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! EVALUAT ION

This document contains the results of an analytical study conducted

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

initiated in address to the Foliage Screening problem (ref: TPO Ri1|B, 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 urderstanding 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.

forryg N Bodllurih, Jo

HARRY H. GODLEWSKI!, Jr., 1LT, USAF
Project Engineer
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1,0 TINTRODUCTION

The quantitative description of the effects of the natural environment
on electromagnetic wave propagation and scattering reprcsents a research area
where much work remains to be accomplished. Since electromagnetic theory is
a particularly detailled subset of boundary value mathematics and physics,
electromagnatic problems are not easily solved in the presence of a hodge-
podge of objects or surfaces such as 1s 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 1is essential that we attempt te understand
the effects of these perturbing media. Within the last twenty or so years,
significant advances have been made in combining probabilistic mathematicse
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 E i.e.

f ?
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E = <E>+ Eg

)
The power in this field averaged over all possible values is given by <|El2>

or

<JE|P> = [<B)? o+ <[E B

since <§F> = 0 . The average fileld <E> 1s the coherent field and |<E>[2
is the coherent power. The term <|Ef|2> is the incoherent power or the
varlance 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; 1s it ever possible that the
total target scattered field received hy 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 E is sufficiently correlated over

£
the extent o7 the synthesized aperture as to appear as a coherent field. To
answer the question we need to know the correlatior between the target scat-
tered fields at the beginning and end of the synthesized aperture. This cor-
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 mws iium. Ishimaru

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

or objects which are small in terms of the electromagrnetic wavelength, the
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fluctuating comporent of the ruandom 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 cohereat 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

The 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 therc are
foliage propagation data which indicate that it is the smaller foliage com-
ponen*s which are most effective in the attenuation process. Using these mea-

sured results we conclude that the fractional volume of wood that is important




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 theilr 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.
3 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 teo 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

—




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 toc become important near 1.5 GHz., Thus for leaf bearing =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 propagatlion constant
with total average power measurements, we cobtaln 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 [2] with random wave propa-
gation theory [l1]. 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 fcliage on SAR (and other types
of radars) performance. Second, we did not feel that the rime 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 consequence, the Rayleigh-Effective-~Volume Model
has a number of analytical shortcomings which eventually should be resolved.

To this end, we have suggested arn 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. WUe feel very strongly
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about the need for a measuremeuts program because of the analytical complexity |

of the problem. That is, we feel that experimental results should gulde 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 snherical objects. The approach used can be easily applied to any col-
lection ol similarly aligned objects which individually do not depolarize the
incident field. The extension to randomly oriernted objects is more difficult
but we feel that is certainly worth further rtudy.
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 strsngly urge

further experimental and analytical studies of this problem.

2.0 BACKGRUUND

In order to accurately predict the impact of a foliated environment on the
performance of a synthetic aperture radar (SAR), one must first understand che
effect of the foliage upon the propagation and scattering of an electromagnetic
fileld. Because of 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

mean ond variance. This of course does not help the systems designer who is

WU

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

which can be effectively used during cystems design and evaluation.
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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 1s 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 18 the ratio of the signal strength
backscattered from the embedded tacget 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 syntheslzed 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 synthetlic aperture to be useful except at very low frequenciles. 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 and 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

7
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medium having a continuously varying dielectvic constant. Most of these rea-
gons center around the fact that propagation through continucusly varying ran-
dom media i1s 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. koth and [lachi [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-gpace 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 contirnuous theories for discrete prob-
lems 1s 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-func-
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 Fropagation Assumptions
Having decided that this problem is most meaningfully approached using

the theories governing the propagation of electrognetic fields through discrete

8
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random media, it is néxt 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 not 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 fi1ll all space and the propagation constant of
the mean field in this environment is determined. Theu, 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 rhe 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, counventional rough surface scattering phenomencn 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




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 1is not considered to be unreasonable primarily bzcause 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, 1t 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 interts and purposes, at grazing incidence. This
means that the random propagation precllem can be treated as if the direction
of travel of the incident field within the fouliage is parallel to the free
space-to~foliage planar boundary. An additicnal advantage of this simplifi-
cation is that analytical results can be compared with point-to-point communi-
cation attenuatilon 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, so rhis
would appear to be a reasonable simplification.

At this point it 1s probably wise to summarize the general approach and

10
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assumptiona that will be employed in this analysis., First, theories pertain-
ing to the propagation of the average fleld in a discrete random medium will
be used. Second, pfopagation in an infinite unbounded medium comprising typi-
cal follage constituer.ts 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 i1s planar and no secondary propagating fields are
exclited 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 divection of propagation of a SAR transmitted field to be the only direc-
rion of interest,

As this report progresses adiitional hypotheses and assumptions will be
employed. However, the above are considered special because they are common

to all of the analyses toc 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 sinplifying 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,

11
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tree trunks, bark, etc. The physical statistics category refers to such
parameters as the average fractional volume occupled by the follage, 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 follage 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 cohereat 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 folliage constituents, it 1s obviously not possible tc 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 chcracteristics 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.

12
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It should be clearly obvious that a full-blown, detalled, 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 1s 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. Hewever, for the purposes
of system design and evaluation it is more important to generate a relatively
simple model which agrees with weasured 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 can be used by systems engineers and one which
exhibits a great deal of agreement with measured data. This apprcach 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,
Firally, 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
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three basic constituents; tree trunks, 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 thelr 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 occupiled by the foliage. Branches are characterized

by their smaller average size, random orientation, and relatively high number
densicy. 1In 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 dintuitively obvious that at very low frequencies, the tree 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, the leaves dominate the attenuation of the coherent field because of
their high number density and thelr 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, is the
Ltrancition 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

14
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as each constituent transitions from a Rayleigh or volume dependent scatterer/
absorber to a number density/cross scctional 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
I1]

Im(k) = p(cs +ca)

where p 1is the number of scattering/absorbing objects per unit volume and

cs and Ga are the scattering and absorption cross sections of a single
object. 1Ignoring 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 = ptﬂaiLt and prb = ObTTaiLb , respectively, when
the frequency 1s sufficiently low that the objects are Rayleigh scatterers.

V 1s the volume, a 18 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, ay << a, and Lb << Lt ; however, the number density

of branches is much larger than that of the trunks, i.e. >> pt » 80 that

Py

p.V is at most larger than prb by a factor of ten. In the optical limit,

tt

Oa > O where og is the geometric cross section of the scatterer/absorber.

For the trunks Og = ZatLt because they are all represented as similarly
oriented cylinders. The branches comprise a collection of randomly oriented
cylinders with all nrientations assumed equally likely. Van de Hulst [10] has

shown that the geometric cross section of a randomly oriented object is

15
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one-fourth the total snrface area; thus, for the branches cg = ﬂabLb/Z .
Consequently, in the optical limit the attenuation constant due to the trunks
only 1s proportional to ZDtVt/'nat while the attenuation constant due to
branches only 1is proportional to prb/Zab . The ratio of these two attenua-
tion constants is given by the following;

Im(kb) ) 'nat prb
‘m
Im{k ) 4a, o V.

As noted previocusly, prb/ptVt $ 10 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 t6 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 Oa + GS for a single object (trunk, branch, or leaf). The attenu~-
ation constant could then be estimated from the single scattering approximation,
i.e. Im(k) = o(oa"FUS) . 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 unkpnown distribution functions. That is,

even though the problem can he solved formally, it is doubtful that measurements

16
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of the required size distribution functions are practical; this is especially
true for thc tranches 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. {pr}e where p 1is the number
density of Rayleigh foliage constituents, Vp is their volume, and the sub-
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}e as a function of frequency. However, does such

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 fizld. 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,

17




the transition occurs well into the resonance or optical region, the approach
is totally invalid.

The only analiytical 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 correiation to
depend upon the green or dry weight of those follage 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 fﬁiiage constit~
uents than with all the foliage. Unfortunately, they did not attempt a cor-
relation with even smaller constituents so the exact poinf 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 fai; beyond some frequency be-
cause all foliage constituen's will eventually no longer be Rayleigh scatter-
ers or absorbers, i.e. {pr}e goes to zero. Conversely, we feel that there
is some frequency range for which it is valid because it has 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.

18
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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 cr 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 1s 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
1 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
4 . 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 0.17%. There are exceptions to this figure
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especially for managed forests in Europe where the Iractional volume can be as
large as 0.5%. However, even in this case the fractional foliage volume 1s
sufficiently small as to indicate that the Foldy~Twersky integral equation is

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

chvosing the Foldy-Twersky formulation is that we have no idea as te how the
pesitions 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-Twersky integral equation. This solution for the case
of spherical objects or particles is given in Appendix A. Unfortunately, this
exact sclution was obtained so late in the study that we were unable to apply
it to arbitrarily shaped objects having all orientations equally likely. 1In
fect there is some indication that the solution presented in Appendix A is
st.rictly only applicable to cvbjects which do not give rise to depolariiation
o’ the forward scattered wave even though this depolarized wave may go to
z2ro when averaged over all orientation’angles. Howaver, in the case of Ray-
l2igh scatterers the problem simplifies somewhat and it is possible to obtain
an approximate solution.

In the Foldy-Twersky formulation, the total average field outside the
particles is also the field incident upon any one object or particle. Using
tlils fact and assuming that the volume enclosiag all the particles or objects
{¢ Iinfinite, Appendix A shows that the average field outside cof the particles

-+ > 5
<Eo(ra)> and the average field inside the particles <Ei(ra)> are related
as follows;

k2+k2 <+ (+ > 2 <-’ M > ‘
(- o ) Eo ra) = -—ko pr(er-l) Ei(ra) 1) "

where it has been assumed that the average field outside the particles is a

20
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plane wave, i.e,
+> - > >
< - - oy
E (r )> = Eexp (-Jker )

In (1), k 1is the unkaown propagation constant of the average or colierent

fieid, ko = Zﬂ/Ao is the free space propagation constant or wavenumber. p

’

is the number of particles or objects per unit volume, Vp iz the voluma of
a particle or object. £ = E; - jeg' is the complex dielectric constint of
the material comprising the objec%s, and an exp(jwt) time convention :s as-
sumed. In order <o solve (1) for the unknown propagation constant, it is
uecessary to obtain the relationship between <§;> and <E1> and this 1is
difficult to do in generai. However, in the case of Rayleigh particles or

objects, such as assunied in the foliage case, the quasi-static approximation

can be used to find an approximate relationchip of the form

- >
<E;> % g(er,P)<Eo> 2

because <Ed> is also the incident field. The constant of proportionility in

(2) depends upyon the dielectric constant of the object or particle and the
shape of the object. Substituting (2) in (1) yields the following exp:es-

sion for k ;

2 2 2
K=k + ko V (e ~1)g (e,,P) (3)

Thus, in order to determine the propagation constant of the average or «:oherent

field it 18 necessary to use thg‘ﬂuasi—static approximation to estimate g(er,P).

3.2.1 Propagation Through Small Cylinders and Discs
There are a number of different ways to obtain approximate expressions
for g(er,P) and the approach presented here should not be considered as the

only valid one. The advantages of thils approach are that it is analytically
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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 aizes 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 fractional volume iz 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 trurnks no longer contribute to the affective
fractional Qolume, the probability density for the orientation of the consti-
tuents comprising the effective fractional volume should approach a more imi-
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 examining 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 tle transition in polarization dependence always nccurs near 500 MHz.
This does not tell us how the orientation density 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 anaiytic form of the
skewed orilentation density function.

Figure 1 illustrates an arbitrarily oriented cylinder and the defining
geometry., The (x,y,z) coordinate system is fixed while the angles 6 and ¢
describe the orientation of the cylinder. In consonance with the Rayledigh-
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 1s given by

«fept 4)

>

+
E. o

i

whereas the intermal field orthogonal to the axis is [8]
~ g N T -
£ xE =8 xE [E::%rj[] (5)

where T 1is a unit vector along the axis of the cylinder. Equations (4) and
(5) give the internal field components in terms of a unit vector which changes

direction as © and ¢ vary. Before these fleld components can be averaged,

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

process 1s greatly facilitated by uoting that the direction parallel to the
cylinder axis is given by the unit radius vector T of a spherical ccordinate
systemo while 0 and ¢ of the same system specify the directions orthogonal

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

@This 1s an approximation which is true only in the thin cylinder limit.
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Figure 1. Coordinates and geometry for the cylindrical
i representation of the woody components of a forest.
g The angles 6 and ¢ are random variables,
24
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the spherical coordinate system unir vectors (r,0,¢) and the cartesian unit

A A A
vectors (X,¥,Z), €.8.

X°T = 8inb cosd %*0 = cosf cosd §°$ = - ging
' §'§ = gind sin¢ §°§ = cosf sing §-$ = cos¢
Z+T = cosf 26 = - g1ab Ze$p = 0

Thus, if the incident field is z-polarized (vertical), then
—ﬁi = Eig = E:L [cosb ¥ - sind 61

and the internal field is

sine,é]

> i ~ 2
A = f -
Ei E™ lcosBr € 1

which in terms of the fixed cartesian unit vectors is

-

Ei = Ei {sinG cosf cosd X + sinO cosB sing y + c0526 z

- 5T 2+ T [cose sind cosp X + cos® sinOsiny ¥ - sin20 2]} %) .
r

The z—component of E.’L 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

§i = Ei § = Ei[sinﬁ cosd T + cosOsind 6 + cosd (’5]

and the internal field is

b
A = ‘i ,: .__.__g__. 8 A 2 \
Ei E {sine sing r + e 1 [cos() sin¢ 6 + cos¢ ¢]J

which in terms of the fixed cartesian unit vectors is
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Ei - gl {sinze cosd sind % + sin?'t) sin2¢> 9 + 8inB cosd sing 2

+ [(COSZO cosp sind - sind cosd) X + (c052031n2¢ + c092¢) 9

e +1
T

- 3in0 cosé 2].} €))

For this polarization of the incident field, the y-component of Ei is the
principally polarized component of the Intermal 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 orilentation of the cylinder which is representative of the trunks
and branches. In selecting the density function, we willl 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;

6 e (0,m/2)
_d9dp N
@my(n/2)
0,2
P, (0,0)d0d¢ = ¢ € (0,2m)
0 all other angles

That is, averaging (6) and (7) over all angles €8 and ¢ wusing (8) yields
Tsa=1 2 |3t
<B> = 5 [1 + T 1] E 9

for a vertically polarized incident field, and
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<E> =z [2 +5 (E H)] E (10)

for a horizontally polarized incident field. Substituting the above results
in (2) and then in (3) gilves the following results for the propagation con-

stants of the coherent fields

2 2 2 1] 2
kv = ko + ko {pvp}ew(er -1){—2- [l + (E +1)] } (11)

2 2 2
ke o=k o+ kg {pvp}

111
(Er —1){7 [—2— +

N

ew

I

where the subscripts denote the polarization of the average or coherent field
and {pr}ew denotes the effective fractional volume of the woody (trunks
and branches) constituents of the forest. Since the second terms on the right
hand sides of (11) and (12) are small with respect to k;z and because

