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Effects of nonuniform weakly ionized dusty plasma on the polarization properties of obliquely incident electromagnetic (EM)
waves were theoretically investigated in this paper. The dielectric coeflicient of magnetized dusty plasma is obtained based on the
Bhatnagar-Gross—Krook collision model. Then, the effects of external magnetic field, dust radii, and density on the polarization
mismatch loss of obliquely incident EM waves in the L-band were analyzed using the equivalent impedance method. Results
indicate that the larger the external magnetic field, the greater the polarization mismatch loss. In addition, we also found that dusty
particles alleviate the deterioration of the polarization state significantly; regulating and controlling dust radius and density can
avoid polarization reversal and reduce the polarization mismatch loss. We further analyzed the variation of the polarization state
under different reentry heights. Our analysis reveals interesting features concerning polarization properties of obliquely incident
EM waves, which provide an important theoretical basis for information reception in the plasma sheath containing

ablative particles.

1. Introduction

When a hypersonic vehicle flies near space, a complex
nonuniform dusty plasma will form on the surface of the
vehicle because of high temperature, which will cause radar
signal attenuation and lead to communication blackout
[1, 2]. Compared with ordinary plasma, the properties of
dusty plasma are more complex due to the existence of dust
particles. The collisions of dust particles with electrons or
ions lead to complex interactions between dusty plasma and
EM waves [3]. The problem of EM waves propagate in
nonuniform dusty plasma has been concerned by many
scholars. Karasev et al. [4] investigated the features of dusty
plasma in a strongly inhomogeneous magnetic field. Liu
et al. [5] discussed the attenuation characteristics of THz
circularly polarized wave in nonuniform dusty plasma. They
found that the attenuation of the right-hand circular po-
larized (RHCP) wave and the left-hand circular polarized
(LHCP) wave in magnetized dusty plasma is different. Jia
et al. [6] researched the attenuation of EM waves in fully
ionized dusty plasma. Chen et al. [7, 8] adopted the FDTD

method which analyzed the attenuation and scattering
properties of EM waves in nonuniform and time-varying
dusty plasma.

Nevertheless, these studies have a number of limitations.
For one thing, most of these research studies regarded the
collision frequency as uniform, while the collision frequency
in plasma is nonuniform, especially the plasma sheath
around a hypersonic vehicle [9-11]. For another, only fewer
research studies considered the variation of the polarization
state of obliquely incident EM waves in the plasma medium.
In the nonuniform dusty plasma medium, waves with dif-
ferent polarization states experience different attenuations in
amplitude and phase. Thus, there is a change in transmitted
waves, which may induce a mismatch loss between the
receiving antenna and the transmitted signals.

The polarization properties of obliquely incident EM
waves propagating in nonuniform plasma can now be in-
vestigated. Yin et al. [12] analyzed the transmission and
polarization properties of EM waves in inhomogeneous
plasma slabs. They pointed out that nonuniform magnetized
plasma slabs would lead to the transmitted wave
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experiencing two kinds of waves. Shahrokhi et al. [13]
researched the polarization evolution of EM waves in mo-
tional plasma and proposed a novel diagnostic method.
However, the polarization properties in nonuniform weakly
ionized dusty plasma have not been considered. Hence,
discussing the polarization properties of EM waves in
nonuniform weakly ionized and magnetized dusty plasma is
of great importance.

In this paper, the equivalent impedance method was
used to calculate the axial ratio, the phase difference, and the
polarization mismatch loss under different external mag-
netic fields and different dusty plasma parameters in the L-
band. Particularly, the distributions of electron density and
collision frequency are inhomogeneous. Moreover, the
polarization state of EM waves for eight reentry heights was
analyzed. The rest of this paper is organized as follows.
Section 2 presents the theoretical basis. Then, in Section 3,
the effects under different parameters on the polarization
characteristics of EM waves in nonuniform weakly ionized
dusty plasma are investigated. Finally, in Section 4, the
conclusions are obtained.

