influence,0

and c denotes interfacial effects in which Z differs slightly from 1.0.
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Some overlapping is implied between polarization types in that each constant

may include the effects of other types with similar relaxation times. (Relaxa-

tion time describes the time required te polarize or depolarize and thus deter-

mines the frequency range of influence.) The model seems to fit the extent

of data taken by James for his report [7] quite well (Figure 5).

The model predicts one feature of 0 for wood which is born out by ex-

perimetital evidence. At a certain frequency and beyond, 6' becomes more or

less constant as the effect of c diminishes. This seems to occur around 20

SMHz [5], [7]. It is expcected that this nearly constant characteristic of E'

will c.ontinue to at least 5 - 8 GHz; but beyond that, E' is expected to decrease.

This feature proves very useful in predicting E' values over a range of fre-

quencies to 10 GHz. Since most radar applications will involve frequencies

higher than 20 MHz, the C' values need only be considered dependent on physi-

cal parameters.

It remains to determine actual values for C in living wood. Skaar [1]

found (see Figure l) that c' increases very nearly as a linear function of p

(p held constant) for values of p beyond 20 -- 30%. This implies that giveu

at least two data points in the linear region, intermediate values for c' may

be interpolated using a straight-line fit. if data were available at, for

example, 25% and 130% moisture content, a line could be draw-L and interm.edi-

ate values for U' estimated. Values of ji typical to living wood of the same

density may then be used to predict C'. If data at frequencies 20 MHz or higher

are available, a spread of probable C' values can be estimated for species of

trees of the asame density.

In order to produce a spread of U' values for all trees, it is necessary

to have representative data for high and low dekisity species. It is useful

to split the species into two groups: hardwoods and softwoods (very often,

D- 11



U10 4-4 ý

12, z
-,4

U-1I

2~ p

-Q) 0

0 -z4

O0i

CLo

D-12



a forest, will be dominated by either type). It his repo-.-r, James se.ec.Lti

Douglas Fir and Oak. These r•presext-. :,,edium-density softwoods and a modet-

ately high densit: harjw.od. Using 'is data which extends to 50 MHz, a spread

of Cr I for botn hardwood and softwood oapwood was produc2d (Figures 6,7).

These curves are based on a plus or minus one-slgma (standard deviation) spread

about the mean value of P for hardwood and softwood. While this may seem too

narrow, it must be remembered that the inverse density relation to moisture

Icontent will tend to narrow the spread, In other words, though a few species

ýihould fall outside this range of 11 values, the effect of their inverse den-

sity will cause E' values to lie within a narrower spread. Nevertheless,

these values only represent estimates which rest upon several assumptions.

Ultimately, they should stand the test of additional experimental data compari-

sons.

loss Factor of Wood

The variation of the loss factor with the physical properties of wood is

more difficult to predict. A greater disparity seems to exist between cut

wood [7] and a sample from a living tree branch [5]. Ihis suggests that the

suspended fluids in living wood may not entirely regain their conduction prop-

erties when moisture is simply qdded back to dry wood samples, it implies

that the outer living sapwood layer in trees may exhibit values of E" that

are not as accurately given by sampling cut ',iood from various regions of the

stem.

The loss factor represents all the electromagnetic energy losses in a

material. Sometimes, only one type of loss is conEAdered in high frequency

c ' is defined as the relative permittivity: c = C ="
r r C-0 C 0 E r r

where c - permittivity of free space.
0
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o,1els for •'ood or leaves; this ts usually tile lo:js from dipolar polarization.

In leaves and wood, water is assumed to dominaite so e type of mixing formula

is generally used based on the estimated volume of water in a unit volume of

material t8]. However, c-nduction and other losses are not represented by

this model and data has shown that their effect extends into the radio fre-

quencies [5], [7]. An attempt shall be made to derive a mathematical model

for the loss factor in wood accounting for esch dominant loss phenomena.

