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ABSTRACT

Due to the change in the index of refraction of the
atmosphere with altitude, electromagnetic (EM) veave
can get trapped in a layer and travel long distance
These layers are called atmospheric ducts. Radar’s
performance is mostly affected by the ducts whiah a
caused by evaporation of water. Evaporation duct
changes the maximum detection range of radars
operating at 3Hz and above. Therefore, modelling the
evaporation duct is of utmost importance in radar
simulators as the frequency range in question Il va
for almost all operational radars. However, anejti
calculation of the ducting effect during the simida
would require allocating valuable processing tinmel a
power for this purpose. In this study, a simple but
effective modelling of the ducting effect with mimim
processing requirement has been developed based on
the data obtained from commercial software tools
utilizing complex EM propagation models for deteanti
range calculations.
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1. INTRODUCTION
Tens of various radar models have been developed fo
evaluating radar performance since the productibn o
the first radar. With rapidly advancing technologyd
growing experience, it has been possible to come up
with near-real life EM propagation models that have
excelled these radar models. However, perhaps as a
natural outcome, these models, despite being paiverf
have also become extremely complex and rather slow.
Various needs may emerge from a radar model in
different engineering applications; however, thesmo
basic outcome from any radar model has been the
maximum range that a specific radar can deteatgeta
The answer to this question has been produced éy th
radar range equation that was developed basedeon th
attenuation in free space. Radar range equatioplgim
calculates maximum range that a target can be teetec
utilizing the amount of the EM energy emitted by th
transmitter, reflected from the target and receiatthe
receiver. Naturally, losses caused by atmospherit a
meteorological conditions during the EM propagation
can also be utilized in this equation. The fact thaw
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complicated should the radar equation be depends on
the application.

Full EM propagation model in radar equation can
be used in applications where there is no time
constraint, such as the determination of the cageera
area of a radar. On the other hand, the full prapag
model may prove too slow in applications wheredara
on a mobile platform is supposed to -calculate
probability of detection for many mobile targets. A
much simpler radar range equations are neededtfer |
applications.

Refraction is the bending of electromagnetic waves
caused by a change in the density of the medium
through which the waves are passing. Because the
density of the atmosphere changes with altitude, th
index of refraction changes gradually with heigtike
density, the temperature and moisture content ef th
atmosphere also decrease uniformly with an increase
altitude. However, under certain conditions the
temperature may first increase with height and then
begin to decrease. Such a situation is called teatyre
inversion. An even more important deviation from
normal may exist over the ocean. Since the atmasphe
close to the surface over large bodies of water may
contain more than a normal amount of moisture, the
moisture content may decrease more rapidly at keigh
just above the sea. This effect is referred to aisture
lapse.

Either temperature inversion or moisture lapse,
alone or in combination, can cause a large chamgtjeei
refraction index of the lowest few-hundred metdrthe
atmosphere. The result is a greater bending ofatiar
waves passing through the abnormal condition. The
increased bending in such a situation is referceds
ducting and may greatly affect radar performandee T
radar horizon may be extended or reduced, depending
on the direction the radar waves are bent. Theirdyct
that has the greatest effect on radar performasd¢kei
one that is caused by evaporation of water. The
evaporation duct affects radar detection ranges at
frequencies of approximately GHz and above. Since
the frequency range in question is the range irckvhi
almost all radars operate, it is of utmost impar&athat
this effect be modelled. However, in a simulation,
analytically calculating the ducting effect in eyer
simulation  cycle  would require  substantial



computational time and processing power. In armrada
simulation with a very large coverage area and haawl
of objects, this simply would be unrealizable.

In this study, we have developed a model for
ducting effect that is simple, fast and requiresimum
processing power. The proposed model is basedadn re
radar data and outputs of commercial software tihals
calculate radar range under different conditions.

The structure of the paper is as follows;
atmospheric ducts, evaporation duct models, the
commercial software tools whose outputs are used in
the proposed model are described in Section 2id®ect
3 outlines the factors that change the evaporatiat
and details the proposed model. Finally, some
concluding remarks are given in Section 4.

2. ATMOSPHERIC DUCTS

An electromagnetic duct is a channel/atmosphevierla
caused by the variation of index of refraction E
waves that varies with altitude, in which EM wawoes
propagate over great ranges.