Ierl >> 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
k, v kot k DoV} (e -1) [ (13)

K, vkt ko{pvp}ew(er ~1)/8 (14)

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

Tt may 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 angleo. That is, in terms of

®0ne author (GSB) is indebted to Dr. R. L. Fante for pointing this fact out.
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the differential solid angle df and with dQ = sinb d6d¢ , equation (8)

becomes
48 0 < < 2m
7 8in6
p_(2)dQ = (13)
v 0 2m < Q < 47

Clearly, the density function expressed in terms of the solid angle @ by
(15) is skewed toward the vertical; in fact, when 6 = 0 the density is
infinite,

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 priori 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 €, > 1 . That is,

m/2 2m

f f E, (8,0|2)8,,(8,6) ¢ do
0 0

m/2 27w

- szﬁi(e,qbl?)ﬁw(e,q:m d6 (16)
0 0

where Ei(9,¢|2) is the internal field for a z-polarized (vertical) incident
field, Ei(6,¢|9) is the internal field for a y-polarized (horizontal) in-
cident field, and ﬁw(6,¢) is the probability density function for the orien-

tation of the cylinders. Assuming that p (8,¢) {is functionally independent
w
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of ¢ over (0,2m), it can be shown using (6) and (7) that (16) reduces to

the following;
/2 /2

cosl 0, (6) de = sin? 0 B (6) do an

Using some straightforward trigonometric substitutions, (17) reduces to

Il

fcos Bﬁw(O/Z) de = 0 . (18)
0

Thus, any function ﬁw(e) which satisfied (18) and is a valid probability
density function is a solution to our problem. There is, however, one other
peint which may have some practical significance. When we transform ﬁw(6,¢)
to ﬁw(Q) , i1t would seem reasonable to require that ﬁw(ﬂ) 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 . However, another

choice of the density function is as follows;

0<6<w/te
siﬁzs d0d¢
0<¢<2m
B, (8.4)d6 do = (19)
0 all other angles

This density function satisfies (18), 1s a valid probability density function,
and is not singular when transformed to ﬁw(ﬂ) . Thus, although (8) and (19)
lead to the same results for the attenuation comstant, {(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

satisfled by a large number of functional forms for ﬁw(6,¢) , and so 1f we had
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measured data on Sw(6,¢) » we could construct a function which matched the
data and satisfied (16). This is most encouraging because it means that the
model 1is not locked to a specific functional form for ﬁw(9,¢) .

The above paragraphs present the details of the REV model for frequen-
cles 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}ew , decreases, i.e. only those cylindrical shapes having a diameter to
wavelength ratio of less than one half comprise {ovp}ew . Since the tree
trunks are the largest wood components in the forest, they are the first to
be eliminated from {pv_ } . As the tree trunks are deleted from {pV } ,

P ew P ew
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
{pr}ew is probably best described by a function which is uniform in the

upper hemisphere.0 In terms of the angles O and ¢ , a hemispherically

uniform probability density function is given by

9Since cylinders have end-for-end symmetry, their orientation need only encom-
pass the upper hemisphere.
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0<6<m/2
109 4046
0<¢<2m
£, (6,0) d6 dp = (20)
0 all other angles

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

ing results for kv and kh 5

k
v

14

ky *k (OV} e, —1)/6

(21)

124

ko + L0V} (e, -1)/6

kn

since lerl >> 1 for wood in the range of frequencies of interest to this
study. Comparing (21) with kv 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 kv and a larger value of kh .

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 fcrest 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 {pr}ez 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
31




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

are parallel to the flat face of the thin disc while T 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

6 and $—components of the incident field couple strongly to the internal
field while for a cylinder it is the T-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;

'ﬁl. - gt [Eéﬁe— £ - sind é‘] (22)
’ r

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

given by;

ﬁi - gt [525%;99§9~? + cosf sin¢§ + cosd $] (23)

where E- 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;

T, (L 2\
<E;> = 3 + 3> E 24)

for a z-polarized (vertical) incident field and

=S A | 2\2i
&Ei> = (—351_ + 3> 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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Coordinate system and geometry for the canonical

model of leaves. Note that the leaf need not be

a perfectly circular disc, but may ‘.ave an arbitrarily
shaped bruadside cross section.

33

I T YRR T Y T



average field propagating through leaves only;

kK o ko + ko{pr}eQ’(er - 1)/3 (26)

where {pvp}eg ie the effective fractional vonlume occupied by the leaves
and €. is the permittivity of the leaves. 1If it 1s assumed that the effects
oi the leaves and the woody components of the forest add independently, equa-
tions (21) and (26) carn be ccmbined to yield the following result for the pro-
pagation constant above 500 MHz;
kK X ko + ko(er »l)[{pvp}ew/6 + {OVP}eE/3J @n

where it has been assumed that the permittivities of the green wood and the
leaves are esseutially equal. It should be noted that for equal effective
fractional volumes ¢f wood and leaves, the leaves have a greater effect on the
propagation coustant 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. 1In 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 w/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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axceed that for the vertical polarization. Consequentlyv, the attenuation con-
stant for the averxage horizontally volarized 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 iwmportant 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 [15] did find a reasurable
(but small) difference between the attenuation rates for the two polarizations
above 550 Mliz 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 1s entirely
dependent. upon the loss factor eg' of the complex dielectric constant. That
is, if the material compriging 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 field inside an object.
It is a mathematical oddity that is well known and is also well understood
{1, Vol I]. 1If 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 [l, Vol I}. However, for the problem addressed here, we

need to obtain a better approximation for the internal fi<id than is provided

by the quasi-static technique. This makes the problem somewhat 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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value of Im(k)

the zeroth order quasi-static approximation) which will yield a non-zero

as the dilelectric loss factor of the perturbing objects goes
to zero, l.e. E;' + 0 .
We take the incident field as follows;

H-ors (28)

where E 1s the complex amplitude and & 1is a unit vector indicating the
polarization of thé incident field. It is first necessary to obtain the field
inside an arbitrarily oriented cylinder (the canonical model of the wood in
the forest). This s accomplished as in Section 3.2.1; the incident field is

expressed first in terms of unit vectors alcng the axis of the cylinder (%)

~ ~
and orthogonal to the axis (0 and ¢), i.e.
E'= E[{@e0)t + (€88 + @]

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

is given by
ES - E {(3.9)9 + -E«f:;—_ [(a-8)0 + (f-f)@]}
or
Eio e {29)

where

- 5 A A AT

£ = {(é‘-?)f» + o= [@5)0 + (§-¢)$J} (29a)

T

Since T , 6 , and ¢ change direction with the angles defining the orienta-
tion of the cylinder (0,¢) , 1t is necessary to convert (29) back to the

cartesian unit vector base; that 1is
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B2 - {@Dr+ @D9 + @ba} (30)

Equation (30) represents the fleld inside the dielectric cylinder to the
order of approximation inherent in the Rayleigh or quasi-static approximation,

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

is only approximate since if e;'-+ 0 , the forward scattering theorem (1, Vol I]
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 quadratﬁre to the field given by (30). In the limit of e;'-* 0 , the
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 iIn Section 3.2.1, 1t 1s necessary to obtain the small
correction to the intermal field for the cylinder.

If 6F 1s the correction field, then the first order approximation to

the field inside the cylinder i1s given by

tl- %

o >
i P SE

or
-ﬁil - {[(E+GE/E) ."]ﬁ + [(E+6E/F.)’§]9
e[Erstimed)s | .

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

by the following [1, Vol I];
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*> A k A > ] '
f(ks,ﬁi) - {-ks x [ﬁsxuil/rs] } (€, -1) exp (3 Ks-? ) dr (32)
\
p

where ko'-Zﬂ/Ao , ks is a unit vector in the direction of scattering,

kK =kk , &k
0O 8

s is a unit vector in the direction of incidence, and d;'

i
is a differential volume element inside Vp . Assuming that Vp is so small

that E;’/E is constant and
> 3+
exp (j kS.r') =1 ’
then

K 2

’f’(ES,ﬁi) % —:—TF(er—l)Vp (-iisx [{esxﬁil/ E]} (33)

\

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

is the sum of the absorption and scattering cross sectioms, Oa and OS s

respectively, and

O =0 +0 = -7 Im{?(ﬁi ,ﬁi)-é} (34)

The total cross section averaged over all possible orientations and random

dimensions of the cylinder is <0t> where

<ot> = <oa> + <os> = - Im {(f(ki ’ki)>°e} (35)

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

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

<oa> + <os> = = ko<Vp> Im {(er—l) [wﬁi X (ﬁi x <§11/E>>] . e} (36)
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In Section 3.2.1 it was shown that the cross polarized components average

to zero, thus <E11/ E> is in the direction of & and

o>

Griy - [Eree + Gt D]

oxr using (29)

Gliey = [KE + Gire-e)]e (37)

Siuce -ﬁl X [k X@] =8 ~ ﬁi(ﬁi-g) arnd because the incident field is orthog-

i

onal to the direction of incidence (ﬁj°€ = () , (36) reduces to

<+ <0 = = U > n {(Er -1) [@.é) + <s§/E . A>]} (38)

>
where &£ 1s given by (2%a).

The definition of <0 > is as follows;

= i > 1 2
0> =k €’ <[ |ES/E|" av (39)
\)

?
however since
> 1 >0 > >0
Ei = Ei + 8E = Ei (40)
it can be shown by using (40) in (39) that
=Y
<o > = —k°<Vp> Im {(f:r ~-1) <F, . e>} (41)

The proof of this statement is given in Appendix B. From the expression for
->
£ (the equation (29a)),it is noted that for either ler-+1| >> 2 or

-
E; >> e;' the ncrmalized field £ 1is predominantly real. Consequently, the
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normalized correction field GﬁlE 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
~ LI 3 . @
<os> % k0<vp>(s;r 1) Im { <6]:./E e>} (42)

" —’n. . +‘-A
because Je, { <§E/E §> } is real. We can determine <§E/E €> from

(42) 1f we have an alternate evaluation of <OS> . The alternate expression

for <Gs> is given by

<0 > = f([f(ks,ki)l2> o) (43)

4

where dﬂs is the differential solid angle centered on the direction ﬁs .
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
> A A k > ~ N~ A A ~
£k ,k,) ¥ 2= (e _~1) v, { (£ [-ks x (ke x D]+ EH [-& < €x$]

+ G2 [~k x (Esxi)]}
or
> kz > > A A
PR ) = e 0y @ [R-EE D] + EDLT - R e ]

+

€2 [2- R kD] } (44)
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->
The function ]f(z can be simplifred somewhat 1f it is realized that the fol-

lowing identities hold;
[Ay =&, By k) o[y - R k)] = 1= @R = staly
i s 1 s i g 1 87 s 4 si

[”1'ks(”1'k's)]'[”j “k (k)| = "(“i'ﬁs)(”j'ﬁs) B T COSXgy ©O8Xgy

where ﬁi represents any of the .nit vectors §, ?, or z and Xg1 1s the

~ ~ -»>
angle between ny and ks « Thus. |f|2 becomes

N + [g~y]281n2xsy + [g'ﬁisinzx

> le_-1|* v {(E-sz

(An) sz

X a2 A
- 2Re [(E°x)(£°z5] cosxsx cosy

2Re [;E-&)(E-?)] cosxsx cos

ZRe [(E-?)(E-E)] coSX cosxsz} (45)

Substitution of (45) in (43) and integration over the 47w sol'd angle causes
the cos(*) cos(+) terms to go to zero while the integration »f the sinz(')
terms will yield 8w/3 . Thus, the average scattering cross saction is given
by
4 2
8T P T A2
<>-() <>I <I€xl |£y|+laz!> (46)

@“m?

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

1822 + [E:5]% + |E3)2 = oot

212l " 1ee8% e joedl?

where & 1is the polarizatior direction of the incident fielc. Thus
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882> + <I8'$|2>]}

(47)

4 2
> - (8D) E_%Z_Z e 1% { a2 +

and the alternate expression for <GS> has been found.

Equating (47) to (42) yilelds

2
e+l
€r

w (G ) - () e a2 | CA {<< 0 [

4my2ey >
(4m) .

+ et |

or since SE/E is pure imaginary

Gty - 3 ()02 | E,

A A.A 2
(4m) <Vp> Er -1) {k& ® :> ¥ & :>

+ <(€-$)2>]} (48)

Equation (48) is the expression for the average correction field that must be
added to the quasi~static internal field in ordexr to obtain the proper aver-
ége scattering cross section of the cylinders. It should be noted that this
field goes to zero as ko » 0 as it must since in this limit only the static
field remains. The total average first order approximate field inside the

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

Gray - = (@0t iy [ - <<e-¢>2>1}

@5H2> + <3e~¢>2)i]:}

(49)

2 _ 2
(811') (o < > I(Er' l]!) {<(3.?)2> +
€ =1
r

(m<v >
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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/e:r in (49), since €. is large, results in the fol-

lowing criterion;

3 2 2
(_§1_.'_ ko <P> lei | << 1

37 wm2<v > (e -1)

or
2\ 2 b
2 A . (e ")
4737 <',P) [(E'—l) + —..Tr 2—-] << 1 (50)
A<y > r (€'~ 1)

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 (i) of Section 3.2.1 for <§i-e> and

> N :
with <Eo'€> = <El°e> s, the following result for the propagation constant of

the average coherent field is obtained;

~ a2 A a2
2 2 XY 2 Le6)> ,2LEhH
k ko {1 - {p<vp>}ew(er -1) [((e T) > + + =

e_+1 c_+1
r r

2V e, -1)? ) 2 2 Ao
ME. o6Tr<V;J> (:rv -1) (<(e°r) > * €. + 1‘ <(e'0) >
2 2 A A2
] <o)
r

Ignoring terms the crder of 1/e:r and l/el_:Z relative to one yields

K2z k2 1~ {p<v <} (¢ _-1) <(g'§>2>r1+j
P ew T l_

0

ko3 <Vé> ler_llz ]
6n<vp> (e; -1)
(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<Vp>} s however, 1f we take it to be small relative to one then we will

ew
have satisfied (50). Thus, if we take

RS e -1

x 0.1 (53)
6m<V_> (e'-1)
P T

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) vields

R A IR SR (LD BN (54)

The imaginary part of the propagation constant determines the attenuation

rate of the average coherent field. From (54) it is given by
In(k) » - Tk _{o<v >} (@B + ) -1)/10] (55)
2 o P ew r r ’

0f 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
L)

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

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

-~ "
(hr 13/10 > el

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.
Al\z
For frequencies below about 500 MHz, ZSe*r) >>= 1/2 for vertically
polarized fields and <kg'§)z:> = 1/4 for horizontally polarized fields (see

Section 3.2.1). This difference is due to the dominance of the (vertically
44
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oriented) tree trunks. For frequencles above 500 MHz, the dominance of the
trunks disappears and <3$-?)2:> = 1/3 due to the branches. In this fre-
quency range, the effect of ihe leaves must be included also. The above field
perturbation analysis applies to the disc representation for the lazaves except
that <38'?)2>> is replaced by the sum <33'6)2:> + <38'$)2:> = 2/3 ;
thus, the imaginary part of the propagation constant jncluding wood and leaves

is given by

-~ _ " ' 1 1
Im(kg) ® =K [er + (er 1)/10] {6 {pvp}ew + 3{pvp}ejz } (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
which are not normally known, i.e. <Vp> and <V;%> . ngever, by requiring
the correction fieid inside the particle or foliage comstituent to be ome-
tenth the quasi-static or Rayleigh field, it 1s 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 corvrection
field as one tenth the zeroth order field, we are certainly making a gross
assumption., However, the assumption 1s 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 }ew , and the leaves, {DVp}e2 , comprising the foliage in a forest. This
section will be concerned with estimating the effective fractional volume of
wood,

The effective fractional volume of the wood or needles in a farest com~
prises those cylindrically shaped components having a diameter to free space
wavelength ratio of less than one half, i.e. D/)x0 < 1/2 . This particular
criterion 1s based upon the experimental results presented in {6]. The esti~-

mation of {pVP} as a function of D/)\o is a most difficult task because

ew
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
{pvp}ew as a function of D ., A detailed description of the estimation tech-
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 fractiomal volume of the foliage remaining
after all cowmponents of the forest having a diameter greater than a point on
the horizontal axis are removed. Using the criterion of D < 0,5 Ao » the
horizontal axls 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 1s intersected; the value of {pv } at the intersec-
ew
tion is the effective remaining fractionmal volume for the specified frequency,

When the curve flattens out, this indicates that all components of the forest

satisfy D f_O.S An and the value for {pv ! is then equal to the total
ew
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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 gite 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
Im(k) as a function of frequency in our model comparisons with measurements
(see Section 4.2). However, if stand table data for a forested area are a-ail-
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—~
parisons because there were no stand table data reported with the propagation
measurements.