Representing the circuit analog introduced in above paragraphs by its

element admittances, the total admittance is given as follows;
G jWc

c

jWC G G (WC)' G WC+ = C + - -- ____
Cc +G -+ j2 c 2 2+ 2 2P G +( G +(WO GC + (WC)

P P

The admittance of a lossy dielectric may also be expressed in terms of

its free-space capacitance C defined as follows;
a

Y =j 0r C = (Er + j E')W c (2)r o rr 0

where C is the capacitance prior to inserting the dielectric material having

a complex relative dielectric constant 6 . Solving (2) for s " yields
r r

r " -h Real [Y] (3)

For the circuit analog with admittance given by (1),

Ii G (WO) 2
+ -2 2 (4)r G + (C) 2

P

or in terms of the original polarization resistance R
p
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G (C/C )WR C
-" - -+o p (Se)

r W C0a 1 + (wR pC)2

or

G (C/C) (5b)
r WC l+( Wp)2

where T is the time constant R C
p p

Equation (5b) may be recognized as representing a conduction loss (the

first term) and a Debye relaxation loss having a relaxation time constant Tp

(the second term). Furthermore, the factor C/C may be identified as cs'

the static or dc relative permittivity, by writing C r' from (2) as follows;

C/C0
Imag(Y) 1 - - (6)r WT C 0i + (w Rp C)2

where E s 1 . ' for w= 0 or cs' - C/CoSS 1'S

The conductance of a given volume of naterial can be expressed in terms

of the conductivity of the material as G - AM/d , where A is the cross sec-

tional area, d is the thickness, and a is the conductivity of the medium.

Similarly, the capacitance of the same volume without the material may be

written as Co = AC /d where E is the free space permittivity. Thus, we

can write G /C = c/C and substituting this relation in (6) yieldsc a a

it = a + s I (7)r Co 0 + (W T p) 2

The fact that the loss factor approaches infinity at frequencies approach-

ing zero is a consequence of isolating this term from the admittance expres-

sion (2). Since the admittance must become a constant at dc, the 1/w term is

required to cancel the w term in (2). This may also be understood by considering
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the loss tangent which is the angle between a purely reactive (or out of phase)

current and the actual current. Since tan 6 - c"/

6(w-0) - lim tan-l (0"1'0 90°

W-*O

which is synonomous with having a finite, dc current entirely through the

by-pass conductance GC in the circuit analog. In practice, however, (7)

must be limited to non-zero frequencies.

In order to apply (7) to natural wood, some modifications are in order.

First it must be realized that the simple circuit model represents only a

single relaxation time. From the limited available data, however, it is evi-

dent that a somewhat broad spread of relaxation time constants are found in

wood. These correspond to the presence of several different molecular dipoles.

Secondly, it is not possible to directly apply values taken for the parameters

a and s' from wood to equation (7). The reasons are the conductivity term

in (7) also must account for large interfacial. polarization charge conduction

in this model, and the ý.ctual static permittivity of wood is much larger than

E ' in (7) since E ' is only due to one polarization type of molecule.s s

It may be possible to identify most or aJ.l Debye-type relaxation dipoles

and represent each by additional relaxation loss terms in the model. Indl-

cations are, however, [5], [10], that in very moist wood (such as in living

trees) free water dipoles predominant while much 3maller contributions come

from bound water and cellulose constituents at lower frequencies. Consequent-

ly, the time constant T in (7) shall be assigned values for free water whileP

a slight frequency dependent factor kfm will be introduced to account for

the spread of slower dipole contributions at lower frequencies. Actually,

this latter idea was used by James [7] in his model for loss tangent although

he refers to a slight frequency dependence of the resistance of wood.
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Introducing the factor kfm into the conduction loss term on the right

hand side of (7) yields

(,kfm s Wp
Ii . +• - 2L

r W E• 0 + (W Tp)2

where 0 < m << . With A ok/2I2TE: , the above equation becomes

r A +

r fl-m + (W ) 2

or more simply

A B(f/f )C

r ;1-m 2- + (f/fC)

where f is the critical or relaxation frequency of water. Using a non-
c

linear least-squares fitting routine to the data from [5], A was found to

depend upon the dry-weight moisture content V and grain orientation as fol-

lows;

A = (1.29 + 0.15p) x 109

c

for a combinations of orientations of the grain relative to the electric

field 0 and

A = (3.49 + 0.15p) x 10
P

for the grain perpendicular to the electric field. Actually, the 0.15 coef-

ficient was simply assumed for A since only one sample was given for that
P

Use of the term "combination of orientations" is iue to the manner in which

samples in [5] were prepared. Wood was sliczd from the outer branch layer and
this results in a combination of parallel and perpendicular grain orientation.
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orientation case. The fitting rouitine also yilded 0.C41 for m and B was

found to be represented as follows;

B = 43.4 + 8.1 p

for both orientation cases. Finally, (7) becomes

, AB(f/f )

r - .959 +2 (8)
f 1+ (f/f)

where r A for a combination of orientationsc

A=
A for perpendicolar orientation

and f Z 20 GHz for summer

t 10 GHz for winter

This model, as it stands, fits data reported in [5] very well (Figure 8).

