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Abstract—In order to better understand the wet antenna atten-
uation (WAA) effect in opportunistic rainfall estimation using
commercial microwave links (CMLs), near-field measurements
of a standard CML antenna under test (AUT) are performed
under dry and wet conditions, and equivalent surface currents
(ESCs) on the antenna radome are reconstructed. The far field
(FF) of the wet AUT shows an overall reduced electric field
magnitude around the boresight direction compared to the dry
AUT. We deduce a simple and intuitive absorption-based elec-
tromagnetic drop model for corresponding local manipulations
of the dry antenna ESC distribution at individual drops and
show the consistency of the modeled WAA with corresponding
measurements. After validation, the model is applied to synthetic
but realistic drop distributions as they accumulate during dew
and rain. For both cases, justifiable WAA values are obtained,
and a linear relation between WAA and the approximate radome
area occupied by drops is demonstrated.

Index Terms—Antennas, commercial microwave links (CMLs),
near-field measurements, wet antenna attenuation (WAA).

I. INTRODUCTION

UTILIZING commercial microwave links (CMLs) for
quantitative rainfall estimation (QPE) [1], [2] has shown

to provide country-wide rainfall measurements with quality
almost on-par with weather radar data [3], [4]. CML data
makes it even possible to generate rainfall maps with high
spatial and temporal resolution in data-scarce areas, i.e., with
low availability of otherwise common weather monitoring
instrumentation [5]. The capability of using existing infras-
tructure without the expenses of additional hardware and
potentially associated construction or assembly efforts qualify
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CML-QPE as a powerful tool to be used in flood forecasting
[6], [7].

A. Motivation

Alongside the aforementioned advantages, processing the
raw CML data poses several challenges. One of the common
difficulties is to estimate the share of path loss which is
contributed by water droplets settling on the antenna radome,
e.g., during a precipitation event or due to a large relative
humidity. These water residuals on the antenna radome interact
with the radiation fields and, associated with this, in general
lead to a disturbed far-field (FF) performance of the antenna.
Commonly, this contribution to path loss is denoted as wet
antenna attenuation (WAA) since the overall path loss is
increased compared to conditions with a dry antenna. The
consequence of WAA is usually an overestimation of the rain
rate derived from CML data during a rainfall event. Moreover,
even after a precipitation event has passed, the antenna radome
can remain in a wet condition and slowly dry off, leading
to prolonged periods of additional path loss without actual
rainfall present. This also applies to dew droplets accumulating
over the area of the antenna radome, causing attenuation
even during the complete absence of rainfall [8], [9]. Overall,
the undesirable WAA effect requires a correction in CML
path loss time series in order to increase the accuracy of
CML-QPE.

The problem of water presence on large microwave antenna
radomes has been addressed by analytical methods, where,
e.g., [10] suggests to consider just the attenuation of a plane
wave passing through a continuous and infinite-plane water
slab in free space. For common directional CML antennas
with a large radome diameter in terms of wavelength, such
approaches can be useful to obtain a rough estimate of the
impact of radome wetness on the transmission performance.
A corresponding WAA correction technique, using an infinite-
plane multilayer medium which accounts also for the radome,
has been described in [11], suggesting to apply the method to
recorded CML time series.

Numerical simulations of a wet radome alone, i.e., with-
out a surrounding antenna structure, and approximating it
as flat and infinitely large by utilizing a unit cell model,
were performed for S-band frequencies in [12]. Based on
Maxwell-Garnett’s theory, the raindrop distribution together
with the intermediate air was substituted by a layer of a
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homogeneous effective medium. For lower frequencies in the
S-band, this approximation justifiably neglects physical effects
at the individual water drops. With increasing frequency, the
corresponding error, however, will enlarge. Especially for
frequencies extending into and beyond the Ka-band (which
is typical for CMLs), a more realistic model considering
individual water drops on an infinitely large radome was
introduced in [13]. Parameters including radome thickness,
shape, and material properties most likely also play important
roles, but they are not precisely known in general because this
information is typically not made available by the antenna
manufacturers. Nevertheless, the general impact of radome
wetness on the radiation capabilities of an associated CML
antenna has been reproduced qualitatively with the model
in [13] also in terms of the reflection of a certain portion
of the incident power by the drop layer. Simulations and
measurements with water films of controllable thickness have
been performed on a small exemplary horn antenna [14],
where the reflectivity of the antenna was also observed to
depend on the water film thickness.

