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ABSTRACT

This work describes the procedure for determining
the expected values of UAV radio-heat contrasts (AT)
and discusses its angular dependences, as well as the
estimation of UAV detection distances at four points cm
and mm ranges (12 GHz, 20 GHz, 34 GHz, and 94 GHz).
This paper reveals the pronounced frequency dependence
on brightness temperature (I) and AT of a fiberglass
unmanned aerial vehicle (UAV) made from composite
fiberglass materials. The quantified experiments are con-
ducted against a sky background under various weather
conditions and wave ranges. The qualitative physical
interpretation of these properties and their frequency
dependence is proposed, reflecting the coefficient values
and radio brightness of the background. The weak
influence of weather on the observed UAVs in the X
and Ku bands are demonstrated along with the multiple
decreasing detection characteristics and advantages of
the W band under bad weather conditions (the appear-
ance of rain or thick cloud). This work presents data
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on the values of UAV contrasts, observed against the
background of the sky and the regularities noted could
be useful for predicting the effectiveness of the proposed
radiometric detection and tracking system.

Keywords: Radiometry, Aircraft, Brightness Tempera-
ture, Weather Conditions, Detection Distance

1. INTRODUCTION

The search for appropriate methods for developing
airspace control devices is traditionally based on the use
of acoustic, optical, infrared, and radar methods for active
and passive monitoring [1-13]. Each of these methods
has its own advantages and disadvantages [14-20].
However, these systems have certain disadvantages. For
instance, optoelectronic devices are dependent on the
weather and time of day, radar is subject to suppression
and low reflected signals, while acoustic systems tend
to be short-range and inaccurate. Furthermore, there
is the possibility of counteracting passive systems in
identifying the direction of communication channels, etc.
In this regard, it is of practical interest to consider the
possibility of using microwave radiometry to solve the
above problem. There are many reasons for considering
this method as an alternative or addition to those
mentioned above, despite its poor development. It can
be assumed from the general physical considerations that
the advantages of this approach are its secrecy, increased
noise immunity, relative all-weather resistance, etc.
However, few works can be found on the radiometric
passive detection of artificial objects in millimeter wave
ranges (WR). Furthermore, against the background of
earth cover, the data on radiometric contrasts and the
probability of detecting UAVs against a sky background
are completely absent in the literature.

Knowledge of radio-heat contrasts in various ob-
served objects and prediction of their detection distance
with a given probability are required when developing
a means of detecting and tracking airborne objects by
radiometry. One of the obstacles to making reasonable
assessments and forecasts is the almost complete absence
of initial data on the values of UAV radio brightness



164 ECTI TRANSACTIONS ON ELECTRICAL ENGINEERING, ELECTRONICS, AND COMMUNICATIONS VOL.20, NO.2 JUNE 2022

temperatures.

This work describes the procedure for determining
the expected values of radio-thermal contrasts and
discussing the angular dependencies obtained, as well
as the estimation of the detection distances for UAV
at four points of cm and mm ranges (12 GHz, 20 GHz,
34 GHz, and 94 GHz). These frequencies, located in all
transparency windows of the atmosphere in the 10-100
GHz range, are chosen to minimize the destructive effect
of atmospheric attenuation and intrinsic radio-thermal
radiation on the observability and detection of flying
objects. Obtaining and forecasting such data in a wide
frequency range is complex and multifaceted, requiring
the development of theoretical concepts and related
model calculations.

This complexity is due to the significant influence
of frequency differences in the intrinsic, re-reflected
characteristics, through the transmitted and background
radiation of UAV, as well as the different seasonal
weather conditions and viewing angles on the values of
predicted contrasts. However, this kind of theoretical re-
search is impossible without experimental data, and this
plays a role in some benchmarks, allowing the researcher
to assess the degree of adequacy in the theoretical models
and approaches used. This complex approach is used in
this work to predict estimates for the values of radio-heat
contrasts in aircraft, observed against the background of
the sky and detection parameters in different frequency
ranges.

