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Abstract

The radome of weather radars can be covered with a layer of water, degrading the quality of
the radar products. Considering a simplified setup with a planar replica of the Swiss weather
radars’ radome, we measure and model analytically its scattering parameters, with and without
water. The measured reflectance of the dry radome replica agrees well with the one modeled
according to the manufacturer specifications. Water forms droplets on the hydrophobic sur-
face, but water films thicker than 1 mm can be created. Meteorologically more realistic thinner
water films are expected on old radomes that have become hydrophilic with aging. Using
hygroscopic silk and cotton tissues, we empirically imitate water films as thin as less than
0.1 mm. The measurements align with the simple analytical model of uniform plane wave inci-
dence on the radome and water film but could be further improved by taking refraction and
bending of the radome replica into account. Simulations with the General Reflector Antenna
Software Package (GRASP) from TICRA complement the study for a representative setup with
a spherical radome.

Introduction

The Swiss weather radar network comprises five polarimetric C-band Doppler radars [1], oper-
ating at frequencies between 5430 and 5468 MHz. All five radars have a center-fed parabolic
dish antenna surrounded by a spherical radar dome (radome) to protect against adverse envi-
ronmental effects, see Fig. 1. The radome has a sandwich type design consisting of two fiberglass
composites enclosing a low-density foam core. Thickness and dielectric properties of the three
layers are chosen such that the radome is as transparent as possible at the working frequency
of the radar. The outermost layer is covered with a hydrophobic gelcoat layer that protects the
radome from erosion damage. The setup is typical for weather radars [2, 3].

When water deposits on the radome, the resulting multilayered structure skin-core-skin-
coating-water has different electrical properties than the dry radome. The water attenuates
the signal and modifies its phase, broadens the antenna pattern, adds an offset to the system
noise floor level, can alter the pointing accuracy and causes depolarization, and consecu-
tively degrades the quality of the radar products [4-8]. In practice, the accumulation of water
on the radome is counteracted with (super-)hydrophobic properties of the coating. These
coatings, with their low surface energy, enhance the runoff and the formation of droplets
and rivulets, eventually reducing the transmission loss as compared to hydrophilic surfaces
[5, 9-12]. However, the hydrophobic properties tend to fade with aging due to the adhesion
of dirt from pollutants, erosion by ultraviolet radiation and other factors [5]. The degradation
can become significant after time spans of the order of months [8, 13]. More durable coatings
are being developed [14-16].

Given its operational relevance, the literature focuses on liquid water precipitation coverage.
Ice and snow are less critical for the operational system, because their dielectric properties are
closer to the one of air [17]. However, when a thick pack of ice and snow starts melting, a liquid
water film of relevant thickness can form and high transmission losses are observed [8, 9, 18].

Selected references are the following. Analytical work is published for hydrophilic [19, 20]
and hydrophobic surface properties [7, 11, 13]. Measurements under conditions of natural rain
are documented in [4, 8, 9, 13, 21-26]. Experiments with artificial setups were conduced by
[5, 6, 10, 12, 27-40]. Other authors focus on simulations [13, 36, 39, 41, 42] or make efforts to
correct wet radome biases in real time [13, 19, 23, 26, 37, 42-50].

In this article, we investigate the scattering parameters of the radome of the Swiss weather
radars at C-band, under dry and wet conditions. The findings shall help the operational moni-
toring of the weather radars, and contribute to developing methods for mitigating the adverse
effects of the water in real time.
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Figure 1. The antenna system of the Swiss weather radars. The figure shows the
4.05m parabolic dish antenna with 1.524 m focal distance inside of the spherical
radome with 6.5 m outside diameter. The reflector surface has an 0.92m offset from
the center of the radome. The analogue and digital receivers are installed on the
antenna counterweight (receiver-over-elevation box). The transmitter and the
control cabinets are located in a separate room.

Using a simplified setup with a flat replica of the radome of
the Swiss weather radars, we test the scattering parameters of the
dry and wet radome empirically. The measurements, described in
Section “Description of the measurements”, are compared to the
analytical model introduced in Section “Analytical model for flat
radome”. The results are presented in Sections “Dry material prop-
erties” and “Scattering parameters of the wet radome”. To complete
the study, Section “Physical Optics antenna simulations” concludes
with simulations for a representative setup with spherical radome,
using the General Reflector Antenna Software Package (GRASP)
from TICRA.

An earlier version of this paper was presented at the 18th
European Conference on Antennas and Propagation (EuCAP,
Glasgow 2024) and was published in its Proceedings [51]. This
article completes the work with more and better calibrated mea-
surements of all four scattering parameters, in particular, using
fine silk and cotton tissues to empirically imitate thin water films.
The experiments are performed with a refined measurement setup
that is more stable, better aligned, and has additional absorbers to
reduce ground reflections. Given the reflection and transmission
measurements, we apply Poynting’s theorem to compute the frac-
tion of energy that is absorbed by the wet radome. Moreover, we
analytically link the thicknesses of the measured water layers to
certain rain rates (available in practice for the operational Swiss
weather radars). We also updated the representative antenna sim-
ulations with respect to the conference paper. Finally, we aimed
at clarifying the model assumptions and experiment conditions,
also addressing effects due to refraction and bending of the radome
replica in the experiment.