Other approaches model the WAA as being constant during
rainfall events [15], as a process exponentially converging to
a set maximum value over time [16], or as a quantity which
is dependent on the rain rate [11], [17], [18]. The reported
values of WAA are in the range of two to three decibels, but
in some datasets, much higher values of up to 9 dB were also
observed during extremely heavy rainfall events with rather
short CMLs [19].

Recently, measured path attenuation and simultaneously
recorded rainfall data were converted into a residual WAA
time series in a Czech E-band CML dataset [20]. Using the
WAA time series, a long short-term memory neural network
was trained with the data in order to predict the WAA. With the
rapidly emerging capabilities in utilizing artificial intelligence
for large amounts of data, such approaches might be promising
especially for large CML datasets as they could be obtained
by merging individual datasets into larger ones [21]. However,
reliable reference data along a CML path is required to derive
such a residual WAA time series.

Altogether, heuristic WAA estimation methods using CML
time series are currently complemented by simulation and
experimental work which has been done to investigate ide-
alized or isolated effects related to antenna wetness. However,
a sufficiently accurate but yet simple enough electromagnetic
drop model for the WAA which is close to the underlying
physical processes is currently not available. Such an approach
would allow deducing the WAA from, e.g., information about
the water drop distribution on the antenna radome. However,
dedicated quantitative observations of the WAA effect are
generally only feasible in certain experimental setups or in rare
cases where very reliable reference data for the path-averaged
rain rate is available. Furthermore, accurate observations of the
wetness conditions on an antenna radome are usually also rare.
Without a sufficient understanding of the physics of WAA, it
is, thus, difficult to extrapolate these few findings from experi-
mental observations directly toward universal WAA correction
methods that can be applied to arbitrary CML datasets for
rainfall estimation.

(a) (b)

Fig. 1. Bubble foil attached to the AUT inside the anechoic chamber. Some
of the bubbles are filled with distilled water. (a) Perspective view. (b) Front
view.

B. Our Contribution

In this work, we perform NF measurements of a highly
directive, off-the-shelf Ka-band CML antenna under dry and
wet conditions in an environment with controlled temperature.
Based on these measurements and inspired by the concept of
physical optics (PO) [22], [23], we derive a simple modeling
technique for the interaction effects of individual water drops
with the incident electromagnetic field from the antenna under
test (AUT) with regard to the WAA. The drop model replicates
underlying measurements with high accuracy. On this founda-
tion, a linear relation between the WAA (in dB) and the total
radome surface area covered by water drops is derived. With
this linear function, the WAA can be readily estimated for this
particular AUT and frequency from only rough information
about the amount of wetness on the radome.

Originating from these observations, new possibilities
toward WAA correction emerge. Further development of the
proposed drop modeling technique will allow us to extrapolate
corresponding observations to further frequencies, antennas,
and water formations on antenna radomes. This would then
make WAA predictions possible even for yet unseen con-
figurations and lay a foundation for very flexible new WAA
correction methods. Altogether, the analysis at hand constitutes
a considerable step toward the development of new physics-
based WAA estimation models.

C. Outline

In Section II, the measurement setup, the procedure to
obtain the equivalent surface currents (ESCs), and the pre-
processing methods are described. Based on the results, the
drop model is introduced and evaluated in Section III. The
implications are generalized by investigating synthetic drop
distributions in Section IV before summarizing and concluding
the findings in Section V, together with an evaluation on how
the presented electromagnetic drop model could inspire future
methods for time-series-based CML-QPE.

II. ESCS FROM DRY AND WET ANTENNA
NF MEASUREMENTS

A. Surface Equivalence Principle

Fig. 1 shows the (wet) AUT, manufactured by Ericsson
under the product name ANT2 0.3 38 HPX, mounted in the
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Fig. 2. Surface S̃ , which coincides with the paraboloidal radome.

used anechoic chamber [24], [25]. The operating frequency
is 38.5 GHz and the diameter of the plastic radome is
R = 38.2 cm, corresponding to an electrical diameter of about
49λ0 with the free-space wavelength λ0. Denoting the surface
enclosing the AUT by S, the electric field E(r) which is
produced by the antenna in the exterior of S can be written as

