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Abstract

The Global Positioning System (GPS) is designed to operate in all weather con-
ditions. Here, we discuss a case that involves received GPS signals through a
light rain event, with incident energy at 1.57542 GHz right-hand circularly po-
larized. The power transmission of GPS signals to the receiver is referred to as
GPS Transmissivity (GPS-T). The relative received powers through the light
rain are measured with an antenna that is covered by a fiberglass hemispheri-
cal radome. The average rain rate is measured by a tipping-bucket-type rain
gauge. This in situ measurement is used for calculating the approximate uni-
form water-layer thickness formed on the radome. The power transmission
losses through the radome and water-layer thickness combination, the radome
thickness alone, and the water-layer thickness alone are computed from con-
ventional theory. The radome’s power transmission loss is eliminated by sub-
tracting the received power during the light rain from the received maximum
power during the mostly clear skies. The measured maximum power trans-
mission loss by the light rain for GPS satellite PRN 29 is approximately 2.5
decibels (dB). This translates to a minimum transmissivity of approximately
58%. The impact of these results is discussed.
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1. Introduction

The Global Positioning System (GPS) is designed to provide continuous position-
ing and timing information anywhere in the world under all weather conditions
[1] [2]. This includes conditions when GPS signals propagate through rain. The
power transmission loss of GPS signals by rain is degraded by both depolarization
and attenuation. The power transmission of GPS signals to the receiver is referred
to as GPS Transmissivity (GPS-T). This technique is slightly different than the
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Global Navigation Satellite Systems Transmissiometry (GNSS-T) technique [3].
The primary difference between the two techniques is that GPS-T uses only one
receiver, whereas GNSS-T uses two receivers. The GNSS-T technique requires
that the two GNSS receivers be identical to measure the difference between the
two signal strengths [3]. Therefore, the antenna gains and the front-end radio fre-
quency circuitry must be identical for the two GNSS receivers. This is a potential
limitation for this technique since these two receivers may not be identical. On
the other hand, the GPS-T technique does not have this requirement since it uses
only one GPS receiver. However, this technique requires that the transmitted sat-
ellite signal strength remains constant during the measurements so that the dif-
ference between the rain signal strength and the mostly clear skies signal strength
can be calculated correctly. This is a potential limitation for this technique since
variations in satellite transmission power could influence the calculated power
loss. In this paper, GPS-T is measured for light rain (rain rate < 2.5 mm h™* [4]).
Kobayashi [5] [6] showed that 4 GHz circularly polarized signals through rain
are degraded much more by depolarization than by attenuation. For L-band fre-
quencies, the rain attenuation is less than 0.1 dB km™! for a rain rate of 150 mm
h™ [7] [8]. This is further validated by the absorption (attenuation) model for the
GPS L1 frequency by [9] that indicates greater than 96% transmissivity (double-
path integrated propagation loss of 0.07 dB) (depolarization is not included) for
rain rates up to 30 mm h™' and an integration height of approximately 4800 m.
This translates to single-path integrated propagation losses of 0.035, 0.0035, and
0.0005 dB for rain rates of 30 mm h™', 2.5 mm h™', and 0.75 mm h™', respectively
[9]. Therefore, rain attenuation is typically neglected at GNSS frequencies for rain
rates up to 30 mm h™'. However, the GPS-T measurements presented here include
both rain depolarization and rain attenuation. Some rain effects on GNSS-R meas-
urements over the ocean have recently been reported [9]-[12]. In contrast to these
GNSS-R measurements over the ocean, the rain effects presented here are for
GPS-T measurements over land. Furthermore, the GPS-T measurements are
through the rain rather than the reflected signals from the ocean through the rain.
The goal of the GPS-T measurements in this paper is to better understand and

quantify how light rain affects GPS signals over land.

2. Wet Radome Considerations

A 61-cm-diameter, 3-mm-thick fiberglass hemispherical radome was leveled and
centered over a horizontally mounted right-hand circularly polarized GPS an-
tenna (see Section 3) to keep it dry during rain. Figure 1 shows a photograph of
the radome used in the measurements. The 30.50-cm radius (r) of the radome
satisfies the far-field criteria of the antenna [13] since r> 1.6 x Ay = 30.45 cm,
where Ay = 19.02937 cm is the GPS L1 free-space wavelength. The value 1.6 is used
because the maximum dimension of the GPS antenna, 2.0 cm < Ay/3 = 6.3 cm. At
1.6 GHz, the approximate real relative permittivity of fiberglass is ¢ = 4.47, and

the approximate loss tangent (tan o) is tan §x 10* = 264 [14].
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Figure 1. The fiberglass hemispherical radome is leveled and centered over the GPS an-
tenna.