Ducts not only give extended radar detection
ranges to radar within the duct, but they may &isee
other dramatic effects. For example as it can lea s&
Figure 1, an airborne target that would normally be
detected may be missed if the radar is within @t ju
above the duct and the target is just above the AlgD
an airborne target that would normally be misseel tu
be located beyond the horizon may be detected as a
result of the extended range (Skolnik 2008).

REDUCED RANGE

TRAPPING LAYER

Figure 1. Ducting Effect on Radar Performance

(Skolnik 2008)

Although ducts act like a waveguide for the
energy, this waveguide does not have rigid and
impenetrable boundaries. Therefore, energy is
continually leakingrom the duct.

Several meteorological conditions will lead to the
forming of ducts. Ducts take different names andeha
different effects on EM waves according to the \zay
altitude they form. There are four different typek
ducts, namely (Patterson et al. 1994)

* Surface ducts

* Surface-based ducts
» Elevated ducts

« Evaporation ducts
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This study focuses on evaporation ducts that have
the most effect on radar performance in terms of
detection range.

2.1. Evaporation Duct

A change in the moisture distribution without an
accompanying temperature change can lead to a
trapping refractivity gradient. The air in contadgth the
ocean’s surface is saturated with water vapourew f
meters above the surface the air is not usuallyratad,

so there is a decrease of water vapour pressuretfre
surface to some value well above the surface. @peir
decrease of water vapour initially causes the nmexdif
refractivity, M, to decrease with height. However, at
greater heights the water vapour distribution willse

M to reach a minimum and, thereafter, increase with
height. The height at whicM reaches a minimum is
called the evaporation duct height, as illustratad
Figure 2.

Evaporation /
duct height I.-’

."’I

\

Modified refractivity

Figure 2: Refractivity for Evaporation Duct (Skdini
2008)
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Evaporation ducts exist over the ocean, to some
degree, almost all the time. The duct height vafiies
a meter or two in northern latitudes during wimeghts
to as much as 40n in equatorial latitudes during
summer days. According to Engineer's Refractive
Effects Prediction System (EREPS) Surface Duct
Summary (SDS) database, on a world average, the
evaporation duct height is approximately 13nland
evaporation ducts occur between 6+8@t 72% of the
time. Because the evaporation duct is much wedlgar t
the surface-based duct, its ability to trap eneigy
highly dependent on frequency. Generally, the
evaporation duct is only strong enough to affect
electromagnetic systems abov&Hz.

2.1.1. Evaporation Duct M odels

Evaporation duct heights can be measured direatly o
calculated from meteorological measurements such as
atmospheric pressure, air temperature and humadity
the air/sea interface.

Direct measurement devices are quite expensive
and complicated. Direct measurement should not be
attempted because, due to the turbulent naturdneof t
troposphere at the ocean surface, a refractivibfilpr
measured at one time would most likely not be Hraes
as one measured at another time, even when the two
measurements are seconds apart (Patterson ef4d). 19



For these reasons today’'s all modern evaporation
duct height determination methods are raised from
applications of meteorological measurements on
techniques developed based on Monin-Oboukhov
similarity theory (Monin 1954). Monin-Oboukhov
similarity theory is a semi-empirical theory and it
parameters are determined experimentally. An
application of theory like Jeske technique (Jeské3)
predicts the duct height with ams error exceeding
and the Paulus-Jeske correction (Jeske 1973; Paulus
1984, 1985, 1989) predicts the duct height witleaor
of 4.5m (lvanov 2006).

EREPS and Advanced Refractive Effects
Prediction System (AREPS — A software tool devetbpe
to examine EM system performance) utilize Paulus-
Jeske correction to determine evaporation ducthbeig
(Patterson et al. 1994, AREPS UM).

In literature, there are many studies analysing the
effects of evaporation ducts on the radar perfoaaan
Paulus (1984) has developed the first evaporatian d
model for IREPS (Integrated Refractive Effects
Prediction System), Marom (1988) has analysed the
effects of evaporation ducts on radar detection
performance and presented some design and opetation
considerations which can improve the detection
performance of radar, Reilly and Dockery (1990) has
studied effects of evaporation ducts on radar searr
and therefore radar detection performance and prese
a model for radar sea return, Paulus (1990) has
considered existing radar sea return models and
investigated the effects of evaporation ducts @rigg
angles, Patterson et al. (1990) has applied IRE&&m
to EREPS, Paulus (1994) has compared EREPS model
outputs with real data and Lin and Yong-gang (2008)
has analysed effects of horizontally heterogeneous
evaporation ducts on radar detection performance.

