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Abstract

Reliable, cheap and accurate measurements of rainfall
rate are growing to be more and more important in
many sectors as: meteorology, agriculture, flood warn-
ing, and weather forecasting. Recently, indeed, the
development of novel competitive techniques has been
pushed in order to improve accuracy and reliability
performance, such as commercial microwave links and
broadcast satellite links. The aim of the current pa-
per is to extend previous works of the literature based
on land wireless links only. The basic idea consists in
synergically employing both land and satellite based
approaches together, by collecting and properly fus-
ing the corresponding measurements. To this end, an
iterative optimization procedure has been developed.
As shown by numerical results, the proposed proce-
dure gives the estimated rainfall map with a consider-
able accuracy and improved performance respect to the
conventional algorithm based on terrestrial link only.

1 Introduction

Accurate measurements of rainfall are growing to be
more and more high-priority in meteorology, agricul-
ture, flood warning, and weather forecasting. At-
mospheric environmental monitoring currently include
surface sensors, radar, and satellite systems. From one
side, these solutions require non negligible installation
and operating costs, to the other one, the measure-
ments show a temporal and spatial resolution that is
often non sufficient for the tasks of interest. Recently,
the above requirements and constraints have pushed
the development of novel competitive techniques ca-
pable of improving accuracy performance at the cost
of affordable complexity. We are referring to: i) ex-
isting commercial microwave links (CMLs) to monitor
and estimate rain rate on specific areas (see [1] the
references therein), and i) the measurement of the re-
ceived signal level at the ground station of direct-to-
home (DTH) broadcast satellite links (BSLs) [2], [3].
In the current work, we develop an extension of the
algorithm proposed in [1]. The basic idea relies on
properly making use of both land and satellite based
approaches, i.e. the CML and BSL, in order to obtain

a more accurate rainfall rate map.

Contribution. The proposed joint approach, gives
remarkable appealing advantages, and so defines the
innovative contributions of the work:

Efficiency: both CMLs and BSLs exploit already exist-
ing wireless infrastructure, at no extra costs for the re-
quired equipment, the installation and operating con-
ditions.

Coverage: CML coverage can be improved by includ-
ing satellite terminals already installed at domestic
premises for TV reception. Additionally, more satel-
lite devices can be purposely installed in areas not ad-
equately covered by terrestrial microwave links, where
the deployment of conventional methods of observa-
tion, as rain gauges and weather radars, is impractical.
Diversity: measuring the signal levels coming from dif-
ferent links, terrestrial and satellite, provides a diver-
sity gain which is the key to improve the accuracy and
reliability of the overall joint system.

Accuracy: the numerical results obtained by simu-
lations corroborate the effectiveness of the proposed
mixed strategy and quantify the improvements over
the conventional systems based on CMLs only.

2 Environmental scenario

Geometrical model. Let us consider a three-
dimensional scenario defined as a parallelepiped P
with a square base having the area A to be moni-
tored. A set of Cartesian coordinates with the ori-
gin located on the center of A allows to reference each
point inside P as p = [z,y,2]T € P. Thus, the coor-
dinates are limited as —VA < z,y < VA, Vz,y, and
0 < z < hg, Vz, assuming that the z-axis is limited
by the 0°C isotherm height hg as shown in Fig. 1,
since above hg, i.e., inside the solid layer, rain can
not be formed [2]. In order to gather up and fuse
together the data measurements available from both
the terrestrial microwave and satellite links, let us as-
sume that N = N,, + N wireless links are active within
P, where N,, and N are the number of CMLs and
BSLs, respectively. To be specific, each fth link is de-
limited by the points p,; = [ng,l,yg7172571]T € P and
Pr2= [202,Y0,2,202) T €P, £=1,---,N. We note that
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Figure 1. BSL’s stratiform rain model and geometry.

for each CML we have 2, 1 = 2y 2, whereas for each BSL
2p,2 = hg. Thus, the length of each link results as

Ly= \/(pm —Pe2)T(Pr1 —Pr2)s (1)
()T denoting the transpose of a vector.