Analytical model for flat radome

The radome represents a stack of material layers, each with uni-
form thickness, enclosed by air. The materials are assumed to be
linear, homogeneous, and isotropic. Solving the accordingly sim-
plified Maxwell’s equations for time-harmonic fields, in each layer,
in Cartesian coordinates, each frequency component of the spec-
trum is given by a superposition of plane waves. Assuming the
layers are infinitely extended, and ignoring multiple reflections
outside the radome, a particular superposition consists of two lin-
early polarized uniform plane waves propagating along (+) and
against (—) the z-axis indicated in Fig. 2a. Considering the elec-
tric field at the bottom interface of the radome (toward port 1 of
the vector network analyzer), let us denote the complex amplitudes
of the two contributions with Ei (v/). Similarly, we define E5 (v) at

https://doi.org/10.1017/51759078725000546 Published online by Cambridge University Press

Schmid et al.

the top interface of the (wet) radome. The outgoing fields (E;, E)
relate to the incoming fields (E{, E; ) via the scattering matrix

ET (R 7'\ (E
B)-CDE) o

The frequency-dependent scattering parameters combine the
absorptive properties of the layers and the Fabry-Pérot interfer-
ence effects. For our purposes, the characteristic impedance on
both sides of the multilayered radome is the same (dry air). In
this case, the transmission responses T and T are equal. The reflec-
tion responses R and R” are in general similar only for symmetric
(such as our dry radome replica) and for lossless multilayers. We
now focus on monochromatic waves, set E; = 0 and assume the
surrounding air is lossless. Evaluating Poynting’s theorem for the
domain V indicated in Fig. 2a, and averaging over one period of
oscillation, yields

L= AP +[R]+ |7, (2)

where the absorptance |A|* represents losses due to Ohmic heat-
ing and polarization damping forces [52, p. 38]. Similarly we can
set Ef = 0 instead and define the absorptance |A4’|>. The abso-
lute squares of reflection and transmission responses are called
reflectance and transmittance. Here |72, |R|?, and | A|? are referred
to as outgoing transmittance, reflectance, and absorptance and
represent weather radar transmission. The incoming counterparts
|7712, |R'|?, and |A’|* stand for weather radar reception. Note
that Eq. (2) is independent of the extension of V in the plane
orthogonal to the direction of propagation and only follows from
the above-made assumptions about the material layers and because
monochromatic uniform plane waves are transverse. For a more
extended treatise of the model, see [53, pp. 173-191]. As to wet
radomes, the model holds for water films of uniform thickness and
is often used in similar work such as [9, 34].

Description of the measurements
Measurement setup

The manufactured radome replica is square-shaped with a side
length of 1 m and features a 2-mm-thick epoxy border to contain
the water. In the experiment, the replica is positioned horizontally,
allowing the water to spread over its entire surface. The setup is
shown in Fig. 2. On the one hand, the configuration facilitates the
control over the water, as well as the monitoring of its amount
and distribution on the radome surface. On the other hand, the
geometry replicates the wet radome model proposed in [19], which
describes the water distribution on hydrophobic spherical radomes
exposed to steady and uniform rain. Assuming laminar flow, on the
upper hemisphere of the radome, the model suggests a water film
with uniform thickness
3aRv, (T) )1/ 3

0,(R,T) = ( %

where g ~ 9.81m/s? is the gravitational acceleration, a is the
radome radius, R is the rain rate, T is the water temperature, and
v, (T) its kinematic viscosity [20]. The water’s kinematic viscos-
ity is linearly interpolated from the values given in [54, p. 758].
As it does for the real weather radar, in our experimental setup,
the center of the beam intersects perpendicularly with the radome.
The influence of the radome curvature is further addressed in the
Physical Optics simulations presented in Section “Physical Optics
antenna simulations”.

In reality, hydrophobicity, surface roughness [20], wind, the
presence of joints, and lightning rods, etc. will preclude the

) (©)


https://doi.org/10.1017/S1759078725000546

International Journal of Microwave and Wireless Technologies

VNA port 2
[1

d
b s Analytical model
Ef() E; () !

At E
L !

tod :

Ef(v) Ef ()

d

H 1m s

(@) (b)

Figure 2. Analytical model and empirical realization of wet radome scattering at
C-band. The analytical model is illustrated within the black-dashed contour line

in Figure 2a. It comprises complex field amplitudes at the radome inside (bottom)
and outside (top) interfaces, Ef'(v) and E5 (v), with adjacent arrows that indicate
the directions of propagation of the corresponding waves along the z-axis. In the
experiment, a I m x 1 m radome replica is centered between two rectangular horn
antennas, the distance d from the surfaces of the radome replica, and connected to
a two-port vector network analyzer (VNA). The red-dashed contour outlines the
spatial domain V used for evaluating Poynting’s theorem. Figure 2b shows a photo

of the measurement setup used for the “film,” “cotton,” and “silk” experiments (see

Section “Description of the measurements — Simulating a rain coverage in the
laboratory”) with d = 104 + 0.5 cm. A similar, but more provisional, wooden
scaffold with d = 126.5 + 1 c¢m was used in previous experiments, referred to as
“droplets/film” (see Section “Description of the measurements — Simulating a rain
coverage in the laboratory” and [51]). (a) Analytical model versus empirical
realization of wet radome scattering. (b) Measurement setup with horn antennas,
flat radome replica, and wooden scaffold.

formation of uniform water films, inducing waves [55], streaks, and
directional differences in the amount of water on the radome [24,
45-47].

The radome replica is vertically centered between two rectan-
gular horn antennas (Pasternack 3.95-5.85 GHz WR187 standard
gain horn antenna PE9861/NF-20) with linear polarization and
directive radiation pattern. In the experiment, the horns are used
for frequencies from 3.5 GHz through 7 GHz. Simulations with
GRASP at 3.5 GHz, 5.45 GHz, and 7 GHz indicate peak directivities
of approximately 17 dB, 20dB, and 22 dB and half-power beam
widths around 26°, 17°, and 14°. The far-field distances are roughly
1.2 m, 1.9 m, and 2.4 m (controlled by the Rayleigh condition
here). The horns are connected to a two-port vector network
analyzer (Keysight FieldFox N9951A). The separation d between
antenna and radome replica is motivated by several factors: simu-
lated antenna pattern, estimated far-field distance of the antennas,
size of the radome replica, and feasibility of the experiment scaf-
fold. The latter is made of dry spruce wood [56, 57] and held
together with metallic screws. Its influence on the measurements
is not considered in full detail but will be removed to large extents
by the soothing procedure described in Section “Scattering param-
eters of the wet radome — Spectrum for thin water films” The
measurements are performed in an anechoic chamber to ensure
frequency protection and to minimize multipath artifacts.