All of these studies are conducted to analyse the
effects of evaporation ducts on radar performamte,
order to improve radar designs and operational
considerations and to present models of realistt E
propagation in the presence of evaporation ductalSo
of the models resulted from these studies emerge as
inappropriately complex and slow for a radar sirtiata
desired to produce results fast. This causes assige
to develop a simple, accurate and fast modellinthef
evaporation duct effect unlike the ones presenthan
current literature. For this purpose the outputsthaf
complex and most commonly used EREPS, AREPS and
Computer-Aided Radar Performance Evaluation Tool
(CARPET - developed by an independent Dutch
research organization called TNO) (Huizing & Theil)
models are analysed.

EREPS, AREPS and CARPET software tools all
have incorporated evaporation duct effects intarthe
models. All of these three tools use Pattersonl.&t a
(1990) model for evaporation duct, developed fovila
Oceans System Centre (NOSC) and EREPS. This
model first defines the propagation facté) (n terms
of height and gain equations and then defines range
height gain equations in the regions of evaporatioct
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effect as many other models do. The propagatiotoifac
which is the base of all advanced propagation nsoidel
also a part of the basic radar equation.

Careful examination of these equations will reveal
that these equations depend basically on the radar
frequency, duct height, radar and target heights.
Moreover, analysis of the propagation factor curves
produced by CARPET for various atmospheric and
meteorological data has shown that, when ducting is
present, the propagation factor also depends on onl
these four parameters. This fact provides means for
developing a simple yet efficient model for the
evaporation duct effect, details of which are pnése
in the following section.

3. PROPOSED EVAPORATION DUCT MODEL

In order to fully understand the effects of the
parameters, namely, radar frequency, radar height,
target height and ducting height on the propagation
factor curves many different simulations have baen

for various values of the parameters. It has been
observed that all of the curves can be easily sgmted

by three linear equations that are defined in three
different regions, thus the curves can be defingd b
three points at maximum.

Based on these results, we conducted some studies
on generating a baseline data set for propagadictoif
curves each defined by three points using predétexdn
data and reproducing the propagation factor cuoveaf
given set of input data based on the baselineg#sdta

Note that, producing the baseline data set is of
utmost importance for minimizing the errors of the
curves that will be reproduced based on the baselin
data set. Therefore, effects of these four vargabtethe
propagation factor in the presence of evaporatioct d
have been analysed in detail.

3.1. Effect of the Radar Frequency

It was mentioned that the evaporation duct affeatsr
detection ranges at frequencies of approximateBHz
and above. Propagation factor curves with respetttd
detection range for radar frequencies 3.5, 5, 1,1%nd

15 GHz are shown in Figure 3 and the analysis of
Figure 3 corroborates with the lower limit ofz3Hz
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Figure 3: Radar Frequency Effect on Propagatioidrac
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The results from the CARPET software suggest
that the baseline data set should contain at least
propagation factor curve for each radar band betwee
2.5GHzand 15GHz, i.e. E, F, G, H, I, J bands.

3.2. Effect of Evaporation Duct Height

Figure 4 illustrates the detection probability proed

by CARPET for two different radars located atr20
operating at 2.55Hz and 8 GHz for the evaporation
duct heights of 16n and 25m. In the figure the
detection probability varies from 100% for the red
colour to 0% for blue. As it can be seen from the left
and bottom right subfigures, the 10 duct does not
have a major effect on 26GHz radar and the 261 duct
does not have a major effect o181z respectively. On
the other hand, as it can be seen from top right an
bottom left subfigures, the effects of fdduct on 2.5
GHz and 25m duct on the 8GHz radars are rather
substantial respectively. As these results indjcate
evaporation ducts forming at high altitudes arectfte

in low frequencies whereas they are effective ighhi
frequencies, when they form at lower altitudes.
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Figure 4: Evaporatlon Duct Helght Effect on Radar
Coverage

Average evaporation duct height around the world
is 13.1m and this height has the most effect for the
frequencies between 6-@Hz (H-I Bands) at which

most of the surface and navigation radars operate.

