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Abstract—Refractivity from clutter (RFC) systems are defined
for retrieving the atmospheric ducts from the sea clutter echo
of a radar in open sea or coastal environment. However, some
ducts hardly have an effect on the clutter echo. Consequently,
the RFC technique suffers inherent limitations and is unable to
provide information about these ducts. To identify these ducts,
one important parameter is the range at which a duct modifies
the received power. This paper introduces the calculation of this
range in the case of a double duct (evaporation and surface-based
duct).

I. INTRODUCTION

The prediction of radar range usually assumes a standard
atmosphere for the simulation. For more realistic predictions,
statistical models of duct occurrence can be introduced to have
statistics of the coverage depending on the day and time. More
precise description can be obtained with atmospheric measure-
ments, which is costly and difficult to deploy in operational
conditions. The refractivity from clutter (RFC) technique [1]
has been introduced to obtain a real-time description of the
atmospheric duct. They are deduced in situ from the radar sea
echos by comparisons to coverage simulations and an inversion
algorithm.

In some conditions, an atmospheric duct has no effect on
the clutter return, consequently it is non detectable regardless
the inversion algorithm. These conditions are detailed in [2]
for a trilinear surface-based duct: RFC retrievable ducts are
expressed considering their descriptive parameters in relation
with the maximum range of the radar. However, the presence
of both an evaporation and a surface-based duct is not a rare
event.

This paper introduces a means to calculate the distance
at which a ray reaches the ground in the presence of a
double duct. From this distance, RFC retrievable ducts can
be expressed with respect to their descriptive parameters and
the maximum range of the radar in the presence of double
ducts following the method exposed in [2].

II. PROBLEM AND NOTATIONS

The double duct is described with 4 parameters that are 4,
the height of the evaporation duct, and 2, the height of the
base of the surface-based duct, csgp the M-unit slope into it,
and z; its thickness, see figure 1a). This structure is supposed
invariant with range. To perform analytic calculations, the
evaporation duct must be linearly approximated [3]. A trilinear
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Fig. 1: A double duct and the linear approximation of the
evaporation duct.

model is chosen with the interpolation points taken at z = 0,
z=10/2, z =24, and z = 24, see figure 1b.

The evaporation duct is supposed not strong enough to duct
all the energy, and the surface-based duct strong enough to
bend the energy towards the surface. In these conditions, the
surface-based duct is detectable by RFC. The problem is to
know, if the maximum range of the radar is fixed, what is
the maximum surface-based duct height to make it detectable
depending on the other parameters. This problem requires the
distance at which a ray traversing the double duct reaches the
sea surface. This latter calculation is detailed here.

This problem is treated analytically and compared to ray-
tracing. The energy of the antenna is supposed confined
into a cone [—0gqs/2, Oan/2]. Then the ray corresponding to
0; = Oap /2 is studied. If it does not reach the surface before
maximum range, the duct is considered as not retrievable by
an RFC system (the duct has no significant impact on the sea
clutter return).

To describe a ray at one point of the trajectory, we use the
altitude z, the distance x, and the angle §. Then, when x;r
expresses the distance at which the ray reaches the altitude z,
and 7 the angle to the horizontal at this very point when the
ray goes upward. =¥ and 6} express the same values when the



ray goes downward.
III. RAY TRACING
A. The Distance :vé

The distance :cé is the distance at which the ray reaches the
ground (figure 2). It can be expressed as
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T4, 1S the range where the maximum altitude is reached into
the surface-based duct, when the local angle § = 0. Here, the
antenna is supposed set at an altitude between 0 and /2. If
the antenna is higher, the formula is adapted by removing the
first terms.

The distances a:g /2 and (:zrg — :cg /2) are detailed below.
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or . — 67
T 6/2 i
=t 2
'r(;/g 1 9 ( )
with
2 )
01, = \/9? +201 (5 - h) 3)
and
o = Moz — Mo @
T YR
Then, R R
0 —0
4 T+ 70 6/2
o) =y = =L, 5)
with
2 )
0y =108, + 20 (5) (6)
and
o Ms — Mo @
T2

The same principle is applied along all the trajectory of the
ray. Finally,
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with the angles calculated following the principle of egs. (3)
and (6). Depending on the altitude of the antenna — in [0, /2],
[6/2,6], [d,26], or above — the previous expressions must be
slightly adapted.
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Fig. 2: Ray tracing in the presence of a double duct. The linear
dotted lines indicate the analytically calculated distances.

B. Simulation

The simulation is performed in the following conditions: the
antenna is set at 20 m, with 6; = 6gqp/2 is chosen equal to
3.5 mrad (= 0.2°). The double duct verifies § = 15 m for the
evaporation duct, and 2, = 48 m, co = —0.2 M-unit.m~!, and
z = 50 m for the surface-based duct. The ray tracing with the
analytically calculated distances are displayed in figure 2.

The vertical lines in figure 2 correspond to the distances
theoretically calculated. They are close to the ones obtained by
ray-tracing at each step of the simulation. Then, the distance at
which the ray reaches the ground can be analytically obtained
with eq. (8).

IV. CONCLUSION

A method to calculate the distance at which a ray reaches
the ground in the presence of a double duct is presented and
validated with an example. These formulations are useful to
discriminate the ducts retrievable by an RFC system.
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