Figure 3 shows that {pV }ew decreases as the frequency increases; thus,
according to (55) and/or (56), the attenuation constant resulting from this

model will increase 1t a less than linear rate with frequency. That is, since

both Im(k_ ) and Im(k,) depend upon k {pV_ } , the increase due to k
v h o P ew o]
is partially offset by the decrease in {pr} as the frequency becomes
ew
larger.

It should be noted from Figure 3 that at a frequency of 500 MHz only
about 19% of the total fractional volume has been eliminated from {pr} .
ew

According to the REV model, 500 MHz is the frequency at which the large tree
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trunks are no longer effectlve 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 volume occupied by the woody components; thus there ap-
pears to be an inconsistency between the REV model and the approximate physi-
cal foliage deta 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 {pvp}ew before the remain-
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. ko/E: D«<<1 .,
If, for example, this criterion were used to develop Figure 3, it would be
found that for e; ¥ 50 and at 500 MHz, {pr}ew only comprises ten percent
of the totzl fractiomal 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 é; , 1.e.
because of the criterion ko/gjr D << 1 ., However, foliage propagation mea-
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 mezagurements do not show this. Finally, 1if the great majority of the

49




woody components are electrically large then the attenuation 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 =lternative to the REV mcdel and the
inconsistencies between the REV model and 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, we do not have a size criterion to clas-
sify the leaves as Rayleigh scatterers such as the case with the woody com-
ponents., Second, we found no data on leaves which could be used fto 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, {pr}ew is down to 10% of its maximum value at about 3 GHz.
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
The remaining unknowns in the Rayleigh Effective Volume (REV) model are

' and the loss factor €, of live or green wood.

the dielectric constant €.
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 cylindrical coordinate
system, tangential is equivalent to a unit vector in the @-direction, and
radial corresponds to a unit vector in the p-direction. The term parallel
orientation is also used and this corresponds to the longltudinal 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 rclated 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 inrjected 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. Broadhurst'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 cver the frequency range of interest to this

study. Figures 7 and 8 present corresponding results for the loss factor
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Figure 4. Scliematic representation of a tree trunk, branch or

tvig defining commonly used directional nomenclature.

52




(deo [J fx13 se18nog Q faerdod U % Q) ‘urea8 syi o3 aarjeTex PT®T3 91130372 33Ul JO uoji~
-ejuaTIo0 (Teriuaduel/Teurpniiducy) TsiTeied 103 poom yo A37AaT33Twiad 8y3 Jo sSIuswWLINSEdy

(ZH) AON3ND3N4
o0 O 0,00 o o o ol
L [ [ 1 | i 1 —
- Ol
v
°c 8V B -
B 8 o -201 5
s
o O © 3
<
an_ m
o = ¢ )
M
(2] s3wvr Ww -,01 T -
v i
[11] 1sunHgvoug o
- 2Ol
NOILVLNIINO
A37IvHYS L o0l




(reo [ J f1t13 ser8nog Q ¢aerdod Ov *uteid ayl 03 SATIBTSI PISTJ OSTIIO8T2 8yl
jo uoljeluario (TeIpe1) IeTnoIpuediad 103 poom jJo L1TATIITmMIAd 9Y3 JO SIUSWAINSEIH °9 2InTT1g

(ZH) ADN3ND3NA

010! &0l g0l ;0! 0! Ol 4Ol Ol
L 1 il | | Il i _
-0l
m 00 ¢ oo =] a m
2 g 1201 2
W © =
mm O P W "
ﬁ M
[21] sawvr m -0l
" (11] 1sunHavous ¢
NOILVLN3IHO |
o]

dVINJIANIdY3d

m
i
_
|
A“
|
A
|
|
|
|
|
|
|
|
4
|




(ieo [ ‘113 set8nog O f2e7dod ¥ Q) ‘urea8 ayi o3 aATIB[A1 PIITJ 9111022 243 JO UOT]
-Bluaric (Ter3iuaduel/Teurpnit8uoy) ja7{eied 10J Poom jO 1031DBJ SSOT 9yl JO S3ulWaINSEIy -/ SINTTJ
(ZH) AON3ND3YA
200,00 01 Lol g0l 0 g0l g0l
] [ 1 1 | L L _
W,
3 \V4 9 :
<] o -0l
w ° o
O
- oo w
m 0 O lNo_ i
O | "
v B "
I-
o
H [2]] s3wwr ”w Ol
w o O d m
[11] 1s¥nHavous “ & =~ M
{
?VO_ w
0
NOILVLNIINO |
13Tivdvd L0l
w H
i |

L.




(teo [J €213 se18noq (3 faefdod ¢ ) °UTRIF SUI 03 PATIP[DI PIPLJ vidiv9[o oys ju

uccle3justio ([eIpRl) Ieinorpuddiad 103 poom Jo 1030BJ SSOT dYl IO sjuswsinsesy °g 2aand1g
(ZH) AON3IND3NAS
N_6_ :O_ o_o_ mo_ oo_ »O_ mo_ no_
. - . | 1 1 1 1 _
0 ¢
¥
o Q - - Ol
¢
B
Y el
. O Ol
[2]] sS3wve ° e
] ls¥nHavous O
NOILVLN3JNO el
dVINOION3IdY3d
L0l

JD ¥oLovd SSOT

56

.



i e o i = N

T TVeTyury =y TS rerrvem o e
o T T Bkt e T TNy YT T ey TR £ ,Wwwm\m’w‘!"mﬂ‘

The variaticn of the loss factor with frequency shows an upturn near 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 bty how much,

Variation of the loss factor with frequency, time of year and tree type
is less well known. For frequencles 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 Mitz-the sitvation 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 expeviments., It is our opinion
that Breoadhurst's results are most representative of the true green wocd.
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-—

ently using the following relation to estimate the loss factor for wood;

B(f/f )
" A C
€ = + (57)

r f0.96 1+ (f/fc)Z

where
1.5 x lO9 (Electric field parallel to grain)
Az 8
4 x 10 (Electric field perpendicular to grain)

and

20 GHz for summer (25°C)

10 GHz for winter (0°)

The factor B represents 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 Up where U is the moisture content cf the wood ard p
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is the density or specific gravity of the wood. The product up 1is also some-
times called the water volume ratio. A plot of our estimate of the relation-~
ship between B and WP 1is shown in Figure 11l.

It should alsc be noted that isolating winter effects to only a change
in the Debye frequency is very approximate. During extremely cold periods
where the temperature i1s 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 tramsition between conduction loss
and Debye relaxaticn 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 ¢f 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 theilr increascd
moisture content. At this time there is very little data for extending they
results in Figure 12 to a wide variety of trees.,

It sliculd 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 pavallel 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 E;' , all of our model results are strictly only
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applicable for the electric fleld in either the longitudinal/tangential direc-
tion or the radial direction and we have so labeled our curves. However, we
feel that the longitudinal/tangential direction 1s most nearly equivalent to
thr parallel orientation while radial is closest to the perpendicular orienta-

tion,

3.3 REV Model Calculations

Lach 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 detall was necessary, it
also tended to obscure the end result of the study. The purpose of this sec~-
tion 1s to combine all the aspects of the model to 1llustrate 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 cylinders 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 (l4) or

.1 "
Im(kv) =7 kocr {pvp}ew
(58)
_ 1 "
lm(kh) =3 kocr {pvp}ew

The model contained in (58) is interesting because it illustrates what would
happen if there were no change in the orientation statistics as {pV } de-
ew

creases, The inclusion of absorption effects only means that the results can
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be compared to total power measurements [l]. Figure 13 is a plot of (58)0
as a function of frequency, polarization, season, and parallel field orien-~
tation. The flatness of the curves at the low frequency end results frowm the

inverse dependence of e, on frequency (see Figure 12)., The cusps arcund

400 MHz represents the onset of {pvp} " decreasing. The increase in the
e

' {pcreasing at a

attenuation beyond 1 GHz 1s a result of the product kOE;
faster rate than {pr}ew ig decressing. Tigure 14 shows the attenuation
constants for the electric fileld perpendicular te the wood prain. Yor the
perpendicular orientation, the attenuation constant starts off smaller but
rises faster so that near 10 GHz both orientations arec comparable. It 1s
interesting to noie that seasonal effects are most predowinant beycnd 1 GHz;
this fs a coasequence of the temperature effects or the moiscure dependent
dielectric losses and ig not related to the presence or absence of leaves.

It is wise at this point to reemphasize the {requency licitations 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 needie bearing
trees such as pine, fur and spruvce the model should he good up to 10 GHz be-
cause the needles can be accounted for by the canonical cylinder representa-
tion. However, 10 GHz is really stretching the accuracy of the {pr}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.

®The units of (58) are nepers/meter; conversion to dB/m is accomplished by
multiplying (58) by 8.686, i.e. 20 lugip e .
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Figure 13. 'The predicted attenuatlon coastant for the average
coherent field orlented parallel to the wood grain,
and a skewed orientation of the woody components.
Only absorption has been included.
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The predicted atteauation 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.

67

T




If (58) 1is corrected to include the change in probability of orientatlon
of the cylinders epresenting the wood, the following result is obtained from

(13), (@14), and (21);

= 11} )
Im(kv) avkoar {Dvp}e

w
(59)
.= "
Im (kh) ok € {pvp} ow
where
1/4 f < 500 MHz .
a, = (60)
1/6 f 2 500 MHz
and

1/8 f < 500 MHz
= (61)
“n 1/6 f 2 500 MHz

tv

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 {pvp}ew and the subsequent uniformity in random orientation
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 preblem has yet to be
studied. In any case, Figures 15 and 16 ave 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 II}.

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, and o for <3€°?)2:>/2 yields the fol-

h

lowing result for the attenuation constant of the average field;

i

Y - (1] -
In(k ) ok, {pvp}ew [er A Ch 1)/10]

(62)

Im(kh)

- ok {pr}ew [er" + (ar' - 1)/10]

where a, and ah are defined in (60) and (61l). 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 (92) 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 1 GHz., This results from the decrease
in e;' in the neighborhood of 1 GHz, see Figure 12, and the relative constant
value of E; (= 50) over the entire frequency range shown in Figure 17. Ac-
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 cto 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 abscrption 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 m?del 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 procf 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. Therefore, all we can really hope for
in a comparison between theory and past measurement is a reasonable degree of

agreement and som~ logical retionale for larpe disagreements,

4.1 Review of Measurements

In addition to the above limitation, most past measurements were accom—-
plished égfgzg_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 wnich propagates along the foliage-ground interface. As
73
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the frequency increases, it is possible for the energy to be transmitted by
ionospheric bounce. TIonospheric bounce usually only ocrurs for large separa-
tions between transmitter and receiver and therefore need not be considered
for short transmission paths, As the frequency increases further, it is pos-
sible for a lateral wave to become the dominant mode of paopagation; the
lateral wave propagates along the foliage-alr interface. Although much is
kriown about the lateral wave's characteristics [14], 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 incohevent fieclds.

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 obtaining 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 [15]

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, auntenna height, and terrain effects. The real worth of

74




these measurements resulted from the experimental attempts to ceparate the
lateral wave from the direct wave. This was accomplished by measuring the
attenﬁation as a function of separation distance between the transmitter and
receiver. Since the "through—the-foliage' wave primarily attenuates exponen-
tially with distance and the lateral wave atteauates as d'2 , Lt is possible
(though not easy) to isolate the two mechanisms. 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 MHz to 400 MHz data.
They assumed that the loss due to the direct path through the foliage

was given by

A -1609 ad )

LD = - 20 lOglO('E e

where LD is the loss in dB, A 1is a constant, o 1is the attenuation con-
stant in dB/m and d 1is the separation distance in miles., The factor 1609 is
the constant necessary to convert d from miles to meters so that it is dimen-
sionally compatible with a , i.e. 1 mile =1609 meters. The units of a as
it appears above are not dB/m but rather nepers/m; thus the values reported

by Jansky and Bailley should be multiplied by B8.686 to obtain the attenuation
constant in dB/m. Table I shows the corrected values of & as a functien ot
frequency and polarization. The results -eported by lansk. and Bailev also
indicated that tue transitfion tfrom the through-the-toliape mode to the latera:
wave mode occurred at about 80 to 160 meters separatiop distance between the
transmitter and receiver. The larger separation distance corresponded to the
lower frequency of 100 MHz. These results are important because thev indicate

that the lateral wave can become important at much shorter distances than an-

alytical estimates predict {14].
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Although the lateral wave propagates primarily along the follige-air
interface, it does encouncer some ‘'through-the-foliage" attenuation in oro-
pagating from the transmitter to the interface and from the interface to the
receiver. Tamir [l4] reported values of the attenuatlion constant for this
"through-the-follage'" path taken by the lateral wave. These data were repoit-
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 Takle Il 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 absorpticn, the results in Table 11 should be larger than those
in Table I. However, the differences appear to be tod 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 s 100 m for example
then the average coherent power will suffer 10 dB (vertical) and 7.5 dB (hori-
zontal) attenuation due to che foliage, The total average power, according
o the results ia Table 1, will ounly be attenuated by 3.9 dB (vertical) and
1.7 dB (hovizuntal) and the received power should therefore be dominated by
the lowev absorption losses., Thus, 1t is difficult to understand how the re-
sults in Tables I and Ii can be compatible, and it appears that the results
in Table [T are somewhat too large. This point certainly bears further in-
vestigation.