Its widespread applicability is still uncertain. Moisture content values for

several species are given in [41 and may be tested with the model to verify

the constants. This certainly is an area in need of more relevant research

and experiment before confident loss factor values for living trees can be

used in microwave forest penetration studies.

One suspected improvement in (8) is in the form of the second term in

the expression. Dielectric mixtures usually do not exhibit the ideal char-

acteristics this term describes. Generally, a broader spread of time constants

will flatten the curve somewhat and even shift the peak predicted by f de-
c

pending on the proportions of the mixture. In this case, f may be somewhatc

dependent on p as well as temperature even at the higher moisture contents

found in living trees. A modification to the Debye dielectric constant ex-

pression described by Von Hippel [9] might provide the desired spreading and

a 1.-dependent f may also improve its accuracy. However, these modifications
c
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require a range? of data at Gigallertz frequencies which are not available at

pr:e sent.

A value of 10 GHz was suIggested for f in winter based upon the dropc

in the critical relaxation frequency of free water for temperatures near 00 C.

In addition, some change in the constants for A and B may be anticipated but

no quantitative estimates can at presetnt be given. Ordinarily, values for It

can also be ej•pecter3 to drop in winter months for most species [11].

When air temperatures remain helow OC, nearly all but 25 - 30% of the

dry.-weight moisture content freezes in trees Ii] . The dielectric constant,

both permittivity and loss factor, can be expected to drop significantly.

Since both conduction and relaxacic-i will be affected, the overall loss factor

should change and in particular, the steep rise in the loss factor curve be-

9
ginning around 10 Hz -nay disappc-ar altogether.

As mentioned in the footnote, it was not possible to obtain purely parallel

orientation loss factor data fromo [5]. This was a consequence of both the mea-

surement technique and the sample cutting preparation. In fact, it is actual-

ly impossible to orient wood so that its grain is purely parallel to the elec-

tric field lines with any method which employs a coaxial transmission line

sample holder, as was the case in [5]. The suitability of these data and the

associated model d2pends entirely upon the application of the loss factor esti-

mates. It is believed that the so-called "combination" case vould most nearly

be suitable for propagation and attenuation analysis in forests.

!jpropved Estimate For B in the Loss Factor

As noted in Figure 8, there is a distinct paucity of data above I GHz

with which (8) can be compared. Thus, we did not have a great deal of confi-

dence ia the expression for B obtained from fitting (8) to the data from [5],
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i.e. B - 43.4 + 8.1 . To overcome this problem and, in a sense, to check

the. Rayleigh-Effective Volume (REV) propagation model, we used the data from

[131 and the REV model to improve our estimates of B

The data given in [13] is easily converted into attenuation per uiit

length y as a fumction of the dry weight of the intervening foliage W,0

i.e. y - 8W where ý is the proportionality zconstant given In [13]. As-
o

suming that the transmicsion path was sufficientiy long that the received

power was determined only by the absorption due to the intervening foliage,

the REV model predicts the following attenuation per meter (see (59) of Sec-

tion 3.3) ;

8.686 k i V" (dB/m) (9)

where k = 21r/X X is the free space wavelength, and v is the effec-
0 0 0 ew

tive fractional voltue of the intervening foliage. The effective fractiona!.

volume is determined by those feliage components having a diameter to wotve-

length ratio of less than one half. The effective fiactional vowl•me is related

to the dry weight of this volume of foliage, Wo 9 by the specific gravity of

the foliage P , i.e. v = W iP . It should be noted that N is the dried

weight of only those foliage components having a diometer of less than roughly

one half a free space wavelength ( 0.5 inch in this case). This, (9) can

be written as follows;

Y ~ W=1.45 k(~) ~ (10)

or solving (10) for £c'" yields;r

r 1.45 k
0
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The experiments reported in [13] were conducted on Virginia Pine which

has a specific gravity of p 0.448 [3]. Since ý is known from the cor-

relations reported in [13], it is possible to estimate r . Furthermore,

we can determine the moisture content p of the foliage measured in [13].

A summary of these results are given in Table I.

TABLE I

Winter Spring Summer Summer Winter
1973 1973 1973 1974 1976

SNA NA 1.57 1.56 1.0

p .448 .448 .448 .448 .448

C " 12.11 14.57 15.99 17.53 7.01
r

f(GHz) 10 10 10 10 12.25

The loss factor values computea using (11) and shown in Table I appear to be

very reasonable in their correlation with moisture content. Although the

moisture content data for the Winter and Spring of 1973 were not available,

the season itself suggests that the lower C r values arec the resuilt of a

drop in p which is typical of some pines for that time of year [11].