When these facts are considered, it is intuitiveebthe
evaporation duct height to the average duct heijht
13.1min the baseline data set.

With further analysis it is noticed that when
evaporation duct is elevated, similar effects are
observed in lower frequency ranges. This effect loan
observed on the coverage diagrams in Figure 5.rAs a
example the coverage diagrams ofriBluct on 5GHz,

13 m duct on 6GHz and 10m duct on 8GHz are quite
similar. This implicates that the effects of diffat duct
heights can be obtained by shifting the radar feegy
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in accordance with the difference between the duct
height and 13.1n.

Frgure 5: Evaporatron Duct Herght Radar Frequency
Range Relation

3.3. Effect of Radar and Target Height

In Figure 6, radar coverage diagrams are giveri ¥t

m evaporation duct and 18, 20 m and 30m radar
heights respectively. In can be seen that the raeliag
located above or below the duct height creates no
apparent difference in radar performance as thghhei
difference between a ship borne radar and evaporati
duct is usually negligible and the angles betwdsn t
transmitted EM waves and duct borders are usually
narrow enough for allowing the duct to bend these
waves.

Figure 6: Radar Height Effect on Radar Coverage

The equations for the propagation factor usually
include the height gain twice in order to accowntthe
target and radar heights. For example, propagation
factor for diffraction region can be defined adduls,
whereV(r) is range gain functionlJ(Z,) andU(zZ) are
height gain functions for radar and target heights
respectively.

=V(NU (z)U(z) (1)

This suggests that both the radar and target teight
have the same effect on the propagation factorecatv
those heights. That is, the propagation factoretiov a
scenario where the radar is located atm(nd the
target at 30n will be the same as the propagation factor
curve for the scenario with the radar located ain3hd



target at 10m. In other words, the detection probability
for a target at 30 m altitude by a radar anli3 exactly
the same as the detection probability for a taay@Om
altitude by radar at 36

3.4. The Proposed M odel

The proposed model for the evaporation duct invelve
using tabulated data that are produced utilizing th
outcomes detailed in previous subsections. The
tabulated data was previously referred to as tisellee
data set and is given in Table 1. Table 1 preséms
propagation factor curves, employed as the baseline
data set, as obtained from the CARPET software for
13.1m evaporation duct height, 26 radar height, E, F,

G, H, | and J radar band frequencies and 3 differen
target altitude intervals.

The curves given in Table 1 serve as an extension
to the radar simulation for modelling effect of
evaporation duct to the radar signal propagatiod an
detection distance. During the simulation, the
propagation factor is linearly interpolated frometh
values given in Table 1 to the operator defined dncl
target heights and radar frequency. This way, very
efficient, accurate and simple modelling of the tthg
effect is achieved without increasing the compatel
load of the radar simulator. Adding new functioasah
intrinsically complex and computationally loaded
simulator without elevating the load is desirable.

The proposed model has been tested by comparing
the propagation factor curves obtained through the
evaporation duct model added radar simulator ared th
ones produced by the CARPET software. An example
comparison is given in Figures 7 and 8 for a radar
operating at 5.%5Hz on a 20m high target. As it is seen
from figures both outcomes are very similar and the
difference is small enough to be ignored.
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Figure 7: Comparison of Proposed Model and CARPET
Output in terms of Propagation Factor
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Figure 8: Comparison of Proposed Model and CARPET
Output in terms of Detection Probability

Table 1: 13.1 m Evaporation Duct Propagation Factor
Curves

13.1 m Evaporation Duct Height Propagation Table
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4. CONCLUSIONS

In this study, a simple, efficient and accurate yet
computationally cheap modelling of evaporation duct
effects has been presented. The possibility of
occurrence of evaporation ducts is very high aradr th



effects to radar model are significant. Therefaras
rather important to come up with an accurate angpls
model that does not increase the already elevated
computational load of the simulator. The proposed
model is a tabulated extension to a big radar sitior
where hundreds of radars take observations from
hundreds of targets. The baseline tabular data besa
obtained utilizing commercial software tools such a
CARPET, AREPS and EREPS. The baseline data of the
propagation factor curve has been obtained depgndin
on the radar frequency, duct height, radar heigiit a
target height and employed in the radar simulator
instead of utilizing online complicated and sigtelel
calculations. The proposed model has produced near
perfect results compared to the commercial modgllin
tool called CARPET. Application of the effects of
different atmospheric ducts is left as further gtud

