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ABSTRACT: The feasibility of utilization of VHF radars, radiating at lower and just above the plasma frequency of the gas formation
exhausts of jet engine aircrafts, is investigated as a means to propose anti-stealth detection method. In the first step, the scattering of
electromagnetic waves by a plasma sphere is studied, and comparison with Physical Optics (P.O.) Radar Cross Section (RCS) compu-
tations is done. This shows the possibility of using P.O. to compute RCS under the assumption of jet engine exhaust plume structured
modelled as multilayer prolate spheroid. Also, in the case of radiation frequencies just above the plasma resonance, under the condition
of weak scattering — refractive index being close to unity — Rayleigh-Gans approximation is used to compute the RCS. Furthermore,
computations based on this model shows the possibility to enhance the RCS of aircrafts by combining the “specular” reflection of part of
the exhaust with plasma resonance frequency being higher than the radar frequency and also the part of exhaust having plasma frequency
just below the radar radiation frequency. The numerical results show promising mechanisms to compete to improve the detectability of

aircrafts with RCS as low as 0,001 m?.

1. INTRODUCTION

The development of anti-stealth methods has been a challeng-
ing issue in the last decades. Several alternative methods
have been proposed such as infrared passive receivers detect-
ing radiations from plume formations, multi-static radars and
low frequency radars (over the horizon — very high frequency
(VHF) and ultra-high frequency (UHF)) [1] and recently mi-
crowave radiometry methods [2].

Jet engine exhaust plume formation plasma properties have
been studied and are available in the literature [3, 4]. An exam-
ple case is shown in Fig. 1 where the plume structure is modeled
by prolate spheroids having a common “nose” at the nozzle of
the engine. In Table 1, the plasma frequencies, dimensions of
spheroids and average velocities (with respect to the aircraft)
are also shown.

The values computed in Table 1 correspond to modern jet
engine aircraft with 80% of its maximum dry engine (mili-
tary) thrust (without using after burning) with cruising speed
flight [5]. This condition was considered realistic in trying to
detect a low RCS aircraft. Of course, in the case of maximum
thrust, the values given in Table 1 would increase by a factor
of 3 to 5 depending on engine characteristics and in particu-
lar to nozzle geometry [6]. Such conditions as being transi-
tory in flights (i.e., maneuvers and looping) were considered
not important in the present study, aiming to improve the de-
tectability by early warning search radars of cruising low RCS
aircrafts. To a second degree, meteorological conditions could
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affect the plasma characteristics but no more than 10% of the
values given in Table 1. Turbulent plasma formations which
hold also anisotropy, such as in this case, have been studied
by fractional wave functions by the modelling of transport phe-
nomena [7]. Although the multi-spheroid is a simplified model
of the very complex exhaust process, the electromagnetic char-
acteristics reserve essential characteristics of the structure al-
lowing to draw conclusions of the backscattering of incident
waves emanating from a radar system.

The average velocities are related to Doppler frequencies
which could be used to discriminate against the signals return-
ing from plasma formations. This feature could be used by
radars with micro-Doppler processing capability to improve the
target recognition [8].

2. BACKSCATTERING FROM PLASMA FORMATION
OF EXHAUST GASES

To obtain insight to the reflections of electromagnetic waves
from a three-dimensional plasma scatterer, consider the case of
Fig. 2 of a spherical plasma. Neglecting the collision of elec-
trons with ions phenomena (because of very high frequencies),
the dielectric constant of the plasma is [9]:

2
=1-:£

67‘(f) f2

(M

where f, is the plasma resonance frequency, and f the radiation
frequencies. If f < f,, then £, is an imaginary number; if
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TABLE 1. Plasma characteristics of exhaust plume of a typical aircraft.

Exhaust plume Plasma Resonance Minor axis (m) Major axis (m) Average Velocity (m/s)
region % Frequency (MHz) fpi o b with respect to aircraft

1 635 0,34 5,18 349

2 280 0,54 9,14 252

3 200 0,68 11,58 228

4 90 0,8 19,82 206

5 63 1,22 27,44 183

6 28 3,36 85,34 160

X
o
z
y

FIGURE 1. Aircraft exhaust plume structure: Each prolate spheroid (i = 1,2, 3...) is characterized with minor (c;) and major (b;) axes, plasma
frequencies (fp;) depending on the electron densities. All the spheroids “nose” have a common point at the nozzle of the engine.
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FIGURE 2. Backscattering from a plasma sphere.

f > 2fp, thene, = 0,75 as f > f,, thene, — 1, and the
plasma scatterer disappears.