Rainfall attenuation model. In a wireless com-
munication link working in the frequency range 10-30
GHz, the rainfall attenuation depends (with a good
approximation) on the rainfall rate according to the
so-called power law formula [4]

AR = aR?, (2)

where AR is the attenuation due to the rainfall in
dB/km, R is the rainfall rate measured in mm/h.
Moreover, a and b are coefficients depending on the
frequency, polarization and the rain drop size distribu-
tion (DSD), and they can be evaluated according the
ITU-R recommendation [5], applying the analytic ex-
pressions in [6], or through a non-linear regression in
the case Ar, R and DSD are known [2]. Given the val-
ues of a, b, and Ag, the rainfall rate can be evaluated
as

R=aAp (3)

where « =a % and f=b"1. It is worth noting that
each wireless link suffers from an overall attenuation of
which AR, due the rainfall, is only a component. State-
of-the-art methods as [2] or [7], however, have shown
that the rainfall contribution can be easily extracted.
Consequently, in order to estimate the rainfall rate,
in our model we will focus on the estimation of the
component Ar only. In addition, as far as the BSLs
are concerned in a stratiform rain model, for simplic-
ity reasons, the attenuation measured at each satellite
receiver induced by the melting layer will be discarded
(see Fig. 1), and therefore, we will take into account
only the attenuation due to the liquid layer.!

3 Estimation algorithm

Map link preprocessing. In order to estimate the
rainfall rate map, proper data need to be evaluated

IThe approach can be generalized following the methods il-
lustrated in [2], [§]

in specific points of P. To this end, each fth link is
split in K, intervals each with length D, wherein the
rainfall rate on the z —y plane is assumed to be nearly
constant. So, K is

Kg = [LeCOS(Qel)/DL VE, (4)

where it is worth noting that CMLs has 6., = 0, while
the BSLs are characterized by the presence of the
slanted path between the transmitter and receiver. Fol-
lowing the approach of [1], we define a data point for
each interval, which is uniquely specified by the co-
ordinates of the center of the interval itself. Hence,
we denote the total number of the above data points
as M = ZéV:lKg, each of them having coordinates
dej = [a:,gk,yg’k,z&k]T, and the rainfall rate value as
reg, L€{L,--- N} ke {l,--- K}

Point rainfall rate estimation. Let us evaluate a
rainfall rate at the generic point p; € P given M € N
rainfall rates corresponding to the points p,, € P, m =
1,...,M. In line with the model used in [1], we can
write

r=17; +v;, (5)
where r € Ri/l collects the known M rainfall rates, 1 €
RQ/[ is a vector of ones, #; is the value to be estimated
and v; € Rj\_i_/[ represents the error between the entries of
r and 7;, which is assumed to be jointly Gaussian, i.e.
vi ~ N(0,A;), with A; ' = diag{W; ,n}, m=1,..., M.
The weights W; ,,, depend on the inverse of the distance
between the points m and 4, according to the Shepard’s
inverse distance weighting (IDW) method [9]. More
specifically, such weights are evaluated as

(A =dim/T0)? -
Wz,m<(di’m ) > , (6)

where ()T =max(0,z), the radius of influence I'; spec-
ify which data points play a role to estimate the rainfall
rate at the generic point 4, whereas d; ,, denotes the
distance between the ith and mth points.? Concerning
the BSLs, it worth observing that the satellite trans-
mitted signals travel through P, i.e., 0 < z < hg, while
experiencing different environmental conditions, such
as pressure, humidity, temperature and so on. Con-
sequentely, when choosing the data points which are
more influent in the evaluation of the rainfall rate of
the ith point, we combine BSL data points belonging
to the same plane at a given height. This is equivalent
to say that the distance d; ,, between the ¢th and mth
points is evaluated on the x —y plane only as

dion =\ (2= 2m) 2 + (4 — yim)? (7)

Hence, putting together the above facts, adopting a
least-square (LS) solution yields [10]

fr=1TA )T A (8)

2An equivalent yet heuristic method consists in setting T'; as
the minimum radius which includes at least 5 data points [1], [9]



Optimization algorithm. Exploiting the model de-
fined in Sect. 2 and the point rainfall rate estima-
tion discussed above, this section formalize an iterative
method to obtain the rainfall rate for the data points
ek, L€{1,--- N}, ke{l,---, K}, by essentially com-
bining the LS estimation problem with a constrained
optimization problem (OP). As example, let us start
by considering the estimation of the data points of the
¢th link. According to [1], firstly the rainfall rates 7 j
are LS estimated through IDW from the data points
of all the other links, indexed by n € {1,--- ,N|n # £},
k=1,---,K,. Then, the minimization of the dis-
tance between the rain rates ry; and 7y} is applied,
k=1,---,Ky. This must take into account the over-
all rainfall attenuation Ag, measured by the link /.
Therefore, we assume that

Ky

Are =Y Argp, (9)
k=1

i.e., the total rain attenuation on the fth link Ag, is
the sum of the rain attenuation of the K, segments.
Hence, using (2), equation (9) becomes

