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ABSTRACT

One of the tasks assigned to the Air Directed Surface-to-Air Missile (ADSAM)
program Environmental Working Group (EWG) is to prepare text for program documents
related to modeling RF environmental effects on sensor systems. This report, prepared in
collaboration with EWG participants, contains three major sections : “Section A,
Monostatic Clutter Models,” “Section B, Bistatic Scattering Models,” and “Section C,
Atmospheric Propagation Models.” Section A addresses the spatial, temporal, and
frequency characteristics of the normalized monostatic radar cross section of rain, clouds,
sea, land, birds, and insects. The principal author is J.P. Reilly (JHU/APL). It was
adapted from an existing clutter guide by the same author : “Monostatic Clutter Models
for Naval Radar System Applications" (JHU/APL A3B-97-2-002) dated June 26, 1997.
Section B provides similar information for bistatic scattering from land and sea surfaces.
The principal author is R.L. McDonald (JHU/APL). Section C addresses atmospheric
propagation effects including refraction, diffraction, absorption and multipath '
interference. The principal authors are G.D. Dockery (JHU/APL) and J. Stapleton
(NSWC/DD).

Two items of importance have yet to be adequately addressed by the EWG. The
first is site-specific overland clutter models, which are considered to be necessary for
realistic performance evaluations of alternative system designs. The models contained in
this report are typically generic in nature and are considered suitable for system design
studies. Although modeling approaches involving the combination of high fidelity
propagation codes and the Digital Terrain Elevation Data (DTED) database are discussed,
little work has been done to specify representative sites, scenarios, and terrain
characteristics. The second item requiring further study is RF environment models for
systems operating at frequencies above 70 GHz, for which very little measurement data
and modeling information appears to be available.
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A.1.0 PURPOSE

The purpose of this section is to define radar clutter models applicable to naval
defense systems. The models are chosen to encompass realistic environmental features
that potentially have a significant influence on system design and performance.

This presentation is not intended as a comprehensive reference manual on radar
clutter. Clutter characteristics are not stated for all possible conditions and parametric
trade-offs. There are aspects of radar clutter about which our knowledge is incomplete.
Engineering judgment has been used in preparing this document in the interest of
completeness. Some descriptions have been simplified to make their application more
tractable.

The description of each clutter type is accompanied by a section entitled
“commentary and cautionary notes.” The commentary section emphasizes major areas
of uncertainty, qualification, and general aspects of clutter that are difficult to specify. In
cases where such information is applicable, the text has been marked with the asterisk
symbol, *. Despite some uncertainties and simplifications, an attempt has been made to
include essential features that influence radar design.

The clutter models are generally intended to cover the frequency range from 0.5
to 70 GHz, at both horizontal and vertical polarizations. Some models provide coverage
outside this frequency band as indicated in the text. Statistical distributions are
predicated on a compressed pulse width greater than 50 ns. In some cases, theoretical
models or published data do not cover the full parametric range as needed, and
assumptions have been made in the interest of completeness and consistency.
Qualifications covering the range of applicability are noted in the commentary sections.

A-1
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A.2.0 PRECIPITATION CLUTTER

This section presents data applying to various precipitation rates (r). The
indicated rate is taken to be the average over a wide-spread “stratiform” rainfall.* Rain
rate, and hence average normalized radar cross section, is assumed to vary spatially
within the storm as defined by Section A.2.4. The normalized radar cross section varies
with time at a given point in space as defined by Section A.2.5. For snow, the
precipitation rate is taken as the water content of melted snow.

A.2.1  Spatial Extent

Precipitation is assumed to extend to a maximum diameter of 400 km (216
nmi). The altitude of liquid precipitation is assumed to exist to the bright-band layer (see
Section A.2.3.2).* Above the bright-band layer, snow and ice crystals may exist to the
tropopause altitude (see Section A.2.3.2.2). The area covered by rain may be centered
anywhere within the surveillance region. The maximum range of visibility applicable to
non ducting conditions may be determined by a 4/3 earth calculation. During ducting
conditions, return power from rain at altitudes within the duct may be visible beyond the
4/3 earth horizon.*

A2.2 Clutter Return Power

The clutter return power from a single radar resolution cell is directly
proportional to the radar cross section of the precipitation contained within the cell. The
radar cross section is taken to be the product of the volume of the resolution cell (V) and

the normalized radar cross section (¢ °) of the precipitation, i.e., the radar cross section
area per unit of volume (m?*/m’). The volume of the resolution cell is determined by the
beam width and the range/Doppler resolution capability of the radar. In addition, it may
be limited by the vertical extent of the rain.

A.2.3 Normalized Radar Cross Section

A.2.3.1 Below Bright-Band Layer

Below the bright-band layer, the mean value of normalized radar cross section
for a particular resolution cell is related to rain rate in the cell and illumination frequency
by:

-c'—o = Kf4r1.6 (m2 / m3)

where f is radar frequency (Hz); r is rain rate (mm/hr); o°is the mean value of
normalized radar cross section (m*m?) for specific f and r. The constant K has the value
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7x10® for radar frequency below 6.0 GHz, and the value 13x10* at 35 GHz.* Values
for K at other frequencies may be determined by linear interpolation and extrapolation of
K against log f.

Table A.2.1 provides examples of normalized radar cross section for various
radar frequencies, and for r =2, 4, and 8§ mm/hr.

Table A.2.1 Example of Normalized Radar Cross Section Values for Rain

¢°(dB m¥/m®)

f (GHz) |r=2mm/hr |4 mm/hr 8 mm/hr
0.5 -118.9 -114.0 -109.2
1.25 -102.7 -98.0 -93.2
3.0 -87.6 -82.8 -78.0
5.6 -76.8 -72.0 -67.2
9.3 -67.0 -62.2 -57.4
17.0 -55.7 -50.9 -46.1
35.0 -42.3 -37.5 -32.7
70.0 -29.5 -24.7 -19.9

A.2.3.2 Bright-Band Layer

A bright-band layer may be assumed to exist in which the values are 10 dB
greater than those calculated in Section A.2.3.1.* The bright-band thickness is assumed
to be 300 m, * with an upper boundary corresponding to the altitude (hg) of 0°C isotherm.
The normalized radar cross section above the 0°C isotherm is assumed to diminish at a
rate of 6.5 dB/km, up to the altitude of the tropopause (hy).

A.2.3.2.1 Altitude of 0°C Isotherm

The altitude (hy) of the 0°C isotherm is assumed to be related to latitude (¢),
according to:

hF=

4.0 for 0 <¢<36°
4.0-0.075(6—36) for ¢=36°

where h; is in km, and ¢ is in degrees.
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A.2.3.2.2 Altitude of Tropopause

The altitude of the tropopause (hy) is assumed to be related to latitude according
to:

17.0 for 0 <¢<30°
hT =

9.0 for 60°<$<90°

where h; is in km. Between ¢ = 30° and 60°, h; may be determined by linear
interpolation of height versus latitude.

A.2.4  Spatial Distribution of Rain Rate

The rain rate is assumed to remain constant within a rain cell having length and
breadth equal to 2.0 km (1.1 nmi).* Rain rate is assumed to be statistically independent
from one rain cell to another. The distribution of rain rate from one rain cell to another is
assumed to correspond to a log-normal density function:*

1 2
p(2) = sz exp(—B°/2)

where
p=—t
= .
z=log,r
r = rain rate

W, ¢, = mean, standard deviation of z.

As an example, consider a rain rate with a spatial median equal to 4 mm/hr (log 4 =0.6),
and o, = 0.3 (equivalent to a standard deviation of 3 dB). Accordingly, B is given by:

z - 0.6
F="03
Example: Bso =0; 15, = 4.0 mm/hr (0.16 in/hr)
Bss = 1.00; 15, = 8.0 mm/hr (0.32 in/hr)

(in the example, g, means that 84 percent of observations will equal or fall below the
stated value.)
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A.2.5 Temporal Distribution of Radar Cross Section

The reflected power from a fixed volume resolution cell will vary with time.
For time periods up to 80 seconds, the statistical distribution of normalized radar cross

section (o °) from a fixed volume resolution cell is described by the exponential density
function:

p(c I EG) = —o_l—o exp[— Z=:]

where p(cr | ;’) is the probability of ¢°given o°,and o° is the mean value of
normalized radar cross section in the rain cell as defined in Sections A.2.3 and A.2.4.

o°is related to the median value of normalized radar cross section in the rain cell, 6°,

by 0% = c°In2.

For each period of 80 seconds a new value of 6° may be assumed in a given
volume resolution cell, using the spatial distribution of r given in Section A.2.4.* For
example, with a 4 mm/hr rain, the long-term distribution of r in a fixed resolution cell has
a median rate of 4 mm/hr (0.16 in/hr), and varies from one 80-second period to another in
accordance with the log-normal density function defined in Section A.2.4.

A.2.6 Velocity Distribution

Each volume resolution cell is assumed to be modelled as a many-scatterer
process, with a Gaussian distribution of radial components of particle velocities:

p(V)= exp(—-a’/2)

N
Y

(o}

where

v,, G, are the mean and standard deviations.

A.2.6.1 Standard Deviation

The standard deviation of the velocity spectrum (o,) can be determined by the
root-sum-square of turbulence (c,), shear (c,), beam broadening (o), and fall (o)
components:
c’=c’+0+0, +0;

v
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where
c,= 1.0 m/s (3.3 ft/s)
o,=0.42k Ah
c,=0.42v,6,Sin p
c;=F Siny

k is a shear constant, and Ah is the vertical extent of the two-way 3-dB beam at the
resolution cell, within the rain (the elevation extent cannot exceed the maximum rain
altitude). The shear constant, k, is equal to 5.0 m/sec/km (5.0 ft/sec/Kft). For Ah
expressed in km, o, = 2.1 Ah ft/s. V, is the average wind velocity as defined in Section
A.2.6.2, 0, is the two-way half-power antenna beamwidth, and f is the angle relative to
the mean wind direction. W is the antenna elevation angle, and F is the standard deviation
of fall velocities. For evaluation purposes, use F = 1.0 m/s (3.28 ft/s).

A.2.6.2 Mean Velocity

The mean scatterer velocity in a volume resolution cell may be calculated using
a model that includes a wind velocity of v, at the surface, 20 m/s (39 knots) at a altitude
of 3 km (9.8 kft), 40 m/s (77.6 knots) at an altitude of 10 km (32.8 kft), and 20 m/s (39
knots) at an altitude of 20 km (65.6 kft). Velocity at intermediate altitudes may be
determined by linear interpolation of speed versus altitude. The value v, =12 m/s (23.3
knots) may be considered a relatively large value for the surface wind during a stratiform
rain.* The mean fall velocity is assumed to be 10 m/s.

The wind direction may correspond to one of two models. In the first model,
the wind direction is constant over the entire elevation extent. In the second model, the
wind direction varies at a constant rate of 30° degrees per km of height.

A.2.7 Frequency Correlation

In a fixed resolution cell, back-scattered power is assumed to decorrelate with
frequency agility in accordance with a many-scatterer model. Accordingly, the
correlation of returned power as a function of frequency change is:

sin 77 Af
o
AAf) T Af

where 7 is the compressed pulse width (sec), Af is the change in transmit frequency (Hz),
p(Af) is the correlation coefficient of echo power from two pulses transmitted closely in
time, but separated in frequency by the increment Af. The mean power in a cell and its
statistical distribution remains unaffected by frequency agility.

A.2.8 Attenuation

Attenuation refers to a loss by absorption of the propagated signal power
relative to free space propagation; it occurs in addition to signal power loss (or gain) from
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refractive effects. The attenuation coefficient for rain may be calculated by
A=kr"

where A is the one-way attenuation coefficient (in dB/km), r is rain rate (in mm/h), k and
o are coefficients that depend on frequency as listed in Table A.2.2* Values of k and o at
other specific frequencies may be determined from the data by interpolation of log f
against log k or log a. Table A.2.3 lists example values of attenuation for several

frequencies and rain rates.

Table A.2.2 Coefficients for Rain Attenuation Expression

f (GHz) k o
1 3.70x 10° 0.896
2 146x 10* 0.943
4 6.20 x 10* 1.098
6 1.65x 10° 1287
8 424 x 10° 1.319
10 9.49 x 10° 1.270
15 3.51 x 107 1.141
20 - 721x10? 1.082
25 0.119 1.046
30 0.177 1.011
40 0.330 0.930
50 0.508 0.921
60 0.525 0.825
80 0.941 0.769

100 1.09 0.743

A =kr* (A = dB/km; r = mm/h)

Table A.2.3 Example Attenuation Coefficient Values for Rain

Attenuation Coefficient (dB/km)
1 (GHz) [ r=Tmm/hr [ r=4mm/hr | r =16 mm/hr
4 6.20x 10™ 1.84x10° 0.013
10 9.49x10° 0.055 0.321
20 7.21x 107 0.323 1.45
40 0.330 1.20 4.35
80 0.941 2.73 7.94
A-7
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A2.9 Commenfary and Cautionary Notes

A.2.9.1 Rain Type

Section A.2.0 roughly defines a widespread stratiform rain. Types of
precipitation that may be encountered in a more general context are as follows:

a) Stratiform precipitation - widespread regions with low rain rates and small
embedded showers with rain rates up to 25 mm/h. The precipitation is
horizontally stratified with rain up to the height of the bright-band (see
Section A.2.3.2), with snow to heights of the order of 7 km, and with ice
crystals to a height of 9 km.

b) Convection precipitation - localized areas of relatively intense
precipitation characterized by strong up - and down-drafts extending
through a deep region of the troposphere. The localized regions are
columnar in nature sometimes extending to the tropopause. Very intense
precipitation may occur with horizontal scales of several kilometers and
durations of tens of minutes.

c) Monsoon precipitation - a sequence of bands of intense convection
followed by intervals of stratiform precipitation. The bands are typically
50 km across, hundreds of kilometers in length and produce heavy
precipitation lasting for several hours.

d) Tropical storms - large organized regions of precipitation extending over
hundreds of kilometers. The storms are characterized by several spiral
bands terminating in regions of intense precipitation surrounding the
central region or eye of the storm. The bands also contain regions of
intense convection.

A.2.9.2 Spatial Statistics

Section A.2.4 defines a rain rate statistical model as a log-normal distribution,
with a standard deviation of 3 dB. This model is only a rough approximation to the
spatial non-uniformity that may be encountered during actual stratiform rains. In Section
A.2.5, the same distribution is invoked for a the long-term variation of mean value of
normalized radar cross section at a fixed radar resolution cell. The long-term temporal
statistical distribution and the spatial distribution are related by the broad scale horizontal
velocity of the rainstorm.

