p " vy 2 G o Lo EYSPIY " ” —— g g - " " oy
: R CEPN e e . o . O o
1% o
] ) AN ‘l . .
. : . '.\.

R vl m;m W:, .

Report tio. ECOM=76-8085-~2 F}oytﬂ//é Contract No. DMBO? =76-C=8085

SECOND INTERIM

TECHNICAL REPORT st )2
ADAPTIVE ANTENNA CONTROL

Peter Monsen
Steen A. Parl 6\

SIGNATRON, Inc.

12 Hartwell Avenue
Lexington, Massachusetts 02173

ADAOS55820

Pebruary 1978

' pDC
AN
JUN 29 1978 A@
SEETV L';"J
U.S. ARMY

COMMUNICATIONS SYSTEMS AGENCY
Fort Monmouth, New Jersey

DISTRIBUTION STATEMENT

Appreved for public release;
distribution unlimited.

AD Ro.——
DG FiLE COPY

MONITORING OFFICE

U.S. ARMY

COMMUNICATIONS R&D COMMAND
Fort Monmouth, NJ




NOTICES

DISCLAIMERS

The findings in this report are not to
be construed as an official Department
of the Army position, unless so desig-
nated by other authorized documents.

DISPOSITION

Destroy this report when it is no longer
needed. Do not return it to the orig-
inator.




s S.i‘;:\:?r';: o;:én::pnon NAME AND ADDRESS 1. : g'c%%x%ﬁ#n l:’v"m“lgr. TASK

12 Hartwell Avenue /¢,/| 116319702481 702

Lexington, Massachusetts 02173

$1. CONTROLLING OFFICE NAME AND ADDRESS

Army Communications Systems Agency

ATTN: CCM-RD-T fEwC
Fort Monmouth, NJ 07703 166

Center for Communications Systems Unclassified
ATTN: DRDCO-COM-RM-3 T G R CATIGN COWGRAGING |
Fort Monmouth, NJ 07703

I T ORTTORING AGENCY NAME & ADDRESE(I! different from Capireliing Office) | 5. SECURITY CLASS. (of this report)
US Army Communications R&D Command @

Je. DISTRIBUTION STATEMENT (of thie Repert)
Approved for Public Release; Distribution Unlimited.

17. DISTRIBUTION STATEMENT (of the abetract entered in Block 20, Il dfiferent from Report)

18. SUPPLEMENTARY NOTES

19. KLY WORDS (Continue on reverse side if necessary and identily by black numnber)

Troscatter Coupling Loss
Communication : Antenna
Angle Diversity

20. ABSTRACT (Continue an oldn it eary and identify by bloek manbec)

This interim technical report contains a tropospheric system prediction model
which can be used to predict median path loss, aperture to medium coupling
loss, and 2c-multipath spread. The prediction model is used to determine
design parameters for an angle diversity system. For a dual vertical angle
diversity system the optimum beam separation is approximately 1 beamwidth
and the antenna take-off angle relative to the horizon is approximately %

(continued on reverse)

DD i W73 0 now or t wov es 1s ossoLeTE UNCLASSIFIED

) L3 st 7éﬁ ;:cuum CLATHFICATION OF TWis PAGE

LN M, A,




_UNCI ASSIFIED . .

SECUNITY CLASHIFICATION OF THIS PAGE(When Date Bnsered)

beaswidth for C-band systems and % beamwidth for L-band systems. An -
analysis of long term variability and the decorrelation advantage of ang\e
diversity is presented along with preliminary results, . )

The prediction model is used to compare 3 specific tropo-
scatter system examples with the result that dual space/dual angle diversity
is superior in system performance over conventional dual space/dual frequency
diversity. The dependence of aperture-to-medium coupling loss on carrier
frequency is also investigated. The turbulent scatter theory used in the
model analysis suggests that conversion of L-band systems to S-band would
result in significant system improvement. Further study of available
empirical data is required to validate this result.

