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1 Introduction

Electromagnetic wave scattering from a randomly

rough surface requires complex mathematical
treatment, but is of palpable importance in many
fields of disciplines and bears itself in various
applications spanned from surface treatment to

. . 1-6
remote sensing of terrain and sea "’

. For example,
it has been a common practice to retrieve, by analy-
zing the sensitivity of the scattering behavior and
mechanisms, the geophysical parameters of interest
from the scattering and/or emission measurements.
Another example is that by knowing the scattering
patterns, one may be able to detect the presence of
the undesired random roughness of a reflective

surface such as antenna reflector, and thus accord-

ingly devise a means to correct or compensate the

W Wk A A ARG MALEEE; Ry BEE(IEM); A# R 7 B

NXEHS: 1001-5965(2015)10-1765-12

phase errors. Therefore, it has been both theoreti-
cally and practically motivated to study the electro-
magnetic wave scattering from the randomly rough
surfaces. Research and progress, being a long
historical track, of this topic have been well docu-
mented and still been keeping updates.

In order to tackle the complex and sometimes
intricate mathematical derivations, while to remain a
high level of accuracy beyond conventional models as
well, notably, Kirchhoff and small perturbation
method (SPM) , the integral equation model (IEM)

3, 6-8
31 yinder few

has been developed by Fung, et al. '
physical-justified assumptions. Driven by the need
of predicting bistatic scattering and microwave emis-
sivity, considerable efforts have been devoted to

[9-19

further improving the IEM accuracy by remo-

ving some of the assumptions that imposed for the

YRS B E: 2015-04-09; FE B 201505-05; F%& HARATE : 2015-07-02 10:25
M 2& R itk . www. enki. net/kems/detail /11.2625. V.20150702. 1025. 001 . html
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Chen K S, Li Z L, Liu Y. Model analysis of bistatic scattering from randomly rough surfaces[J ]. Journal of Beijing University of
Aeronautics and Astronautics , 2015 , 41 (10 ) ; 1765- 1776 (in Chinese ).
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purpose of mathematical simplicity during the course
of derivation. Another step leaping forward was the
introduction of a transition function into the Fresnel
reflection coefficients to take spatial dependences
into account, removing the restrictions on the limits
of surface roughness and permittivity ">'"". Though
the approach is heuristic but self-consistent, it
proves working perfectly for a broad range of surface

dielectric and geometric parameters "*'"'*

2 Formulation of wave scattering from a

rough surface

Referring to Fig. 1 with the direction of inci-
dence (6,, ¢,) and scattering (6., ¢,), suppose
that a plane wave impinges onto a dielectric rough
surface that scatters waves up into the incident plane
and down into the lower medium, with the electric

field E, and magnetic field H; being written as

Ei:ﬁEoeXp[_j(ki'r)J (1)
H=1i xE, (2)
n

where j = ./ —1; p denotes the unit polarization
vector, E, the amplitude of the incident electric field
E,, n and 7, denote the intrinsic impedance of the
upper and lower transmitted media, respectively.
The position vector r, k-plane in incident direction
k, and scattering direction k_  are defined as

follows, respectively
[TEXX +yy + 22
Ty =k, = £k, + 9k, + 2k,
%x =ksin 6, cos ¢,
m‘ =ksin@, sin ¢,
% =k cos 0, (3)
% = kk =%k, + $k, + k,
%f =ksinf, cos,
%} = ksing, sin ¢,
el =k cos @,
where x, y and z denote a coordinate system, X,y
and Z unit vector of x, y and z, respectively, l:ti and

k_ incident and scattering directions, respectively,

k.

ix

k;, and k,_ x, v and z components of the incident
wave number, respectively, k_,k_ and k_ x, y and
z components of the scattering wave number, respec-

tively and k£ denotes wave number.

Fig. 1  Geometry of bistatic scattering.

The polarization vector p is defined as I;; and v,
for incident linearly horizontal-polarized wave and
vertical -polarized waves, respectively; and as I; and
v, for scattering linearly horizontal-polarized wave
and vertical-polarized waves, respectively.

= - Xsing, + Y cos o,

hox i =
— (X cos @, cos, + Y cosf, sing, +2Zsiné,)

= - Xsin¢g, +Y cosd,

I I
>
It

=

X

=

Il

@

EORIMGIE

X cosf, cosd, + Y cosh, sind, — Zsinf,

(4)
where q;) and @ denote azimuthal and polar unit vec-
tors, respectively.

The total electric field E(r) and magnetic field
H(r) according to the Stratton-Chu formula could

be expressed as

E(r) =3§€ds'[iw(ﬁ x H(r'))G(r,r') +

‘(ﬁ -E(r")) VG(r,r') +
(n xE(r')) xV'G(r,r)] (5a)

H(r) =j§§dS/[ —iwe(A X E(r))G(r,r') +

(n-H))VGC(r,r) +

(nxH(r)) xV'G6(r,r)] (5b)
where S’ denotes source surface, i imaginary unit; w
argular frequency, u permeability ; # normal vector,
H(r') magnetic field, G(r,r') Green function and
r’ source point, & permittivity. The total field is the
sum of the incident field, which is known, and the
scattered field, which is unknown and is to be
solved. mathematically, the scattered field, for a

. . . 20]
source free region as in our case, 1s expressed as
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E(r)=yE (r) - L

ﬁdS'[iwpﬂ(ﬁ x H)G -
(n xE) xVG-(n-E)VG] (6a)

H(r) =yH (r) +
4

ﬁgdS’[iwg(ﬁ XxEYG + (A xH) xV'G +

(n-H)V'G] (6b)

0 S
where'yz(l—.(l/4"n')7],(2={ re

2w re S

Once the scattered filed is solved, the scatter-
ing coefficient with ¢ polarization is calculated as ">’

. 47R*Re | { ‘E;,, 25
U"”_AO cos O Rel |E, |*]

(7)

where R denotes the range from the surface to radar

observation point, o scattering coefficient, Re{- |

qp

real part, E’ the scattered field of ¢ polarization

w
with the incident field of p polarization and A, the
illuminated overlapping area, confined by transmit-
ting and receiving antenna beam patterns, over the
rough surface.
2.1 Surface tangential fields

In view of Eq. (5), Ref. [5] states the Huy-
gens’ principle. The field solution in a given volume
V' is completely determined by the tangential fields
specified over the surface S’ enclosing V'. To find
the surface fields, one has to solve the pair of Fred-
holm integral equations of 2nd kind. In our case,
exact analytic solution is not possible. Approximate
surface fields are estimated by iterative approach.
The rough surface with irregular boundary is presen-
ted in Fig. 2, where &=, &* denote the upward
going

through upper medium and lower medium, respec-

re-radiation and downward re-radiation,
tively, 6, denotes transmission angle, =, wave
impedance in air, g, permittivity in air, n, wave im-
pedance in lower medium, g, permittivity in lower
medium , » vertical unit vector and d tangential unit
vector normal to surface contour.

The completely analytic solution of rough sur-
face is almost prohibitive. Instead, we seek the ap-
proximate estimate of the surface tangential fields by
taking vector product with the unit surface normal on
both sides of Eq. (6a), Eq. (6b) and, after refor-

[21

mulations ©*'' | allowing an iterative scheme to find

the estimates.

Fig.2 Geometry of wave scattering and

propagation from a rough surface

In IEM modelling 7", the tangential surface fields
is the sum of the Kirchhoff field and the complemen-
tary field, which are
(nxE)=(nxE,), +(nxE,), (8a)
(nxH)=(nxH), +(nxH,), (8b)
where the Kirchhoff fields can be expressed as

(n xE), =
nx[(1-R)p+ (R +R)(p-i)i]E,
(9a)
n,(n xH,), =
nxk x[(1+R)p+ (R +R)(p-IIIE,
(9b)

where E, denotes electric field for p polarization,
H magnetic field for p polarization, D polarization u-
nit vector, f tangential unit vector and is tangential
to the edge of surface contour; 7, wave impedance
in medium 1, R, and R, denote Fresnel reflection
coefficients for horizontally and vertically polarized
waves, respectively.

The complementary surface field, which cor-

rects the Kirchhoff estimates, is given as
(A xE). =--\[a x [(1-R) @y’ +ii x
4
f(l +R)Duds' - (R, +R,) (i xt) (i x 1) -
i x [(F, - @) ds'] (10a)

(n xE}l)(,:—L[ﬁ xf(l +R,) @wds' +n x

j(1 ~R,) @uds' + (R, + Rt - i x

j(%'h ~ @) ds'] (106)
. 1. ..
(n xHV,)(::—[nxf(1+R‘).%’\~ds +n X
4q

f(l ~R) S uds’ - (R, + R - x

f(gm — ) ds'] (11a)
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(n xH},)(.zi[ﬁ xf(l - R,) &ds’ +n x
4ar

f(1 +R,) 9nds’ + (R, +R,) (i xt)(f x1) -

ﬁxf(.%’h—.%’m)dsl] (11b)

where E, and E denote horizontal and vertical polar-
ized electric fields, respectively, H, and H_ hori-
zontal and vertical polarized magnetic fields, respec-
tively and s" denotes source surface.

The electric and magnetic fields that appear in-
side the integrals above, @,, @, @1, @n, H,
97, 9, and 9%, are expressed as

@, =jkn(n xH,)G - (nxE,)) x

VG, - (n-E,) VG, (12a)

ki . R
,=j—(nxE,)G - (nxH,) x

n

VG - (n-H,) VG, (12b)

- [jktn[(ﬁ xH,)G, - (i xE,)

VG, - (i-E,) V’Gl] (13a)
6‘]’

k. A
9y = — [j—'(n xE,)G - (nxH,) X
n

t

Ve - La
My

where p denotes h or v, h and v denote horizontal

“H) V’Gl] (13b)

and vertical polarization, respectively, G, and G,
denote Green functions in upper and lower media as
shown in Egs. (12) and (13), respectively, u, and
g, denote the relative permittivity and permeability,
respectively.

In Eq. (12) and Eq. (13), there involve
Greens functions and theirs gradients in the upper
and lower medium. To seek solutions by iterative
scheme we make use of the spectral form, instead of

spatial form, of the Green’s function "'

c. :iﬂ iexp(j@)dudv (14a)

ve :Lﬂ Siexp(j®@)dude  (14b)
! 2'“' l];

G Lo gauts (150

V’G‘ :Lféexp(jd)‘)dudv (15b)
2wl q,

where u denotes coordinate values after change, v
denotes coordinate values after change, the phase

terms @ associated with the upper and lower medium

are, respectively,

!
: -]

(16a)

@ =jlulx-2") +oly -y) - ¢,

¢,=j[u(x—x') +o(y —y") _‘].‘Z—Z"]
(16b)

where x', y' and z' denote coordinate values of

source point, respectively, ¢, = m,q‘ =
m; g =Xu+yv¥2q,,8 =Xu+yvF
2q,. By substituting the Kirchhoff surface fields in
Eq. (9a), Eq. (9b) into Eq. (12) and Eq.
(13), we obtain the estimates of the complementary
fields of Eq. (10) and Eq. (11). This may be
seen as a 2nd iteration of seeking the solution of the
integral equations governing the surface fields using
Kirchhoff fields as the initial guess which is indeed a
very good choice for fast convergence.
2.2 Far-zone scattered field

Now, with the surface tangential field estimates
available, E_ at far-zone distance R is readily calcu-

lated by making use of the Stratton-Chu formula.
E, =KE,[[q xk - (i xH,) +n§ -

(A x H,) Jexplj(kk, - r)]dS (17)
i,
4mR

where ¢ denotes unit polarization vector, K = —

exp(—jk,R), E, amplitude of the incident electric
field.