Gibble’s equation [15]-[18] is used to calculate the approximate uniform water-

layer thickness (w) formed on the fiberglass hemispherical radome during rain.

The fiberglass material enhances the laminar flow, which is necessary for this model.

w =33, rR(2g)™ (1)

where g = 107 m? s™! is the specific viscosity of water, g= 10" m s™" is the gravi-

Gibble’s equation is

tational acceleration, R is the rain rate in m s}, and r = 0.305 m is the radius of
the radome.

The complex relative permittivity value of pure liquid water at a temperature of
10.8°C is computed [19] [20] as ¢, =82.50—19.44, where i=~/-1.

To obtain an estimate of the power transmission (transmissivity) through the
wet hemispherical radome, we deal with the simplest possible model: a plane wave
normally incident upon a planar radome and adjacent uniform water layer where
the radome does not absorb water. Therefore, a transmission line equivalent cir-
cuit for the two uniform layers is used to calculate the power transmission. The
propagation constants and characteristic impedances of the different media are
defined in [21].

y=i2xf.lu, (f' - if”) , propagation constant (m™) (2)

Z =4/u, (E’—if”)il , characteristic impedance (Q) (3)

where £= 1.57542 x 10° Hz; g, =47x10" H m™ (free-space permeability);
€' =e ( 14,C° )_1 = ¢ (Fm™) where ¢ is the real relative permittivity, ¢ =
2.997925 x 10°ms™ (speed of light in a vacuum), and ¢, is the free-space per-
mittivity;and ¢"=¢"tand (Fm™) where tand isthe loss tangent (dimension-
less).

To facilitate the use of the transmission line analogy for the radome and water-
layer thicknesses, an equivalent two-port network using the ABCD matrix [21]
[22] is shown to be
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{A B}:{ C, lel}{ C, ZZSZ} @
c D| |S/z, C ||s,/z, C,
where

o :cosh(;/jdj)

S, =sinh(y;d;)

Z; = impedance of medium j(Q)
d; = medium jthickness(m)
y; = propagationconstantinmedium j(m‘l)

for j=1 for radome thickness; j= 2 for water-layer thickness.
To obtain the amplitude transmission (#), we convert the overall ABCD matrix

(4) to a scattering matrix. For a reciprocal network, this gives [21]

t=22,/G (5)

where Z, = u,C, free-space impedance (Q); G = AZ, +B+CZZ +DZ,.

The power transmission (transmissivity) (7) is
T =|t* (6)

The power transmission loss (7Z) in decibels (dB) is

TL=-10log,, T (7)

3. Measurements during Light Rain

On June 2, 2025, from 6:21 p.m. to 6:48 p.m. Greenwich Mean Time (GMT), a
Trimble Lassen LP GPS L1 (1.57542 GHz right-hand circularly polarized antenna)
receiver was used to measure the GPS signals through light rain. The site for these
measurements was located approximately 8 km west of Billings Logan Interna-
tional Airport, Billings, Montana. The antenna was magnetically attached to a 10
cm x 10 cm x 1.6 mm metal plate, which was taped to a 20 cm X 10 cm x 5 cm
horizontally flat cement brick. The active Trimble antenna consists of a microstrip
patch antenna (20 mm x 20 mm x 1.6 mm), a preamplifier, a radome, and a ground
plane.

As stated in Section 2, a fiberglass hemispherical radome was leveled and centered
over a horizontally mounted GPS antenna to keep it dry during rain (see Figure 1).
Received GPS azimuth angles (A2) were restricted to 180° < AZ <360° for mini-
mizing blockage and shadowing at the site, where AZ =360° is True North. In ad-
dition, received GPS elevation angles (£L) were restricted to 65° < EL <90° for
providing constant antenna gain, where EL =90° is Zenith. Satellite PRN 29
was chosen among the available GPS satellites of the constellation for these meas-
urements because it had the only orbital track that met the azimuth and elevation
angle criteria. The other available GPS satellites did not satisfy the elevation angle
criterion, ie., the constant antenna gain criterion was not met. This criterion is

critical to ensure that the received signals during the measurements are not de-
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graded by the antenna gain. This is one limitation of this technique. The second
limitation of this technique is that it assumes that the transmitted satellite signal
strength was constant during the measurements. This is a potential limitation
since variations in satellite transmission power could influence the calculated
power loss. During this time, GPS satellite PRN 29’s azimuth angles decreased from
307.7° to 304.3°, and its elevation angles increased from 65.0° to 77.5°. Sig-
nal power levels were collected for approximately 27 minutes to characterize the
power transmission properties through the light rain. Power levels (P.5) were di-
rectly recorded in dB from the GPS receiver every 0.5 s to a laptop computer.