Calibration

Calibration is done in the absence of the radome replica but with
both antennas attached, by means of “through” measurements for
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calibrating the transmission responses J and J”, and “matched”
and “short” measurements for calibrating the reflection responses
R and R’ in Eq. (1), see, e.g., [58, 59]. The “short” measure-
ments are made with a Im X 1m wooden board with a thin
aluminum sheet glued to one side. In the first step, this calibra-
tion plate is positioned such that the aluminum surface coincides
with the bottom interface of the radome replica in the experiment.
In the second step, the plate is flipped, such that the aluminum
surface aligns with the top interface of the radome replica in the
experiment with about 0.5 mm accuracy. However, notice that the
wet radome reflection response R’ pertains to the upper surface of
the water, which is closer to the antenna than the upper interface
of the radome replica. Because the antenna pattern is not a uni-
form plane wave but a divergent beam, we expect that the resulting
reflectance measurements are slightly too high. Coupling simu-
lations with GRASP suggest discrepancies lower than 0.04 dB for
the considered frequencies from 3.5 GHz to 7 GHz and water layer
thicknesses ¢,, < 4 mm.

In the experiment referred to as “droplets/film” (see Section
“Description of the measurements — Simulating a rain cover-
age in the laboratory”), performed with a similar setup during
a previous measurement campaign, only a small aluminum plate
was at hand for the calibration of the reflection responses and
S22 was not calibrated. The plate is placed in direct contact
with the antenna to cover its aperture, and the measurements
are corrected via coupling simulations in GRASP. The corrected
reflectances are between 30 and 60 times higher than the uncor-
rected ones. Because the beam is more divergent at the low fre-
quencies, the highest corrections apply here. Note that data from
the “droplets/film” experiment are also presented in the confer-
ence paper [51], but the simulations and data processing have been
revised for the current article.

Accuracy of the calibration method

The specified calibration technique is designed for uniform plane
waves like the ones in the analytical model introduced in Section
“Analytical model for flat radome”. While uniform plane waves
allow for a trackable formulation of the scattering problem with
decent similarity with the measurements (as we shall see in
Sections “Dry material properties” and “Scattering parameters of
the wet radome”), a more comprehensive analytical description
would approximate the antenna radiation pattern as a Gaussian.
In particular, notice that the radome acts as a system element that
refractively focuses the field (beam waist and radius of curvature),
and quasi-optical beam transformation indicates that the trans-
mitted (reflected) beam is more (less) focused [60, pp. 39-57]. That
introduces a calibration bias, which refers to unperturbed beam
growth and reflection at the aluminum calibration plate. Moreover,
considering multiple reflections at the interfaces of the wet radome
is fairly more involved than in the more simplistic model of uni-
form plane wave incidence. An analytical model that describes the
interaction of a Gaussian beam with one flat material slab is given
in [58].

Considering that the radome gets bent under the effect of grav-
ity, by virtue of its own weight and due to the weight of the
water, a curved interface forms and the effects of lensing (trans-
mission) and mirroring (reflection) tend to become more relevant.
Furthermore, the bending leads to an excess of water in the cen-
ter of the radome, and because on-axis signal propagation is most
relevant in our setup we expect a shift of the Fabry-Pérot interfer-
ence pattern with respect to the same amount of water distributed
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in the form of a film with uniform thickness. Ignoring any curva-
ture of the upper water surface, the effect of bending is evaluated by
fitting to the power spectra of the measured scattering parameters
with the analytical model presented in Section “Analytical model
for flat radome”, using the water layer thickness as the parame-
ter of interest. Knowing the weight of the water, we compute the
corresponding thickness ¢, of a water film with uniform thick-
ness (see Section “Description of the measurements — Simulating
a rain coverage in the laboratory”) and use this value as initial
condition for the optimization problem. The difference between
the fitted and the computed water layer thickness, ¢t — ¢,,, sug-
gests that bending is negligible for the dry radome replica and
the meteorologically relevant thin water films, corresponding to
the rigidity of the radome replica. With raising water volume on
the radome, the difference tends to increase, but with considerable
uncertainty. For £,, ~ 3 mm, the difference is between about one
and two tenths of a millimeter. Establishing a geometrical model to
describe the gravity-induced deformation, we can estimate the cor-
responding radius of curvature R of the wet radome replica. Taking
¢, ~ 3.6mm and /it ~ 3.8 mm, say, we get R ~ 417 m. It would
be conclusive to model the refractive bias for both the flat and the
bent radome replica.

Poynting’s theorem in the experiments

In the experiment, the electromagnetic fields do not exclusively
propagate along one axis and exhibit dependence also on the trans-
verse coordinates. As a result, evaluating Poynting’s theorem is
more complex than for the monochromatic uniform plane waves
in Eq. (2), and the spatial extent of the domain ¥ becomes impor-
tant. Vertically centering the radome replica between the two
antennas, we aim to achieve that the portions of the wet radome
that contribute to the scattering of signal into the receiving antenna
are similar on reflection and transmission. However, a mismatch
between the sensed domains is likely inevitable due to experimen-
tal limitations. Considering that the relevant domain is close to
the antenna boresight axis (provided that the radome replica is
sufficiently large to ensure that edge diffraction effects are negli-
gible), and that the radome is relatively thin, the domain might be
reasonably described with a cylinder and the flow of energy across
its lateral faces be negligible. The domain is outlined in Fig. 2a
(red-dashed).