SECUMTY CLASHIFICATION OF THIS ®AGE(When Dete Bntered)
ii4 :

3




.
¥
3
b
g
i
¥

ABSTRACT

\%

This interim technical report contains a tropospheric
system prediction model which can be used to pred@ict median
path loss, aperture to medium coupling loss, and 20 multipath
spread. The prediction model is used to determine design para-
meters for an angle diversity system. For a dual vertical
angle diversity system the optimum beam separation is approxi-
mately 1 beamwidth and the antenna take-off angle relative to
the horizon is approximately 1/2 beamwidth for C-band systems
and 1/4 beamwidth for L-band systems. An analysis of long
term variability and the decorrelation advantage of angle
diversity is presented along with preliminary results. The
prediction model is used to compare 3 specific troposcatter
system examples with the result that dual space/dual angle
diversity is superior in system performance over conventional
dual space/dual frequency diversity. The dependeace of
aperture-to-medium coupling loss on carrier frequency is also
investigated. The turbulent scatter theory used in the model
analysis suggests that conversion of L-band systems to S-band
would result in significant system improvement. Further study
of available empirical data is required to validate this result.
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SECTION 1

INTRODUCTION

This report is the second interim technical report under the
Adaptive Antenna Control program,Contract No.DAABO7-76-8-85. The
Adaptive Antenna Control (AAC) program is under the contract manage-
ment of the Project Manager for DCS (Army) Gommunications Systems,
Ft.Monmouth,New Jersey. ECOM,Ft.Monmouth,N.J. is responsible for
technical direction of the program. SIGNATRON,Inc.of Lexington,
Massachusetts with RF Systems, Inc. of Cohassett as a major sub-
contractor have the responsibility for executing the program

tasks.

The AAC program encompasses the investigation of adaptive
antenna control techniques to enhance communication on strategic
trans-horizon radio paths. For paths dominated by diffraction
effects with a small or non existent scatter component, the
emphasis is on antenna steering techniques to mitigate beam
blockage due to changes in the refractive index gradient. Anal-
ysis of the diffraction problem has been included in the first
Interim Technical Report [1.1] and a design of a mechanically
steered feedhorn with electronic adaptation was presented in the
AAC Design Plan [1.2]. The implementation and field test of
this system is not part of the existing contract.

For trans-horizon paths dominated by forward scatter recep-
tion of communication signals, the failure to successfully il-
luminate the useful scattering volume results in an aperture to
medium coupling loss and neglects an important diversity capabil-

ity associated with signal angle arrivals from different portions
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of the scattering volume. This program includes a comprehensive
modeling of this phenomenon, development of a prediction model,
analysis of angle diversity capability, design and development
of a combiner system for augmentation to 8th order diversity
using angle of arrival signals, design and development of a dual
vertical feedhorn modification for the C-band RADC test system,
and an extensive angle diversity test program to be accomplished
on the RADC Youngstown-Verona TRC-132 test link in the fall and
winter of 1977. The first Interim Technical Report [1.1] de-
veloped much of the theoretical basis for the troposcatter model
and the prediction technique. The Design Plan [1.2] contains
details of the combiner and feedhorn systems, and the Test Plan

[1.3] describes the factory and field tests in detail.

This report continues with the theoretical development of
the troposcatter model and prediction technique. Section 2 re-
views other approaches to troposcatter modeling and develops the
basis for predicting median path loss, 20 multipath spread,
aperture to medium coupling loss, and signal correlation distances
at the receiver antenna. Angle diversity systems are considered
in Section 3 where the methods of Section 2 are used to derive
system design parameters. The variation of hourly median sig-
nals is also treated in Section 3 and the approach for determin-
ing system availability is outlined. The performance of angle
diversity systems with digital signaling is treated in Section 4.
A method of computing the average bit error probability for a
troposcatter adaptive equalizer in the presence of both implicit
and angle diversity is derived for the first time. This method
is used in Section 4.2 to compute system performance for some

example links.




Some of the major accomplishments and findings developed in

this study are

® aperture to medium coupling loss is best considered an
integral part of the path loss rather than a separable
entity to be calculated by itself,

° a numerical integration technique derived from turbulent
scattering theory has been developed to compute the path
loss including aperture to medium coupling loss effects,

° an accurate closed form approximation of the above
integration technigue has been developed for the wide-
beam path loss,

e a closed form relationship for aperture to medium coupl-
ing loss has been developed. The widebeam path loss
and aperature to medium coupling loss equations when
used together show good agreement with the numerical
integration path loss result,

® vertical angle diversity is superior to horizontal angle
diversity for typical narrow beamwidth strategic tropo-
scatter systems,

: ® the optimum squint angle of a duplex dual vertical angle
] : diversity system is approximately one beamwidth. The
] optimum boresight/horizon anale is about 1/4 beamwidth

: for L-band systems and 1/2 beamwidth for C-band sys-
tems.

