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Theoretical Analysis of Detection of Flying Vehicles Based on
the Passive Radiometric Detection of Microwave-Millimeter-
Terahertz Wavelength Electromagnetic Emissions
from Exhaust Plasma Gases
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ABSTRACT: The feasibility of using passive radiometric detection of chaotic electromagnetic signals emanating from low density plasma
plumes of the jet exhaust gases to detect low radar cross section aircrafts is analyzed for the frequency band 3.10°-3.10'> Hz. The aircraft
exhaust plume gas formation is modelled with a number of discrete different dimensions ellipsoids, with each having different electron
densities and temperatures. Electromagnetic radiation analysis of emitting signals is computed applying fluctuation-dissipation theorem
and geometric considerations. The detection range of characteristic military jet aircraft is computed numerically for the whole frequency
band, from UHF to 3 THz. It is shown that high range detection can be achieved at upper microwave frequencies.

1. INTRODUCTION

tealth technologies pose a challenging problem in early de-

tection of attacking threat aircrafts. During the last decades,
several anti-stealth technologies have been proposed such as:
(a) use of multi-static radars, (b) use of infrared (IR) detection
of thermal radiation emitted from the aircraft exhaust gases and
engine outputs, (c) use of low frequency radars (VHF).

Presently, the most widely used anti-stealth technique is the
detection of infrared radiation with various alternative receiver
types. The drawback of this method could be the absorption of
IR radiation from atmospheric phenomena.

In this article, the possibility of using the low edge of elec-
tromagnetic spectrum is presented. In principle, the method
considered is the same as the IR radiation method. However,
the penetration ability into exhaust plume formations at lower
frequency electromagnetic waves compared to IR waves neces-
sitates different analysis methods presented here.

2. MODELING OF EXHAUST PLUME OF JET AIR-
CRAFT

It is well known that exhaust plumes from jet aircraft engines
have plasma properties due to the ionization of gases at high
temperatures because of the combustion mechanisms. The con-
tent of plume gases of aircraft exhausts has been studied by
measurements [ 1, 2].
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2.1. Characteristics of Exhaust Plume

The combustion of fossil fuels in a jet aircraft engine produces
mainly carbon dioxide (CO,) (about 6%), water vapor (H,0)
(about 2.5%), nitrogen (N;) (about 75%), oxygen (O,) (about
16%), sulfur dioxide (SO;), and other products of smaller per-
centages, such as nitrogen oxides (NOy ), unburned hydrocar-
bons (HC), carbon monoxide (CO), soot (Cgot), and sulfur ox-
ides (SOy). Also, during their combustion in the jet engine, the
formation of positive and negative ions is noted [1, 2].

Because of exhaust gases exiting the aircraft engine nozzle
into the atmosphere at high velocities (i.e., 750 m/s), having
high temperature, gas condensation, high electron density, they
have high conductivity [3]. After exhaust gases are extracted
from the engine, exhaust plume is formed. The exhaust plume
is initialized in time as soon as it leaves the engine nozzle, and
because of its flight, it is diluted, creating ionized formations.
At the same time, its temperature, electron density, and con-
ductivity are reduced gradually. As a result, a black body type
electromagnetic thermal radiation is emitted to the environment
from the plume [4].

The exhaust plasma formation in the backward direction of
flying aircraft can be approximated in the form of an ellip-
soidal shape formation gradually decreasing in density volume,
as shown in Fig. 1. Taking the exhaust nozzle as being sym-
metric, the ellipsoid in most cases can be assumed to be a pro-
late spheroid that is an ellipsoid with two equal minor axes
smaller than the elongated axis opposite to the flight direction.
In this study, the plasma volume is approximated as a set of
individual coaxial ellipsoids with different plasma characteris-
tics, as shown in Fig. 2. The selection of the number of el-
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FIGURE 2. Aircraft exhaust plume model using overlapping coaxial ellipsoids. Each region is characterized by its conductivity [Eq. (4)] and temper-

ature measured in Kelvin units.

lipsoids is based on the spatial resolution plasma properties of
the plume formation published in the literature which are de-
picted in present article. Thus, the plasma of each ellipsoid has
different characteristics, such as temperature, electron density,
electron-ion collision frequencies, and of course the attenuation
of electromagnetic waves [3].