A.2.9.3 Spatial Correlation

Section A.2.4 invokes a simple spatial correlation of rate (and therefore mean
normalized radar cross section) as either perfectly correlated within a “rain cell,” or
statistically independent from one cell to another. Spatial scales and correlation patterns
may be considerably more variable and complex than the simple model stated here.
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A.2.9.4 Bright-Band Layer

In a stratiform rain, an increase in normalized radar cross section may be
observed at an altitude band whose upper limit is at the 0°C isotherm. The increase
results from differences in particle concentration, shape, and cross section above and
below the freezing layer. Increases of roughly 10 dB over liquid rain can be observed
within the bright-band layer. The bright-band layer thickness averages approximately
300 m, but can sometimes reach dimensions up to 1 km. The altitude of the bright-band
will vary with latitude, climate, and season. The average height of the 0°C isotherm
stated in Section A.2.3.2.1 may be taken as the upper boundary of the bright-band during

rainy conditions.

A.2.9.5 Frequency Dependence

The relationship stated in Section A.2.3.1 is applicable to Rayleigh scattering in
the frequency range below 6 GHz. Above 6 GHz, the particles begin to enter the Mie
scattering region. The adjustment of the parameter K approximately compensates for
frequency dependence above 6 GHz. Data on frequency dependence of normalized radar
cross section within the bright-band was not available for this document.

A.2.9.6 Wind Velocity

The surface wind velocity of 12 m/s cited in Section A.2.6.2 represents a
relatively large value that may be encountered during a stratiform rain storm. Over the
ocean this value would correspond to a sea-state 5 condition. Surface winds
corresponding to other sea states may be approximately determined as described in
Section A.4.3.3. Higher surface wind speeds may be encountered during other rain types.

A.2.9.7 Propagation

The joint occurrence of stratiform rain and propagation ducts cannot be
precluded on the basis of presently available information. However, we presently lack a
rational method for calculation the returned power from near-surface rain within a
propagation duct. Such a calculation may require some modification of the assumptions
that are customarily made concerning the refractivity profile of clear weather propagation
ducts.

A.2.9.8 Attenuation

Attenuation differs slightly at horizontal and vertical polarizations due to the
elliptical shape of rain drops. The attenuation coefficients listed in Table A.2.2 are an
average of horizontal and vertical polarization values. For critical applications, separate
coefficients for horizontal and vertical polarization can be found in CCIR (1986), Section
721-2.
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A3.0 CLOUDS

A.3.1  Spatial Extent

Clouds may exist anywhere throughout the radar surveillance volume, with an
altitude extent depending on cloud type as indicated in Table A.3.1 The range visibility
of clouds may be determined from a 4/3 earth calculation.

Table A.3.1 Distribution of Clouds

Type Altitude
km kit Reflectivity Water Content
Constant (K) (g/m’)
Cirrus 50-9.0 16.4-29.5 6.5x 10 0.17
Stratocumulus 0.5-2.0 1.6-6.6 1.6 x 107 0.30
Altocumulus 3.0-6.5 9.8-213 1.6 x 107 0.50
Nimbostratus 0.75-4.0 2.5-13.1 - 3.4x10% 2.0

A3.2 Clutter Return Power

The clutter return power for clouds is similar to that specified in Section A.2.2

for precipitation. The radar cross section is taken to be the product of the volume of the

resolution cell (V,) and the normalized radar cross section (o °) of the clouds. The
maximum height of a radar resolution cell may be limited by the altitude extent of the

clouds.

A.3.3 Normalized Radar Cross Section

The median value of the normalized radar cross section, 6°, is related to the
illumination frequency according to:

c% = Kf* (m?/m’)

The constant K is related to cloud type as indicated in Table A.3.1. Table A.3.2
lists example values of ¢°, at various radar frequencies.
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Table A.3.2 Normalized Radar Cross Section for Clouds

Frequency 6°%, (dBm*/m’)
Stratocumulus/

(Ghz) Cirrus Altocumulus | Nimbostratus
0.5 -153.9 -150.0 -126.7
1.25 -138.0 -134.1 -110.8
3.0 -122.8 -118.9 -95.6
5.6 -111.9 -108.0 -84.8
9.3 -103.1 -99.2 -75.9
17.0 -92.7 -88.7 -65.5
35.0 -80.1 -76.2 -52.9
70.0 -68.1 -64.2 -40.9

A.3.4  Spatial Distribution of Radar Cross Section

The mean value of normalized radar cross section for clouds is assumed to
remain constant over a cell having length and breadth equal to 500 m (0.27 nmi).* The
distribution from one cell to another is assumed to be expressed by a log-normal
distribution, with a median value as defined in Section A.3.3, and a standard deviation of
5 dB with respect to the median.*

Example: Assume nimbostratus clouds, and f= 1.25 Ghz.
6%, =-110.8 dB m*/m’
6%, =-105.8 dB m*/m’

where 6°%, and ¢°, are the values below which 50 and 84 percent, respectively, of the
observations will fall. :
A3.5 Temporal Distribution of Radar Cross Section

At a fixed resolution cell, the normalized radar cross section is assumed to vary

with time according to the exponential distribution as defined in Section A.2.5, but where
the variation period of the median value corresponds to 15 sec.*

A3.6 Velocity Distribution

The mean and standard deviation of the velocity distribution may be determined
as described in Section A.2.6,* except that the term o, should be ignored.

A-11
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A.3.7 Frequency Correlation

Frequency correlation is defined in Section A.2.7.

A.3.8 Attenuation

Attenuation is defined in Section A.2.8. The attenuation coefficient for clouds
may be calculated for frequencies below 80 Ghz by*

A=bWf*

where A is the attenuation coefficient (in dB/km), W is water content of the cloud (g/m®)
as defined in Table A.3.1, f is radar frequency (Ghz), and b is constant that depends on
the temperature of the cloud as follows

b=1.4x10? T=-8°C
b=1.1x10 T=0°C
b=83x 10" T=10°C
b=59x 10" T=20°C

Values of b for other temperatures may be determined by interpolating log b against T.
For a stressful case evaluation, T = 0°C is suggested. Examples of attenuation
coefficients in clouds are provided in Table A.3.3.

Table A.3.3 Example of Cloud Attenuation Coefficients

Attenuation Coefficient (dB/km)

£ (Ghz) W=0.25 W=0.5 W=1.0 W=2.0
10 234% 107 458% 107 9.36x 107 1.87 x 107
20 8.92x 102 1.78 x 10" 3.56x 10" 7.14x 10"
40 3.40x 10" 6.80x 10" 136 2.72
80 1.30 2.59 5.18 10.36

W = water content (g/m’)
T=0°C

A-12
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A3.9 Commenfary and Cautionary Notes

A.3.9.1 Spatial Statistics

Section A.3.4 defines a statistical model for normalized radar cross section as a
Jog-normal distribution, with a standard deviation of 5 dB. This model is only a rough
approximation to the spatial non-uniformity that may be observed experimentally.
Spatial non-uniformities can be expected to be highly variable, exhibiting altitude
stratification, and volumetric concentration variations.

A.3.9.2 Spatial Correlation

Spatial scales and correlation patterns may be considerably more complex than
the simple model stated in Sections A.3.4 and A.3.5.

A.3.9.3 Wind Velocity
The surface wind velocity referenced in Section A.3.6 is a relatively large value.

Over the ocean it corresponds to a sea-state 5 condition. Surface winds corresponding to
other sea states may be approximately determined as described in Section A.4.3.3.

A3.9.4 Attenuation

Attenuation coefficients for frequencies up to 200 GHz are described in CCIR
(1986), Report 721-2.

A-13
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A.4.0 SEA CLUTTER

This section presents methods for calculating sea clutter. Two sections treat the
calculation of mean clutter. Section A.4.3 treats calculations for a “standard
atmosphere,” which is useful as a reference calculation used in Section A.4.4. Section
A.4 4 treats sea clutter in the presence of marine boundary evaporation ducts. It requires
numerical models for the propagation factor and surface grazing angle under refractivity
conditions that differ from the “standard atmosphere”.

A.4.1  Spatial Extent

Sea clutter may be assumed to exist at all azimuths up to the 4/3 earth radar
horizon in non-ducting conditions. During ducting conditions, sea clutter may be visible
at longer ranges, depending strongly on the characteristics of the propagation duct. With
surface-based ducts, measurable clutter may be returned from ranges exceeding 200 km.

A.4.2 Clutter Return Power

The clutter return power from a single radar resolution cell is directly
proportional to the radar cross section of the sea surface contained within the cell. The
radar cross section is taken to be the product of the surface area (A,) corresponding to the

resolution cell and the normalized radar cross section (o °) of the surface, i.e., the radar
cross section per unit of surface area (m*/m?). The surface area of the resolution cell is
determined by the beamwidth and the range/Doppler resolution capability of the radar.
A.4.3 Normalized Radar Cross Section : Standard Atmosphere

The equations presented in this section apply to the low grazing angle regime
under a “standard atmosphere” propagation condition.* These equations are required to
compute the normalized radar cross section under ducting conditions (Section A.4.4).

A.4.3.1 Frequency Range =0.5 to 10 Ghz

(@ Mean normalized radar cross section

0% =101og [3.9x 10°Ay** G, G, G,]

—  [6°% —1.05In (b, +0015) +1091n(A) +1.27 In (y +0.0001) +9.70 (3 to 10 GHz)
O g= §y—
Y 6% —1.73 In (b, + 0.015) +376In(A) + 2.46 In (y +0.0001)+22.2  (below 3 GHz)
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where 6°; and ¢°, are the mean values of the normalized radar cross
section evaluated at horizontal and vertical polarizations, respectively.

(b) Adjustment factors

G,=a"/(1 +a%)

G, = exp{0.2 |cos | (1-2.8 y )(A +0.015)**}
G,, = [1.94V,/(1+V,/15.4)]*

(c) Definitions for adjustment factors

q = L.1/(A+0.015)%

a=(14.41+5.5)y h/(%+0.015)

A.4.3.2 Frequency Range =10 to 100 GHz

(a) Mean normalized radar cross section
o’y =101log [5.78 x 10° y** G,G,G,]

6% =0°% —1381n (h,) +343 In (A) +1.31 In (y)+18.55
(b) Adjustment factors

G,=a'/(1 +a')

G, = exp{0.25 |cos ¢| (1 - 2.8y )1}

G, = [1.94V,/(1+V,/15.4)]°

(c) Definitions for adjustment factors

q=1.93 A%

a= (1442 +5.5)y h/(A+0.015)

A.4.3.3 Auxiliary Equations

h, =4.52x10° V2’

v, = 2158

A-15
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A.4.3.4 Units and Symbols

c°y,0° = normalized radar cross section for horizontal and vertical
polarization (dB m*m?)

h, = +/2n o, = average wave height, m

o, = rms wave height, m

radar wavelength, m

grazing angle, radians

A
v
V, = wind velocity, m/s

¢ = look direction relative to wind direction, radians

S = sea state
A.4.3.5 Grazing Angle

The grazing angle, y , may be determined using a standard atmosphere

assumption. This is equivalent to a geometric calculation of straight-line propagation

over an earth having an equivalent radius r, = 1.33 r,, where r, is the physical earth radius.
A minimum value of y = 0.1° shall be assumed out to the radar horizon.

A.4.3.6 Nadir Region

In the nadir region (y > 60°) the mean normalized radar cross section is
augmented by specular scattering in accordance with the rms surface slope, tan(3, ),

5°(dB) = 10 log{exp[- tan® (90° - y)/tan’ (B,)]/ tan’ (B,)}

where tan(p, ) is defined in Section B.3.1.2.1. In this region the mean value of the
normalized radar cross section is taken to be the sum of the low grazing-angle regime
contribution, as defined above, and the contribution due to specular scattering.

A.4.4 Normalized Radar Cross Section : Non-Standard Atmosphere
The method presented in this section applies to a non-standard atmosphere, such
as subrefractive conditions and surface-based ducts, including evaporation ducts. A

ducting condition is typical in marine environments, with evaporation duct heights that
vary statistically with season and location. The method described here (after Reilly and

A-16



The Johns Hopkins University

Applied Physics Laboratory
Laurel, Maryland 20723-6099

A1A97U-070

Dockery, 1990) is based on the assumption that the equations presented in Section A.4.3
apply to “standard atmosphere” conditions. The method removes the standard-
atmosphere propagation factor from the normalized radar cross section, and substitutes
the propagation factor for the specific propagation condition of interest. This results in an

adiusted value of normalized radar cross section, 5 (), that is calculated as follows:
) PV

oo () = c°(v)
) E'Ty(R)]

6% (y)=0%(y) FP4 [w(Rp)]

where o°(y) is the normalized radar cross section determined under standard-

atmosphere conditions (Section A.4.3) at the grazing angley, and F'[y(R)] is the
propagation factor for a standard atmosphere, evaluated at the range, R, which

corresponds to the grazing angle y . F,'[w(R;)] is the propagation factor for the non-
standard atmosphere evaluated at the range, R,, which corresponds to the grazing
angle \y . The propagation factors are to be calculated using a high fidelity propagation

code (see Section C.7.0). Both F'[y(R)] and F'[w(R;)] are evaluated at the effective
scattering height of the sea, which is given by h, = 1.5, , where o, is the rms wave

height defined in Section A.4.3.4. F'[w(R)] is calculated assuming an omni-directional
antenna pattern, while Fy' [w(R;)] must generally include actual antenna pattern effects.

The grazing angle, y(R, ), for non-standard conditions may be determined
using an optical ray-trace computation method. When applying ray-trace methods to a
marine boundary layer (MBL) evaporation duct, the slope of the MBL refractivity profile
is typically ill-conditioned for ray-trace computations at the surface. Consequently, it is
necessary to substitute an adjusted refractivity profile that extrapolates the MBL
refractivity determined at h = 0.25 m to the surface along a slope that exists at h=0.25 m.
The ray-trace method will not provide a meaningful solution in skip zones, or in
evaporation ducts beyond a critical range, even though a propagation factor may be
calculated in those regions. Under some circumstances with strong surface-based ducts,
it is possible that a ray-trace solution may return more than one grazing angle at a
particular range. This condition can arise when multiple propagation modes create a
multi-valued solution at a given range. In such cases, the greatest calculated grazing
angle is to be used in the computation model.

A.4.5 Statistical Distribution of Radar Cross Section

The statistical variation of the normalized radar cross section is described here
as a compound distribution, in which the value for a fixed radar resolution cell varies in
accordance with an exponential distribution whose mean varies from cell to cell
according to the Weibull distribution.* In cases where temporal correlation is not of
interest, the compound distribution can be approximated as a Weibull distribution with a
constant wide-area mean from cell to cell and a larger slope parameter. Alternatively, the
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radar cross section varies as defined in Section A.4.7. Discrete clutter is treated as an
additional feature. Spatial, temporal, and discrete clutter characteristics are described in
Section A.4.6, A.4.7, and A.4.8.