The Jansky and Balley report also contains attenuation constant data for

the frequency range of 550 MHz to 10 GHz. Smoothed estimates of thelr
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TABLE 1

Correctna Attenuation Coustant Data From Jansky and Bailey

P

Frequency o “ o
(MHz) POLARIZATION nepers/meter dB/meter
100 v . 045 .391 i
100 H . 020 174
250 v 050 434 \
250 H L025 217 !
400 v 055 478 é
400 H .035 . 304 §
e 1
@These values were erroneously repoveed by Jansky and Bailey |
to have the units of dB/meter. :
|
i
TABLE 11 g
Attenuation Constant Obtained From Jansky and Bailey
Lateval Wave Data and Reported by Tamir [14] ’
J
Frequency ' “l, ;
(Mtiz) ‘ Polarization (dB/m) i
ﬁr —— 2
50 v : .69 ’
50 H L sk ;
100 v T )
100 H ﬁ e
250 \Y ! 1.08
250 H 1.04
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measurements are shown in Flgure 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 1 were acquired. Area B i:: dominated by banm-
boo of various slzes ranglng from sticklike to extremely thick clumps, The
attenuation data were acquired along three propaguation paths in Area A and
four paths in Area B. Because of the limited number of measurements used in
constructing 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

Jansky and Bailey report.

4,1.2 Saxton and Lane [106]

Probably one of the most oft quoted measurements in the open literature
are those presented by Saxton and Lane {16]. The Saxton and Lane paper actu-
ally summarizes a number of measurements which were obtained earlier but pri-
marily had not bren reported. The original Saxton and Lane paper should be
consulted for the actual sources of the data.

One reported measurement was accomplished in the summer with deciduous
trees in tull 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 accemplished through
"four rows of lime trees about 27 m high and with the trunks spaced about ém
in both directions™. In this case the attenuiation 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 .35 d8/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 resulvs were 0.03 dB/m and
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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 attenuatlon 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 1s the possibility that scme
of theilr 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
transmigssion paths, i.e. 5 meters, and 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 1s 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 deota
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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thei¥ 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 firted 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 correlatlions were attempted with even smaller scale components,
i.e. D/?\o < 0.5. Another important point that is not completely cliear in the
experiments of Stutzﬁan, 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, tney 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 1s doubtful that one would ever have a reasonable estimate of how much of

the total path 1s 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 ithe measurement helps nelther the radar systems designer nor
anyone attempting to model the average scattering and absorption effects of
the foliage because 1t 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 adiffraction limited receiving antenna or
a resonant scatterer, the result should be expected tc 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.
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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 with and wich-
out leaves at 500 MHz and without leaves at 250 MHz. For 500 MHz and summet,
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/m for horizontal
polarization and 0.09 dB/m for vertical polarization. Almost no details of
the measurement process or the statistics of the attenuation 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 transmissions by the MARISAT satellite to obtain
estimates of the attenuation induced by a forest at 254 MHz. Using a circu-
larly polarized receiving antenna vo 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 attenuatlon measurements

with the model predictions for absorption effects only (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 curve in Figure 3.
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Figure 19.
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A comparison of mcdel predictions with measured results,
The model only includes absorptive effects and i8 probably
most representative of pine, fir or spruce forests.
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This figure is included to provide some idca of how ihe model compares
with the measurements. It is alsn Interesting to spc.ulate on the changes
that one might expect in the model to veflect the actual "orests encountered
in the measurements. Comparing the parallel orientation curve with the Jansky
and Bailey results indilcates that it underestimatcs the attenuation at the
lower frequencies and it increases touo fast with frequency beyond 1 GHz. This
is felt to be due to inadequate knowledge 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 factor in Figure 12. This means that the low
frequency end (<1 GHz) of the curve in Figure 12 should be increased while
for high frequencies (>1 GHz) the curve should be reduced. This change in
the loss factor will translate directly to the model results in Figure 19;
that is, the high- r density of jungle wood will iucrease 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 Bailey 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 Miz were
representative of exactly the same area so it is not possible to do more than
speculate on the dip near 500 MHz,

Although 1t remains to be rigorously proven, it is our feeling that the
curve labeled paralilel 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 1ls interesting
in 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 _ateral 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. o

5.0 CONCLUSIONS AND SUGGESTED FUTURE INVESTIGATIONS

A rather simple model has been developed for the propagation comstant 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 theurv principles. Even this relatively simple thecry
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 results reported in t.ue 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 1is 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 gouod for-

tune. That is, we have taken an extremely complex preoblem 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 questioas 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, vields 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 retaias 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 cr 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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for 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 oi 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. 1In-
vestigations should be continued on this problem because this is the most rea-
sonable approach to modeling the trea branches and twigs.

Solutions should also be attempted for thin dises since this is a rea-
sonable canonical model for leaves. As above, the purpose of the study would
be to fdentify 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 lossiess objects, 1.e. r;'= 0 , the incoherent or total average
power wmust also devidte from the single scattering result, i.e. it will attenu-
ate more rapidly than the single scattering result. Since energy must be con-
served, the larger attenuation rate of the incoherent power can only mean that
power 1y being incoherentlv scattered in directicns other than the direction
of propagation .f the ccherent power, What all this means is that we have to
reexamine the single scuttering solution for the incoherent power or the total
average power, It giso means that we can no loanger sav that the total average

power, for large separation distances hetween the transmitter and receiver,

attenuates as  exp( -ﬂoa) wiieve 0 is the average abrorption cross section

%
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of asingle 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. 1Its strong point is that it does exhibit a

high degree of agreement with limited measurements. Its weak point is that

it tends to viclate some conventional electromagnetic principles in that the

attenuation is attributed to Rayleigh objects rather than electrically large

objects. Tnus, the aim of further analytical efforts on this problem must be
to gain further insight into the basic scattering/absorbing mechanisms involved.
Furthermore, we feel very strongly that analytical efforts should be accompa~
nied by a high quality measurements program and that the analysis should always

be directed toward understanding these measurements.

5.2 Measurements
One of the grestest hinderances to this study was the lack of a complete
set of measurements comprising foliage statistics, the cemplex dielectric con-

stant of green wood, and the attenuation rate of the coheren: and incoherent

re—

fields. Appendix E sets forth some concepts and ideas ¢n thes ncusurement of
the complex dielectric constant of green wocd. ‘Appendix F devcils the types
of foliage measurements that should be accomplished and Appendix C shows how
these measurements can be converted into {on}.w fcr use in the REV model.
For the propagation part of this expeiimenl we are primarily interested
in the attenuation of the coherent field or power. 1t is desirable to cbtain
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 but with emphasis on near grazing. Also, it is desirable to sample the

propagating field at a number of different points in the plane orcthogonal 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 functlon of a fluctuating field amplitude can be represented by a Ricean
function when the mean of field is non-zero. 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 estimate the
mean field are significant. First of all, a large nunber 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 ranga.

The other approach to measuring the average or coherént 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 1t is exposed to bending, curl-

irg, and stretching. At the lower frequencies, say l«ss than 1 GHz, it may
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be possible to overcome phase changes through the cable by peing very careful
in moving the cable, One would certainly want to check, in the laboratory,
the phase stability of a long run of coaxial cable when exposed to bending,

. curling, and stretching. It s3bould pe noted that if vhe phase of the sigual

cransmitted through the cabie changes randomly as the cable mouves, this will

introduce phase noilwe into the aeasurement which, in turn, will tend to reduce
i the amplitnde of the average or coherent field and increase the incoherent
power. We feel that the problem of phase locking the transmitter and receiver
to a commcn stable local oscillator requires much more thought and analysis.
In order to determine the attenuation of the average or coherent field
as a function of separation distance between the transmitter and receiver, it
is necessary to measure the average field at each fixed separation distance.
That 1s, for a fixed separation distance, it will be necessary to obtain a

number of independent neasurements of the amplitude and phase of the received

field. Sc as not to confuse the foliage effects with the free-space Green's

ST

fuinction, i.e, exp( -jkor)/4nr , the fixed distance measurements musc bha

accomplished on a circle centered on the transmitter. If this is not done,
the phase factor in the Green's function will cause an additiounal variation

in the measurement which can l2ad to an error in estimating the average field.

Obviously, this is not an easy task because ii may not always be easy to stay
on a circle cr even to defire 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

i . . .
I field. How many measurements3 are adequate ar a given separation distance?
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This depends entirely upcn the sample standard deviatlion 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 deviliatlon are equal. Thus, the one-sigma error
bound on the sample mean is approximately given by tie ratio of the mean to

the square ront of the number of samples and & one-sigma exrror bound that is

ten pervent of the measured mean requires 100 samples.

Given the chelce of accomplishing the measurements over long or short
paths, we feel that it is better to try and acquire the measurcments using the
shortest possible separation distances between transmitter and receiver., With
longer distances and at the 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 yileld a completely false
measurement of the through-the-foliage effects. (me 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 through-the-
foi.iage mode. Terrain effects at larger separation distances alac become
important., Furthermore, using a few long distance paths may also unot provide
an adequete sarple of the foliage because foliage does exhibit a great deal
of spatial variability,

In regard to the choice of test site, we reel that it is best to select
a conveniently located forest w~hich will be availeble for measurements at any
time. It would also be beneficial if the site were one for which stand table
had recently been arcnuired for this would simplify the foliage statistics
problem. It is important to reallze that such a measurements program as tbis
is going to involve a great deal of trial and error experimentation to estab-

lish and refine measurement tzchaiques. VFor this reason alone, i: 1s most
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desirable to use a site that 1s close to the laboratory so tuat new techniques
and ideas can be tested and evaiuated in a relative shoart time and with a mini-
mum of expense. After the messurement techniques are rrfined and the dats
acquired on the test site are reduced and understood, then other test sites
comprising different types or density of foliage can be considerad,

In designing the fic¢ld test hardware, we feel that a grzat deal of atten-
tion should be given to accomplishing as much of the actual data reduction
and analysis in the fileld as possible. That 1s, 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 ineasurement 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-
ing this program, we feel that it is necessary to perform an in-depth feasi-
vility study of the sugg.sted program. Surch problems as phase locking a remote
receiver to a transmitter, making a field attenuation measurement on a circle
centered on the transmiiter, and minimizing the generation of other propaga-
tion modes are not trivial ana they require inuch more study than we were able
to devote to them. 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 researchexrs to overcome some of the above noted problems. The time re-
quired 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 wherc all the hardware 1s put together, the complete 3ystem is

93




TN AR T TR Y P N 7 e T Ty

checked out, and test site 1s adequately measured the time requiiement may be
something on the order of four to five man~yecars of effort. This may seem
high but it rust be remembered that these measurements should be accomplished
when the trees are in full lesf 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. However, without it we can never hope to adequately evalu~
ate the accuracy of anatytical 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 PROPAGATION 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 size particles only applies when the dielectric constant
nf the particles is very near unity, i.e. the parcicles are nezrly 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 additjional 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 iundependent scat-

tering theory [Jones, 1964]. 1Invariably, the question arises as to the range
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of perameters for which single scattering theory is valid. Even if the medi~
um is so sparselypopulated with particles that multiple scattering is not
expected vo be a significant factor, there is sti1ll a question conceruing the
validity of the far-field approximation used in single scattering theory. 1In
the hierarchy of descriptive formulations, one can next turmn to the Foldy-
Twersky integral equation for a more rigorous solution and, hopefully, more
insight into the problem.

If the fractional voiume occupiled 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;

*w(;8)> = ¢i(;a) + phlav:<w(;s)>d;s @)
v
where ¢i is the incident wave in the absence of the particles, <w(;a)> is
the total average wave outside the particles and evaluated at ;a s P 1s the
particle density or the ratio of the number of particles N to the enclosing

- -+
volume V , and v:<W(rs)> is the average wave at L due to a particle at

?S with <w(¥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 » &
[Iwersky, 1964]. For particles which are not strong forward scatterers, it

is not cleax wha: significance this error has even as N + « ,
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The main drawback to determining the advantages of (1) relative to single
scattering theory is that the Foldy-Twersky Jutegral 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] solved (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 Rayleigh and Rayleigh-Gans particles [Jones,
1964; Ishimaru, 1978]. Unfortunately, both Twersky and Brown used approxi-
nate expressions for the field v:<w(;s)> which are not rigorously correct
and the impanrt of these approximations is difficult to evaluate., Twersky
used a far-fileld approximation for v:<w(;5)> while Brown employed a single
componant (no depolarization) vector potential representarion for v:<W(¥S)>.
Both these approaches falled to reccgnize the fact that the integration in
(1) encompasses the observation point ¥a and the previous respective ap-
proximations for v:<w(¥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
1s obtained for an infinite collection of spherical particles. The analv-
sis starts by using an expression for vi<¢(?s)> which 1s valid regard-

>
less of the location. of the observation point r, relative to the particle
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boundary. This expression lnvolves a principal value integration (over the
volume of a 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 1is taken to be in-
finite, the integration over the volume of the particle can be completed.
The resulting equation involving an integration over V can be simplified to
a determinantal equation through the application of the operator (V2-+k§) .
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 likely is presently under study. For
spheres, the result is a closed form expression which is valid for any value
of koa where kO is the free space wavenumber and a 1is the radius of the
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

A-4
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single scattering results due to the inclusion of off~forward scattering.
Frobably the most important limit is obtailined when the fractional volume oc~-
cupiled by the spherical particles and the physical size of the srheres are
held constant and the free space wavelength is decreased, i.e. the particles

become large in terms of a free spare wavelength. In this limit, it is found

that the coherent power attenuates as 8/3 tlmes the geometric cross sectinn
cf 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 shoulid be an accurate description of
the process, the additional 337% attenuation may be represeutative of multi-
ple scattering effects. It is not possible at this time to be less equivo-

¢ i 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 1s to present an exact solution of the
Foidy~Iwersky integral equiation 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 1inside the volume V

- U e st s L 3 1 el i . T i - " - T
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and the velume V are infinite but in such a manner that the ratic o = N/V
is finite and constant throughout the volume. In the following, (1) 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 ;a due to a particle or scattering object at ;S may be
written in the following form regardless of whether ?a is ingside or outside

the particle volume Vp [van Bladel, 19617;