Examining the published electron density and temperature
distributions, coaxial ellipsoid shape distributions are esti-
mated. In Fig. 2, the adopted model is presented. The coaxial
ellipsoids are assumed to have a common “nose point” end,
and each region shown in Fig. 2 with indexes i = 1,2, ... has a
specific temperature and electron density.

The electromagnetic properties of a plasma region with elec-
tron density Ne (m~—2) and collision frequency v (Hz) = 1/7_,
with 7 being the average lifetime of electrons in plasma, are
described by a complex relative dielectric constant €, in terms

of the real numbers /. and !/, as [5]:
g =c,—je,, j=v-1 1)
’ (wpT)®
=1-——— 2
e 1+ (wr)?2 )
w2 = ﬁ Z , with wy, being the plasma frequency, 7 = the av-

erage electron lifetime because of the electron-ion collisions,
e=1,62x10719Cb, m. = 9,2 x 1073 kg, e, = 1079/367
free space dielectric constant and

" (wpT) %

o1+ (cm')2 3
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The electrical conductivity of the medium is

1"

0 = WELE,

“)

and the complex propagation constant of a plane wave inside

the plasma is:
7 w / N7 .
k= Z”s’" —je, =kr — jk;

where ¢ = 3 x 108 (m/s) is the free space electromagnetic wave
speed while k.., k; are real numbers.

Introducing Egs. (2), (3) into (5), since wr > 1, the propa-
gation constant when w > w,, > %/ is found to be:

©)

~ 8 _ (pr)Q
Fr & c 1 1+ (wr)? ©)
1 w3T
k= — P 7
2c (cu7')2 +1- (pr)2 2

Then in case of a plane wave propagating in a plasma
medium, the propagation factor is:
7jk:'s _ 67krisefjk:rs

e

®)
where s is the wave travelling axis.

To compute the chaotic radiation emitted by the plume struc-
ture shown in Fig. 2, in the first place, the emission from a single
ellipsoid shown in Fig. 3 will be examined.
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FIGURE 3. An ellipsoid model to compute the received chaotic radiation at a distant antenna.

2.2. Ellipsoid Volume and Electromagnetic Radiation Calcula-
tion
Considering an arbitrary elementary volume AV (voxel) inside
the reference ellipsoid, representing the stochastic current den-
sity J(r) inside AV, the incident electric field from the plume
formation to radiometer antenna is computed from the radiation
integral at the far field.

Assuming fluctuating current sources J(r) inside the ellip-
soid formation, the electric field produced on the aperture of
a distant antenna as shown in Fig. 3 is computed by the equa-

tion [6]:
emikoR
wR ¢ / / / Ellipsoid

Volume

E’:—jw

tho

J(r)eRillr:2) gk 1.0.2) g

©
where 11, = 47 x 10~7 (H/m) is the free space magnetic per-
meability.

R the average antenna — ellipsoid distance

e—JdkoR

A7 R
—a,R

the free space spherical wave factor

e the attenuation factor in the air

e~ kil(#.y:2) ik 1(@.9,2) the propagation inside the ellipsoid
starting at point (z,y, z) and ending on the line emerging
of the ellipsoid and connecting the antenna.

Since J(r) is a stochastic vector, and E is also stochastic, it
is necessary to compute the ensemble average (E - E*) related
to antenna signal output (E* = complex conjugate of E).

While since (J(r)) = 0, (E) = 0.

Following the fluctuation-dissipation theorem [7]

(300 (7)) = s )

(10)
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where kg = 1,38 x 10723 (J/K) Boltzmann constant, T =
Temperature, o = conductivity, §(r) = three-dimensional delta
function.

Eq. (10) is valid at frequencies fiw < kT, with i = h/(27),
h=6,28 x 10734 Js.