A.4.6  Spatial Distribution of Radar Cross Section

The mean normalized radar cross section is assumed to vary from one radar
resolution cell to another in accordance with the Weibull density function:*

1/a 1/a
In2( o° c°
)= —(In2
p(c?) aco(cosoj exp[ ( )(6050) }

where a is the slope parameter and ¢°, is the median value of normalized radar cross
section across a large number of spatial resolution cells. The cumulative distribution of
the normalized radar cross section is given by:

° 1/a
P(c%) =1 - exp{—(an)(co ) ]

G 5

The wide-area mean value of the normalized radar cross section, ¢°, defined in Section
A.4.3, is related to the median value, ¢°,, by

c° I(l+a)

% (ln 2)a

where I is the gamma function.

A.4.6.1 Slope Parameter*

The Weibull slope parameter (a) is assumed to related to the resolution cell
surface area and grazing angle by: '

log a=0.86 - 0.33 log (A, v ), (for vertical polarization)
loga=1.16 - 0.33 log (A, v ), (for horizontal polarization)

where A is inm?, and y is in degrees.

A4.6.2 Cumulative Percentile Values

The 90, 99, 99.9, and 99.99 cumulative percentile values of the Weibull variant
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are given by:
6% =3.32° 0%,
6% =6.64" 6%,
6% =9.97% 6%,

6099 = 13.29% 6°%,

A.4.6.3 Random Number Generation

Random numbers of the Weibull variate W (5°, ,a) can be computed from
random numbers of the unit rectangular variate R using the relationship:

. 6% (-=InR)*
o - S

A.4.6.4 Slope Parameter of Compound Distribution
The compound distribution referred to here consists of an exponential

distribution with a Weibull-distributed mean.* The compound distribution itself is
approximately Weibull with a slope parameter as indicated in Table A.4.2.

Table A.4.2 Slope Parameter of Compound Distribution

Spatial Distribution | Compound Distribution

0.125 1.03

0.25 1.09

0.5 1.25

1.0 1.64

2.0 2.51

4.0 4.37

8.0 8.19
16.0 16.08
32.0 32.00

Tabulated values indicate the a-parameter of the
spatial Weibull distribution, and the a-parameter
of the Weibull fit to the compound distribution.
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A.4.7 Temporal Distribution of Radar Cross Section*

For a fixed radar resolution cell, the radar cross section is assumed to fluctuate
over short time intervals (t << Is) with a distribution following the exponential density
function as specified in Section A.2.5, and with a fluctuation spectrum derived from the
velocity distribution specified in Section A.4.9. For long-term observations (t ~ 1 s), the
mean power in a fixed resolution cell is assumed to slowly vary, and will exhibit a long-
term statistical distribution in accordance with the Weibull distribution defined in Section
A.4.6. The temporal scale of this slow fluctuation will be roughly periodic on a time
scale consistent with the period of the significant sea waves (about 1 to 10 s over the
range of sea states from 1 to 6).

A.4.8 Discrete Sea Clutter*

In addition to distributed clutter from the surface, the radar return from the sea
may contain echoes from large man-made objects including oil drilling platforms, ships,
and buoys, as well as naturally occurring discrete returns known as sea spikes. The radar
cross section of these discrete clutter sources may range in size from 0 to more than 60
dBm’. Man-made objects will be modeled as point reflectors of constant radar cross
section. The average density of these reflectors in a littoral environment is assumed to be
inversely proportional to the radar cross sectioni as follows; one 40 dBm? reflector per 2.6
km? (1.0 mi?), one 50 dBm? reflector per 26 km* (10 mi®), and one 60 dBm?® reflector per

260 km? (100 mi?).

Sea spikes are considered to arise from physical processes having dimensions
that are smaller than the smallest practical radar resolution cell. At Sea State 5, for
example, type A sea spikes are assumed to be present with an average density of one
reflector per 2 km? (0.58 nmi®); type B sea spikes are present with an average density of
one per 60 km? (17.5 nm?). At X-band (9.3 GHz) and Sea State 5, the radar cross section
of each spike is assumed to be 10 dBm? for type A, and 20 dBm’ for type B. At other
radar frequencies, the sea spike radar cross section is to be scaled relative to the X-band

value, 6, ; gy, » as follows,

O; = Gy, +24410g(f)-236 dBm?, f<125GHz
=Gy +325l0g(f)- 040 dBm?, £>125GHz

For example, at 5.6 GHz, the type A sea spike radar cross section is 4.7 dBm”. The radar
cross section is assumed vary in direct proportion to sea state with an incremental change
of 5 dB per sea state.

Sea spikes are assumed to exist with a lifetime of 4 s with vertical polarization,
and 2 s with horizontal polarization. During their lifetime, sea spikes fluctuate in power
in accordance with the exponential density function defined in Section A.2.5, and with
spectral characteristics consistent with the velocity distribution defined in Section A.4.9.
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A.4.9 Velocity Distribution

Each resolution cell may be modeled as a many-scatterer process, with a
Gaussian distribution of particle velocities as specified in Section A.2.6.*

A.4.9.1 Standard Deviation of Velocity Spectrum

The standard deviation of the velocity spectrum (o) is related to wind velocity
in accordance with:

o, =023V, (m/s)

where V,, is the wind velocity in m/s. The relationship between sea state and wind
velocity is expressed in Section A.4.3.3.

A.4.9.2 Mean Velocity

The mean velocity of the clutter attains a maximum value when the radar
azimuth is aligned with the wind direction in accordance with

_]0.85 V, >’ Cos ¢ (horizontal polarization)
70015 V,, Cos ¢ (vertical polarization)

where V, is the mean Doppler velocity (m/s), V., is the wind velocity (m/s), and ¢ is the
radar azimuth with respect to the wind direction. The relationship between wind velocity
and sea state is given in Section A.4.3.3.

A.4.10 Frequency Correlation

In a fixed-resolution cell, the back-scattered power is assumed to decorrelate
with frequency agility in accordance with a many-scatterer model, as described in Section
A.2.7. The mean power in a cell and its statistical distribution remains unaffected by
frequency agility. The back-scattered power from discrete returns, including sea spikes,
is also assumed to remain unaffected by frequency agility.

A.4.11 Commentary and Cautionary Notes

A.4.11.1 Grazing Angle

The grazing angle adjustment has been frozen to a minimum angle at a point
approximately consistent with the interference region range limit. Experimental
verification of a grazing angle adjustment is complicated by the lack of reliable data at
shallow grazing angles.
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A.4.11.2 Statistical Distribution of Radar Cross Section

The statistical models (Sections A.4.5 to A.4.7) may be interpreted as a
"compound distribution," i.e., Rayleigh in a fixed-resolution cell for short-time periods,
and having a mean that varies on a longer term basis according to a Weibull distribution.
Other studies have postulated a compound distribution in which the mean power varies
according to a chi-square distribution. The Weibull distribution has been used in this
document because it is relatively simple to use for analysis or simulations.

The specified compound distribution will converge to the Rayleigh-Power
(exponential) function as the illuminated area and grazing angle are increased, and will
become more skewed (spiky) as the illuminated area and grazing angle are decreased.
While this trend conforms to experimental observations, a precise functional relationship
is speculative at this time. Relevant parameters will include the illuminated area grazing
angle, wavelength, sea conditions, wind direction, and polarization.

The specified Weibull slope parameter relationship (Section A.4.6.1) has been
adapted from X-band data that were originally analyzed for vertical polarization in terms
of the chi-square distribution. The specified slope parameter for horizontal polarization
represents a rough attempt to account for the more spiky distribution reported for
horizontal polarization as compared with vertical polarization.

A.4.11.3 Discrete Sea Clutter

Data published by Lin (1996) characterizing radar experience in the Persian
Gulf and Red Sea indicates that off-shore oil fields and other man-made objects can cause
significant radar returns. Little data exists on the density and size of man-made seaborne
discrete clutter sources. The discrete clutter model included in Section A.4.8 was
suggested in Skolnik (1990). It is probably more representative of land-based discrete
reflectors, and is considered a conservative sea-based model for littoral environments. Of
course, man-made discrete returns would be far fewer under open-ocean conditions.

High-resolution radar sea clutter will exhibit resolution cells that have radar
cross section levels well above the mean, and that maintain the appearance of a physical
entity for long periods (1-5 sec.). Relevant variables affecting the characteristics of these
"sea spikes" will include the size of the illuminated area, sea conditions, look direction,
wavelength, grazing angle, and polarization. At the present time, we lack a consistent
model for sea spikes that takes into account relevant radar and sea variables. The sea
spike density and magnitude specified in Section A.4.8 are roughly based on limited data
at X-band. The cited X-band values, and the methods for extrapolation to other radar
frequencies are speculative due to the lack of appropriate measurements. Available data
are inadequate to provide guidance on the sea state dependence of sea spikes.

The specified sea spike amplitude and density are not necessarily consistent

with the statistical distribution specified in Section A.4.5. At the present time, we lack a
model for sea clutter that describes the pertinent radar observables in a consistent manner.
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A.4.11.4 Temporal and Spatial Correlation

In order to keep the clutter description tractable, the specified sea clutter model
invokes very simple spatial and temporal correlation statements. Sea clutter spatial
correlation patterns will be evinced as much more complex range and azimuth patterns of
radar cross section that correlate with sea features, including wave and swell patterns,
breaking waves, and wind-blown spray. Temporal patterns of radar cross section in a
fixed resolution cell will follow from the spatial patterns and wave velocity. It is likely
that sea spikes also correlate with sea features, and exhibit some degree of spatial
regularity, although available data are insufficient for a quantitative model.

A.4.11.5 Spectrum

The spectrum standard deviation may be determined from the velocity
distribution (Section A.4.9.1) which is based on an overall trend of data collected under a
variety of radar and sea conditions. More complex relationships have been studied in
terms of grazing angle, wind and wave conditions, and polarization. We presently lack a
spectrum model that is valid for all relevant radar and sea conditions.

In accordance with generally accepted practices, the spectrum shape has been
specified in terms of the Gaussian function (Section A.4.9). There is some evidence for
sea clutter spectral distributions having tails that fall off more slowly than the Gaussian

model.

It is generally accepted that sea spikes scintillate in amplitude, despite their
temporal persistence as a physical entity. The specification model states that the spike
scintillation spectrum and mean velocity correspond to the general background clutter.
There are suggestions that the scintillation spectrum of sea spikes may actually be
broader, and the mean Doppler offset lower than the general background, but these
indications are not presently well established.

Data relating to the mean velocity are not well documented. The description in
Section A.4.9.2 is based on relatively little data published in Nathanson et al. (1991).

A.4.11.6 Sea State

The sea clutter model described here uses “sea state” as a convenient and
familiar index of sea conditions. The sea parameter relationships are approximations that
apply to the open ocean in which the wind has been blowing at a constant velocity for an
unlimited time and over an unlimited fetch. In any practical situation, both duration and
fetch will be limited, the wind will not have a constant velocity, and shoreline wave
interactions may be present.
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A5.0 LAND CLUTTER

An adequate model of land clutter effects for radar performance analysis
requires a site-specific model, such as the RADSCAT model described by Reilly and Lin
(1995). That model provides the magnitude and spatial distribution of land clutter under
specific conditions of meteorology. Generic analytic models do not adequately address
the characteristics of land clutter needed for an accurate assessment of radar performance
in most instances. However, a generic model can be useful in satisfying limited
objectives.

This section provides a simple generic land clutter model which is intended for
limited purposes. One can use the generic model to determine the expected dynamic
range of clutter, and the maximum spatial extent of the clutter. In addition, a number of
characteristics defined in the generic model are needed to augment the site specific model
as cited above. These include the statistical treatment of mean clutter values (Section
A.5.4 and A.5.5) temporal aspects (Section A.5.6), and the frequency agility response
(Section A.5.9). It is not recommended that the clutter model described here be used as
the sole descriptor of land clutter when accurate modeling of radar performance is
required.

A.S5.1  Spatial Extent

Maximum terrain altitude is assumed to be 2 km (6560 ft) in high relief and 0.2
km (656 ft) in low relief environments. The average terrain slope from shore to peak is
assumed to be 7° in high relief and 2° in low relief areas.

Land clutter is assumed to be visible within a band that depends on terrain
relief, radar distance to shore, and propagation condition in accordance with Section
A.5.3.3. Within the region of visibility, land clutter will have a patchy appearance, with
shadowed regions interspersed with illuminated regions. The elevation angle needed to
illuminate radar-visible terrain will also vary with terrain relief, radar distance to shore,
and propagation condition in accordance with Section A.5.3.4.

AS5.2 Clutter Return Power

The clutter return power from a single radar resolution cell is directly
proportional to the radar cross section of the terrain surface contained within the cell.
The radar cross section is taken to be the product of the surface area (A,) corresponding to

the resolution cell and the normalized radar cross section (¢ °) of the surface, i.e., the
radar cross section per unit of surface area (m%m?). The surface area of the resolution
cell is determined by the beamwidth and the range/Doppler resolution capability of the
radar.
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A.5.3 Normalizéd Radar Cross Section

A.5.3.1 Low-Medium Grazing Angle Region

The wide-area mean value of the normalized radar cross section at X-Band (9.3
GHz) for various terrain types is defined below for grazing angles from 0° to 10° where
the grazing angle is taken with respect to a smooth earth. For grazing angles above 10°,

increase G°3cu, by the factor 10 log 0.1y, where \p is the smooth earth grazing angle
(degrees).

6% 161, = -10 dB for urban areas and other precipitous terrain types
6% =-20 dB for high relief terrain

6%36i = -30 dB for low relief terrain

The mean value is the average taken over illuminated cells. At other radar frequencies
the mean normalized radar cross section is given by

6°(dB) = 6361z » f <93 GHz
6°(dB) = 6°3am: + 5 log (f/fy), £>93GHz

where 6°%3cu, is the mean value at X-band, f is the radar frequency in GHz, and f, = 9.3

GHz. Table A.5.1 summarizes the wide-area mean values for the three terrain types at
various frequencies at X-band and above. These values are conditioned on having
illuminated terrain within the radar resolution cell.

Table A.5.1 Mean Normalized Radar Cross Section of Terrain

Frequency Mean Normalized Radar Cross Section (dBm*“/m®)
(GHz) Urban High Relief Low Relief
9.3 -10.0 -20.0 -30.0
17.0 -8.7 - =187 -28.7
35.0 -7.1 -17.1 -27.1
70.0 -5.6 -15.6 -25.6

Values indicate mean normalized radar cross section taken over a large area of
illuminated terrain. Values apply to grazing angles in the range 0° to 10° with
respect to a smooth earth.
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A.5.3.2 Nadir Region

In the nadir region (y > 40°) the mean normalized radar cross section is
augmented by specular scattering in accordance with the rms surface slope, tan(g,),

6°(dB)=10 Iog{0.65 expl[- tan” (90° - y)/tan’(B,)]/ tan® (Bo)} +5log(f/ £f,)
where

tan(B,) = 0.2 for urban areas
=(0.55 for high-relief terrain
=0.14 for low-relief terrain.

