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1. INTRODUCTIQN

This Final Report, Volume IV, concludes ti-e series of
reports on the Tropical Propagation Research Program sponsored
by the Advanced Research Projects Agency, and contractually and
technically directed by the U.S. Army Electromics Command, Fort
Monmouth, New Jersey. It is preceded by fifteen Semiannual and
Final reports, which are listed in the REFFRENCES for conven-

ience, with Defense Documentation Center reference aumbers.

The experimental data for tnis program wsre obtained
from jungle test areas in Thailand, selected on the basis of
their quantitative envivonmental characteristics. The geo-
graphic locations of these test areas, and a description of the
associated environmental characteristics have been presented in
nreceding Final Reports. A repetition of this data in this
report would be too redundant and impractical, ard the reader
is referred to these preceding reports for this information.

This Final Report contains the results of two prin-
cipal tasks. The first section presents the results of attempts
to obtain a set of frequency dependent constituentive parameters
applicable to the uniform, homogeneous slab model of radio wave
propagation in forested environments. The first part of this
report presents these results.

The second task was to analyze the results from a.
special series of swept frequency measurements leading to a
better understanding of the influence of the jungle environment
upon the transmission of digital signals. Here, the principai
phenomena of concern are the multipath, frequency-selective
fading caused by scattering from the trees, The bulk of the




data from these measurements was in the form of photographs,
which were machine translated to punched cards for computer
processing and analysis. Frequency correlation curves, and
various other curves which are presented in this report add
to the basic knowledge of prcpagaticn in forest environments,
as well as being useful in the problems related to the trans-
mission of digital signals in such environments.

Finally, an initial matbematical development of a
vertically nonhomogeneous slab model is presented in Appendix
A, for horizontaily polarized transmission. This represents
a further step in refining the understanding of the siab model
concept of propagation in forested environments, but much work
yet remains to be done before this model can be considered
sufficiently complete for ucefnl application.




2. SLAB MODEL CONCEPTS

A homogeneous slab model for explaining propagation
in a forest environment has been pioposed by Sachs and Wyatt
[1966, 1968], Sachs [1966] and Tamir [1967]. They obtained
agreement, to within a few dB, between theoretical and experi-
mental transmission loss with the differences averaged over
the frequency range of 6 - 100 MHz, with a set of frequency
independent slab parameters. However, when theoretical and
experimental results are compared at discrete frequencies
within this range it is found that the agreement is not uniform
over the range and may, in fact, be considerably worse at some
frequencies than anticipated oa the basis of the over-all, or
average-over-frequency, agreement [Hicks, et al., 1970]. It
was also found tkhat the results at some frequencies were quite
sensitive to changes in the model parameters while those at
other frequencies were not. This has led to the suggestion
that a frequency dependent set of slab parameters might provide i
better agreement between theory and experiment and extend the
frequency range of validity of the model [Hicks, et al., 1969],

R

The initial effort here was thus an attempt to obtain
a set of frequency dependent parameters for the homogeneous
slab model. In so doing, however, it was found that there is
nc unique set of homogeneous slab parameters. Stated differ-
ently, equal agreement between homogeneous siab model theory
and experiment can be obtained with any of several combinations

A P AT LIS A LN oo P s

of slab parameters. Results from this investigation prompted
the development of a nonhomogeneous model, hut first it will :
be helpful to examine some of the results emplcying frequency

dependent parameters in the homogeneous slab model.
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In this regard the homogenecus slab model needs to
be briefly discussed. A sketch of the mode}l is given in
Figure 2.1.

Z
[}
RAir (€5, 0,)
Q Forest {ej. aj)
h T.‘Lransmitter ; bx Receiver
¥ iv °
777777777777 777T7 7777777777777 77777777 **
0 Ground(eg,og)

Figure 2.1 Sketch of Homogeneous Slab Model of Forest

The rms electric field between two short dipoles in
the homogeneous slab model, excluding the case of very low
antennas (heights < 1/10) which may involve antenna impedance
changes, may be written as [Sachs and Wyatt, 1966; Sachs, 1966;

Tamir, 1967]

9 x 10'° /P
E =
ms /7 nfrzlnj2- 1|

F(z) F(zo) uv/m (2.1) .

where f is the frequency in MHz, r is the irange, h is the
slab or effective forest height, P is the transmitter power in




kiiowatts, z and z, are the transmitter and receiver antenna
heights above ground, n? = € + 18 io/f is the refractive index,
o is the conductivity in mmhos/m, £ is the dielectric constant,
and the subscript, 3, indicates the forest cr jungle (slab)
medium. Other symbols are identified in Figure 2.1. Further,
for both horizontal and vertical pclarization (transmit and
receive antennas are assumed to have the same polarization)

and for both antennas within the slab

-Zkoz Y1 - nj2

-O‘L(h - 2) 1+ I‘V,He
F(z) = e

-ZkOh vl - njz

i- FV,He

For the case of one antenna above and one in the jungle, one
obtains, for vertical polarization

( —_ )
-Zkoh 1 -njz
1 1+ 7T.,e
L Mty W=
F(2) = ko(z~h)(1-n.2)2+n2r : /E_ s z>h
] -2k h VT-n.2 o
{l‘ Fve J

and for horizonta® polarization

-Zkoh VI -7.1
2| =
F(z) =ik (z - h)(1 - n.3) %+ /et > z>h
0 J -ZkOh A E;
Ll - Tye J

[N RN B e L

e e M it K,
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where a; = koIm[Jnjz = 1). The subscript V and H correspond
to vertical and horizontal polarization respectively, and for
vertical polarizatior the reflection coefficient T is

1 1
2 - .2? 21_” 2\7

. g 1 n; ) n; “( g )
v -© 1 1
2(1-n.2 7 L2(1 - 242

g ( n; ) n; ( g )

]

L9 1Y

+

and for horizontal polarization

1 1
1_‘.2?_ - 2v2

. ( "5 ) (1 Ng )
H 1 y
1-n.2)%+ (1-n2)2

( n; ) ( Ng )

Also, the expression for F(zo) is obtained directly from F(z)
simply by replacing z by Z5e

The experimental data to be used in checking these
theoretical results, however, are customarily given in terms
of basic transmission loss, Lb’ referenced to isotropic
antennas. Hence, the theoretical field of Eq. (2.1) is con-
verted to basic transmission loss oy ([Norton, 1959]

Lb = 139 - 20 log E + 20 log £ (2.2)

which is dsrived for 1 kw of power radiated into free space
for short dipole antennas, and f is the frequency in MHz and
E the rms field strength in pv/m,
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To check the validity of the homogeneous slab model
in describing the median field strength in a2 forested envi-

ronment, and if valid to obtain the correct slab parameters,
one assumes reasonable values for the siab parameters, computes
the E_ . from Eq. (2.1) and then the basic path loss from

Eq. (2.2), and compares the theoretical results with experi-
mental data. If the agreement is not satisfactory, the assumed
slab parameters are adjusted and the process repeated until

satisfactory agreement, if possible, is cbtained.

A large amount of experimental data frem two tropical
forested envirornments are available and encompass many antenna
heights, frequencies, ranges, and both horizontal and vertical
polarizations. A large data base was required to obtain a
statistically reliable mean value of path loss for each oper-
ating frequency, pclarization, antenna height, etc., due to
signal variability caused by terrain and/or vegetation varia-
tions within the environment. The number of statistical
samples for any given operational configuration can be effec-
tively increascd by accepting the range dependence of field
strength, 1/r% in Eq. (2.1), which has been experimentally
established for HF and VHF frequencies in forested enviroaments
[Jansky & Bailey, 1965], and normalizing all measurements to
a common range according to this dependence. This has been E
done [Hicks, et al., 1969] and experimental results so
normalized are empleyed here.

The initial objective here, as mentioned, was to

a

obtain’ frequencr dependent parameters for the homogeneous slab
in order to obtain better agreement bctween theory and experi-

[ e N

ment than was afforded by frequency independent parameters.
To this end, several combinations of the equivalent electrical
and height parameters of the homogeneous slab were employed
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and, with the aid of a digital computer, the basic path loss
was computed for several frequencies, antenna heights and both
polarizations using Eas. (2.1) and (2.2).

The results can be presented in a variety of ways.
An example of the theoretical path loss for horizontal polar-
ization at different frequencies as a function of the slab
conductivity, o, is given in Figure 2.2, The transmit and
receive antennauheights were 13 feet and 15 feet respectively,
eq = 15, Og = 10 mmhos/m, &5 = 1.01 and hj = 100 feet. For
present purposes, the most interesting feature of Figure 2.2
is probably the sleope of the path loss vs. conductivity curves
at the various frequencies. At 2 MHz the slope is small,
indicating that the path loss is nearly independent of o. for
the antenna heights, etc., employed in the computation. The
slopes generally increase with increasing frequency from
2 Mz to the 400 MHz limits used, and the curves are nearly
linear although some curvature is apparent in the frequency
range of 12 MHz to 100 MHz, The small slopes of thkese curves
in the lower HF frequency range indicate that values of ¢,
over a fairly wide range of values would be equally suitable
as a practical slab mcd.l parameter. This has the advantage
of making selection of cj for use in a model at these frequen-
cies (at least for the antenna heights, etc., used in the
illustration) a noncritical function. This is a disadvantage,
however, in that since 95 is not unique, o5 is not identifiable

with any unique environmeatal parameters which, in turn, implies

that ¢, cannot be determined by physical aspects of the envi-
ronment, This, however, does not imply that other homogeneous
slab parameters cannot be obtained which can be related to the
environment. In fact, it would be most fortunate if all
except a single parameter, identifiable with the environment,
were arbitrary. A brief examination of the remaining param-

eters, ej and hj, however, shows that this is no! the casec
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and, further, that a unique set of homogeneous slab parameters
cannot be specified.