L 2 e T LI TR S 1 == _ &+ -+ > >
<E(ra)> —ko(er—l) ~[.<Ei(rs+rl)> {jP(ra—rs—rl) + 3k2 I G(ra—rs—rl{} dr1 (2)
"o

v
P

where <E> 1is the average scattered field outside or inside the particle,

<Ei> is the total average field inside the particle, T 1s the unit dyad,

§(*) 1is the delta function , T = P.V. G where P,V. denotes principal

value, and

e d > > _ = _1" - _+ _+
G(ra--rs--r1 = (I+k2 W) g(|ra r, rli)
o
3
-> -+ + > - + +
gﬂra-rs—rlh =exp(—jkdra-rs—rﬂ)/évha—rs—rl|.

and an exp(jwt) time convention is assumed., The quantity €, = E; -3 €,
is the complex relative dielectric constant of the material couprising 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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<-}Eo(-a)> b (ca) kop(e,r 1) ff<§i(rs O-rl)> {$(1a r rl) +
v Vv

P

1

1 - R
-3«1:2- T 6(1 - rs - r]_)} drl ‘:h:&l 4)
o
e ) >
where E (ra) is the incident field in free space and <Eo(ra)> is the total

average fileld outside of the particles. Interchanging the ; and -1:8-

1
+> > > ->
integrations and substituting r=r + ry in the rg-integration yields
<E (r )> = i( ) -k p(&, ~l)ff<E (r)>' I‘(r —r) +——L2~ 15(r -r)} drdr
o

(5)

because V 1is infinite. Since the integrand is independent of ;1 , the

;l—integration is trivial and the result is as follows:

> > e e 2 > > = e 1 e=_.+> > -+
<Eo(ra)> E (ra) - kopvp(ar--l) <Ei(r)> {1" (ra-r) + —5 I6( a—r} dr
3k (6)
v o]

Attention will now be directed toward determining the source-free plane wave
->

solutions of (6) for <Eo> and, in particular, the propagation constant k

for <Eo> . To this ond, the operator (- VxVx +k§) is applied to both

sides of (6) ylelding

2. %> > 2 > >
( - VxVx +k0)<Eo(ra)> = —kopvp(er—1)<Ei(ra)> (7)

because {[Van Eladel, 1961]

HFGE-D =ToG -0 - 5 (-nax+) T8GE D)

3

( -VxUx +k
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If the medium comprises sphevical pavticles or 1f it 1s isotroptic in the

nean then (7) reduces to the following result;

2

(k% + K
(o]

> > 2 IR
)<Eo(ra)> '—kop Vp (er—l)\Ei(ra)> (8)

where it has been assumed that

<E (T)> = Fexp (- gk T)) | (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 1iu the Foldy-Twersky formulation the average ex-—
terior field is also the average field incident upon the particle. 3ince
this incident field exists at a point regardless of the presence or absence
of a particle, equatien (8) is perfectly legitimate. Equation (8) clearly
shows that 1f <E;> is a plane wave then <E > 1s also. In short, <E§>

i

and <§i> cen differ at most by a complex constant. Equation (8) is differ-
ent from the result obtained by Brown [1979] because he used a vector poten-—
tial representaticn in place of (2) and such an approach does not permit
?ae:vp {Van Bladei, 1961]. Since <E§> is also the average field incident
upon the particles, (8) can be approximately solved fof Rayleigh or Rayleigh-
Gans particles because, for such particles, approximate rela*ionships betwean
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 Seccion 3.2).

To solve (8) for k 1t is first necessary to determine the complex con-—
stant rzlating <Eo> and <Ei> . To do this one must make use of the fact
that <Eo> is also the average field inclident upon a particle, i.e. it 1s

the source for <Ei> . It is a reasonably straightforward task to do chis i

A-9
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for spheres; however, to illustrate the difficulties invnlved with nonspheri-
cal particles, a more general development w#ill be presented. To cimplify
macters somewhat, ler all of the particles have the same shape, size, and com~
plex dielectric constant; the ouly random parameters are the particles' re-

spective locations and thelr orientations. The averages in (8) ave over all

possible relative particle locations and orlentations. (Even {¢ this devel-

opment, all orientations of a particli: are assumed to be equally uiikely in
order to be corsistent with the scalar nature of the Foldy~Twersky equation).
Let <§1>£ and <§0>2 be the tocal fie.d inside a particle and the incident
field, respectively, averaged over all possible locations of the particles.
Even though these fields have only been aver:ged over relative locations of

particles, they mus® still satiufy the following integral equation fcr a

zirgle particle vwith any ovientation [Livesay and Chen, 1974] and ;aE;V? ;

4

£ +2\ ,
r > : 2 _ e ., = +_—>“+
( 3, &Ei(.a)>2 + ko(er 1) <Ei(ro+r)>2 G(r8 £, r)d

>
r

- <'i-50 (T )> (10)

The bar through the integral sign denutes the principal value of the volume
integral which 1s defined in a very specific manner, see Van Bladel [1961].
Let the particle rotate about the tip of the position vector ¥o in passing
through all possible orlentation angles. Also te simplify matters let ;;==0,

so (10) becomes

€ +2

r > e 2 -+ s > _+ .
< 3 /<Ei(ra)>2+ ko(er—l) J[<§i(r)>1 G (ra r)d
VP

A~-10
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Taking the avercrage over all possible particle orientation angles O yields

€ +2

i R R 2 - < -+ S " <

3 )thi(ra)> + ko(Er 1) f<Ei(r)>9‘ G(la r)dx% <Lo(ra)> (11)
v .
P

wauere the fact that <k'>¢>h = <> has been used. The solution of (11) when
the particles have an arbitrary shape 1s 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 orientation angle and the averaging is trivial;

£ +2

r e . 2 > .==_~+-++__ «1)‘—»
3 ) <Ei(ra)> + ko(er 1) f <Ei(r)> G(ra-r)dx = <Eo(ra)>

v
b

+
Since plane wave solutions for <E > are sought, one sets
° gnt,

jker
-~ lr
> A ~ A a
< >= (E X+E
E0 (ra) (Fxx }syy +Ez z) e s

> >
replaces <Ei> by <—}.-.:0> using (8), and sets ra=0 to simplify matters.
Following these steps and assuming that neither Ex’Ey nor Ez are zero,

the abnve equation becomes

2.2 2,2 3 E
(€r+2)(k _ko) (k "ko) 1 1 x > > >
- g+-—g + — — 4 exp(-jk*r)dr
2oV (€ -1) eV k2 5p¥pd g2 B XX
o ptr p 0 0g=1 P P9
v q#p
P
= 1 p =1,2,3

A-11
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where X; "X 5, X9 =Y , Xg=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 dircction of propagation of <Eo> can

be chosen arbitrarily. For example with
<?§°(¥)> = Eexp(~jkz)R ,
the previous equation reduces to the following form;

2
k™ pV (e ~1)
k2 _ k.2= 0 pxr (12)

° (e +2
r 2 1 -+
3) - ko (Er—l)f ]:g 4 2 gxx] exp ( - jkz) dr
v e
P

If k does not differ appreciably from ko » an assumption which can be
easily checked in the result, k inside the integral can be replaced by ko
and (12) becomes a particularly simple equation for k. Theintegrai involving
g can be evaluated directly or through the use of the mean value theorem for

plane waves [Karal & Keller, 1964], i.e.

fg(r) exp (-] k0 z) d_x_t = -l-(]-'— liz%(—{l ~ exp(~j Zkoa)} -3 %] (13)
o o
VP

where a 1is the radius of the spherical particles. The term gxx(r) is

given by [Livesay & Chen, 1974]
2, 2[d%g 1 dg 1 dg
gxx(r) = 8in"0 cos ¢[ - +-; I

A-12
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where conventional spherical coordinates (r,0,¢) have been used. The ¢

and O-integrations are straightforward and the result is as follows;

a
J (k 1) 2
‘ 4 > 3/2 3/2% 0 d°g 1 dg
8., exp (=3 k_z)dr = (2m) f { : -= ]
f XX o : (kor)3/2 [drz r dr

)
p
J (k_ )
L2 0 (-1- 93)} rldr (14)
m r dr
o

where 1N 1is a small number. Using the recurrence relation for Bessel func-

tions to replace J by

1/2
involving dzg/dr2 , and then taking the limit as n + 0 yilelds the follow-

J3/2 and JS/Z » integrating by perts the term

ing;

+

J[gxx exp (~3k_2)dT = - ‘@- 357,k &) exp (~3k a) [(koa)' 342, j(koa)_llz]
V \
P

1
ty o (15)

Substituting (13) and (15) into (12) produces the desired result for k , i.e.
3k2pV (e -1)
k2_ k2= o pr
o E_ + 2 4+ 3(€r-1) T(koa) (16)

where

T(koa) = —%—[l-—exp(—jZkoa)J + j koa/Z - 1/3 + vn/2 [%3/2(k0a) exp (-jkoa)

. {[koa]- 32 4 3 (i al” 1/2}‘}
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which 18 the desired result. Apart from the veplacement of k ULy ko in
(12), equation (16) comprises the exact expresalon for the propagation con-
stant of the average field in a discrete randowm 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 stipulated 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 Vp = 4“33/3
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 Vp or the fractional volume
occupied by the spherical particles is very small with respect to one. If
2koa << 1 , the various terms in T can be expanded in puwer series about

koa = (0 and to the order of (koa)4 there results

2 ar~1
’Ji. [N
) 2 ‘ko pvp(er+2)
kK™ -~k an

© e_-1
r 13 2 s 2 3
1+ <E;_’“—i) ["5" (koa) + 3 3 (koa) ]

Since 0 < |(€r~l)/(sr+2)| <1 , and the terms involving koa are small,

(17) simplifies to the following form;

3 €r_l
k=ky =~ E-ko‘DVp € +2 +

£ ~1
Y

e +2
r

€ -1

2
(koa);l (18)

—

2
() o755

r
e_+2
r
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which 1s the suall particle limlting form of (16). It is interesting to note
that unlike the conventional Rayleigh approximation, (18) does not require
koa er << 1 but only koa << 1 . The reason for this will be discussed
shortly.

In view of the conditions stipulated in the development of (18), it is
pot unreasonable to expect that k should agree with the single scatterlug

result ks where

2n X AA »n 3
k, -k = _k—f { rRe[£(I,D)] ~ 3 Im[f(i,i)]j( (19a)
and

21 aoa 3 Er_l

-ko— Re[£(1,1)] =5 k_ o vp Re (F:H , (19b)
c_~1 2 2
2mp IS} - 4m 4 3| ¥ " 3 (19¢)
ko Im{£(1,1)] 5 (Os+°a) P 3 koa Cr+2 -+ koer vp €r+2

’

f(i,f) is the ferward scattering amplitude, os is the scattering cross
section, and Ga is the absorptilon cross section of a spherical particle
[Ishimaru, 1978). Compaving (18) and (19), one finds that the first term
on the right band side of (18) is equivalent to (19b) and pcaIZ while the
third teru equals 008/2 . The second term in (18) is small compared
to (Er—l)/(€r+2) so it may be ignored. This comparison shows
that if the spheres are Rayleigh-like, the exact solution ot the Foldy-
Twersky integral equation is identical to the single scattering result. As
will be shown, this is in fact a rathar obvious result which fullows from the
form of the Foldy-Twersky integral equatiom.

The limit of small free space wavelength or large ko is most interest-—

ing. 1If 2k0a >> 1 and jkoa(ernl) >> € + 2 , then (16) reduces to the
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following form;

pVv j2k a
LAY 2 1 ( o o)
k- ko a [ I+ (Er—l)*(koa) ZkOa l1-e (20)

Both the real part and the absorption dependent term in the right hand side
of (20) go to zero as k;l « With Vp = 4“83/3 and to the order of k;l .

{20} becomes

~ .3 4 )
k-ko~ j3pog 213

where Og = ﬁaz is the geometric cross section of the spherical particle.
The right hand side of (21) is 1/3 larger than the single scattering result,

f.e.

ks*ko'-"—joog .

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 1s not pnssible 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 tiela inside the

particle given the incident field, the Foldy-Twersky equaticn essentially

A-16
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states that both fields will be plaae waves and {v is only necessary toe solve

for the complex constant relating the two fields. This is recognized as the

same procedure that 1s used in the approximate analyses of deterministic
scattering by a Rayleigh or Raylelgh-Gans object. This does 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 s»>lution of the
Foldy~"Twersky equation should be an accurate representation of the process
because the approximations implicit in the equation are satisfied in this
cage. Conversely, with emall but perfectly conducting particles, the Foldy-
Twersky equation is probably not accurate., That is, with perfectly conduct-
ing small spheres, (18) predicts that the imaginary part of k 1is equal to
4ﬂk2a6/3 whereas single scattering theory yields 5wk2a6/3 }Jones, 1961

(pg. 504)]. This disparity results from the well known fact that one cannot
ug: 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, 196. (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 1t agrees with single scattering theory which, in turn, should be valid
%or small scatterers.

In summary, an attempt has teen made to determine when the exact solu~
tion of the Foldy-lwersky equation is an accurate representation of tha true
propagation process. Based upen 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, 1l.e. koa >> 1 and koa(er-l) << 1 , there is a slight
difference between this result and single scattering theory. With
gy ® ]erwllz(koa)z(ﬂaz)/Z [{Jones, 1964 (pg. 515)], single scattering theory pre-~ .

dicts Im(k8)=-00s /2 whereas the exact solution of the Foldy-Twersky integral

equation yields Im(k)::—pler-llz(koa)z(Waz)IB . In a previous approximate

solution of the Foldy-Twersky equation [Twersky, 1964] which ignored all scat-
tering except in the forward direction, k = ks was found. Comparing this
resuit with the exact solution gives some idea of the impact of ignoring cer-
tain scattering chains.

Numerical Examples

Before concluding, 1t 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/pﬁaz) as a function of koa feor er = 1,77 . 1In single scattering
theory, Im(k/pﬂaz) corresponds to one~half the scattering cross section
of a single sphere. 1In the text above, it was shown that Im(k/pﬂaz) 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 1s 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-
ment. Figure 3 shows the behavior of R&[(k-ko)/pnazl . Of particular note
bere is the persistence of the oscillations as koa increases.

As noted previously, the results obtained here are applicable to

A-18

sk bomns e e i et = e o F e e mei e smbes « e am ki e ok o ot ki ek e £ 1mAot A <+ 1o s e e+ e e AR ae e ik




S T T INE UMD R R EERY TR ETTE e TR TS - A ATRTERTTR-AY IOy B TURRY NEHS A LN RETMAT! AR T LR A AL A ANES SLL %'
1 k4 bl AT At PR L AR MRS S 3 & 4 o Lo £ (LR RO MR A AL b A N 1
* i AR

RS

1

Lt

i

.03 T TTT T T T TTTTT T T 11
0e |0 10. 60.

Figure 2. Varilaticn of the imaginary part of the normalized prop-
agation constant of the average field as a function
of koa for spherical particles and €, = 1.77 .
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Figure 3. Variation of the real part of the normalized and centered
propagation constant of the average field as a function
of k a for spherical particles and €. = 1.77 .
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Variation of the imaginary part of the normalized
propagation constant as a function of koa for
perfectly conducting spherical particles.
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perfectly conducting spheres which are not small o terms of a wavelength,
i.e. let e.r" +o in (16) and take k a £ 1/2 . Figure &4 i3 a plot of the
quant ity —Im(k/pﬂaz) as a function of koa fur perfectly conducting spheres.