E(r) =

‹
S

h
G

E
J

�
r, r′

�
· JS

�
r′
�
+ G

E
M

�
r, r′

�
· MS

�
r′
�i

da′

(1)

on the basis of the well-known surface equivalence principle
[26] (SEP), where G

E
J and G

E
M are dyadic Green’s functions

for the electric field produced by the tangential electric and
magnetic surface currents JS and MS which are defined on S.
Fig. 2 shows the bulging front square S̃ ( S , constituted by
a circular paraboloid resembling the curvature of the radome
plus a flat continuation into a square at the corners. The shape
of the paraboloid has been obtained by measuring the elevation
of the bulging radome at several points and performing a
least-squares fit. In Fig. 2, the z-axis is magnified in order to
highlight the paraboloidal variation of S̃ across the aperture.
The curvature of the radome is roughly recognizable also in
Fig. 1.

B. Source Reconstruction From Planar NF Measurements

In this work, the SEP is numerically evaluated for electric
and magnetic dipole sources of infinitesimal extent on S̃ .
The positions of the according J S̃ and MS̃ are determined
by projecting a square uniform grid with N2 points onto S̃ ,
where N is chosen as N = 401. Correspondingly, the distance
between two neighboring current elements is less than λ0/7
on the uniform grid. Due to the only slight radome curvature,
the spatial density of the current elements with respect to λ0
does not change significantly. Denoting the complex excitation
coefficients of the tangential electric and magnetic surface
current elements which reside only on S̃ by JS̃ ,i and MS̃ ,i,
we obtain

J S̃ (r′) =

2N2X
i=1

JS̃ ,i di δ
�
r′ − ri

�
(2)

and

MS̃
�
r′
�

=

2N2X
i=1

MS̃ ,i di δ
�
r′ − ri

�
(3)

where ri is the respective positions of the current elements on
S̃ . The factor of 2 in the upper sum limits corresponds to the
consideration of two orthogonal electric and magnetic current

components at every ri. Formally, the orientation di of the ith
electric or magnetic current element fulfills

nS̃ (r′) · di = 0 ∀i ∈ 1, . . . , 2N2 (4a)

∧ di · di+N2 = 0 ∀i ∈ 1, . . . ,N2 (4b)

where the normal vector on S̃ is denoted by nS̃ (r′). By (4a),
it is ensured that all current elements are oriented tangentially
to the bulged S̃ , see Fig. 2, which is close to, but not
exactly a plane. The first N2 orientations are chosen such that
they are parallel to the dominant polarization of the incident
field from the antenna. The orthogonality of the electric and
magnetic co- and cross-polarized components at every r′ is
then expressed by (4b). Note that with this definition, there
are four current elements at every ri on the bulged S̃ with
respective orientations di. The corresponding coefficients JS̃ ,i
and MS̃ ,i are left to be determined.

Incorporating a standard planar NF measurement procedure,
the NF is sampled at K regular known positions in front
of the aperture across a plane which slightly extends beyond
the radome borders sideways. In the horizontal direction, the
NF scanning plane measures slightly below 40 cm. Since
the positioner of the used NF scanning environment only
allows for a maximum vertical scanning range of 30 cm, a
strip of missing data over a few centimeters is introduced.
However, this is not considered to cause significant errors to
the electromagnetic drop model to be proposed later.

For every setup under investigation, i.e., with the AUT
under dry or wet conditions, two individual measurement
runs are performed with the probe rotated by 0◦ and 90◦,
respectively, in order to capture both radiated polarization
components. In all measurements, the horizontal polarization
of the antenna is fed while the other port is terminated with a
broadband 50 Ω-load. As expected, the measured co-polarized
NF component is significantly larger in magnitude than the
cross-polarized counterpart overall. However, the latter is still
reasonably detected. After completing the measurements for
both polarizations, the current coefficients are determined by
efficiently solving the associated optimization problem

min
J, M ∈C2N2×1





�Ae ZF Am
� � J

M

�
− b






2

(5)

where Ae ∈ C
K×2N2

and Am ∈ C
K×2N2

are operators mapping
the electric and magnetic current coefficients JS̃ ,i and MS̃ ,i,
collected in J ∈ C2N2×1 and M ∈ C2N2×1, to the NF
observations b ∈ CK×1 through the corresponding Green’s
functions [27]. The free-space impedance is denoted as ZF.
For the sake of brevity, (5) is condensed into

min
z ∈C4N2×1

‖Az − b ‖2 (6)

with the composite NF operator A and the vector of unknowns
z =

�
JT MT�T.