Corresponding to the Kirchhoff and the comple-
mentary surface fields in Eq. (8a), Eq. (8b), the
far-zone scattered field may also be expressed as a
sum of the Kirchhoff E* and the complementary

qp

scattered fields E;p[’”] .

s k ¢
Eqp:E +E (18)

ap ap

where the Kirchhoff field is given by
E, = KE, [f,exp(ji®)dxdy  (19)

with the phase term

D=k[ (k. —k)x + (k, —k)y + (k. - k,)z]
The complementary scattered field, propagating
upward and downward, may be written as

KE,

. (@D +kr—kir (@ +kgr—kir')
E;p Wf(gr’,",el ke + &,”,ej( e )
™

dudvdxdydx'dy’ (20)
where & and &,, denote propagators. The Kirchhoff
field coefficient f, (‘both ¢ and p denote h or v)
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appearing in Eq. (19) may be more explicitly writ-

ten into the following form

fo==[(1 =R)h. - (A x7) +
(1 +R)v. - (nxh)ls, -
(R, +R) (P ) [(h - d)(n-k) -

(h-d)(h -k) - -D)(i-k)]s,
(21a)
fu=l(1 =RV, - (nxv) -
(1 +R)h, - (7 xh)ls, -
(R, + R)(h-d)[(h_-#)(i-k) -
(A-d)(b, - k) + (5 -d)(a-k)]s,
(21b)
fiu=[(1 =R)v - (nxv) -
(1 +R)h. - (nxh)]s, -
(R, +R)(» - )[(h - #)(n-k) -
(h-d)(b. - k) + (b -d)(a-k)]s,
(21¢)
fu=[(1 +R)V. - (A xh)+
(1 =R)h. - (A x¥)]s, -
(R, + R)(h-d)[(h, -d)(n-k) -
(A-d)(h. k) - (b -1)(h-Fk)]s
(21d)

where s, = /1 +z. +z, z, and z, denote partial dif-

ferential on x and y, respectively.

Noted that in IEM model, the terms involved
(R, +R,) in Eq. (21) are all dropped off. Keep-
ing in mind that the Kirchhoff field coefficient f, is
spatially dependent via the Fresnel reflection coeffi-
cients R, (p denotes h or v) and the surface slope
(19) and

Eq. (20) mathematically manageable in calculation

term s,. To make the integrals in Eq.
of the average scattered power, we apply a stationary
phase approximation while ignoring the edge diffrac-
tion, to obtain an estimate of the surface slopes.
That is, the surface slopes are presumably independ-
ent of spatial variable, and are approximately deter-
mined by the directions of incident and scattering
waves. To further tackle the mathematical manipula-
tions, removal of the spatial dependence of the re-
flection coefficient will be made in Section 2. 3.
Keeping in mind that to what extent such estimate is
valid or at least sufficiently accurate remains to be
solved in further investigations.

Now go back to the complementary scattered

field, which is much more complicated to deal with.
Recalled that the complementary scattered field is
contributed from the reradiated fields that may prop-
agate through medium 1 and medium 2, in way of
both upwardly and downwardly. The physical mech-
anism may be graphically represented by the field
coefficients or the propagators, &4 and &,,, as il-
lustrated in Fig. 2. Further processing of the phase
term involving the surface height, the propagators
may be decomposed into the upward components

designated by &, and & and the downward compo-

qp

nents by &, and &_, mathematically appearing as

w >
the absolute terms in Eq. (16), physically denoting
the change of propagation velocity in different media.

In what follows, the complete phase terms are
kept and all possible propagation waves are includ-
ed. After straightforward but tedious mathematical
manipulations, the complementary field coefficients
can be obtained and put into compact forms for both
the upward and downward propagations. Explicit
expressions that are easy for numerical computation

[14,18]

are given . For cross polarizations, we use an

approximate reflection coefficient by taking the aver-
1
age of R, and R, ;R%T(Rh +R)"

2.3 Bistatic scattering coefficients

Now that with the scattered fields calculated,
we perform ensemble averaging to compute the scat-
tered power and the scattering coefficient. To gain
more physical insights into the field interactions that
produce the average power, the following expression

for the incoherent average power P’ is wrilten as a

ap

the Kirchhoff power P* | the

qpr

cross power Pk" due by the Kirchhoff field and the

sum of three terms:

complementary, and the complementary power P’

=(E,E,) - (E,)(E, )=

'II’ qar - qr

(ELE;) = (E)(E]) +

apr - qr qar ap

2Re[ (ESE ) — (E)(E: )] +
C* g c* k ke c
<E'/1’Eqp > <E1111> <Eqp > é P’I}’ + Pqp + Pqp

(22)

" denote scattered g-polarized elec-

ap*

where E° and E°°

qp qp

tric scattering incident p-polarized wave and its

respectively; E* and E];: similar

conjugate field, o

due to Kirchhoff field, respectively, E denotes so

due to complementary power.
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Geometrically, it is readily recognized that the
cross power is the result of the interactions between
the Kirchhoff field and the complementary field,
being involved by four terms-two accounting for the
upper medium propagation and the other two for the
lower medium ;

Po=Pyig: *Puig + Py g + P g
(23)

Similarly, the radiated power by the comple-
mentary field itself is mutually generated by re-radia-
tion fields from every point on the surface and thus
consists of sixteen terms resulting from interactions of

two upward fields and two downward fields propaga-

ting through medium 1 and medium 2 ;

PL=P, gg: * Puigrio: * P gy t
Poioig;, * Puigoos * Puioroar ¥
P, EZ% P, EZ% Lo g5,
Py *Puig:g *Puigg *
P, o P, &7t
Puigg *Puig g (24)

ar ar=" qr

Now by substituting the Kirchhoff field and the
complementary field into Eq. (24) and carrying out
the ensemble averages, we may obtain an explicit
expression of the incoherent average power. When
the medium is very lossy, contributions from the
lower medium propagation is expected to be small.
In general, all modes must be included to get a more
complete scattered power, as claimed in Ref. [ 19].
Whether it really so needs further investigation,
however. After some algebraic manipulations and
arrangements by Eq. (7) we can reach the final

expression of a relatively compact form as

kZ
o, =716Xp[ o'k, + k)] -
% 2n
> T PW (k= k- k)
n! ap | > Y

(25)

where o denotes bistatic scattering coefficient; £,

denotes wave number in medium 1; o denotes

ar
cross-polarized scattering coefficient determined in
for incident p-polarized and scattering g-polarized

wave; o denotes the nth order scattering coeffi-
cient; n denotes nth order; J(:p denotes scattering

amplitude; W (k, - k., k, -k, ) denotes the

vy sy

surface roughness spectrum of the surface related to
the nth power of the surface correlation function by
the two-dimensional Fourier transform, assuming that
the surface height follows a Gaussian distribution.

R, and R, are defined as follows, respectively:

v

piki cos 8 — ok,

R = 26
' pik cos O + pok, (260)
&k, — &k, cos 0,
R = 26b
" gk, cosO, + gk, ( )
Where
k.=Relk, | +jim{k,_| (26¢)
With

Re{k, | = [;[Re{k,zé - kP sin?0,'? +
2

172

(Re{klz} —kiz sinzei)2 + (Im%klz} )2]

(27a)
1

Imik.} =-—

2

«/(Re{kﬂ - k! sin’6,)” + (Im{k;})’ ]

- (Re{k?} —k? sinzﬁi) +

172

(27b)
where k&, denotes wave number in transmitted lower
layer.

After the above extensions, we shall name the

IEM-based model as the AIEM model.

3 Comparison theoretical predictions
with

experimental data

numerical simulations and

3.1 Comparison theoretical predictions with

numerical simulations

The prediction of scattering coefficient in scat-
tering plane between the present model and numeri-
cal results of SSA (Small Slope Approximation) and
MoM (Method of Moment) are shown in Fig.3(a).
The simulation data is adopted from Ref. [22] for a
Gaussian correlated surface with &, =4 - jl, ko =
0.5, kI =3.0 at incident angle of 30° and scattering
angle between —60° and 60°, where [ denotes cor-
relation length. Obviously, all the three predictions
are quite close to each other except at larger back-
scattering angle. There is dip in specular direction
shown by MoM and SSA, but not by AIEM. Doubling
the surface roughness, results are given in Fig.3(b)
from which we can see that the angular trends by

three predictions are similar to those in Fig.3(a).



% 10 3

PR 1L, 25 - EATLRELRES TAT Fr) XSty 053 468 28 20 1771

Fig.3 Comparison of scattering coefficient between AIEM model and numerical results of MoM and SSA for

both horizontal and vertical polarization for a Gaussian correlated surface with incident angle of 30°

3.2 Comparison theoretical predictions with

measurement data

An excellent experimental data set for the pur-
pose of comparison is adopted from Ref. [23] for a
Gaussian correlated surface with ¢ = 0.4 cm, [ =
6 cm; the scattering coefficient was measured at two
incident angles, 20° and 40°; incident frequencies
of 2, 5, and 10 GHz, resulting in three different
roughness scales but keeping at same surface slope
as shown in Fig. 4. At this surface slope of Gaussian
correlation, it is believed that the multiple scattering
is very small. Fig.4(a) shows the bistatic scattering
behavior from which it is seen that both the AIEM
and SPM agree well with the measured data except at
scattering angles near 20° and beyond 20°. This
might be due to a strong coherent contribution to the
measurements, but still remains to be further con-
firmed. Measurements at frequency of 5 GHz are
presented in Fig. 4 (b). The surface is rougher for
this case, so we plotted the GOM ( Geometrical
Optics Model ) prediction as a reference. At this

roughness scale with incident angle of 20°, neither

GOM nor SPM matches with the experimental data,
while the ATEM is in excellent agreement with the
measured data. The scattering coefficient of HH and
VV are closer compared to the measurement at 2 GHz
for higher frequency. Further increasing the incident
angle to 40°, similar observations can be drawn, as is
evident from Fig. 4 (¢). Also it is clear that along
forward scattering near specular direction and
beyond, the experimental data presented some degree
of fluctuations-may be due to the remaining of coher-
ent scattering which is stronger for smoother surface
and tends to reduce as surface becomes rougher. At
incident frequency of 10 GHz, by closely inspecting
Fig.4(d) and Fig. 4 (e), both the ATEM and GOM
present similar angular trends in forward scattering
region and both agree well with the measured data.
However, at backscattering with incident angle larger
than 20°, the measurement reveals excessively higher
than the model predictions of the AIEM and GOM.
The difference seems not possibly be explained from
the exclusion of multiple scattering, for the surface

slope remains the same and small.



1772 E AT =N N N = <= - 14 2015 4

Fig.4 Comparison of bistatic scattering coefficient between model predictions and measurement as function of

scattering angle for a Gaussian correlated surface (¢ =0.4cm, [ =6cm)
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4 Bistatic scattering features in azimuth-

al plane

In bistatic scattering, it is of interest to observe
the azimuthal pattern. From Fig. 1, if the transmitter
is located at ¢, =0°, the null or dip of the scattering
return presumably will occur near ¢, =90° for plane
(flat) surface. Things are much more complicated,
however. In what follows, we present two numerical
cases to exam the roughness effect on the bistatic
scattering pattern. The incident and scattering angles
were chosen as 0, =20°,0_ =40°, respectively, and
the surface relative permittivity of ¢, =10 + jO. 05.
Fig. 5 displays the scattering coefficients for both HH
and VV polarizations, where Fig.5(a) is the case of

A

smooth surface with o = 20° l = %, while in
Fig.5(b) the roughness is doubled (o = %,l =

A), A being the radar wavelength. For reference,
results of SPM and GOM models are also plotted.
In small roughness cases, we see that both

AIEM and SPM are in agreement, as expected. For

VYV polarization, the dip occurs ahead of that of HH
polarization. As surface gets rougher, AIEM follows
closely with GOM, also as expected. The dip now
moves forward for HH polarization, but moves back-
ward for VV polarization. Together the preceding
features suggest that the dip location, which is high-
ly polarization dependent, is an effective indicator of
surface roughness. It is profoundly found that unlike
SPM and GOM, the AIEM model consistently traces
the dip location in the sense of roughness and polari-
zation dependence.

Fig. 6 displays the bistatic scattering coeffi-
cients of the SSA2 (Fig. 6 (a)) and AIEM
(Fig.6(b)) in all four polarizations, VV, HH,
HV, and VH "**' from a rough surface having rms
height o = A/20, a Gaussian correlation function
with correlation length [ = A/2 and a surface rela-
tive permittivity of &, = 10 + jO. 05. Generally,
similar behavior between SSA2 ( second order small
slope approximation) and AIEM, which are hemi-
spherical patterns, is observed, including the loca-
tions of the dips that are dependent on the polariza-

tion 127,

Fig.5 Effect of surface roughness on dip location in azimuthal plane (9, =20°,6, =40°,¢, =10 +j0.05)
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Fig. 6  Bistatic scattering coefficients of VV, HH, HV, and VH for SSA2, and ATEM

5 Conclusions

Analysis of bistatic scattering from randomly
rough surface was presented. The results can be
summarized as follows.

1) Validation of the AIEM for bistatic scatter-
ing is made by comparison with numerical simula-
tions and experimental measurements.

2) The AIEM model consistently traces the dip

location in the sense of roughness and polarization

dependence.

3) The hemispherical plots of AIEM, SSA2,
MoM further confirm that the locations of the dips
are dependent on the polarization.

4) Scattering in azimuthal plane is an effective
indicator of surface roughness. The dependence of
surface relative permittivity should be of importance
and is under investigation.