® there is a long term advantage for angle diversity over
space diversity due to the decorrelation of the scat-
tering volumes in the former. This advantage is reduced
by the greater variance of signal strength from the
elevated beam. Empirical data from a Bell laboratories
study (1.4] indicate that the two effects tend to cancel
each other out,

° a method requiring the calculation of a determinant has
i . been developed for the computation of average bit error
‘ probability of a troposcatter equalizer in an angle
diversity system with multipath dispersion,

® on a system comparison basis, dual space/dual frequency
(258/2F) is generally inferior to dual space/dual angle
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(25/2A). The superiority of 2S/2A results chiefly from
the 3 4B advantage of the second power amplifier exceed-
ing half the squint loss in dB of the elevated beam. The
implication is that the number of frequencies required
for the strategic troposcatter plant could be halved

and overall system performance would be improved,

° the preliminary results on aperture to medium coupling
loss as a function of frequency suggest that system
improvement may result if I-band systems are converted

The major portion of the remaining study effort will con-

centrate on validating the median path loss predictions in
order to provide an accurate absolute median path loss measure
and to verify the coupling loss dependence with frequency. The
results of the field tests will also provide an important em-
pirical guide for path loss prediction and for evaluating the

long term decorrelation advantage of vertical angle diversity. i

AW e at
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SECTION 2

TROPOSCATTER PERFORMANCE PREDICTION

2.1 Introduction

In this section we shall describe in detail the background,
theoretical as well as historical, for the development of the
SIGNATRON troposcatter software package. This discussionwill include
a theoretical development of the propagation model,analytical per-
formance prediction, and some numerical results. A comparison

with the results of other authors will also be presented.

Theory and practical techniques for troposcatter communica-
tion started developing around 1950. [Booker and Gordon, 1950.])
Two main theories have been proposed, the layer reflection theory
(Friis, et. al., 1957]) and the turbulent scattering theory.

The turbulent scattering theory is based on the theory of tur-
bulence structure developed in 1941 by Kolmogorov and Obukhov.
The most complete treatment may be found in Tatarski [1971]. The
layer reflection theory received the most attention in the beginning,
partly because it predicted the observed linear dependence of the
scattering crossectionwith wavelength. This theory also predicts a
dependence on the scattering angle of the form 9-5. In later
years ,experiments at higher frequencies, and hence narrower
antenna beams, have confirmed the validity of the turbulence
theory, with a scattering angle dependence of the form 9-11/ 3
and a wavelength dependence for the scattering crossection of
the form x-l/ 3., 1n practice both phenomena can exist simul-
tanecusly with layer reflection being more frequent when wide-
beam antennas and/or low frequencies are used. Experimental
results (Eklund and Wickerts, 19687 indicate that the wavelength
dependence can vary between )‘-1 to x3 . The scattering angle

dependence has been measured to lie in the range of 9-2 to 9-6.

2-1




The exponent in the scattering ancle is called the refractive

index spectrum slope since it also indicates the fall-off of the
wave number spectrum of the refractive index, provided the wave-
length is in the so-called inertial subrange [Tatarski, 1971,p521.

A third theory that has been proposed is the normal mode
theory [Carroll and Ring, 19557. This technique consists of
considering the atmosphere as a waveguide propagating infinitely
many modes of the electromagnetic field. Except for diffraction

path analysis this method is generally not practical to use.

A number of theoretical and computational models have devel-
oped [Rice, et al, 1967; Hartman and Wilkerson, 1959; Booker and
Gordon, 1950; Tatarski, 1971: Yeh, 1960]. Further references and
a discussion of these models can be found in Larsen (1968) or
Panter (1972). Most of these models have been constructed to
agree with empirical measurements of a few selected parameters,
parttularly the received signal level and its daily or seasonal
variations. As a result the majority of the models are not
suitable for prediction of a number of other parameters of interest,

such as

e coupling loss,

® delay spread,

® receiver correlation distances.
¢ fade rate,

® angle diversity correlation,

® the dependence on distance,
elevation angles,

frequency , and

standard atmospheric parameters.
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The SIGNATRON troposcatter computer program is general in scope
and can handle most of the parameter of interest without making
unreasonable assumptions about the antenna gain patterns. This
greater generality also means that_the path has to be specified
in a way more consistent with the underlying physics than has
typically been done in the past. The ensuing discussion will
therefore center on establishing a firm basis for describing
the troposcatter model and its associated performance. This in-
cludes separate treatments of the

. properties of the troposphere

L path geometry and antenna patterns

° analytical evaluation of the model

° assessment of the effects of the approximations made
. comparison withwanalytical and empirigg}_;esg;ts.