2. METHODOLOGY

The methodology used for predicting radio-heat con-
trasts of UAVs in this work involved an experimental
assessment of the radio brightness temperature (T) in
the sector of average viewing angles with subsequent
extrapolation to a wider sector. Accordingly, model
estimates of the sky T, were also carried out in various
weather conditions for the cm and mm wavelength
ranges (WR).

The radio brightness temperature of the UAV (Tysy)
observed against the sky background can be written as
the summary of own (Tp,;), reflected (T, f;), and passed
through UAV (T}4) radio-heat emission:

Tyav = Town + Tre 1t Tpas 1)

where Ty, = Kre flTes’ Tpas =
Ton (1= Kreft) Kipo Top = Topp(1—€7¢%). 7 is the
optical thickness of the atmosphere in the considered
meteorological conditions and frequency range. » =
(1 = Kyef1) is the emissivity of the UAV, which depends
on its dielectric properties and shape. , is the effective
(average) value of the earth’s surface T; (depending on
the type, shape, dielectric properties, viewing angle, and
seasonal weather conditions). Ty is the thermodynamic
temperature of the earth’s surface. K. is the effective
value of the UAV reflection coefficient. K, is the effective
value of the AV transmission coefficient. Ty, is the

xlo, Tt =

Fig. 1: The UAV with a projection area of 0.4 m?, recorded
above the measurement site.

effective value of Tj, representing the sky passing through
the UAV. Ty, is the effective value of the sky Tj. Ts¢ is
the effective value of the thermodynamic temperature in
the atmospheric layer that forms the Tj, of the sky. 0 is
the zenith angle of sight.

Analysis of the Eq. (1) shows the difficulties involved
in obtaining an exact mathematical description of the
procedures forming the radio-thermal contrast of AV for
an adequate solution to the problem. Consequently,
some assumptions were used, proceeding from the data
experimentally obtained for T, UAVs in various WRs.
Therefore, a number of measurements were carried out
on this fundamental contrast-forming parameter in the
range of mean viewing angles due to a lack of data in the
literature.

Experimental studies on T;, UAVs were carried out in
carefully controlled conditions on the territory of the Na-
tional Aerospace University “Kharkiv Aviation Institute”
(KhAI), measuring range with the help of radiometric
equipment on the cm and mm ranges specially designed
for this purpose. The measurement procedure involved
monitoring the distances, sight angle, projection area
of the UAV, and periodic calibration of the radiometric
equipment using the two-load method. The cycle of
full-scale measurements was preceded by measurement
of the radiation pattern in the radiometers’ horn antennas
using the KhAI anechoic chamber, modernized for this
purpose.

The UAV sample image made at the KhAI from
fiberglass was fixed above the roof of its five-story ra-
diophysical building, using a specially created measuring
stand as shown in Fig. 1. The example in Fig. 2 shows an
image of a 3 mm range radiometer block located on the
rotary support, to determine the T;, of UAV against the
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Fig.2: The 3mm range radiometer unit located on the
rotary supports.

background of the sky. The radiometers of other WRs
were located on similar rotary supports.

The axisymmetric horn antenna patterns of the mea-
suring complex for static UAV T; measurements (Fig. 2)
are 38°, 28°, 33°, and 36°, respectively, for frequencies
12 GHz, 20 GHz, 34 GHz, and 94 GHz.