5) The study of bistatic scattering through mod-

el simulations is useful for designing future radar
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measurement configuration as far as surface parame-

ters

(1]

(2]

(3]

[4]

[10]

[11]

[12]

[13]

retrieval is mattered.
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Model analysis of bistatic scattering from randomly rough surfaces
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Abstract: Model analysis was presented of bistatic scattering features from randomly rough surfaces theo-
retically. In particular, a statistical advanced integral equation model ( ATEM) was selected as the working
model. The scattering coefficients in the location of the dip in azimuthal plane were investigated for different
roughness scale. Theoretical predictions of scattering coefficients were illustrated, demonstrated, and validated
by comparisons with numerical simulations, and measurements. The results show that the dip location or re-
gion is both rough and polarization dependent. Simulation results offer deeper physical insights into the scatter-
ing features of statistically rough surface and thus are useful or even vital for designing future and yet more ef-
fective bistatic measurement configurations.
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process for strong-couple five-gap output cavity

using three dimensional PIC
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RF characteristics of multiple-gap resonant cavity for
sheet beam extended interaction klystron
RUAN Cunjun”', DAI Jun', CHEN Shuyuan®, LI Renjie', ZHAN Min'

(1. School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China;

2. National Key Laboratory of Science and Technology on Test Physics & Numerical mathematical, Beijing 100076, China)

Abstract: The sheet beam extended interaction klystron ( SBEIK) has the typical and attractive charac-
teristics with the plan structural multiple-gap cavity and extended beam-wave interaction system. A type of no-
vel miniaturization strong-coupling five-gap extended resonant cavity was investigated combined with the design
of W-band SBEIK, which was compared with the traditional weak-coupling five-gap resonant and output cavi-
ty. The obtained characteristics shows that the strong-coupling five-gap cavity may have many advantages of
resonant mode separation, radio frequency ( RF) fields coupling in the gap and RF energy exporting, etc.
Then, the degeneracy mode competition for the strong-coupling five-gap cavity was studied due to its axial
period structures. The result shows that the frequency interval between the work mode and vicinal non-working
mode is above 600 MHz, which is higher enough than the required 100 MHz bandwidth for the SBEIK. Final-
ly, the 3D particle in cell (PIC) simulation software was used to calculate the beam-wave interaction for the
strong-coupling five-gap extended output cavity, the expected high output power was observed with the corre-
sponding performance and favorable stability. Thus, the research is very important for the physical design and
engineering development of the SBEIK in the millimeter-wave and terahertz band with high power output radia-
tion later.

Key words: W-band; sheet beam electron; strong-coupling; five-gap resonant cavity; extended interac-

tion klystron ( EIK)
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Application of dispersion characteristics of periodic structures for
high frequency vacuum devices
FENG Jinjun®, CAI Jun, HU Yinfu, WU Xianping

(National Key Laboratory of Science and Technology on Vacuum Electronics, Beijing Vacuum Electronics Research Institute, Beijing 100015, China)

Abstract: As the key component of vacuum electron device ( VED) , slow wave structure is a kind of
periodic structure, whose dispersion properties can be presented as the sum of an infinite number of space har-
monic wave. Each space harmonic wave exits as a dispersion curve with its characteristic. We proposed the
idea of the full use of dispersion properties of periodic structures for high frequency vacuum power devices,
and carried out the research on folded waveguide ( FWG) slow wave structure, which was comparable with
MEMS technology. The dispersion curve was analyzed, and was used for different kind of traditional devices
including travelling wave tubes (TWTs) , backward wave oscillator (BWO) and band-edge oscillators (BO).
In addition, over-mode TWTs and TWT harmonic amplifier in THz ( THAT) were proposed as novel devices.
All the experimental investigation was focused on W-band and frequencies above, and the key technologies and
the specifications obtained from these devices were given.

Key words: periodic structure ; dispersion properties; terahertz; travelling wave tube (TWT) ; backward

wave oscillator (BWO) ; full use; vacuum devices
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MR R EERE R O(Nog N) &40, Hd N Rk
AL AN AR R i R, MSE R R
X 3E G g BT R E A2 O(MN) #5491
oM RN G Dl R 2 BN BE = A RN R R BN
Ty DX SR A ) S B0 X R E MST K I AE TR
B AR W R A B[R], 0 H R AR R R B
REBETIRE LT, BN v 508 5 4 A3k
90% L) I i) 3 5 B[] 3t BAE S S i T,
IE/MSI (#3155 B B) £E 28 b 42 )k 53 3% 19 11 55 B[]
.

Y MSL 5, i 0 3R B AL
KGR RLE-RELE RS H 2 £ MLFMA #F
SRS B2 R . Horh  WOE S5 4 18 55

E 2 IE/MSI+ MLFMA J5 ks i MLEMA #4225 14
Fig.2 MLFMA-tree structure applied for
MSI + MLFMA method
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975 9 TE/MSI + MLEMA 3% 0] DLFG i, et 2
B MSL B Wit E 2 R R ER T
O(Nlog N) 9, 1 8t fiff #5532 5 1 A AU N A7
N TR AN D RPN E T SR NTTE S UL
RS B R 2k AR 8 PRk o A7 LAY H A

2 HEXHEIERA

2.1 E Tt BUEkiE ok R FF A MLFMA K

k& VSIE

TEAG 55 MLFMA K fg B3 7 B iy #2 v i
DX &5 22 1] R B AR 2 3 o B BRI b - T I8
MIRR AT R SE L. O T 4R e T RO B R A
Ewald BRI F 195 RAEAE B, B o8 £ J7 1] 14
e TR IR AR T k. SRAE 38y IS 2 X i 7%
& B 1) 9 TR S, AL 2o SR 8 YR B R Y A% 0
WIAF. R fif ik — [n) L, ] 2 3 4 o T ARy e
PR T — P T Bk R AU TT ) 2 )2 e 2
J7 ¥ ( Spherical harmonics Expansion-MLFMA |
SE-MLFMA) 7" 33 Fh 5 ¥ R 7 15 4 47 fik O 1) ]
5 TS 3% Ak S % I 1] 1 35K 38 R 50 T R A
FEAtE, BT R IT R B B0/ TRk b g adR
FE RSB, A SE-MLFMA 7 % °] ¥ f% 48 MLFMA
BINAE S 2N(L +1)%¢,c,B FEZ (3N/2) (P +
1)(P+2)ce,B. Horp, L BEZEZ 0 F B AEL,
P e R i S8, — Bl P =L/2 -1,N
T A A AR e, By AWAFE e, S T7
FRBETA G AR TR X N ¢, =1, MR G
U T REXS B ¢y =25¢, S5 BUE T3 BEAH SC 1Y)
FR, KGR ¢, =8, BURE FEIY ¢, = 16. 1M H., JiE
JZF-THT I8 e WIS R SR AT LR 3K eR Rl e
A M IR R 3 AR A A5 A ORTE RS B 5 U A
FHE B RTHE T REas 4R M T 3

5 SIE KA, 7 VSIE f9 MLFMA R fig v,
THAKE R AR IS 2 & 1 T SR A AR T R BT 1) 8]
A7 75 2R N AE B 5L SE-MLFMA J7 i 78
A FH B R AR 7 AT A AE AR R A I, A SC
B8 7 B il 7 W7 T ek B O 9 TR S
MLEMA U3 75 A8 19 3F 55 8 28, VSIE 5 T
RAEME L QAR T4 4 MLFMA 1 RWG 5
SWG o 30" 36 F A Sk /8 S 9 4y A5
KR T BT =M/ AR R 4y 4108 X ook
JEW R S G ik A, TS RE A 3

P

1) Jrim A A it — 2 TR 2 2N, (P +1)
(P +2)c,B. JLi}, J5 o] B W) N FETH FEAL S5 = M B
55001 R A A N, BE TS A Rk R A
SRS QA 5 SO0 i s el N G < % A O [
B /N T N BT Y YA R RO BE AR

2) Jy i B it N RS SIE AL 56 X T
R 5i 11 SE-MLFMA IR 5 37 FL43 J5 & v 5 1) 11 A7
fith B T SR 2 LI LAY R A 2 % T GF ek R 5
PN, DAL AR AS [ 2 BB 4 O AR 1% T 1) T Y
£7 & 58 4 H ).

3) SRR TR B Oy Tk Gibbs B LI
FARIG /NG P AE A% 5231 < LY SE-MLFMA
LR AL L 78 B R WOS FRAEA AR AR R R HEAT
MIKZET M EMREG S KT EETALIRRT
56 . RLIHG, A2 G8 B8 1k vh ) ] R BCRS EEAE B A
br 3R G ARAR R T HEAT IR e TG T e
P, MLFMA 19 T A b 88 34 0] 76 B A bs R R 58
B, R 25 7 AR bR 2R (8] 22 O 40 20 B s 1 it
TR
2.2 WREEAR

KL BEHI ) VSIE #5728 MLFMA & ik 5
BEAGRIEWM ZI =V By RAVZ My 4, Hoh , Z
NAETT ST B TAE R, V il & B T R sk
) R TT 72 % . MLEMA SR 22 4% 25 5K %
AN TT REAH O S BE i R Z 1 2% 1 BT Tk
SE.H VSIE XN Z 56 SRR 2, B 8%
ARR A 1 WAL S0 B — e 1, 3 AT g s B Uk
S O PRI SR Ak B R 3 i) R ) 5
PES R m i AR A RGERZ —.

oAb B A AR 35 B A R

MZI=MV (3)
{ZMy:V (4)

I1=My

Kb M AR R 5y S B A b Ia) ) . B
RVE RGN AR MZ 5 ZM Sk desE . AR, #
M g Z7 ) — AR SR, B R G A (e T
AT B KRR 3. (HJ2, X T MLFMA 1fii 5,
TACH L XG5 Z,,,, 0% 0 i, PR

FEXS VSIE BYSR b, AR SCR AT T 2 AR R #Y
Ak BB R M R M M, B A 58 & LU ) iR
(Incomplete Low-Up, ILU) 4 % 1 # & T {0 35
(Sparse Approximate Inverse,SAT) J5 k.
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2.2.1 ILU A EHE K

ILU fiikh 34 35 5 7 A 0 Z,, 80K 58 4
LU 53 fift SR 5 ¥ AR AEHE B MO 3ROR R

M~ (LU) '=U'L™' (5)

KL MU RN T =MAME =M% BT
L5 U R B7EM, H it ILU 5287 F Rt
TRk B SRy TR P A AR S i R RE  AE
17 TLU 3 fiff I A B8 45 3 — 2L U R . LA & 7 3R
W AR ], B R B TLU 100 Ak B 5 30 TG 3 78 A 58
SR WAL TLU (0) | 22 )23 30 38 1 58 42 40 fil T ik
FILU (k) (k ISR OBUTTHEAS 58 4 43 fif 1 ik
P TLUT( Threshold ILU) .4 ¥ 3 70 % =X (1) ILUTP
(ILUT with Pivot) Z. H v, ff F ILUT 5 ILUTP
B B R R B2 AT 8 15 0N A7 T AT 4 A
POARICIEFE T X 2 AL FEE R inE VSTE [y
MLEMA SR fi. i i) 1158 45 B R WY, X T of 45 41
TEE 1R K &% [ 5 | ()5 B[] 3, ILUT J¢ TLUTP W] L)
TSR AREI P LS ¢ S

SR, TLU B AR B B B E. T H A
S5 R B, TLU 330 2% 12 04 43 M B 3k AROR i 1 2
PIXMELATFAT . AR, O 7 E X A 3T 2K
SERSEA LU 43k (ILUM) $EAT T 480, H AR L
ABEFE. X BR G T T3y i Al 7 ek, AR AE
SRR RS FL R S ) R, TLU T30 Ak 38k T
SN
2.2.2 SAI A EHE K

SAT i b B ) e A B AR 3 g R AR B
MM Z 1 Frobenius 3 5 55 /N b 7] 85UH4) 38 i 45 1
FEBE M, DU A5 0 M5 HE B Z ) e R R R
FIREIE LSS T A5 B 1. TRE B My i A7
B, L SAT 2 i =0 i b 3 4 R MLFMA
— W H Z,., Rt M R, L Frobenius 15 0 %
/N TR) BRI LA 43 if SRy 2 R R SR 1 45 91 1]t ) e

JIN 3R]

N
min|1 -2, M= e, - Z,,m]; (6)
k=1

Xrbee, T my 53 50 0 500 RE B T 5 990 2% I
M )55 k B JCE ) 5 1) B AR A HL S
(4 m, AT LA HpOR i, DL SAT B 1R HAT R
SRIFATHE. PR IR R b O TR E IS b A i
AN F L, W oR A Z,, B4 B Z, Tl
QR i A5 Wik J, AHFE Z,,, 05 kA7 AR
£ NISEIRER IV AINE e

Jo=1j"z(k,j) #0,j=1,2,-- N} (7)
A BN G TR 1, 2R T, BIxss L 4 4% 31
FEETLRMITSHES !

