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ABSTRACT

During the NASA Ka-band propagation experiment it was discovered that rainwater on
the antenna caused significant attenuation. It is necessary to estimate the losses caused by
water on the antenna in order to separate these losses from the atmospheric propagation
losses. A prediction model is developed for losses caused by rainwater on a satellite dish
antenna. The model is based entirely on physical parameters including elevation angle,
dish diameter, focal length, properties of present coating layers, feed window properties,
frequency, polarization, water temperature and rain rate. The prediction model is
implemented using Matlab and has been tested against experimental data.
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INTRODUCTION

The Advanced Communications Technology Satellite (ACTS) propagation experiment
measured atmospheric propagation effects using two beacon signals at 20.2 GHz and 27.5
GHz [1]. Seven identical ACTS propagation terminals made measurements in different
climatic zones from Alaska to Florida. The measurements are being used to develop new
atmospheric propagation models and to improve upon existing models [2]. The
measurements include both atmospheric losses from propagation through rain and surface
attenuation due to water on the antenna. The atmospheric losses are totally independent
of the particular antenna design and geometry while the surface attenuation depends
mostly on the geometry and design of the antenna. It is therefore desirable to have
separate prediction models for these two phenomena. In order to use the ACTS
measurements, which include both effects, to verify and develop atmospheric propagation



models, it is necessary to first subtract the surface attenuation effects from the
measurements.

In this work a model for predicting the surface attenuation effects due to rainwater on the
antenna is presented. The model is based only on physical parameters. Experiments were
conducted to verify the model. In the experiments a rain simulator, consisting of a tall
frame equipped with sprinkler heads, was used to produce rain on the antenna on a clear
day. With this configuration, the atmospheric propagation losses were eliminated, thus
allowing the losses due to water on the antenna surfaces to be measured directly.

PREVIOUS WORK ON ANTENNA WETNESS EFFECTS

One of the first attempts to model wet antenna effects was by Blevis [3], who reported
both the losses due to water on a dish and a feed horn. The analysis of the dish was
simplified to a uniformly thick water layer covering a plane conductor, and the feed
analysis was simplified to a uniform water layer surrounded by air. Only normal
incidence was considered so that the polarization could be ignored. In some cases a
reflector is not a perfect conductor, but has one or more coating layers on top of the
conductor. In the presence of a coating layer, Blevis' analysis is no longer valid.

More recently, Cheah [4] focused on the wet antenna effects at frequencies below 20
GHz. Cheah's analysis is similar to Blevis' in that a uniformly thick water layer covering
a plane conductor is considered. Only normal incidence is assumed and coating layers on
top on the conductor are not considered.

Ramachandran [5] developed an attenuation model related to the rain rate that included a
non-uniform water layer. However, the water thickness distribution is only considered
along a line down the center of the reflector rather than for the true parabolic surface. In
addition, a scaling factor was used for the viscosity of water to account for the surface
roughness. This scaling factor was determined experimentally making the model specific
to the particular antenna design that was used in the experiment. Additional uncertainty in
the model is also introduced due to the uncertainty in the measured parameter.

In this work we have extended the Ramachandran model to the case of the reflector being
modeled as a true parabolic surface and the viscosity-scaling factor has been eliminated.
Also, the polarization and the parabolic space and edge taper distributions have been
accounted for.



THEORETICAL CONCEPTS

This section contains a brief explanation of the theoretical concepts behind the surface
attenuation prediction model; see [6] for a further details. The effects of water on both the
parabolic reflector and the feed horn window are determined separately, however the
analyses are similar for both surfaces. The attenuation for each surface is determined in
two steps: first the thickness of the water layer covering the surface is determined and
then the attenuation caused by the water layer is determined.

In order to estimate the thickness of the water layer on top of the reflector a differential
equation must be solved. The input of water is quantified by the rain rate, or the time
derivative of the rain accumulation. Rain accumulation is defined as the volume of water
accumulated from rain per unit collection area. The rain accumulation has units of
millimeters, and the rain rate is given in millimeters per hour. The collection area for the
rain is the parabolic surface of the dish. The differential equation includes the rain rate,
and the effects of the gravity and the viscosity of the water. The equation for a three
dimensional, gravity-driven flow can be expressed as,
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where V is the net volume flow of water into the unit volume, rrh is the component of the
rain rate that is perpendicular to the collection area, A. Further, τ1 is the shear stress at
surface S1, τ2 is the shear stress at surface S2, µ is the viscosity of the water, h1 and h2 are
the thickness of the water layer at surface S1 and S2 respectively, and h' is a variable of
integration. This situation is shown in Figure 1.
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Figure 1. Water flow in a unit volume



We are interested in the steady-state thickness of the water layer, which is found by
solving for ∂V/∂t = 0. Two boundary conditions are applied: no slip at the surface of the
dish (h = 0) and zero shear stress at the water-air boundary. The two boundary conditions
can be expressed as,

          hg xρτ =)0(  and 0)( =hτ ,        (1-2)

where τ(0) is the shear stress at the water-dish boundary, τ(h) is the shear stress at the
water-air boundary, ρ is the density of the water, gx is the component of the gravity along
the surface of the dish in the direction of the flow, and h is the thickness of the water
layer. Using a computer-based iterative approach, we can numerically solve the
equations.