W'3 will now use the results of Table I, i.e. c" as a function of ther

product pp , to refine our estimates of the factor B in equation (8). To

do this, we note that the general expression for r can be modified to ac-

count for a distribution of relaxation time constants centered about T by

introducing the exponent c [9] as follows

OWe only consider the Debye or second term in (8) since the first term is
negligible in the neighborhood of fc"
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C• - C~

r r 1 s - (12)r r r o• i+ (j WT )I-
P

where : ' is the optical limit permittivity, c is the static or dc per-
00 S

mittivity and 0 < a < 1 . Solving (12) for er" yields
r

(E'-E')(W )l- sin[2(- )
s p 1 L

6 ' _ _ _*~ - (13)
r(1 +) Cos [ ( -C + (W p
P 2 ~ P

and substituting B Es' - s' and f/fc = w - gives
S Co p

B(f/fc) sin -2 (i -

r 1 4 2(f/f) 1-I•o + (f/f2(1-) (14)
2 , C

which is comparable to the second term in (8). Using f 20 GHz for sLmmer
c

and f c 10 GHz for winter along with the results in Table I provides threeC

"data" points to estimate B and a as a function of vip . n addition, we

also know E:" for 100% dry wood (pp=0) and water (lip-1) from data.
r

Thus, using a non-linear least squares fitting algorithm, we determiue the

best-fit values of B and a (as a function of ýip ) which agree with (14)

and the known values of E " . The results of this computation for B arer

shown in Figure 9; we consistently obtained 1=0.1 in the fitting procedure.

The continuous curve in Figure 9 is a polynomial .•[p•roximation to the five

points and it has the following form;

B = 0.07 + 29.5(ip) - 4.8(1p)2 + 63(pp) (15)

Substituting (15) and a =Ol in (14) and then replacing the second term

in (8) by this result yields the following expression for the loss factor of

wood;
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2 .3
[0.07 + 29.5(ipp) -- 4.8(0AP) + 63(ip)] (f/f)•,,, .. .A +c (16)

f 0.96 1 + 0.3129(f/fc)O09. + (f/fC)1.8

where

1,5 x 109 for a combination of rientations

A m
3.7 x 108 fr perpendicular o'•71entation

and f 20 GHz for sunumer and 10 Cltz for win'ter. Equation (16) is plottedC

in Figure 10 along with data from [5) and [13]. For the frequency range of

interest to this study, the (f/f ) depedndent part of the second term of (16)C

is reasonably well approximated by (f/f)/[I. + (f/f c) 2] as noted in equa-

tion (57) of Section 3.2.4. Of particular note in Figure 10 i.- the fact that

the two high frequeucy da:ta points from [5] are in close agreement with (16)

even though they were not used in obtaining (15) or (16). 'lTle fact that we

can use the Rayleigh-Effective Volume (REV) propagatiou model to convert at-

tenuation data into estimates of r " at 10 (;Hz must necessarily indicater

that it Is a reasonable description of the attenuation process.

Dielectric Contstant For Leaves

Thie mat hematical models used in the preceding sections were developed

according to the observed influence of the physical propertie.s of wood. As-

sumptions regarding the structure and conIstIt uent s of wood werv not so restric-

tive as to preclude applying thost, models to leaves. In fact, it is found

that permittivi ty and loss factor data for leaf samples from living plants

and trees closely resemble similar data for wood, both in magnitude and over-

all trend. This suggests that those prupertles of wood which are dominant in

polarization and conduction are to be found in leaves. This is reasonable

since the internal compos'tion of leaves and their cells is tiot drastically

different from wood.
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The only i~w-,fied soij:eo' of exporiiien ta die icc ri, conrntant. (tata for

are preatieted for Titlip tree ..ewlvs &11ong v.Ali dxi, from a va~riety of plant

* Leaves. The tulip tree da~a falls ap xite iv tzie riddla of a)l3 other

leaf data reported. tin an effort. to prov~de an eativiated tipread of vva1'.iý,

data for bot)h the highe~c an~d kc'est czasis weke fit. with the m~athematical

modeis to provide a continuum~ of ,,urves arid 4monoth out *:he expe rimental error.

Th~tee reau1l.s are prebented iti Figures I; and 1.2. While the mean sqjuared er-

ror in the fit iN somewhat larger than tlacounterrrd with wood, it appears that

the dats iltself~ divi,ýtes randumly from a continitotis curveý in greater amounts

than the wood data suggesting larger ex-perlmetuta. errors.