I, = {i"z(i,j) #0,jeJ,i=1,2, ,N|
(8)

b T g T XX TAE RN m,, Z,,, T B
AVCHAHN I THEE Z, =Z(1,, ). BR, 8 Z,,,
FEGE R B, X Z, 9EAT QR r R p A RO
o(1)&E%.

SR, G2 (6) AT, M3 MO S5 AT N
U /N Z et 05, X T B0 T RIS FH 46 el [ R 4
T M PFEI ARORAR “ 18 K7 TR, AR SO B Oy
P4 SAL 5 MLFMA (145 240 7 X 45 &k k.
MLEMA [ 55RT 81, A & 2 18] 19 A B AR A
P —— R IO, T 2 i e R R Y & ok
73 A EAR L X, BN R E T TR A Y
JITAT 2R R FH A IV 19 30 3 0 3R RS 7 (TR
JCRMYALE ) & —Fm. flan, R 6 hHE— K2
A2 &1 AL 0 BT A AR AU S 1S X
THH ke G,Z,, W4 Z, AR KL, X
THA ke G AUTHHAT—K QR 7 B il SR 45 B
A omy. AL & MO IR K A 1 d5 /) 3 )
FEREN N gy (N oy WIRZAEE ETHLA) T
Ny <N, B M4 385 I [78) 75 DA RAY T B, 2%
ESYN /S

o B A8 A S, SAT X F 4 P 1 A i B B IR
HRRURR. X T A A A AR A A5 R A 0 L A
HpA o AR TR, XM SRR T Z,,, W
B FR RE AR O, RO SR AT T 5 MLEMA #4545
F9 SAT A8 3 0045 11 R [F M, AR It % e LA 22
. A R IR TLUT 38 2% 1 2 AL Y & 5 3 s, 0 i
A FRSCRAAE RATIr 0. B4, BEE DT B HAri R
SRR RS 2, 0 R R Z G Lk
W AR AT O B2 | 33X T A T2 R R R 4 8 B
PR IR) AT, 30 5 B o A M K T A1 MO AR
W RS SR 22 i .
2.3 FITUHEHRAR

VSIE f5R fige i 72 vb BB 05 FCR 1) 45 B H
P v, ROST (8 384 hm T il ~F- O G K, X T R
BB )L, o A 8 1530 3 88 8 AR S AN T 4 2 Y.
AT AR R4 S O L R R TR
— R L A, X — HOR B 245 3 [ A
SEFI IR e ok A B R 4k 5 1Y
HL A7 LI BRI A 1 2 R B AR SCHR
T —FB 4 G R Y 2 B LA KBRS 2 R
AT TR RL IR & IR A7 1 B0 AR b 25 5
THTIHZ NG K OpenMP 1748180 15 J
F & & % 8 B B JG ( Vector Arithmetic Logic
Unit, VALU) #8745 5 Jin sk £ R P A . 5
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¥ F GPU ( Graphic Processing Unit) [ i 3
ARG, VALU i £ R R AT 2 A B ik
#.Om T VALU {2 CPU i — P JEA 5T,
IHG AN 5 S S A A R Al S A7 5 T AL AR e 1
sl ; @B T VALU s AR i #2 y Hot 5
HEE — JE LA R HOR I bR, T R AR A 45 18 TF
ANidE T GPU .

DU R Ff e e e = AR T S LR A
TN IR A AT EOR 3 VSIE 1) MLEMA 3K
i LA SRR AR
2.3.1 OpenMP 34742 5% it P o £ 42 9] 4

MLEMA 5332 i 52 B v, de 48 I Y P A4S 35 53
R I 3 W SE 7 5 HE B ] 4 AH 3R (Matrix-Vector
Product, MVP) . §if — &8 73 1 OpenMP 17 5Z # +
SyTE R, BRI T Guided SIS 1Y) OpenMP i
A W FH B AR 7 04 d5c S0 G PR B AT 4R 45 BAF 1Y IR AT
ROR i MVP 573 4035 WA o 72 < 3T 37 40 B AR ]
(Near-Field Interaction, NFI) 5 it 37 4 & /€
(Far-Field Interaction,FFT).

Horp FRLGE G 3 AP SRS AR Fe R
ST BN B AR R AR B =
PEI A & T 18 36 (Father Box, FB) (1 & T i ¥
(Son Box, SB) LI A 3F i 3 & ¥F ( Plane Wave,
PW) . {5t i A7 727 b, 4% B FB-SB-PW 1) BRI 7
Bt B AU K 2 B A5 5 Y AT 2803, SR T T A7
PR A ¥ OpenMP 1454 B 42 0 31 fe b 1Y
FB 36 b, B AR S B AT, A& T HH &
HERE, 2 A R A& TEHHEH D TLR
R DL, 3 B4 4 1] 114 00 2808 A UM LA 3k 3]
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AR FAE, M2 B R 2RO EE
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S HCHE R B TR R Z S TR BR A D f A
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TG PR D SR A AE — N S )R ) O R R SR
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XF 5%, T HAT Y CPU R0 92 77 v 32 i 25080
ANHCH 4 B AR VALU A7, Nt , #52
ST B — Y BN HANE 4 WU
B, VALU (i o 1 R 23 K52 52 . 33 75 227
BT 1 S 'S TAERS A7 405 IR R, )Rt
¥ BES N VALU Jin w45 AR 347 1550 1) Bl Al 1) 56
— Y AN 4 PR

540, VALU B0 HORE & X 805 S2 Bk 17
i B AT MLEMA iz 80 g 5 FH 0 &2 50 il
SEANE . UL, 1 e B A 1 S8
i BT A S BOE . SRR R 4 A
Ivi) o 2 700 1) B0 (S B 8 00 e A4 o 0
HIE 2 [ Bt i A B VALU 1 28 5 /) — A~ 120 8
WIS 4 AT 25 5 S LUBCHE 3 i T =X TR st i s
T EAR SR  3X 4 A B 0 AR AT Y R TR 28 7
(328 S A R N VALU 3EA7 i 2.

3 HEEREDN

AT 2R VPR A BB 539 R B kb 3 Bk Y O
S ERCR. o 1A AL L T Intel Visual
FORTRAN V- 405 , 36 HLR J 138 PC LT i
S HECEKF IR 1 K.

1 HEFEmMEKTE

Table 1 Configuration level of computing platform

K3 B Rl KK 5

Fig.3 Radome-enclosed microstrip patch antenna array

K2 ARERZENSH

Table 2 Parameters of A-type sandwiched radome

=314 AR HL R AR PR IEY] JEEJE /mm
EJ ! 4.0 0.02 0.6
Je itk 2 1.07 0.002 8.8
53 4.0 0.02 0.6

CPU 2 Bk AR BiERS

Intel Core™

i5-4570 @3.2 GHz

4 DDR3 16 GB Windows7 Ultimate x64

T38RI AR E B IR ATRICR SOOI

e
S=T/T, (9)

KT R ERATRERIF (serial) PUAT B[] 5 T, Sy 347
)7 (OpenMP) $h AT B[], Fir 4G %508 58 9] 35 2Rk
HJH B GMRES SR fiff a 1 47 5K M, Hovb 8 8 8L
k1 100, I S50KS 4 0..001.
3.1 HR&HES

WA Je 2 O K R B R G T A R
9 10.3 GHz , BRIV 3 (a) s, A 2 REE
KF yOz TXFR, K2 A H T REELZEMA
RSB RERES 4 A E 3 () iR B 7B 1)
PO W BT A, 4 A W R 5 T 43 ) A A
PR x Ay Al L O B AR AR S 50 mm, AR
I HUHE R 2.55. FESNE 43 B A5 ) = MBS 80
23 300, P4 [ & A% 20 656, S K A i R
82352 KL B HI73 Fris = ML E0h 45 824.

K4 25 5 1 43 00 4% 8 MLEMA (conv. ) &5
SE-MLFMA (se) 8.k 45 & ILU i &b B 47 R 45 5]
B AS TR) A B A 3R S 11 1 0 B A H A, A S AR
FESyHEA Ry 20, Horp % T SE-MLFMA |, P 1) BU{H
2. NE 4 Ha] LLF ), SE-MLFMA 5 1% 4t
MLFMA AH HRS B2 B A R B, {3 58 2 0] DL 2
TREFER. T, K 4 hdgh i T4 P =3
SE-MLFMA /) {5 H 25 $, ol DL & H, i &
SE-MLFMA 51 % MLFMA ()45 BL45 5 & BEw 4
ps il NN I ) | BT AR Byl o RS R AR o N
F 3 ex] fran, Horh se2 il se3 43 HIXF R P =2
P =3.

B4 ORTRIAH A B TR o 100 1 2 o R AR 1k
Fig.4 Variation of receiving voltage at port 1

changing with different incidence angles
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Table 3 Total solving time, parallel ratio and

pattern memory cost of simulations

; JSNin NIV, J7 1w} [ [E3(E0
s % V oy TP S
s PMTE/MB  TE/MB
Serial&conv. 2995
1.72 21.55 6049
OpenMP&conv. 1743
Serial&se2 2860
exl 1.71 8.07 6036
OpenMP&se2 1672
Serial&se3 2951
1.71 13.40 6041
OpenMP&se3 1724
Serial&se 66 647
ex21 3.62 60.61 4978
OpenMP&se 18389
Serial&se 81968
ex22 3.59

OpenMP&se 22860

MFE 3 A LLFE Y, SE-MLEMA (1) 77 [5] 8
FHEAURAL 58 MLEMA (1) 37. 4% 1 & 0 3155
A [] AR5 33 g i 4% SE-MLFMA 75 [ IE A% 2
S AR R ETR T, KRR R AR T 05 EC A A O
AR . 53 A6, ) b B 5 10 O A7 o Ee AN
1.7, 31X & TLU f0 AL BEOR AT I 47 i S 80 i e vl
UL, TLU F8 b 3 4 AR X 947 B8 1 m] 47 8 1k A 4
FBR .

3.2 FEXRZEMEKRAEE

1604 /2 357 B - TG 20 R 4 B, TR A %
h16.5 GHz. KRBy > Y | BE B 4y B R 48 I
GIRIRIANE S .

5 e BB AR A 1) B 49 375 mm, J5 4 1] #E
9 21.25 mm, AR A BAE 750 mm [ HUAH 4
] 28 B4 371 ) 43 T 45 1 = f T2 A S0k 330383, &
R LS B 483 724 5 R AR B 4y BT A = B
ANHCH 803 556. Hor EEER 1A T R K2 BLAMNE Ny

D

2 +y2:(ﬂ)2<y _ oy (10)

IS 1604 A~ HLIG A B8 OK 2k [ 1A R 45 4
Fig.5 Structure of a radome enclosed antenna array

model with 1604 elements

AP BERIRW EAR D 5 E LR 750 mm, &
Boo=1.8;x.y Rl z 530508 3 475 ) i RUBEE.

N SE-MLFMA Jf- %5 45 SATL Tl 2% 14 43 5 %
AN ER A IS B 5 0 BE S  R 2 B i AT 0 B, A5
242 0 7 ) B B 6 R, o HE R
0.25°. )NE 6 i nl LUE Y, 97 1 55 T 58 B 1) 42
W 5 1o P AH 25 R K, 38 B BT R T I R 4R B LA 3R
VAR R =M<k g =N I 1 B s = G
[ N A7 5 SR A3 N2 3 Py ex21 (IRS7BF) L ex22
(IR Fr . INFE 3 0 LA Y, i B2 A e K 2R
[l IS N = N 1 B~ R 17 N N o 1
IE/MSI + MLEMA B JE ) R REAIR T R 2k B0 R 4%
B AR R AN, TR T R IR
SAT FALFREE A, 555 3.1 45 vh i & 9 AH 1 I 47
FEIF I A T R IE 4 T, 355 T 3. 6. X Bt #
SAT Wb #E AR B A R 4F 9 047 00, J 38 A
FH KRS AR5 BT 5

6 AT FE 5 O 6 K

Fig. 6 Receiving pattern of dipole array
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BRI, SEE T X R RS RE-RE RS
F PR | R B, OF B RAF R R R

3) HAKBFE Y 405 J7 i, X T SE-MLFMA
IR, M P =2 B E &5 e TR K,
FHEL T ILU, SAT 1 &b PR B AR B AT BAF 0 IR 17 5%
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Fast electromagnetic simulation of characteristics of
radome-antenna system in receiving mode
HE Mang® , LIU Jinbo, WANG Binbin, XU Xiaowen, ZHANG Chuanfang, SUN Houjun

(School of Electronics and Information, Beijing Institute of Technology, Beijing 100081, China)

Abstract: An efficient hybrid approach, which combines the full-wave and high-frequency method,
i. e., the multilevel fast multipole algorithm ( MLFMA) based volume-surface integral equation ( VSIE) and
the modified surface integration ( MSI) method, was proposed to analyze the electromagnetic characteristics of
the electrically large radome-antenna system in receiving mode. The MSI method determined the transmitted
field distributions through the radome firstly and treated the fields as the excited source of the antennas, and
then the MLFMA accelerated VSIE solver was used to analyze the antennas accurately. The method employed
spherical harmonic expansion, preconditioner and hybrid parallel techniques to further improve the calculation
efficiency of the algorithm. This new IE/MSI + MLFMA method has reasonable accuracy and dramatically
reduces the computational time and improves the efficiency when compared to the conventional full-wave nu-
merical methods, and produces fast and efficient simulation of electrically large antenna-radome system.

