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Electromagnetic Wave Propagation
Assessment

b

Juergen H. Richter

11 15 customary for each Techmcal Punel i wurn 1o muke  presenuanion of aspects of s work (o The Nattonal
Delegates Board Meeting. At the meetnyg i Fall 1991 11 was the tura of the Elecoromagnenc Wave Propagation
Panel. Dr Richter, Deputy Chairman of the Panel, made the presentation An eduted version of hes speech follows.,

Introduction

Mr. Chairman. National Delegates, Ladies and
Gentlemen: it is an honor and a pleasure to present to
you some work conducted by members of the
Electromagnetic Wave Propagation Panel (EPP).
Since you have heard overviews »f EPP's effort in the
recent past, I will show you todey a few examples of
how important propagation asscssment can be for
military operations. I also will discuss areas of future
direction for EPP.

‘The roots of electromagnetic propagation research
and development in AGARD go back to 1956 when
the lonospheric Research Committee was formed.
In 1970, the present Electromagnetic Wave
Propagation Panel was established covering the
entire spectrum from very low radio through optical
and higher frequencies. The effort under AGARD
sponsorship during the past 35 years has resulted in
an impressive amount of published literature in the
form of conference proceedings, lecture series notes
and working group reports. An example of a recent
effort is an AGARDograph (No. 326) documenting
the findings of a working group which addressed
“Radio Wave Propagation Modeling, Prediction and
Assessment.” Much of the following presentation is
based on material contained in the AGARDograph.

Radio Wave Propagation Modeling, Prediction
and Assessment

Military operations depend on communications,
surveillance, navigation and electronic warfare
systems  which rely on  propagation of
electromagnetic waves in the earth’s environment.
Assessment and prediction of the performance of
such systems are criticat for their optimum use. This
is illustrated for radiowave propagation in the lower
atmosphere  where, especially over the ocean,
refractive layers may cause anomalous propagation
conditions. Figure | shows how such a so-called
surface-based duct may alter the radar coverage for a
shipboard radar. The radar signals may propagate far
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beyond the normal horizon and permut extended
coverage. At the same nme, signais may  he
intercepted at unexpectedly large ranges. Above the
inver trapping the electromagnetic energy. there may
be a “hole” in radar coverage which can be exploited
by an intruding aircraft or missile. In the case of a
height-finder radar for which altitude is derived from
the elevation angle of a narrow-beam radar.
significant  alitude errors may be encountered.
Figure 2 shows the dramatic effect of such a surface:
bascd duct on jamming operations and tlustrates
how knowing the environment can be used to military
advantage. Figure 2 consists of two photographs of a
shipboard radar display during operations off the
southern California coast. The fact that the radar
senses the coast line and several islands beyond its
“normal” radar horizon indicates the presence of a
ground-based duct. The left radar display was taken
when a jamming aircraft flew high above the duct but
only 26 nmi away. The radar is jammed over a very
narrow angle along the radial to the jammer. The right
radar display shows the jamming aircraft at more than
twice the distance away from the ship but now ata low
altitude of only 500 ft which is within the duct. Under
standard atmospheric conditions, the ship’s rada
should not be affected by the jammer since it is far
beyond the horizon. However, as one can see from
the right side of figure 2, the duct channels the
jamming energy very efficiently and the ship's radar is
jammed over a wide range of angles (.. through
radar sidetobes).

The scientific understanding and the ability to mode!
anomalous  propagation effects must be  made
available to the operational military community in a
manner that can be readily used. This has been
accomphshed with the increased avatlability ol
computers and display technology. An carly example
of a stand-alone propagation assessment system for
shipboard use is the Integrated Refractive Effects
Prediction System (IREPS). This system provides
radio and radar propagation assessment in a marine
environment. Several tactical decision ads (TDAs)
were developed. An example of a TDA is shown in
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Figure 1. Radio propagation effects caused by atmospheric refractive lavers
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Figure 2. Jamming effectiveness under atmospheric ducting conditions (540 ft surface-based duct)

figure 3 for determining attack aircraft flight 3 shows the radar detection envelope for ground-
alutudes. The left side of figure 3 schematically based ducting conditions when radar coverage may
displays a radar detection envelope under standard be greatly extended. Since a low flying aircraft would
atmospheric conditions. An attack aircraft would he detected at long ranges, = flight altitude just above

avoid detection by flying low. The right side of figure the duct would best facilitate penetration without
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detecnon Thus TN and others hinve become an
mtegiad part of nubitay operations and demonstrate
the ~uccess of ranshiting the eftect of complea

veophysicd conditions imto nmutary doctrine.