Here again there is a significant difference betwwen these results and the

scattering cross section of a single sphere.
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APPENDIX B

DERLVATION OF A RELATIONSHIP REQUIRED IN SECTICN 3,2.2

The purpose of this Appendix is8 to prove that

<ca> - ko<vp> in { (e, -1) <E-é>}

We start by using the definition of <oa> , Lo,

<"a> " KoEp < -)[ AT 1)
v
1Y

Since
+ 1 * 0 -
E- = ED + 88 .
L 1
.v’- ‘.—)-0
and &E << Ei , we have
+r1 7o
B % By (2)

Substituting (2) into (1) yields
\ ~ 1 " / r >0 * l2 \\
<oa/, 3 ke \ J lEi ! E| dV/ ,
v _
P /

)
and since Vp is very small, |_E10/E|"' only depends on orientation and

~ " > 2>
<oa> 3 koer'«vp><§Ei / E| (3)

Substituting (29) c¢f Section 3.2.2 into (3) yields

. . z - A
<oa> =k, <V el {<(8-?ﬁ> + ,T%_—T! l-<(’e‘-ﬁ‘)‘/> + <(é~$)2>]}
r

(4)
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We now proreed to show that

oy = -k, <V> I { CH -1)<‘E.g>} (5)

is equivalent to (4). Fxpanding (5) ylelds

(o> =ty i e (@D v [z(e—-i-) (o> + <<a-$>2>>]

(6)
a2 An2
and since <3e-e) > and <3e°¢) :} are real, it only remains to find the
imaginary part of the (er -1)/(Er-+l) . This is easily done with the fol-

lowing result

Thus, {(6) becomes

= L x r. ) A AN .
éa l"c<lp> ier ((k’ r) /7 +e

which 1is 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 {pr}ew ie the fractional volume of
scattering elements of a given size or less. For a forest, this becomes the
fractional volume of foliage (wood, necdles) of a given cylindrical diameter
or less found within the enclosed forest volume.

The procedure relies on tree growth forms described iIn the literature,
These growth forms are then modeled according to standard summary statistics
available from a forest stand table. If the tree medels 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
{pr} 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. {pV_} for wood.
P ew

Basal area The cross-section area of a tree trunk found
(or 8 3) at "breast height", or about 1.3 meters .rom

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.

Cc-1
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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 diamerer

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
(10,000 m2.) basis. Included are tree count
by d.b.h., (or basal area) class, specles 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
deternine total volume before finding the volume distribution. Information
from Assman [l] 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 1is the average height of the forest

and also is the height for this tree. a, + a are the cross-sectional areas

1 5
of the trunk at each section boundary, spaced .2h apart. The relationship
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Figure 1. Trunk volume model.

Cc-3




dhibenh b A v R SRR R AT AR s ik i SAiiahd 2} T R TRU AT e Lt m.v,m,“v...u-«w---—.qu---.,r—.“lmwmwmwrmmmmwnwm;“

N

between these areas has 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 sectlon area a, and are given as follows; a, = 1,

ag = 0.78, a, = 0.57 , a5 = 6.22 . Thus, 1if 2, ig known, 8q -+ a5 ~un

be found by multiplying a, by each of these factors.

In Figure 1, the base seciion or bole of the trunk is shown ac 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 bhe used. Furthermore, a, will be assumed equal to the basal

1

area even though a, 1s at ground level. This 1s actually not so in-

81.3 1
accdrate 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, in terms of a; (or 31.3) + 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.

1f dl and d2 are the diameters in meters of a, and ay 3

d2 x .78 d1 + .023
Since a, = ﬂd2/4
2 2 ?
_T 2
a, =% (.78d1 + .023)
= § ! =
Also, since dl Zayﬂ andal By.3 >

where 8, .3 must be in m.2 .
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Areas a, through a, are now related to the basal area statilstic 81.3°

Letting G. . represent the total basal area c¢f a forest stand and Ay through

A the total trunk section areas for rhe stand; Al-'Gl g AB =0.78 A?,

5

~ 0,56 A, , A5 = (0,22 Az , and for Gl 3 in square mecers

4 2

2

G
= IT- [ J.—...-._J:.-'..?_-._. 9
Az 4 1.56 o + .023

The total trunk voluvme for a stand can now be calculated from the section

arveas, The formula for a solid cone with base area Al and top section area

e e

AZ is

1 e
AR (A.L + b, + KA ) L )

where L dis the length from base to top, Since the trunk has been modeled

as five such coues 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;

AT e i s

1 ) ——— ,
-, 2 4 .*. ! / " ) "
Vog = 3 (Al + 20, + 28, + 24, 4 2A3+\/'AlA2 \[A? A, + \/A_,jAA 4

; \F\.&AS ) * {.2h) (2)

Branch volume will now be estimated using information from [1]. 'The

conifer in Figure 2 will be based on Spruce data and the deciduous on the Euro-

pean Beech. V0 and Vu are defined as the overhead and wnderside branch

T I N e et e s i s

region volumes. For both regions of the conifer and the underside of the

deciduous, these volumes are modeled as solid cones. The nverhead branch

!
7 region on the deciduvous is a segment of a sphere. In [1], the ratio of £ to h

-5
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is about .4 for Spruce and .6 for Beecb., The region boundaries will: be assumed
to be at a height of .8h , 1.e., 20 = ,2h . Also, Qu will Le set equal t-
«..'h for the conifer model and .4h for the deciducus. These values represent
some compromise in the original forms given in [1], but convenliently conrine
the branch regions tc the individual layer sections as previocusly defined.

The simplified models are shown in Figure 3. Vl + V. are the total volumes

I

of each layer. V“4 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-
bution among section layers. If 1t is possible to relate the total volume of
branches to the treewood (total wood) volume, the branch region volumes can
be modeled quantitatively,

In [1], (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 ig fairly constant and ciose to 85% for mature trees.
The remaining 15% 1s the percentage volume of branches. Xnowing the trunk
volume, it is possible to estimate the branch volume from 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 o 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 reglon volumes

C-7
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in Figures 2 and 3 for deciduous. Furthermore, 907 wood volume will be assimed
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, 1In 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 deciducus 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 V_ = Vu for the conifer. Since 857 wood volume is in the

o
conifer trunk, the total treewood volume, VTw is expressed by;
v
= _IK
Vw = g5 (3)
The conifer branch volume 1is the treewood volume minus the trunk;
Vo ¥ Vu = Vow ™ Yk
v
= Ik _ ~
Vo P V. T Tes T Vi ¥ 4176 Vi (4)
Since V_ and V  are equalj
Q u
V=V xI(176v,) % .088V (5)
o u 2 TK - TK

The deciduous overhead branch region, V0 is found by the formula for

a spherical segment volume;

2
A S X% [3 (%) + 9,02] (6)

From {1], b 41s given to be approximately .28h for Beech. Substituting

this and 20 = ,2h in (6} yields;




TR LA R | T P R TS Penay MAmadli

v = %—n(.Zh)[B(.loh)z + (.2h)2]

V =

L ® e (02 7

O\t

For the underside region volume, the formula for a cone 1s;

b2 2 (8)

1
v 3 u

u

S

Substituting b = .28h and £u = ,4h 1in (8) yields;

Forming the ratio of VO to Vu

\Y and V can be
o u
the conifer mndel.

total branch volume

_ilm 2
Vu =3 3 (.28h)" (. 4h)
1 3
Vu = EE'“ {(.03)h (9)

given in (7) and (9) yields;

v

> = 1,333

7 (10)
u

related to the trunk volume in the same manner done for
Using the 907 value for the deciduous trunk volume, the

is given by;

- - = AKX ~
Vot Vo™ Vo Vg T 9 7 Vg B 1L Vg L)
Using (10) and (11);
VO
y ] = 4 s = 1]
oW T Vo sy T e Ve s
-, ) 3 o
So VS 062 Vo (12)
C~9
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Also,
1.333 Vu + Vu = 111 VTK ’

50 Vu & 048 VTK (13)

It 1s easy to show with the volume formula for a cone that;

=1
Vu3 ) vu
vV, =1y (14)
uh 8 'u
Substituting (13) in (14) yields:

vV .z (048V_)2 006V

u3 g TK’ ' TK

V., 2L (L043 V)% 062 V

ub 8 K TK (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 mizture 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 voluwnes cculd 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 G Since we are using the same

1.3 °

trunk for conifers and deciduous, only the branch volume expressions require

C-10
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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 trunl volume
by taking a proportional part of the total wilth respect to the basal area

values for each type, 1In other words, if G1 1c is the total conifer bassl !

area and Gl 3D is for decilducus, the individual trunk volumes can be found ]

from the following;

- oA

V. =
TKC
.3¢ct %13

G
1.3D
v B e e Y] (16)
TKD o TK
.30 ¥ C1.3¢
where VTKC and VTKD are the coniferous and deciduous trunk volumes, and
\Y is found from {(2) using the total basal area for all trees. Total tree-

TK
wood volume 1s 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);

Vooy = V.., + .176 V + .111 VT

™™ 1K TKC KD
G G
_ ~1.3¢C 1.3D
Vow = Vg [1 + ,176 RN 111 = ] an
i.3 1.3 ;
..
where %.9° %.3¢ ¥ %13

and VTK is the total trunk voiume found from (2) using Gl 3 to find Al > AS'

A simple example can help iilustrate the above., Suppose an acre of forest

land is found to contain a total of 60 ft.2 trunk basal area and an average

height of 65 ft. representing most of the trees. Of the 60 ftf , 40 ft.2 are

conifers representable by the Spruce conifer model, and the remaining 20 ft? .
N
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are declducus resembling the Beech., The total rreewood volume can be found

from (17). We first find A through A

1 5 °

"
A1 » G1.3 = 60 ft,

T 2
i) 1.3
by = % [1.56 iR .oz:J

The constants in the parenthesis of the expression for A2 require G1 3 in

nu% This means Gl 3 must first be converted to m% ; l.e. G1 5 = 60 ft?
9
% 5,57 m? The result for A2 will then be in my;
ENTa : 2
it} “. - ~ ra
A2 74—[:1,56 ‘/——-ﬁ + 0.2%} 2 3.47m,
2 2 2

A2 1s now converted back to fto , i.e. A2 = 3,47 m~ = 37.35 ft, and

A3 = .78 A, = 29.13 ft?
A= L 50 = 2 7
Aﬁ = L540 A2 = 20,92 ft)
A. = .22 A, = 8,22 ft2
5 oLt ? " .
Substituting these values for Al through A5 in (2), we obtain
V. .. = 1600,58 ft3
TK ‘ )
K1 e 7 = 2 = ~ 2
From the information given, bl.BC 40 fr, and G1.3D 20 £t. Substituting
in (17) we get;
- ' £+_Q> . 20 ]
V= 1600.58 [1 +.176 (35) + .1 (3
: _ 3
V,,,w = 1847.6 {3
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Finally, the fractional volume of treewnod in the forest enclosure volume,

VF , 18 glven by}

Vi | _1847.6 _ _ 1347.6

Vo " Tacre X h - (43,560){65) "

»000653

Notice tbat the statlstic h was not rveally requived for the fractional volume
calcnlation slnce h  in the denominator cancels the facter h in the formela

for VTK » (2), and thus wa .

Volume Distribution By Birmeter

The total vcluwm? or fraciionel volume of wond must be further broken down
and distributed accrording to its cylindrical Alameter. Thie provides the parvam~
eter {p’\'lp}ew requirted by the REV propazztion mod:l. In crder to accomplish
this task, there must Le available additional infovmation concerning the growth
form of trees. Essentially, we nced to know how wood is distributed in a tree
according to its cylindrical diametexr on sowe average basis so that 2stilmates
can b2 extended over an entire stand. Such information couid not be located in
the Jiterature 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].
Tnis is the branchwocd curve which provides a percentage value of treewood
volume fur all wood witn cylindrical diameter 7cm. and greater. Such wood i«
coumonly referred to as saw~timber and comprises that portion of weod with
commercial value to saw mills. This means that given a d.b.h. size for a tre=s,
an esgtimate of all wood volume 7cm. cyliindrical 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 cm. curve,

It is the same curve referred to earlier for Eurvopean Beech. Notice that for

d.b.h, sizes of ahout 25 cw, and greater, approximiately 90% wood volume is

C-13 |
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Figure 4. Treewood volume distribution curves. Each curve represents
percent volume wood with indicated diameter and larger for
d.b.h. size tree. Based on Beech data and model.
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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
pair of values would be disgcrete 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 tue 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
tranches 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 1s valid, i.e. that the cross-section diameters
decrease with increasing height. Furthermore, we assume that up to at least
the a crosg—gection at .4h,; all branches found growing above have diameters

3

smaller than the trunk., This allows us tc assign diameters to sections a1 R

3
The volume of the first layer, Vl is found and the volume Vl + V2 as well.

a, » a and compute the remaining section areas according to the volume model.
Total volume is also computed and a percentage of both V1 and Vl + V2 to
total volume is found. Since we have assumed that all diameters above d1

are less than d1 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 d1 ’ d2 » O 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 preclsely true, but we have assumed for the volume
model that the ground level cross—section a; is equal to the basal area

This is the same as saying the ground level diameter d iz equal to

B1.3° 1
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 em. Volume V1 , the volume of wood in the first layer between ground
level and diameter d2 » is found along with the total treewood volume using
the mode!l. This is done by taking the diameter at d2 = 15 cm. and finding

a Then using the relationships between a, and the rest of the section

2° 2
areas, a, through a; are found. Vl is found by the formula for a conic
volume. Total treewood volume, VTw is found according to (17). The ratio
b4 |
Vl/vTW 100 gives percent volume and d1 is found from a, . 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 Vl + V2 s

of V1 + V2

found from a; as before. Notice that as the 15 cm. diameter moves up the

the volume btetween ground and d3 , when d3 = 15 c¢cm. The ratio

and total volume gives the percentage and dl (or d.b,h,) 1is

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 This 1s because at a

3° 3°
branches begin to form and the possibility exists of having branches below

any level above a, with cylindrical diameters greater than the trunk., There-

3
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.
C-16
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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 ay 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, declduous 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
velume 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.,
Vi

Fractional volume Vv —  ,000436 .000418 .000523
F

Average d.b.h. (cm.) —_— 7. 20. 35.
c-17

s T & TULT A A



Mhaini b st S TSR STIES Z0E - 2% R

What we should like to determine is what portion oxr 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 ald of the curves in Figure 4, For example, consider the last d.b.h.
class with an average d.b.h. of 35 em. For this size tree, we can estimate
from the curves the percent volume wood with cylindrical diameters greater
or equal to 30, 20, 15, and 7 cm. This 1s shown in Figure 5. Since the param-
eter {pr}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 becausc the scale shown provides a greater than or equal
to percentage volume for each cylindrical diameter.