In this region the mean value of the normalized radar cross section is taken to be the sum
of the low grazing-angle regime contribution, as defined above, and the contribution due
to specular scattering.

A.5.3.3 Inclusion of Propagation Factor

Calculations of returned radar power include the two-way propagation factor F*,
for which simplified approximations are listed below.

A.5.3.3.1 For Standard Atmosphere Propagation

Assume F* =1 at all distances and altitudes for radar cells containing
illuminated terrain. Terrain is considered illuminated to a maximum range given by the
following equation:

R, =4.12 (b, + 1 '?)

where R, is the maximum horizon range (km) in a standard atmosphere, h, is the antenna
height (m), and h, is the peak altitude (m) of the terrain. Assume F* = 0 for all ranges
beyond R,. The minimum illuminated terrain range R, can be determined using the
terrain slope and peak given in Section A.5.1, along with a horizon range calculation. For
purposes of determining terrain visibility, assume a low relief environment for urban
areas and a high relief environment for other precipitous terrain types.

A.5.3.3.2 For an Atmosphere Having a Duct

Define F' as the two-way propagation factor for a smooth earth at an altitude
that is 1/2 the duct height. Determine F,* to a maximum range from the radar given by:

R,=R,+0.55h,
where R, is the maximum ducted visibility range (km), R, is range from radar to shore

(km), and h, is the duct height (m). Calculate F,' using a high fidelity propagation model
(see Section C.7.0) which includes the refractive effects of the duct. Assume that
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evaporation ducts terminate at 2 km (1 nmi) inland from the coast and a standard
atmosphere condition prevails thereafter.

R, and R, (Section A.5.3.3.1) indicate the band of land that would be visible
without ducting. When ducting is present, contributions from the illuminated band (R, to
R,) are considered in addition to those visible without ducting. Between Ry and R,
assume F,'=1. Between R, and R, , assume the calculated value of F,* discussed above. In
the region where these two bands overlap, use the greater of the two values. Outside the
visible regions, assume that F'=0.

A.5.3.4 Elevation Coverage

Under standard atmosphere conditions, the maximum elevation angle needed to
illuminate terrain may be calculated using the peak terrain height specified in Section
A.5.1 along with a standard atmosphere assumption. Under ducting conditions, the
maximum elevation angle supporting propagation within the duct may be assumed to be

less than 1°. For propagation outside the duct, a standard atmosphere calculation may be -

used to determine elevation.

A.5.4 Statistical Distribution of Radar Cross Section

The statistical variation of the normalized radar cross section among illuminated
cells is described here as a compound distribution, in which the value for a fixed radar
resolution cell varies in accordance with an exponential distribution whose mean varies
from cell to cell according to the Weibull distribution.* In cases where temporal
correlation is not of interest, the compound distribution can be approximated as a Weibull
distribution with a constant wide-area mean from cell to cell and a larger slope parameter.
Alternatively, the radar cross section varies as defined in Section A.5.6. Discrete clutter
is treated as an additional feature. Spatial, temporal, and discrete clutter characteristics
are described in Section A.5.5, A.5.6, and A.5.7.

A.5.5  Spatial Distribution of Radar Cross Section

For grazing angles less than 10° the mean normalized radar cross section is
assumed to vary from one radar resolution cell to another in accordance with the Weibull
density function defined in Section A.4.6. The Weibull slope parameter, a, is given by

a=6.74-0.8log A, for low relief terrain and urban areas,
=3.05-0.28log A,  for high relief and precipitous terrain,

where A, is the area of the resolution cell (in units of m?). The mean value of the Weibull

distribution is defined in Section A.5.3. For grazing angles greater than 10° the mean
normalized radar cross section remains constant from cell to cell as defined in Section

AS53.

In cases where temporal correlation is not of interest, the wide-area distribution
of instantaneous normalized radar cross section can be modeled as a Weibull distribution
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with compound a-parameter specified in Table A.4.2, and mean value specified in
Section A.5.3.

A.5.6 Temporal Distribution of Radar Cross Section

For a fixed resolution cell, the back-scattered power is assumed to fluctuate over
time with a statistical distribution following the exponential density function as specified
in Section A.2.5 and with a fluctuation spectrum derived from the velocity distribution
specified in Section A.5.8. The mean value for a fixed resolution cell is determined by the
spatial distribution specified in Section A.5.3.

A.5.7 Discrete Clutter*

In addition to distributed clutter from terrain surfaces, the radar return from land
may contain echoes from large man-made objects including buildings, towers, and
bridges. The radar cross section of these discrete clutter sources may range in size from
30 to more than 60 dBm?. These large, rigid structures can be modeled as point reflectors
with constant radar cross section. The average density of these reflectors is assumed to
be inversely prozportional to the radar cross section, as follows; one 40 dBm” reflector per
2.6 km? (1.0 mi?), one 50 dBm? reflector per 26 km? (10 mi®), and one 60 dBm? reflector
per 260 km? (100 mi®). The return may also include echoes from moving vehicles with
Doppler velocities corresponding to vehicular speeds. These range in size from 2 to 200
m?. The occurrence of vehicle reflections will be highly variable, depending on local
terrain and cultural features.

A.5.8 Velocity Distribution

The return for each resolution cell can be modeled as a many-scatterer process,
with a Gaussian distribution of particle velocities as specified in Section A.2.6, and with
zero mean. The standard deviation of velocity spectrum is assumed to be 0.6 m/s (2.0 ft/s)
for low relief environments, 0.3 m/s (1.0 ft/s) for high-relief environments, and 0 for
urban environments.

A.5.9 Frequency Correlation

In a fixed-resolution cell, the back-scattered power is assumed to decorrelate
with frequency agility in accordance with a many-scatterer model, as described in Section
A.2.7, except for the 0.1 percentile strongest reflecting cells, which do not decorrelate
with frequency agility. The mean power in a cell and its statistical distribution remain
unaffected by frequency agility. The back-scattered power from discrete clutter sources
is also assumed to remain unaffected by frequency agility.
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A.5.10 Commentary and Cautionary Notes

A.5.10.1 Land Clutter Types

The great diversity of land types and man-made development makes it
extremely difficult to characterize land clutter on a simple, meaningful scale. Important
variables will include terrain contours, vegetation, moisture content, and the presence of
man-made objects. The specifications listed in Section A.5.0 present gross
characterizations of land.

A.5.10.2 Shadowing

Terrain shadowing at low grazing angles can be significant. As the radar
resolution cell is made smaller, the fraction of shadowed land clutter cells will increase,
especially in irregular terrain. The resulting “holes” in the land return can present the
opportunity for detection and tracking of airborne targets. For simplicity, the models
defined in Sections A.5.1 and A.5.3.3 give land visibility within a band, without
specifying shadowing structure. When analyzing a signal processing scheme that
depends on spatial visibility structure, it is advisable to use more detailed models that
provide such structure, such as (Reilly and Lin, 1995). '

A.5.10.3 Grazing Angle Dependence

The model defined in Section A.5.3.1 for normalized radar cross section is

independent of grazing angle for grazing angles less than 10°. Grazing angle, v, is
defined here as the angle between a propagating ray and the local terrain slope. Except
for very low relief terrain, grazing angles will be dominated by terrain slopes, and will be
relatively little affected by the incident angle of propagating energy. Average terrain
slopes will depend primarily on the classification of terrain relief, the effects of which are
incorporated in Section A.5.3.1. Experimental data is sometimes reported as being

dependent on y" , with n ranging from 0 to 1. Some investigators have reported
normalized radar cross section as dependent on the depression angle of the radar, rather
than grazing angle (Billingsley, 1993).

A.5.10.4 Frequency Dependence

Interpretations of experimental data may be found suggesting that the

normalized radar cross section varies with frequency as f* with values of n ranging from
0 to 1. One investigator (Billingsly, 1993) indicates that the normalized radar cross
section for some terrain classifications decreases with increasing frequency below X-
band. A popular reference (Nathanson et al., 1991) suggests using the value n = % for all
frequencies from UHF through W-band. Section 5.3 specifies a value of n = 1/2 for
frequencies at X-band and above. However, for the sake of conservatism, the normalized
radar cross section is assumed to remain constant at the X-band value for frequencies
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below X-band. This assumption is consistent with measurements made by Billingsly
(1993) for most terrain classifications at grazing angles exceeding one degree.

A.5.10.5 Propagation Factor

There are many uncertainties concerning the modeling of coastal propagation,
including the land/sea interface and the interaction of terrain with meteorology
characteristics. The models provided in Section A.5.3.3 are thought to provide simple
representations of coastal propagation that adequately capture conditions that are stressful
to radar performance, and can be physically justified under some conditions.

Calculations of returned power include the two-way propagation factor F*.

Recent high-fidelity models calculate F* as a function of range and altitude at each

azimuth from the radar, using the terrain height contour (determined from the Defense
Mapping Agency “DTED” data base) as an absorbing boundary condition (Reilly and
Lin, 1995). As an alternative, Section A.5.3.3.2 provides a simplified procedure for the
analyst who lacks the appropriate facilities for such high fidelity calculations. The
assumption here is that F = 1 for non-ducted illumination of terrain.

Propagation within a surface-based duct can occur over long distances through
downward refraction at the upper limit of the duct, and upward reflection from the sea.
Repeated application of this mechanism can propagate energy for long distances over the
sea. Propagation inland via this mechanism will be limited, however, because of
absorption and diffuse scattering at the terrain surface. Section A.5.3.3.2 assumes
propagation to an inland distance roughly equal to one surface convergence distance (R,)
for a surface-based duct. It is assumed that a surface-based duct over the sea can follow
the land contour under a sea breeze. '

~ Propagation within an evaporation duct can enhance the propagation of energy
at low altitudes. Once inland, the humidity gradient responsible for an evaporation duct
will dissipate. Specification 5.3.3.2 provides a rough estimate of the limits of inland
propagation under evaporation ducts with a sea breeze.

A.5.10.6 Statistical Distribution of Radar Cross Section

The spatial statistics have been defined in terms of the Weibull distribution. It
is anticipated that the slope parameter will depend on a variety of variables related to the
radar and the terrain. The relationship listed in Section A.5.5 represents an attempt to
include the effects of illuminated area; in addition, other parametric dependencies may
also be important, including grazing angle, frequency, and terrain characteristics. We
presently lack a model that accounts for all relevant parameters.

A.5.10.7 Temporal Distribution of Radar Cross Section
Reflections from wind-blown vegetation will produce a time-varying echo from

a fixed land clutter cell. The land echo amplitude is frequently represented as a Rice
distribution (single steady reflector plus a random array). For simplicity, the model cited
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in Section A.5.6 is based on the assumption that the steady component is not present.
This represents a somewhat conservative assumption for radar performance calculations.

A.5.10.8 Discrete Clutter

Little data exists on the density and size of man-made discrete clutter sources.
Significant variations may be anticipated depending on the scale of cultural development.
The discrete clutter model included in Section A.5.7 was suggested in Skolnik (1990). It
is considered to be more representative of metropolitan areas and is, therefore, a
conservative model for rural environments.
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A.6.0 BIRD CLUTTER

A.6.1 Spatial Extent

Birds are assumed to be distributed from the minimum to the maximum
instrumented range, over 360° Azimuth, and within a layer having a vertical extent of 300
m (984 ft). The altitude of this layer is assumed to be anywhere between a minimum and
a maximum value that depends on the migration type as follows:

A. Heavy migration: 0.3 - 6.0 km (1 - 19.7 kft)
B. Lightmigration: 0.3 - 6.0 km (1 - 19.7 kft)
C. Non-migratory: 0-3.0km (0 - 9.8 kft)

(The terms “heavy” and “light” apply to population density, rather than bird size.) The
maximum visible range extent may be determined by the maximum bird altitude, and a
4/3 earth calculation during “standard atmosphere” conditions. During ducting
conditions, low flying birds within the duct may be seen beyond the optical horizon. The
propagation loss for low flying birds may be calculated in the same manner as used for
radar targets.

A.6.2 Clutter Return Power

The clutter return power from a single radar resolution cell is directly
proportional to the total radar cross section of the birds contained within the cell. The
number of birds within a cell is statistically derived based on the average spatial
distribution (number per unit area) of the bird population and the surface area (A,)
corresponding to the resolution cell. The surface area of the resolution cell is determined
by the beamwidth and the range/Doppler resolution capability of the radar.

A.6.3 Radar Cross Section

When more than one bird is in a resolution cell, the average radar cross section
is defined by

“ o _ o
c°=noc%

where n is the number of individual birds, and ¢°; is the average radar cross section (in
m?) of an individual bird.
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The average radar cross section of an individual bird is summarized in Table
A.6.1.* Radar cross section at intermediate frequencies is to be determined by linear
interpolation of radar cross section (dB) against log f. It is assumed that light migratory
and non-migratory birds have equivalent radar cross section.

‘Table A.6.1 Average Radar Cross Section of Individual Birds

Bird Radar Cross dection (dBm‘)

Frequency Heavy Migratory Light, Non-Migratory
(GHz) (25 gm) | (120 gm) (1,000 gm)
0.5 -46 -33 -15
1.2 -34 23 -22
3.0 -29 -26 -23
5.0 -31 -28 -25
10.0 -33 -31 -27
15.0 -36 -33 -30
30.0 -39 -36 -33
60.0 -42 -38 ' -36

Assumed bird size for heavy migratory types is between 25 and 120 gm,
depending on species. Light migratory types are assumed to weigh 1,000 gm.

A64 Spatial Distribution of Radar Cross Section*

The spatial distribution of radar cross section from cell to cell varies in
proportion to the number (n) of individual birds within the cell, which is assumed to

follow a Poisson process:
ple™
n!

p(n) =
where p is the mean value of n over a widespread area; it is calculated by:
p= di Ac

where A, is the clutter cell area (m?), and d; is the average density of birds (m?), defined
below. For p > 9, the Poisson variate may be approximated by the normal variate with

mean L, and standard deviation \/E .
The average density of birds is assumed to be 1,000 per km? (3437 per nmi’) for

heavy migration, 1 per km? (3.4 per nmi’) for light migration, 0.1 per km? (0.34 per nm®)
for non-migratory types.
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A.65 Temporal Distribution of Radar Cross Section

The radar cross section may be assumed to vary with time as given by the
exponential density function defined in Section A.2.5.*

A.6.6 Velocity Distribution*

The distribution of migrating bird velocities is assumed to follow the Gaussian
distribution specified in Section A.2.6 with 6,= 2.5 m/s (4.9 knots). For migrating birds,
the mean velocity is assumed to be a function of Azimuth: V =V, cosf, where 0 is the
angle between the radar-look azimuth and the mean migration direction. V,,, may be 15
m/s (29.1 knots) greater than the mean wind speed, which is as specified in Section
A2.6.2. For non-migratory birds, the flight velocity is assumed to be 10 m/s (19.4 knots)
with respect to the mean wind velocity, and having a uniformly random distribution of

directions with respect to the mean wind vector.