Another propagauon dassessmient system became
widely used tor the assessment of high-frequency (hi)
propagation and s called PROPHET. Long-range
propagation for the ht trequency band (2—40 MHz)
is determuined by the structure of the jonosphere
which s influenced by solar radiation. Prediction of
hi propagation condiuons requires a complex mix of
analytical and empirical models. An example of a
PROPHET product 1s shown in figure 4. Signal-
strength contours are plotted for a 24-hour time
period as a function of frequency. This display is for a
specific propagation path (Honolulu to San Diego)
and depends on solar radiation and ambient
electromagnetic  noise.  The communications
operator can determine from this display which
frequency to use to suit specific communications
requirements (MUF is maximum usable frequency,
FOT is frequency for optimum transmission, LUF 1s
lowest usable frequency). The hi-frequency spectrum
will remain of importance to the mihtary community
in spite of advances in satellite communications for
two reasons. First, it remains 4 back-up in case of
satellite communications denial and, second, many
countries (let alone terrorists and drug-traffickers) do
not have satellite resources and rely on hf. HFDF
(high-frequency direction finding) is, therefore,
another important and very successful application of
PROPHET and its many derivatives devoted
specifically to this purpose.

While IREPS and PROPHET were developed as
stand-alonie systems, the complexity of modern
warfare necessitated their incorporation into
command and control systems. The high-level
military decision maker must have real-time access to
accurate environmental data which includes the
propagation environment. An example is Tactical
Environmental Support System (TESS) developed
by the United States Navy which provides
meteorological and oceanographic data to command
and control systems (figure 5). TESS accepts forecast
models from central sites, receives real-time
meteorological and oceanographic satellite data and
uses locally generated models and observations.
TESS can either provide electromagnetic
propagation data and TDAs directly or transfer
properly formatted environmental input data to the
respective components of command and control
systems. Similarly, hf propagation assessment has
been incorporated into frequency management
systems.

Future Directions
Tropospheric Radio Propagation

In the area of tropospheric radio propagation
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persistence, Propagation forecasts are obien based on
persistence, te, it s assumed that present conditions
will not change sipiftcantty i he near tuture Phege
are. however, condinons tor which horironndd
inhomogenenty may be important. for example at an
mass boundaries, in coastal regions or over compley
terrain.

While  mathematical  techmgues 10 maoddd
propagation in horzontally varying environmenis
wve existed, they were cumbersome and not suned
tor real-ime assessment. Fortunately, a techngue
called the parabolic equation approximation has
been adapted to tropospheric radio propagation
during the past decade and, i combination win
other techniques, appears to be the solution for fast
computation of signal coverage in honzontalhy
varying propagation cnvironments. Figure 6 1s an
example of a radar coverage diagram for which
surface-based duct rises linearly from the surface
range zero to an altitude of 300 m at & runge of e
km and then decreases to the surface at a range ol
200 km. The coverage diagram is based on a hvbrid
model which uses the parabolic eguation
approximation at low altitudes and rayv-oplics
techniques at higher altitudes (Hitney. AGARD CP
502, pages 1.1—1.5, to be published in Spring 1992).
Future work will include surface roughness effects
and propagation over terram.

The major problem of operational assessment of
propagation in  inhomogencous  refractiviny
conditions is not the propagation modeling part hu
the timely availability ot the temporal and spatial
structure of the refractivity field. There are presenthy
no sensing capabilities available which could be used
operationally and the outlook i1s not very good. There
is some hope of success in two areas: use of satelhte
sensing techniques to describe the three dimensional
refractivity field and improvement of numerical
mesoscale models that are adequate for this purpose
Since entirely rigorous solutions are unlikely 1o be
available soon, empirical data have to be used as well
as expert systems and artfical antethgence
techniques. In addition. improved direct and remote
ground-based refractivity sensing techniques need to
be developed. Radiosondes  and  microwave
refractometers will remamn the major sources for
refractivity profiles. Profiling hdars may suppicment
techniques under clear <ky conditions and theu
practicability will be further investigated. There i,
presently, little hope that radiometric methods can
provide profiles with sufficient vertical resolution 1o
be useful for propagation assessment. There i<
however, some hope that radare themselves can
eventually be used to provide refracuvity profiles.




Typical IREPS Radar Coverage Diagrams and
Attack Aircraft Positions
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Figure 3. Flight altitudes for attack aircraft for different atmospheric ducting condinons.
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Figure 4. Signal strength contours for high-frequency propagation coverage.
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Long Wave Propagation

Sotar propasanon m the frequenes range belos the
ht band has not been discussed. Ttis often reictiad 1o
as dong wove propaeation amd a number of nabitay
appitcations, ospecially Tor sirategie use, ooy
frequencies i this band. Propagation of fong wives
over great-circle paths i a homogencous wnosphere
is well understocd. Less understood are the effects of
propagation over non-great-circle paths, the eitects
of inhomogencouswnospheric conditions caused by
energetic particle precpitation, sporadic b, elecuron
density fedges and  nonreciprocal  propagation
phenomena. Another area in need of attention s the
improvement of atmospheric noise prediction codes,
Finaily, the often extensive computer time required
by longwave propagation codes should be shortened
through more  efficient  algorithms  and  faster
numerical techniques.