Calculations of Tj, in a clear atmosphere for all consid-
ered WRs were carried out using the set developed in the
ESA meteorological model ERA-15 and the radiophysical
MPM model of Liebe [21]. The values of the total vertical
absorption in the clear atmosphere (r) were obtained
by integrating them with those of the horizontal at-
tenuation coefficient (y), calculated for different heights
and frequencies. These calculations were based on the
MPM model using the normal meteorological conditions
of July in Kharkiv, Ukraine and the altitude profiles
of meteorological parameters taken from ERA-15. The
sought-for values of sky T, were calculated from the
expression

Tsky: off (1_ersec9). (2)

Atmosphere y calculations under cloud cover condi-
tions were carried out using the MPM model to collect a
layer of fine droplets with the total columnar liquid water
cloud content of 0.4 kg/m?. The probability of exceeding
such values according to ITU [22] is no more than 1% of
the time per year. Here, the similar expression in Eq. (2)
is used to calculate the Tj, of clouds. The T,¢s values
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Fig. 3: (a) View of the complex, (b) test quadcopter, and (c)
during instrument testing.

for these calculations were taken from the ERA-15 model
using the average cloud height of the Ukrainian summer
season [23].

The atmosphere T;, calculations under rain conditions
were also determined as in Eq. (2). The values of
T, and y for an 8mm WR were obtained in the case
that the attenuation of rain exceeds 1% in the year
term. These values were determined according to the
data obtained from a one-year cycle of continuous
observations of atmospheric radiation in Kharkiv [24, 25].
The subsequent recalculation to other frequencies was
carried out according to the ratios in the rain also using
the MPM model.

The estimated ranges for the reliable detection of UAVs
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Fig.4: The radio brightness temperatures of a clear
atmosphere for the frequency range from 12 to 94 GHz.
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Fig.5: The radio brightness temperatures of a cloudy
atmosphere for the frequency ranges from 12 to 94 GHz.

were calculated according to the maximum likelihood
method [26] for the various values of observed projection
area onto the antenna region for four frequency bands,
namely 12 GHz, 20 GHz, 34 GHz, and 94 GHz.

The experimental test verification of the calculated
estimates was performed for a miniature flying quad-
copter with a projection area of 0.01 m? at the distance
of several tens of meters, using a three-frequency mea-
suring complex developed for this purpose (Fig. 3). The
axisymmetric antenna system block of the measuring
complex (Fig. 3) consisted of two mirrors with a diameter
of 300mm (the Cassegrain system of a 3mm range
with an antenna pattern width of § = 0.7°) and a
three-frequency paraboloid with a diameter of 900 mm
and ranges of 3cm (0 = 2.5°), 1.5cm (6 = 1.5°), and 8 mm
0 =10.9).

This experimental data made it possible to carry out
the subsequent recalculation to determine the detection
range of devices with a larger projection area, for
comparison with our calculated theoretical estimates.

3. RESULTS

The calculated values of T, for the clear sky at the
frequency ranges 12 GHz, 20 GHz, 34 GHz, and 94 GHz
and their angular dependences are depicted in Fig. 4.
Here, the viewing angle 6 is measured from the horizon
plane. These data are used in subsequent estimates of

0 0,°
0 25 50 75 100
12GHz ~ ===-- 20 GHz
34GHz — —94GHz

Fig. 6: The radio brightness temperatures of a rainy
atmosphere for the frequency ranges from 12 to 94 GHz.

UAV contrasts observed against the sky background.

The radio brightness temperature values of the sky in
thick cloud and intense rain conditions, respectively, are
presented in Figs. 5 and 6. Unfavorable meteorological
parameters for UAV detection, characteristic of no more
than 1% of the annual weather conditions in Ukraine,
were used in these calculations.

Comparison and analysis of the dependencies shown
in Figs. 4-6 indicate multiple differences in T; values of
the background (sky) for the considered wave ranges, as
well as the significant influence of weather conditions
on these values. Moreover, the destructive manifestation
concerning the influence of weather conditions is espe-
cially significant with a shortening of the wavelength, up
to the disappearance of the angular dependence of T}, in
the sky at 3mm WR due to the saturation effect under
intense rain conditions.