A.6.7 Frequency Correlation

When a single bird is in the resolution cell, the back-scattered power is
independent of frequency shift. When two or more birds are within a single resolution
cell, back-scattered power is assumed to change with frequency agility in accordance with
a many-scatterer model as described in Section A.2.7. The mean power in a cell and its
statistical distribution remains unaffected by frequency agility.

A.6.8 Commentary and Cautionary Notes

A.6.8.1 Bird Type

Radar cross section values listed in Table A.6.1 approximately correspond to the
data of Pollon (1971), in which the heavy migration type corresponds to a bird weighing
25 gm (e.g., sparrow) to 120 gm (e.g., grackle). Larger individual birds (e.g., geese), will
have a larger radar cross section, especially at the low radar frequencies.

A.6.8.2 Bird Density

Densities of birds in flight can vary greatly with respect to the time of day, the
season, and the geographic location. Bird densities under specific conditions can exceed
the values listed in Section A.6.4. At low altitudes (<200 m), densities of non-migrating
birds can increase significantly above the cited values. Bird densities are cited as an area
proportional metric, which is applicable if the altitude extent of the bird layer is within
the illuminated height of the radar cell.
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A.6.8.3 Spatial Distribution

The Poisson distribution cited in Section A.6.4 is based on the assumption that
birds are located in space with uniform probability. Spatial distribution in fact may be
highly non-uniform.

A.6.8.4 Temporal Distribution of Radar Cross Section

Radar cross section values listed in Table A.6.1 approximately correspond to the
data of Pollon (1971), in which the heavy migration type corresponds to a bird weighing
25 gm (e.g., sparrow) to 120 gm (e.g., grackle), and the light migration type corresponds
to a bird weighing 1,000 gm (e.g., duck). The radar cross section of a single bird will
vary with its aspect, and will also vary temporally in synchrony with its wing beat. The
exponential distribution cited in Section A.6.5 is a simplification of the radar cross
section distribution of a single bird, but converges to theoretical expectations when
several birds are in a resolution cell.

A.6.8.5 Velocity Distribution

The cited velocity data are taken as example values. Absolute velocity and its
distribution may be greater under specific conditions. '
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A.7.0 INSECTS

A7.1  Spatial Extent*

Insects are assumed to be present over land to a maximum range limited only by
propagation visibility. Insects may be present over the sea to a range of 20 km (10.8 nmi)
from the coast. Altitude distribution may be of two types: surface layer and elevated
layer. The surface layer can exist over land; the elevated layer can exist over land or sea.
The altitude extent of the surface layer is assumed to be 1 km (3280 ft); the thickness of
the elevated layer is 100 m (328 ft). The elevated layer may be centered at any altitude,
from the surface to 3 km (9.8 kft).

A.7.2  Clutter Return Power

The clutter return power from a single radar resolution cell is directly
proportional to the radar cross section of the insects contained within the cell. The radar
cross section is taken to be the product of the volume of the resolution cell (V) and the

normalized radar cross section (o°) of the insect swarm, i.e., the radar cross section area
per unit volume (m¥m?®). The volume of the resolution cell is determined by the beam
width and the range/Doppler resolution capability of the radar. In addition, it may be
limited by the vertical extent of the insect layer.

A.7.3 Normalized Radar Cross Section*

The median value of the normalized radar cross section (o °,) may be related to
radar frequency (f) by:

K(£/£,)", f <3.3 GHz
K(f/f,)°, f 233 GHz

[

C 5~

where f,= 3.3 Ghz. When c°, is expressed in m*/m’, the constant K equals 10" fora
surface layer, and equals 107 for an elevated layer. Table A.7.1 summarizes the median
normalized radar cross section of insect swarms at several radar frequencies.
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Table A.7.1 Normalized Radar Cross Section of Insect Swarms

Frequency Normalized Radar Cross Section (dBm“/m”)
(Ghz) Surface Layer | Elevated Layer
0.5 -142.8 -122.8
1.25 -126.9 -106.9
3.3 -110.0 -90.0
5.6 -103.1 -83.1
9.3 -96.5 -76.5
17.0 ‘ -88.6 -68.6
35.0 -79.2 -59.2
70.0 -70.2 - -50.2

A.7.4  Spatial Distribution of Radar Cross Section*
The normalized radar cross section of an insect swarm is assumed to remain ,
constant over an area having length and breadth equal to 500 m (0.27 nmi). The variation

from one resolution cell to another may be expressed by a log-normal distribution with a
median value as expressed in Section A.7.3, and a standard deviation of 5 dB with respect

to the median.

Example: Assume surface layer insects and f= 3.3 Ghz,
¢°, =-110 dBm*/m’

6%, =-105 dBm’/m’

A.7.5 Temporal Distribution of Radar Cross Section
In a fixed resolution cell, the radar cross section is assumed to vary with time as

described in Section A.2.5, but where the variation period of the median value of the
normalized radar cross sectionis 15s.

A.7.6  Velocity Distribution

Insect velocity will correspond to that of the local winds. Accordingly, the
mean and standard deviation of the velocity spectrum may be determined as stated in
Section A.2.6,* except that the term o should be ignored.
A.7.7 Frequency Correlation

Frequency correlation is defined in Section A.2.7.
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A.7.8 Commentfary and Cautionary Notes

A.7.8.1 Episodic Nature of Insect Clutter

: Episodes of insect clutter can vary greatly with respect to the time of day, the
season, and the geographic location. The specification in Section A.7.0 applies to a
relatively heavy concentration, but not the most severe condition that may be
encountered. Available information is not adequate to assign probabilities of occurrence

to the stated conditions.

A.7.8.2 Spatial Extent

The area distribution of insects is difficult to specify. Local wind patterns can
concentrate insects, and carry them dozens of miles out to sea under some conditions.
The altitude distribution cited in Section A.7.1 has been adapted from a few published

examples.

A.7.8.3 Median Normalized Radar Cross Section

The median normalized radar cross section corresponding to K = 10" (Section
A.7.3) is thought to represent a relatively heavy concentration of insects. The specified

spatial variation (Section A.7.4) will result in specific areas having both greater and lesser

radar cross section values. Values have been reported for relatively extreme insect
concentrations that exceed the cited values by orders of magnitude. The specification of
K = 10? for layered insects has been selected to account for the increased density of

insects when they are concentrated in layers.

The frequency power laws, f° and f*, have been indicated by Hardy and Katz
(1969) to apply to the range 0.4 to 10 Ghz. This document extends that range to 70 Ghz.
The frequency dependence above 10 Ghz is uncertain because insect-size objects begin to
enter the radar cross section resonance region, and the frequency dependence will be
highly dependent on the size, shape, and orientation of the scatterers. The extension to
mm wave-lengths is especially uncertain.

A.7.9.4 Spatial Distribution

It is reasonable to expect a lumpy distribution of biological objects such as
insects. However, it is difficult to determine a spatial model from available information.
Lacking specific information, a spatial distribution has been assumed.

A.7.9.5 Mean Velocity

The surface wind velocity referenced in Section A.7.6 is a relatively large value.
Over the ocean it corresponds to Sea State 5. Surface winds corresponding to other sea
states may be approximately determined as described in Section A.4.3.3.
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B.1.0 PURPOSE

The purpose of this section is to define bistatic scattering models for distributed
surfaces. Section B.2.0 addresses bistatic backscatter from sea and land, while Section
B.3.0 pertains to forward scatter. These models are based on the best information
available, but in many cases information is incomplete. Engineering judgment has been
used in the interest of completeness with anticipation that models will be refined as new
information becomes available. Each section is accompanied by a subsection entitled
“Commentary and Cautionary Notes” intended to emphasize major areas of uncertainty,

qualification, and simplification.
B.2.0 BACKSCATTER

Bistatic backscatter is applicable to interceptors which employ semiactive

| guidance based on target illumination from a remote platform. The platform may be

airborne or surface-based.

B.2.1 Sea Return

This section presents a method for calculating the bistatic sea return. It is closely
derived from Section A.4.0 which addresses monostatic sea clutter.

B.2.1.1 Spatial Extent

The bistatic sea return is assumed to exist at all azimuths up to the nearer of the
4/3 earth radar horizons associated with the transmitter and receiver. During ducting
conditions, the sea return is assumed to be visible to ranges strongly dependent on the

. refractive properties of the propagation duct.

B.2.1.2 Clutter Return Power

The clutter return power from a single radar resolution cell is directly proportional
to the bistatic radar cross section of the sea surface contained within the cell. The bistatic
radar cross section is taken to be the product of the surface area (A,) corresponding to the
resolution cell and the normalized bistatic radar cross section (c° ) of the surface, i.e.,
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the bistatic radar cross section per unit of surface area (m”/m’).

The resolution cell area is the surface area contained within iso-range and iso-
Doppler contours associated with the range gate and Doppler resolution bandwidth of the
system. In addition, the one-way antenna pattern weightings of the transmit and receive
beams must be used in place of the two-way beam shape factor used in monostatic
applications. In cases where the area resolution cell is sufficiently large that the average
back-scattered power varies spatially across the cell, the cell must be subdivided and
contributions non-coherently summed to calculate the total average power.

B.2.1.3 Normalized Radar Cross Section : Standard Atmosphere

The equations presented in this section apply to “standard atmosphere”
propagation conditions. Grazing angles are to be calculated assuming a 4/3 round-earth

radius.

The wide-area mean value of the normalized bistatic radar cross section for
X-band, vertically polarized, cross-wind transmissions at large (> 1 degree) grazing

angles is given by

?;= y sin(y;)sin(V,)

where y;, y, are the grazing angles of incidence and reflection, and
y is a sea-state dependent parameter.

For Sea State 3, y is 0.05 (-13 dB). y varies linearly with sea state at 4.5 dB/sea
state. At small transmit grazing angles, the normalized bistatic radar cross section is
independent of the receiver grazing angle and equal to the monostatic value associated
with the incident grazing angle alone. The monostatic value, as well as adjustments to the
bistatic value, above, for frequency, polarization, and wind direction are to be calculated
as defined in Section A.4.3 using the incident grazing angle. The monostatic multipath
interference adjustment factor, G, , should be replaced by

2 2
ai ar

T Utad) (1+ad)

Ga

where a, and a, are to be calculated using the incident and reflected grazing angles
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respectively. The normalized bistatic radar cross section is to be taken as the larger of the
bistatic and monostatic values.

B.2.1.4 Normalized Radar Cross Section : Ducting Conditions

Calculation of sea return levels under surface-based ducting conditions will be
accomplished in a manner similar to that defined for monostatic sea clutter in Section
A.4.4. Refractive effects can be significant when the transmit grazing angle is less than
1.5 degrees. Typically, the receive grazing angle is sufficiently large that propagation
effects do not apply to the receive path.

In calculating the bistatic return, the “standard atmosphere” propagation factor is
to be removed from the monostatic value, the grazing angles are to be calculated using an
optical ray trace method, and the one-way propagation factors associated with the
transmitter and receiver (if necessary) are to be applied. The propagation factors are to be
calculated using a high-fidelity propagation model (see Section C.7.0).

B.2.1.5 Statistical Distribution of Radar Cross Section

The statistical variation of the normalized bistatic radar cross section is
described here as a compound distribution, in which the value for a fixed resolution cell
varies with time in accordance with an exponential distribution whose mean changes
from cell to cell according to the Weibull distribution. In cases where the bistatic
geometry changes or the position of the resolution cell on the surface moves between
looks, such as when tracking a moving target, temporal correlation of the clutter return is
not of interest. In such cases the compound distribution can be approximated as a Weibull
distribution with a constant wide-area mean from cell to cell and a larger slope parameter
(See Section A.4.6.4). Discrete clutter is treated as an additional feature.

B.2.1.6 Spatial Distribution

For high resolution systems at low grazing angles, the mean value of the
normalized bistatic radar cross section is assumed to vary from one resolution cell to
another in accordance with the Weibull density function (Section A.4.6) with a slope
parameter as defined in Section A.4.6.1. For large resolution cells and/or higher grazing
angles, the Weibull slope parameter approaches unity. In these cases the Weibull density
function reduces to the exponential density function,
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1 c°
p(c%) == eXp[- OB]
c c

B B

where 6°5 is the wide-area mean value of the normalized bistatic radar cross section as
defined above. In cases where temporal correlation is not of interest, the Weibull slope
parameter associated with the compound spatial distribution defined in Section A464

can be used instead of the temporal distribution model defined below.

B.2.1.7 Temporal Distribution

For a fixed radar resolution cell, the back-scattered power is assumed to fluctuate
over short time intervals (t<<1s) in accordance with the exponential density function
specified in Section A.2.5 and with a fluctuation spectrum derived from the velocity
distribution specified in Section A.4.9. For long-term observations the mean power in a
fixed resolution cell is assumed to vary slowly in accordance with the spatial distribution
specified above. This slow fluctuation will vary on a time scale consistent with the
period of the significant sea waves (about 1 to 10 s over the range of sea states from 1 to
6). When the transmitter and/or receiver are moving, the fluctuation spectrum due to sea
wave motion will typically be negligible compared with Doppler spreading.

B.2.1.8 Discrete Sea Clutter

Discrete sea clutter sources, including man-made objects and sea spikes, are to
be modeled as point reflectors with the characteristics defined in Section A.4.8.

B.2.1.9 Commentary and Cautionary Notes

The bistatic model defined in B.2.1.3 is based on limited measurements made for
the Navy Mountain Top Program. Measurements made at low transmit grazing angles
(<< 1 deg) appeared to be independent of receive grazing angle, while measurements at
high transmit grazing angles (> 1 deg) showed a first-order dependence on receive
grazing angle (5-45 degrees). Transmit grazing angles were limited during the test
program to 10 degrees, maximum. Since the bistatic model is largely derived from the
monostatic model specified in Section A.4.0, the commentary and cautionary notes
expressed in Section A.4.11 concerning the monostatic model apply to the bistatic case,

as well.