In general case: kT —
hw > KT

Utilizing Eq. (9) with (10), the ensemble average (E - E*) is

found to be:
///Ellipsoid

Volume

hw hw
e coth 5

if the photon energy

e—QaOR

<E . E*> B (47TR)2

(WNO)Q

e 2kil(z,y,2) 4kTo dr (11)
™
The quantity £ = (E - E*) is related to incident power den-
sity (W/m?) to antenna which is equal to

E2

Pin = 57
‘27,

Z, = 1207 () (12)

being the free space wave impedance.
The radiometric signal power at the antenna output can be
computed by taking into account the effective electromagnetic

area A, = (g Go) of the antenna, which is obtained from the

antenna gain G, with the following relations:

Vve) B2 (N
2700 27, \ 4w °

(VV*) the antenna output power

(13)

Z 4, = the antenna output transmission line impedance =
509

A = the radiated wavelength
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Using Egs. (12), (13), A = 27¢/w and substituting into
Eq. (11) into (13):

(VV*)  (cpo)? BGoe 2k
2Zoo N 2Zo (47TR)2

I(a,b,k;,8)4k  (14)

in which the term I (a, b, k;, 8), in case the plume consists of
single ellipsoid, can be written as follows:

I (a,b, ki,g)z///sphemid T (r) o (r) e 2kl @v:2) g (15)

Volume

a, brefer to ellipsoid minor and major axis lengths (see Fig. 3).
3 = 54& 4 s, + 5.2 is the unit vector along the propagation

vector connecting the point (z, y, z) with receiving antenna.
Write explicitly in Eq. (15):

I (aa ba kia ‘§) =

dy'e 2T (1) o (r) (16)

where [ represents the path length of wave originating from an
internal point (z’,y’, z’), travelling along the unit §, and emerg-
ing from the ellipsoid surface:

, 2
’ ’
T Szty s z S

a2 Y + b2

2 2 2 2 12
Sz+8 52 (I)/ + 12
7( a2y+b72)< a2y +17271

B (‘r/sz+y/8y + 2/8z>‘| ( 1 >
2 2 2 2
a b GAZ AN

In the following, the value of Eq. (16) I(a, b, k;, §) integral
is computed numerically.

In the case of plume consisting of multiple ellipsoids, as
shown in Fig. 2, the integral term of Eq. (15) is generalized
by adding and subtracting the contributions of each volume
with different conductivities o;(r) and temperatures T; (r) with
i=1,2,3, ..., and the power output at the receiving antenna is
computed by the superposition principle:

(Vv (cpto)? BGoe 2ok
oy 27, (axp? ormUD

where

Is = [Tlall(alablykilaé) + 10, (I(az,b%km,é)
—I(a1,b1,ki2,§)> + T303 (I (as, bs, kis, §)

I(a23b27ki37‘§)> + ] (18)

If Thoy = Thoe = T303... in Eq. (18), the term inside the
bracket is simplified to 75031 (as, bs, kis, §).

2.3. Computation of Detection Range

In order to compute the detection range R of an aircraft by a
radiometer receiver, one has to compare the power received by
an antenna of the emitted radiation by the exhaust plume with
the radiometer temperature measurement resolution.

By writing Eq. (17) after placing cpp = 120m = Z;, (2) and
defining the equivalent “target” temperature 7}.q;:

VV* radi
% = kpTiadi (19)

it is found that:

15BG e 2%
TR2

BG e 2% ]y

Tradi = =4,771—2° 7 (20)

Then, Ty is defined as the total “noise” power when ra-
diometer is “looking” to a load with an equal temperature. Con-
sidering the availability today of cryogenic low noise ampli-
fiers, we take Ty = 4°K. The antenna observing signals to-
wards sky observes an apparent temperature 7’4 which at high
elevation angle is approximately T4 = 4°K.

To compute the temperature resolution of the radiometer the
well-known equation is used [8]:

_ Tther + TA
v BT

where B = the radiometer input bandwidth (Hz) and 7 = the
post detection integration time (sec).
If B=100MHz and 7 = 1 us, then

5T 21

8
0T=—=0,8°K
10 ’

The same low T could be achieved by decreasing the band-
width B and increasing the post detection integration time 7
(i.e., B=10MHz, 7 = 10 ps).
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FIGURE 4. Atmospheric attenuation (in dB/Km) for different wave-
lengths [11].
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FIGURE 5. Reference exhaust gas plume formation [12].

Then, we define the range at which Ty,q; = 6T = 0, 8°K, and
therefore from Eq. (21):

RdetectionQGORdcwmm = 11,95 - B - Gylx

If o is small at low microwave frequencies, the equation is
simplified.