In order to test the effect of edge diffraction, dedicated trans-
mission measurements are made in the presence of the aluminum
calibration plate. The data are more than 30dB lower than
the observed free-space transmission between the antennas (not
shown here) and at least 10dB less than in the performed wet
radome tests.

Supposing that the Poynting vectors in the wet radome and cal-
ibration measurements were parallel, calibration would allow to
approximately compute the absorptance like in Eq. (2). However,
the radome replica refocuses the radiation and thereby causes a bias
with respect to calibration (Section “Description of the measure-
ments — Accuracy of the calibration method”), and which should
be estimated.

Simulating a rain coverage in the laboratory

In the empirical tests presented here, we use demineralized
water as a reproducible substitute for clean rain. Pure water is a
nonmagnetic, nonconductive dielectric, governed by orientation
polarization at the microwave frequencies used in this study [61].
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Figure 3. Photos of the experiment referred to as “droplets/film.” The numbers
represent the amount of water on the radome. Water accumulates on the
hydrophobic surface as droplets (Figure 3a). As more water is sprayed, droplets
coalesce into patches (Figure 3b). At this point, the water could be manually spread
into a film (Figure 3c). We estimate a loss of 5 4 4 g water during that process. The
water film covers approximately 90 + 5% of the radome, with only a few dry spots
near its borders. The thickness of the water film over the central part of the radome
is given by £,, = m,,/(p,Af) = 1.35 £ 0.07 mm, with m,, = 1212 + 4 g the mass of
the water on the radome, p,, ~ 1 kg/m? the water density, A = 1 m? the radome
surface area and f = 0.90 4 0.05 the fraction of the surface covered with the water
film. Water deployed areas are visible on the bottom and in the left parts of the
photograph. (a) 147.0 - 0.4 g, (b) 1217.0 + 1.2 g, and (c) 1212 4 4g.

In nature, water is typically an electrolytic solution with ionic
impurities, giving rise to a nontrivial conductivity [17, 62].

For wetting the radome, we use a handheld water spray bot-
tle with relatively homogeneous beam. The amount of water on
the radome is determined by weighing the spray bottle before and
after spraying, using a laboratory scales with measurement accu-
racy of 0.1g (Mettler PE 6000 precision balance). Assuming the
water deposits on the radome as a uniform film, its thickness is
computed like ¢, = m,,/(p,A), from the water mass m,, with
water density p, ~ 1kg/m> and surface area A = 1m? of the
radome replica. To compare the measurements with the analytical
model introduced in Section “Analytical model for flat radome”, we
use the dielectric properties of the water given in [63]. Effects of
evaporation are not considered and deemed to be negligible with
respect to the sum of other measurement uncertainties.

The first experiment (denoted “droplets/film”) is done at tem-
perature T = 25 4 1°C, see Fig. 3 and [51]. Because the water
deposits in the form of droplets on the hydrophobic radome sur-
face (Fig. 3a), the computed thickness has no strictly quantitative
meaning in that case but simply represents the amount of water
present. We spray water until parts of the droplets reconnect to
patches with diameters of several centimeters (Fig. 3b). At that
point, we smear out the water to a continuous film with thickness
¢, ~ 1.35 mm (Fig. 3¢).

In the second experiment (referred to as “film”), even thicker
water films are generated at T = 22 4 1°C.

With reference to Eq. (3), however, we conclude that for typical
rain rates only very thin water films are of practical meteorologi-
cal interest. In order to empirically simulate sufficiently thin water
sheets, we use a supplementary material layer of fine hygroscopic
silk or cotton tissue on the radome. For both experiments, the water
temperature is T = 234-0.5°C. More measurements are made with
thin paper tissue [51].

In the experiment “droplets/film,” the horns are the distance
d = 126.54 1 cm away from the radome. In the other experiments
(“film;” “cotton,” and “silk”), the separation is d = 104 +
0.5 cm (Fig. 2a). The difference should hardly affect the calibrated
measurements.


https://doi.org/10.1017/S1759078725000546

International Journal of Microwave and Wireless Technologies

Table 1. Material parameters of core, skin, and coating of the planar radome
replica. Taking the relative permittivity e; = €/, — ie)/ to be independent of
frequency, the table shows the supposed values of €} and of the loss tan-
gent tan(e} /€};). The thickness of each layer is also given. The materials are
considered nonconductive and nonmagnetic

Layer €) tan(e /e}) Thickness (mm)
Core 1.065 + 0.005 0.004 + 0.001 38.0+0.2
Skin 4.140.1 0.025 4 0.005 0.440.1
Coating Similar to skin Similar to skin ~ 0.1

Dry material properties

By reason of Fabry-Pérot interference effects between the inter-
faces of the radome and the water, knowledge about the
electromagnetic properties of the dry radome is prerequisite for
modeling and interpreting the scattering parameters of the wet
radome. In Section “The flat radome replica’, therefore, we intro-
duce and test the properties of the flat radome replica. In Section
“Tissues for the simulation of a water film”, we describe the prop-
erties of the cotton and silk tissues that are used in the experiment.