1f 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 among 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 1007 of the volume of 35 cm, d.b.h. trees is less
than 40 ¢m. cylindrical diameter, Therefore, the total fractional volume
.000523 is present in ﬁhe 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 Il gives

these results. Under each d.b.h. class heading, the five fractional volume

Cc-18
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contributions are given for each of the flve distribution diameters. In the
right-hand column., the totals from each d.b.h. class for each of the five

distribution diametcrs 1s 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 fractionzl volume .000436 .000418 .060523
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 shéwn in Figure 6. The fractional volume is
now identified as {pr}ew » the parameter required by the REV propagation
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 velume
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 stiuc-
ture of a needle-bearing conifer. Their contribution could then be included
in the overall wvolume distribution. It is not clear, however, where broad-
leaves would tit in. Nevertheless, it may be necessary to estimate some quan-
titative parameter for broadleaves sc 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 fo;eSCS. This information is signi-
ficantly important to timberland ecology. Su:h quantities have included weight
[2], [3], surface area {2], and volume {4]. FKittredge [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=D>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 mweasure 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 W, and the weight of a

T

d.b.h. class be wc H

N
WT=ZWC

Cc=1

where N 1s the number of d.b.h, classes for all trees. Solving the logarithmic

C-22
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regression for W and substituting;

N
~-a b -a b
Wy 210 ND, = 10 NT<D> .
c=1

NC is the number of trees in ea:h d.L.h. class, DC is the class average,

and NT the total number of trees in the stand. The angle brackets around

Db identify the average of the d.b.h. sizes o 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, <Db> could he 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 1s not expected to be

great among specles. If AT represents total surface area, it can be expres-

sed in terms of total weight;

where A.n and Wn are tﬁe area and weight of individual needles given in [2].

At this point it is best to mention that surface aiea is not always defined
as the entire physical area of a leaf or needle. Usually it is the stomated
:urface only which is defined. Stomated area refers to the surface area con-
taining small transpirating openings. For muny vine species, however, this is
the entire surface of the needle. For broadleaves, it 1is the underside axea
only,

Total surface area of all needles is given by;
A = on 107w, &

W T

T

n
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It remains to utilize information provided by Kozlowski and Schumacher (4] in
which area and volume of pine necdles are correlated. Data provided were rep-
resentative of poarticular species and it is not known how applicable the re-
sults are to othexr species. The technique for acquiring the data 1s described
and seems neither difficult or very time consuming for smali 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 informatien 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;

V,=c¢ + d(Ar-e)

where VT is total volume, AT total area, and ¢, 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 3

A
Vo=t d[-w—:- 1072, %) - e] .- '

Values of the constants are given below in Table TII.
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TABLE IXI
(From Reference [3])

Site Index

a b Trees Lecation (Standard height) Age
(ft.) {yrs.)
0.46 1.15 Ponderosa pine California, 20~-39 24-69
5,000 feet
0.73 1.67 Ponderxoss pine  California, 20~76 5-69
4,000--5,000 feet
0.53 1.47 White pine Vermont 90 24
1.22 2,09 Vhite 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 Vermont 54 14

(All values of a and b are for D in inches.)

c=.0621 cm>  (Loblolly pine)

d = .014108 cm. (Loblolly pine)

e = 6.078 mu? {Loblolly pine) (4]
5 5

A
Tr= 1.24 X 107 —— 1.35 x 10 en. % /kg. (2]
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 was not
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congidered. The same procedure for obtelning needle volume estimates could

be applled to broadleaves, but area-volume correlation information 1s lacking.

As with needles, a preferahle alcernative would be to estimate voluwme directly

from welght using density. A rough estimare could be made, however, 1f one-

sided arvea 1s found and multiplied by ar estimated thickness. Leaf thick- .
ness probably does not vary conslderably for most species and a range of

.01 -.,03 em. should include many types. Constants which might be used to esti-

mate one-gided broadleaf area are a=1.36 [D in inches (live oak)] and

b=2.66 [3], and from [2]

A 4 5 em
o= 8,77 x 107 — 1.53 x 10° £~ (ouk)
\0) Kg >
n
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APPENDIX D

DIELECTRIC PRGPERTIES OF TREES AT RADIO FREQUENCIES

Dielectrlic Properties of Wood

Although dielectric neasuremen:s for living wonod are scarce, some data
has been compiled cver the years by wood technologiets for cut and dried woed.
It is expected that the greatest difference between lumber and living wood
(relative to dielrctric properties) is woisture content. To 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,
tha majority of cut lumber represents inner regions of tree stems away from
the thin cuter living sheath w_th its abundance of mineral enriched water and
sap., With these limitations in miud, however, a study of the dielectric prop-
erties of livirg wood can at least begin by considering the results for cut
wood

C. Skaar [1] 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 measuvements employing a simple parallel plate capacitor
structure could not have supported very high frequency accuracy - however, the
method excelled in '"textbook" clarity as a aear exact replica of pure theory)
the study revealed several of the most significant physical parameters affect-
ing the electric properties of all wood.

Tt was found that moisture content decidedly exerts the most influence on
dielcctric properties (Figure 1). The dielactric constant increases substan-
tially as the moisture coutent increases. Skaar alsc found that denser samples
displayed larger Jielectric constant values (Figure 2). Another interesting
finding was that orientatiocn of the electric field divecti.n with respect to

wood grain altered che pularizability ¢f the saample, and thevefore the diele«tric
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Figure 1. Effect of moisture content on the dielectrice
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Figure 2. Effect of moisture content and density on the dielectric
permittivity of wood. The frequency was 15 MHz; from [2].
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constant. With field l4dnes 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
K 1is defined by wood technologists and forestry professionals in terms of

the oven-dry weight of the wood [3];

where Wu = weight of green (moist) wood

w0 = welight after oven-drying

Using this definition as a percentage (100 X u), 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), 1s usually
defined as p = WOIV8 where Vg is the volume of green wood. The reason Vg
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-~
1y 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 Vg is established. To find the actual density

(including the water) for a moist sample of wood one uses the following;
actual density = p(1 + 1) .

Care must be taken when revicwing reports dealing with any property of
wood affected by thgse 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 othews; [1], {2], etc.

In a sampling of common living trees a certain correlation between p
and Y occurs which influences dielectric properties. Referring to Figure 4
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Figure 3. Normal distributions of typical dry weight moisture
content for 38 hardwood and 26 softwood species.
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an Inverse relation between p and Y is shown. Certainly it 1s reasonable to
suppose the denser woods to be less capable of contalning 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 U both affect the dielectric constant similarly thelr inverse .
relation will tend to limit the range of dielectric constant values in dif-
ferent species. Trees with normally high molisture 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., UlNevertheless a spread of

dielectric constants can be expected since the effects of U and p are not equal.

Dielectric Polarization and Conduction

There are four types of polarization in 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 es wood)
in which dissociated ions are present but partly constrained to interfacing
boundaries within the material. This type of polarization usually produces
rhe largest polarizing fields, but is limited to low frequencies. Beyond a
certain cutoff, the 1ons simply do not have time to drift to the interfacial
torders 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 Debve [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 polarizsation and
conduction e2ffects to fleld quantities inside and outside a body. It is

usually written as:
ewmeg?! - 3"

where €' is the ordinary electric field permitiivity that occurs in Coulomb's
Law as a property of the mediun. The so-called lnss factor €" actually arises
when dealing with lossy media in harmonic fields. Tt accounts for a corduc-
tivity term in Ampere's Law and represents the in~phase conduction losses.
Strictly speaking, 1t also is meant o include losses arising from polariza-
tion phencmena.

One way to represent polarizaticm and conduction is to model the materi-
al as a circult 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 momenc this d.splacement 1s
considered frictionless, it will exactly coincide with the rate at which the
external electric field changes. This 1s equivalent to a 90° out-of-phase
"displacenent current" and 1s represented as a pure capacitor in the circuit,
Since poloarization is not frictionless or without loss, a certaln resistance
te the displacement current arises. This ‘¢ representabls as a pure resiscance
in series with the capacitor. The net result 1is a current partially iIn-and
out-nf-phase to the drive field. Direct current conduction by free charge
cerriers in the materilal results Irom the driven field and flows in-phase.

It can be represented by ¢ pure resistance parallel to the series resistor

and capacitor. The equivalenc circuit is shown below.
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In the diagram, Rp is the polarization loss element, Cp the polarization dis-
J¥ ‘ placement current element, and Rc the direct conduction path element. Obvious-
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 €' and €' respectively.

Permittivity of Wood

James [7] has devised a reasonable model expression for €' of wood. The
uﬁ 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 cortinuum of c' throughout all frequencies may be projected by

fitting the model to the data points. The model is of the following form;
" - %
e' = a +'b/(l-#f/to) + c/f

where a represents electronic and atomic polarization effects, b dmplies
dipolar effects in which f0 iz the center frequency in the range of influence,

and c¢ denotes interfacisl e¢ffects in which & 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. (Relaxs-
tion time describes the time required tc polarize or depolarize and thus detexr-
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 €' for wood which is born out by ex-
perimental evidence. At a certaln frequency and beyond, €' becomes more or
less constant as the effect of ¢ diminishes, This seems to occur around 20
MHz [5], [7]. It is expcected that this nearly constant characteristic of €'
wili'ngptinue to at least 5 -~ 8 GHz; but beyond that, €' is expected to decrease.
This featu;e proves very useful in predicting €' values over a range of fre-
quencies to 10 GHz. Since most radar applications will ianvolwve frequencies
higher than 20 MHz, the £' values need only be consideared dependent on physi-
cal parameters.

It remains to determine actual values for €' in living wood. Skaar [1]
found (see Figure 1) that €' increases very nearly as a linear function of |
(p held constant) for values of |t beyond 20 -~ 30%. This implies that giveun
at least two data points in the linear region, Intermediate values for ¢' may
be interpolated using a straight~line fit., Tf data were available at, for
example, 25% and 130% moisture content, a line could be drawn and intermedi-
ate values for €' estimated. Values of | typical to living wood of the game
density may then be used to predict €', If data at frequencies 20 MHz or higher
are available, a spread of probable €' values can be estimated for species of
trees of the same demsity.

In order to produce a spread of &' values for all trees, it is necessary
to have representative data for high and low deusity species, It is useful

to split the species into two groups: hardwoods and softwoods (very often,
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a foraat will be dominated by elther type). In his repove, James selected
Douglas Fir and Oak., These represent mnedium-density softwoods and a moder-
ately nigh density hardwsod. Using “is data which extends to 50 MHz, a spread
of atfg for botn bardwood and softwood capwood was produced (Figures 6,7),
These curves are based on a plus or minus one-s:igma (standard deviation) spread
about the mean value of U for hardwood and softwood. While this may seem too
narrow, it must be remembered that the ianverse density relation to moisture
content wili tend to narrow the spread. In other words, though a few specles
should fall oustside this range of U values, the effect of their inverse den-
sity will cause €' 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 exlst between cut
wood [7] and a sample from a living tree branch [5]. 7This suggests that the
suspended flulds in living wood may not entirely regain their conduction prop-
erties when moisture is simply added back to dry wood samples. 1t implies
that the outer living sapwood layer in trees may exhibit values of €" that
are not as accurately given by sampling cut wood from various regions of the
stem.

The loss factor represents all vhe electromagnetic energy losses in a

material., Sometimes, only one type of loss {s considered in high frequency

-1t
9 :' ig defined as the relative permittivity: € = - = = - § =gt - je
r o € T
vhere €, = permittivity of free space.
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medels for vood or leaves; this (s usually the lous from dipolar polarization.
In leaves and wood, water is assumed to dominate so 2 type of mixing formula
1s generally used pased on the estimated volume of water in a unit volume of
material |8]. However, conduction and other losses are not represented by
this modei and data has shown that their effect extends into the radio fre-
quencies [5], [7]. Aa attempt shall be made to derive a mathematical model
for the loss factor in wood accounting for each dominant loss paenonena.
Representing the circuit analog introduced in above paragraphs by its

element admittances, the total admittance is given as follows;

—— M- |
Jo S l——— O
WA
Cc
o 2 2
jwt G G_(wC) G  we
Y=08 +-——-=P o PR e - S— (1)
c G+ juc ¢ 2 2 > 2 2
p Gp + (wC) Gp + (wC)

The admittance of a lossy dielectric may alsc be expressed in terms of

its free-space capacitance Co defined as follows;

Y=‘ - - = " 1]
jue € (er tje w C, (2)

vhere CO is cthe capacitance prior to inserting the dielectric material having

a complex relative dielectric constant €, + Solving (2) for e yields
— r

£ = —- Real [Y] 3)

For the circuit analog with admittance given by (1),

¢ (wC)Z
€ ”" T e i + — (4 )
r 0 C0 c GpZ + (WC) 2

or in terms of the original polarization resistance R :
P
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(c/c YwR_C
e = + 9 p2 (5a)
o 1+ GuRpC)

or

e & — 4 (5b)

where Tp is the time constant RPC .

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/C0 may be identified as E; R

the static or dc relative permittivity, by writing e; from (2) as follows;

1 C/Co
Er' = -(;F- Imag(Y) - ———————-—2 (6)
o 1 + (w Rp c)

where 6; = e; for w=0 or ' =¢/C .

The conductance of a given volume of material can be expressed in terms
of the conductivity of the material as Gc = Ag/d , where A 1is the cross sec-
tional area, d 1is the thickness, and 0 1s the conductivity of the medium.
Similarly, the capacitance of the same volume without the material may be

written as Co = Aeo/d where Eo is the free space permittivity., Thus, we

can write Gc/Co = O/EO and substituting this relation in (6) yields

e'wrt
s P

(7)

e" = + 5
o 1+ (mtp)
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 cut of phase)
current and the actual current. Since tan § = ¢"/g' ,

S(w=0) = 1im tan L(e"/e') = 90°
w0

which 1s synonomous with having a finite, dc current entirely through the
by-pass conductance GC in the circuit analog. 1In practlce, however, (7)
must be limited to non-zero frequencies.

In order to apply (7) to natural wood, some modificatioms are in order.
First it must be realized that the simple circuit model represents cnly 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
¢ and e; from wood to equation (7). The reacons are the conductivity term
in (7) also must account for large interfacial polarization charge conduction
in this model, and the :ctual static permittivity of wood is much larger than
€; in (7) since 5; is only due to one polarization type of molecule.