N v W U En Ee -

The Johns Hopkins University

Applied Physics Laboratory
Laurel, Maryland 20723-609%

A1A97U-070

-
-

B.2.2 Land Return

This section presents the method for calculating the bistatic land return. It is
closely derived from Section A.5.0 which addresses monostatic land clutter. Typically,
the receiver views land clutter at larger grazing angles than does the transmitter.- The
characteristics of the bistatic land return are assumed to be independent of the receiver
grazing angle and identical to those of monostatic land clutter at the grazing angle
associated with the transmitter, i.e., land features reflect isotropically.

B.2.2.1 Spatial Extent

The spatial extent of the bistatic land return will be as specified in Section A.5.1
for high-relief and low-relief environments. The land return will be visible within a band
that depends on terrain relief, transmitter location, and propagation conditions.

B.2.2.2 Clutter Return Power

The clutter return power from a single radar resolution cell is directly proportional - -
to the bistatic radar cross section of the sea surface contained within the cell. The bistatic
radar cross section is taken to be the product of the surface area (A, corresponding to the .
resolution cell and the normalized bistatic radar cross section (o ° ) of the surface, i.e.,
the bistatic radar cross section per unit of surface area (m*/m?).

The resolution cell area is the surface area contained within iso-range and iso-
Doppler contours associated with the range gate and Doppler resolution bandwidth of the
system. In addition, the one-way antenna pattern weightings of the transmit and receive
beams must be used in place of the two-way beam shape factor used in monostatic
applications. In cases where the area resolution cell is sufficiently large that the average
back-scattered power varies spatially across the cell, the cell must be subdivided and
contributions non-coherently summed to calculate the total average powér.

B.2.2.3 Normalized Radar Cross Section

The mean value of the normalized bistatic radar cross section is taken to be
independent of the receiver grazing angle and equal to the monostatic value associated
with the incident grazing angle alone. The monostatic value is to be calculated as
specified in Section A.5.3.
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B.2.2.4 Inclusion of Propagation Factor

Calculations of the bistatic land return will include the one-way propagation
factor, F2, associated with the transmit path (See Section A.5.3.3). The propagation factor
associated with the receive path is assumed to be unity.

B.2.2.5 Elevation Coverage

Under standard atmosphere conditions, the maximum elevation angle required to
illuminate the terrain can be calculated based on the peak terrain height specified in
Section A.5.1, assuming a 4/3 earth radius. Under ducting conditions, the maximum
elevation angle supporting propagation within the duct may be assumed to be less than
one degree. For propagation outside the duct, a standard atmosphere calculation may be

used to determine elevation.

B.2.2.6 Temporal Distribution

For a fixed resolution cell, the back-scattered power is assumed to fluctuate in
accordance with the exponential density function specified in Section A.2.5 and with a
fluctuation spectrum derived from the velocity distribution specified in Section A.5.8.
When the transmitter and/or receiver are moving, the fluctuation spectrum due to wind-
blown vegetation will typically be negligible compared with Doppler spreading.

B.2.2.7 Discrete Clutter

Discrete clutter sources are to be modeled as point reflectors with the
characteristics defined in Section A.5.7.

B.2.2.8 Commentary and Cautionary Notes

The assumed independence of normalized bistatic radar cross section on the
receive grazing angle is speculative. For the airborne transmit platform, the bistatic angle
may be small resulting in a near monostatic condition. No bistatic measurement data exist
for land- or sea-based illuminators. Since the bistatic model is largely derived from the
monostatic model specified in Section A.5.0, the commentary and cautionary notes
expressed in Section A.5.10 concerning the monostatic model apply to the bistatic case,

as well.
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B.3.0 FORWARD SCATTER

Specular forward scatter from the surface of the earth can result in coherent
multipath interference producing signal fluctuations in surveillance, communications, and
interceptor guidance systems. Diffuse forward scatter can produce a non-coherent return
which limits detection and tracking of low-flying targets. The target may attempt to
exploit this phenomenon with appropriate use of ECM (hot clutter). The magnitude and
spectral characteristics of forward scatter vary with the apparent surface roughness, which
is wavelength and grazing-angle dependent.

This section addresses forward scatter assuming “standard atmosphere”
conditions. The intent of this model is to provide a means of calculating the signal
parameters of multipath interference in cases where discrimination between the desired
direct-path and undesired indirect-path returns may be possible. In these cases the
indirect-path grazing angles are typically sufficiently large for “standard atmosphere”
propagation to be assumed. For calculating propagation factors under ducting conditions,

see Section C.7.0.

B.3.1 Sea Bounce

B.3.1.1 Specular Scatter

Specular reflection occurs in a small region on the surface around the specular
point, at which the incidence and reflection angles are equal. These angles are to be
calculated assuming a 4/3 round-earth radius.

The amplitude of the specularly reflected signal is determined by the range (1/R?
loss associated with the total path length (from the source to the specular point to the
receiver) and the magnitude of the coherent reflection coefficient of the surface. For the
case in which a target-reflected signal is the source and a multi-reflector target model is
not employed, the direct-path and indirect-path signal amplitudes are assumed to fluctuate
independently, but with the same statistics. The phase of the reflected signal relative to
that at the source is determined by the total path length, the wave number (27/1), and
the phase contribution of the coherent reflection coefficient.

The coherent reflection coefficient, p, is given by

Pc = PsP,D
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where p; is the rough-surface specular reflection coefficient,
p, is the Fresnel reflection coefficient for sea water, and
D is the divergence factor.

Details for calculating the coherent reflection coefficient are given in Section C.

B.3.1.2 Diffuse Scatter

Diffuse scattering occurs over a region of the surface about the specular point.
The primary contribution is from the reflection region known as the “glistening surface”,
which is comprised of individual, large-scale wave facets, each properly oriented to
produce a specular reflection in the desired direction. Wide-angle scattering from small-

scale roughness also occurs.

B.3.1.2.1 Spatial Extent

The “glistening surface” return is the non-coherent summation of the specular
reflections from the individual wave facets on the glistening surface. The wave-facet
slope distribution is assumed to be isotropically Gaussian with a zero mean and a
standard deviation equal to the RMS wave slope, tan(B,), specified for 10 GHz in Table

B.1.

Table B.1
Sea Wave Parameters

Sea State 0 0+ 1 2 3 4 5 6
Wind (kts) 0-1 1-3 4-6 7-10 11-16 | 17-21 | 22-27 | 28-47

(m/s) 0-0.5 | 052 |23 3-5.5 |5.5-8 | 811 11-14 | 14-24
Wave Height 0- 0.001- | 0.04- | 0.1- 0.5- 1.25- | 2.5- 4.0-
Crest/Trough (m) | 0.001 | 0.04 0.1 0.5 125 |25 4.0 6.0
RMS Wave _
Slope (10 GHz) 0.05 0.09 0.12 0.14 0.15 | 0.16 0.18 0.22

At frequencies other than 10 GHz the RMS wave slope is given by

tan(B,) = /0.6 + 04 (£ /£,) tan(B)yo g, f <35GHz
=42 tan(B, o uz , £235GHz
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where fis the frequency in GHz, {, is equal to 10 GHz, and tan(B, )oqu, is the RMS
wave slope at 10 GHz specified in Table B.1.

The spatial extent of the glistening surface varies with the location of the signal
source and the receiver, but is assumed to include, at a minimum, all points at which the
required wave-facet slope, tan(3 ), as specified in Section B.3.1.2.3, is less than three

times the RMS wave slope.

B.3.1.2.2 Forward Scattered Power

The forward scattered power for a single radar resolution cell is directly
proportional to the bistatic radar cross section of the sea surface contained within the cell.
The bistatic radar cross section is taken to be the product of the surface area (A.)
corresponding to the resolution cell and the normalized bistatic radar cross section (6% )
of the surface, i.e., the bistatic radar cross section per unit of surface area (m%m?).

The resolution cell area is the surface area contained within iso-range and iso-
Doppler contours associated with the range gate and Doppler resolution bandwidth of the
system. In addition, the one-way antenna pattern weightings of the transmit and receive
beams must be used in place of the two-way beam shape factor used in monostatic
applications. In cases where the area resolution cell is sufficiently large that the average
forward-scattered power varies spatially across the cell, the cell must be subdivided and
contributions non-coherently summed to calculate the total average power.

B.3.1.2.3 Normalized Radar Cross Section

The mean value of the normalized bistatic radar cross section of the glistening
surface is the product of two terms, one accounting for the wave-slope dependence and
one characterizing the reflectivity of individual wave facets,

% = f(B) x|p(e)|’

exp[- tan? (B)/tan* (B,)]
tan’ (B,) cos* (B)

f(p) =

where tan(B) is the wave slope required to produce specular reflection in the desired
direction,
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tan(B,) is the RMS wave slope specified in Section B.3.1.2.1,
p(a) is the complex specular reflection coefficient including polarization

mismatch effects, and -
o is the specular-plane incidence angle.

The angle B is the angle between the bisector of the incident and reflected rays and the
surface normal, :
_sin(y;) + sin(y,)
cos(P) 2cos(at)

The angle o is the angle between the bisector and either the incident or reflected ray,

cos(o) =1~ 0s(W ) oSV, cos(9) + s (Y SV,

where v, y, are the grazing angles of incidence and reflection, respectively, at the
) surface, and
[0) is the azimuth angle of reflection (¢ =0 corresponds to in-plane forward
scatter).

The reflectivity of a wave facet is given by

2223 Py (@) + cos(W;) cos(W,)sin’ (@) Py ()

w sin*(2a)
_ ascos(y;)sin(@) Py () - 2, cos(W,) sin(@) Py ()
Hv sin?(2a)
_ c05(y,)sin(@) Py (o) - a3 cos(y;) sin(@) Py ()
VH sin?(2a)
cos(y,) cos(Y,)sin’ (@) py () + ar a; Py ()
HH sin?(2at)

where the first subscript above is the polarization of the scattered signal, the second
subscript is the polarization of the incident signal, and py, py are the smooth-surface
Fresnel reflection coefficients defined in Section C. The geometrical parameters, a, and
a,, are given by

a; = sin(y,) cos(y,) + cos(¥,)sin(¥,) cos(¢)
as = cos(y,)sin(y,) + sin(y;) cos(y,) cos(¢)
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In addition to the forward reflection lobe caused by scattering from the glistening
surface, low-level diffuse scattering occurs at wide angles as a result of small capillary
waves. The normalized bistatic radar cross section model specified for backscatter in
Section B.2.1.3 will be used to calculate the wide-angle scattering contribution. The mean
value of the normalized bistatic radar cross section is the sum of the contributions from
the glistening surface and wide-angle scattering.

B.3.1.2.4 Spatial Distribution

The spatial distribution of the mean value of normalized bistatic radar cross
section from cell to cell is strictly determined by geometry as specified in Section
B.3.1.2.3. The spatial distribution of the instantaneous value varies in accordance with an
exponential density function, consistent with the temporal distribution specified in
Section B.3.1.2.5.

B.3.1.2.5 Temporal Distribution

The diffusely scattered signal power in each resolution cell will vary with time in
accordance with the exponential density function (Rayleigh fluctuation) specified in '
Section A.2.5 and with a fluctuation spectrum derived from the velocity distribution
specified in Section A.4.9. When the signal source and/or receiver are moving, the
fluctuation spectrum due to sea wave motion will typically be negligible compared with
Doppler spreading.

B.3.1.2.6 Commentary and Cautionary Notes

The diffuse forward reflection lobe is modeled in accordance with the theory for
noncoherent scattering from a very rough surface discussed in section 9.1.3.5 of
Reference (1). The theory strictly applies only when the surface roughness is sufficient to
preclude significant specular scattering. In addition, the theory requires that (1) the
radius of curvature of surface irregularities is much greater than the wavelength, (2)
surface roughness is isotropic in both dimensions with a Gaussian surface-height
probability density function, (3) the correlation length of the surface roughness is much
less than the dimensions of the area resolution cell, and (4) multiple scattering and
shadowing effects are neglected. One application of the model for target image multipath
is described in Reference (2). Model validation by means of comparison with test data is
limited. Appropriate consideration should be exercised in the use of this model.

The sea wave parameters defined in Table B.1 are taken from Reference (3) with
appropriate modifications to reflect the sea state definition endorsed by the World
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Meteorological Organization, which appears in Reference (4). The frequency dependence
of the wave slope is based on Reference (5).

B.3.2 Terrain Bounce

B.3.2.1 Specular Scatter

Specular reflection occurs in a small region on the surface around the specular
point, at which the incidence and reflection angles are equal. These angles are to be
calculated assuming a 4/3 round-earth radius.

Except at low frequencies, the coherent reflection from terrain is typically
negligible due to the roughness of the surface. Characteristics of the coherent specularly
reflected signal will be calculated as specified in Section B.3.1.1 with details provided in

Section C.

B.3.2.2 Diffuse Scatter

Diffuse scattering occurs over a region of the surface about the specular point.
The primary contribution is from the reflection region known as the “glistening surface”,
which is comprised of individual, large-scale surface facets, each properly oriented to
produce a specular reflection in the desired direction. Wide-angle scattering from small-
scale roughness also occurs.

B.3.2.2.1 Spatial Extent

The “glistening surface” return is the non-coherent summation of the specular
reflections from the individual terrain facets on the glistening surface. The facet slope
distribution is assumed to be isotropically Gaussian with a zero mean and a standard
deviation equal to the RMS facet slope, tan(B,). The spatial extent of the glistening
surface varies with the location of the signal source and the receiver, but is assumed to
include, at a minimum, all points at which the required facet slope, tan(P), specified in
Section B.3.1.2.3, is less than the maximum facet slope specified in Section B.3.2.2.3.

B.3.2.2.2 Forward Scattered Power

The forward scattered power for a single radar resolution cell is directly
proportional to the bistatic radar cross section of the terrain surface contained within the
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cell. The bistatic radar cross section is taken to be the product of the surface area (A,)
corresponding to the resolution cell and the normalized bistatic radar cross section ()
of the surface, i.e., the bistatic radar cross section per unit of surface area (m*/m?).

The resolution cell area is the surface area contained within iso-range and iso-
Doppler contours associated with the range gate and Doppler resolution bandwidth of the
system. In addition, the one-way antenna pattern weightings of the transmit and receive
beams must be used in place of the two-way beam shape factor used in monostatic
applications. In cases where the area resolution cell is sufficiently large that the average
forward-scattered power varies spatially across the cell, the cell must be subdivided and
contributions non-coherently summed to calculate the total average power.

B.3.2.2.3 Normalized Radar Cross Section

Separate diffuse scattering models are specified for the 0.1 -1 GHz and the 1-70
GHz bands. For the 0.1-1 GHz band the maximum facet slope is taken to be 3 times the

'RMS facet slope. For the 1-70 GHz band the maximum facet slope is taken to be tan(n/4).