The measurements of the radio-heat radiation for
a fiberglass UAV (Fig. 1) shows that the values of its
T, at average viewing angles in a clear atmosphere at
horizontal polarization are about 245K, 120K, 95K, and
85K, respectively, for 3 mm (W), 8 mm (Ka), 1.5 cm (Ku),
and 3 cm (X) wave ranges. An example of a radiometric
signal recording fragment in the presence and absence
of a UAV at 8 mm WR is given in Fig. 7. The angular
dependencies of the expected Ty 4y values and their
contrasts (AT) against the sky background were modeled
and plotted according to the results of the measurement
series in the four above-mentioned WRs.

Radiometric recording fragments of the horizontal
polarization signals in 8 mm WR from the antenna
matched load (discrete sample (n) 0-500), zenith region
of the sky (sample 500-1000), sky at an angle of 40°
in the presence (sample 1000-1500), and absence of
UAV (sample 1500-2000) are depicted in Fig. 7(a). The
radiometric recording signal results of a UAV (sample
1000-1500) against the background radiation of the sky
in the zenith angle are shown in Fig. 7(b).

To extrapolate these experimentally obtained values
to other viewing angles, the exponential model was used
in this work,
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Fig. 7: Radiometric recording fragments of the horizontal
polarization signals; (a) sky at an angle of 40° in the
presence (sample 1000-1500), and absence of UAV (sample
1500-2000) and (b) UAV against the background radiation
of the sky (sample 1000-1500).

Ty = kie 20 + ks 3)

where ki, ky, and k3 model coefficients depend on
frequency and Tg,,. Using this expression, as well as
the experimental results and approximate theoretical
estimates of the reflection coefficients for surfaces at
sliding angles, the Tj7 4, values were calculated for the
four frequency bands mentioned above. Joint processing
of these data and the data presented in Figs. 5-7 make
it possible to estimate the angular dependencies of T,
and radio-heat contrasts AT of the UAV against the sky
background in various weather conditions (Figs. 8—10).

The analysis of the obtained data shows that in the
sector close to the sliding viewing angles, in comparison
to other angles, the contrast values are significantly re-
duced and their differences decreased for the considered
WR (Figs. 8-10). At the same time, maximum contrast
values are observed in Ka WR under clear sky conditions.
The contrast is maximal in Ku WR in the presence of thick
cloud cover and for X WR in rainy weather.

In the sector of all other (non-sliding) viewing angles,
the significant frequency dependence of T}, in this type
of UAV and its contrasts is manifested. Its magnitude
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Fig. 8: Values of (a) Ty ay and (b) AT of a UAV mainly made
from fiberglass under clear atmospheric conditions.

decreases by almost three times in a clear atmosphere
when going from 3 mm to 3 cm WR (Fig. 8).

This tendency can be explained qualitatively by the
fact that the relatively radio-transparent material of
the UAV body at lower frequencies becomes non-radio-
transparent with increasing frequency. A decrease in
radio transparency can lead to an increase in the loss
and emissivity of the airframe. Furthermore, an increase
in reflective performance results in more intense radio
brightness of the earth’s surface due to a rise in the
reflection coefficient of the UAV body. This is indirectly
confirmed by the presence of significant polarization
differences in the T, of the UAV, observed during 3 mm
WR experiments in the sector of average viewing angles.

Multiple decreases occur in the contrast magnitude
at 3mm WR, reaching the maximum level at 8 mm
WR under the weak influence of cloudiness, while
there is a practical absence of such influence on the
ranges of cm waves when strong clouds appear (Fig. 9).
The appearance of intense rain (Fig. 10) leads to an
intensification of the tendency to view the same angles,
up to the complete disappearance of the contrast in 3 mm
WR, while the maximum contrast values shift in 3 cm
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Fig. 9: Values of (a) Ty av and (b) AT of a UAV mainly made
from fiberglass under cloudy atmospheric conditions.

WR.

It is pertinent to recall that all the foregoing results
refer to a UAV made from fiberglass material. How-
ever, it is possible to suppose from general physical
consideration that the T;, of a glider with a metal body
will be concentrated within 200-250K in all WRs, with
the weather and frequency dependencies of these values
being weakly expressed. Accordingly, the frequency
dependence on the radio brightness of the sky will
probably still lead to the frequency dependence of the
contrast value AT.