RCS values were computed, using Mie solution [10], for a
plasma sphere at VHF frequencies of two spherical plasma scat-
ter radii @ = 1.25 and 2.5 meters and plasma resonance fre-
quency f, = 280 MHz, which is a characteristic case of exhaust
formations shown in Fig. 1 and Table 1. The results are given
in Fig. 3, computed using classical analytic Mie solution. In
Fig. 2, the sphere geometry is given. The results show that for
various sphere sizes the backscattering becomes strong when
f < fp, showing almost a constant value of RCS till f = 0.2 f,,.
If f > f,, the RCS diminishes to a minimum value. There-
fore, frequencies f < f, are suitable for enhance thing RCS.
In the present analysis, the collision phenomena between elec-
trons and ions were neglected since the relevant frequencies are
less than 10 MHz [5] while the radiation frequencies considered
here are higher than 250 MHz. The effect of collision phenom-
ena are negligible because of this fact.

Several recent studies on plasma have been carried out re-
lated to the interaction of electromagnetic waves with plasma
formation, and the presented mathematical methods could be
utilized for further studies [11, 12].
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FIGURE 3. Spherical plasma scatterer (horizontal axis MHz, vertical
axis RCS (dBm?).

It is known that in the case of a perfect conductor (PC) spher-
ical scatterer, the physical optics approximation [13] foresees
the RCS value

opo = T’ 2)

Comparing the results in Fig. 3, it is observed that the RCS

of the plasma sphere is

orcs = 0,80p0

2

3)
which is valid when =% >> 1, with A being the radiation wave-
length.

Now, considering Egs. (2) and (3), assuming a prolate
spheroid plasma formation, with semi-axes « and b, as shown
in Fig. 4 under the condition f < f,, the RCS is computed
based on Eq. (3) and physical optics method [14].

b2

(sin20 + (b/a)? 0052(0))2

4)

orcs = 0,8
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incident direction
FIGURE 4. Prolate spheroid scatterer.
Then, assuming a radiation frequency f = 150 MHz, f, =

200 MHz with = 0,68 m, b = 11,58 m (see Table 1), using
Eq. (3), we obtain:

336,85 (m?)
(1 + 289 cos? (0))2

©)

ORCS =

The electric dimensions of the scatterer with 2ra/\ = 2.1
and 27b/\ = 36.4 are in the low edge of the validity of physical
optics.

In Fig. 5, the graphic shows the result obtained in Eq. (5)
for the RCS of the plume, with an incident angle § measured
from the horizontal axis of the spheroidal plume. According
to this approximately 50° angular region with its center of the
minor axis of the spheroid, RCS shows ogcs > —18 dBm?. At
angles close to the axis of aircraft — either from the front or
side-back view at angular ranges 0°—40° () the value of ogrcs
is in the range —25, 0 to —18 dBm?. To assess the contribution
of plume to total RCS, stealth aircraft skin RCS should be con-
sidered at the same VHF region. Considering that the low RCSs
of aircrafts [15—17] at VHF frequencies are in average: —23 to
—40 dBm?, the use of frequencies less than plasma frequency
provides a limited marginal anti-stealth capability within the
angular region # < 40°. If the azimuthal angle of the flight
axis is close to projection of the incident electromagnetic wave,
large differential Doppler shifts exist for the plume scatterer (in
present case 353 Hz) and this could help either inbound or out-
bound direction of the flight, when azimuthal angle is a promis-
ing anti-stealth method. As shown in Fig. 6, utilization of the
plasma scattering provides limited detection advantages since
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FIGURE 5. Variation of prolate spheroid plasma with angle 6.
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FIGURE 6. Plasma scattering geometry.

if the aircraft flight height is h, the detection range is less than
R < 1,2h.

3. THE POSSIBILITY OF UTILIZING FREQUENCIES
JUST ABOVE THE PLASMA FREQUENCY

In the previous section, the limited anti-stealth capability of us-
ing frequencies below the plasma resonance frequency has been
shown. As an alternative approach, referring to Fig. 7, the radar
frequency f is selected as:

a. If the inner spheroid 1 plasma frequency is fp1 > f, this
region is made non-penetrable to electromagnetic waves.

b. If the frequency f is just above the plasma frequency fp,2
of the spheroid 2, this region behaves as a medium with a re-
fractive index n = /e, < 1.

c. If the plasma frequency fp,3 is < f, the spheroid 3 has
negligible contribution to scattering of electromagnetic waves.

Assuming an incident plane electromagnetic wave to the
structure shown in Fig. 7, the scattered field will result in two
effects:

a. the polarization currents inside the penetrable spheroid re-
gion 2 and

b. the induced surface current in the interface of regions 1
and 2 which is modelled as a perfectly conducting surface.