High-Frequency Propagation

Empirical data bases are used in short wave
propagation modeling and assessment work. These
data bases need improvement in both accuracy and
spatial/temporal  coverage. Profile inversion
techniques which are used to derive electron density
profile parameters give non-unique answers and need
to be refined. Short-term ionospheric fluctuations
and ults are becoming increasingly important for
modern geolocation and surveillance systems. An
intensive measurement and modeling effort is
required to understand anu predict such phenomena.
Some of the physics of solar-ionospheric interactions
and the time scales involved are still poorly
understood and require further research. Existing
short wave propagation assessment systems are
based on simple models. Future systems will need
soplusticated models and extensive validation
procedures. With increased computer capability,
more complex models can be executed fast enough
for near-real-time applications. Also, the increasing
use and availability of oblique and vertical incidence
sounders make this data source an attractive
additional input for assessment systems. This would
make it possible to update the various ionospheric
parameters used in the models which form the basis
of these assessment systems. In addition, the
availability of computer networks should allow the
development of regional, near-real-time models
based on a net of sounder measurements.

Transionospheric  propagation predictions are
limited by the accuracy of total electron content
(TEC) values. Much of the difficuity arises from
geomagnetic storm effects, traveling ionospheric
disturbances, lunar/tidal effects, and other temporal/
spatial phenomena. The best and only major
improvement over monthly TEC climatology
predictions can be obtained by real data observations
not more than a few hours old taken where the TEC-
time-delay correction is required. Present theories
are inadequate to predict these temporal deviatiuiis
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tor the complexay m the spanal lemporal yvarabihin
of 1EC For the proper use of more spatiably - dense
data, tuture ground-buased  observation  networks
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processing and imterpretation iechmgues
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lonosphene scntiflations are caused by vanous
plasma  instabilities.  Approximate stochastic
solunons to the propagation  problem describe
quantitatively the scintiffation phenomenon when the
statistical properties of the irregulanues are known
Morphological models of scintillation have been buih
to predict the scintiilation occurrence and strength as
a function of geographical, geophysical and solar
parameters. Since tonospheric scintillation can be a
limitation to various space-based systems, empirical
models have been made available for svstem design.
However, the solar and geomagnetic dependence of
scintillation is still not fully understood and requires
more attention in the future. Mulu-technigue
measurements have proved very productive and
should be the experimental approach for future
modeling efforts.

For hf ground-wave propagation assessment. the
approximate models now utilized should 10 be
replaced by more complex and comprehensive
prediction models. This should improve the accuracy
of assessment and would avoid the discontinuity at
frequencies where a change in approximation models
is now made. New software should allow for a non-
standard atmosphere and for sections with different
ground electrical properties.

Millimeter-Wave and Electrooptical (EQ)
Propagation

Figure 7 shows atmospheric attenuation  for
frequencies above 10 GHz. Molecular absorption
and extinction from aerosol particles (haze, fog
clouds, rain, snow etc.) play a major role. The solid
curve in the figure denotes molecular absorption
which rapidly increases above 10 GHz with
alternating peaks and valleys. Of particular interest i«
the valley just below 100 GHz which offers stll
acceptably low attenuation rates  for  many
applications. What makes the frequency range
between 90— 100 GHz attractive is that the relatively
small wavelength (approximately 3 mm) permuds
narrow antenna beams for smali apertures. The
major advantage of mm-waves over frequencies 1n
the infrared or optical region is that mm-waves are
less affected by hazes, fogs, smokes and clouds and
are also capable of penetrating foliage. They are ako
strongly affected by atmospheric rofractivity. In the




1o 1 e 100 10u fis
[ % TTYYY ! l J;j ‘V‘I: ooy
e limeler ———etwe guby Mlipmptes -t o o nfrg reg T s e