The majority of the discussion will be directed to

b small to medium distance péth

L microwave frequencies (300 MHz to 20 GHz)

. horizontally stratified atmosphere.
Correction terms for long distance paths are included. Most of
the results apply to higher frequencies than listed above, but
multiple scattering and large atmospheric absorption will limit
the direct application of the model at higher frequencies.

2.2 The Troposphere for Beyond-the-Horizon Propagation

At the frequencies of interest the tropospheric radio pro-
pagation is well described by the theory of geometrical optics.
We shall thus primarily use the ray-propagation technique and
will ignore those almost line-of-sight paths where diffraction

is the main mode of communication.




This section is intended partly as a reference for the sub-
sequent sections and partly as an introduction to some of the
h theories of atmospheric structure employed in tropospheric scatter
performance prediction. The topics to be discussed in this sec-
tion are the standard atmosphere and refractive index variations
in Section 2.2.1, 1layer reflection in Section 2.2.2, refractive
index fluctuations in Section 2.2.3 and turbulent scatter in
Section 2.2.4.

2.2.1 The Standard Atmosphere

Radio meteorological measurements normally yield pressure,
temperature and water vapor content of the atmosphere. From
such measurements the refractive index n, or the refractivity
N= (n-1) ° 106, can be determined from an empirical formula.
The relation most commonly used is FSmith and Weintraub, 1953],

N = (n-1) 10° ,2_7'1:_6 (b + 4810 + 2), (2.1)

p = total pressure in millibars

e = water vapor pressure in millibars

T = temperature in Kelvin degrees.

This formula is designed to be valid in the temperature range
-50° c to + 409 C with an error less than .5% in N up to 30 GHz. |
An improved equation has been suggested by Thayer (1974) but for :
most radio application Eg. (2.1) is sufficiently accurate.
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Measurements of the refractivity as a function of height
above the surface of the earth results in a typical profile, as
shown in Fig. 2.1. The refractivity at the surface is of the
order of 300, and a nearly linear decrease with height is normally
found in the first two or three kilometers. 1In the standard
atmosphere the slope is 40 N-units/km. This line is also shown
in Fig. 2.1.

The nearly linear decrease with heights at low altitudes makes
it convenient to introduce an "effective earth radius" to account
for the ray bending. We have shown previously [Monsen et al, 1976)

that modeling the refractive index in the form

Y
%] . oxh<c2wm

n(RO *h) = n(RO) [ Ro+

leads to the exact relationship

Ro
Re = l-vy

In these equations Ro = 6368 km is the actual earth radius, h

is height above the surface and y is a parameter determining the
slope of the refractivity profile. Re defines an equivalent earth
radius in a transformed coordinate system with preserved distance
measure on the surface and with straight line propagation in the
atmosphere. For the standard atmosphere y is

y [standard atmosphere] = 0.255,

corresponding to the earth radius factor K given by

R
K= Eg'~ % for the standard atmosphere.
o

2=-5




Fig. 2 .1 Typical Refractivity Profile
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CCIR even defines a standard refractivity profile of the form

N = 289 ¢ 0-136 P,

In this form N(h) is close to the observed profile,but for most
troposcatter applications it is adequate to use the linear

approximation valid near the surface. The height of the common
volume on a troposcatter path of length d where the antennas are

aimed at the horizon is

~ 2 km if d = 370 km (230 mi)

and K = 4/3.

For longer paths an equivalent value of K may be found so that the
scattering angle is correct. The small altitude errors introduced

by this approach can be compensated for in the final analysis.

During conditions of super refraction it can sometimes be pos-
sible to have a direct path between transmitter and receiver on a
path where troposcatter would normally be the only mode of communi-
cation. This can occur when the gradient of refractivity is
steeper than -157 N-units/km. In general, variations of surface
refractivity and gradient are functions of time-of-year and geo-
graphical location. Data have been accummulated over many years
to allow a reasonable prediction of these parameters.

2.2.2 Reflection from Atmospheric Layers

The predominantly horizontal stratification of the atmosphere
often contains local steep gradients in the transition from one
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value of N to another. For electromagnetic waves with a wavelength
large compared to the width of the layer boundary such high

gradient regions look like an abrupt transition and can cause a
substantial reflection of energy. At higher freguencies the
transition appears more gradual and little or no energy is reflected.
At intermediate frequencies layer reflection and turbulent scattering
can exist simultaneously, greatly complicating the analysis of
troposcatter links. In this section we briefly summarize some

results relating to layer reflection or "feuillet" scattering.