Concl.usi!on

The I~nfor'natiori presented bere are estixitat~es and should undergo further

substant-tationi sad possible refinement. At presont, the ,circity of experi-

mental datq preclude further oxtensions of the inodelD.. The 1p.ermittivity values

shiovn are, however, expected to be reasonably accurate anid representative of a

variety of common 1-rees for both orientation cases. Loss factor values canl

at present only he viewed as possibly "tvpical"o, but not necessarily- covering

the extent of varist on found in comlik~n trees. The sanit, is true for the leaf

data fits, Slnc-e effective loss factor values largely irifluetice propagation

and P.tterauation through forests, more experimental offort s.hould be unde~rtaken

ina order to better undt-rstand anid predict. "his qutantity. In particular, the

ability to accurately predict the loss facto-,r curve minima might lead to op-

timtum frequency select.ion for muaximum penetration by radar systems. This is

where tin acourate nxchel expressic-). can help) ýiince it is not feasible to experi-

nientally determine the dielectric constpat over all frequtencies for each vari-

ety of tree with different physical properties.
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APPENDIX E

DIELECTRIC CONSTANT MEASUREMENT METHODS WITH

APPLICATION TO GREEN WOOD AT GHz FREQUENCIES

Low Frequency Range, (0 - 10 Hz) [1)

At very low frequencies, the usual. method of measuring the dielectric

constant is to insert a material sample between a parallel plate holder.

After a charge-up from a fixed voltage or de source, the current vs. time dur-

lng dischaxge is recorded. The leakage (steady-state) current is also deter-

mined and subtracted from the total current giving the polarization current.

The polarization cur,7ent-time curve is then normalized and compared to known

cuý:ves representing low frequency polarization parameters. These parameters

represent a theoretical, complex dielectric constant distribution due to low

frequency polarization mechanisms. Low frequency dielectric constant values

for thf material •may then be obtained from this distribution.

MeiJun Freen__cy Range, (10 - 106 Hz) ]1], [2]

For audio to radio frequencies, capacitance bridges such as the Schering

Bridge are almost exclusively used. The capacitance of a sample held between

parallel plates is read and compared to the geometric (or free space) capaci-

tance of the holder when empty. The ratio gives the relative permittivity

directly. 'Te dissipation factor, or loss tangent, can be read from settings

on commercial bridges.

High Frequency Range, (10 - 108 Hz) 1 -3], [

At higher radio frequencies, resonant circuits are used. These comprise

a s1tardard inductor and capacitor connected to a micrometer electrode sample

holder which accurately measures the plate separation. The circuit is tuned

to resonance, first with the sample inserted then when left out of the hold.er,
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by idjpst:ing the micrometer settLig. The cap.:c tance of the sample can then

be determined by .1n expression which relates it to he calibration and geomet-

ric capacitances 1 'Cj l The resi•stive or loss component is found by various

methods. Basically, they involve either renuning to resonance by adding known

resistance when the sampte iý disconnected, or measuring the width at the half-

power points of the voltage reý;onance curve (the more common method).

Efforts to extend the frequency range of resonant circuit measurement

methods resulted in development of the re-entrant cavity sample holder [1].

This holder in effect distributes inductance and part of the capacitance in

the cavity. Further frequency increases above around 800 MHz, however, encoun-.

ter other probllems related to the smaller wavelength. Non-uniform fields begin

to form in tk,.2 radial direction from the sample holder electrode axis and this

complicates interpretation of the capacitance values. At higher frequencies,

radiation and coupling losses become a significant part of total loss making

dielectric loss difficult to distinguish.

Microwave Frequencies [1], [4], [5], [6]

Lumped circuit parameter techniques are no longer suitable at centimeter

and millimeter wavelengths. Instead, a variety of transmisoion line methods

have been developed and are usually tailored to accommodate certain aspects of

the material. In these methods, dielectric values are indirectly obtained by

observing the effect of a material sample placed in the transmission path.

Ordinarily, non-magnetic (p z Vo) materials are assumed. Consequently, any

scheme which produces an accurate measure of either the propagation constant

or the wave impedance of the material may be used. From either of these wave

parameters, the complex dielectric constant can be determined.