According to this consideration, at an arbitrary point outside
the exhaust structure at far field, the scattered electric field can
be written as follows [19]:

Es (r) - %‘]R]%m |:k3 (’/l2 B 1) ///RegionZ dr/
extracted 1
exp(jkoks - ¥')Eip (r') — jwuo// mertuce. 45 J5(5)
regions 12
exp (Jkk : r;) } (6)

where Kk is the unit vector along the scattering direction. Since
monostatic RCS is calculated, it is equal to —k; opposite the
incident direction unit vector, and J is the surface current on
the interface of regions 1 and 2 spheroids.

In Eq. (1), if f > fp, the refractive index is a real number
and n = /g, < 1. Then, the electric field induced inside the
spheroid shaped exhaust, being a diaphanous scatterer, can be
approximated with the electric field following Rayleigh-Gans

approximation [18]:
E;.(r) = éexp (—jnk; - r) (7)

WWwWw.jpier.org



PIER C

Chatziathanasiou, Douklias, and Uzunoglu

FIGURE 7. Modelling aircraft engine exhaust plasma plume divided into three regions: 1) f,1 > f the refractive index being imaginary (high loss
medium), 2) fp2 < f the refractive index being a real number close to 1 and 3) f,3 < f the refractive index being very close to 1.

where K; is the incident wave propagation vector (k; = koﬁi);
the free space scalar propagation constant is |k;| = ko; € is
incident wave polarization vector; r is the position vector inside
the exhaust plume.

To compute the RCS with this approximation, first the vol-
ume integral in Eq. (6) is computed as the contribution of the
“polarization current” inside spheroid 2 (see Fig. 7) before ex-
cluding the part of this spheroid occupied by spheroid 1 which is
non-penetrable to electromagnetic fields. For the time, neglect-
ing the presence of spheroid 1 and focusing only on spheroid 2,
the scattered far field is computed using the equation (first term
of Eq. (6)):

alm2 5 exp(—jkoR?)
é(n*—1)k2 iR

///Plume Ei, (1) exp (—jk; - r')dr’  (8)

Volume

E, (r) =

Substituting Eq. (7) into (8), using the integral result [19],

Cn 2 J1(A)
/ /s oheroid plame exp (—jP - r)dr = 4ma”b A 9)

volume

where « and b are the minor and major axes of a general prolate
spheroid, and j1(A) is the 1% order spherical Bessel function
and

A= |P| \/(b2 cos? (6;) + a2sin® (6;)) (10)

where:
[P] =ko(1+mn) (11)
Substituting Eq. (8) into far-field electric vector given in
Eq. (7) and substituting the refractive index expression n> =

1 — (fp/f)?, after some calculation the following result is ob-
tained

wp a2b j1 (A(a, b,w,)) exp(—jk,R)

E = 2=
s (o, b,wp) 2 R (Ao, bywp)) Ar R

(12)

where w, = 27 f, and E, is a complex number. Considering
the geometry of Fig. 7 and subtracting the inner spheroid which
has higher plasma frequency of the radiation frequency and
therefore field inside the inner spheroid being strongly attenu-
ated, considering the integration process in Eq. (7), the electric
field Er of the combined spheroids is obtained to be:

w
Er=

2
= e[E. (01,b1,p) — exp (1) Ex(a, ba,wyp)] (13)
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where «a;, b and ap, b, are the outer (2) and inner (1)
spheroids (2) semi-axes (see Fig. 7), while exp(j1) is due to
the shift towards the left of spheroid 1 and is

1/1 = ko (1 + Tl) (b2 — bl) COSs (9) (14)

Now, attention is focused on the second term of Eq. (6), the
two-dimensional integral, which is related to the contribution
to the scattered field because of the non-penetrable spheroid 1
surface touching spheroid 2. This term corresponds to physical
optics contribution already mentioned in previous section and
is computed by using stationary phase integration [14]. Consid-
ering the coordinate shift and phase term v, the result in Eq. (4),
of ogcs, the surface integral contribution Eg can be written as
follows:

exp(—jkoR)

IR vV ORCS

Es = éexp (ju) (15)

Summing up the results of Eqs. (13) and (15), after computing
the total electric field Eyz;, = Er + Eg, the RCS is computed by
the definition:

o =4nR?|Ex|® as R ~ oo (16)

4. NUMERICAL RESULTS

Considering the case of plume scatterer with plasma frequency
fp2 = 200 MHz (spheroid 2) and the geometry of the previous
Fig. 7, computations were done for f = 205 till 250 MHz fre-
quencies. Spheroid 1 has a plasma frequency f,1 = 280 MHz,
and spheroid 3 has a plasma frequency f,3 < 90MHz and
therefore has negligible effect on incident waves in the fre-
quency band f = 205-250 MHz. In Fig. 8, RCS values for
the plume scatterer for f = 205 till 250 MHz are shown.