(22)

2.4. Attenuation of Electromagnetic Radiation in Plasma and
Atmosphere

The gases in air which primarily attenuate electromagnetic ra-
diation are O, and water vapor (H,O). The strength of the ab-
sorption depends largely on the wavelength of the radiation.

In contrast to IR options, the use of the radio frequency
band (radiometry) offers the possibility of reduced propagation
losses of electromagnetic radiation, as shown in Fig. 4. It is
obvious that the effect of vapor and oxygen on the mm scale is
reduced. In the radio wave band (mm), O, creates a large atten-
uation between 50 GHz and 70 GHz, with higher absorption at
two frequencies, 60 GHz and 118,75 GHz, respectively [9, 10].
However, there are wide spectrum widths with reduced atten-
uation. In particular, in the discrete low attenuation and wide
propagation windows of 35, 94, 140, 220, 360 GHz, the atten-
uation is characteristically low [11].

3. NUMERICAL COMPUTATIONS

In order to examine the achievable detection ranges of the pro-
posed method, a reference plume formation is taken as shown
in Fig. 5 for an aircraft flying at cruise speed (~ 80% of
thrust) [12].

Converting the temperatures in plume of Fig. 5 from Fahren-
heit to Kelvin and combining the respective dimensions of the
ellipsoids yields Table 1.

To calculate the detection range R of the radiometry system
to detect the aircraft of the specific case, it is necessary to cal-
culate the following parameters:

Plasma electron number N, (per ellipsoid): takes values
per ellipsoid, respectively, from the 1% to the 6™": 5 x 10°, 1 x
10%, 5 x 108, 1 x 108, 5 x 107, 1 x 107 (data from working
measurements), as shown in Fig. 6.

271

TABLE 1. Characteristics of the ellipsoid model of the exhaust plume.

Ellipsoid | Minor axis (m) | Major axis (m) | Temperature (°K)
1 0,34 5,18 678
2 0,54 9,14 489
3 0,68 11,58 444
4 0,8 19,82 400
5 1,22 27,44 355
6 3,36 85,34 311

Frequency f,:
f:0.3,1,10.5,22,35,51.5,72.5,94, 140, 220, 360, 1000,

3000 GHz and f = -2 (23)
27
for w (angular frequency): 1.88, 6.28, 6594, 138.16,

219.8, 323.42, 455.3, 590.32, 879.2, 1381.6, 2260.8, 6280,
18840 rad/sec.
Plasma frequency, given by:

Ne?
Wy = 4| —<= 24)
MeE,
where numerically wp, = 5,64 x 10% x N2 (rad/sec).
Plasma electron collision frequency, given by:
e =2,91-107° - Ng - | —— 25
g <11600) (25)

The collision frequencies of neutral electrons, based on labora-
tory results, are shown in Fig. 7.
The conductivity of an aircraft exhaust gas is

2

w

U:(J) V- £y
w

(26)

and from this the attenuation inside the exhaust plasma volume
is:
2
o= (1) e
2¢ w2+ 2 —w?

@7
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Based on the data of Fig. 5 and Table 1, we calculate and
present, in the following Tables 2 and 3, the pertinent parame-
ters in the previous analysis [Egs. (18)—(27)]. Calculations were
made of the range of electromagnetic radiation received from an
antenna separately per ellipsoid and for all ellipsoids for differ-
ent frequencies. Indicatively, the following tables show plume
characteristics and detection range values R for all the afore-

ceive antenna with an effective area A, described by a circle of
radius o = 25cmand A, = wa?. Then, for each frequency, the
antenna gain is computed with the equation Go = 4mA./\?,
A = ¢/f and Go (dB) = 10log,,(Go). In Table 3, detec-
tion ranges for 13 cases are given. As shown at 22 and 35 GHz
frequencies, detection ranges of 60 km can be achieved.

Based on the data of Table 3, the ranges of electromagnetic
radiation received from an antenna for all ellipsoids for differ-

mentioned frequencies for respective G,,.
In order to carry out a feasibility study on the use of radiomet-
ric detection of jet engine exhaust gas plumes, we assume a re-

ent frequencies are presented in Fig. 8.

TABLE 2. Plume characteristics for various frequencies for each individual ellipsoid.