- visdste :
T |- e
s b Mondre (1970) ¢ Fog0 1 gm>
il S . —_— —d 10
b = N 4 e
S - .,-—-q? -~ st T
T romesrsiseeee ¥ S rasieasterveracaraeeen -3
2r ! 2 j
e ! :
< . / ——410
% '""'j/‘ ....... ssvece-Biataaasronsanarsces -1
z - 3
< {7 1
- b 25 mm/hr
z - CO2 7
= -
O |- Lukes 4
w ///(1968) — 1
w |z 3
(ujl . Rain —::
O AT Gaseous Trovereseeranaans. . .
§- v 70.25 mmme d \ 1
E Temperature - 20°C i
S Sea Level - p=1atm. ——lon
z Water Vapour — 7.5 g/m3 3
= -]
2 0,4 Gaseous ‘ b

i ;]J‘Uﬂ 1 liljl‘llll 1 111111‘““ 1 IJJII““ t ]JLl l“rOOl
3

2 10 10° 10 10°

FREQUENCY IN GHz

10 10

Figure 7. Attenuation coefficients for frequencies above 10 GHz.

EMISSION

\ d ///
/féORPTIO
SUN /; / )REFLECTION

R
SKY e /
N

TARGETS
(HEAT SOURCES)

Figure 8. Parameters affecting IFLIR (Forward Looking Infrared) performance.




case Of neatr surs e cat propagation the sl
evapotation ductdramancaty mereases sienal levels
For example 93 Gy avnal Tevels onoa 41 be
propagation hnk i the southern Cahiboria oft shore
arca are conunonty enbunced by 60 dB Intense mmn
wave measuremoent and analvsis efforts are presently
bamng conducted under  the \pul)\n(\hlp ol the
Defense Research Grooup ot NATQ)

Molecutar  absorpuon decreases for frequencies
above 10 THZ but o agam, charactenized by peaks
and vallevs: There are several such valleys i the
infrared band and molecular absorphon is very low
for the visble band FO systens are sensor and
weapon systems which relv on electromagnetnic
radiaton n the mfrared. visible and ultravielat
wavelength bands. They are of specific importance to
military operations because they permit pointing
accuracies and covertness not achievable at radio
wavelengths. Unforiunately, they are significantly
more dependent on the properties of the propagation
medium  than radio  wavelengths. This  critical
dependency controls their deployment and requires a
precise knowledge of the effects of the propagation
environment on their performance.

Figure 8 llustraies  atmospheric  parameters
influencing the performance of a Forward Looking
Infrared (FLIR) system operating in a marine
environment. The primary atmospheric parameters
affecting the propagation of radiation in the (EO)
bands are: aerosol extinction, molecular absorption,
turbulence and refraction. Aerosol extinction s the
sum of scattering and absorption by atmospheric
aerosols. Shape, chemical composition, and size
distribution of atmospheric aerosols are dependent
on a number of other, often unknown, parameters
{such as air mass origin, relative humidity, wind, etc.)
and are difficult to measure and model. Molecular
absorptiu: is probably the best understood of the
above parameters and, for practical purposes, can be
accurately predicted. Atmospheric turbulence s
primarily due to temperature fluctuations and may
cause beam wander, scintillations and image blurring.
Atmospheric refraction may significantly shorten or
extend horizon ranges for near-surface geometries
which is an important factor in the detection of low-
flying anti-ship missiles.

Besides the atmospheric parameters which control
propagation, use of some EO sensors requires a
knowledge of additional environmental factors,
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Eaviconmentad Lictors aftecting FO systems mos by
known tor both the design of such systems and thien
optimum operntional deployment Dewenat oo | O
systems and plannimg of mihtary operations requase
pood statistical data bases while then actual o
necessitates accurate wformation of the vcondions
present. Theretore. models need to be developed and
validated which relate atmospherse O parameters
to commonly available meteorological duta An
example i< an acrosol moded based on remperature,
humidity and wind observatons. A purtcoka iy
challenging task is the development of new senny
techmgques for both m-situ and <atelite use. Among
various approaches  are hdars  (laser radarsg,
radiometric techniques and a variety of devices which
measure angular scattering from acrosols

Finally, comprehensive technelogies hase been
developed using fibers to transmit LO sipnais. these
technologies arc  dommnated by commiercial
applications but there are significant military uses
that make fiber optics animportant concern for | PP
An example is use of ultra-low loss fibers to puide
missiles or to remotely control vehucles

Conclusions

Electromagnetic propagation assessment is cructih in
the development of sensor and weapon svetems. in
military planmng and for real-ume operations, There
are many challengimg tasks remaming in all regrons of
the electromagnetic spectrum. Promising arcas for
emerging applicatons  are mm-wave and 1O
wavclength band<. A major concerpoe the nmely and
accurate  descripuon of  the  propagation
environment.  Incrcasingly  sophisticated  signal
processing techmques will be required for jam
resistant,  noisy  and - congesied  clectomagnen
environments. For miluary OPCIATIOnNS,
clectromagnetic propagation assessment must be an
integral part of command and control svstems.
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