At frequencies close to spheroid 2 plasma frequency (205—
210), the variation of the RCS with the angle of incidence 6 is
smooth and above 0 dBm?. Therefore, the use of frequencies
just above the plasma frequency of the intermediate spheroid
2 exhibits strong RCS. Physically this is explainable since at
radiation frequencies f > fpo the refractive index n of spheroid
2 has values n = 0.21 < 0.30 while at 250 MHz the value of n
approaches free space refractive index.

The results of Fig. 8 show that in the case of radar radiation
frequency f lower than plasma frequency of “core” region 1
(Fig. 7, f < fp1 = 280MHz), while is just above the “coat-
ing” region 2 (Fig. 7, f > fpa = 200 MHz), the RCS of the
exhaust plume shows a “wide” variation with incident angle 6.
This means that the exhaust plume at such frequencies shows
an enhancement of RCS for all the angles 6 and not only when
we have a “specular” reflection backscattering which occurs
when 6§ = 90°, that is the radiation incident vertically to plasma

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 160, 169-174, 2025

PIER C

&0

100

—8—fp=205M —a—fp=210M

—a—fp=220M

100

—a—fp=240M —a—fp=250

FIGURE 8. Variation RCS values for plume scatterer of Fig. 7 with incident angle 6.

spheroids when the radiation frequency is less than the plasma
frequency.

Although it is impossible to know a priori the exact plume
regions plasma frequencies for an aircraft to be detected cer-
tainly the plasma frequencies will be in the mid VHF frequen-
cies. Considering the above analysis, it can be proposed that
a frequency scanning or a multifrequency radar in the spectral
region 150 < f < 300 MHz could be used to detect low RCS
aircraft based on the above-mentioned principle. At some fre-
quency, part of the inner volume shows “conductive” behavior,
and the “coating” of this volume shows refractive index close to
1, which is shown to exhibit strong RCS for a wide angular re-
gion. This method is proposed as an anti-stealth behavior and
could be utilized to detect very low RCS jet engine aircrafts.
Considering the differential Doppler shifts, it is arguable that
the use of VHFs just above the lowest plasma resonance fre-
quency could enhance the RCS of a low RCS aircraft. Since
for aircraft cases variations of plasma frequencies will occur
but not dramatically, step frequency radar is suitable for the
present idea.

It is important to emphasize the fact that the high VHF (30—
300 MHz) and low UHF (300-3000 MHz) suggested here to
be used in coherent signal processing radars are beneficial also
since the atmosphere presents stable propagation conditions not
affected by meteorological conditions, and the multipath phe-
nomena are well known and manageable.

5. CONCLUSIONS

The jet aircraft exhaust plume volumes possess inhomogeneous
spatial electron densities and as a result an inhomogeneous
plasma frequency of the plume. Near the engine nozzle, the
plasma frequency is at high VHFs while gradually the plume
distancing of the nozzle shows lower plasma frequencies. The
possibility of using VHF radar frequencies being less than max-
imum plasma frequencies (conductive behavior of the core re-
gion near nozzle of the engine) while changing frequency to
illuminate the main part of the exhaust plume with a frequency
just above the plasma frequency shows that a strong RCS be-
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havior is observed for a wide range of illumination angles.
This scattering mechanism which combines “specular” type
backscattering and “weak” Rayleigh-Gans type scattering pro-
vides the opportunity at some frequencies to observe the en-
hancement of RCS which could be proposed as anti-stealth
technique. The possibility of using multi-frequency radars is
also possible and most probably the best solution in this en-
deavor. Since the exhaust plume formation has also an inho-
mogeneity of the gas velocities, the possibility of using micro-
Doppler could also been utilized.

It is noted that the proposed method does not apply to turbo-
props or other low heat footprint engines. More generally, with
this method we try to detect low RCS aircraft. Typically, air-
craft using turboprop engines do not have a low RCS, so there
is no operational need to apply this method to detect them.

Finally, the present method should be considered as an ad-
ditional anti-stealth radar technology to other relevant methods
such as multi-static radars and detection of infrared radiation
from the exhaust gases of aircrafts. However, infrared emis-
sions in 5" generation fighter aircraft have been reduced sig-
nificantly [20].
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