- é ,E\ é g . % e o Elec.tr.on Plasma angular Radiometry Permittivity

218 |8 Z|8 € &8 5 g| Collision frequency freuency radio of Conductivity | Attenuation

= g .% 532 qé« =8 é if frequency wp ® frequency | free space oi ai

= s 2 § i = & . = Vei(SeC-1X108) (rad/secxlog) (rad/secxlOg) f (GHz) go(CZ/N,mZ)
1,88 03 4,0852E-04 |-2,2092E-02
6,28 1 3,6767E-05 | 1,1598E-02
65,94 10,5 3,3348E-07 | 6,3005E-05
138,16 22 7,5964E-08 | 14311E-05
219,8 35 3,0014E-08 | 5,6516E-06
323,42 51,5 1,3862E-08 | 2,6098E-06

11017 | 259 678 5E+09 0,10297 3,988 455,3 72,5 8,854E-12 | 6,9948E-09 | 1,3168E-06
590,32 94 4,1610E-09 | 7,8330E-07
879,2 140 1,8758E-09 | 3,5311E-07
1381,6 220 7,5964E-10 | 1,4300E-07
2260,8 360 2,8369E-10 | 5,3402E-08
6280 1000 3,6767E-11 | 6,9209E-09
18840 3000 4,0852E-12 | 7,6899E-10
1,88 03 2,6678E-05 | 4,8370E-02
6,28 1 2,4010E-06 | 4,9162E-04
65,94 10,5 2,1778E-08 | 4,1025E-06
138,16 22 4,9608E-09 | 9,3397E-07
219,8 35 1,9600E-09 | 3,6897E-07
323,42 51,5 9,0528E-10 | 1,7041E-07

2 (027 | 4,57 489 1E+09 0,03362 1,784 455,3 72,5 8,854E-12 | 4,5679E-10 | 8,5987E-08
590,32 94 2,7173E-10 | 5,1151E-08
879,2 140 1,2250E-10 | 2,3060E-08
1381,6 220 4,9608E-11 | 9,3381E-09
2260,8 360 1,8526E-11 | 3,4874E-09
6280 1000 2,4010E-12 | 4,5196E-10
18840 3000 2,6678E-13 | 5,0218E-11
1,88 03 7,7087E-06 | 2,6292E-03
6,28 1 6,9378E-07 | 1,3609E-04
65,94 10,5 6,2928E-09 | 1,1850E-06
138,16 22 1,4334E-09 | 2,6985E-07
219,8 35 5,6635E-10 | 1,0661E-07
323,42 51,5 2,6158E-10 | 4,9241E-08

310341579 444 5E+08 0,01943 1,261 455,3 72,5 8,854E-12 | 1,3199E-10 | 2,4846E-08
590,32 94 7,8518E-11 | 1,4780E-08
879,2 140 3,5397E-11 | 6,6631E-09
1381,6 220 14334E-11 | 2,6983E-09
2260,8 360 5,3533E-12 | 1,0077E-09
6280 1000 6,9378E-13 | 1,3060E-10
18840 3000 7,7087E-14 | 1,4511E-11
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FIGURE 6. Electron number density [13].
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1,88 0,3 3,6060E-07 | 7,4561E-05
6,28 1 3,2454E-08 | 6,1588E-06
65,94 10,5 2,9437E-10 | 5,5415E-08
138,16 22 6,7054E-11 | 1,2622E-08
219,8 35 2,6493E-11 | 4,9871E-09
323,42 51,5 1,2236E-11 | 2,3034E-09
4104 991 400 1E+08 0,00454 0,564 455,3 72,5 8,854E-12 | 6,1744E-12 | 1,1623E-09
590,32 94 3,6729E-12 | 6,9139E-10
879,2 140 1,6558E-12 | 3,1169E-10
1381,6 220 6,7054E-13 | 1,2622E-10
2260,8 360 2,5042E-13 | 4,7138E-11
6280 1000 3,2454E-14 | 6,1091E-12
18840 3000 3,6060E-15 | 6,7879E-13
1,88 0,3 1,0782E-07 | 2,1249E-05
6,28 1 9,7041E-09 | 1,8341E-06
65,94 10,5 8,8019E-11 | 1,6569E-08
138,16 22 2,0050E-11 | 3,7742E-09
219,8 35 79217E-12 | 1,4912E-09
323,42 51,5 3,6588E-12 | 6,8873E-10
510,61 |13,7 355 5E+07 0,00272 0,399 455,3 72,5 8,854E-12 | 1,8462E-12 | 3,4753E-10
590,32 94 1,0982E-12 | 2,0673E-10
879,2 140 4,9511E-13 | 9,3199E-11
1381,6 220 2,0050E-13 | 3,7742E-11
2260,8 360 74877E-14 | 1,4095E-11
6280 1000 9,7041E-15 | 1,8267E-12
18840 3000 1,0782E-15 | 2,0297E-13
1,88 0,3 5,2599E-09 | 9,9907E-07
6,28 1 4,7339E-10 | 8,9182E-08
65,94 10,5 4,2938E-12 | 8,0826E-10
138,16 22 9,7808E-13 | 1,8411E-10
219,8 35 3,8644E-13 | 7,2743E-11
323,42 51,5 1,7849E-13 | 3,3598E-11
6 | 1,68 | 42,7 311 1E+07 0,00066 0,178 455,3 72,5 8,854E-12 | 9,0062E-14 | 1,6953E-11
590,32 94 5,3575E-14 | 1,0085E-11
879,2 140 2A152E-14 | 4,5464E-12
1381,6 220 9,7808E-15 | 1,8411E-12
2260,8 360 3,6527E-15 | 6,8758E-13
6280 1000 4,7339E-16 | 8,9110E-14
18840 3000 5,2599E-17 | 9,9011E-15
4