Figure 2.3ais a plot of the theoretical and experi-
meiital path loss fArea II) as a function of as for 25 MHz,
three combinations of antenna heights, horizontal polarization,
and different values of e¢; and h,. Figures 2.3b and c are
similar plots for 50 MHz and ICOJMHZ. Other frequencies and
paramecer values could have been illustrated, but those of
Figure 2.3 are sufficienc for present purposes. In this regard,
note that for the higher antemnna heights (transmitter height =
120 ft., receiver height = 115 ft.) the theoretical values of
hj and, to a lesser degree, Fj’ are fairly critical, while 95
is, again, quite arbitrary. As the antenna heights are
lowered, however, it can be seen that the experimental and
theoretical values of path loss for different antenna heights,
but at a fixed frequency, generally do not agree (theoretical
and experimental curves do not intersect) at the same ¢..
Further, the values of hj and € can not be changed by much to
improve this agreement becausc they have been found to be
fairly critical from the results at the higher antenna heights.
Hence, only o. (and to some extent, ej) can apparently be
changed with antenna height to improve the agreementi, but thes.
cannot be allowed to change wiia height in the homogenzous
slab model by definition. Hence, extension to a2 slab model
which is nonhonogeneous in the z-diizction (electrical param-
eters vary with height) is indicated. Such a nonhomegeneous
model will, presumably, pernit oj(z,f), and therefore a set of
nonhomogeneous slab parameters, to be uniquely determined.

Of equal importance, however, is the question as to
whether such parameters, if indeed unique, can be related
sufficiently to the physical factors of the forest environment
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(tree height, tree density, etc.) so that slab parameters may
ultimately be predicted from knowledge of envivonmental factors.
" This can be answered with definiteness only after the param-
eters of the nonhomogeneous model are determined and comparison
is made between theoretical and experimental factors of the
model and forest. Some insight into this may be gained, however,
by examination of some environmental features. Robertson {1969]
measured tree heights and diameters-at-breast-height (DBH) for
trees whose diameters 5 6", cver a large region (= 1000' x 1000')
in Area II of Thailand. The empirical relation for biomass, or
mass in kilograms of a single tree, is w = 0,2 Umﬂfé [Robertson,
1969]. Now, if the distribution of this biomass with height

for a single tree is known, the distribution of biomass with
height for the large region surveyed (which is presumably repre-
sentative of the forest) can be determined by straigh:forward
averaging. Unfortunately, the biomass distribution with height
for single trees, in general, is not known. However, it seems
obvious in most cases that the biomass of a tree decreases with
height. Hence, two distributions of biomass with height for a
single tree (constant and linearly decreasing) have been assumed
and the resultant distribution of biomass with height for the
region surveyed by Robertson [1969] in Area II has been com-
puted using each.

These distributions are shown in Figure 2.4. Note
that this tree survey, was made in the same region in which the
propagation measurements discussed above were made. Also, the
survey included only trees whose DBH 5 6'", and the results were
extrapolated to smaller trees in arriving at Figure 2.4.
Further, the presence of vines and undergrowth has been ignored
in computing the biomass distribution of Figure 2.4, which
tends to underestimate the true biomass near the ground by
about 10% of the tota! [Robertson, 1969]. However, it seems
clear from Figure 2.4 that the biomass density of the forest
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decreases with height, as could be expected on the basis of a
single tree (the assumed constant distribution of biomass for
a single tree is expected to yield the smallest, or limiting,
case). The decrease in biomass density with height is consis-
tent with the fact that nJ.2 must be a function of height. This
consistency strongly suggests that there is a direct connection
between the forest biomass density and the electrical parameter
njz = f(z), which would permit prediction of slab (nonhomo-
geneous) parameters on the basis of more readily determined
environmental factors. The functional form of n.2 = £(z) may
be established by adjustment of variables appearing in the
theoretical results of a nonhomogeneous slab model until these
results conform to experimental data. This functional form of
nj2 should then be examined and related, if possible, to
parameters of the forest environment, such as biomass density.

Thus, extension to a nonhomogeneous slat model will
no: only provide a more accurate model but it may also provide
the final factor (the law governing the nonhomogeneity) needed
to permit propagation prediction from knowledge of environ-
mental factors. Hence, the development of a nonhomogeneous
siab model has been undertaken. The theoretical results for
the nonhcmogeneous model are derived in Appendix A for the
case of horizontal polarization with the antennas immersed 1n
the foliage. The results have been presented in a form similar
to those for the homogeneous model for ease of comparison, and
results of the two are repeated here, for horizontal antennas

in the foliage, and compared. The general expression for Erm

s
may be givea as

s - 9x10'?
rms V2 mfr?

P |F(z) 1 {F(z ) [uv/m
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where, for the homogeneous case (Eq. 2.1)

-k (h -2) /1-1.? -2k z V1 -n.7 |
e 1+Tge ° J J
F(z) = —

-2k h V1 -njz ]

[
V1 'njz {1 ’THe

and for “he nonhomogeneous case (Eq. A-2)

EN

h 1 (
-k, J [1 - n%@)] Tea
e z Ll + Pg(o)e

axg [ [1- nj'"(a)]ll-da

“d

F(z) =

r

h 1 }
[1 ““jz(h)]%[l - njz(z)]% 1- I‘g(o)e ° L ]

/

where, in both cases, F(zo) is equal to F(z) with z replaced
by 24e It is easily seen here that when nj(z) = nj(h) =

nj(o) = nj(a) = n., which defines the homogeneous case (i.e.,
n; is a constant independent of z), that the nonhomogeneous
model reduces to the homogeneous model, as expected. Specify-
ing the functional form of n.(z) for the nonhomogeneous case
clearly permits an additional degree of freedom relative to
the homogeneous case and should be quite useful for determining
the equivalent slab parameters and for correlating these with

environmental factors.

Further effort is needed to develop the equations
for vertical polarization and for antennas of arbitrary loca-
tion, which involves straightforward extensions of the theory
given in Appendix A, and to compare the results with experi-
mental propagation and environmental data.




3. FREQUENCY AND DISTANCE FADING STATISTICS
IN A TROPICAL FOREST CHANWEL AT VHF

Radio transmission at HF frequencies and abeve in
tropical forest channels generally consist of a fairly direct
signal (latzral wave) plus a number of relatively delayed
signals which are caused by scattering from trees in the gen-
eral vicinity ~f the antennas [Hicks and Robertson, 1969].

The tropical forest channel is thus a multipath channel at HF
and above. The instantaneou. received signal is, of course,
the vector (amplitude and phase) sum of all the multipath sig-
nals arriving at the receive antenna at that instant. The
relative phases and, probably to a lesser degres, the amplitude
of the multipath signals change in some tandom manner as either
the antenna position in the forest is changed, or as the trans-
mission frcquency changes over some finite bandwidth. The
resultant complex signal, generally referred to as the channel
transfer function and dennted by H(f,x) here, is thus a random
process characterizing the frequency, f, and spatial, x, vari-
ability cf the signal. Note that the channel transfer function
has most often been discussed in relaticn to dynamic channels
such as the troposphere, ionosphere, and others and thus written
as ¥ t) to denote the frequency and time variability of such
channels. The time variations of tropical forest channels,
however, caused by wind-induced tree motion, are sporadic and
generally small at HF and VHF relative to the spatial varia-
bility and are thus assumed negligible relative to the spatial
variations (i.e., the channel is assumed to be static). Hence,
the channel transfer function is denoted here as H(f,x), which
shows distance, but no time dependence.

The statistical propertics of the signal, or chamnnel
transfer functicn, are impertant in the design and operation of
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both narrowband and wideband systems. The probability density
function of the short spatial variations of the envelope is
needed in establishing the power margin for narrowband and wide-
band (for flat — flat-fading) systems, and is a first requisite
in computing bit error rates in wideband digital systems [Stein
and Jones, 1967].* Probability density functions of short
spatial fades at VHF for a tropical forest environment (Area

II) have been reported earlier [Robertson et al., 1970] and a
few additional distributions are presented later in this report.
The normalized distance (or time if the terminals are in motion)
and frequency cross covariances of the transfer function are
needed in designing spatial and frequency diversity schemes for
both narrowband and wideband systems, and for determining pulse
length and bandwidth limitations of digital systems to avoid
spatial (or time if the terminals are in motion) and frequency-
selective fading.

The time dependence introduced here is not the same
as the time dependence caused by wind-induced tree motion. The
latter has been neglected, as mentioned above, while the former
is introduced through terminal motion (e.g., mobile applica-
tions) and is directly dependent upon the spatial variationms.

The character of these normalized cross covariances
is the major topic cf this section. 1In particular, the nor-
malized distance and frequency covariances of both the envelope
and the complex signal are obtained from experimental data from
a tropical forest envircnment (Area II). These data were

* Note that other factors, namely the mean propagation loss,

long spatial variability, and indigenous and/or system

noise are also needed in establishing power margins and
cignal-to-noise ratios in general. These factors have been
.iscussed in previous ARC reports [see Jansky § Bailey, 1966;
llicks et al., 1970] and elsewhere and are not a subject of
this section,
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obtained using sweep-frequency techniques (4 MHz sweep) and
include frequencies of 56, 100 and 150 MHz, various antenna

‘heights (dipole antennas) and horizontal and vertical polariza-
tion.

The distance and frequency envelope covariances are
also discussed for some limited measurements at 400 MHz, some
with a 10 MHz sweep width, and some with directive antennas.

The envelope covariances are discussed first, followed
by the complex covariances, a few probability distrihutions of
the envelope, and ending with a general discussion and
conclusions.

3.1 Envelope Frequency and Distance Correlations

The majority of the experimental data acquired for
computing the frequency and distance correlation functions for
the tropical forested channel are of the signal envelope as a
function of swept-frequency and distance. The envelope gives
only the magnitude of the complex signal, but because of the
relatively complicated probiems associated with obtaining the
phase of the complex signal, envelope statistics are often used
to approximate the channel characteriscics. The complex signal
response was also obtained for the tropical forested channel
for a few operating configurations but, because of their added
complexity in data coilection and analysis, they are discussed
in the next section.

This section is devoted to a discussion of the enve-
lope data. A brief review of the operational configurations
and experimental procedures is given first, followed by the
data reduction and an lysis prccedures and a discussion of the
rasuits.
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3.1.31 7 Experimental Data and Measurement Procedures

The sxperimental equipment and procedures used in
obtaining the envelope versus swept-frequency and distance dzia
have been discussed earlier [Robertson, et al., 1970]. A number
of frequency correlation functions were also computed zad dis-
cussed there, but a constant mean was assumed in the analysis.
In the present case a more realisitic linear changing mean is
assumed and additioral analyses are also performed. A brief
review of the operational parameters of frequency, antenna
heights, etc., used and the experimental procedures is given
for continuity.