Key words: radome-antenna system; volume-surface integral equation ( VSIE); surface integration;

multilevel fast multipole algorithm ( MLFMA) ; spherical harmonic expansion; parallel computing
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Characteristics of hexapolarized MIMO channel in two-mirror channel
PIAO Dazhi® , CHEN Peng

( College of Information Engineering, Communication University of China, Beijing 100024, China)

Abstract: To study the effect of multipath richness in the two-mirror channel on the characteristics of the
hexapolarized multiple-input multiple-output (HPMIMO) channel, a co-located and orthogonal dual-polarized
antenna was designed, composed of an electric dipole and an electric loop working at 28 GHz, based on which
a virtual HPMIMO antenna was constructed. From the computation results, it is seen that with the reduction of
the angle between the two reflection planes, the richness of the multipath increases gradually, and the capacity
gain of the HPMIMO channel over the single-polarized channel gets large correspondingly, which can achieve
2.47 -5.10. If the angle between the two planes is 0°, the capacity of the HPMIMO in the two-mirror chan-
nel is larger than that in the free space (FS) and other channel with little multipath by 30% -45% . Further-
more, in both of the FS channel and the two-mirror channel, the HPMIMO channel matrix can obtain 6 non-
zero eigenvalues, but some of them are very small and may approach zero if the multipath are not sufficiently
rich. Thus, in order to get a high multiplexing and diversity gain, the multi-polarized MIMO antenna should
be used in a rich multipath environment.

Key words: polarized ; multiple-input multiple-output ( MIMO) ; channel capacity; eigenvalue; two-mir-

ror channel
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Optimum design of calibration device for field mill type electric field
sensor based on finite element method

CUI Yong*', YUAN Haiwen', ZHAO Luxing’, HU Duo’

(1. School of Automation Science and Electrical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China;
2. High Voltage Department, China Electric Power Research Institute, Beijing 100192, China;

3. Maintenance Branch, State Grid Shanxi Electric Power Company, Taiyuan 030000, China)

Abstract: Field mill type electric field sensors are widely used to measure the total electric field at
ground level under the high voltage direct current (HVDC) transmission lines. The size of the traditional cali-
bration device is extremely large and it is not very convenient to move for outdoor measurement usage. To over-
come this disadvantage, a new kind of reduced scale calibration device with preferable portability was elabora-
ted applied in measurement of the total electric field at ground level under the high voltage direct current trans-
mission lines. The finite element analysis method was employed to establish the three dimensional model of the
electric field sensor calibration device. The numerical simulation analysis based on the finite element method
was made with the respect to the dimension and structure and other key parameters for the portable calibration
device. The structure parameter of the calibration device was optimally designed based on the simulation
result. In addition, the reduced-scale portable calibration device was compared with the traditional calibration
device by experiments. Based on the experimental and the simulation results, the proposed portable device
demonstrates that it can accomplish the accurate and flexible demands of the electric field calibration.

Key words: HVDC power transmission; field mill type electric field sensors; calibration device; finite

element analysis; electric field measurement
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Thermal aware floor planning timing optimal method for buffer insertion
WANG Xinsheng', HAN Liang"', YU Mingyan®

(1. Shool of Information and Electrical Engineering, Harbin Institute of Technology, Weihai 264209, China;
2. Ningbo Institute of Technology, Zhejiang University, Ningbo 315100, China)

Abstract: With the integration degree of integrated circuit (IC) is increasingly high, the heat on a chip
is also growing, which leads to an uneven temperature distribution intra-die and affects the propagation delay
of the critical path thereby affecting the performance of buffer insertion path. A buffer insertion timing optimi-
zation method which considered the heat distribution condition optimization floor-planning was proposed. It es-
timates the temperature and heat distribution of chip in the early stages of layout design and is applied to layout
optimization floor-planning. The thermal aware floor planning based on simulated annealing algorithm was used
to adjust and optimize planning, and then we made an optimization for timing by proposed buffer insertion
model and fast buffer insertion algorithm. Simulation results show that the use of the proposed buffer insertion
delay optimization method can effectively reduce the worst delay and the number of buffer insertion, worst de-
lay is 9% - 18% lower than traditional methods, 5% —7% lower than the best method shown in reference,
and the insertion buffer numbers are 10 to 20 less than its.

Key words: very large scale integrated circuit; floor planning; buffer insertion; interconnect; simulated

annealing algorithm
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Fig.6 Simulation results in three kinds of frequency with x =z =1400 mm
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Calibration process of antenna factor

temperature error
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Method for EMC antenna factor temperature error correction

HE Yang', SU Donglin*', LI Yan’, ZHAO Zihua', LIU Hongyi'

(1. School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China;

2. The 2nd Department, 63863 Army, Baicheng 137001, China)

Abstract: In order to reduce the influence of the outfield environmental temperature and improve the
measuring precision of electromagnetic compatibility( EMC) test equipment, a method for antenna factor tem-
perature error correction was presented. Firstly, according to the principle of two antenna calibration with 1 m
distance, the antenna receiving characteristic influenced by temperature control device made by radome mate-
rial under the condition of near field was theoretically deduced. Combined with the simulation analysis and test
results proved that the test error can be controlled in the permitted range by using the temperature control
device. Secondly, on this basis the antenna factor variation with temperature and temperature error correction
surface for typical antenna was obtainedby the actual test. In the end, the method was verified by comparing
the test result uder standard conditions with the test result under the open area test site (OATS) condition.
The results prove that this method can expand the environmental temperature range of use from —40°C to 50C
by antenna factor temperature error correction on the premise of not reducing measurement precision, and suit-
able for the antenna factor temperature error correction in EMC double cone antenna and log periodic antenna
and the double ridged horn antenna, etc.

Key words: electromagnetic compatibility (EMC) ; antenna factor; temperature; correction; calibration
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Improved eigenfilter-based time-domain wideband beamforming
WANG Jianshu, FAN Yangyu" , DU Rui, LYU Guoyun

(School of Electronics and Information, Northwestern Polytechnical University, Xi’an 710129, China)

Abstract: An improved eigenfilter-based wideband beamforming method with frequency invariance and
nulls was proposed. Based on the optimization model formed by maximum energy array cost function and linear
constraints of array response in main great direction, array spatial response variation was integrated into the
cost function to achieve frequency invariance. Two methods, integrating the extended sidelobe energy into cost
function and using linear constraints of array response in the direction of inference, were designed to achieve
nulls, so that two new constraint optimization models were formed, which could be solved by eigenfilter. Simu-
lation results show that frequency invariance and nulls of beam response are achieved at the specified angle
region in the frequency passband, and the gain of the sidelobe is small, the effectiveness and satisfactory
performance of the proposed method are proved.

Key words: wideband beamforming; eigenfilter; frequency invariance; nulls; sidelobe
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Study on current-tuning-induced intensity noise in
resonator integrated optic gyro
ZHI Yinzhou, FENG Lishuang” , WANG Junjie, TANG Yichuang

(School of Instrumentation Science and Opto-to-electronics Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: Resonator integrated optic gyro (RIOG) employing laser diode (LD) is beneficial to miniaturi-
zation developing. However, when the frequency of the LD is tuned by current, accompany intensity noise is
produced. Influence of current-tuning-induced intensity noise on the open-loop RIOG was theoretically analyzed;
linear relationship between frequency locking position and output intensity of the LD was obtained. Subsequent-
ly, method of the intensity noise elimination was proposed based on the frequency locking position. Intensity
fluctuation of the LD was monitored in real time by the frequency locking position. Compensation coefficients
were calculated according to the monitor values, and they were used to compensate the gyro output. Finally,
theoretical model that suppressing the current-tuning-induced intensity noise was set up, and the experiments
were demonstrated, in which the bias stability of the RIOG was improved from 0.768(°)/s to 0.103(°)/s.

Key words: resonator integrated optic gyro ( RIOG); laser diode ( LD); current-tuning; intensity

noise; compensation
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Fig.3 Antenna array design schema
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0° under minimum sidelobe principle



% 10 3

i) I S, 25 B[] A o 0 3l 2 oK D I A AR 8 Kk I A s e A 1845

PSS B f /N T, 10 4 1 45 BL 45
Fig.5 Simulation result at sweep angle of

10° under minimum sidelobe principle
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Antenna array layout optimization of collaborative passive
millimeter-wave imaging system
SHANG Xiaozhou, SUN Peng, HU Anyong~ , MIAO Jungang

(School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract. Based on the advantages of phased array and synthetic aperture imaging method in passive mil-
limeter-wave imaging, a collaborative passive millimeter-wave imaging system was developed for real-time and
high resolution imaging in human security application. In the horizontal orientation, by applying annealing
algorithm, different aperture horn antennas were determined for the improvement of the phased array perform-
ance, which was generally compared with the maximum main beam effective and most smoothable sidelobe lev-
el. In vertical orientation, the synthetic aperture, namely, the sparse antenna array was designed by the crite-
rion of the most uniform redundant baseline, while baseline absence should be avoided. Finally, simulation
results reveal that with the optimized antenna array the requirement of increasing singal-to-noise ratio ( SNR)
in power measurement in the collaborative passive imaging system can be fulfilled.

Key words: synthetic aperture; phased array; array optimization; simulated anneal algorithm; passive

millimeter-wave imaging system
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PIM analysis
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Analysis of electromagnetic multi-scale structure and
non-linear effects

MAO Yuru, XIE Yongjun”

(School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: The microstructures and the electrical contact property may affect the performance of the macro
scale objects, and the passive intermodulation ( PIM) problems cannot be directly calculated by frequency-
domain methods. Firstly, the Floquet’ s theorem combined with the full-wave method was proposed to analyze
the electrical performance of the multi-scale structure with periodic microstructures. Secondly, an equivalent
circuit model of non-linear metallic junctions coupled with full-wave frequency domain method was adopted to
analyze the PIM problems of multi-scale structure. The numerical results show that the method proposed can
evaluate the influence of microstructure on the performance of macrostructure, and eliminate the accumulation
of computational error appeared in the time domain method which is unacceptable in electrically large objects.
non-linear

Key words: multi-scale structure; electrically large objects; periodic microstructures;

effects; Floquet’ s theorem
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Analysis and optimization of active tunable microwave absorber

QI Kainan"®, WANG Yongfeng'*>, HOU Xinyu’, CHEN Junwen *’

(1. School of Information Engineering, Communication University of China, Beijing 100024, China;

2. Science and Technology on Electromagnetic Scattering Laboratory, Beijing 100854, China)

Abstract: In order to improve the limited band of passive radar absorbing materials, an active tunable
microwave absorber was designed based on transmission line theory. The absorber was a planar structure based
upon the topology of a Salisbury screen, but in which the conventional resistive layer was replaced by an active
frequency selective surface (FSS) controlled by PIN diodes. Measured data of reflectivity are presented and
show that the reflectivity response of the absorber can be controlled by changing bias current. When bias cur-
rent changes from 0 to 0.5 mA, the optimal absorbing frequency can be controlled over the frequency band
from 7 GHz to 12. 5 GHz. A double polarization tunable microwave absorber is optimized based on genetic algo-
rithm, simulation results show that the reflectivity response of the absorber can be controlled over the frequency
band from 5.6 GHz to 17. 6 GHz.