An additional comparative assessment on the efficacy
of using radiometers of one WR or another was con-
ducted by calculating the detection distance values of the
UAV using radiometric systems based on the maximum
likelihood method [24] for a probability of 0.9. In this
case, the size of the antenna aperture of various WRs
was taken to be the same (0.5 m) for all four considered
frequencies, making it possible to compare the detec-
tion efficiency between different WRs. The hardware
parameters of radiometers realized at the modern stage of
low-noise microwave input circuit development [27-30]
and the amplifying elements [31,32] of receivers were
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Fig. 10: Values of (a) Ty ay and (b) AT of a UAV mainly
made from fiberglass under rainy atmospheric conditions.

used in these calculations. The noise temperatures
(and frequency bands) of radiometers operating in the
frequency ranges 3mm, 8 mm, 1.5cm, and 3 cm were
taken to be 600K (6 GHz), 400K (5 GHz), 120K (4 GHz),
and 70K (3 GHz), respectively. Figs. 8—10 show the data
on the magnitude of the expected contrast values in the
calculation of the UAV detection distances. The results
of such estimates concerning the detection distance of
the UAV with a projection area of S = 5m? for 30° sight
angle and similar gradations of weather conditions are
presented in Fig. 11.

The 3 mm WR provides multiple distance advantages
over analogs operating in lower frequency WRs under
clear weather conditions at non-sliding viewing angles,
as shown in Fig. 11. In addition, in the 3 mm WR, it is
possible to provide better spatial resolution for the area,
thereby improving the quality of the observed images.

Differences in the detection distance capability of fly-
ing objects between cm and mm WR noticeably decrease
under overcast conditions with high droplets of water
content. The 3mm and 8 mm channels significantly de-
crease in efficiency under heavy rain conditions. At the
same time, the results indicate very weak susceptibility to
the influence of weather conditions for both channels at
cm WR. (It is useful to note here, that such unfavorable
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Fig. 12: Inverted recording fragment of the output signals, following azimuthal scans of the sky sector (¢, degrees) in the

8 mm channel with a burst caused by the UAV.

synoptic situations considered in this study occur only
for a small percentage of the time during the year and
can often be considered as the UAV not flying.)

Additional measurements were taken using a system
of scanning radiometers built for this purpose (Fig. 3) to
confirm the reliability of the aircraft detection distance
estimates (Fig. 11). Fig. 12 shows an example fragment
of the 8 mm channel recording of several scans for the
sky sector at the developed three-frequency radiometric
system output. The response of the radiometer output
signal to the entry of the miniature quadcopter into
the directional pattern of the antenna system can be
observed (noted by the arrow on the second scan from the
bottom). Recalculation of the object detection distance
with a projection area of 0.01 m? onto an UAV projection
area of 5m? showed satisfactory agreement between the
calculated estimates (Fig. 11) and the primary data, as
indicated in Fig. 12.

4. CONCLUSION

As aresult of this research; the pronounced frequency
dependence of Tj, and radio-heat contrast AT of a UAV
made from composite fiberglass material against a sky

background is revealed, along with its quantified esti-
mation. The qualitative physical interpretation of these
properties is proposed, due to the frequency dependence
of the reflection coefficient values and the radio bright-
ness of the background. The weak influence of weather
on the results for the observed UAVs in the X and Ku
bands is demonstrated along with the multiple decreasing
detection characteristics and advantages of the W band
under bad weather conditions (the appearance of rain or
a thick cloud layer). The joint use of 2-3 frequency modes
for detecting flying objects is recommended based on
the analysis of revealed angular and contrasting weather
features, typical of each considered frequency range. The
data presented in the work and the regularities noted
could be useful to conduct a forecasted assessment on
the effectiveness of the radiometry method, and selecting
the most preferable set of operating frequencies when
designing such systems.
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