The propagation measurements were made over rela-
tively smooth terrain in a tropical rain forest near Songkhla
in Southern Thailand, designated as Area II. The data were
photographs of the sccpe face of a spectrum analyzer which
displayed the received signal envelope as a function of swept
frequency. The frequency sweep width was generally 4 MHz, cen-
tered about the test frequency, with a limited number of tests
being made with a 10 MHz sweep width. The test frequencies
were for the most part 50, 100 or 150 MHz, with a limited number
of tests also made at 400 MHz., The transmitting antenna
heights were either 40 or 80 feet and the receive antenna
heights were 6 feet. Half-wave dipole antennas were employed
with the exception that a limited number of tests were also
made with antennas having greater directivity. The antennas
were aligned for maximum gain along the line-of-sight direction
between transmitter and receiver. The receive antennas were
located at various positions in the environment, identified as
field points. The distance from the transmitter to these
field-points and the general vegetation and terrain character-
istics of each have been discussed earlier [Robertson etal.,
1970} .
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A complete set of data representing one operating
couriguration of center frequsency, polarization, antenna height,

etc., generally consisted of 101 photographs of the amplitude .
versus swept-freguency trace taken sequentiaily at equally
spaced distance increments of length 1/10, cver a total distance .

R e e O S e S

cf 10X (2 = wavelzngth). In some runs the direction of receive
antenna motion was radial from the transmitter and in others it
was transverse. The antennas were stationary and wind effects ;
small while each photograph was taken. Each run, which may be
viewed as an ensemble of amplitude versus frequency functions :
taken over distance, provides the samples used to compute the

frequency and distance correlation functions (one each) repre-

sentative of that run, or operation configuration.

3.1.2 Reductiou and Analysis of Envelope Data

To facilitate analysis on a digital computer, the
analogue trace of each amplitude versus frequency-sweep photo-
graph was sampled in amplitude at each 0.25 MHz for the data
taker. with a 4 MHz s»weep-width and at each 0.2 MHz for the 10
MHz sweep-width data. These sample intervals appeared, visually,
to more than satisfy the Nyquist criterion,

It was frequently necessary during data recording to
adjust a step-attenuator at the spectrum analyzer input to
maintain a satisfactory sensitivity and/or to keep the trace
within the scale of the spectrum anelyzer scope face. All such
adjustments, which were constant for each photograph, were .
recorded and subsequently removed from the data.

A calibration photograph, to permit corrections fecr
any inherent non-flat character of the sweep, was frequently’
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taken with the receiver very near the trarsmitter to avoid
distortions due to the environmexnt. Other than rounding of th-=
4eading ard trailing edges of the sweep, caused by equipment
response, the sweep was generally quite flat. The calibration
paoto was used where available, however, to correct the data
and where not available the sweep was assumed to be flat. In
all cases, however, the rounded edges of the sweep were avoided
by utilizing data from only the central 3.5 MHz of the 4 MHz
sweep and the central 8 MHz of the 10 MHz sweep.

In computing correlations, the variations about the-
mean value are normally vsed. Hence, it is customary to remove
the mean, if not already zero. The amplitude traces for the
4 MHz sweep generally revealod a linear changing mean and the
mean of the 10 MHz traces appeared to be fairly constant.
Hence, a least square fit for a linear changing mean was compu-
ted from the digitized values (aprrcpriately adjusted for gain
and calibration as discussed above} of the central 3.5 MHz data
of each 4 Mz sweep and was removed from the sweep. A constant
mean was computed from the digitized values (appropriately
adiusted) of the central 8 MHz for each 10 MHz sweep and was
removed from each.

The resuitant digitized eavelope values of each photo-
graph are zero-mean an< may be called d(fi), where fi identi-
fies frequency at which the ith envelope sample is taken and
i=1,2, 3, ...n where n = 15 for the 3.5 MHz sweep width data
and n = 39 for the 8 MHz sweep width data. For each run or set
of the data representing one operating configuration, there are
generally 101 such photographs as mentioned above. Hence, a
sample of the envelope at frequency f; from the jth photograph
may conveniently be called d(fi; xj) where j = 1, 2, 3, ...N,
(N is usually 101) and xj identifies the position at which the
photograph was taken. The resultant ensemble of digitized
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envelop2 values for each rua are assuned to represcnt 3
stationary, 2rgodic process.

The general expressicn for the norralized freguency-
distance cross-covariance (or cerrelation coefficient} of the
envelopes may be written as [Bendat and Pievrsol, 1966}.

H(£;x)H2{(£f + Af;x+ Ax) ~ H(£f;x) H*(f+ Af;x+ Ax)

r(8f;8x) =

2

/ Y/
l/ [H{E; x)i* — [H (€529 l’ [H(£+AE; x+£ )2 — [H(£+4£; x+AX)|

(3.3)

where the overbar denotes the ensemble average and the asterisk
denotes complex conjugate. In the present case involving only
the envelopes, the correlation coefficients are computed from
Eq.(3.1) by replacing H and H* by [H].

In terms of the digitized ernvelope values where
lH(fi;xj)I H d(fi;xj) for convenience, the frequency correla-
tion ccefficients r{q), are computed from Eq.(3.1) by letting
x = 0. The terms of Eq.(3.1) are then

N n-q
) h 1 > AY ”
d(f; x)d (£, 3x.)= Y Y od(fsxyd(f,, 5xy (3.2)
S A TE RS S A
— N n-q
d(f;x;) = 1 y d(fi;xj) (3.3)
] N(n~q)j=l i=1
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i N n-gq
a(f,  ;x.) = y Y d(f.. ;x.) (3.4)
1+q’7j . = i+q’7j
M- 421 54
1 § o
d(f.:x)% = Y [d{f;x.)]12 (3.5)
1° ] -a ]
N(n-q) j=1 i=1

. N n-q
d(f.  ;x.)%=s —=— ¥ .. :x.)]? .
(1 0qP%y) N(n-q) 3:1 1?1.[d(f1+q’x:’)] -0

where, for simplicity in notation, Af = 0.25 q MHz for the 3.5
MHz sweep data and Af = 0.20 q MHz for the 8 MHz sweep data,
and q = 0,1,2,...,n~-1.

The distence correlation coefficients, r{p) are com-
puted from Eq.{(3.1) by letting Af = 0. The terms of Eq.(3.1)
are then

N-p n
1 R
d(f.;x.)d(f:;x.,. )= Y Y od(fsxJd(fsx., ) (3.7)
LA U R T
; RO
d(f;x.) = d(£5x,, ) = —=e § ! a(f;:x) =0 (3.8)
v OTE w0
. . N-p n
d(f.;x.)?% = Y Y [d(f.;x:)])° (3.9)
1" 3 ﬂ(N“P) J:l i=1 1" ]
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3 el § 7 facesx
j+q N i
n(N-p) j=1 i=1

d(£f;5x )] 2 (3.10)

j+pr

Employing Eqs.(3.1) and (3.7) - (3.10) gives the distance corre-
lation coefficients at values of Ax = p A/10, and p = 0,1, 2,...,
N-1.

3.1.3 Presentationr and Discussion of Results

The coumputed values of the envelope frequency corre-
lation coefficients (connected by smooth curves) are shown in
Figures 3.la-n. The particular operating zonfiguration is
identified on each plot. The first number in the top line of
the identification is frequency in MMz, the second symbol is
either H or V for horizontal or vertical polarization, dnd the
third number is the transmitting antenna height in feet. The
direction of receiving antzsnna motion relative to the line-of-
¢ight to the transmitter is identified as "radial" or “trans-
verse,"” and the field point locations are identified as FP-10,
Y-20, Y-25, or Z-29. With the exception of the 400 MHz special
runs, whose identification is as above, the special runs are
further identified with receiver (Rx) or transmitter (Tx)
directive antenna (either a 6-element Yagi '"beam' or a two
element array having a “cardioid" pattern) and by the sweep
width (8 MHz).

The curves show the frequency correlations to gener-
ally fall off quite rapidly. A quasi-periodic component, with
period of = 1- 2 MHz, is also evident in many of the frequency
correlations (e.g., see Fig,3.le, 100 H 40 Radial at Y-20). A
periodic component in the correlation is evidence of the same
in the data {l.ee, 1960] and, due tc the Fourier transform
rclation between freguency correlation and multipath intensity
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profile {Schwartz, Bennett and Stein, 1966}, indicates a
dominant multipath with, in the present case, a relative delay
of 1/periocd = 0.5 to 1 usec. Note also that the correlations
tend to become positive near the maxipum lag after haviag been
negative. This is true for both the 3.5 and 8 MHz sweep-width
results and may be interpreted as indicating quasi-periodic
components with periods ¢f = 3 and 6§ MHz. Such periodic compo-
nents of longer period indicate relatively distimct multipaths
of shorter relative delay and are generally of lesser signifi-

cance thzn the multipatus of longer delays, other things being
equal.

Another characteristic cf the frequency .orrelatioas,
and probably of greater sigaificaance, is the frequency separa-
tion at which the correlations drop to 1/e, which is termed the
"coherent bardwidth."” The coherent bandwidth provides an
order-of-magnitude estimate of the maximum operational band-
width permissible if frequency-selective fading and intersymbol
interference and, hence, irreducible error rates are to be
aveided in digital transmissions [Schwartz, Bennett and Stein,
19661. The coherent bandwidth also provides an order-of-
magnitude estimate of the minimum frequency :eparation required
for frequency diversity with either narrowband or wideband
transmissions in the environment. For frequency diversity with
wideband systems the frequency separation would, of course,
have to be proportionately wider to accommodate the information
bandwidths. For complete decorrelation of fading on the two
diversity channels, frequency spacing an order-of-magnitude

larger than the coherent bandwidth has been suggested [Stein
and Jones, 1967].