Methods which measure the material impedance require placing a sample

within a coax transmifssion line or waveguide. The sample usually fills the
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entire cross section, introducing a discontinuity in the line. The gulde is

then terminated and a slot detector positioned in front of the ;smple as in

Figure 1. Given u known termination impedance Z, P the waveguide impedance

Z° , and the standing wave ratio determined by the slot detector, the dielectric

constant of the sample can be found. This procedure, however, involves a non-

analytic expression which must be graphically or numerically solved and is

sometimes multi-valued. The ambiguity must then be resolved by either a repeat

experiment with a different sample length or by an a priori estimate of the

results. This method has been described as best suited for low to medium loss

materials [1].

When high-loss materials such as water, moist soil, etc. are to be mea-

sured, alternative methods are usually employed. These methods essentially

measure the attenuation and phase constant of the material [1], [4], [5].

This can be done by making incremental changes in the sample length and noting

the jump in attenuation and the phase shift due to the change. This scheme

would involve a configuration similar to that shown in Figure 2. Liquids are

particularly well suited for this method since the sample length is easy to

change - in some cases without disassembling the apparatus. This method has

been called the "long-3ample" or "infinite-sample method" since the sample must

be long enough to damp out backward reflected waves. If the damping is not

sufficient, a standing wave in the sample will occur that is dependent on the

length, thus affecting the measurements. The reflection from the front is

held constant and does not affect the relative incremental measurements.

One modification of the long-sample method [7] dispenses with the require-

ment that the sample length be changed. Instead, reflection measurements from

a single length are compared to measurements from a shorted waveguide at the

boundary. Nomograms to aid in the associated calculations are available [7]
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but would have to be extended to cover the typically larger green wood loss

factor values. This method is probably not as accurate as the incremental

measurement method but undoubtedly is faster.

Before discussing specific applications to green wood, one last method

will be introduced, particularly since it was used in the only identified

source in which dielectric measurements of green wood were reported [8]. This

is the "thin-sample method" and uses coax transmission cable, a slotted line

detector, and a coax sample holder [6]. The method is an impedance measuring

procedure and requires the sample to be thin enough to justify an approximation

in the working expressions. In practice, this may limit samples to less than

1 mm. thickness. Since coax is used, the cut-off wavelength is infinite and

the apparatus is suitable for much lower frequency bridge or resonant circuit

measurements as well.. In that case, the capacitance and conductance are mea-

sured for the entire holder and transformed to the sample by the appropriate

line impedance expression.

Dielectric Constant Measurements of Green Wood, (.1 - 1 G4z)

This range of frequencies represents a difficult range in which to measure

high-loss materials such as green wood. Most of the raige is too high for

resonant, lumped parameter circuits and yet below I GHz, distributed parameter

hollow waveguidec become too large to be practical. This tends to reduce the

choice of a transmission line to coax and limits the available methods. Conven-

tional "Short-sample" reflection methods are considered not as precise with high-

loss material 11]. Attempts to employ a "long-sample" technique are no, practi-

cal due to the difficulty in fabricating long sample sections to fit a coax

holder. The "thin-sample" method avoids these difficulties. An objection

raised with this method, however, is academic rather than systematic, Wood is

known to have an anisotropic dielectric property with respect to direction of
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the grain [2]. Since orientation of the electric field lines is radial from

the center for coax propagating in the normal TEM mode, it is impossible to

cut annular sections of wood which uniquely realize all three grain orienta-

tions. Only the radial grain alignment can be strictly realized with a trans-

verse, cross-section cut. All other cuts end up with combinationf of longi-

tudinal and tangential, or all three (see Figure 3). The experimenter wish-

ing to distinguish the orientation effect on the dielectric constant will find

the thin-sample method inadequate for this reason. However, if an application

of the results is not strictly dependent on the orientation distinction, the

method may be suitable.

One other difficulty encountered with the thin-sample method is the ef-

fect of an air gap between the sample and the inner and outer conductor sur--

faces. For high-loss materials, even the presence of very small air spaces

constitutes a series impedance somewhat comparable to the sample impedance.

The net result is a larger impedance than that due to the sample alone. A

few methods for overcoming this problem have been tried. One is to actually

calculate the air-gap effect and modify the working expressions to account for

it [6]. This necessitates rather accurate measurements of the gap for each

sample and the assumption that it is effectively uniform. Another method is

to fill the sample holder with a known high-loss medium such as water and re-

evaluate the impedance/admittance expressions for the new medium [7). With

the high-loss medium now filling the gap, the error is reduced. A disadvan-

tage here, however, is a possible interaction of the sample with the medium.

In the case of green wood, moisture content must be closely monitored and kept

close to its natural state. When most any wood is submerged in water - even

moist, green wood - the water is likely to be absorbed. 'There is also the

possibility of a liquid such as water producing a leaching effect on the
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various soluble salts and minerals found in wood. If the sample were submerged

long enough, its conduction and loss properties could be affected.