C. NF Measurements of Dry and Wet AUT

While the dry AUT measurement is straightforward, wetness
on the radome was imitated by attaching a sheet of thin plastic
bubble foil to the radome where individual bubbles have been
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Fig. 3. Histogram of the magnitude of the complex difference of the NF
measurement results of the dry AUT alone and the dry AUT with dry bubble
foil attached. Occurrences of values below −90 dB are excluded from the
visualization.

pseudo-randomly injected with distilled water, see Fig. 1. This
procedure was chosen so that the drop pattern does not change
due to drying or run-off during the NF measurement duration.
The approximate diameter of the bubbles is 6 mm, correspond-
ing to already large but still realistic drops. The dielectric
properties of distilled water are considered to be equivalent
to those of rainwater. Prior to the start of a wet measurement,
the bubble foil with the drops was left in the measurement
setup for several hours in order to avoid measurements during
the first and more dynamic phase of the generally slow-
enough evaporation process over time. Furthermore, since the
dielectric behavior of water is in general not only a function
of frequency but also depends on temperature [28], this time
period also allows the water drops to settle to the temperature
of the environment, specifically 22 ◦C, to ensure consistent
measurement results.

To verify that the bubble foil itself does not introduce
significant deviations from the dry NF measurement results, an
additional measurement was performed with dry bubble foil
attached to the radome, that is, without any water injected.
The magnitude of the complex difference between the cor-
responding measurement result and that of the AUT with
the dry radome without any bubble foil is demonstrated in
Fig. 3. With the difference generally below −35 dB and below
−40 dB for 99.6% of all NF samples, the impact of the plastic
bubble foil alone is found to be negligible.

The solution vectors always contain elements with nonzero
magnitude even outside the area of the radome. Due to their
low magnitude and similar appearance in all obtained z,
they are considered to be artifacts created by the solver and,
therefore, set to zero.

All panels in Fig. 4 visualize magnitudes of electric or mag-
netic ESCs on S̃ after projection onto the supporting square
plane. Brighter colors correspond to larger ESC magnitudes.
The index “cp” or “xp” indicates co- or cross-orientation of the
respective current elements with respect to the predominantly
horizontal polarization of the incident field from the antenna.
The apparent truncation in the upper part is due to the limited
positioner reach as was described in Section II-B. Outer
circular solid lines indicate the actual radome boundary. Along
the dashed lines, the parabolic main reflector transitions to
a flat metallic ring parallel to the drawing plane behind the
radome, which allows the radome to be physically attached
to the AUT. Inside the projected area of the metallic ring,
i.e., between the solid and dashed circles, the tangential ESCs
are practically zero. Therefore, significant ESC magnitudes

almost exclusively exist within the indicated dashed circular
boundaries.

Fig. 4(a)–(d) shows the ESC magnitudes for the dry
case. The ESC magnitudes obtained from the measurement
under wet conditions as depicted in Fig. 1 are shown in
Fig. 4(e)–(h). Direct comparison with Fig. 1(b) reveals a strong
correspondence between the locations of the water drops on
the radome and the spatial distribution of circular patterns in
the dominant electric and magnetic ESC components. This
observable significant local attenuation in areas which are
occupied by drops is attributed to a composition of local
absorption and scattering of the energy from the incident
electromagnetic field. Note that the intensity of absorption
transitions from the inner to the outer border of every drop
and extends even beyond the actual drop boundary. Therefore,
closely spaced drops appear slightly blurred into each other.

III. DROP MODEL FROM WET NF MEASUREMENTS

A. Procedure

Based on the observations in Section II-C, a simple elec-
tromagnetic drop model is proposed and evaluated. With the
support of image processing methods, the drop positions held
in place by the plastic foil are extracted from a front-view
photo of the measurement setup, see, Fig. 1(b), which had been
taken immediately before starting the NF measurement. The
extracted drop distribution is stored in the vector w ∈ BN2×1

according to

wi =

8<:0, if ri inside the circular area of a drop

1, else
(7)

taking the known bubble diameter of the foil into account
together with the gradually decreasing attenuation toward the
outer border of the drops. Then, the previously obtained dry
solution zdry is modified into W zdry with

W = diag(w)4 (8)

where the notation with four copies of w on the main diagonal
of W emphasizes that at every ri, which is associated with the
inner of a water drop, all four current components, that is,
both components of electric and magnetic currents, are set to
zero. The resulting W zdry is shown in Fig. 4(i)–(l) for direct
comparison with Fig. 4(e)–(h) or also the photos in Fig. 1.