Values of the coherent bandwidth from the envelope
frequency correlations are presented in Table 3.1. The minimum
coherent bandwidth is shown to be 0.29 MHz, the maximum is
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0.50 Mz, and the average (excluding the special rums} is .38
MHz. Some trends of the coherent bandwidth with frequency,
polarization, radial and transverse moticas of the artenna, etc,,
may be suggested, but these do not appear to be significant in
view of the limited cbservations. For example, the most sugges-
tive trend apparent is that tle coherent bandwidth is different
for different receiver locations in the forest. In this regard,
note that the coherent bandwidths at FP-10 and Z-29 are gener-
ally somewhat larger than those at Y-20 and Y-25. A partial
explanation of this might be the fact that the forest at FP-10
is less dense and the canopy height less than at the other three
field points. This, of course, does not account for the rela-
tively larger coherent bandwidths at Z-29, but the trausmitter
antenna was higher for the measurements at this point which may
also partially account for the larger coherent bandwidths there.
As is the case in general, however, too few observations, field
points and antenna heights in the present example were examined
to be conclusive about the effects on coiierent bandwidth.

The fact that the coherent bandwidth was not increaseg
by use of directive antennas should, perhaps, be discussed a
bit since employing directional antennas is a fairly standard
technique for reducing multipaths (which generally improves
coherent bandwidth). Evidence indicates that the nultipaths in
the forested environment originate from the near vicinity of
the antenna terminals (excluding mountains, airplanes, etc.)
[Hicks and Robertson, 1869]. Thus, multipaths at either termi-
nal contribute to the overall interference, and if multiple
scattered signals are negligible {i.e., only single scattering
is effective) then the resuitant coherent bandwidth wixll be
limited primarily by the terminal end having the worst multipath
environment. Hence, employing a directive antenna at one end
of the forested transmission link, when both ends are in a
multipath environment, does not necessarily improve the ccherent
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bandwidth of the link. Employing a directive antenna at both
ends presumably should improve the coherent bandwidth. The

fact that it did not do so in the singie such test performed ’
in the present case is attributed to the fact that the cardioid
pattern of the 2-element array eliminates multipaths from, . .

roughly, only the back direction which, apparently, is not suf-
ficient to seriously affect the longer delayed multipaths and,
hence, coherent bandwidth, in the configuration tested.

The computed values of the envelope distance correla-
tion coefficients (also connected by smooth curves) are shown
in Fig. 3.2a-n. The nomenclature identifying the operational
configurations is the same as in Fig. 3.1, The abscissa, or
distance axis, of the correlations are expressed in units of
wavelength because the correlations appear to be freauency
dependent. In nearly all cases for radial motion, except those
for the directive antennas, there is a quasi-periodic component
in the correlations with period of = 0.5A to 0.75Xx, with the
periodicity being far more pronounced for horizontal than for
vertical polarization. The correlation distance, or the dis-
tance at which the correlation falls to 1/e, for radial receive
antenna motion is, excluding the directive antennas, = 0.1)
for horizontal and = 0.25\ to 0.75)X for vertical polarization.

For transverse receive antenna motion, excluding
directive antennas, there is no periodic component for horizon-

tal polarization, and the 1l/e point is = A/2 or greater, but

for vertical polarization the periodic component is of about

the same strength as it was for radial motion, with the period

being somewhat longer (= 0.5\ to 1A), but the l/e point is .
about the same.

The use of the directive antennas, one of which was
always the receiving antenna, resulted in greatly reducing or
e iminating the quasi-periodic component from the correlations
and in increasing the correlation distance to, usually, > a,
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All of the above characteristics of the distance
correlations may be sinply accounted for in terms of a qualita-
tive scatter model wherein the scatter, or multipaths,originate
from the vicinity of the terminals, as mentioned above in rela-
tion to the coherent bandwidths for the directive antennas.
First, recall that for horizontal polarization the probability
density function of the envelcopes is generally Rician at VHF
[Robertson, et al., 1970] which indicates a dominant signal
plus lesser multipaths. Intuitively this dominant signal is
also the most direct lateral wave. Also, the horizontal dipole,
p oriented for maximum gain toward the transmitter, discriminates
against multipaths from the transverse direction (dipole ends).
Hence, radial motion of the horizontal polarized receive antenna
;? . will observe interference between the direct component and
; multipaths from behind, above, and forward of the antenna, but
not from the sides. The phase relation between the direct
signal plus forward multipaths does not change significantly !
with the receiver antenna motion over short distances, but
interference between the direct signal (plus forward multipaths)
and those from above and behind the receive antenna results in
g standing waves with fairly short periods along the radial direc-
tion. The lower limit on the period is A/2, which is for paths
interfering from opposite directions and is analogous to the
standing wave resulting from interference on transmission lines.
llence, the quasi-cyclic nature of the correlations for radial i
motion with horizontal polarization indicates interference
between forward and primarily backward, or backscatter, multi-
paths. The absence of the short quasi-periodic component for
transverse motion with horizontal polarization is attributed to
the horizontal antenna discriminating against multipaths from
the transverse directions, along with the intuitive expectation
that the interference between the forward and backward multi-
paths does not change rapidly (the path lengths do not change
significantly) with limited transverse mection.
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For vertical polarization, however, the probability
density function of the envelopes is generally Rayleigh
[Robertson, et al.,1970], which indicates a more uniform set of
multipaths as opposed to having a dominant one. Further, the
vertically polarized antenna discriminates against signals from
above and, hence, does not favor multipaths from either the
radial or transverse direction., Thus, receive antenna motion in
the radial or transverse direction should be similar, as it is.

The directive antennas discriminate against multipaths
from, primarily, the backward (behind the receiver) and side
directions. Hence, interference between signals from opposite
directions, as analogous to that on transmission lines, is
greatly reduced, which virtually eliminates the possibility of
short quasi-cyclic variations for either transverse or radial
receive antenna motion,

It should, perhaps, be mentioned that only the receiver
was moved in these investigations, but it is expected that simi-
lar results would be obtained for either, or both, antennas in
motion. Also, the distance fading and correlation distance may
be transformed to time fading and corvelation time for mobile
appli~ations by the transformation of (fades or correlation/
distance) (velocity) = (fades or correlation)/unit time.

3.2 Complex Frequency and Distance Correlations,
Intensity Profiles and Probability
Distribution of the Envelope

The prccedures followed in obtaining the complex
signal were similar in principle to those employed with the
envelope data., Yet, they are sufficiently different in detail
to warrant separate discussion. The analysis of the complex
data to obtain the correlations is also quite similar to that
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done with the envelope data. llowever, it is possible to
utilize the complex frequency correlations, through Fourier
transforms, to obtain the intensity profiles of the muitipaths
which, without employing questionable assumptions, cannot
generally be accomplished with the envelope data alone [Stein
and Jones, 1967]. The analysis of the complex data includes
computation of intensity profiles, and alsc first order proba-
bility functions. First, the experimental procedures, which
have been discussed previously [Robertson, et al., 1969] are
briefly reviewed, and the analyses are discussed in the next
section.

3.2.1 Experimental Data and Measurement Procedures

The propagation measurem2nts were made in Area II.
The data are photographs of the scope face of a dual beam oscil-
loscope displaying the amplitude and relative phase of the
received signal as a function of swept frequency. The frequency
sweep-width was 4 MHz, centered about the test frequency. The
test frequerncies were 50, 100 or 150 MHz and both horizontal
and vertical polarization were used. The transmitting antenna
height was either 80 or 95 feet and the receive antenna height
6 feet., Half-wave dipole antennas were used for transmitting
and receiving and were aligned for maximum gain along the line-
of-sight between transmitter and receiver. The relative phase
of the received signal is referenced to the signal phase at a
directive (Yagi) antenna, generally elevated to near the tree-
top level in the general vicinity of the receiver. The receiver
was a vector voltmeter, which yielded the signal amplitude and
relative phase ror display on the oscilloscope.

It should, perhaps, be mentioned that positioning
the reference antenna to obtain a flat amplitude versus swept-
frequency spectrum from the reference antenna (which indicates
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a lack of interfering multipaths at the reference antenna and
thus a reliable reference) was usually a laborious trial-ana-
error procedure. This was not unexpecced, since multipaths are
expected to originate from the general vicinity of either ter-
minal. The reference antenna, however, was mads directive in
an effort to reduce the multipaths originating from near the
receiver and thereby aid in the search for a distortionless
reference signal. This directivity probably helped, but still
three to four hours of searching with the reference antenna
while monitoring its amplitude versus swezpt-frequency response
was often required to obtain a reliable reference. However,with
sufficient searching, a reference whose amplitude ripple on the
swept-frequency trace was < 3dB, which was assumed satisfactory,
was obtained. The procedure of locating a satisfactory refer-
ence was repeated for each run.

A complete set of data representing one run, Or oper-
ating configuration of center frequency, polarization, transmit-
ting antenna height, etc., consists of a series of photographs
of the amplitude and relative phase versus swept-frequency
traces, taken sequentially at equally spaced distance intervals.
In some runs the receive antenna motion was radial from the
transmitter and in others it was transverse. The antennas were
stationary and the wind effects were small while cach photograph
was taken. The distance separation between adjacent photographs
was 6" at center frequencies of 100 and 150 MHz and 12" at 50
MHz. The receive antenna was mounted on a motor-driven unit,
used to move the antenna between photographs, which operated
over the length of a transportable bench 40 feet long. A stable
receive antenna mounting, as was afforded by this method, was
required in order to prevent variations in the data which could
be caused by antenna motion (even slight) during a frequency
sweep, which had to be relatively slow to accommodate phase
determination by the vector voltmeter.
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Each run may be viewed as an ensemble of amplitude
and relative phase versus frequency functions taken over dis-
tance, as was the case for the envelope data, and similarly
provide the samples for computing the complex frequency and
distance correiation functions (one each) representative of
that run.

3.2.2 Reduction and Analysis of Complex Data

The first step in the reduction of the complex data
was to digitize the amplitude and relative phase of each swept-
frequency photograph by sampling at frequency intervals of 0.25
¥z, The digitized amplitude values for each photograph were
then adjusted, if required, by the appropriate constant deter-
mined by any gain adjustments required between photographs
during a run. It is noted that the amplitude response of the
vector voltmeter provided a flat response to the transmitted
sweep (when the signal was not influenced by the environment)
and hence permitted use of data over the full 4 MHz sweep-wicth.