Layer reflection and scattering were analyzed by Friis, Crawford
and Hogg (1957). The effective scattering crosséction was found
for severzl types of layer structures. The dependence of the
crossection ag, on wavelength )\ and scattering angle g, is listed
below (from Rice, et.al., 1967):

Large lLayers: as° Yl (2.2)
Intermediate Layers: a > xl 9-4 (2.3)
Small Layers: a = 20 o4 (2.4)

This may be compared with the mathematical formula listed below,
based on empirical results from radio data [Norton, 1960; Rice
et al, 1967],

s = > ¢ (2.5)

where °n2 is the variance of the refractive index and Lo is the
outer scale of turbulence (see Section 2.2.3 for further details).

This formula is close to the behavior expected from intermediate
size layers. More recent high frequency data (>1GHz) indicate a some-
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what different form of ag, closer to that predicted by the

Kolmogorov-0Obukhov turbulence theory described in the next section.

2,2.3 Refractive Index Fluctuations
2.2.3.1 The Covariance Function

Superimposed on the average refractive indéx variations dis-
cussed in Section 2.2.1 is a small, rapidly fluctuating term,
attributed to turbulence. Let n(x) be the refractive index at a
point r, and with

n(r) =n_(z) +n, (1)

where “0(5) = E {n(x)} and n, () is the small,

fluctuating component,

n(x) can be considered as a random field. The covariance function

Qn (E' _J:'_') is
?, (. £') = E {n (2) n, (&) .

1f o is a function only of r - g'r then the random field of n(x)

is said to be homogeneous, and the covariance function is written
as Qn(£ -x'). 1If, in addition, 9, is only a function of |x - ',
then the random field is said to be isotropic (in addition to
homogeneous). The wavenumber spectrum of a homogeneous field is
defined as the Pourier transform of the covariance function,

1l iker 3
’n(-ls) = 'n(kl' k2' k3) = (211)3 .”.[ cpn(_l;) e ==d¢r

2.2.3.2 The Structure Function

The structure function D_ (z, r') is defined by

2-9
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D (. x') = & {In; (®) - n (2)1%} .

Where Dn (r, £') is a function of r - r'only, the random field
n(x) is said to be locally homogeneous. If Dn(g,lg') is a func-

tion of |r - r'| only, then the field is locally homogeneous and

isotropic. The structure function is occasionally more convenient
to use than the covariance function since it allows a simple
description of locally homogeneous fields without assuming homo-
geneity. However, the atmosphere is neither homogeneocus nor
locally homogeneous in the sense above. At a given point in space

it is instead possible to find a small surrounding volume within

which the condition for homogeneity is satisfied, and a slightly
larger volume within which the condition for local homogeneity is
satisfied. 1In most practical cases the extra generality of the
structure function is not very important. 1In a nearly homogeneous

volume the two functions are related by
0 - ’ L]
Dn(g) = 2epn( ) an(g) (2.6)

where r now represents the difference r - r'.

2.2.3.3 Scales and Structure Constant

In terms of the above defined functions we can define two important
scales of the turbulence. The inner scale Lo' of the turbulence
is the dimension of a small region near r = o where the structure
function is well approximated by the first term in its Taylor
series. If the turbulence is isotropic this scale is the same
in all directions. The outer scale, Lo is the correlation dis-
tance of ®n (r). These scales will be tied to specific formulas
later, allowing us to evaluate them numerically. 1In isotropic

turbulence with r in the range

4 << r << L
o o
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we can usually write

=c? .9
D (r) =c”x3. (2.7)

The constant an is called the structure constant of the refractive
index, and plays a very important role in the study of turbulence.
The power, q, has been shown by the theory of Kolmogorov and
Obukhov [Tatarski, 1971] to be

q = 2/3.