Obviously, the model identifies the interaction of every
single drop with the incident field with the total absorption of
energy in the complete circular area which the drop occupies
on S̃ . All other effects such as the interaction of individual
drops with other drops as well as with the antenna itself
are not accounted for. Thus, the developed model shares
similarities with PO where coupling and edge effects are
ignored. Consequently, the approximations made here allow us
to treat the impact of individual drops linearly and, as will be
pointed out, lead to an overall linear and reasonably accurate
paradigm for estimating the WAA which is induced by an
exemplary drop distribution on the antenna radome.
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Fig. 4. Magnitude of the equivalent electric and magnetic current elements. (a)–(d) Measurement of the dry antenna, (e)–(h) measurement of the wet antenna,
and (i)–(l) measurement of the dry antenna where individual current coefficients are set to zero in line with the described drop model. The first two columns
represent the coefficients of the two orthogonal components of the electric currents, while the last two columns represent the magnetic current coefficients.

B. FF Evaluation

Given the current element coefficients z, the radiation oper-
ator F is introduced which evaluates the magnitude of the
Poynting vector S (k) at a large distance from the result of (1)
as

S (k) = F(z) =
|Eϑ (ϑ, ϕ)|2 +

ˇ̌
Eϕ (ϑ, ϕ)

ˇ̌2
2 ZF

(9)

where the vector k is the direction of interest, determined by
the angles ϑ and ϕ, and Eϑ and Eϕ denote the electric field
vectors. Fig. 5(a) shows the magnitude of the total electric field
Et(ϑ0, ϕ) =

√
2 ZFS (k) in the cut ϑ = ϑ0 through the main lobe

(ϑ0, ϕ0) = (90.21◦, 89.71◦). A zoomed version demonstrating
the very narrow main lobe is provided in Fig. 5(b). Due to
the necessarily finite NF scanning area, Et is only meaningful
inside the angular region around (ϑ0 ± αv, ϕ0 ± αv), where αv

can, according to [29] and [30], be estimated by

αv = arctan
�

L − 2R
2D

�
(10)

with L, R, and D corresponding to the side length of the
scan area, the radius of the aperture, and the distance from
the NF measurement plane to the aperture, respectively. Due
to the incomplete NF scan over the vertical dimension of
the aperture as mentioned earlier, the estimated αv would,
however, become negative if the shorter side length would
be used for L. Therefore, L is set to the horizontal extent of
the measurement plane, which is slightly under 40 cm, see
Section II-B. Together with the largest distance to the bulged
aperture, (10) then yields a value of αv ≈ 11.7◦. This estimated
valid region, highlighted in light blue in Fig. 5(a), encloses the
FF region of strong radiation sufficiently well. Furthermore,
since negligibly small NF intensities have been observed close
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Fig. 5. Magnitude of the electric field Et(ϑ, ϕ) for ϑ = ϑ0 at a large distance
of the dry antenna, normalized to the magnitude maximum of the dry electric
field in main lobe direction. (a) Cut with the valid angular region highlighted
in light blue and (b) zoomed version (without highlighting). The slight angular
offset of the main lobe, i.e., ϑ0, ϕ0 , 90◦, is attributed to an imperfect
alignment of the AUT in the measurement setup.

to almost the full border of the scan plane, the truncation of
the measurement plane is not considered to induce significant
errors overall.