3.2.2.1 Complex Freyuency and Distance Correlations and
Envelope Correlations

Using the digitized values of the complex data above,
the next step was to remove linear trends in the phase response
with frequency and distance. These linear trends were present
in the phase data bescause the test and reference antennas were
at different ranges from the transmitter, which results in
there being a time delay in signal arrival between the reference
and test antennas. This, in turn, results in a linear change
in phase as a function of frequency over each sweep. Further,
because the test antenna is repositioned between swept-frequency
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photographs for a run, the time delay is different for each
photograph for radial runs which, because the photographs are
equally spaced, introduces a linear trend in phase with dis-
tance. These linear trends in the phase and the method of
their removal are discussed in greater detail in Appendix B.
It is noted here, however, that their removal simply refers the
phase of all data points within a run to a common (zero) phase
origin representative of the phase of the most direct, or
earliest, signal. Intuitively, this most direct signal is the
(nonscattered) lateral wave and is also the most dominant of
the several multipaths. A dominant, steady signal plus less
intense multipath signals implies a Rician distributicn to the
envelopes, which is, indeed, generally the case for horizontal
polarization at VHF in the forested environment [Robertson,

et al., 19701, This steady component is generally removed from
the data prior to (or during) the computation of the correla-
tion function [Stein and Jones, 1967] since it represents a
non-zero .nean in the data. Having referenced all phases to
the zero phase of this component facilitates the removal of
this dominant component and is accomplished next by removing
the constant complex mean from the data of each photograph.

The resulting digitized amplitude and phase samples
of H(f,x), with the constant complex mean removed, are desig-
nated b(fi;xk) and ¢(fi;xk), respectively, where i = 1,2,...,17
identifies the sample position at each 0.25 MHz across each
swept-frequency photograph, and k = 1,2, ...,N identifies the
distance positions of the sucvessive photographs.

The general expression for the normalized complex
frequency-distance cross ccvariances has been given in Eq.(3.1)
In terms of the digitized complex quantities, the complex fre-
quency correlation coefficients, r(q), are computed from
Eq.(3.1) by letting Ax = 0, as
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R{ - *
R{q) Mle

r(q) = ——————=
/012 /gzz
where
N 17-q .
jlo(f5x,) - o(F;
RGO = —2— [ blExble,xde’ 0 T
NQ7 - oy 5=1
N 17-q .
Jo(£,5%,)
M@ = —t— ¥ I b(f;x)e * k
1 1
N(A7-9 oy =1
N 17-q .
Jo(fs, ix)
M@ = 1 LoD b(E gsxe vk
NO7-9 a1 =1
N 17-q
1 . 2
R I D B TGN E S LR N C)
CUONTe g T
. N 17-q ,
G = =t [T [blEy, ix07 0 M (@)
NO7 -9 oy a1

where, for simplicity in notation, Af = 0.25 q MHz,

(3.11)

q;xk)l

(2.12)

(3.13)

(3.14)

(3.15)

(3.16)

q=20121,2...,16 and j = V/-1I. Both the magnitude and phase of
the frequency correlations are obtained from Egs.(3.11)-(3.16}.
These equations are also employed, wit- ¢ = 0, to compute the
frequency correlation from the envelopes of the complex datz,

and a constant mean was removed from each envelope trace.
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The complex distance correlation coefficients, r(p),
are computed from Eq.(3.1) by letting Af = 0, as

- *
R(p) MxMz

r(p) = (3.17)

5 2 Jo 2
/ox /02

where

N-p 17

1
R(p) = —=——— ] 1 b(£;x)b(L
VM-p) gy qeg S D

jlo(£.3x)-0(£.;
eJ [o( i xk) o( i xk+p)]

1 (3.18)
N-p 17 . ]
Je(£:5 x4)
M) = —=— T ] b(Ezxe 1 K (3.19)
7 MNP o1 41
N-p 17 . .
Je(E£5x . 0)
M@ = —=— | 1 blix, de D kTP (3.20)
17(0N-P) y=3 41
N'p 17 |2
1
ofp = —— b(f %, )% ~M (p) (3.21)
! 17 (N-p) kzl jEl l ¥k o |
N-p 17 2
oXp) = — 7 3 lb(fi;xk+p)2-Ml(p) (3.22)

17(N-P) y=1 i3

Employing Eqs.(3.17)-(3.22) gives the magnitude and phase of
the complex distance correlation coefficients at values of
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Ax = p(a), where a = 6" at frequencies of 100 and 150 MHz and
12" at SO MHz, and p = 0,1,2, ..., N - 1.

3.2.2.2 Intensity Frofiles

The Fourier transform of the complex frequency corre-
lation function of the channel transfer function gives the
intensity profile of the multipath chapnel [Stein and Jones,
1967]. The intensity profile is essentially a distribution of
the relative energy in the various multipaths as a function of
the multipath delays.

The Fcurier transform, A(t), of the complex frequency
correlations discussed in the previous section were obtained
with the aid of a digital computer. The relation used for
this computation is [Jenkins and Watts, 1968]

16
A(t) =1 +2 ) |p(kAf)]| cos [2akafr - ¢(kaf)] (3.23)
k=1

where |p(kaf)| and ¢(kAf) are the magnitude and phase of the
complex frequency correlation coefficients at lag kAf, and
values of T were -0.5, -0.45, -0.40, ..., 0, +0.05, +0.1, +0.15,
.v., +2.0 pysec. The intensity profiles were truncated at

T = -0.5 because there appeared to be very little energy for
negative t's beyond this point. Intensity profiles, computed
from Eq.(3.23), will be presented following the presentation

of the complex frequency correlation function.

67




- . o S R s "~ L e

3.2.2.,3 First Order Prebability Function

The first order probatility functions of a large
amount of envelope data at VHF from the same forest environment
discussed in this report (Area II) were presented in an earlier
report [Robertson, et al.,1970]. However, those measurements were
made at CW and hence were not amenabhle to frequency correlation
analysis (second order probability) as are the swept-frequency
data discussed in this report, It would seem worthwhile, how-
ever, to. examine the first and second order probabilities from
the same data. Hence, with the aid of a digital computer, the
digitized envelope values of the complex data for each of seven
runs were compared with fifteen predetermined amplitude levels.
The number of envelope values exceeding each level were counted
and normalized by the total number of envelope values. This
results in a histogram representing the cumulative probability
distribution, which was further normalized by dividing each
envelope level by the median level. This normalized distribu-
tion was then plotted on Rician/Rayleigh probability graphs
which allow the ratio of the steady-to-fluctuating components,
g to be determined for each Rician or Rayleigh distribution
[Robertson, et al., 1970]1 The resulting Yg of each run is
listed on the complex frequency correlation curve for the corre-
sponding run, These results are presented in the next section.

3,2.3 Presentation and Discussion of Results

The complex correlation coefficients (connected by
smooth curves) are presented in Figures 3.3a-f. The nomencla-
ture is the same as employed in the envelope correlations of
Figures 3.la-n, with the additional listing, when determired,
of the ratio, Ygs of the steady to the fluctuating signal
components. These latter were determined from the probability
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distribution function of the envelopes of some of the complex
data runs, and show YE < 2 dB which indicates that the envelope
distribution ic Rayleigh, or near Rayleigh, distributed for
those cases examined.

Note that the phases of the complex frequency corre-
lations generally have a linear changing mean. The linear mean
in the phase is indicative of a time delay (see Appendix B)
which, in the present instance, is the mean time delay of the
multipaths relative to the most direct signal.

In an effort to reveal any dependence of the complex
frequency correlations on polarization and/or frequency (the
antenna heights and environmental features were not changed
significantly) and to obtain an overall average of the complex
frequency correlations, various averages of the correlations
were computed. Figure 3.4 shows the average of all the complex
frequency correlations for horizontal polarization as a func-
tion of frequency. This figure shows that for horizontal
polarizatioen the magnitude of the complex frequency correlation
function tends to decrease less rapidly at 50 and 100 MHz than
at 150 MHz, Figure 3.5 is the equivalent of Figure 3.4 but for
vertical polarization, and shows the opposite of the behavior
for horizontal polarization. Figure 3.6 is the average of all
the complex frequency correlations over both polarizations as a
function of frequency, and shows little dependence on frequency.
Figure 3.7 shows the average of the frequency correlations over
thi: three frequencies as a function of polarization, ard also
the average of all the complex frequency correlations. This
figure shows little dependence of the correlations with polari-
zation,

For comparison between the envelope and the complex
frequency correlations, the envelope frequency correlations
from the complex data are shown in Figure 3.,8c-f. The character

75

-




—r——

Figure 3.4

[P TN e SN L o VA SR

‘d

3e0®

= 7

g o - f i 4 1 ) i L i

et Tl ] i 1 ¥ ]

_9-_ 1 2 3 4
Af(MHz)

[-]
/P(Af)

4360°
4!00‘
= - 1 =
< | { N g
a 1 2 3 Y
) Af(MHz)

Average Complex Frequency Correlations
for Horizontal Polarization
as a Function of Frequency

. e

AT f A A

-

o

T T M vt e §

B U TN

R

e e Al SR e




13¢0"

<180°

50 Vv

Figure 3.5 Average Complex Frequency Correlations

1300'
o 1
% " {ree*
’/
— i 1" )
'§,.g; | IO WU Eﬂ
LR UL LS B -
a | ] ] 1 sb
Af(MHz)

for Vertical Polarization
a3 a Function of Frequency

77

o

> ¢ e A TS P kb e?