E- Denstty (#/cm3)

SE+10
1E+10
5E+09
1E+09
5E+08
1E+08
SE+07
1E-07
SE-06
1E+08
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FIGURE 7. Neutral electron collision frequency contours [14].
TABLE 3. Detection range values R for various frequencies from plasma ellipsoids.
Cases Radiometry radio Antenna Gain Atmospheric attenuation Detection Range
frequency f (GHz) G, (dB) @, (Neper/km) R (km)
1 0,3 3,92 0,0000011 71,83
2 1 14,38 0,0005300 68,85
3 10,5 34,80 0,0013246 65,19
4 22 41,22 0,0025152 61,33
5 35 45,26 0,0031761 59,28
6 51,5 48,61 0,1996288 9,91
7 72,5 51,58 0,1006095 15,32
8 94 53,84 0,0131673 41,46
9 140 57,30 0,0516380 22,45
10 220 61,22 0,2017478 9,84
11 360 65,50 0,2369234 8,83
12 1000 74,38 1,0000000 3,13
13 3000 83,92 1,0000000 3,13
000 - Frequency vs Rqtection is adopted to compute the received chaotic radiation from the
exhaust gas plumes by a directive passive radiometer receiver.
2500 | P ——— The detection range is computed by comparing the received
g e power with radiometer resolution. A general electromagnetic
= 2000 | e =0-00m Zf‘;g 50 gy .o formulation and data obtained from exhaust gas properties pub-
= =4 a0 =0 . = 41.. . . .
S ®  20=0.0031761, GO (dB)= 45.3 lished previously of the low-density plasma are used to compute
o a0 =0. o = X . .
g 1500 - &  20=0/1000006, G0 ()= 218 the detection range for the UHF to Terahertz waves. Specifi-
g ol g g g cally, frequencies used for radioastronomy observations were
10001 < -l st sl bl selected since these frequencies are expected to be free of man-
oo B 0= $000000 100 Gl 880 made transmissions. Atmospheric attenuation was also in-
, cluded in the model. The early results presented shows that
o — el | detection ranges at 10-100 GHz frequencies could be as high
° o 20 " (km)s" o0 7o 80 as 50km. These results should be considered as preliminary.

detection

FIGURE 8. Detection range values R for various frequencies from all
plasma ellipsoids.

4. CONCLUSIONS

A feasibility study has been conducted to examine the possi-
bility of using passive radiometry methods to detect aircrafts
with jet engine propulsion. Electromagnetic analysis method
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Issues such as angular scanning of the space, triangulations be-
tween several radiometer positions, detection and false alarm
need to be addressed based on the presented analysis.
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