B.3.2.2.3.1 Model for the 0.1-1 GHz Frequency Band

Diffuse scattering from the glistening region will be modeled for the 0.1-1 GHz
band in accordance with the Beckmann - Spizzichino (exponential) formulation,
Reference (6), with wide-angle scattering included based on a bistatic-monostatic
equivalence assumption. The corresponding terms are to be summed, so that the larger of
the two terms dominates in its respective region,

5% = cot’(B,)exp{- [tan?(B) / tan(B)]} +¥ Sin(W qu)»

where the equivalent grazing angle is defined by

Sin(y g, ) = maximum of { sin(10°), \/sin(\pi)sin(\y,) }

and y;, y, are the grazing angles of incidence and reflection, respectively.
The parameters f, and y are specified in Table B.2.
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Table B.2 Bistatic Parameters (0.1 - 1 GHz)

Terrain Type tan(B,) Y

Urban 0.5 -2.4dB
High Relief 0.4 -12.4dB
Low Relief 0.1 -22.4dB

Note that the value of bistatic scattering for y; =y, and ¢ =T, which corresponds to
monostatic backscatter, reduces to the form in Section A5.3.1.

B.3.2.2.3.2 Model for the 1-70 GHz Frequency Band

The model for 1-70 GHz includes two independent variables, 85 and 85, which
can be computed from the surface-slope angle (P ) and the specular incidence angle (o),
defined in Section B.3.1.2.3,

The mean value of the normalized bistatic radar cross section for rural, forested, and
urban terrain is given below. Rural and forested terrain may be low or high relief as
specified in Section A.5.1.

Rural Terrain

The mean value of the normalized bistatic radar cross section is given by

0% (m¥m? = max[$S,,S,]
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S, = -0.3040, + 0.252

= -0.0156, +0.034

S, = m 0 + ¢
where m = -0.34 - 2.04 0O
= 25.64 - 23.160q
and c = 0252 + 0.36 64
=-5.68 + 5.17 O

Forested Terrain

A1A97U-070

, O < 0.75 radians

, B > 0.75 radians

, 05 < 1.23 radians

, 05 > 1.23 radians

, 05 < 1.23 radians

, O5 > 1.23 radians

The mean value of the normalized bistatic radar cross section is given by

6% (dB) = -5.73 65 -12.0

= max[S,;,S,]
where S, =-57365 -12.0
=-9230; -6.5
S,= m 06 + ¢
and m = -5.729

= max [ 184.7 - 111.4 64, -34.374]
¢ =-375 + 1036,

= -82.64 + 3636
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Urban Terrain

The mean value of the normalized bistatic radar cross section is given by

c° (m”/m’) = max[$,,$,]

S, =-146 6, +1.0 , 0 < 0.6161 radians
= -0.0081 65 +0.032 , 05 > 1.48 radians
= -0.0926 6, +0.157 , 05 < 1.48 radians and

0; > 0.6161 radians

S,= m 6 + ¢
where m = -2.06 -4.83 6 , O5 < 1.235 radians
= 48.67 - 4590, , 05 > 1.235 radians
and c = 1.0 , , 05 < 1.235 radians
=-10.27 + 9.13 64 , 85 > 1.235 radians

B.3.2.2.4 Spatial Distribution

The spatial distribution of the mean value of normalized bistatic radar cross
section from cell to cell is strictly determined by geometry as specified in Section
B.3.2.2.3. The spatial distribution of the instantaneous value varies in accordance with
the exponential density function consistent with the temporal distribution specified in
Section B.3.2.2.5.

B.3.2.2.5 Temporal Distribution

The normalized bistatic radar cross section for a fixed resolution cell will fluctuate
with time in accordance with an exponential density function (Rayleigh fluctuation)
specified in Section A.2.5. Each resolution cell is modeled as a many-scatterer process
with a Gaussian distribution of particle velocities, as specified in Section A.2.6, having a
zero mean and a standard deviation of 0.6 m/s for low-relief terrain, 0.3 m/s for high-
relief terrain, and 0 m/s for urban terrain. When the signal source and/or receiver are
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moving, the fluctuation spectrum due to wind-blown vegetation will typically be
negligible compared with Doppler spreading.

B.3.2.2.6 Commentary and Cautionary Notes

The diffuse scattering model for the 0.1-1 GHz band is based on UHF
measurements made by MIT/LL. Although the 1 GHz upper limit is somewhat arbitrary,
its applicability at higher frequencies is considered questionable based on existing

X-band measurements.

The diffuse scattering model for the 1-70 GHz band is based on an empirical
X-band model described in Reference (7) for co-planar reflections. The model was
extended in Reference (8) to out-of-plane geometries (¢ << n/2) under the assumption
that the surface roughness is isotropic. Application at other frequency bands is
speculative based on (1) the assumption that the terrain surface is sufficiently rough that
only the reflective properties of the terrain cover are wavelength dependent, and (2) the
observation that the frequency dependence of a terrain cover reflectivity consistent with
model predictions, i.e., a relatively dry ground or vegetation-covered surface, is not
great. Nevertheless, use of the model at other than X-band should be undertaken with

caution.
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C.1.0 PURPOSE

The propagation effects addressed in this section include atmospheric refraction,
diffraction, losses due to precipitation and dust storms, gaseous absorption (oxygen and
water vapor), and multipath interference. There is some overlap with Section B, Bistatic
Scattering Models, since multipath interference results from forward scatter. Specifically,
this section addresses specular, or coherent multipath, while Section B discusses diffuse,

or incoherent, multipath.

The importance of the various propagation effects is a strong function of
frequency and geometry. In particular, refractive effects are essentially negligible for the
situation of an elevated sensor conducting surveillance and/or weapon support for low-
altitude targets, such as terrain-following cruise missiles. On the other hand, refractive
impacts on participating surface-based systems, e.g., AN/SPY-1 on an AEGIS ship, are
substantial. Diffraction effects, particularly as experienced behind terrain features, are
important for both geometries, as is gaseous absorption and precipitation attenuation for
frequencies above 1 GHz. :

The above propagation issues impact the power reaching the target for radar and
illumination systems, and the strength of returned clutter power for radar and missile
seeker systems. They also impact the tracking performance of surveillance and fire-
control radars through changes in SNR and/or signal corruption due to interfering
scattering and refractive bending. To accurately account for these effects in system
performance evaluations, high fidelity propagation models, or the products thereof, must
be incorporated in the forward- and backward-scatter models described elsewhere in this
document. The following sections briefly discuss each of the propagation effects and
suggest appropriate models for use in system design studies.
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C.2.0 ATMOSPHERIC REFRACTION

The two situations requiring consideration of refraction are low-sensor/low-target
(LSLT) and high-sensor/high-target (HSHT). LSLT scenarios are impacted by surface-
based ducts, evaporation ducts, and subrefraction, while the HSHT cases are sensitive to
elevated ducts and elevated subrefractive layers. As a general rule, a propagating ray
from a sensor must make an angle of less than 1.5 degrees with a refractive layer in order
to be substantially affected, which is why ducting can generally be neglected in low-
sensor/high-target (LSHT) and high-sensor/low-target (HSLT) situations. In all cases, a
standard atmosphere is the condition assumed in the absence of ducting or subrefraction.

Variations in the refractive index of the atmosphere result from variations in
temperature and humidity, and these variations are nominally stratified in horizontal
layers. Because the deviations from unity in the refractive index are on the order of
0.01% or less, the quantity “refractivity” is defined for convenience as N =(n-1) x 10,
where n is the refractive index. It is also convenient to introduce “modified refractivity,”
which is defined as M = N + (z/a,) x 10°, where z is altitude and a, is the earth’s radius.
Negative vertical gradients in M correspond to trapping or ducting layers in which rays
bend toward the earth’s surface. Thus, it is possible to easily identify and define ducting
conditions in terms of vertical profiles of M. Substantial deviations from the nominal or
quiescent condition are generally limited to the first 5 km (15 kft) of the atmosphere.
Above this altitude, the refractivity, N, decreases exponentially with altitude.

The “standard atmosphere” or “4/3-earth” condition is the “nominal” refractive
condition referred to above. The corresponding refractivity profile is characterized at low
altitudes (below 1.5 km (5 kft)) by a vertical gradient in M of +35.97/kft (+118/km). For
higher altitudes, it is necessary to use an exponential function as given in Reference 1,

N =313 exp(-0.1439 2),

where z is the altitude in kilometers. Note that this expression is for “refractivity” not
“modified refractivity.” The “standard atmosphere” condition serves as the "baseline,"
and is often considered to be conservative with respect to propagation over the ocean.
However, subrefraction is now known to result in much lower energy levels at low
altitudes (References 2, 3, and 4), and recent design studies have therefore included
subrefractive scenarios. '

The most prevalent refractivity feature over the ocean is the evaporation duct,
which occurs due to the rapid decrease in humidity just above the ocean surface. This
effect results in a ducting layer with a height of 0 to 40 meters (0 to 130 feet). Statistical
distributions for the occurrence of evaporation duct heights as a function of geographic
location are available in Reference 5. The evaporation duct does not exist over land
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(except perhaps marsh/swamp areas). Generally, only frequencies above 1 GHz are
significantly affected by this feature.

Surface-based ducts are typically caused by the advection of warm dry air from
land over the moist marine boundary layer, resulting in an elevated temperature inversion
and the trapping of moisture below the inversion. The resulting trapping/ducting layer
may occur anywhere from very near the surface to a height of 500m (1500 ft). Trapping
layers at higher altitudes usually result in elevated ducts. For the LSLT situation,
surface-based ducts may or may not increase power on the target, but these conditions can
drastically increase the strength of land clutter returns from as far away as several
hundred miles. Surface-based ducts may persist over land, but their behavior inland from
the coast is difficult to predict. Average surface-based duct heights and thicknesses are
also available, referenced to location and month, in Reference 5. All frequencies above a
few hundred MHz are affected by surface-based ducting.

Elevated ducts are caused by the same phenomenology as surface-based ducts, but
energy trapped in elevated ducts does not reach the surface. The effects of elevated ducts
will be most severe when the trapping layer is located at or just above the sensor, and the
target of interest is at a similar altitude (HSHT situation) (Reference 6).

Subrefraction results when warm moist air flows over a cooler ocean or cool dry
air. In severe cases, the refractive index will increase with altitude and effective earth
radii of less than 1 are possible. Excellent examples of this situation are given in
References 2, 3, and 4. Although, this effect is most important for surface-based systems,
subrefractive layers can also occur at higher altitudes, thus having some impact on the
HSHT case. Presently, probabilities of occurrence for subrefraction in areas other than
the U.S. Mid-Atlantic region are unknown. Subrefractive layers are often deep enough
(large enough) to impact most frequencies of interest.

There are a few rules regarding which of the above conditions can exist
concurrently. The presence of subrefraction rules out evaporation ducting, but not
necessarily surface-based ducting; that is, a subrefractive layer attached to the sea surface
may be "capped"” by a strong trapping layer. On the other hand, evaporative and surface-
based ducts may exist simultaneously. The joint probabilities and correlations of these
conditions are unknown.

Finally, refractive conditions can vary significantly with range and azimuth,
particularly in coastal environments. Although these variations can impact observed and
predicted performance, lateral variability is usually not considered except for specific
cases for which atmospheric data have been collected; e.g., during well-instrumented
Navy tests. Lateral homogeneity is typically assumed for design studies.
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C.3.0 DIFFRACTION

The two situations involving diffraction effects are performance near and beyond
the spherical earth horizon (spherical earth diffraction), and near and behind terrain
features. In the latter case, the diffraction is related to what is commonly referred to as
terrain blockage. The details of how energy propagates beyond the horizon and/or behind
land features impacts both power on target and monostatic and bistatic clutter.

Depending on the maximum coverage range required, the horizon limit may be important
for an elevated sensor. Similarly, depending on the operating altitude and range, an
elevated sensor will also experience blockage-related diffraction, although it will be
substantially less than for surface-based sensors. Diffraction effects in land clutter
modeling are discussed in Reference 7.
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C.4.0 PRECIPITATION AND DUST

Precipitation introduces some amount of loss due to absorption and/or scattering
at all frequencies above 1 GHz for sufficiently large precipitation rates. Attenuation
versus frequency and rain rate can be calculated following the procedure given in Section

A28.

Stratiform precipitation can exist uniformly up to nominally 4 km (13 kft)
(Section A.2.3.2.1), so losses should be assumed to occur at any point at which a rain cell
is intersected by the slant path from sensor to the point of interest. For the higher rain
rates, however, the rain will not be uniform over large lateral regions; that is, the cells
have decreasing diameters for increasing rain rates (Reference 8). Discussion of lateral
spatial distribution versus rain rate is provided in Section A.2.4.

Attenuation through clouds may be significant at frequencies above 10 GHz
(References 9 and 10). The degree of attenuation will depend on the temperature and
water vapor content of the cloud, as well as frequency. The method of calculating cloud
attenuation is provided in Section A.3.8.

Substantial attenuation through dust storms may be experienced in certain regions,
such as the Arabian Gulf. Although microwave attenuation through clouds of well-
characterized dust particles is well understood, the physical parameters of natural dust
storms, such as size, particle density, and number distribution, are not. References for
recent work in this area are collected in Reference 11. Previous studies have assumed
dust storm dimensions of 18.5 km (10 nmi) in lateral extent and uniform density between
the surface and 1.5 km (5 kft). Typical size distributions and number densities give S-
band and X-band attenuations of approximately 0.2 and 0.65 dB/km, respectively,
through the storm. The attenuation increases linearly with frequency. Further work is
needed to establish spatial extents and particle size distributions for realistic dust storms.
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GASEOUS ABSORPTION

Absorption due to oxygen and gaseous water vapor can be significant over long

paths. Figure C.5-1 provides plots of the one-way attenuation coefficient versus
frequency for oxygen and water vapor (Reference 9).
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Figure C.5-1 Atmospheric Gaseous Absorption
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For frequencies at which both components are appreciable, the two attenuation
coefficients should be added to obtain the total attenuation. The absorption coefficients
in Figure C.5-1 (sea level, water vapor of 7.5 g/m’®, and temperature of 15 °C) should be

assumed along the entire propagation path.

Gaseous absorption may be calculated using the methods specified in the CCIR
(Reference 9). For a terrestrial path, or for slightly inclined paths close to the ground, the
one-way path attenuation may be written as

A =vgm=(r,+v.)  dB
where

1,= path length (km)

y,= specific attenuation (dB/km)

y,= dry air contribution (dB/km)

¥, = Wwater vapor contribution (dB/km).

For dry air, the specific attenuation at ground level (pressure = 1013 mb) and ata
temperature of 15° C is mainly due to oxygen and is given by

vo=|710x10% + 80, 8 2q0% gB/Kkm-
210227 (f-57) +150

. for f <57 GHz.