S e e At WSt & bt s e

e L




< | -
Un
Sttt 3
o 1 3 3 4 &
Af(MHz)
1.0 150
- q360°
~ b
_ - o
o ‘/44/"“\ 4100°
— } e ]
- P —
L 4 - )
<° ’: i i A 1 [ 1 1 «
~ T 1Tt ¢
a 1 2 3 4 Q
4¥(MHz)

Figure 3.6 Average Complex Frequency Correlations
as a Function of Frequency

78

.
B e T

. et

— g e B ¥




418c®

/e{Af)

- Af(MHz)

10 Total Average

Figure 3.7 Average Complex Frequcncy Cor:elations as a
Function of Polarization snd Total Average

79




eleQ Xoydwo)y 9yl woxg adorsAug ay3l Jo SuoIldUNy UOIIBIIIXO) Ldusnbazjy wg°'¢ 2iIndty
10— -0t —

mNI-N / J 1*
asxaasuey], i+ Terped oL+

08 H 0¢ 08 H 0S

40

0¢—-&
osxaAsSuexy, Terpey
08 H 0% 08 H 0%

80




A

b e e ewmges SRANAR STE AR e W AR AePL b Ser weoy e wn R [

e3eq xatdwony oy3 woxyg sdorsAug syl FO suoTIdURf UOTIBTaII0) Adusanbaig

P
(ZKW)V .
I S HI
Tt .\Aomw
637
9sIdASUEBX]
G6 A QS "+
Aﬁ.p!
‘N ‘< -
v 2
D>
>
) 02-%
asxaAsueyy

08 A 0S¢ i+

qg ¢ 9In3d1y

s

81




oY LN O ae L e o me o

O aid

.
> .

eleq xardwo) ay3z woxj adoroAaug oyl 3FO sSucTISUNg UOTIBTIIIX0) Lduanbasry 2g°¢ aIndtyg

J

[« ¥ O O~

63-2 65-2 1
asyoaAsuex], . 1erpey
08 H 001 oL+ 08 H 00T o+
S 3 O o~

03-X
asxaAsuex], 1
08 H 001 i+

82




BT AT AT 0

B T A RS

eleq Xxatdwo) oyl woxj adoyaAaug Ayl JO SUCTIOUNJ UOTIBTIIIO) Lduanbaxg pg-s aInStyg

~JZHWHV
1 2
— mw
62-2
asxaasuryy,
08 A 00T +
0t~
(2HWHY d
c“ s Y >
P
1%
L
02-X .
9SI9ASTRY], 'r
08 A 001 o'l+

oy e g o Juae

Adil

w 3 4 mW
—+—b——t— S
e
652
1erpey
08 A 00T -+ ks
1o

(V) d

0z-X
1erpey
08 A 001 oL+




s e AR N g

- e

. .

B3eq xotdwon oyz woxj adoTsAuz 9yl FO SUOIIDUNY UOTIBTaIX0) Adusnbaxjg

- Q”'

<

e

6Cc~2
asI9ASUBY,
08 H 0S1

02-X
asxaasura],
08 H 061

0’8+

62-2
Terpey
08 H 0SI

02-A
Terpey
08 H 0ST

9g°¢ @an3T4

teal S

Ti—

84




v3uq xotdwoy oya woxy odoyaaug U3 30 suor3oumy unijerarro) Arusubaxy Fgo sxud1yg

~T 20t~
ITHWMY J
hd ’ £ 4 t °
B 2
632 €62 h
08x0AS8UBY], 18Ypey
08 A 06T + 08 A OST i+ "
o0
.. 40—
X #
vV (z 4
v ¢ ¢ v\% 4 3 B,
——t e
>
02-X 02—X
osxoAsueL] IRIP3Y .
08 A 0ST 08 A 0SI o+




of these envelope frequency correlations is quite similar at
the shorter lags, but differs somewhat at the longer lags from
the character of those discussed in Section 3.1.3. This dif- :
ference is due primarily tc the fact that here a constant mean

was removed from the data of each swept-frequency photograph

while a linear (least squares fit) mean was removed for those

discussed in Section 3.1.3. This was determined by employing

the least squares linear fit technique to the envelopes of the

complex data and comparing the resultant frequency correlations

with those of Section 3.1.3. However, a constant complex mean

was removed from the data of each photograph in determining

the comyplex frequency correlations, for simplicity, and hence

for consistency, the results with a constant mean removed from

the envelopes of the complex data are used here.

Perhaps the most interesting cbservation to be made
from comparing the envelope and complex frequency correlations
is that the envelops correlations are not related to the mag-
nitude of the complex frequency correlations as is thecretically
expected if the multipath scattering process is complex Gaussian.
The Gaussian scattering process implies a Rayleigh (or Rician
if a steady component is present) envelope distribution, which

is observed. Theoretically, |p!? = p where |p| is the mag-

env
nitude of the complex frequency correlations and-p is the

envelope frequency correlations [Schwartz, BennetteZXd Stein,
1966]. The presence of a quasi-cyciic component in the envelope
frequency correlations, as is evident here, is not considered

in the thecry. The presence of such a component, or other
factor, in the data which, as observed here, causes the envelope
frequency correlations to go negative, immediately precludes
observing the theoretical relation because |p|? 5 0. The lack
of agreement also, of course, implies that our sample of the
multipath process is not strictly Gaussian. The degres to

which the sample process is not Gaussian is not known, nor is
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it known why it is not Gaussian, but a very plausible explanation
is that there are too few effective multipaths observed in the
sample process. This would result if the major scattering, or
multipaths, are from only a few large trees, which has been
suggested from pulse measurements [Hicks and Robertson, 1969].

However, regardless cf the relation between the eave-
lope frequency correlations and the magnitude of the complex
frequency correlations, there remains the question as to what
criterion one uses here in establishing bandwidth limitations
for the forest environment for avoiding frequency-selective
fading, and in employing frequency diversity. If only the enve-
lope frequency correlations are availablie, then one uses the
1/e point, as discussed in Section 3.1.3. However, when the
complex frequency correlations are available then the 1/e point
of the magnitude appears to be recommended in general. In some
of the present cases, however, the latter would place virtually
no restriction upon the allowable operational bandwidth, at
least over the 4 MHz sweep examined, and also virtually rule
out frequency diversity. This is 10t consistent with the fact
that multipaths are present in tl : forest environment, which
must naturally affect the allowable bandwidth, as demonstrated
by the envelope frequency correlations. This suggests that a
measure of the magnitude of the complex frequency correlations,
namely the 1l/e point, is not a suitable criterion for establish-
ing bandwidth requirements here and there _s some further basis
te support this., This latter is based upen the fact that it
is theoretically possible to obtain, from two equal strength
multipaths (two interfering sine waves), a complex correlation
function whose magnitude is constant, while the envelope corre-
lation will have a cyclic component. The present correlations,
while certainly more complicated, are similar to the results
of this idealized example, and this similarity is also in keep-
ing with the suggestion that only a few multipaths may be the
major contributors.
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0f equal, or perhaps grcater, impoitance in defining
the characteristics of a multipath channel is the multipath
intensity profile. Figure 3.9a-f shows the intensity profiles
computed from the above complex frequency correlaticns. The
intensity profile gives the distribution of the relative inten-
sity of the mritipaths as a function of their delays relative,
in the present case, to a steady component if one existed. The
intensity profiles show that the multipaths of greatest inten-
sity have an average delay T = 0.25 usec.

Figure 3.10a-t shows the complex distance correla-
tions. linear phase tread has been removed from the phase
of the distance correlations to simplify the plotting. Note
the quasi-cyclic variations in the phase of the correlations
for vertical polarization and in the radial runs for horizontal
polarization, while the phase for the transverse run for hori-
zontal polarization shows no such variations. This behavior
is consistent with the explanation of the distance correlations
cf the envelope given in Section 3.,1.3.
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APPENDIX A

PROPAGATION BETWEEN HORIZONTALLY POLARIZED
ANTENNAS IMMERSED IN A NONHOMOGENEGUS, LOSSY
SLAB BOUNDED ABOVE BY AIR AID BELOW BY GROUKD

The nonhomogeneous model under investigation is
sketched in Figure A.l which serves to identify the coordi-
nates, dimensional and electrical parameters of the slab, and
bournding regions.

—— N

Air (e, 0,)

Forest [¢; (2): 0j (2} ]

.,T.u Transmitter ‘
z r _1Rcce|var
3 Jo .
///7//7f////////’//////f////’/f/////// X
Ground(e g)

—— T ——pr

Figure A.1 Sketch of Nonhomogeneous Slab Model.
Note that the nonhcmogeneity is
in the z direction only,

The theoretical relations describing propagation in
such a bounded, nonhomogeneous slab have not, to the authors'
knowledge, been previously obtained. Fortunately, however, a
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great deal of work dealing with propagation in homogeneous and
norhomogeneous stratified med:a bas been done [Brekhovskikh,
1960; Wait, 1962] and will provide the foundation for the
present development. In particular, the work of Brekhovskikh
[1960] in nonhomogeneous media will be followed where anpli-
cable, and when it becomes necessary to further these results,
his work in homogeneous media will provide'the concepts and

be closely paraileled.

The rationalized MKS system of units will be employed
and the time dependence of e 2t 4i11 be understood throughout.
The slab is assumed to be nonhomogeneous in the z-direction

only, as described by the complex dielectric permeability

ee”(2) = [ef * &g]

Further, sf‘(z) is assumed to be continuous and
slowly varying. For some purposes here it will be convenient
to consider the nonhomegeneous slab as composed of a large
number of thin, plane-parallel, homogeneous layers each of
which has properties slightly different from its neighboring
cne. In the limit as the thickness of the layers approaches
zero and their number approaches infinity, the nonhomogeneous
slab with continuously varying parameters is, of course,
obtained. The magnetic permeability, u, is assumed to be
that of a vacuum in all media,

Let us begin the 4derivation with the magnetic vector
potential for a Hertzian dipole [Ramo and Whinnery, 1953,
p. 497]
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A = pIdl & (A-1)

where I is the uniform rms current in the element of length
di, k is the wave number, and R is the distance from the

current element to the point cf observation, Further, through
the relations

B=v xA (A-2)
E=-vp-28 (A-3)
ot
and
VA = - e, 1] (A-4)
at

the fields may be obtained if the vector potential A at the
observation point is known [Brekhovskikh, 1960; p.236]. In
these equations B is the magnetic flux density, E the electric
field, and ¢ is a scalar potential,

Attention is restricted here to the case of horizom-
tal pnlarization with the E-field perpendicular to the plane
of incidence and with the terminals (ipoles) immersed in the
slab, Thus, assuming only a y-component of 1dl and using
e* = ¢°(z), one obtains V'A = 0. From Es. (A-3) one then gets
Ey = iwAy, Ex = 0, Ez = 0; and the H-fields may be similarly
determined from Eq. (A-2). For present purposes, e seek

_ikR
E = ipulIdl = (A-5)
y 4R
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W e~
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and the problem is thus to determine the spherical wave
(elkR}ﬁ{at the observation point, subject to the inhomogeneity
and boundaries inveclved,