Since the difficulty lies in the imperfect contact, perhaps a more direct

approach would correct the error sufficiently. By cutting and shaping the

sample to as near the inside coax dimensions as possible, and enhancing elec-

trical contact to the conductor surfaces with a thin coating of silver impreg-

nated grease or gel, it would seem doubtful that any significant error would

remain.

It should be mentioned that very thin samples will probably require the

use of a supporting plug section. The material for the plug should be chosen

to be virtually "transparent" at these frequencies. Polystyrene foam has been

used successfully for this purpose [8].

In Figure 4, the sample is shown inserted in a coax line. The detector

probe must travel at least one-quarter wavelength to determine the standing

wave ratio necessary in the calculation of dielectric constant. This places

a lower frequency limit on slotted line measurements at around .4 GHz for

most equipment. Consequently, it would be necessary to employ a resonant cir-

cuit impedance method for the lower frequencies. The derived sample capaci-

tance and conductance values would then be used to find permittivity and loss

factor [8].

Dielectric Constant Measurements of Green Wood (1 - 40 GHz)

Between I - 4 GHz, coax experiences the onset of a higher propagation

mode and this restricts use of the slotted line used in preceding measurements.

The experimenter interested in observing most of the anomalous dispersion ef-

fect from water in green wood will need to carry out measurements to at least

35 - 40 GHz at room temperature. This will require the use of hollow wave-

guides and a different measurement method. It is, however, advantageous to
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extend use of the coax method to as high a frequency as possible before encoun-

tering unacceptable error. This will eliminate the need for some of the larger

waveguide sizes.

To cover the range from 4 - 40 GHz, several waveguide sizes must be

selected. Actually, by using about five sizes, all frequencies can be

covered under dominant mode conditions. This is probably not necessary since

the general shape of the anomalous dispersion region of a material highly domi-

nated by water is fairly easily modeled. (This topic is covered in Appendix D.)

Only a distributed sampling of frequencies should be neeled to construct a

continuous curve throughout this region. At even higher frequencies, the di-

electric constant of green wood is expected to become nearly constant and

settle into its optical value.

When using hollow waveguide, the "long-sample" technique should be con-

sidered since it works better for high-loss materials. YKilling sections of

rectangular wood samples should not be difficult although moisture content

must be closely monitored and kept at the natural state. The use of humidor

storage and avoidance of prolonged exposure to dry air would be recomme'nded.

The problem of contact fit is not as critical as in the thin-sample method

although the sections should fill the waveguide as completely as possible

If using the incremental cut and measure procedure, it is obviously easier to

begin with the longest length and make cuts from there.

Equipment requirements, in addition to the waveguide, are a CW signal

generator, variable attenuator, and a means of measuring amplitude and phase

difference. The latter requirement can be realized with a two-channel vector

voltmeter although it will probably be necessary to down-convert the signal to

within the frequency range of the meter. A network analyzer supplemented with

frequency extending test units can alone provide all the equipment require-

ments of this method, but its cost may be prohibitive. 4
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Conclusion

Measurement of the dielectric constant of natural, green wood in the

.1 - 40 GHz range will require several different test set-ups and methods.

This may explain the apparent lack of reported data at these frequencies. But

with increasing interest in UHF and microwave propagation through forest models,

this information will be a required need.

These recommendations were based primarily upon tried and successful past

techniques as reported in literature. This does not suggest that more modern

or as yet untried methods are unsuitable. Such methods, however, tend to spe-

cialize in the materials they are used for which usually comprise very low-

loss dielectrics. It would be highly desirable to investigate the develop-

ment of in situ techniques for forest trees. This would elimiante the cutting

and storage aspect and provide measurements in the intended natural, undis-

turbed state.
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APPENDIX F

THE MEASUREMENT OF APPLICABLE FOLIAGE STATISTICS

Required Measurements

A set of statistics best describing a forest in quantitative terms is

found in a complete forest stand table. This information is basic in forest

management and necessary in any analysis concerned with a certain forest stand.

The propagation attenuation model for a forest medium requires several

of these statistics. First, a count of trees per unit area is basic to the

required fractional volume parameter. These data are usually categorized into

trunk diameter classes. It is common to measure diameter at "breast height",

(d.b.h.). In more extensive tables, the tree count may be further broken down

by species. However, it is only necessary for-the attenuation model to dis-

guish broad-leaved or needle-bearing types. From the count per area and tree

type, the total wood volume may be estimated using tree-form volume models [1]

(see Appendix C).