The flat radome replica

Composition according to manufacturer

The radome replica has a symmetric sandwich structure made
up of the layers coating-skin-core-skin-coating, whereas the real
radome of the Swiss weather radars lacks an inner coating (see
Section “Introduction”). The core of the radome replica is made of
AIREX® R82. The skin comprises two E-glass fiber layers, parallel
stacked and clotted with Gremopal 136.15/UB polyester resin. The
coating is white (RAL900) N UVOPOL' Gelcoat 21-50 TSP. Table 1
summarizes the material parameters of the layers. As the dielectric
properties of skin and coating are similar, we combine them in the
model, considering the three-layered geometry skin-core-skin with
skin of thickness 0.5 4- 0.1 mm.

Measurements under dry conditions

To assess the electromagnetic characteristics of the flat radome
replica, we measure its reflectance under dry conditions.
Measurements over a broad frequency range facilitate the
comparison with theoretical predictions. Our equipment allows
measurements at C-, K-, and Ka-band. Figure 4 shows |R|?
(yellow). The reverse quantity |R’|* is practically identical (not
shown), confirming, as stated in Section “Analytical model for
flat radome”, that the multilayered radome is very symmetric. The
dashed yellow line is the modeled reflectance with the manufac-
turer specifications in Table 1. Measurement and model are in
a satisfactory agreement, and as expected the radome has a low
reflectance at the working frequencies of the Swiss weather radars.
However, the reflection notch is at frequency v ~ 5800 MHz
rather than at v ~ 5450 MHz.

For C-band, we utilize the setup in Fig. 2b, but in order to
minimize reflections from the background, the reflectance mea-
surements shown here are obtained before mounting the antenna
for VNA port 2 and the supporting upper parts of the scaffold.
Reflectance measurements with the full setup are shown in Fig. 5
(yellow). At K- and Ku-bands, we use similar laboratory setups
with a K-band corrugated conical horn antenna specified for the
frequency range from 18 to 26.5 GHz, and a similar Ka-band horn
between 26.5 and 40 GHz. The K-band antenna even allowed for
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Figure 4. Measurements of the radome reflectance |R|?, shown on a logarithmic
scale versus frequency v (yellow), and modeled reflectance according to the
manufacturer specifications provided in Table 1 (dashed yellow). The
measurements are conduced using three different setups. For the 3.5-7 GHz range,
the setup from Figure 2 is used without the upper half of the scaffold. At the higher
frequencies, two corrugated conical horns are used: one for 16-26.5 GHz and the
other for 26.5-40 GHz (marked by the vertical black-dotted line at 26.5 GHz). For the
latter two frequency ranges, the figure also shows the measured reflectance of a
material sample of the radome foam core (light gray) and the silk tissue used to
create thin water films (black). The dashed curves are the fitted one-slab-models,
optimizing the relative permittivity €, given the thickness of the foam core sample
(38.74 + 0.06 mm) and of the silk tissue (0.100 + 0.002 mm). The resulting estimates
of ¢, are shown in the legend.

decent measurements down to 16 GHz. Similar but more prelimi-
nary tests are shown in [51].

Figure 4 also shows calibrated reflectance measurements of a
material sample of thickness 38.74 + 0.06 mm of the radome foam
core (light gray). Fitting the measurements with a one-slab-model
analogous to the multilayer model of Section “Analytical model for
flat radome” (dashed light gray), we can estimate the material’s rel-
ative permittivity ; = €; —ie; (assumed frequency independent).
The nonlinear least squares problem is solved with a trust-region
method algorithm, using as initial condition the value of €, given
in Table 1, and bounding the optimization to values €; > 1 and
€,/ > 0. That yields ¢ ~ 1.07 and tan(e/ /¢};) ~ 1077. The mea-
sured value of €/ is similar to and the losses are even lower than the
manufacturer specifications in Table 1.

Tissues for the simulation of a water film

Table 2 summarizes the measured material properties of the cotton
and of the silk tissues. The thickness of each tissue is measured with
a digital height gauge (TESA MICRO-HITE + M/M600) and a thin
gauge block to minimize the deformation of the tissue during the
measurement. The densities are deduced from thickness, weight,
and surface area. The solid volume fraction [64] of the tissues is
estimated from the change in volume upon immersing a piece of
tissue into a measuring cylinder filled with water. Table 2 also indi-
cates the relative permittivities of the cotton and of the silk tissues,
empirically estimated by fitting the measured reflectance of the tis-
sues. This method is similar to that used for the material sample
of the radome foam core in the previous section. Figure 4 shows
the measured and fitted reflectance of the silk tissue (solid and
dashed black). The measurements are performed at room tempera-
ture and relative humidity of about 50%. The results are consistent
with previous studies [64-66].
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Table 2. Material properties of the cotton and of the silk tissues. Assuming
the relative permittivity e; = €/, — ie// to be frequency independent, the table
shows the values of €/ and of the loss tangent tan (e}’ /€};) as estimated from the
measurements. The tissues are considered as nonconductive and nonmagnetic
dielectrics

Specification Cotton Silk
Construction Plain weave Plain weave
Thickness (mm) 0.207 4 0.002 0.100 4- 0.002
Density (g/cm?) 0.33 4+ 0.01 0.24 4 0.01
Solid volume fraction 0.25 4 0.03 0.27 +0.06
€ 1.53 1.48
tan(ey /€}) 0.08 0.03

Scattering parameters of the wet radome

We present results of the wet radome experiments described in
Section “Description of the measurements — Simulating a rain
coverage in the laboratory”. Focusing on thin water films, Section
“Spectrum for thin water films” provides an overview of the
measurements at frequencies from 3.5 GHz through 7 GHz. The
Section “Scattering parameters at the working frequencies of the
Swiss weather radars” focuses on the frequencies 5.4-5.5GHz
which are of particular interest for the Swiss weather radars, sum-
marizing the scattering parameters statistically in the outgoing and
incoming directions within that frequency interval.