The rain rate at the site was measured by a tipping-bucket-type rain gauge
(RainWise). The rain gauge was located 8.5 m from the GPS antenna at a height
of 1 m above the ground. The bucket records a signal for every 0.1 mm/tip. During
the light rain event, the rain gauge produced 3 signals at 6:29 p.m., 6:34 p.m., and
6:42 p.m. GMT. Visually, the rain rate was less from 6:21 p.m. to 6:25 p.m. GMT.
Then the rain rate increased from 6:25 p.m. to 6:45 p.m. GMT. The rain stopped
at 6:45 p.m. GMT. The skies became mostly clear from 6:45 p.m. to 6:48 p.m.
GMT. During this time, the radome surface was dry. From 6:21 p.m. to 6:45 p.m.
GMT, the average rain rate was calculated to be 0.75 mm h™". This is considered
light rain since the rain rate result is less than 2.5 mm h™! [4]. The average air
temperature was 10.8°C during this time.

From (1), a rain rate of 0.75 mm h™' produces a water-layer thickness (w) of
0.021 mm. Therefore, the calculated power transmission losses through the ra-
dome and water-layer thickness combination, the radome thickness alone, and
the water-layer thickness alone are 0.26, 0.17, and 0.05 dB, respectively, from (7).
The real relative permittivity and loss tangent of the fiberglass, and the complex
relative permittivity of the water (see Section 2) are used in the above calculations.

The measured power transmission loss (7Z) through the light rain event is es-

timated as
TL="P, e — P (8)

m

where

TL: power transmission loss in dB;

Pp received power in dB;

Prasap received maximum power in dB during the mostly clear skies.

The subtraction process in (8) eliminates the radome’s power transmission loss
of 0.17 dB (see Section 2). Furthermore, the water-layer’s power transmission loss
on the radome of 0.05 dB (see Section 2) is neglected because it is much less than
the measured power transmission losses during the light rain (see Figure 2). The
significant difference between the calculated radome water-layer loss (0.05 dB)
and the measured power transmission losses (maximum of 2.5 dB) is likely because
the GPS L1 circularly polarized signals through rain are degraded much more by
depolarization than by path attenuation [5] [6]. There was no height or width data
available for the rain cell.

Figure 2 shows the measured power transmission loss in dB (blue) and the ex-
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ponentially smoothed curve (orange) for GPS satellite PRN 29; the three rain gauge
signals are shown by black triangles. As shown in Figure 2, the measured maxi-

mum power transmission loss by the light rain is approximately 2.5 dB.
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Figure 2. Measured (blue) and smoothed (orange) time plots of power transmission loss
for the radome-covered GPS antenna during the light rain (0.75 mm h™') for GPS satellite
PRN 29. The skies were mostly clear from 6:45 p.m. to 6:48 p.m. GMT with a dry radome
surface.

The exponential smoothed curve is calculated by Microsoft’s Excel Data Anal-

ysis Toolpak with a smoothing constant (a) of 0.8. The smoothing formula is
Ru=aRk +(l_a)Pt—1 )

where
P.,: next power value;
P._, : previous power value;
P, : current power value;
a : smoothing constant;
¢ discrete time.
Figure 3 shows the measured transmissivity (power transmission) in percent for
the light rain event for GPS satellite PRN 29, where the measurements are shown in
blue, the exponentially smoothed curve is shown in orange, and the three rain gauge

signals are shown by black triangles. The transmittivity (7) in percent is

T=P
P

max

%100 (10)

where

P= 10[%}] ;

Prax dB j

P o :10( 10
Measurements in Figure 3 show that the minimum transmissivity by the light

rain is approximately 58%.
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Figure 3. Measured (blue) and smoothed (orange) time plots of transmissivity for the ra-
dome-covered GPS antenna during the light rain (0.75 mm h!) for GPS satellite PRN 29.
The skies were mostly clear from 6:45 p.m. to 6:48 p.m. GMT with a dry radome surface.