To accomplish this, it is convenient to first c¢btain
the spherical wave dependency(eﬂdS/Rfor an unbounded nonhomo-
geneous medium in terms of plane waves, which are simplesr to
work with in view of the plane boundaries involved, and con-
sider the effects of the boundaries later. Thus, restricting
attention at first to an unbounded homogeneous medium with
the source and receiver at height Z, = 2, the cylindrical wave
(éﬂ“ﬁ/r, where r = vxZ + y? is che cylindvical radius, can be
expressed as [Brekhovskikh, 1960G; p. 239]

ik e exp[i(kxx + kyy)]dkxdk
T A )
/kz(z)

(A-6)

The expornent in the integrand of Eq. (A-6) represents plane
waves propagating in the direction given by the wave vector

components kx’ k,. Note that the imaginary part of k must be

positive to satizfy the requirement that the field vanish as

r +o, To extend the expansion of Eq. (A-6) to spherical waves
in an unbounded region it is necessary to multiply Eq. (A-6)
by a factor, say f(k,,z), which describes plane wave propaga-
tion in the z-direction and which will, of course, include

the nonhomogeneity aspects. We shall employ the geometrical
optics approximation for the plane wave field f(z,kz) for the
case where the électric field is perpendicular to the piane of
incidence and has unity amplitude at Zqe The result is

[Brekhovskikh, 1960; p. 201]

100

:
T N e e e e

P

JEO N U U Y

«




i
r

A
£(z,k,) = E(2) = 2(z) exp[t i f k(z)dz] (A-7)

; Z(z,) Zg,

where Z(z) and Z(zo) are the normal wave impedances at z and
Zy respectively and the * sign in the exponent represents
propagation in the % z direction relative to z _.

0

© In deriving Eq. (A-7) the unbounded nonhomogeneous
medium has been assumed to be composed of a large number of
thin homogeneous layers with slightly different properties,
as mentioned above, such that reflections from the slightly
different layers are negligible. Employing the relations
[Brekhovskikh, 1960; p. 46]

1 u
Z(Z) V ’ . (A-s)
cos 6 (z) e(z)

1 M
2(z) = : (A-9)
cos § (zo) a(zo)

the geaeral relation k, = k cos §, where ¢ is the angle of
incidence, and [Brekhovskikh, 1960; p. 8]

. k(z) ‘/E(z) -
k(z,) e(z,) ’

in Eq.(i-?), and multiplying Eq.(A-6) by the result, one
obtains the expansion

-
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z
© . ik X x I k ] d
ik . exp[l[ < * kyy - z(z)dz }dkx ky
.‘}i = o J B (A'll)

o /kz(zo)ki(z)

It is interesting to note that Eq.(A-11) reduces to
the spherical wave in & homogeneous medium if kz(z) = kz(zo)=
constant [Brekhovskikh, 1980; p. 239], as expecied. The
effects of the boundaries, air and ground in our case, are
next accounted for.

The method of images will be used to account for the
boundaries. The method is given by Brekhovskikh {1960, p. 341]
for a homogeneous layer, or slab, bounded above and below by
arbitrary boundaries (i.e., not perfectly conducting). The
method is inexact when the boundaries are not perfectly con-
ducting, but may be applied if the slab thickness is large
relative to a wavelength or, if not large, there are a large
number of reflections. A straightforward application of the
method to the present nonhomogeneous case gives the total
field

rd
4 h h
ikR (7 if k.4 l- i[ k,d, * kzdz]
: = I [exp [i (kxx*kvy]]{e IZO 2E, I_Pae '[Zo Iz
¢ by g+ AL
[[Rdet [t [ kzdz] (A-12)

z -h ) ~th
1“ kd, +2f kzdz] 21]0 k,d, dk, dk

/kz(zo)kz(zf
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wnere r, and PJ are the moduli of the plane wave reflectiocn
coefficients at the air zad ground boundaries respectively.
Also, we are explicitly considering only the case z > z, at
present, and will generalize to arbitrary z and 24 later.

It is convenient to make a change of variable at
this point to

kx = q cos ¢

ky = q sin ¢ g
i
q= kx +ky‘ H .

and {
X = T COS f i
3o

!

y = r sin § !

T = Vx2 + y?

which, after performing the integration over {, gives

LR H, (qr) F{} qdq

il

: (A-13)
L e ey ey

where Ho’(qr) is the Hankle function of the first kind and
zeroth order, F is the term in braces in the integrand of
Eq.(A-12), and the general relation k, = Vk? - kxﬁ - ky2 is
employed.

R

The refiection coefficients Va and Vg are defined
as the ratios of the reflected to incident electric fields at
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the air and ground boundaries. They ma)y be obtained in the
usual manner of matching the tangential fields at the bounda-
ries, and the resulting modulus of the ratios of reflected

to incident E-fields are

/aZ - katﬁj'- /qZ - kaT

? r, = (A-14)
’ /qf - ij(h)‘ + quz - kaz
/q? - ka(o)'- /E? - kqg

I’g = N (A‘].S)
/a* - ki2(o) + /¥ -k

where the values of kj(h) and kj(o) are the values of kj(z)
evaluated at the forest-air boundary (z = h) and the forest-

ground boundary (z = o) respectively,

Effecting a solution to Eq.(A-13) requires numerical
integration, in general, but an approximate anaiytical solu-
tion may be obtained and is done here. First, qr>>1, Ho‘(qr)
may be written as [Brekhovskikh, 1960; p. 250]

) i(qr ~ %] 1
s & —— — K A'16
H,” (qr) /ﬂir e [1 + ST ] ( )

Employing the first term of Ea.(A-16) in Eq.(A-13), and making
the transformation q = w¢u€0 ¢ and r = (c/w)p = p/mJueo gives
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ikR +Z e ziw%uso a? e® r(q) da

-

(A-17)

L
R - - -2
v/ /p (/02 ﬂjz(zo} Yo ﬂjz(z))

-0

where the index of refraction n?(z) = e{z) = e'(z)eo and
k(z) = w/uelz] = w/ue_e (2] = w/ue n(z) has been employed.

Equation (A-17) may be solved as a contour integral
in the complex a-plane. The integrand, due to eiap, is zero
on the infinite semi-circle in the upper half u-plane. Thus,
the value of the integral is equal to the contributions of the
residues at the poles in the upper half-plane plus the value
of the integral along any branch cuts of the integrand in the

upper half-plane,

The pole terms are exponentially damped with dis-
tance p by the e Im(up)p term in the irtegrand [Brekhovskikh,
1960; p. 365] where ap denotes the value of o at the pole, p,
considered. Similar damping occurs for the contributions
along all branches in the upper half o-plane whose branch
points have a finite imaginary part. This is most easily seen
by making the transformation

@« =n + is? (A-18)

in Eq.(A-17). This gives

- i%— iRe(n)p -Im(n)p
eikR 2i VZe e e wyuE

e 2 (A-19)
R /7 /e

1]

s @,)
(nt is?)

s (o)

1
7 " s?p G(s)sds
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The integration will be along brarch cuts in the s-plane
which correspond to the appropriate cuts in the a-plane, each
of which euanates from a b:ranch point « = n. Hence, for all
branch cuts except those with a branch point at Im(n) = 0,

the result is damped with distance p by the e-Im(n)p tern out-
side the integral cf Eq.(A-193. Examination of the terms of
the integrand shows that there is only one branch point in the
upper half o-plane for which Im(n) = 0, which is due to the
double value # /aZ- 1 of Eq.(A-14), Note that ka = w/;;; and
qQ = w/ue, in Eq.(A-14). It is now assumed that p is suffi-
ciently large to make all remaining pole and branch cut
contributions negligibie relative to the contribution along
the branch cut emanating from the branch point o = 1. Hence,
we evaluate the integral only along the branch cut from the
point a = 1. The cut is made along the line Re(x) =1l=2Im(o) 20,
in the a-plane. The limits of integration in the o-plane are
thus from ¢ = 17 + i® to « = 1~ using the - Ya® - 1 value in
the integrand, and from & = 1Y toa =17 + ie using the
+/a? - 1, where the ¥ superscript on the real part of o
irdicate the integration path is slightly to the left {-) and
right (+) of the cut at o = 1. The proper sign to attach to

+ /a¥ -1 on sach side of the cut was determined by writing

1

R (91 + 92)
/aZ -1 = (a0 - 1)2(a + 1)

i
= /r 1 e ) s
12

2
2

witere 6, ard 6, are the angies of (u - 1) and (a + 1) in polar
form and are defined for the branch cuts along 6, = /2 for
the branch point cut « = 1 and 8, = - /2 for the point ¢= -1
[Morse and Feskbach, 1953; p. 402]. The corresponding paths
of integration in the s-plane may be determined from Eq. {A-18)
with n = 1, For the branch on the left of the cut in the
upper half o-plane
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For =1+ 1i , where 0 < §

A
8

is=-Yig=-/i/k .

Her.ce, the integral in the s-plane along s = -» to s = 0
corresponds to the integral from o = 1 + i» to o = 1 in the
a-plane. Similar reasoning gives the limits for the integral
in the s-plane of s = 0 to s = +w, which corresponds to the
limits a = 1 to o = 1 + i~ for the integral in the c-plane.