It may be possible to identify most or all Debye-type relaxation dipoles
and represent each by additional relaxation loss terms in the model. Indi-
cations are, however, [5], [10], thaf-in very moist wood (such as in living
trees) free water dipoles predominant while much smaller contributions come
from bound water and cellulose constituents at lower frequencies. Consequent~
ly, the time constant Tp in (7) shall be assigned values for free water while
a slight frequency dependent factor kf™ 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 kf™ into the conduction loss term on the right

hand side of (7) yields

.m etwrt
e " - Okt + 5} P

T cueo 1 + QnTp)z

where 0 <m<< 1., With A= 0k/2neo s the above equation becomes

'

e'wrt
e" A + 8 )
r gL-m 1-&~(mr):2
p
or more simply
| A B(f/fc)

r oglmo (f/fc)z

where fc is the critical or relaxation freauency of water, Using 4 non-
linear least-squares fitting routine to the data frow [5], A was found to
depend upon the dry-weight moisture content | and grain orisntation as fol-

lows;

A_ = (129 + 0.151) 10°

for a combinations of orientations of the grain relative to the electric

f1e1d® and

A= (3.49 + 0.150) 10"

for the grain perpendicular to the electric field. Actually, the 0.15 coef-

ficient was simply assumed for Ap since only one sample was given for that

OUse of the term "combination of orientations' 1s due to the manner in which
samples in [5] were prepared. Wood was sliczd from the outer brarch layer and
this results in a combination of parallel and perpendicular grain orientation.

D-19

e s Pay—



- - - - L re R At els A TN Uey Lot Y, LAy L WY ot v

oy oA R Sy b Sy e e f e e P e SR RS T DAL 2L % TR s TR Y e T T AL &N TR ST TR, 7 R
> T - RIS L it o}
™ . .

orientation case. The fitting routine also yizlded 0.C41 for m and B was

found to be represented as follows;

B=43.4 + 8.1y

for both orientation cases. Finally, (7) becomes

" A B(f/fc)
I r — (8)
r £ .959 1+ (f/fc)z
where AC for a combination of orientations
A=
Ap for perpendicuvlar crientation
and £ = 20 GHz for summer
C

10 GHz for winter

This model, as 1t 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 (4] 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. Cenerally, a broader spread of time constants
will flatten the curve somewhat and even shift the peak predicted by fc de~-
pending on the proportions of the mixture, In this case, fC may be somewhat -
dependent on U 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 . -dependent fC may also improve its accuracy. However, these modifications
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require a range of data at Gigallertz frequencles which are not available at
present.

A value of 10 GHz was suggested for fc in winter based upon rthe drop
in the critical relaxation frequency of free water for temperatures near 0°C.
In addition, some change in the constants for A and B may be anticipated buc
no quantitative estimatey can at present be piven. Ordinarily, values for W
can also be erpected to drop in winter months for most species [11].

When air temperatures remain helow 0°C, mnearly all but 25 - 30% of the
dry--weight moisture content freezes in trees |[1] . The dielectric constant,
both permittivity and loss factor, can be expected to drop significantly.

Since both conduction and relaxacic. will be atfected, the overall loss factor
should change and in particular, the steep rise in the loss factor curve be-
ginning around lO9 Hz may disappear altogether.

As mentioned in the foctnote, it was not possible to obtain purely parallel
orientation loss factor data from [5]. This was a consequence of both the mea-
surement terhnique and the sample cutting preparstion. In fact, it is actual-
ly impossible to orien:t 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]. 7The suitability of these data and the
associates] model dzpends entirely upon the application of the loss factor esti-
mates. It is believed that the so-called "combination'" case would most nearly

be suitable for propagation and attenuation analysis in forests,

Improved Estimate For B in the Loss Factor

As noted in Figure 8, there is a distinct paucity of data above 1 GHz
with which (8) can be compared. Thus, we did not have a great deal of confi- .

dence in the expression for B obtained from fitting (8) to the data from [5],
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.. B = 43,4 + 8,14 . To overcome this problem and, in a sense, to check
the Rayieigh-Effective Volume (REV) propagation model, we used the data from
{13] and che REV model to improve our estimates of B .

The data given in [13] is easily converted into attenuation per uait
length Yy as a function of the dry weight of the intervening foliape ﬁo ,
l.e. Y = Bﬁo vhere B 1is the proportionality constant given in [13]. As-
suming that the transmicsion path was sufficientiy long that the received
power was determined only by the dabsorption due to the intervening foliage,

the REV model predicts the following attenunation per meter (see (59) of Sec~

tion 3.3);

y = ﬁ'—:—’i@ k ey (dB/m) 9)

where ko = ZH/XO , Ao is the free space wavelength, and Veuw is the effec~
tive fractional volume of the intervening fuliage. The cffective fractional
volume is determined by those fcliage componeats having a diameter to wuve-
length ratio of less than one half., The effective firactional volume is related
to the dry weight of this volume of foliage, ﬁo » by the specific gravity of

the foliage ¢ , i.e. Vouw = ﬁofp . It should be noted that WO is the dried

welght of only those foliage cowponents having a dismeter of less than roughly
one half a free space wavelength {( % 0.5 inch in this case). Tkus, (9) can

be written as follows;
. W
Y = B W = 1.45 ko<-5->er" {10)
or solving (10) for eg‘ yields;

e = DB (11)
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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 B is known from the cor-

relations reported in [13], it is possible to estimate s;' .

Furthermore,
we can determine the moisture content y of the follage measured in [13].

A summary of these results are given in Table I.

TABLE I
Winter Spring Sumner Summer Winter
1973 1973 1973 1974 1976
u NA NA 1.57 1.56 1.0
P A48 448 L448 .448 448
eé’ 12.11 14.57 15.99 17.53 7.01
f(GHz) 10 10 10 10 12.25

The loss factor values computea using (11) and shown in Table I appear to be

very vreasonable 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 8;' values are the result of a

drop in u which is typical of some pines for that time of year [11].

"
r

W as a function of the

()

will now use the results of Table I, i.e. ¢

product 1o , to refine our estimates of the factor B in equation (8). To

do this, we note that the general expression for cr can be modified to ac-

count for a distribution of relaxation time constants centered about T by

introducing the exponent a [9] as followsg;

®Je only consider the Debye or second term in (8) since the first term is
negligible in the neighborhood of f..
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(12)

where e; is the optical limit permittivity, E; is the static or dc per-

mittivity and O < a <1 . Solving (12) for EQ' yields

] 1-a ‘(_I_ -
(e -eg) W rp) sin[z 1 a)}
2 l € " o | (13)
' ’ 1+ 2 Tp)l'o‘ cos [12'-(1 -a)] + (W Tp)z(l—u)

. = v _ ] =
and substituting B € to and f/fc LDIP gives

10 ' .
& B(f/f ) sinf - (1 ~-w)
c [2 ] (143

r 14 Z(f/fc)l"a cos[g- (]_—u)] + (f/fc)Z(l—Q)

which is comparable to the second term in (8). Usinug fc ¥ 20 GHz for summer
and fC x 10 GHz for winter along with the results in Table I provides three
"data" points to estimate B and « as a function of uyp . in addition, we
also know e;' for 100% dry wood (pp=0) and water {up=1) f{fron data,
Thus, using a non-linear least squares fitting algorithm, we determine the
best-fit values of B and o (as a function of up ) which agree with (14)
and the known values of E;' « The results of this computation for B are
shown 1n Figure 9; we consistently obtained a=0.1 in the fitting procedure.
The continuous curve in Figure 9 is a polynomial approximation to the five

points and it has the following form;

B = 0.07 + 29.5(up) - 4.8(up)° + 63(up)” (15)
Substituting (15) and o =0.1 in (14) and then repiacing the second term
in (8) by this result yields the following expression for the loss factor of

wood;
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[0.07 + 29.5(0) ~ 4.8Gi0) 2 + 63 (up) ) (mc)o'q

A .
L e a e (l6)
£0-95 1+ 03129 (/0 )07 & (e/e )M 8
where
1.5 = 109 for a combination of nrientations
A ™ )
3.7 » 10d for perependicular ovisantation

and fC = 20 GHz for summer and 10 GHz for winter. Equation (16) is plotcted
in Figure 10 along with data from [5) and [13]. For the frequency range of
interest to this study, the (f/fc) dependent part of the second term of (16)
is reasonably well approximated by (f/fc)/[l + (f/fc)z] as noted in equa-
tion (57) of Section 3.2.4. 0Of particulayr note in Figuve 10 is the fact that
the two high frequeucy data points from [5] are in close agrecement with (16)
even though they were net used in obtaining (15) or (16)., The fact that we
can use the Rayleigh-Effective Voiume (REV) propagatiou model to convert at-
"

tenuation data into estimates of - at 10 GHz must necessarily indicate

that it is a reasonable description of the attenuation process.

Dielectric Constant For lLeaves

The mathematical models used in the preceding sections were developed
according to the observed influence of the physical properties of wood. As-
sumptions regarding the structure and constitueats of wood were not so restric~
tive as to preclude applying these models to leaves., 1In fact, it is found
that permittivity and loss factor data for leaf samples from living plants
and trees closely resemble similar data for weod, both in magnitude and over-
all trend. This suggests that those pruperties of wood which are dominant in
polarization and conduction are to be found in leaves. This is reasonable

since the internal composition of lcaves and their cells is vot drastically

different from wood.
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The only fdcutifled soarer of experinental dielecsric constant gata for
leaves token at radio Yrequeaclez wea dNroaduarat 15].  Ia that report, date
are presented fovr Tullp tree .eaves slonp with dace from a cvariety vl plant

’ leaves. The tulip tree dary falls appeoxiaately in the middle of a4}l other

leaX data reported. In an effort to provide an #atimated spread of valiay,

date for both the highedst and lcwest cases weie fit with the mathematical
modeis to provide a continuum of curves and smooth out the experimental error,
These resulis are presented Iu Figures 17 and i2., While the mear sguared er-
ror in the fit is scmewhat larger than eacounteved with wood, 1t zppears that
the data itself deviastes randumly from a contilauous curve in greater amounts

than the wood data suggealting larger experimental errors.

Goncluston
The information presented here are estimates and should undergo further
substantiation acd possible refinement. At prescut, the scarcity of experi-
mental data preclude further extensions of the models., The permittivity values
shown are, however, expected to be reasonably accurate and representative of a

variety of common trees for both orientation cases. Loss factor values can

at present only be viewed as possibly “typical’, but not necess
the extent of variation found in common trees. The same is true for the leaf
data fits, Since effective loss factor values largely {nfluence propagation
and attenuation through forests, more experimental efforn should be undertaken
in order to better understand and predict this gquantity. In particular, the
ability to accurately predict the loss factor curve minima might lead to op- ;
timum froquency selection for maximum penetration by radar systems. This is ;
where an accurate mcdel expression can help since it is not feasible teo experi-
mentally determine the dielectric constant over all frequencies for each vari-

ety of tree with different physical properties,
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APPENDIX E
DIELECTRIC CONSTANT MEASUREMENT METHOUS 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 dc source, the current vs. time dur-
ing discharge is recorded. The leakage (steady-state) current is alsc deter-
mined and subtracted from the total current gilving the polarization current.
The polarization curient-time curve is then normalized and compared to known
cuxves representing low frequency pelarization parameters. These parameters
represeat a theoretical, complex dielectric constant distribution due to low
frequency polarization mechanisms. Low frequency dielectric constant values

for the material may then be obtained from this distribution.

Medium Freguency Range, (10 - }06 Hz) 1], [2]

For audic 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 retio glves the relative permittivity
directiy. The dissipation factor, or loss tangent, can be read from settings

on commevrcial bridges.

High Frequency Range, (10° - 10% wz) (1], (2], [3]

At higher radio frequencies, resonant circuits are used. These comprise
a standard inductor and capacitor connected to a micrometer electrode sample
hoider which accurately measures the plate separation. The circuit is tuned
to resonance, first with the sample inserted then whan left out of the holder,

E-1
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by adjusting the micrometer settlag, The capzc. tance of the sample can then

be detormined by an expression which relates it to he calibration and geomet-

ric capacitances |1]. ‘The resistive or loss component is found by various .
methods. Baslcally, they involve elther reiuning to resonance by adding known
resistance when the sample is disconnected, or measuring the width at the half-

power points of the voltage rescnance curve (the more common method).

Efforts to extend the frequency range of resonant circuit measurement
methods resulted in developmeni nf 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 arocund 800 MHz, however, encoun-
ter other problems related to the smaller wavelength. Non-uniform fields begin
to form in the 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 varilety of transmiscion 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 trancmission path.
Ordinarily, non-magnetic (p = uo) materials are assumed. Conseauently, any
scheme which produces an accurate measure of either the propagation constant
oc 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 2 sample

within a coax transmission line or waveguide. The sample usually fills the

E-2
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entire cross gecticn, iutroducing a discontinuity in the line. The gulde 1s
then terminated and a slet detector positioned in frount of the sample as in
Figure 1. Given u known termination impedance ZL » the wavegulde impedance
Z0 , and the standing wave ratio deteruined by the slot detector, the dlelectric

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
materiais [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 1in the sample 1éngth and noting
the jump in attenuation and the phase shift due to the change. This scheme
would involve a configuration similar to that shown ir 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-sample" 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 cof 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. 1In practice, this may limit samples to less than
1 mn, thickness. Since coax 1is 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 GHz)

This range of frequencies represents a difficult range in which to measure
high-loss materials such as green wood. Most of the rarge is too high for
resonant, lumped parameter circuits and yet below 1 GHz, distributed parvameter
hollow waveguide- become too large to be practical. This tends to reduce the
choice of a transmission line to coax and limits the avuilable methods. Conven-
tional "Short-sample" reflection methods are considered not as precise with high~-
loss material [l1]. Attempts to cmploy 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 avolds these difficulties. An obj=ction
raised with this method, however, 1s academic rather than systematic. Wood is

known to have an anisotropic dielectric prorerty with respect to direction of

E~5



T AP TINEAIRAG AL, 2 ALV R 2 -

the grain {2]. Since orientation of the electric field lines is radial from
the center for coax propagating in the normal TEM moce, 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 methed 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 fil1 the sample holder with a known high-lose 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 wond, moisture content must be closely monitored and kept
close to its natural state. When most any wood is submeryged 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. 1If 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 inserteé\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 1 - 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 nead 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- \g
tering unacceptable error. This will eliminate the need for some of the larger ,f
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 needed 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, Milling 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 recommended.
The problem of contact fit is not as critical as in the thin-sample method
although the sections should £ill the waveguide as completely as pussible
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 b2 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. g%
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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 thesz 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 ¥

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 stanc.

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-coumt 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 was 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



datermined 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 standard 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
us¢’. It is even possible that a 1007 survey 3ay be accomplished if the area
of interest is not too great.

Data describing biomases volume versus diameter is not commonly obtained.
The same techniqueé used in saw timber survegé, 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,.



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 [8]. 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;

Volumeclass = Weightclass//DenSLty .

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. 1In 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 cnt and weight technique cculd
be considered.

1t is interesting to note that the U. S, Forest Service is currently
sponsoring studies to test and develop a scheme for acquiring thics kind of

data from electromagnetic attenuation measurements (5, 6]. This approach is
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the inverse of the immediate problem which 1is 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 éhould 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 1007 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. Sit;kparameters, weather, and other
such factors will affect the time required.

The es;imate 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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