Ky
KRy=> 1}, =1, N, (10)
k=1

where Ry is the total rainfall rate measured at the end
of the ¢th link. Upon denoting ry = [rq,--- ,rger}T
and & = [fg1,+,70,k,]T, the optimization problem
can be formalized as

Ky
argmin{”rg—f‘gHQ ‘ KeR) =Y rhy = o}. (11)

Tl k=1
We note that the OP (11) is not convex since the
equality constraint is not affine, and as such, the op-
timal solution is not unique. Thus, our approach uses
gradient descent based method to converge at least
to a local optimal point [11]. The algorithm pseu-
docode is outlined in Algorithm 1, where it worth em-
phasizing that the rainfall rates ry  are initialized as
rog =R, =1,--- N;k=1,--- K, and that the pro-
cedure is iterated until the norm of difference between
two consecutive data points’ rainfall rate is below a

given threshold e.

Algorithm 1: Iterative OP

Initialize: Tl(ok)=Re,k=1,---,Kg,[:l,---,N; i+ 1;

)T T AT AT
while [|[p{+D 7 (DT (07 0> ¢ do
for /=1,---,N do
L Compute 7y j using (8), VE=1,...,Ky;

Compute réwl) solving OP (11);

i 1+1

Rainfall rate mapping. After the rainfall rate of
all the data points are evaluated applying the itera-
tive OP, the rainfall rate map must be be compute.

To this aim, the area of interest A is sampled in J?
pixels, i.e., J equally-spaced pixels for each side. We
identify them as the grid points g;, 1 <j < J?, each
with g; = [z;,7;,2;]T and estimated rain rate f](.g). The
rainfall rate map can be evaluated by applying the LS
procedure (8) between the estimated rainfall rates of
data points and those on the grid points.

4 Numerical results

In order to corroborate the effectiveness of our
approach, we carried out many simulation runs for
the scenario of interest. To be specific, we define a
number of CMLs and BSLs, given by their location
inside the area A to be monitored, working frequency
fo and polarization. The coefficient a and b are then
computed according to [6]. The rain is simulated
using a virtual cylinder of rain with constant rain
rate r and radius 7cy1. At each simulation run, the
cylinder of rain is located in a random position. The
simulation parameters are shown in Table 1.

A 100 km? fo 18 GHz
J 64 polariz. vertical
D 50 m a 0.0601
ho 1 km b 1.1154
VYeyl 1.5 km r 10 mm/h

Table 1. Simulation parameters

Figure 2 gives an example of the grid map on the z —y
view (first column) and its estimation (second column)
for two different cases: (a) and (b). Along with the
cylinder of rain (in red), 14 CMLs are positioned fol-
lowing a portion of the Israeli map of commercial wire-
less links for both cases, while in case (b), other 8 BSLs
are randomly located. From the estimated maps, we
can deduce that the proposed mixed approach evalu-
ates the rainfall rate with good accuracy, and it can
strongly improve the estimation respect to the con-
ventional case using only CMLs. In the following,
we present the aggregated results obtained running
hundreds of simulations. The overall accuracy perfor-
mance of the estimation algorithm is quantified both

as the root mean square error RMSE = 1/ ||# —r|? /.J2,
where r and # are the real and the estimated rainfall
rate maps, respectively, and as the correlation coef-
ficient p = cov(t,r)/(or0r), which evaluates the sim-
ilarity between the actual and the estimated maps.
Figures 3 and 4 depict the RMSE (solid lines) and p
(dashed lines) for near-to-the-ground height and differ-
ent scenarios as a function of the number of CMLs and
BSLs, respectively. It is apparent that: ¢) from Fig. 3
even a small number of satellites can significantly con-
tribute to reduce the error; ii) from Fig. 4 the impact
on the accuracy performance of the number of CMLs
is much lower respect to the number of BSLs; ¢ii) the
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Figure 2. Snapshot of a simulation.

latter are easier and cheaper to put in place respect to
the installation of new CMLs.
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Figure 4. RMSE and p vs. number of BSLs.
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5 Conclusion and Future Works

In this paper, the problem of rainfall rate estima-
tion through mixed data coming from commercial mi-
crowave links and broadcast satellites link has been
studied. The simulation results show the effectiveness
of the mixed approach respect to the conventional algo-
rithms which exploit the terrestrial link only. Future
works will further investigate the dependence on the
environmental condition of the rain among the z-axis
in order to refine both model and the algorithm.
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