Hence, Eq.(A-19) evaluated along the branch s = -» to s = +»
is '

’

ikR Ziffe-ig-eipwf_e' fo T - 2p .-
ettt = . wri (1 +is?)? e % P (9)sds (A-20)
R /T Vo J
ot 1 ,
+ | 1+is)? ¢ 5P g¥(s)sds

‘0

where the superscripts + on G refer to G evaluated with

- /{1 + 1s%)% - 71 and + /(3 + is?)? - 1. Due to e” 5’0 and the
restrictions already imposed for large p, the integrals of
Eg.(A-20) will have significant value only for small s. Thus,
the integrals may be evaluated by expanding the integrands in
a Tayler series aboyt s = 0 and integrating term-by-torm.
Expanding {1 + is?)? and G(s) in a Taylor series is a bit
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tedious but straightforward, and is not reproduced here. Taking
the first two terms of the resulting product of the expansions
as approximations to the integrals; and recognizing that

G (0) = G (0), and '

and that odd powers of s will then cancel in the integration,

gives
-i% r“
. . ip a2
QKR 2ivZe " e wVME gog) | ¢7STP g235 . (A-21)
R - /T p i

The value of the integral in Eq.(A-21) is tabulated in several
standard references, and we finally have

« T
-1 R
ikR i/Ze ¥elfu/ie
e - . 0
R p

57°(0) (A-22)

where
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( h h
i [ f(a)da+{ fla)da

- i 2 A
G'(0)= 2i /Z_f Je l (o) ;

1

[n;(h) - 1]’;“[n;cz) - 1] "i:'[n;(zo) - 1]"*'

~ -

h h z h

o
1” f(a)da * [ f(a)da * I f(ada i ! f(a)da + 2 ! f(a)da
+ 7 @fe 1° ‘o 2 N 0

[ [z z h J1 h "

0
i I f(a)da +! f(a)da + 2 [ f(@)da
o

S2rmia 170 o
*ig Qe 1-1 (e

2i | f(a)da

——r

-d

:
and f£(a) = iw/ue (n?(a) - 1)% where the dummy of integration
"a" is employed to avoid confusion, and

/1-nj2(0) - »/1-ng2
T (0) = — y
8 /A0 T - A "y

With some factoring and rcarrangement of the terms in the
braces of G”(0), we may write Eq.(A-22)

KR 4etPu Vi,
R 2 ————— F(z) F(2 ) (A-23)
p? °
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z
f(a)da 2i I f(a)da
e 2 1+T,(0)e

F(Z) = h ¢

r
1 2i f f(a)d;]

1
[ -1]7[n;2ca) - 1]7[1 -Tg(0e  ° ]

where h
g

and F(zo)
is simply a statement of reciprncity ond shows that Eq.(A-23)
holds for z ¢« z_ as well as for z > 0, which has been the

o
explicit case treated as mentioned earlier.

F(z) with z replaced by z,- The latter statement

Using Eq.(A-5), and recognizing that the field of a
short dipole is 1/2 that of the Hertzian dipole [Jordon, 1958;
p. 312], and using Eq.(A-23) where p = Tu €49 gives the
field for short dipoles as

9x101°vﬁlF F prn
Ey rms =W (2) | (Zo)| uv/m (A-24)

where P is the transmitted power in kw, f is frequency in
megahertz, and the relation P = 80w2(Id1l/A)? for the short
dipoles were used. The expressions for the transmitted and
received powers are sometimes modified by a factor of
1/Re[n(z)] as an approximation to account for the dipoles
radiating in a dissipative media, but the factor is small in
the present case and is neglected here.
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APPENDIX B

LINEAR TRENDS IN PHASE OF THE COMPLEX DATA

It was mentioned in Section 3.2.2.1 that linear
trends in the phase of the complex data were removed before
computation of the normalized complex frequency-distance cross-
covariance coefficients. The causes 2f these trends and their
removal are discussed in this section.

Figure B.1 is a plan view of the geometry »of the
measurement region pertinent to the phase measurement.

As discussed in Section 3.2.1, the recorded data are
a set of photographs of the signal envelope and relative phase
as a function of swept frequency and distance. The recorded
phase is the difference between the phase of the test antenna
and the phase on a reference antenna. The refurence antenna
was positioned to obtain an undisturbed replica of the trans-
mitted signal and held stationary throughout each run. The
test antenna was moved in a horizontal line, in discrete steps,
in either a radial or transverse direction for each run. The
initial position of the test antenna for each run is designated
as the origin of a rectangular coordinate system with the
{-axis being along the radial direction.

The envelope and relative phase of the received sig-
ncl as a function of swept frequency and distance, for a
crnstant transmitted signal (flat spectrum), is cqual to the
channel transfer function H(f,x) to within an arbitrary magni-
tude and time delay, or phase [Schwartz, Bennett and Stein,
1966]. The magnitude is of no consequence in the final corre-
lation coefficients of the complex signal {and, hence, channel
transfer function) since these are normalized quantities. The
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time delay results in a linear trend in the phase of the
complex correlations (and in the data as well) and if the delay
is constant it might be ignored in some cases during analysis
and simply removed from the final complex signal correlations
to arrive at the correlations for the channel transfer function.

In the present case, however, this delay changes for
each photograph +*hroughout a radial run because the test antenna
position, and hence propagation delay, is changed between each
photograph., The »ffect of this change in delay is to introduce
nonstationarity and must, therefore, be removed from the data
of each run. Also, because the channel is generally Rician
[Robertson, et al., 1970}, it is necessary to remove a steady
compon- at from the signal before performing the correlations
[Stein and Jones, 1967]. This. in turn, requires application
of the phase information in a manner which, unlike the correla-
tions, requires the removal of the effects of the fixed delay
as well, These effects and their removal from the data are
discussed in detail below.

Let the transmitted signal be T(t) = K cos 27nft where K
is a constant and the frequency, f, is (fc - 2MHz) < f f_(fc+ 2 MHz),
where fc is the center frequency of 50, 100 or 150 MHMz. The
signal received on the reference antenna is a replica of the
transmitted signal with the exception of arbitrary magnitude
and delay factors of kr and Ty There are generally additional
magnitude, kl, and delay, Ty factors introduced in the refer-
ence signal due to cable losses, cable length, amplification,
etc., prior to comparison of the reference phase and test ‘
phase. As a vresult, the reference signal available at the

phase comparitor may be written as

JEE S

R(t) = k1k1*K cos 2nf(t + Tt 11) . (B-1)
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This rerference signal, R(t), remainzd constant throughout each

run.

The signal at the test antenna, which generally con-
sisted of a direct wave plus a number of scattered or reflected
signals (multipaths) may be expressed as [Stein and Jones, 1967]

€(t) = C(£f,x) cos [2mf(t+ 7)) + ¢(f,X)]

where C(£f,x) is the frequency and distance dependent envelope
of the complex signal, T is the propagatiun delay time of the
most direct wave, and ¢(f,x) is the instantaneous phase of the
various multipaths. Accounting for amplitude, k2’ and delay,
Ty factors of the cables and equipment in the test signal line,
the test signal may be written

S°(t) = kZC(f,x) cos [2wf (t+ Tt TZ) + ¢(f,x)] (B-2)

Note that the required complex channel transfer function is
H(f,x) = C(f,x)ei¢(f’x). The envelope of the test signal
kZC(f,x) is, thus, to within an arbitrary constant as mentioned
above, the magnitude of the complex transfer function. This
envelope {or equivalently the magnitude of the complex transfer
function) was displayed on one trace of a dual beam oscillo-
scope and photographically recorded along with the relative
phase which was displayed on the other trace. The relative
phase of the test signal is not so easily related to the phase
of the complex transfer function.

The relative phase of the test signal, A¢, is the

difference between the phases in the test and reference channels

and may be written
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phase of S“(t) - phase of R°(t)

2nf(t + Tg * 12) + 6(£f,x) - 2nf(t + T, * 11)

o(£,x) + 2nf(rg + 1y - T - 1y) . (B-3)

Hence, the measured relative phase, A¢, differs from the
desired phase ¢(f,x) by an('rs YTyt Tt Tl) which changes
linearly with frequency, and is clearly due to the time delay

differenzes between the test and reference channels.

With reference to Figure B.1l, the time delay, Ty of
the most direct signal to the test antenna may be written as
Tg = Tt T % where 7’7 is the propagation time delay due
to the physical separation of the reference and test antennas
for the test antenna positioned at the origin x = o, x is the
radial distance of the test antenna from the origin, and c is
the speed of light. Using this expression for Tg» We may write

2nf(t + Ty = Ty - 11) = 2nf(7T” + % t T, - Tl)

= 2nf % + 2nf(1” + Ty " 74) . (B-4)

The first term in the right-hand side of Eq.(B-4) represents a
linear change in phase with frequency, the slope of which
changes with antenna position, x. This changing phase slope

is a nonstationary effect in the data and must be removed from
the phase data of each run.. At position x = o this phase siope
is zero, and since f and x are known for all photographs, this
phase slope is easily removed. This was done, which essentially
refers the phases of all photographs to the relative phase
between the reference antenna and the test antenna at x = o.
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The delay given by the final term in the right-hand
side of Eq.(B-4) represents the fixed delay between the refer-
ence and test channels. This constant delay introduces a
linear change in phase with frequency, which has a constant
slope, fur all swep% frequency photographs of a run. If the
complex channel transfer function were a zero mean random pro-
cess, then this constant phase slope would also be present in
the phase of the complex frequency correlation function of the
signal, as mentioned above, and need not be removed from the
data prior to correlation analysis. If the complex channel
transfer function is not zero mean, as is the general case here,
then the mean, or steady component, as also mentioned above,
shouid be removed from the data prior to correlatiocn analysis
[Stein and Jones, 1967]. The steady component is the mean of
the complex signal for a Rician channei. However, the time
delay between the reference and test antenna causes the phase
of the steady component to change linearly with frequency
across the sweep, as mentioned. If this phase changes suffi-
ciently (e.g., by = 2m) during a frequency sweep, then ti.e
complex mean of the total process, ignoring this phase trend,
could result in an apparent zero mean process while, in fact,
the steady componert along with the lesser components have
simply i1evolved about the origin due to the time delay. Hence,
before computing the steady component the effect of this delay
must be removed or accounted for, The effect of this delay,
or the phase slope, may be determined, for example, by comput-
ing the least squares linear fit of the phase response on the
swept-frequency photograph at the origin, x=o, which is then
easily removed from each photograph. Essentially, this was
the procedure employed but, rather than computing the phase
slope from the photograph of the origin, the phase slope from
the photograph exhibiting the strongest Rician character (large
signal amplitude with small fluctuations, and a linear phase)
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was used, and then transformed to the origin through the first
term in the right-hand side of Eq.{B-4).

Note that the removal of these phase trends from the
data refers the phase of all data points in each run to the
(zero) phase of the steady (most direct) wave at the test
antenna. Thus, the phasc of the steady component has been
remocved from all photographs by this procedure, but the magni-
tude has not. This latter is accomplished by removing the
complex mean from the data of each swept-frequency photograph
after the phase trends have been removed.
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