Spectrum for thin water films

Figure 5 shows the measured (continuous) and the mod-
eled (dashed) transmittance and reflectance, and the computed
absorptance according to Eq. (2) for both dry and wet radome
up to 7 GHz. The measurements are conduced at the water tem-
perature T = 23 £ 0.5°C, using the full setup described in
Section “Description of the measurements — Measurement setup”
with both antennas mounted. After the calibration (see Section
“Description of the measurements — Calibration”), the values are
smoothed with a low-pass filter to eliminate standing wave effects
due to multiple reflections between the two antennas and the
radome, which are not removed with the calibration measurements
because the wet radome causes a change in phase. The artifacts at
the band edges of the smooth data result from the low-pass filter-
ing. An example of calibrated data before the smoothing procedure
is shown in Fig. 5, for the measurements with water film thickness
¢,, ~ 0.2267 mm computed according to Section “Description of
the measurements — Simulating a rain coverage in the laboratory”
(dotted magenta): the local maxima of the spectra are separated
by Av & 0.1 GHz. This corresponds to the spacing between the
resonant frequencies in a resonator of length L = ¢/(2Av) =
1.5 m, which matches the distance between the wet radome and
the waveguide section of the horn antennas. The cutoff for the low-
pass filtering is set to 1/(2Av) = 0.5 GHz ™. The resonance effects
could be eliminated with a time gating.

Likely due to additional background reflections, the measured
reflectance of the dry radome (orange) differs slightly more from
the model than similar measurements taken before installing the
upper half of the scaffold (yellow line in Fig. 4), near the reflec-
tion notch at frequency v ~ 5800 MHz. It is important to ensure
meticulous positioning and alignment of antenna, radome, and
aluminum calibration plate.

The thinnest water film is measured using the silk tissue (¢,, ~
0.0171 mm computed water film height). The other measurements

https://doi.org/10.1017/51759078725000546 Published online by Cambridge University Press

Schmid et al.

2k 3
m 4l
. Experiment Model
; -6 F dry dry
— 0.0171 £ 0.0001 mm (+ silk) 0.0171 mm
] -0.0437 £ 0.0001 mm (+ cotton) ~0.0437 mm
O T|——0.0770 + 0.0002 mm (+ cotton)||= = =0.0770 mm
—().2267 £ 0.0004 mm (+ cotton)||= = =0.2267 mm
-10L
0r E
-10

IR[* (dB)
&

-40 b
Op

-10 ¢

20 ¢

|A[? (dB)

-30 |*

-40

-

0 1 2 3 4 5 6
v (GHz)

Figure 5. Measured (continuous) and modeled (dashed) transmittance |72,
reflectance |R|?, and absorptance |A|? in the outgoing direction (corresponding to
radar transmission) for dry and wet radome versus frequency v, at T = 23 + 0.5°C.
Measurements are taken using the full setup from Section “Description of the
measurements — Measurement setup” (Figure 2) with both antennas attached. The
thinnest water film is measured with the silk tissue on the radome (cyan), the other
ones with the cotton tissue (blue, purple, and magenta). The model refers to the
computed water heights, ignoring the presence of the tissue.

are done with the cotton tissue (¢, ~ 0.0437mm, /¢, =~
0.0770 mm, and ¢,, ~ 0.2267 mm). We ignore the presence of the
tissue when computing the water height, accepting the following
systematic errors.

Regarding the measurement with computed water film thick-
ness ¢,, = 0.2267 4 0.0004 mm (see Fig. 5), the water surface
is estimated to be 0.052 4+ 0.006 mm higher (product of the
thickness and of the solid volume fraction of the cotton tissue
given in Table 2), i.e. about 0.279 4+ 0.006 mm. More precisely,
two layers should be considered separately: a layer of thickness
0.207 + 0.002mm with effective dielectric properties [57, 67]
(assuming that the thicknesses of dry and wet cotton tissue are the
same) and a water layer of thickness 0.072 4 0.007 mm above the
wet tissue (provided that the tissue does not float in the water).
Concerning the measurements with computed water film thick-
nesses £, ~ 0.0171, 0.0437, 0.0770 mm, the water heights
are less than the thickness of the tissue, even after accounting
for the water level increase due to the tissue solid volume frac-
tion. However, since the tissues are hygroscopic, water is absorbed
throughout the tissue, and so the water surface cannot be precisely

defined.
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Figure 6. Measured transmittance, reflectance, and absorptance of the wet
radome, see Eq. (2), averaged between 5450 + 50 MHz, as a function of the
computed water layer thickness, £,,. The outgoing quantities |72, |R|?, and |A|*
(represented by solid dark lines) and incoming quantities |7/, |R’|?, and |A”|?
(dotted light lines) are measured. Data are collected from three different
experiments. In the “film” experiment (blue), thick water films are tested. In the
“cotton” experiment (green), a thin cotton tissue is used to mimic thin water films
on the hydrophobic radome surface. In the “droplets/film” experiment without the
tissue (purple), the water forms droplets (Figure 3a and 3b). When there is lots of
water on the radome, the droplets can be smeared out to a film (Figure 3c). The
measurements are compared with the outgoing (dashed black) and incoming
(dashed gray) quantities predicted by the analytical plane wave model from Section
“Analytical model for flat radome”, calculated for frequency v = 5450 MHz and
water temperature T = 23°C.

The discrepancies between the measured and modeled trans-
mittance (and consequently the absorptance) might partly be
explained by diffraction at the edges of the radome, and by the
superposition of standing wave effects between the antennas, and
between antennas and radome.

Applying Eq. (3) for the 3.25m radius radome of the Swiss
weather radars, at T = 23 £ 0.5°C the computed water thicknesses
given in Fig. 5 corresponds to the rain rates R = 0.038 +
0.001 mm/h (drizzle), 0.641 4+ 0.008 mm/h (light rain), 3.51 +
0.05mm/h (moderate rain), and 89 4+ 1 mm/h (heavy rain).