2. The Theoretical Basis

2.1. Magnetized and Weakly Ionized Dusty Plasma Model.
Here, the nonuniform weakly ionized dusty plasma we
analyzed is regarded as “cold” plasma. Charged particles in
magnetized dusty plasma will be subjected to the Lorentz
force, which will result in a cyclotron motion [14]. The
electron cyclotron frequency is

Wy, = —. (1)

In (1), m, and g denote the electron mass and electron
charge, and B represents the magnetic field intensity. The
kinetic equation of magnetized dusty plasma [15] is

f(“’ q (.1 of
+v. f@ m_a<E+ZVXB> v, f@ ( 3 )CDI,
(2)

where f(® represents the distribution function of charged
particles, v denotes the velocity of charged particles, E is the
electric field intensity, and c is the speed of light in vacuum.
According to the BGK collision model, the Boltzmann
equation can be expressed as

W’ (0 + w,,)
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where f(® is the electron distribution function and
(of ©)/or) s-G-k 1s the BGK collision term [16]. The electron
distribution function can be decomposed into the equilib-
rium component and perturbation component, f (v) =

fo) + f, (v) where

m, \"* -m,v’
e (4
= 4
fo ne<2che) eXp<2che) )

is the equilibrium component. n, is the electron density; « is
the Boltzmann constant; T, denotes the electronic tem-
perature. The perturbation component under the magne-
tization condition can be obtained by solving the Boltzmann

equation [17]:
m \* _p
e ) re ",
jven (V)) (KT3>

(5)

In (5), v,, is the collision frequency; w represents the
incident wave frequency; t = v/m,/2kT,. The incident
current caused by the collision between electrons and ions
can be expressed as j, = g I o vf1dv. Furthermore, based on
Ohm’s law, the complex conductivity under the external
magnetic field is

jan.E

fin D=

L (1) (w + w,

2 2
W Ven w

_ s p
T (wren) ) T (0rany v )

, (6)

where w, = \/n,q*/m,&, and ¢, represents the permittivity in
vacuum. Then, the effects of dusty particles are taken into
consideration. Combining the finite orbit [18], the current
resulting from the collision of dust particles and electrons is

:—qj vl f, () dv, 7)

where O‘Z = 7r3, 14 is the dust radius.

Finally, according to the current continuity law [19-21]
and equations (6) and (7), the dielectric constant of mag-
netized dusty plasma in weak ionization and weak collision
is

CMe d ((U + wce)

e(w)=1- P

w[ (w + wce)z + Vzn] Ew [ (w + wce)z + Vgn [(w + wce)zvzh]

(8)

CMe d (w + wce) ~ VenVen

& [ (w+ wce)z + vﬁn] [ (w0 + w,

e)2"§h] }
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where 1,4 = nq*rinny/m, is the charging response factor,
ny represents the density of dust particles, and v, is the
charging frequency.

The plasma electron density in real space can be seen as
bi-Gaussian distribution [22]. The collision frequency and
the electron temperature have a linear relationship [23, 24].
So, we consider that the collision frequency and the plasma
temperature experience the same distribution. Then, the
electron density and collision frequency are defined as
follows:

"o exp[—a1 (z- zo)z], (0<z<z),
n,(z) =

Mo exp[—a2 (z _zo)z]’ (z22), (©)
v, (2) = v, exp(—b (z- zl)z),

where n; and v, denote the peak value of electron density
and collision frequency. a,, a, and b are the rising and
decreasing coeflicients of electron density and collision
frequency. z, and z, represent the position where #, and v,,
get the maximum values. For the convenience of calculation,
the values of a; and a, are 0.05/cm; z,, and z, take the middle
position of the plasma model; the value of b is 5.

It is so difficult to obtain an accurate analytical solution
when EM waves propagate in inhomogeneous dusty plasma.
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Figure 1: EM waves propagating in stratified plasma.

approximated by some homogeneous stratified structures.
Here, the inhomogeneous dusty plasma is divided into n
layers. In each layer, dusty plasma can be seen as uniform.
Thus, the permittivity of the magnetized and weakly ionized
dusty plasma at layer m is

CMe dm (w + wce)

w[(w + wce)2 + venm] 50“’[ ((U + wce)2 + Vﬁnm] [(w + wce)zvgh]

(10)

e dm (w + wce) ~ VenVen }

_i{ w;mvenm +
© | [(0+ @) +72,] e[ (@+ @)+ Vo] [ (0 + wee) iy

However, inhomogeneous dusty plasma can be
2
wpm (w + wce)
en(w)=1- 5
where @, Veu> Vo> and 7,4, denote the plasma fre-

quency, the collision frequency, the charging frequency, and
the charging response factor in layer m, respectively.

2.2. Polarization Theory. When EM waves are obliquely
incident on the plasma medium, they can be decomposed
into a parallel polarized wave and perpendicular polarized
wave, as shown in Figure 1. Here, E™, E™, and E™ rep-
resent the incident wave, transmitted wave, and reflected
wave, respectively, m = 1,2,...,n+ 1; k,;, k,,,, and k,,, are
propagation constants of them, k,,; = k,,,,; 0,,,;> 0,,,,» and 0,,,,
are the incident angle, transmitted angle, and reflected angle,
respectively, 0,,; = 0,,,; d,, is the thickness of layer m. The
transmitted wave can be expressed as a combination of the
parallel polarization wave and perpendicular polarization
wave.