Key words: transmission line theory; microwave absorber; frequency selective surface (FSS) ; bias cur-

rent; optimization
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Research on radio coverage generated by antennas in confined space

LI Dawei'>, WANG Junhong*"*, HE Xianshi'’

(1. School of Electronic and Information Engineering, Beijing Jiaotong University, Beijing 100044, China;
2. Key Laboratory of All Optical Network & Advanced Telecommunication Network of Ministry of Education, Beijing 100044, China)

Abstract. Efficient radio wave coverage in confined space is one of the foundation factors to guarantee
quality and reliability of communication which is important for the layout and optimization of the antenna sys-
tem. However, the existing researches rarely consider the effect of the antenna parameters on field coverage in
confined space. The research status and methods of radio wave coverage in confined space, aimed at railway
tunnel, were reviewed. Then the deterministic models for field coverage prediction in the railway tunnel were
adopted which were ray tracing method, modal method and parabolic equation method. By combining these
methods, the effect of the antenna beam width, beam direction and fixed position in the cross section of the
tunnel were analyzed. Then the field coverage characteristics in different regions were analyzed. At last, a
three slopes propagation model was proposed for studying the field coverage characteristics in confined space.
The method and model can provide the theoretical basis and a reference for antenna design and layout optimi-
zation in the tunnels.

Key words: antenna; radio coverage; confined space; ray tracing; modal method; parabolic equation
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Error analysis of equivalence principle algorithm on
different equivalence surfaces

DANG Xunwang1 , LI Maokun™"?, YANG Fan'?, XU Shenhengl‘2

(1. Department of Electronic Engineering, Tsinghua University, Beijing 100084 , China;

2. Tsinghua National Laboratory for Information Science and Technology( TNist) , Beijing 100084, China)

Abstract: Equivalence principle algorithm ( EPA) is a domain decomposition algorithm based on the

Huygens’ equivalence principle to solve large scale scattering problems. The errors of the equivalence princi-

ple operator (EPO) in EPA using cubic, spherical and smooth cubic equivalence surfaces were analyzed to

find the source of errors. The sources of the error were investigated and a simple scheme to improve its accura-

cy was developed. From the numerical examples, it shows that the error of equivalent magnetic current is

mainly concentrated on geometrical discontinuity of the equivalence surface, and affected by both the disconti-

nuity of the normal vector on the equivalence surface and the choice of basis functions. Therefore it is sugges-

ted to choose smooth equivalence surfaces if possible rather than to use cubic ones directly.

Key words: Huygens equivalence principle ; domain decomposition method ; error analysis; computation-

al electromagnetics; RWG basis function
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Aircraft radar stealth test and evaluation technology and progress
XIAO Zhihe "', GAO Chao'*, BAI Yang'?, YUAN Xiaofeng'

(1. Science and Technology on Electromagnetic Scattering Laboratory, Beijing 100854, China;

2. School of Information Engineering, Communication University of China, Beijing 100024, China)

Abstract: Weapon equipment stealth is comprehensive. Stealth performance becomes one of the most
important combat skills. Stealth testing and evaluation is an important indicator and indispensable link to real-
ize the equipment stealth performance, involving stealth equipment from the design verification, design scheme
selection, parts and machine maintenance stealth effect evaluation, maintenance and other life-cycle test.
Aircraft radar stealth performance measurement system was reviewed and the evaluation method, the typical
test range and measurement technology progress at home and abroad were introduced, the latest low scattering
diagnostic test technology was studied and the analysis of electromagnetic characteristics testing technology for
the future development trend was also forecasting.

Key words: radar cross section; stealth aircraft; test and evaluation; low scattering measurement; radar
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gyrotron developed by CPI corporation of USA™!
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[34-35]
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Russia and UK’ based on superconducting magnet,

pulse magnet and coil magnet, respectively
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Several fundamental challenges of millimeter-to-terahertz electron
cyclotron devices

DU Chaohai', LUO Li **, LIU Pukun"'

(1. School of Electronics Engineering and Computer Science, Peking University, Beijing 100871, China;

2. Institute of Electronics, Chinese Academy of Sciences, Beijing 100190, China;

3. School of Electronic, Electrical and Communication Engineering, University of Chinese Academy of Science, Beijing 100049, China)

Abstract. It is always an important tendency of the electronic power devices to explore and develop elec-
tromagnetic radiation sources operating on higher frequency and with higher power capability. The cyclotron
electron device which was developed based on the mechanism of the electron cyclotron maser and with the
excellent advantage of radiating high power in millimeter-to-terahertz range was introduced. It systematically
discussed about the fundamental challenges encountered by the electron cyclotron devices, including the strong
ohmic dissipation problem, the mode competition problem, and the unavoidable dependency on operating with
strong magnetic field. Finally, it was proposed that, on the basis of fully exploring the physical mechanism of
the mode competition, to develop higher order mode circuit and higher harmonic interaction system would be
very helpful to realize the high power, high efficiency and high stability cyclotron electron devices, which is of
important reference for guiding devices development towards terahertz band.

Key words: electron cyclotron maser; gyrotron devices; mode competition; ohmic dissipation; higher

harmonic
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High frequency characteristics for W-band multiple beam
staggered double-vane traveling wave tube amplifier
ZHANG Muwu'?, RUAN Cunjun*’

(1. Institute of Electronics, Chinese Academy of Sciences, Beijing 100190, China;
2. School of Electronic, Electrical and Communication Engineering, University of Chinese Academy of Sciences, Beijing 100049, China;

3. School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: A new micro-structure scheme was proposed by using three parallel pencil beams instead of the
sheet beam for the W-band staggered double vane traveling wave tube amplifier, and detailed analysis and op-
timization were given for the high frequency characteristic with its input/output couplers. The results show that
the structures have a good dispersion characteristic and very broad working bandwidth, the strong component of
longitudinal electric field is very benefit to the interaction and exchange of the energy between the electron
beam and the high frequency field. Keep the diameter of the pencil beam tunnel as the same of the height of
the sheet beam tunnel, the interaction impedance of the structures can achieve 2 — 3 times as high as the sheet
beam scheme to obtain the high interaction efficiency and high output power. In order to match the staggered
double-vane high frequency system, we present a more simple and easy input/output coupler structure. Just
using three periods of transition structures, the input/output structures of the traveling wave tube amplifier can
achieve a low reflection loss below the —20 dB in a broad bandwidth with more suitable application in the
devices later.

Key words: W-band; staggered double-vane; multiple electron beam; traveling wave tube amplifier;

coupler structure
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Neutron single event effects testing and evaluation method for avionics

XUE Haihong', WANG Qunyong’, CHEN Dongmei*?, CHEN Yu’, YANG Hui’, LI Hongjun’
(1. AVIC the First Aircraft Institute, Xi’an 710089, China;
2. Beijing San-talking Testing Engineering Academy, Co. Ltd, Beijing 100089, China)

Abstract: The atmospheric neutron radiation reliability parameters, such as hard failure, hard error and
soft error for avionics neutron single event effect (NSEE) were defined. A set of testing and evaluation method
to demonstrate the avionics NSEE-resistance capability was presented and verified by a case study on some
aircraft satellite navigation receiver NSEE testing and evaluation. The testing and evaluation method included
test stress determination method on ending condition and starting condition, Mg, prediction method, test pro-
cedures, testing and evaluation method, etc. This case study verifies that the NSEE testing and evaluation
method for avionics is practical, operational and effective in the engineering application. The NSEE sensitivity
features of DSP, SRAM and FPGA in aircraft satellite navigation receiver may provide pinpointed technical
support for NSEE mitigation and protection for the related NSEE failure. The theoretical and application foun-
dation is paved for atmospheric neutron single event effects testing and evaluation for avionics in China. In the
meantime, it provides important and valuable reference for the atmospheric NSEE testing and evaluation for
other electronic and information products in China.

Key words: atmospheric neutron single event effect (NSEE); NSEE testing and evaluation method;
M i prediction method; radiation reliability; aircraft satellite navigation receiver; hard failure; hard error;

soft error



20154 10 H
415 10l

tEMEMRKEFFER

Journal of Beijing University of Aeronautics and Astronautics

October 2015
Vol.41 No. 10

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2015. 0030

jbuaa@ buaa. edu. cn

B4 HRAS S5 5 D-S EHR IR B0 AT 25 2 RIS R

£

WA, FoET, F o

j{ﬁ (1. WERss TR R: BRI AN, M6 2640015 2. W75 TR0 FHIFEE, 404 264001)

] B HAMERTFREAKEDH T HAN S RO ERFAEFREHRL, £ T
MEESEHEELAELELHE ARG ES RET — Ao ER S EEE LN HED
Wi 7 . % 07 ik R R OHLEE B 1E R UR 4 ) B 0 BT AR AR A% U R IR 4 90 P B9 mass B 8K, AT 4
Rt B, Zr ke FHEREGE X FETAREREBRER®E G LIRA DI #
CHBFERZENGANESH, BE —MHH N IEEEL R aAN. FELRELNA,Z
HETUAZRHEA DU GEEREERMERE, EMT R TR EHIED W7 A R4 0%

AN
x 8 i
hE4H %S TP181; V24
MEKARIRAS: A

|

Bt A T 2 FL o A 1 S R R R T AR i,
R AL R I 2 AR A 5 S R i L, A A
I T BER Z2 800 1 B — {5 R IR =S W 7 A A
— R BEHATIZ W, b= 2R 2 45 B 45 ab B
A 1, 7212 Wt 1% W S 1k 0 552 P 5 TG L R A7 AE AN
[vi) 2 B 0 e o . ROt , 5 SR ] 2 A R e e kA
Filt 5, R T 2 THI2 W I o

VLA R, 2 5 AE B Rl G H R B TR A
JEN B T A B A R AL B AL R
W4 e R4S 2 AR g AR
THE B RS B S ARG J7 2 s 10 Ak B
h R HHE B R BRI A R o BOHE A AE DG S5 7
). ZEAN R B ZE 7 ) b B N A2 4R T 2 A
fill G Bk, G P A 5 ORI 4 B L DL ST A T R R
S JE P LB 5 D-S ( Dempster-Shafer ) JiF 44 #18 |
DSmT( Dezert-Smarandache ¥ ¢ ) | i HL & DL I 3
TN TR R0 7 55 HAv, B /55 24 fil

WAL, MRS D-SiEHEE R, w RIS ; KED W

N EHS: 1001-5965(2015)10-1902-08

A0S R AL T DL £ R I
JH B A 15 S8 B 5 3 B0 B 5 D 1)

TE15 B A Bk b RS 45 F136 T LA A0
Y SE AR 58 % B HEAT AL B, H R B T
AR DL T B S W A A LR T AT
A 56 56 I, 38 i 0 4R A B (9 R AT A0 6 & |
T3 B TUAR R M, 52 B RO 4 2 5 A B T S
24 SR A S LR 4R BRE B A% 0, R K R IF 5T TR 4%
FCRIF, SCHR[7-10 1 45t T AR RV BCHE 450 T i £
ol e 1 24 7 B A R Sl — BEIT ST DAY, e A 4
R B b T RO R 5 A B v 0 45 4
FEATS 2 VE Ay ML B 45 B30 B 50 1) 7 4. 76 8218 i
JSE e LR B 22 T A 7 1 RO 1 i e 2
FRY R S5 5 2R, T 26 4 A I A AT e A Ak B i
JE ST Z B SCHR [ 11-13 )4 HURE S5 5 i 28 1
R LEL WD T A B AR, B T R I 4
{9 I 53 35 5 SCHR [ 14 ] 7 3 < 435 il L (SVMD) 0o

Wi EE: 2015-01-15; FAHHA: 2015-04-17; M4 HARATE: 2015-06-24 16 .46
P 4% 4 AR b 3k : www. enki. net/kems/detail/11.2625. V.20150624. 1646. 008. html

TEHE BN IMVERB(1986—) , 55 Il AR A A, i858 24k , ben_phoenix@ 163. com
= BIAEE : 2 30HE (1969—) , 5, INAR LM, B4z, ythylwh@ vip. 163. com. en, FBEAF5E J5 [0] 2 S 44 2 4 il B 2 i

Sl IMFERE, TXiE, FXIWE BAEMBEESDS FFEELHMELEXELH[I]. AFMEMKXAFFR, 2015,41(10) :
1902-1909. Sun W C, Li W H, Li W F. Avionic devices fault diagnosis based on fusion method of rough set and D-S theory [J] ].
Journal of Beijing University of Aeronautics and Astronautics , 2015, 41 (10 ) ; 1902- 1909 (in Chinese ).