Scattering parameters at the working frequencies of the Swiss
weather radars

In this section, we focus on the frequencies relevant for the
Swiss weather radars. Figure 6 shows the measured transmittance,
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reflectance, and absorptance of the wet radome, averaged over
the 5400-5500 MHz range (17 frequency channels with 6.25 MHz
spacing) in the outgoing direction (|72, |R|% |A|*> - continu-
ous dark lines) and in the incoming direction (|77 %, |R'|?, |A’|?
- dotted light lines), as a function of the computed water layer
thickness, ¢, .

The figure shows measurements from three experiments
described in Section “Description of the measurements —
Simulating a rain coverage in the laboratory”: “film” (blue), “cotton”
(green), and “droplets/film” (purple). Similar data of the exper-
iment “droplets/film” were previously shown in [51]. The lines
connect the mean values of the 17 measurements at each water
amount. Vertical bars represent their standard deviation. The hori-
zontal error bars indicate the uncertainty in the computed water
film thickness but do not account for the presence of a tissue.
The three experiments are performed within a temperature range
of about three degrees over which the analytical model remains
almost unchanged. We present the computation at a frequency
v = 5450 MHz and a water temperature T = 23°C, for the out-
going (dashed black) and incoming directions (dashed gray). The
complex permittivity of pure water at the specified frequency and
temperature is €; = 73.06 — 20.23i [63].

In the “film” experiment (blue), the measured transmittance,
reflectance, and thus absorptance are in satisfactory agreement
with the model, for both the outgoing (continuous dark blue)
and incoming directions (dotted light blue). In particular, note
the consistent difference in reflectance from the two sides of the
radome, between model and experiment. As mentioned in Section
“Analytical model for flat radome”, this difference is characteristic
for nonsymmetric and for lossy multilayers such as wet radomes.

In the “cotton” experiment (green), we used a cotton tissue
on the radome to mimic thin water films (green). The measured
transmittance agrees well with the simulation, and the reflectance
also shares the key characteristics of the model. The few abrupt
irregularities in the measurements might result from a nonuniform
distribution of the water.

Both in the “film” and in the “cotton” experiments, the mea-
surements are horizontally and vertically displaced compared to
the analytical model. Referencing to Sections “Description of
the measurements — Accuracy of the calibration method” and
“Description of the measurements — Poynting’s theorem in the
experiments’, the vertical offsets may result from refractive bias rel-
ative to calibration. This effect would be most pronounced if the
radome were bent, forming a plano-convex water lens. The bend-
ing also causes an excess of water in the center of the radome and
accordingly shifts the Fabry-Pérot interference pattern compared
to a uniform water film. Considering the maximum (minimum)
in transmittance (reflectance) for water layers of thickness ¢,, ~
3 mm, the offset is between 0.1 mm and 0.2 mm. The same result is
obtained by fitting the power spectra of the scattering parameters.
In the “cotton” experiment, an additional bias of 0.052+0.0006 mm
due to the tissue (product of its thickness and solid volume fraction
in Table 2) needs to be considered.

In the “droplets/film” experiment (purple), only scattering in
the outgoing direction was measured (see Fig. 3 and Section
“Description of the measurements — Calibration”). Due to the
spacing between the droplets, the transmittance is higher, and the
reflectance is lower than in the analytical model for a water film
(black dashed line). A thorough analysis would include charac-
terizing the radome surface [5, 11], as well as the size and spatial
distribution of the droplets [13, 38, 40]. Provided that the droplets
are sufficiently small and close to each other with respect to the
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Figure 7. Schematic of the Swiss weather radar geometry, including a spherical
radome with 3.25m outer radius (gray), a 4.05m parabolic reflector with 1.524 m
focal length (brown), and a focal-point feed (black) with geometrical optics rays
emanating from it (magenta). The reflector surface has a 0.92 m offset to the center
of the radome, corresponding to the origin of the indicated Cartesian coordinate
system (red-green-blue).
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Figure 8. GRASP Physical Optics simulation of the Swiss weather radars’ antenna
gain at the frequency v = 5450 MHz, expressed in decibels relative to an isotropic
radiator as a function of the zenith angle. Shown are simulations with no radome
(gray), dry radome (yellow), and wet radome with water films of thickness 0.05 mm
(blue), 0.1 mm (purple), and 0.2 mm (magenta). The legend provides the antenna
peak gain for each simulations.

wavelength, the scattering properties of the water layer can be
approximated with an effective dielectric model [57, pp. 464-496].
In general, however, the situation with droplets is a more miscel-
laneous scattering problem than the specular one for water films,
including directions other than the antenna boresight [68, pp. 61,
381]. In that case, in Fig. 6, the terms transmittance and reflectance
represent the fractions of power that are scattered along and against
the direction of the incident wave (forward- and backscatter).
Additional measurements from different angles would be needed
to estimate the fraction of power that is absorbed in the wet
radome. Smearing out the water to a film (Fig. 3c) reduced the
transmittance and increased the reflectance by 6 dB. The results
align with the model, and the absorbed fraction of power is com-
puted with Eq. (2) like for the other experiments. The small offset
in reflectance could come from the calibration.