C. Evaluation of the Model in Boresight Direction

Only looking into the boresight direction k0 of the AUT
determined by the angles ϑ0 and ϕ0, the operator F0 is
defined as a special case of (9). In order to assess WAA, the
Poynting vector magnitude S (k0) = F0(z) is used, where it
is, correspondingly, assumed that the hypothetically involved
second CML antenna is perfectly aligned to the first one,
which is under investigation. The WAA value AW,meas, which
is caused by the water drops, is denoted in decibels as

AW,meas = 10 log10 (F0 (zwet)) − B (11)

and the value AW,model, obtained from the drop model, is

AW,model = 10 log10

�
F0
�
W zdry

��
− B (12)

both with the dry reference value

B = 10 log10

�
F0
�
zdry
��
. (13)

The current elements are illuminated approximately equally
in phase. Recalling (7), it is, therefore, very intuitive that
the modeled WAA increases with the number of zero entries
in w, corresponding to the number of current elements that
are set to zero, or, ultimately, the number of drops on the
radome. In the hypothetical case w = 0, all currents are
set to zero. In the sense of this model, this limit could
theoretically be interpreted as a continuous water film that
absorbs all energy that would be radiated from the dry antenna
otherwise. This interpretation, however, depends on the chosen
ESC granularity and the occurring drop size distribution,
basically constituting a quantization issue. Due to the often

TABLE I
WAA VALUES FROM THE MEASUREMENT AND FROM THE DROP MODEL

chosen hydrophobic radome materials, which usually prevent
the formation of continuous water films, this case is rather
less relevant, but nevertheless, its implication is worth noting.
Similarly, if all elements of w are unity, there would be no
radome wetness at all, and it is easy to see that the drop model
would reasonably indicate zero dB of WAA.

Evaluating (11) for the drop distribution as depicted in
Fig. 4(e)–(h) yields AW,meas ≈ 0.56 dB while the estimation
from the drop model (12) provides a very close value of
AW,model ≈ 0.53 dB. A similar experiment with a smaller num-
ber of filled bubbles has been carried out where some features
of the drop distribution have been retained deliberately, see
Fig. 6. For the sake of clarity, the visualizations of |Jxp| and
|Mcp| have been omitted here due to their small magnitude
and redundancy, see Fig. 4. The second experiment yields
AW,meas ≈ 0.34 dB. Replication in the drop model produces
AW,model ≈ 0.32 dB, likewise matching the measured WAA
results closely. Since the setups for the NF measurements were
identical, that is, the AUT was not moved between the exper-
iments, both differences to the originally dry case are solely
attributed to the WAA induced by the drops inside the bubble
foil. The measured and modeled WAA results are summarized
in Table I. Cognizant of the very close match of the measured
and the modeled WAA values in both cases, the proposed
model turns out to reflect the effective attenuation in the
presence of water sufficiently well.

The method for WAA estimation also applies to the receiv-
ing antenna. If the drop distributions are quantitatively similar,
the effective WAA in a link consisting of two antennas would
have to be doubled accordingly, based on the reciprocity of
transmit and receive.

IV. WAA OF SYNTHETIC DROP DISTRIBUTIONS

The manual wetting of bubble foil is laborious and, there-
fore, not reasonable to repeat over and over again for the
analysis of further individual drop distributions. Based on the
justification of the proposed model from the results presented
in Section III-C, which are summarized in Table I, synthetic
drop distributions (SDDs) are investigated as a next step.

During natural dew or precipitation events, drops of vari-
ous diameters will accumulate at stochastic locations on the
radome. As can be seen in, e.g., Fig. 4(a)–(d), the magnitude
of the current elements varies notably across the radome area,
especially along the radial distance from the (projected) center
of the radome. Since the magnitudes are set to zero according
to the drop model, there will be a stronger impact on the
radiation performance of the AUT if more individual drops
are sitting in those areas with larger ESC magnitude. In order
to account for this in a WAA model, detailed information
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Fig. 6. Magnitude of the equivalent electric current elements. (a) Measurement of the wet antenna, (b) replication in line with the drop model, and magnitude
of the equivalent magnetic currents, (c) measurement of the wet antenna, and (d) replication in line with the drop model. The visualizations of |Jxp | and |Mcp |
have been omitted from the visualization due to their small magnitude and redundancy, see Fig. 4.

would be needed about the exact drop positions and also
on the ESC magnitude across the radome. However, exact
knowledge of the drop formation processes at real CML
antennas is commonly not available. We assume that, during
the moistening of a CML antenna due to environmental condi-
tions, the constituting wetness distributes randomly across the
complete aperture, yielding a quasi-uniform drop distribution.
Particularly, drops do not concentrate in specific areas, e.g.,
not systematically in those regions where primarily the largest
or lowest current element magnitudes are obtained. Visual
inspection of numerous camera photos of wet antennas during
natural dew and rain as shown in [31] justifies this assumption.