REFERENCES

Huizing A.G., Theil A., Computer-Aided Radar
Performance (CARPET 2.0) Evaluation Tool User
Manual v1.2, TNO

Ivanov V.K., Shalyapin V.N., Levadnyi Yu.V., 2006.
Determination of the Evaporation Duct Height
from Standard Meteorological Daténstitute of
Radiophysics and Electronics

Jeske, H., 1973. State and limits of predictionhods
of radar wave propagation conditions over the sea,
Modern Topics in Microwave Propagation and
Air-Sea Interaction, A. Zancla, ed., Reidel Pub

Lin, J., Yong-gang, Z., 2008. The Effects of Radar
Detection in Heterogeneous Evaporation Duct
Conditions, Antennas, Propagation and EM
Theory, November 2008, 1402-1405

Marom, M., 1988. Effects of Irregular Sea Surfaod a
Evaporation Duct on Radar Detection
PerformanceNaval Postgraduate School

Monin, A.S., Obukhov A.M., 1954. Basic laws of
turbulent mixing in the atmosphere near the
ground.Tr. Geofiz. Inst., Akad. Nauk SSSR, 24

Patterson, W.L., Hattan C.P., Hitney H.V., PauluA.R
Barrios A.E., Lindem G.E., Anderson K.D., 1990.
Engineer's Refractive Effects Prediction System
(EREPS) Revision 2.0, NOSC TD 1342 (Feb),
(with revision 2.2 updatesNaval Ocean Systems
Center, San Diego, CA.

Patterson, W.L., Hattan C.P., Hitney H.V., PauluA.R
Barrios A.E., Lindem G.E., Anderson K.D., 1994.
Engineer's Refractive Effects Prediction System
(EREPS) Revision 3.0, NOSC TD 2648 (May),
NRad, San Diego, CA.

Paulus, R.A., 1984. Practical application of th&HS
evaporation duct mod&lOSC Tech. Rep., 966

Paulus, R.A., 1985. Practical Application of an
Evaporation Duct ModeRadio Science, 20

Paulus, R.A., 1989. Specification for Environmental
Measurements to Assess Radar SensNBSC
TD, 1685

85

Paulus, R.A., 1990. Evaporation Duct Effects on Sea
Clutter, Antennas and Propagation |EEE
Transactions, 38, 1765-1771

Paulus, R.A., 1994. Propagation in the Evaporation
Duct, Technical Report 1644Rad, San Diego,

CA.

Reilly, J.P., Dockery, G.D., 1990. Influence of
Evaporation Ducts on Radar Sea RetuRadar
and Sgnal Processing, IEE, Part F, 137, 80-88

Skolnik, M.l., 2008.Radar Handbook, McGraw-Hill
Inc.

2009, User Manual for Advanced Refractive Effects
Prediction System (AREPS), Naval Ocean Systems
Center, San Diego, CA.

AUTHORSBIOGRAPHY

Koray Bashilen is a chief engineer at Meteksan
Defence Industry Inc. He received his B.S. degree i
Electrical & Electronics Engineering from Middle $a
Technical University, Turkey in 2001. He has been
working for defence and simulation industry foréays.

Murat Efe received his B.Sc. and M.Sc. degrees in
Electronics Engineering from Ankara University,
Turkey in 1993 and 1994 respectively. He receivisd h
Ph.D. degree from the University of Sussex, UK in
1998. He has been with the Electronics Engineering
Department at Ankara University since 2000 where he
both teaches and conducts research. His research
interests include sensor modelling, Kalman filtgrin
multi-target multi-sensor tracking, detection and
estimation, cognitive radar, passive network sensin

Orkun Zorba has the responsibility for the
management of Simulation Technologies Department in
Meteksan Defence Industry Inc. He received B.SS.M.
and Ph.D. degrees in Electronics Engineering from
Ankara University, Turkey in 1993, 1995 and 2001
respectively. He has been working for defence and
simulation industry for 18 years. His other resbharc
areas are command and control systems, digitalémag
and video processing and wireless communication.