Physical Optics antenna simulations

In the previous sections, we considered a simplified setup with a
planar radome illuminated by a uniform plane wave (see the exper-
iment setup shown in Fig. 2 and the analytical model explained in
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Section “Analytical model for flat radome”). Using Physical Optics
simulations with the software package GRASP, here we investi-
gate the influence of the radome’s curvature, including multiple
reflections of the signal between antenna and radome. The setup
in Fig. 7 is representative of the Swiss weather radars in Fig. 1,
including parabolic reflector (brown), focal-point feed (black), and
spherical radome with the composition described in Table 1 (gray).
The reflector is modeled as an ideal parabolic mirror, and the feed
is assumed to radiate a linearly polarized Gaussian beam with a
—12 dB edge taper on the reflector. The radome is treated as a single
piece, not taking into account the presence and geometric distribu-
tion of panels and joints [69]. Blockage and scattering by feed and
struts are also excluded from the simulation.

Figure 8 shows the simulated antenna pattern at 5450 MHz in
the feed’s polarization plane, with no (gray), dry (yellow), and
wet radome (blue, purple, magenta) with water films of uniform
thicknesses ¢,, = 0.052mm, ¢,, = 0.1 mm, and ¢,, = 0.2mm,
respectively, as suggested by Eq. (3). We consider pure water at
temperature T = 23°C, as in the experiments. The simulations
account for one additional reflection of the signal between radome
and reflector. Higher-order reflections are not considered.!Similar
simulations at the temperature T = 25°C are provided in [51]. The
results show a reduction in antenna peak gain due to absorption
and reflection at the wet radome. The reflected wave is refocused
by the spherical radome toward the parabolic reflector, which again
redirects it outward. Depending on the relative positions of the
focal points of the parabolic reflector and of the spherical radome,
the reflections contribute appreciably to the sidelobes. In our case,
the reflector is approximately 0.8 m too close to the radome for the
foci to coincide.

Referring to Eq. (3), for the 3.25 m radius radome of the Swiss
weather radars, at T = 23°C the water film thicknesses corre-
spond to the rain rates R &~ 1.0 mm/h (light rain), R ~ 7.9 mm/h
(moderate rain), and R &~ 61.5mm/h (heavy rain). If we instead
consider T = 1°C, due to the increased kinematic viscosity at lower
temperatures, water films of the same thickness are expected for
R ~ 0.5mm/h, R ~ 4.2mm/h, and R ~ 33.4mm/h. The com-
plex permittivity of pure water at v = 5450 MHz and T = 1°C
is €, = 66.41 — 35.81i [63]. The simulated antenna patterns at
this temperature are similar to those at T = 23°C and vary only
marginally over the frequency range relevant for the Swiss weather
radars (not shown). The increase in sidelobe agrees with empiri-
cal evidence at C-band from [5]. Finally, the multiple reflections
toward the cold sky imply a smaller increase of the antenna temper-
ature compared to a geometry where the reflections are terminated
in an ambient-temperature environment inside of the radome. See
[7] for reference.

Conclusions and outlook

We investigate the scattering parameters of the spherical radome of
the Swiss weather radars (Fig. 1), both with and without water on
the radome. Measurements are performed from 3.5 GHz through
7 GHz, using a simplified setup with a planar replica of the real
radome, vertically centered in a horizontal position, between two
standard gain horns connected to a two-port vector network ana-
lyzer (Fig. 2). Deionized water is used. The data are calibrated with
dedicated measurements taken without the radome. The results are
compared with an analytical model for uniform plane wave inci-
dence on radome and a water film of uniform thickness (Section
“Analytical model for flat radome”).


https://doi.org/10.1017/S1759078725000546

International Journal of Microwave and Wireless Technologies

Satisfactory agreement is found for the reflectance of the dry
radome replica. We also verify that the dielectric properties of its
foam core comply with manufacturer specifications for the actual
radome (Fig. 4).

The radome replica has a hydrophobic coating, causing the
water to accumulate in droplets (Fig. 3), resulting in higher
forward- and lower backscatter compared to water films [51].
However, water films thicker than approximately 1 mm can be
created, and in that case, we find good agreement with the
model (Fig. 6). Because the radome refractively focuses the
electromagnetic field in the experiment, the measurements are
biased with respect to calibration (see Sections “Description of
the measurements — Accuracy of the calibration method” and
“Description of the measurements — Poynting’s theorem in the
experiments”). Moreover, we observe that the radome bends
slightly under the weight of the thicker water layers, increasing the
height of the water column in the center of the radome by about
0.1-0.2 mm for water layer thickness ¢,, ~ 3 mm. This results in a
shift of the Fabry-Pérot interference pattern compared to the same
amount of water distributed as a uniform film. For the meteorolog-
ically realistic thin water films, both refraction and bending are of
minor importance.

To empirically simulate thin water films, we place fine hygro-
scopic cotton and silk tissues on the radome. The results agree well
with the simple model (Figs. 5 and 6). Given that radomes tend to
lose their hydrophobic virtue with aging and might even develop
moss on the shady side, the experiments with the tissues could
represent such situations.

Physical Optics simulations with GRASP for a representative
setup of the Swiss weather radars (Fig. 7) show that multiple reflec-
tions between the spherical radome and the parabolic reflector
result in a wide sidelobe and that a significant fraction of the
reflected wave still terminates on the cold sky (Fig. 8). The sim-
ulations could be further refined by accounting for the influence of
the four struts that hold the feed, the blockage of the feed, a more
realistic feed pattern, and the scattering due to the joints between
the radome panels. It would be useful to experimentally verify the
antenna pattern of the weather radars.

The horizontally positioned flat radome replica is designed to
empirically study static rivulet configurations with a controlled
amount and distribution of water on the radome. Preliminary
polarimetric scattering measurements indicate that diffraction
effects can be observed for a grating of rivulets on the radome.
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Note

1. Using a 64-bit architecture with twelve i5-12500 CPU cores and 16 GB RAM,
in TICRA Tools 23.1, the simulation without the radome takes of the order of
10 s. The simulations with radome last about 4 min.
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