Drop distributions are generated by starting with a plane
uniform grid across the aperture area and adding 2-D posi-
tional noise to every grid node. For SDDs, as they are
qualitatively assumed to be established during rain, the drop
diameters are chosen randomly between 3 and 6 mm for every
individual drop. The lower limit of 3 mm was chosen in
order to ensure the formation of reasonably large drops during
fictitious rain. Moreover, synthetic dew is generated with all
droplet diameters chosen as small as possible, corresponding
to the region represented by exactly one ESC. For the chosen
N = 401, all dew droplets share the same diameter of
about 1 mm.

After generating random drop information with the
described procedure for both considered wetness classes,
i.e., each for dew and rain, the generated drops on a plane
are projected onto the aperture S̃ . Overall, this procedure
corresponds to the construction of one w-vector as intro-
duced in (7) per random arrangement and modifying zdry into
W zdry accordingly, while, in contrast, Section III-A described
the strategy to replicate an existing drop distribution into a
w-vector. Evaluation of F0(W zdry) and using (12) then yields
one corresponding WAA value ASDD for each individual SDD.
The relative aperture area which is occupied by all drops
together is reflected in the total amount of current elements
set to zero due to synthetic water drops divided by the total
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Fig. 7. SDD examples with randomly determined drop positions and
diameters in the sense of the drop model. (a) Intense dew with the small-
est possible drop diameter of about 1 mm for the choice N = 401 and
(b) raindrops in the case of heavy rainfall with random diameters between
3 and 6 mm.

number of current elements across the aperture. This ratio will
be referred to as a in the following.

For P = 20 individual severities of wetness, i.e., numbers of
synthetic drops, Q = 25 realizations were generated for dew
and rain each to investigate changes due to variations of the
drop positions and, in the case of rain, also of the drop diam-
eters. Fig. 7 illustrates one SDD example for very intense dew
and rain, respectively, by means of the accordingly modified
dry ESC distribution. Although these examples clearly appear
differently since they represent different classes of radome
wetness, both correspond to the same relative radome area
a ≈ 22% which is covered by drops, i.e., more than one-
fifth of the currents are set to zero. Particularly in the dew
example, the quantization of the current element positions
becomes visible. For larger N, even finer dew SDDs would,
however, be possible theoretically. The rain example already
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Fig. 8. Single-antenna WAA results for the SDDs. (a) WAA median data
points with linear fits in dB. (b) Corresponding standard deviations. Note that
the water coverage in the gray-shaded area corresponds to rather unnatural
water drop densities. Therefore, the associated WAA values will most probably
not be reached in a real-world scenario.

shows several overlapping drop pairs, which would naturally
combine into one larger drop and potentially run off. These
observations make this value for a, together with N = 401, a
limit case which would most probably not constitute naturally,
especially in the case of rain.

Due to the random generation of drops, all SDDs for the
pth wetness level come up with slightly different values apq,
q = 1, . . . ,Q. Therefore, the medians āp are determined as

āp = med
˚
apq
	Q

q=1 , p = 1, . . . , P. (14)

Altogether, PQ = 500 random examples are investigated
for dew and rain individually. The Q correspondingly observed
WAA values A(d/r)

SDD,apq
for one specific p, where the superscripts

“(d)” and “(r)” indicate dew or rain, respectively, are summa-
rized using the median into

Ā(d/r)
SDD,p = med

n
A(d/r)

SDD,apq

oQ

q=1
, p = 1, . . . , P. (15)

The resulting data points (āp, Ā
(d/r)
SDD,p) are shown in

Fig. 8(a) for all considered drop amounts. Below the data point
at ā ≈ 22%, approximately quadratic relationships of the WAA
medians for dew and rain are observed, respectively, which are
fitted to linear functions Ã(d/r)

W (ā) in dB in the visualization. In
order to ensure zero WAA for a = ā = 0, this data point is
added to the regression with an increased weighting factor.
The slopes for dew and rain are virtually equal, suggesting
that WAA from the drops can be modeled even without
knowledge of the considered wetness class. Therefore, WAA
can universally be estimated for dew and rain by

ÃW(a) = Ψa (16)

in decibel, where Ψ ≈ 0.094 dB/% is the slope of the linear
estimation function for both wetness classes.