4. Application of the Results to GPS Signal Degradation by
Rain

Tropospheric particles can degrade GPS signals by depolarization and attenuation
[6] [23]-[25]. Understanding and quantifying these depolarization and attenua-
tion effects are necessary for optimal GPS use and accuracy. As was shown in Sec-
tion 3, precipitation in the form of light rain causes GPS signal degradation. Light
rain is difficult to model because it is rarely uniform in time and space. Therefore,
real-time GPS measurements during light rain would help to quantify these ef-
fects. The results from Section 3 show that the GPS power transmission loss through
the light rain was variable, with a maximum of approximately 2.5 dB. Therefore, the
transmissivity through the light rain was also variable, with a minimum of approx-
imately 58%. However, there are limitations to generalizing about quantifying the
depolarization and attenuation effects on GPS signals from a single light rain event
with only one GPS satellite. Therefore, future research involving more GPS satellites
and rain events is needed to determine the usefulness of this technique.
Furthermore, higher rain rates will degrade GPS signals even more. For ex-
ample, heavy rain rates of 50 mm h™! and 200 mm h™ (tropical downpour) [4]
will produce water-layer thicknesses on the radome of 0.087 and 0.14 mm, re-
spectively, see (1). Therefore, the power transmission losses for these water-
layer thicknesses are 0.24 and 0.42 dB, respectively (see Section 2). For a given
rain rate, the power transmission loss of the water-layer will be in addition to
the power transmission loss of the rain occurring simultaneously on the propa-
gation path [26]. Since the water-layer’s power transmission loss is expected to
be much less than the rain’s power transmission loss on the propagation path,
the power transmission loss of the water-layer can be neglected when estimating
the power transmission loss of the rain. This technique was used in Section 3 for
estimating the power transmission loss of the light rain. This GPS-T technique
could potentially improve GNSS-derived perceptible water vapor (PWV) meas-

urements during heavy rainfall events [27] by including the power transmission
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loss by raindrops. Although this idea is speculative, it may be worthwhile pur-
suing its usefulness with future research.

It would be very beneficial if these two loss effects could be separated. However,
as Hogg and Chu state [26], “separation of the two effects is a difficult process.”
Nevertheless, if they could be separated, then the power transmission loss of the
rain occurring on the propagation path could be better estimated. Furthermore,
with an estimate of the power transmission loss of the water-layer, the rain rate
(R) could be calculated as described in Section 2. This would provide a new tech-
nique for estimating rain rate. Currently, real-time water-layer thicknesses could
be estimated if the rain rate is continuously measured by a device like the capaci-
tor-type rain gauge used in [16]. This would be an improvement over the tipping-
bucket-type rain gauge used in this study. An analysis of the real-time water-layer
thickness estimates and the continuous rain rate measurements may provide in-
sight into how to estimate the water-layer thickness without an in situ rain rate
measurement. If this can be accomplished, then it would be a new technique to
estimate rain rate compared to the GNSS technique proposed by [28], which uses
cross-polarization discrimination (XPD). It should be noted that this proposed
XPD technique for estimating rain rate could potentially be improved by placing

each receiver antenna under a fiberglass hemispherical radome.

5. Conclusion

GPS is designed to operate in all weather conditions. Quantifying power trans-
mission losses through rain is necessary for optimal GPS use and accuracy. The
results presented here provide received power variations of GPS L1 signals caused
by light rain for one GPS satellite. Although only one GPS satellite was used in
this study, these measurements still show potential for estimating power trans-
mission loss and transmissivity (power transmission) of GPS signals through light
rain. Additional measurements for different rain rates and more GPS signals are
needed to determine the validity and usefulness of this technique. Future studies
will include using more GPS orbital tracks by multiplying the normalized GPS
antenna elevation gain pattern with the received GPS signals. Since the normal-
ized GPS antenna azimuth gain pattern is approximately constant, it does not
need to be multiplied by the received GPS signals. These additional GPS orbital
tracks will improve the spatial or temporal resolution of GPS-T through rain. Fur-
thermore, measurements of each transmitted GPS satellite signal strength during
clear sky conditions are needed to quantify the stability of the transmitted signal
strength. During the measurements, it was assumed that the transmitted signal
strength was constant, see Section 3. This GPS-T technique could potentially im-
prove GNSS-derived PWV measurements during rainfall events by including the
power transmission loss by raindrops. Future research will determine if this idea
is feasible. Further studies and measurements may lead to a GPS-T technique for
inferring rain rate by using a receiving antenna covered by a fiberglass hemispher-

ical radome. Lastly, this GPS-T technique could be expanded for GNSS signals.
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The key benefit of such an expansion, by leveraging signals from multiple constel-

lations, is to improve spatial or temporal resolution.
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