The numerical approach that was selected consists of dividing the parabolic reflector
surface into 316 approximately equally sized surface elements and updating the thickness
of the water layer for each surface element iteratively until steady-state is reached. The
number of elements was based on simulation stability. The reflector surface is shown in
Figure 2. In the figure, the ith element is magnified and for this element the incidence
angle is θi and the incident electromagnetic field is inc

iŝ . Further, refl
iŝ  is the reflected field

and in̂  is the normal vector to the ith surface element.
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Figure 2. The reflector surface divided into 316 surface elements with one element
magnified

Next, the water thickness profile on the dish is modeled for one particular rain rate and
water temperature. The thickness profile can further be scaled based on physical
parameters to find solutions for other rain rates and temperatures. Both the viscosity and
the density of water can be derived from the water temperature by interpolation tables [7]
and this allows for calculating the thickness profile for any given temperature and rain
rate. This is important because from only one simulation with one fixed rain rate and
temperature, the thickness distribution for other rain rates and temperatures can quickly



be calculated without having to do another numerical simulation. Figure 3 shows the
water thickness profile for a 1.2 m offset fed reflector at 52° elevation angle with water
temperature of 20°C at rain rate of 35 mm/hr. A grayscale is used to indicate the
thickness of the water layer. A white element has 0 thickness, and a black element has
water thickness of 0.2 mm. The black circle indicates the rim of the dish and the elements
outside the rim were included only to complete a square array in order to simplify the
computer implementation, these elements are set to zero thickness and do not affect the
simulation.

The next step is to find the corresponding signal attenuation. Each surface element has a
water thickness and an incidence angle associated with it (as shown in Figure 2). For each
element, multiple dielectric layers are assumed over a perfectly conducting reflector. The
layers are the conductor, the dielectric coating layers (if any), the water layer and the air.
The boundary conditions are applied to each interface between adjacent layers and the
ratio of the total reflected field to the incident field is calculated. Two distinct
polarization senses are identified, parallel and perpendicular to the plane of incidence,
and the incident field is decomposed into these two components. If the thickness of
the water layer and the dielectric coating layer is close to one half wavelength, the first

Figure 3. Water thickness distribution at 52° elevation angle



reflection from the conductor will have traveled one half wavelength longer than the
reflection directly from the water layer have. This results in a 180° phase shift and the
two dominating reflections tend to cancel each other resulting in maximum attenuation.
Figure 4 shows the electrical model for each surface element on the reflector, (a) shows
the case of no coating layer and (b) shows one coating layer.
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Figure 4. Electrical model of reflectors with and without a coating layer

The attenuation is calculated by finding the transfer function for the reflected field with
respect to the incident field.
Figure 6 shows the resulting attenuation as a function of the thickness of the water layer.
The graph on the left shows how the attenuation depends on the angle of incidence and
polarization for a dish with no coating at 20.2 GHz. The graph on the right shows the
effects of a 0.3 mm coating layer with dielectric constant of 4.6 at frequencies 20.2 GHz
and 27.5 GHz. Note that in the presence of a coating layer, the peak attenuation shifts
towards thinner water layers.

Figure 6. Incidence angle dependency and the effects of coating layers
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Surface roughness is caused by small random topographical features on top of the
reflector surface that will affect the expected attenuation. Here we have chosen to model
the surface roughness as a periodic pattern of gratings with known depth and area. The
grating depth is expressed in millimeters and the area is expressed as a percentage of the
total surface area of the reflector. A simple approximate approach is used to estimate the
scattering from the rough surface.

Modeling the feed horn is similar to modeling the reflector in that the water layer is first
determined then the attenuation caused by the water layer is calculated. However, since
the feed window surface is much smaller than the reflector and is not curved the analysis
is much simpler. The water flow differential equation is simple and the steady state water
thickness can be solved for in closed form. The solution to this equation gives the
thickness of the water layer as a function of the distance downward from the top of the
feed window.

After the water thickness is determined, the attenuation is calculated. Again, multiple
dielectric layers are assumed and the ratio of the field transmitted through to the incident
field is determined using the boundary conditions. Finally, the total attenuation is found
by adding the effects of the water on the reflector and the feed window.

EXPERIMENTAL VALIDATION

For the theoretical model predictions in this section the APT 1.2 m offset-fed prime focus
parabolic reflector was used. The reflector has a 0.254 mm (0.010") layer of SMC (Sheet
molding compound) and a 0.05 mm (0.002") layer of silicon based paint. It should be
noted that this is a poor reflector design for a Ka-band antenna since the relatively thick
coating layers causes significant attenuation when water is present. The experiments were
conducted at the New Mexico APT site where the elevation angle is 52°. The polarization
angle is 9.5° measured clockwise from vertical.