Total leaf volume is generally not available from stand tables. However,

this quantity may be estimated for given trunk diameters (d.b.h.) using avail-

able leaf area and volume models [2, 3, and 4]. Total leaf volume may then

be projected from the tree-count data. This kind of information is also of

interest in forest management and research efforts since it has direct bear-

ing on watershet properties.

More recently, it wis found necessary to provide a further categorization

of wood and leaf (biomass) data for the propagation attenuation model. It is

required to know the distribution of volume according to its structural dia-

meter. In other words, what percentage of total wood volume comprises com-

ponents equal to or less than a given diameter. In practice this would be
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determined for a range of discrete diameter class sizes. There is no clear

way to categorize hardwood leaves by diameter, however, so this volume must

be handled separately.

It is not a normal practice for forest surveys to provide this kind of

wood volume distribution. There is, however, a fairly common practice of clas-

sifying wood as "saw timber". This amounts to providing estimates of the wood

volume for all wood having a diameter greater than a staidard such as 7 cm.

Measurement Difficulty

With knowledge of modern mensuration techniques and experienced personnel,

a forest stand table can be readily generated. Different levels of statisti-

cal significance can be realized depending on the particular sampling scheme

us6,. It is even possible that a 100% survey may be accomplished if the area

of interest is not too great.

Data describing biomass volume versus diameter is not commonly obtained.

The same techniques used in saw timber surveys, however, could be extended to

include a wide range of diameter classes. The difficulty lies in the tedious

and time consuming effort this would require on a wide scale. Before this is

done, a preliminary study is recommended to determine the accuracy in assum-

ing a common growth form for a given specie. If an acceptable estimate of the

volume distribution for a given specie can be made based on tree--height, or

possibly d.b.h., then a great deal of survey work is eliminated. It is pos-

sible, however, that such an assumption would require certain environmental

stipulations as well. In other words, the volume distribution of wood may be

too highly site dependent for each specie. It is well known that the site im-

pacts tree growth considerably. The question is how much it alters the basic

form of a specie and, consequently, its distribution of wood volume.
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Techniques for Obtaining Wood Volume Vs. Diameter

Two procedures for gathering wood volume data will be mentioned. One is

a destructive method and the other non-destructive. The first method is to

cut the tree and determine its average green wood density [81. The tree is

then weighed whole or in parts and the volume given as;

Volume = Weight/Density

If the tree parts are separated into diameter size classes and then weighed,

the volume may be obtained for each of these classes by the same relationship;

Volume class m Weight class/ Density

Each of these class volume values would then comprise points on a distribu-

tion curve.

An alternative method is non-destructive. Actual hand measurements are

taken from limbs with aluminum pole limb calipers. Bark Thickness is deter-

mined and subtracted out. The volume of most of the large tree parts is then

directly computed. It is of course impractical to measure all the small

branches and twigs this way. It may be possible, however, to simply estimate

their contribution to the small diameter class or clip and weigh them.

The choice of these techniques may not be arbitrary. In some instances,

it may not be possible to cut trees and the non-destructive method is the only

recourse. Alternatively, if attenuation test measurements could be scheduled

prior to a proposed site clearing, perhaps the cut and weight technique could

be considered.

It is interesting to note that the U. S. Forest Service is currently

sponsoring studies to test and develop a scheme for acquiring this kind of

data from electromagnetic attenuation measurements (5, 61. This approach is
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the inverse of the immediate problem whi.ch is to obtain attenuation estimates

from forest data.

Work Estimates

Ideally, experimental measurements would be conducted at a recently sur-

veyed site. Examples of such sites would be managed commercial or private tim-

berland and sections of state and national forests. It should be emphasized

that recent data - certainly within the past 18 months - ought to be avail-

able to accurately describe the current growth status for the site.

If a survey is necessary, an estimate of the work involved in producing

a 100% sample stand table for a one-acre stand is one full work day for two

experienced men [7]. This is 16 man-hours per acre for a 100% sample. Any

of the random sample schemes would require less time in the field, however,

the computational time would increase. Site parameters, weather, and other

such factors will affect the time required.

The estimate given above is for a standard stand table only and does not

include volume distribution data. As mentioned, techniques used in total bio-

mass or saw-timber surveys could be extended to include several diameter class

sizes. Again, a two man crew is ordinarily sufficient. No work estimate can

be given since the additional effort involved in categorizing several diameter

classes is not a normal practice.
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