E(n+1)t _ E(n+1)tu 4 EJ(_n+l)tul ( )
11
1i 1i
=E'Tu+E T u,.

In (11), E™ and EM™ are components of the
parallel polarized wave and vertical polarized wave, re-
spectively. T and T, are transmission coefficients of the
parallel polarized wave and vertical polarized wave. The
equivalent impedance method can be used to calculate the
transmission coeflicients of the parallel polarized wave
and perpendicular polarized wave [25]. T; and T, are
given in Appendix. u; and u, denote unit vectors of the
parallel polarized wave and vertical polarized wave.

EM waves with different polarization states experience
different attenuations in amplitude and phase. So, the po-
larization state of EM waves will change after passing
through nonuniform dusty plasma. According to the po-
larization theory of EM waves [26], the polarization char-
acteristics of EM waves can be well expressed by axial ratio.
Its expression is

2|E(n+1)t”Ein+1)t sin (/)t
|E(n+1)t'2+|Ein+l)t‘2 ' (12)

1
AR = tan| —arcsin



In (12), ¢, is the phase difference between the parallel
polarized wave and the perpendicular polarized wave. Its
expression is

¢ =¢ -¢
_ al‘g(EinH)t) _ arg(E(nH)t) + 90". (13)

In (13), ¢, and ¢|, are the phases of the vertical polarized
wave and the parallel polarized wave, respectively.
+represents that the EM wave is LHCP or RHCP. The
calculation results of axial ratio can be used to indicate the
polarization state of the transmitted wave. If the value is 0,
the transmitted wave is circular polarization. When the value
is infinity, the transmitted wave is linear polarization. Other
values represent elliptical polarization. In addition, we
stipulate that a positive (negative) axial ratio value denotes a
left-handed (right-handed) polarization.

The variation of the polarization state may cause a
polarization mismatch loss between the transmitted wave
and the receiving antenna. The Stokes parameters can de-
scribe polarization characteristics of the EM wave more
comprehensively [26]. The expressions of Stokes parameters
are

gf) :|E(n+1)t'2 +|EJ(_n+1)t|2
2 _|E(n+1)t

2
Y

gt _ |E(n+1)t
17 (14)
g; -9. |E(n+1)t' . 'Ein+1)t|cos (Pt

gg =2. |E(n+1)t' . 'Ei"+1)t|sin (/)t

We presume that the Stokes parameters of the receiving
antenna are

(90 91 95 5] (15)

Then, using (14) and (15), the polarization match co-
efficient is

_ 9090+ 9191 + 9295 + 9395

- (16)
2 gogf)

p

The polarization match coefficient describes the degree
of the polarization matching between the receiving antenna
and transmitted signals. Furthermore, the mismatch loss
between the receiving antenna and the transmitted signals is

loss = 10 - loglo(mp)dB. (17)

Therefore, the polarization state and the mismatch loss
can be analyzed using (12), (13), and (17).

3. Results and Discussion

Our focus is to analyze polarization properties of obliquely
incident EM waves through the nonuniform weakly ionized
dusty plasma. So, the differences in the axial ratio, the phase
difference, and the polarization mismatch loss under dif-
ferent parameters were discussed. The incident wave and the
receiving antenna are both RHCP. For all of the following

International Journal of Antennas and Propagation

numerical examples, the incident wave frequency is 2 GHz.
In this section, dust radius and dust density are homoge-
neous. All numerical parameters of Figures 2—-4 are shown in
Table 1. These parameters are given according to presented
references [6, 27].

3.1. Algorithmic Verification. In order to prove the cor-
rectness of our calculation, we compared results of the axial
ratio with presented reference [28]. Here, 1, = 1 x 10'8/m?,
and the collision frequency is 1 GHz. The numerical result is
shown in Figure 5. The black line is the calculation result using
the equivalent impedance method, and the red dots are the
calculated results of the transmission line method. Figure 5
shows that the calculation results of the two methods are
consistent. So, the method used in this paper is feasible.

3.2. Effects of Different Magnetic Field Intensities. Here, we
discuss the polarization properties of EM waves under
different magnetic field intensities. The axial ratio, the phase
difference, and the polarization mismatch loss under dif-
ferent magnetic field intensities are presented in Figure 2.