For water vapor, the specific attenuation at sea level, at a temperature of 15°C, and
including the effects of the quadratic dependence on water vapor density, is given by

Yy =4005+0.0021p+ 3'62 + 10‘62 + 8'92 f2p10™* dB/km
(f-222)°+85 (f-1833)"+9.0 (f-3254) +263

for f <350 GHz

where f is the frequency expressed in GHz, and p is the water vapor density expressed in

g/m® . Aspreviously mentioned, a value of p=75g/ m® should be used in the above
equation.
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C.6.0 MULTIPATH INTERFERENCE

Both specular and diffuse multipath affect target signal reception as a function of
polarization, grazing angle, frequency, surface roughness, and surface characteristics*.
This section describes a method for calculating specular multipath effects under “standard
atmosphere” conditions. Section B includes a discussion of diffuse multipath effects.
Commentary and cautionary notes are appropriate for some portions of this model, as -
denoted by an asterisk, *, following the applicable text.

C.6.1  Pattern Propagation Factor

Calculation of the pattern propagation factor for the multipath interference region
is covered in Chapter 6 of Reference 12 in the section entitled “The Pattern Propagation
Factor,” pg. 239. The following multipath effects are included in high fidelity
propagation models, such as TEMPER, and should also be included in any spherical-
earth model that is chosen.

The one way propagation factor in the presence of specular multipath reflection is
given by '

F?=1+R2+ 2R cos (A})

where the relaﬁve magnitude of the specular reflection is given by
R=D(AG)p, p; >

the phase shift of the specular reflection is given by
Ay =(Q2nAr/A)+¢, ,

the divergence factor is given by

_ 4rr, 2
P |:1 ¥ a,r sin(Z\V)] ’

and A G = antenna gain ratio between the specular point direction and the target,
1, = slant range between radar and specular point,
r,= slant range between specular point and target,
r = slant rangeb between radar and target,

Ar=r, +1, - r = path length difference between the indirect and direct paths,
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p, = magnitude of the complex Fresnel reflection coefficient,

¢, = phase of the complex Fresnel reflection coefficient*,
p, = rough surface specular reflection coefficient,

y = grazing angle,

a, = effective radius of the earth (4/3 physical radius), and

A =radar wavelength.

Diffuse reflection effects can be modeled separately using the expressions in Section
B.3.0 concerning bistatic forward scatter.

C.6.2 Multipath Geometry

Multipath geometry is discussed in Reference 12 in the section entitled “Less
Restrictive Spherical-Earth Solution,” pg. 253. The formulas in this section are for search
radar applications using an effective earth radius diffraction model.

C. 6.3 Reflection Coefficients

C.6.3.1 Fresnel Reflection Coefficient

The complex electromagnetic reflection coefficient* is discussed in Reference 12
in the section entitled “Electromagnetic Reflection Coefficient,” pg. 258. The complex
Fresnel reflection coefficient for horizontal polarization is given by

siny — ,/ac —cos® y

siny +4/g, —cos? y

P, exp(—jd,) =

The complex Fresnel reflection coefficient for vertical polarization is given by

g siny — /e, —cos® y

Po EXP(=j9o) =—— =
8c51n\|1+\/sc—cos Y
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where ¢, is the complex dielectric constant*,

g, =€, — j60AG

and

g, = dielectric constant (relative permittivity)

o = conductivity (mho/m)

A = radar wavelength (m)

j= -1,

Sea Water

A1A97U-070

The complex dielectric constant* for sea water (Reference 13) is given by

where

with

Sc=8r_j'\3i
85_80

g = +€

T 1+x? 0 °

g, =(g, —g,)x+

x =2nfr.

f=RF frequency (Hz),

f

g, = reference value of dielectric constant,
g, = static dielectric constant,

o, = ionic conductivity, and

1 = relaxation constant.

Dielectric constant parameters are given in Table C.6-1 for various sea temperatures
assuming a salinity of 36 parts per thousand (Reference 14). Reference 15 suggests the

parameters for a 10°C sea temperature as typical.

Table C.6-1 Sea Water Dielectric Constant Parameters

T=0°C T=10°C T =20°C
e, 77.57 75.41 72.26
g, 49 49 4.9
. 17.03x1072 12.25x10™2 9.08x10™
o, 2.68x10" 3.51x10" 4.41x10"
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Examples of the Fresnel reflection coefficients for sea water are presented in Figure C.6-
1. This plot shows the magnitudes and phases of the reflection coefficients for horizontal
and vertical polarizations as a function of grazing angle and frequency. A plot of the
phase for horizontal polarization is not given because it is almost exactly () radians for
the range of angles and frequencies plotted.
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Figure C.6-1 Fresnel Reflection Coefficients for Sea Water
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Land

The complex dielectric constant for land depends on the type of land cover. In the
following discussion, land cover is divided into six classes :

(1) barren land,

(2) range land,

(3) wet land,

(4) forest,

(5) agricultural, and
(6) urban.

Barren land and range land are considered to be made up of a mixture of soil and
water. The dielectric constant is computed from the percentage of water by volume as
described below. Barren land is assumed to have 5% water by volume and range land
15%. These values were chosen to match the computed model values for the dielectric
constant with data contained in Kerr (Reference 16) and Meeks (Reference 17).

Wet land, forest, and agricultural land are assumed to be covered with vegetation
containing water. Wet land is assumed to have 90% water by weight, forest 40%, and
agricultural land 50%. The dielectric constant is computed from the percentage of water -
by weight in the vegetation. These percentages of water were chosen based on the
guidance provided in Ruck (Reference 18) that the percentage of water in vegetation
varies from 30% in very dry grass to 90% in wet grass. Urban surfaces are assumed to be

covered by asphalt. .
Complex Dielectric Constant for Soil Containing Water

Values for the complex dielectric constant of soil containing water, derived from
References 16 and 17, are used for the barren and range land categories. These data were
fit with a linear approximation as a function of fraction of water by volume. This

approximation is
8s = bo + ml(x) : fw +j mZ()") ° fw = 85(1) +j 85(2)

where ‘
m,(A) = AR - &, (V)
m,(\) =A,(A) - 6,2 (V)
b, =2.75
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with
A,(A) =045 + (0.015) - fop
AJ(0) = 0.35 + (0.017) - £,
g, =g, +je,@=5+75/(1+j-(1.85/)) (Aincm, Reference 19)*
and fsu, = RF frequency, GHz

f, = fraction of water by volume

g, =complex dielectric constant of soil
g, =complex dielectric constant of water
A = RF wavelength (cm).

For barren land, £, = 0.05; for range land, f, = 0.15. Results from this approximation are
given in Table C.6-2.

Table C.6-2 Electromagnetic Properties of Soil from Approximation

Frequency Moisture Content by Volume
(GHz) ‘
0.3% 10% 20% 30%

e £ el N e N Ny e D
0.3 2.9 0.002 6.4 0.05 10.0 0.1 13.7 0.2
3.0 2.9 0.016 6.6 0.54 10.4 1.1 14.3 1.6
8.0 2.8 0.043 6.5 1.45 10.2 2.9 13.9 43
14.0 2.8 0.065 5.9 2.18 9.1 43 12.2 6.5
24.0 2.8 0.079 5.1 2.64 7.4 53 9.7 7.9

Complex Dielectric Constant for Vegetation Containing Water

The complex dielectric constant for vegetation containing water, which is used for
the wet land, forest, and agricultural land cover categories (Reference 18) is modeled by

g,=eP+jeP=25.-(1-H+f-¢,
where

g,=5+75/(1+j-(1.85/N)) (A in cm)*
and
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f = fraction of water by weight
g, = complex dielectric constant of vegetation
g,, = complex dielectric constant of water.

A = RF wavelength (cm).
For forest, agricultural, and wet land, f= 0.4, 0.5, and 0.9 respectively.

Complex Dielectric Constant for Asphalt

The formula used for the complex dielectric constant* of asphalt (Reference 19),
which is used for the urban land cover category, is

g,=b,+m, fg,-jaliu’

where
a =13125x 10”
b, =6.1
m,=-1.8x 10"
and

fym, =RF frequericy in MHz.
This formula was chosen to fit data at X band and K, band for a dielectric constant of

g,=43-j0.1 (X band)
£,=2.5-j0.65  (K,band).

C.6.3.2 Rough Surface Reflection Coefficient

The specular reflection coefficient will be very small except for localized areas
where the average terrain slope gives near-zero grazing in a particular resolution cell.
This condition occurs over the crests of hills and mountains. In this cell, specular
enhancement or degradation can occur. More generally, the overall propagation factor
will have a random nature which, in the simplest modeling approaches, can be
approximated assuming a diffuse reflection coefficient which represents the + one sigma
bound on propagation. Further details about modeling diffuse reflection effects may be
found in Section B.3.0. ‘
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The specular coefficient depends on the surface roughness, grazing angle, and RF
frequency. The following equations for reflection coefficient were taken from Reference
20. The rough surface specular reflection coefficient (Miller-Brown-Vegh model) is

given by

p, = (exp(-2(2ng)* ), (2(27g)*)
where
_oysiny
A
o, = RMS deviation from a smooth surface (m),

I, = modified Bessel function, Jy(x).

Standard Deviation of Sea Surface Height

The standard deviation of the sea surface is defined in terms of the sea state, as
follows, :

g, = (0.0118) A2

where
A, = sea state number for sea state defined by the World Meteorological

Organization, and
o;, = standard deviation of surface height (m).

Standard Deviation of Land Surface Height

Two parameters are used to describe the standard deviation of land surfaces.
These are the land form and land cover. The standard deviation of the land surface is
assumed to be the root sum square of the contributions from the land form and land
cover, i.e.,
0,= (G + G.)"

where
;s = standard deviation contribution due to land form (m), and

6. = standard deviation contribution due to land cover (m).

Five land form and six land cover types are defined. -The land form and land
cover types and the surface height standard deviation (c,) are given in Table C.6-3 and
Table C.6-4 from References 12, 21, and 22.
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Table C.6-3 Land Form Height Standard Deviation

Land Form Gy (M)
Level 5.0
Undulating 10.0
Hummocky 20.0
Rolling 60.0

Mountains 150.0

Table C.6-4 Land Cover Height Standard Deviation

Land Cover Oy (M)
Barren Land 0.001
Range Land 0.25
Wet Land 0.25
Forest 3.0
Agricultural 0.1
Urban 20.0

C.6.4 Commentary and Cautionary Notes
C.6.4.1 Multipath Models

When high-fidelity simulations of monopulse tracking and/or active and
semi-active missile seeker operation are needed, fine-scale shadowing, multipath from
"out-of-plane” scatterers and other detailed effects may have to be included. Although
considerable work has been done in these areas, standardized methods and models for a
particular application do not presently exist. Examples can be found in References 23
and 24. Similar effects can also be important when modeling operation against terrain
bounce jammers, as discussed in Reference 23, Section 10.

C.6.4.2 Fresnel Reflection Coefficients

Sign conventions concerning the phase of the Fresnel reflection coefficient differ
in the literature. The convention used herein is that of Kerr (Reference 16). A positive
value of ¢, denotes a phase lag. This convention requires that the imaginary part of the
complex dielectric constant be negative. The phase contribution of the dielectric material
upon reflection is equivalent to an extension of path length, resulting in additional phase
lag. Some of the equations for complex dielectric constant presented herein have been
modified to reflect this convention.
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C.7.0 HIGH FIDELITY PROPAGATION MODELS

High fidelity propagation models based on the parabolic approximation to the
Helmholtz wave equation intrinsically include the effects of refraction, diffraction, and
forward surface reflections (coherent multipath). Two available models which are
frequently used are RPO (Radio Physical Optics) (Reference 25) and TEMPER
(Tropospheric Electromagnetic Parabolic Equation Routine) (References 26 and 27).
RPO was developed by the Naval Communications, Control and Ocean Surveillance
Center Research, Development, Test & Evaluation Division (NCCOSC RDT&E, or
NRaD). TEMPER was developed by The Johns Hopkins University Applied Physics

Laboratory.

RPO is a Navy-certified hybrid model that uses the parabolic wave
equation for low angles where refractive effects are important. Unfortunately, RPO does
not accommodate terrain or transmit antenna heights above 100 meters (328 ft), and
RPO's surface roughness algorithm is inaccurate. RPO is currently being upgraded to
rectify these limitations, but the completion date for these improvements is not until early
1998. Terrain capability is being added by merging RPO with another NRaD
propagation model called TPEM (Terrain Parabolic Equation Model) (Reference 28).

TEMPER accommodates terrain, surface roughness and high-altitude antennas,
although execution times can be substantial for long-range, high-altitude problems at high
frequencies. TEMPER should be used to calculate the propagation factor associated with
the target return and surface scattering (forward and backward) for radars and
illuminators in the following circumstances :

1. Any geometry involving propagation paths at angles less than 1.5 degrees
relative to the local horizontal. Such geometries are sensitive to refractive effects.

2. Any geometry leading to diffraction and shadowing behind terrain features,
independent of the importance of refraction.

Situations in which alternative propagation models, such as the spherical-earth model
(Sections C.6.1 and C.6.2), may be used are:

1. Surface-to-air and air-to-air propagation paths at angles greater than 1.5
degrees relative to the local horizontal.

2. Short range (less than 10 km) paths not in the vicinity of terrain blockage.
None of the parabolic equation propagation models are validated for

frequencies above 20 GHz. The hope is that for higher frequencies, the path lengths will
be short enough to allow refractive effects to be neglected. Furthermore, above 20 GHz,
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diffraction may be ignored in favor of simple optical blockage calculations. Alternative
methods to calculate diffraction, such as GTD (geometric theory of diffraction) and UTD

(unified theory of diffraction), may also be used for Ka-band and above.

The existing parabolic equation (PE) models represent the coherent portion of the
forward scatter from the sea or land surface (multipath) using the standard Fresnel
reflection coefficient formalism. Non-coherent (diffuse) scattering is neglected by PE
models except to the degree that it results in reduced power in the coherent reflection.
These models also assume continuous wave (CW) propagation, which for elevated pulsed
sensors may pose a problem. The issue of properly representing pulsed systems using
CW models is discussed in Reference 6. As a rule, however, use of CW models for target
altitudes that are within a few hundred feet of the surface will produce the correct results,

even for elevated pulsed systems.

The typical source of terrain height data for terrain propagation calculations is the
Digital Terrain Elevation Database (DTED) (Reference 29). TEMPER accepts a simple
array of terrain height versus range as an input.

Models for gaseous absorption and attenuation due to precipitation may or may
not be included in existing propagation codes. Since these losses are easily calculated
and added separately, they should be determined using the information provided in
Sections C.4.0 and C.5.0. ’
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