2.2.3.4 The von Karmdn Spectrum and the Kolmogorov-Obukhov Theory

The above discussicn has been relatively general, since no
specific covariance has been assumed. In the following we intro-
duce the von Kérmgn spectrum which has been suggested as a pos-
sible approximation to the actual wave number spectra arising
in atmospheric turbulence [Tatarski,1971]. This spectrumhas been
verified experimentally in certain cases but, as we shall see, it canbe
necessary to use correcting terms in the inner scale region. The

wave number spectrum is (nearly homogeneous and isotropic field

assumed) :
2 3
T o o r
& (k) = (2) .09 m> 3. (2.8)
n 3/2 r m-3 2 2 \m/2 ' .
n ( 2 (l +k ro )

The corresponding covariance function is

® (r) = o;‘: 23 m72, r ( r_t-_3 ) (f;>(m-3)/2-xm__£é (-:—o). "7
2
(2.9)
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In these expressions °n2 is again the variance of the refractive

index, and r, may be considered equal to the outer scale L, of
turbulence. The exponent m is usually called the refractive

index spectrum slope since it indicates the slope of the spec-

trum when plotted on a logarithmic scale. From the small ]
argument expansion of the Bessel function Kv' v > 0, it can be

verified that in Eg. (2.9)

2
Un @n (o).

Since I' (o)== it is seen from (2.8), (2.9) that spectrum slopes
of 3 or smaller may yield negative or infinite power g (0)!
The main reason for this is that the correct microstructure of

the turbulent field has not been taken into account.

1f the von Kirman spectrum is used a relation can be found
between the variance of the refractive index, and the structure
constant., For r << r° it is found that

2 r(%

1 m-3
r=E) (@5 )

e 3 cmc< 5

Dn(r) ~ 2 L

or Sem
1‘(‘2 1
C =g 2

n n r(:%%g) (2r )m—3 (2.10)
()

For this to be valid it is further required that m < 5. 1In the
special case of m = 11/3, as predicted by the Kolmogorov-
theory (see Tatarski, 1971), we get i

2/3 _ 2 2
i o zcn - p1/3 1(.:2 0.637 ¢ (2.11)
% )

Ifm=25 it can be shown that
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(r) w? [/ @s 5
Dn r) ~ o 2r° (m-5) , m>

2
2 r /X
L o] o]

We have assumed a locally homogeneous and isotropic medium,

which is invalid when r is large in Eq. (2.9), or when k is small
in Eq. (2.8). 1In fact, it is usually possible to assume that
k r, >> 1 without jeopardizing the validity of Eq. (2.8),

2 .,-m _ 3-m F<%>

Qn(k) >~ o, k r ﬂ325¥;(E§§>

- —Ii§=31 sin (3 (m—3)) cn2 k™, 3<m<s5. (2.12a)
41

In particular, for m = 11/3 we get

2 ,.-11/3
Qn(k)'m 0.033 Cn k

(2.12b)
This is the form in which the spectrum is most often used in
turbulence theory.

As noted earlier, if k becomes very large, it is necessary
to include the effect of the microstructure of the turbulence
(e.g., the inner scale of turbulence). Tatarski (1971) has
derived the expression (for m = 11/3)

2

2 .-11/3 X
8 (k) = 0.033 c ° x exp (- ;—; )
m
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where
km = 5.92/{,° .

The approximate structure function is

f
2 -4/3 2

Cn Lo r r << Lo

D (r) =§

o 2 r2/3

Kn

<< r
Lo << Lo R

1, is the inner scale of turbulence.

If an exponential factor like the one in Eg. (2.13) is used
for other values of m in the general van Karman spectrum then the restric-
tion m > 3 is no longer necessary. However, the variance of the
refractive index will be strongly dependent on the inner scale,

L0 when m < 3, while practically independent when m > 3.

2.2.3.5 Theoretical and Empirical Evaluation of the Relevant
Parameters

In Section 2.2.1 an empirical formula for the mean refrac-
tive index was described. It relied on measurements of pressure,
water vapor content, and temperature. A similar formula can be
found for the variance onz or the structure constant an.
Tatarski (1971) has shown that the following expression can be
used for cn2 in the Kolmogorov-Obukhov theory,

4/3 M2 (2.14)

C 2 e c . L
n o




and

-6
e I Gy (@ )
(2.15) 3
In the above expression,
L, Outer scale of turbulence (in meters) ’
P Total pressure in m-bar
T Temperature in degrees Kelvin

S ific humidit
q~0.62 eo/P pec Y

e Water vapor pressure in m-bar

o

z - Altitude (in meters)

Ya .0098°/Km (adiabatic temperature gradient).
2 2/3

C_° then has the dimension of m “/~. sirkis (1971) has used this
formula to determine the dependence of M2 on altitude and humidity
for a typical atmosphere. The result is shown in Fig. 2.2. Up
to about 2 km little variation with height is found, but c_2 can
change two orders of magnitude when the humidity changes. Taking
the values at the 2 km height and using the values of 20, 50,

100, 150 m for L_ yields the values for °n2 listed in Table 2.1.