Restricting ourselves to realistic drop amounts, i.e., to those
data points with ā ≤ 17% in order to introduce an exemplary
margin of 5% to the abovementioned 22%, we reach about
1.6 dB of WAA for a still severely moistened antenna radome.
By inspection of wet radome pictures from the dataset gen-
erated by the field experiment [31], [32], this value appears
appropriate for large rainfall intensities. Correspondingly, ā
values greater than 17% are grayed out in Fig. 8.

On the basis of reciprocity, (16) must be evaluated for both
antennas involved in a CML as mentioned in Section III-C.
Doubling the WAA result accordingly yields WAA estimations
of effectively up to 3.2 dB of WAA for an actual CML, which
is a reasonable value according to previous studies [16], [18].
Therefore, for reasonable drop amounts sufficiently below that
of the limit cases, the presented water drop model will always
lead to plausible WAA values. For increasing values of ā,
the WAA increases more and more disproportionately over
ā, see the area shaded in gray in Fig. 8(a), approaching the
aforementioned limit of infinite WAA for ā→ 1. This extreme
case is not included in the visualization.

Note that the standard deviations

σ(d/r)
SDD,p = std

n
A(d/r)

SDD,apq

oQ

q=1
, p = 1, . . . , P (17)

are neglectable for all considered examples, especially for dew,
see Fig. 8(b). This altogether indicates that the actual drop
positions are less relevant for WAA than the total drop amount.
However, this observation strongly relies on the fact that the
drops are quasi-uniformly distributed over the aperture area,
which is usually the case as was pointed out earlier. Then,
on average, the same amount of current elements with weak
and large magnitudes (in the dry case) are attenuated by the
drops, respectively. Particularly this leads to the convenient
linear WAA estimation in dB over the relative radome area
which is occupied by water drops.

In order to apply the model for actual WAA correction
in a real CML, this information still would have to be
obtained from other sources of data, e.g., the antenna reflection
coefficient, which has been shown to be sensible to the amount
of radome wetness [14], [31], [32], [33].

V. CONCLUSION

A simple and intuitive electromagnetic model for individual
water drops on a large antenna radome has been deduced from
NF measurements of an AUT under dry and wet conditions.
In order to approximately replicate the observed effects on the
measurements which are induced by water drops, the deter-
mined equivalent radiating current elements of the dry AUT
were set to zero everywhere inside areas of physically present
drops which were attached in a separate experiment. The
corresponding radiated power density in the boresight direction
reproduced the result from the associated measurement with
sufficient accuracy in two individual passes. The difference
relative to the dry result is precisely the WAA. Subsequent
investigation of synthetic but realistic drop distributions, based
on visual inspection of numerous photos of wet antennas
during natural dew and rain, revealed linear relationships of
the WAA (in decibels) with the relative portion of the radome
area occupied by drops. The slopes for dew and rain were
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almost identical. Among several individual drop distribution
examples, the WAA variability was negligible for the same
individually considered wetness level, especially in the case of
dew. This observation suggests that the specific drop locations
are not relevant if the drops are distributed quasi-uniformly
across the radome. Therefore, the resulting linear model is
based on the assumption of a nearly uniform drop distribution
on the radome area. However, for realistic CMLs, this is
usually guaranteed since the formation process of drops is of
stochastic nature and, thus, the drops will not systematically
concentrate on particular areas of the aperture.

Despite the potential of the proposed method for the devel-
opment of future WAA correction models, there are also
limitations. Since information on the aperture area which is
covered by water drops is commonly not (directly) available
in real CMLs, the proposed paradigm cannot directly be used
to correct for the WAA in CML time series. An adequate
assessment of the water amount on the radome would be
required, which is usually difficult and would need further
careful evaluation. Furthermore, the presented linear model is
tailored to the antenna at hand and not yet agnostic regarding
parameters such as the operating frequency.

However, this work has established a basis for new WAA
estimation models and techniques, characterized by a con-
ceptual relationship to electromagnetics. In future work,
further experiments will be performed using more frequencies
and antennas. Detailed inspection of potentially frequency-
dependent interaction characteristics of water residuals with
the incident electromagnetic field from the antenna will allow
us to generalize and advance the drop modeling technique.
This continued development of the model will further improve
the understanding of the physical processes that constitute
WAA and should ultimately culminate in new methods for
WAA estimation and correction for rainfall estimation in CML
time series.
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