For B=0T, Figure 2(a) shows that the axial ratio first
decreases from 0 to a negative value and then changes from
negative to positive when incident angle is 84°. These
changes indicate that the polarization state of EM waves first
changes from RHCP to the right-hand elliptically polarized
wave and then transforms into the left-hand elliptically
polarized wave. In other words, the polarization reversal
appears when incident angle is 84°. For B=0.5T, the po-
larization reversal appears when incident angle is 61°. For
B=1T, the polarization reversal appears when incident
angle is 54°. That is, the external magnetic field aggravates
the depolarization of EM waves. The presented reference
[12] also pointed out that the external magnetic field can
change the polarization state of EM waves, and the larger the
cyclotron frequency is, the smaller the transmission of
copolarization is. In addition, Figure 2(b) shows that the
values of the phase difference of perpendicular polarized
waves and parallel polarized waves contain positive and
negative. This further demonstrates that the transmitted
waves undergo two types of polarization state.

What is most noticeable in Figure 2(c) is that the var-
iation of the polarization state causes a certain polarization
mismatch loss under different magnetic fields. The larger the
magnetic field intensity, the greater the polarization mis-
match loss. In other words, the larger the magnetic field
intensity, the more the transmitted waves cannot be received
because of polarization mismatch loss.

3.3. Effects of Different Dusty Plasma Parameters. Dust radius
and density have obvious effects on the propagation of EM
waves in nonuniform dusty plasma. Therefore, the axial
ratio, the phase difference, and the polarization mismatch
loss under different dusty parameters are calculated. The
numerical results are presented in Figures 3 and 4.

Figure 3 indicates that dust particles significantly al-
leviate the deterioration of the polarization state of EM
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FiGURre 2: Effects of different magnetic field intensities versus the incident angle: (a) axial ratio, (b) phase difference, and (c) polarization

mismatch loss.

TaBLE 1: Calculation parameters in Figures 2-4.

g (m™3) v, (GHz) ry (um) ny (m™) v, (GHz) B (T)
Figure 2 1x10'® 1 3 3x10" 0.22 0.0.5,1,1.5
Figure 3 1x10'® 1 0,1,35 3x10" 0.22 0
Figure 4 1x 10" 1 3 0, 1x 10", 3x10", 5x10" 0.22 0

waves. For plasma without dust, the transmitted wave
becomes a left-hand elliptically polarized wave when in-
cident angle is 81°. When considering the effects of dusty
particles, Figures 3(a) and 3(b) indicate that polarization
reversal appears only in case where the dust radius is 1 ym.
There is no polarization reversal that occurs when the dust
radius is 3 ym and 5 ym. In addition, Figure 3(c) also shows
that dust particles cause reduction in the polarization
mismatch loss.

What is the most important is that the variation of the
polarization mismatch loss increased when the dust radius

increases from 3 ym to 5 ym. So, for dusty plasma, there is an
optimal dust radius that minimizes the polarization mis-
match loss.

Figure 4 indicates that dust density has the same
effects as the dust radius. Dust particles can alleviate the
depolarization effect of EM waves and reduce the po-
larization mismatch loss. Similarly, a suitable dust density
can avoid the phenomenon of polarization reversal.
Therefore, reasonable regulation and controlling of the
radius and density of dust particles in plasma can ef-
fectively reduce the loss caused by the polarization
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mismatch between the transmitted signals and the re-
ceiving antenna.

3.4. Effects of Different Reentry Heights. The electron density
and distributions and the peak values of collision frequency
of eight reentry heights in the NASA experiment [29] are
adopted to investigate the polarization properties of EM
waves caused by nonuniform weakly dusty plasma. Other
parameters  are  ry;=3um, ny3=3X 10"*/m’,  and
v, =0.22 GHz. Results are presented in Figure 6.

—A— r/=3 um
—¥— r;=5um

(c)

radius on EM waves versus the incident angle: (a) axial ratio, (b) phase difference, and

Clearly, Figure 6 confirms that there is a certain mismatch
loss at each reentry height. From Figure 6(a), we can see that
the polarization state of transmitted waves changes at each
reentry height. The variation of the polarization state is the
maximum at 30km and the minimum at 70km. Then,
Figure 6(b) shows that the phase difference at each height
ranges from —90° to 0°, which indicates that the transmitted
waves at each height are always in the right-handed polarized
wave. Finally, the polarization mismatch loss shows the order
30km >25km >47 km >53km > 61 km >21km >71km > 76
km, which is consistent with the axial ratio in Figure 6(a). In
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F1GURE 6: Effects of different reentry heights on EM waves versus the incident angle: (a) axial ratio, (b) phase difference, and (c) polarization

mismatch loss.

combination with the electron density in the NASA experiment
[29], this can be attributed to the spatial distribution of electron
densities at each height. In addition, when the incident angle is
less than 25°, the polarization state of the EM wave is slightly
changed at each height, and the transmitted signals basically
match with the polarization state of the receiving antenna.