Administrator
全文下载

http://www.cnki.net/kcms/detail/11.2625.V.20150624.1646.008.html

% 10 3

PMEHE S5 B EORLBE SR 5 D-S JIE4 B i A 25 5 A 12 1903

ZeMURE B Ak LR (9 B8 4T 23 28 5 SCRR[ 1S ] PKE
FELRE 15 K €00 BHLTE R 245 412 1R 1) 58 250 Xl o i
Ay T . R RS S 55 B0 BEE DL K 2 B O A 5 1 A
455 N HIAE AN FEEA

D-S JiE 4 BIE VE Pl 5K G A B il 5 0k
HAXAHERBFR R SHEHNRES 2
J DR SR I BB R A5 2 T2 B BT O T e R
FEAE PSSR 18], RS 00 SE i 2108 Y Bt o 7
AW HEAT , R TP T, 8 5 R S ER
(19 43 2 2k 24 000 39 A7 etk LA B gt
A% UEH AU (9 15 X UE R A B AT AR i
B2 Wi 1 o —Fh 2 @ PR P S TR) AL, 2 D-S IR 4 B
WA F2 R 5 ) 22— SCHR [ 20 8 K T4 42
R IR B2 I 5 AR IS0 X Ik 4 BE AT 8 1E, ST
TR (21 ] 76 8 B 12 W ok R v 38 0o ) 3IE 4 A R 47
By 2548 TEA5 3 B S RS B AY 25 5% 5 T BE R LAY 2
D-S i 46 G 5 H Al 5 12 B K A BT, R RS 4R
ANTR] B2, E 4 B TR L R R T2 W SR Rl
SCHR[22 ] 4 i 2 19 45 1) a1 A O Ik 308 2R A7 65 B
X R AL RS 0 AT 12 W5 SCHR[ 23 ] )1 SVM 4
Oyt KT 2 A0 K4 M 4 R ] D-S ik 4 B
TEHEAT A B SCRR[ 24 ] 78 X e e LRI 47 I itk
B2 W I PN T A 5 T 12 0l o Bl AT SR
G IR A 5 BN £E 0 I 2 3 B4 T IR

F T2 L 2 02 W A b R 4R B 1 22 U5
R BAFTETOAR LA B AR BRI A7AE vh 58, 2% 18 21 A RS
BEAE SR IBOCHEE B 54 BB TE vh R AR R AL B 7
TET PR DI 38, AR SCHR Hh — Fif o A9 3 OB 5 Uk 4l B
WY HCR2 B 5 vk )RR 45 4 2 i 12 I &
G, 9 /0N I P 2 505 R TR 3 B e 3o 24 i I 180 3
SERPEAT RS . X T b SIS A9 AL B, 7 2 S B
RELRE 0%, A D iR R 41 HE 2 — b 3 B¢ R RS 2 1457
7 OMHIE S BEAT 8 IE, B H — RO B wh SR 4
LI, A TR T T 552 B 112 Wy i B v

1 HESHRRER

1.1 ETHEREHHELE
ARBHAS={UAV IFRR—TEERLE.
Ho U RTX RS A RES A N EER
A RES,VAEEREE, U xA-V E
SR NG — DX RN e BT — 1
fi

=

TEFERGE S = {UAV fIH, BA TR T

FEBCAWRET — DA FHRR I(B).
MPEERGE S =1UA V[ A EPEE T L

Yoy J AR C RSB ESE D, A = CU

D H CUD# &, WiZf5 B REYFE N — 1 kR

WK ARG L=1{U,CU {d},V,flH, 4% RC
C i

1) Pyypy (1d]) =Py (1d1).

2) AAFAE re ROERE Py, (1d)) =
Pyry (1d}) IR

WFR R g 26 1FJE M4 C AIXE T Ik 38 4 d
LT, T Bk C AR 2

TERRARGE L=1U,CU {d],V,fI o, T
YaeCXB x, TEIRIE a b1 JEPEETHR N

‘fa(xi) ‘
X. = 1
P[fa( l)] “7{1‘ (D)

X f, () [ R R RET 58
Vi a 3 - BN £, (x,) B TR B X 424 %
|V, [ des R B o B A T SR 1k o B 1
WUE A f, Cc,) BRSO 1 % 52 A4S
1.2 EFIEEERHHRBE

TE D-S SEHE BEIE o, % T — A 0 e 5 B A
WA RMERESH 6 Fmk. BIRIESR 0 =
10,,0,,,0, 1. Hrp o, FROHHRMEL 6 1 —14
TGE N HITEANRi=1,2,- N

TEHFHAESR O T, BEAE AF 43 ic bR B0 AR
27 #2[0,1 XA A BLE, G FRHAHELSE 0 /Y
fT—F4, it 6CO,FiE:m(2) =0 H
Y m(6)=1. K, Y m(6) R G HyHA

{5 A 53 T bR EK, i A mass pRE, 3R R IEHE X G
PR X TAE—F 4% 6, HEAH m(G) >0,
MF G hETT.

D-S G IE T LR ARy, B R E S 0
THPAESE E, FE, , HCA N 3 A fE AT 20 T
BRECH m, Rl m, , fE5C5r B A, A B, D-S &
FCHE ) Ay

2 m, (A,)m,(B,)

A;NB;=A

A A# D
0 A=
ﬁEPZK: 2 m](Al)mz(B,),E&Hy%m%ﬁE*E

4,0B;=2

Z [B) Y i S

2 MERTFREWUEZEHAIE

2.1 ETFHRAEBHRREZEITEH

RURE SR 1T LR A B A B %E Pk 47 A 8k %)
I R R AN R P T T T R S L —
K F IR B TIOnR AR HT A AR B T



1904 E (A7 = S - I

2015 4¢

AHXT T3 AR 23 (8] 7 20 TE A0 AN A o, 3 b A B
PEATE T REU A 8 > 220 1) o) — JRL R ok BT 45 Y O
BL 2z T] (R R A 300 A, i S A AR ) R R ASE A, AL S
LTI ACHURE B2 R S B . O T iR — R Y
AN R AR SCAE 25 0 DL T R TR A i
b i SORLRE A 0 AR

EX1 SHE—-1THRERGE L=1{U,CU
{di BB XCU,REZ U EWFEM LR, E LW

T4 RX

UlTxl,nX# @1 Hd, RX fIRX 5515 K X
KT RO TFIEMMEERL & XLES B, (X) =
RX - RX FRN X (9 R 1 5558,

EX2 XMTIRERFZ L={U,CUid}}
A& XCU,YCU,RCC. iR R g U 69431
HUR={X, X, X, IR Mg U i
ok U/tdl = 1Y, Y, -, Y, [ Ry, =
d”' (fo, ) = the Uid(k) =v, b, b o, IR
JE A, U5 SGIR B U FE U R R (¥ % 43 X F ok
K Y, RHEH I N B, (V) = RY, - RY..

EX3 FERRRG L={U,CUld]|h, &
SCHVE R 4301 SRS 995

={xeU|[x],SX|,RX={xe

E,(R) =
8,
> \U\ [0 ] - Z\m X
(2)
Khr, = |V |/|U|,r, BEMBY WERS U

ML I

5 MR A 52 524 SR 7L 5 1 T R 4
SR R 1 9 4L S A 0 A R
ey 3 el
TR G A fE R AT TS
S e

7 1R R T?:ﬁ%ﬁd@lﬁﬂ’]fﬁﬁﬂz@

EFE1 4HE-RKERGE L=1U,CU{dl},
E£HXCUPRIQZEU LMEMKR, A I(P)C
10Q) , WA E,(P)<E,(Q).

T2 2 T3 W 300 SRR R R Y S R AR
R FRGE AN M I — B T B, B SR AN 25 R
GYEAR 3R GRS E RN R N

FEUEPAE 1, e R 5 1.

BIEB1 MUK RG L={U,CU{d] |, EHK

Ib|y|| &k

XCU,PH QU FEMEMER, UM} =1Y,,
Yy, Y . & IT(P)CI(Q), WA B, (Y,)C
B,IQ(YI.).

iEBR  JEiEW] PY,2QY,,PY,.CQY..

T Vae QY M [x],CY, T I(P)C
I(Q),ET[J[x]PQ[x]O,[x]PQY“ﬁerYL.,E//I
PY,2QY.

MEFVee PY, W [x],NY, #T, HTF
[x],Clx],, B[], NY, %D, xe QV,, i
PY.CQY.

RBYLR(YL‘) =EYL‘_BYUFJ?U‘BW(YL')Q
B, (Y). E B

THUEAH EHE 1.

iER éElenrJEﬂﬁﬂ

B4 E(R) = Y o | o]
-3 \ ”b\x\
f'ﬁllEEHEB(P)<EB(Q),E§(P)<E2(Q)-

! b
Ey(P) - Ex(Q) = X, UU

B & B,(Y) C B,(Y), A
|B,(Y)|< |B,,(Y,) |, HE,(P) < E,(Q).

X, CU/I(P),X! CU/MIQ).

T Va e X, BAEE X A v e X7,
PAESPHIE

it D [x7 [ x7[< X [x7[1b]x{ |

HE,(P)<EL(Q).

E,(R) =E, (R) +E, (R),# E, (P) <
E,(Q). iE EE

MR1 FERRRZE L={U,CUld| |,
Ui e £l 8, B X, = {x],1 <)<
|UIiE,E,(R) =0.

EL(R) =

LB, (Y) | -

1B, (YD ]

ME2 fERIERS L= 1U.CUld] |t
FAE R 0GR R, KL R R 0 <
E<R>\(2 v +1)1b\U\

M D- SﬁETEIEE S e TR R 5 Bl A
W B, 24 7 25 L o 0 J PR AR S e EAT RS T
e M B TR SR R PR AR O R Wi A X T 4
R AR, D o o AR B A C . T AL
SR M ) P O R R A P A A, o B R
W 2% J 7 24 7 445 SR 10 R ] 43 B 56 & b T Ak 1) A
FH, VARG P i 23 JE O  Te SR 28 1 — Bk



% 10 3

PMEHE S5 B EORLBE SR 5 D-S JIE4 B i A 25 5 A 12 1905

I 72 SCHR) 320 KR 1 U T DAAR G b A 30T 5
W THNA . fERLF g frp, Lt — g8 e
23 S BGH OB IR 9 3G I, PR, AR SOR 3 L
B 0 1 1 SO Jm M P R
EX 4 HE-PRERG L={U,CU
{di} ,Re C,% T YaeR, @M a By HEHE
&
s(a) =E,(R\lal) - E,(R) (3)
b T SR TR SR R e I — e Ak B S
ST DAAS B J P A A A
w(a) =s(a)/%s(x} (4)

2.2 BETFRREEZEMHRIEFEEH T &

AR ST X QAT A T 25 FL 12 4 B IR 12 B 7
P A R 73 E b 2R A B X — [R) R, 45 5 12 Wi 5
KA B AR A B B SRR B AR T — R T
TR L Y o S E R A k7 7 (Conflicting Evi-
dence Combination method based on Significance of
decision, CECS) . HAZ .0 JEAH & . wp 2 5 B & 1P
o3 Je T LA R A fE & i A vh 75 2 R 4 b
5 5B IR 4% X 2% i L A SCRE R B I A A T
S8 T A L A3 T IR T I AR A SIE 3 B I 4
TR R A5 B A A AN TR 45 AT {5 52 3 4 5 T 4 P 3R

XF T2 Wil At AT HURS SR 20 7, A9 2] i TR 1
A= a5 R, B — A4S R R, #0T LIAE
AP B UE I R TE A 4 R T {5 B2 Bz e i
AMUEERE R, X RS RB SCFFRE ). O T SGIE
PEFEOR T A5 BE 1 oo SCIESERE R, MORFIAR SRR -

EXS RERG L=1{U,CU {d|W,
R e CIRRIRERBYELAMLE R, R, & U EHYSEH
KFE,HWR U/R, = U, M R, AF ik 45 7 1) 7 1A
SCRFE A

s,(R) =E,(R,)) - E,(R)) (5)

WX, R, 50 2R 7 MUAE , X D SR 45 2R 1Y
SCRFRE M HURE 1 5 E, (R,) 238/, U R, B
TR SCRF R

H1 DA b2 SO, R B AR S F BE R AT ) — f Ak B
JE A5 B SRS UESERE R, (R T A5 L

s, (R)

Y 5 (R)

TR 5 B R R Y B A U A X6 R 24 TR 4
R A Ja . B AL 3 A 5 5 B e 1 i 4 A Ik
A TP 0 E AR, W R DB, ) A
e, T R ST A3 o0 TC A 2o AR e R AR A R B EE ).
Zi b, B UE A T AE R 2 R SR A X A
w(a) 4 .

e(R,) = (6)

BT wh 247 8 43 AT LA H i AR, op R A
BT Tr % M CECS J5 vk g i, BIIE 4% 20 & FL 0
ﬂHT:

EX6 Bm,m,, - ,m, jEF—HPERO
RS E L E, 0 E, 1 0 S BEASE AT 4 O eR AL,
JREXS R FE T A B Gt = 1,2, 0, 5 2
X

m(J) =0
m(G) = 2 Hmi(Gi)+K-e(R)-

NA, =4 1<i<n

Z(m,(c) 'w(ai)) C#*J,0

m(@ =3 [Im(c)+K-e(R) -

Y (m(0) - w(a)) + K- (1 =e(R))
fep K= Y ] m(6), BRMET %A E

nNt=g 1<isn
A IPSYSRUIENY T
2.3 ET CECSHMZERFREEFWEISH G E

TE X 23 1L %6 A 20 A7 D03 1 3 7 v, 4% il
e SR AL L S B4 R A B BB . 7 A 1 4% il
T AE B AN TR] Fr) 00 Th7 Sz e 113 26 25 B9 S AR . 5
TS A2 WYL BB, ARAT2 W R, & A
R BMITEIE

1) R AR A N B, ok IR e £ 5L, A At
HEE SRR KR L={U,CU{d},V,fI.