TABLE 2.1
Typical Values of 1015.-cn2 (2 km) (Data by Sirkis, 1971)
Surface Water Vapor Pressure eo
Lo/m 0 5 m-bar 15 m-bar 30 m-bar
20 .68 4.6 38. 106.
50 2.3 15.5 129. 361.
100 5.8 39.0 325. 910.
150 10.0 66.9 558. 1,562. ;
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Fig. 2.2 Structure Parameter as Function of Altitude with
Sea-Level Water Vapor Pressure as parameter.
(From Sirkis, 1971)
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In Table 2.2 these numbers for an are converted to numbers for

2 .
o, using Eq.

%n

(2.11),
2 157123 o2
0 n
~ 2 .2
= 4.4 LO M o
TABLE 2.2

Typical Values of Refractive Index Variance onz .

10

Surface Water Vapor Pressure
Lo/m 0 5 m-bar 15 m-bar 30 m-bar
20 .08 .52 4.4 12.3
50 .5 3.3 27. 77.
100 2.0 13.2 110. 308.
150 4.5 29.7 247. 593.

13

To. get an idea of typical humidity levels we list below the water
vapor pressure measured by radiosonde at Albany, NY, November 5,
1976 (morning).

Altitude (m)

86
145
256
733
927

1197
1297
1362
1456
1656
1995
2977

Water Vapor Pressure (m-bar)
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6.02
5.80
5.08
3.35
2.56
2.84
1,73
3.48
3.27
3.81
4.31
2.73




Several measurements at Albany and Buffalo of the same time-of-
year gave very similar results with surface water vapor in the
range of 4-8 m-bar. Lower values can be expected in colder winter

months, while considerably higher values are typical in the summer.

Several researchers have made measurements of an. Radar
reflectivity measurements [Kropfli et.al., 1968; Hardy and Katz,
1969] indicated an to be in the range

Weak scatter: an - 20 - 10 13 m-z/3
Medium scatter: an >~ 100 - 10-15 m-z/3
Strong scatter: an - 6000 - 10-15 m-z/3 .

The two first numbers match fairly well with the results in
Table 2.1 for L° = 50 m. The strong scatter returns measured
could be due to atmospheric layering. Most (~75%) of the reported

measurements lie in the range 0-100 - 10-15 m—/23.

Brookner (1970) reported on some measurements of the optical
an performed by Goldstein, et.al., (1965). A typical measurement
of °n2 vs time of day is shown in Table 2.3. Brookner (1970)
then uses the following values for cn2 as typical at optical wave-

length

Weak scatter: an ~ .5 10" 13 m-'z/3
Medium scatter: an ~ 50 10.15 m-2/3
Strong scatter: an ~ 500 10-15 m'-z/3 .

These somewhat arbitrarily chosen values should be compared with

the dry air column in Table 2.1.
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cn2 vs Time of Day ([Goldstein et. al., 1965)

TABLE 2.3

Time 10'% . ¢ ? /3
1200 14
1300 140
1400 490
1500 90
1600 20
1700 4
1800 .4
1900 ~ 0
2000 .2
2100 1
2200 2
2300 3
2400 6

Approximate relationships for the inner and ocuter scales
of turbulence have also been obtained [Brookner,1970; Fried, 1967],

L. =~ 10

(o]

L o
o

2

h

-3 h1/3

2=-19

(2.16)
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SV

Lo' Lo and the height h are all in meters. As an example, these

relations yield at a 2 km height,

Lo ~ 13 mm

L ~ 90 m.
o

Superimposed on these relationships are variations with time-
of-day, season, weather, etc., so they should only be used as a

general guide.

. [ 2 3
The variation of cn with height has been found empirically

to be §
2 2 2 _-b
Cn Cn (h) = Cno h — exp(-h/h,)

Fried (1967) used b = 1/3, ho = 3200 m. In fact, cnz(h) was
found to be of the form

2 -
o 2 = 6.7 - 10 14 xp(-h/3200 m).