Two main types of experiments were used to verify the theoretical model: spray bottle
experiments and rain simulator experiments. In the spray bottle experiments, the feed and
the dish were sprayed with water separately and the effects of water on each surface were
determined. Since there is no rain rate in the spray bottle experiments, the attenuation at
27.5 GHz was plotted as a function of the attenuation at 20.2 GHz. Measurements at both
frequencies are made every second and each 'x' in the graphs of Figure 8 corresponds to a
measurement pair. Figure 8 (a) shows measurements from seven independent
experiments spraying the feed horn and Figure 8 (b) shows measurements from seven
separate experiments spraying the reflector. In both graphs, the solid line indicates the
theoretical model for the reflector and the dashed line is the theoretical model for the feed
horn.
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Figure 8. Spraying experiments compared with theory.

The measurements from the spraying experiments agree well with the theoretical
prediction model. However, the attenuation versus the rain rate has not been tested. The
rain simulator was designed to create a more rain like situation such that the predicted
attenuation versus rain rate could be tested experimentally. The rain simulator consists of
a tall frame with seven individually controlled sprinkler heads equally spaced along the
top to give variable rain rates. The rain simulator experiments were conducted on days
with clear skies, so that only the antenna wetness effects are included in the
measurements and atmospheric rain effects are excluded. A capacitive rain gauge was set
up close to the antenna to monitor the rain rate during the experiments. Unfortunately, the
estimation error in the rain rate derived from the capacitive rain gauge can be significant
(10 mm/hr). In addition to the error in the rain rate estimate, there is also measurement
uncertainty in the beacon measurements and random error due to wind. In Table 1, an
error budget including these three effects is calculated in order to estimate an upper
bound on the standard deviation between the prediction model and the measurements.
The values used for the beacon measurement error has been reported by Bauer, [1]. The
other two effects were calculated for the New Mexico APT antenna, for rain rates
between 10 and 30 mm/hr. For detailed explanations on how the numbers used in the
error budget were calculated, see [6].

Table 1. Error budget (upper bound on the standard deviation)
Effect 20.2 GHz 27.5 GHz
Beacon measurement error 0.3 dB 0.5 dB
Rain rate estimate error 0.4 dB 0.6 dB
Wind 0.4 dB 0.7 dB
Total 0.6 dB 1.0 dB



The prediction model assumes a perfectly matched receiver. However, there is an
impedance mismatch for the 27.5 GHz receiver and this mismatch could possibly cause
some offset error between the model and the measurements at 27.5 GHz. This mismatch
error has not been quantified.

The prediction model is tested using the estimated rain rate to predict the attenuation due
to water on the antenna. The predicted attenuation is then compared with the measured
attenuation. Figure 9 shows the predicted and the measured attenuation at 20.2 GHz (a)
and 27.5 GHz (b).
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Figure 9. Measured and predicted attenuation during experiment 1

During a second experiment with the rain simulator only one sprinkler head was active.
This resulted in a lighter, less uniform rainfall. The attenuation predicted using the
measured rain rate is compared with the measured attenuation in Figure 10.

In experiment 1 and 2, the error was calculated by subtracting the predicted attenuation
from the measured attenuation. The mean and standard deviation of the error is tabulated
in Table 2. The mean error indicates the offset error between model and measurements.
As can be seen from Table 2, the offset error at 20.2 GHz is negligible for both
experiments. The offset error at 27.5 GHz is somewhat higher, which may partly be
caused by the impedance mismatch in the 27.5 GHz receiver. The observed standard
deviation for both frequencies are within the bounds calculated in Table 1.



Experiment 2: Rain simulator (20.2 GHz)
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Figure 10. Measured and predicted attenuation during experiment 2

Table 2. Difference between measurements and model

Mean error
20.2 GHz

Mean error
27.5 GHz

Standard deviation
20.2 GHz

Standard deviation
27.5 GHz

Experiment 1 +0.06 dB +0.35 dB 0.27 dB 0.27 dB
Experiment 2 -0.07 dB -0.60 dB 0.58 dB 0.79 dB

CONCLUSIONS

At Ka-band both water in the atmosphere and water on the antenna surfaces are
significant sources of attenuation. As an example, consider that propagation through
water at 30 GHz attenuates as much as 15.7 dB per millimeter [8]. It is therefore
important to develop good rain attenuation models in order to design effective and
efficient Ka-band communication systems. Because atmospheric rain attenuation and
antenna wetness effects are of a different nature, separate models for the two phenomena
are necessary. In this work, a prediction model for the attenuation caused by water on the
antenna surfaces was developed and implemented. The main advantage of this model is
that it is based only on physical antenna and system parameters and not experimental
data. This makes the model applicable any geographical location and to a wide range of
antenna designs.

The model was developed for predicting the antenna wetness effects present in the
measurements in the NASA Ka-band propagation experiment, in order to separate these
losses from the atmospheric losses during rain. The model can also be used for other



applications, such as planning the link budget for a Ka-band communication system. This
can be accomplished by first obtaining the local rain statistics, then using the prediction
model rain rate can be converted into expected attenuation. Based on percentage of time
availability requirements the corresponding necessary antenna wetness margin can be
determined. Another application for this attenuation prediction model is to analyze
different antenna designs in order to find the design best suited for a planned Ka-band
communication system. The antenna parameters needed in the model are fairly standard
and can normally be obtained from the manufacturers.
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