4. Conclusion

This paper discussed the effects of inhomogeneous weakly
ionized dusty plasma on the polarization properties of EM
waves. The axial ratio, the phase difference, and the mis-
match loss were calculated under different external magnetic

fields and dust parameters. We further calculated the mis-
match loss caused by inhomogeneous weakly ionized dusty
plasma with different electron density distributions at dif-
ferent reentry heights. Based on these numerical results,
some useful conclusions are made.

First, the external magnetic field aggravated the dete-
rioration of polarization properties and caused more po-
larization mismatch loss. The larger the magnetized field is,
the more transmitted waves cannot be received because of
polarization mismatch. Second, the dust particles can alle-
viate the depolarization effect of EM waves and reduce the
polarization mismatch loss. The phenomenon of polariza-
tion reversal can be avoided by regulating and controlling
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the radii and density of dust particles. Finally, the polari-
zation state of the transmitted wave changes at eight reentry
heights, namely, each height produces a certain polarization
mismatch loss. The loss is the maximum at 30 km and the
minimum at 76km. The problem of communication
blackout may be caused by the polarization mismatch loss.
These results can provide a theoretical reference for infor-
mation reception in plasma containing ablative particles and
other experimental research studies.

Appendix

For the perpendicular wave, the expressions of electric field
and magnetic field in free space 1 (in Figure 1) are

E,;= ETt67 o (=2

H =
mt Z

m

where Z} = \fu,[e,, - sec 0, is the wave impedance of the
perpendicular polarized wave at layer m, m =2,3,...n. 06,
is the transmitted angle in this layer and can be obtained by
Snell’s Law.

The electric field and magnetic field of the perpendicular
polarized wave in free space 2 are

d )cos 0,

E(n+1)t = jK a1y (z — k(1) sin 0,
b

E iy = e

E(n+1)t = jk ey (z d )cos 0, e—k(,,“)tx sin 9,,,.

H(pay = 7

n+l1

(A.3)

According to the boundary condition, the electric field
and magnetic field are continuous. So, E,,; = E,,,;) and
H,,; = H ,,,1); in the places where z = d;. Thus, the reflected
coefficients and transmitted coefficients of the perpendicular
polarized wave at layer m can be obtained:

1L L
m_ ZLefmCOS Oni = Z,, €08 0041y

RJ_ - 1 1 b
Z e €08 0, + Z,, €08 0,1);
(A.4)
1 +R7
TP = d 0
1+ R m+1 m+1 COS m+1)x

where ijm is the equivalent impedance of the perpendic-
ular polarized wave at layer m.

lef(mH) €08 0, + jZ. cos 0 tan (k,,d,, cos 0,,;)

Zl _ (m+1)i
efm = TmzL cos O (menyi + jZelf(mH) cos 6, tan (k,,d,, cos 6,,;)
1 1
Zef(n+1) =Zy.

(A.5)

:ld,-)cos Qm,e— K, x sin 6, + ETrejkW (z—
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1
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(A1)

where Zj = +\fuy/e, - sec 6y; is the wave impedance of the

perpendicular polarized wave in free space 1. The expres-
sions of electric field and magnetic field in stratified plasma
are

n .
zizldi)cos Gmte—kmfx sin GW)

. (A.2)
zizldi)cos emte’ Kk, x sin 9mt>

>

In the same way, the reflected coefficients and trans-
mitted coeflicients of the parallel polarized wave at layer m
are

R" = Zm cos emi - Zef(m+1) cos 9(m+1)i
Zm cos emi + Zef(m+l) cos 9(m+1)i,
(A.6)
— 1-R" cos 0,

1 _—j2kd, Oy ’
l_R”’” e /K mi1%me1 €08 Uunin)i - cOs 9(m+1)i

where Z ., is the equivalent impedance of the parallel
polarized wave at layer m.

2 2 Z,f me1) €08 O i1y + jZ,, cos 0, tan (k,,d,, cos 6,,;)
efm = myz  cos 0 +JZf (me1) €08 O 1) tan (k,,d,y, cos 6,,;)

(A7)

In (A.7), Zef ey = 21, and Zl =\, T¢,, - cos 6,
the wave 1mpedance of the parallel polarlzed wave at layer m.

(m+1)i
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