These results are for optical frequencies, which should corres-
pond to dry air at radio frequencies. A comparison with Fig. 2.2
shows that the expected height dependence is somewhat weaker than
indicated by the model of Fried. On the other hand newer data
indicates a much stronger height dependence, with b ~ 2/3 and

ho ~ 320 m {see Brookner, 1970, 1971]. Hence the issue of height
dependence is not quite resolved, although it appears (see Fig. 2.2)
that variationé in the first 2-3 km can be ignored, while for-
mulas of the form above can be applied at higher altitudes. Addi-
tional data on both the optical and the microwave refractive index

variance can be found in Gossard (1977).

From the existing data we can conclude the following typical
values (at a height of 1-2 km)
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2.2.4

- -2/ -
cnz =~ 10 15 m 2/3 (8ry air) to 10 14 (maritime air)
°n2 >~ 5 - 10-14 to 10-12, depending on humidity; {
5 + 10°1% will be used to
represent winter conditions.
L = 70 m
o

L =~ 10 mm.

Results from the Theory of Turbulent Scatter

It is well known that the power received from a gmall scat-

tering volume can be written

where

2
PR'=PT.GT2. asz.XGR' (2.18)
411RT 4ﬂRR 4

PT = Transmitter power
GT = Gain of transmitting antenna
RT = Distance from transmitter to scatterer
a' = Scattering cross-section of the turbulent volume
RR ‘= Distance from scatterer to receiver
A = Wavelength
GR = Gain of receiving antenna.
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Eq. (2.18) also serves as a definition of the scattering cross-
section (some authors. define as/4n as the scattering cross-section).
In section 2.2.2 we describe some general relationship derived

for atmospheric layer scattering. Tatarski (1971) has derived

the cross~section of turbulent scatter with a given wave number

spectrum,
2 4 . B .2
a 8n k Qn (Zk sin 5 ) sin ¥ 4av, r << ) << Lo
(2.19)
In this equation,
kX = 21/)\ is the wave number,
& (k) is the locally homogeneous and isotropic wave
n spectrum (e.g., Eq. 2.8)
) is the scattering angle
sinzx accounts for loss due to polarization mismatch
(usually negligible).
X angle between incoming electric field and dir-
ection of propagation.

av is the infinitesimal volume.

Eq. (2.19) is derived under the assumption
LO << .’ ),RR ’ ./ X&r

but has been verified at much higher frequencies. If a spectrum
of the von Karman type is assumed in the inertial subrange (i.e.,
Ly << A << Lo)' it is found |

a_ = c:“2 8/ n ki mp 3 L(-?')— (2 sin -2Q )—m av.

' =

Polarization losses have been ignored in this equation. For
: m = 11/3 we get the cross-section prediction by the Kolmogorov-
: Obukhov theory, while for m = 5 we get the semi-empirical formula
in Egq. (2.5). The data for Eq. (2.5)are mostly at frequenciesbelow
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1l GHz. Newer experiments at higher frequencies indicate that
m = 11/3 provides the better fit to the data (e.g.,Seehars,1971). At
intermediate frequencies a mixturgq of the different effects may

be described by an equivalent m in the range 3 < m < 5., Combining

the above expression for a_ with Eq. (2.18)

1 . A(z
-5 [2 sin —52=)-]"“‘ a’r, (2.20)

R2 ()R (1)

v
where

r(2 :

c= i ro3-m K2 . z—ﬁ%‘i—’)—?‘—) (2.21) i

2

and V is the total scattering volume. Typical values of the at-
mospheric parameters ci and r, = L° were described in the previous
section. The spectrum slope m is 11/3 for turbulence theory and

5 for the NBS model. Direct measurements of m were performed by
Eklund and Wickerts (1968) by comparing the received power at 1
and 3 GHz at two antennas with the same beamwidth. Average values

©of m in the range of 11/3 to 5 were measured, and a significant

correlation with the signal level was observed. This is consistent
with the theory that both turbulence and layer reflection are im-
portant at these frequecies since strong layering both increase m
and the signal level. Eklund and Wickerts concluded that reflection
is dominating at 1 GHz and turbulence at 3 GHz.

Gjessing and McCormick (1974) also report measurement of m in

| the range of 2-6 and give an empirical formula for m (Gjessing et.al.,

1969) and an empirical distribution. However, the validity of these

; results is apparently limited (Sherwood and Suyemoto,1976) particularl
since a strong frequency dependence of the equivalent measured m

should be expected from the discussion above.
2=23
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2.3 Path and Antenna Parameters

In this section we list the parameters that are 