2) Ry T RS AT TIUAL B AR 4l I e
PRIEH X, I @ 77 T R TR X
()4 00 3 5 40 A7 8 A

3) Fi OHURE 48 05 0 e SR R EAT A T, RS
Zyfi 458 R.

4) FHBA T LR AME— @ d X (2) I E
B REEE E, (R e BUE /N A T 2521 R,

5) ML) 5 R, il B 2% 8 M B9 (e
Hoplf, () 1, K UE 5 4 A HE S W AP BRI

6) WA (6) I e(R) 3 UL I R, (1
FER AR, a5 (4) TR w(a,) 15 2 53 2R
I AL

7) it CECS SR X EdE #4724 5

CECS 335 51 X 1 %€ M UE 98 BE, o8 1 5 ]
SrICER oy L), SRR AT S Z e (R,) il 3 2P
B 6) S AR 1 SR L w (a,) R TR E R
{5 B AEEH 18] 449 73 BT FE 1], 76 TR 48 5 Ay i 72
K HAE AU 7 B AT IR SR B . @ DL AP R
CECS FyL i 45 #ic 5 12 W 45 2R BA T8 R ] {5
i BLPE.



1906 b B = R R

2015 4¢

3 RIS W SL 6

3.1 SER¥ESHR

KRR 5 BE R MO MR T LS 175 10
B G . HR R AL R GO H 1
I bk b AW e g A B AT O e R IR
KM S Sr /9 Ah 37 AT B e B8 (LRU) , A0 4%
5 AT o0 (SRU) - B AR L A S L L 42
WAL S 2 A R BE S 1A 4

TESE B B0 4 T A v, 0 v B s R T
W5 Ay i AL AR ST TR I A 19, H i % B i
WA JE - ) 2l i ] | L PR AR L A R R
He CEERH BRI AR, 38 T AT
HW R B R YA 45 3 4> SRU - HEL IR AR L B2k
JECFIEE B T %
3.2 SEXRYELE

XS B AE JE BT of B S A I AT R
SRBE 3 Al R AE OO0 R ) SRR A LI T
AL Wk R (L3R 1) . 3 i B X
FI2E 18 %, A MFIE M 5 A R E PR 3 A4 B
Jeiz FRURE £ 75 1 06 o 254 2 Hof 3 b 3 3%
AT )& k2

x1 BRAUHBLOHRRR

Table 1 Discrete fault diagnostic decision table
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Table 2 Table of basic probability assignment function

J@ o m;(d,) m; (dy) m; (dy)
0 0.5 0 0.5

i=1 1 0.375 0.5 0.125
2 0.167 0.333 0.5
0 0.556 0.222 0.222

i=2 1 0 0.667 0.333
2 0.167 0.333 0.5
0 0.286 0.428 0.286

i1=3 1 0.6 0.2 0.2
2 0.167 0.333 0.5
0 0.272 0.364 0.364

i=4 1 0.2 0.4 0.4
2 1 0 0

c
ity c, c, c, c, C, b
1 1 0 1 0 0 d,
2 1 0 0 0 0 d,
3 2 0 2 2 0 d,
4 0 0 1 1 1 d,
5 1 2 0 0 2 d,
6 0 0 1 2 0 d,
7 2 1 0 0 2 8
8 1 1 1 0 0 .
9 1 2 2 1 0 d,
10 1 0 0 0 1 d,
11 2 2 1 0 0 d,
12 1 0 2 1 0 d,
13 2 0 2 0 1 ;
14 0 0 2 0 0 )
15 2 1 2 1 0 d,
16 0 2 2 1 1 d;
17 2 2 2 0 0 d,
18 1 2 0 0 0 d;

FT 0 T A 81 A 2 MR I £ A [5) B9 155 B0 T B AR
ARG HC BRB, PR B8 5B TR 0 A5 O A% 1R R R
B 7 24 ] 45 2R b pe SR B A A 5, B s (a)
{EL, T AT B BN IR AT 5 w (o) fE AL, 13
I LRI 3 .

R3 BNMERRAREEESNE

Table 3 Decision significance and weight of evidence

R AIE m, m, my my
s(a;) 0.608 0.830 0.719 0.763
w(a;) 0.208 0.284 0.246 0.262

FE X Y SfE 230 AT 20T 2 0 , 45 4124 i
®.R =1C,C,,C,,C,},R,=1{C,,C,,C,,C}.
C, ~ CAy IR F 2 < 8 2 i) s U5 E 3 o
FE R R R R T d, - d, (R 3 R
Yoo AL SR B B R O T R — AL

IS I ) 4 2 AR A A I R AR X
T S AT Ak BN L B AL S e IR 2 R
R =1C,C,,Cy,Cl HUAR 4 MIRIEREA: T, =
{2,0,2,2},7, =10,1,1,2},T, = {2,1,1,0¢},
T,=12,2,2,2}. 3 5% 2 A 345 5 GE A A vh 4
SR UE IR 1 HEAS {5 AT 43 T R 2K

SCH Y ISR I 28 it D-S J7 5| Yager ™ Oy i |
SCHR[26 ] 77 SCHR [ 27 ] 77 36 V3 T R 9% BE 25 1
P G BT I AR SO IR HEAT B . Horp BE TR
3 ) b 28 B T Sk 3 T SOk [28 ]
ST 4R H A UE AR () BE 2545 B ARG 09 B B,
FRASC CECS B3k b i AN IR 9 R AR BE AR R E
A, AR S 80k 5 A8 3¢ CECS 5 ). A
FHUL 1 6 FhJ7 vk % B3k 4 A 50 5E B A e 4
17,38 a5 L sk 4 iR,
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Table 4 Fusion results comparison of different diagnostic samples

DR A UL WIRTS D-S Tk Yager!™ Jrgk  SCHR[26 773k SCHK[27177% R THEHERE Ry =Y ASoork
m(d,) 1 0.016 0.481 0.249 0.234 0.282
T =12,0,2.2] m(dy) 0 0 0.218 0.109 0.130 0.115
m(dy) 0 0 0.301 0.150 0.179 0.156
m(O) 0 0.984 0 0.492 0.457 0.457
m(d,) 0 0.525 0.263 0.299 0.275
T, =10.1.1,2] m(dy) 0 0.217 0.109 0.095 0.128
m(dy) 0 0.258 0.130 0.141 0.132
m(O) 1 0 0.498 0.465 0.465
m(d,) 0 0 0.253 0.126 0.131 0.132
I =12.1.1,0] m(dy) 0.572 0.016 0.396 0.206 0.216 0.226
’ m(dy) 0.428 0.012 0.351 0.132 0.198 0.190
m(O) 0 0.972 0 0.486 0.452 0.452
m(d,) 1 0.005 0.378 0.164 0.141 0.210
T, =12.2.22] m(d,) 0 0 0.249 0.106 0.158 0.131
m(dy) 0 0 0.373 0.159 0.278 0.196
m(O) 0 0.995 0 0.571 0.463 0.463

MBS SR PR LA, 22 D-S & R 5 ik
TEXPREAR T\ (T T, SEAT Rl 19 i A vl LUAS:
URHIEREAR T, JLrp AT P A5 IR 58 42 P L IE
Pl iy Somh 5 K = 1, eRT, D-S & iy 2 2R 580, A
REA AU e, 2% 5% 1 D-S & BRI A7 7E 1Y
AR

Yager £ 5 35 H oi g% (936 43 42 35 43 il 7E
BERAESE b, i Bl S5 2R AT DL IR IR0 4 4>
I, B3R I AN BAR, 53207 3 A A BR AR v 2 GIE 35 Bsf
AR SR G 1 Ak B g b S B B ASOCR 4 Ak BEAE AR
T, iy i oh S8 3 i, Yager & B 7 ¥ 8 4 A5
TEER T BRAE DL I, S EOTE R AL

SCHRL26 [ B JFIEAEREAS T\ T, Ty Rl G i
A8 TIES R (BB TEREA T, EREACR
R, TCRRAS T DB 107 1 A i A B T DL Al
FIRT, FFRE IR G w5 1) B 20 % B A4 GIE 40 U R A7
P E IS X — BN B B AME N R B R RS (]
I, A AN TR 398 DRI A TR) R 1) R A5 B AN 77 5 5
PRAs o0 , 22 1 B iR 22

SCHR[27 19 77 ¥R BE X LA _E R, b 5 s 90 )
PEATAE S, A vh 945 B — ¥R 20 T LAM AT, e ke
{9 Bt T T A5 B2 pR L &, 107 V5 R Rl o AR R
T B R ROCR B[R R A D A 5k 4 Y5
HA AR TR B R A5 o o 5 38 20 A5 S8 A U 416 I 1)
PEAT B o0 e, B AR REAS R Bl 45 R A
A

BE TR R B 04 05 1 5 AR SCHR Y B 7 Yk AR B
X S HR 7345 B AR E SR PR 8] 4 70 B 7 T EAT Tk
P, DR T3 T UE 08 B B 19 07 1% i T UE 416 8] B
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M ASCEE 5 100 A SC 75 3 R AT LA BR 3R 3 v AR
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Table 5 Comparison of weight of evidence

I BEA w(a,) w(a,) w(as) w(ay,)
ARSIk

T, ~T, 0.208 0.284 0.246 0.262

T, 0.278 0.276 0.278 0.168
TR T, 0.286 0.169 0.322 0.223
i ER- R T, 0.270 0.230 0.218 0.282

T, 0.298 0.298 0.298 0.106

S Hnl DL 3 Tk 0 B R 19 O 9 A
BEA T, b2 LR ROR A SO ik, E 2
TH 1 ARG 3 ZRHAME R B A LT A5 3 3 22
R, 173X 1P 26 T 4 B S S R DR 5. 6 T e 40 B
WIITIEAEREAR T, B 7 b e IR B A
B 4 ZR R P A R A R SIS P A A 3
RS A 22 57 00 KT B AR B B S BORE S 4
R

AU, AT LA AR ST 4 R A
P £ 15 ARt I 30 BES B RR 32 W J7 0k RT A SE
24 11 SO i A v i SR R R AR UE A
Xof PR SR AR I, X UE AR BEOR 5 i  SUHE AT B
HE.TE SR e B0 El A ORGSO T A AR
L
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Avionic devices fault diagnosis based on fusion method of
rough set and D-S theory

SUN Weichao', LI Wenhai**, LI Wenfeng'

(1. Graduate Student’ s Brigade, Naval Aeronautical Engineering University, Yantai 264001, China;

2. Department of Scientific Research, Naval Aeronautical Engineering University, Yantai 264001, China)

Abstract: In order to solve the conflict of multi-sources information in the fault diagnosis process of avi-

onics electric equipment, a method based on rough set theory and evidence theory for fault diagnosis was pro-

posed. Because both rough set theory and evidence theory had advantages in dealing with uncertainty prob-

lems. The method proposed converted diagnostic data to mass function which was needed in evidence theory in

order to fuse results with rough set theory. Meanwhile, the method defined boundary rough entropy, got

dynamic weight parameters which reflected the significance of every information source used in fusion process

with the entropy and improve the rule for conflicting evidence combination. The experiment shows that the

method improves the fusion results’ accuracy of diagnostic information effectively and has a good practical

value in process of avionics electric fault diagnosis.

Key words: boundary rough set entropy; rough set; D-S evidence theory; conflicting evidence fusion;

fault diagnosis
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Table 1 Convergence metric comparison on DTLZ2
ST ST BZ 3 JC Hk SOEA 53
6 0.3946 0.4793 0.1843
12 0.5025 0.6252 0.3638
18 0.4237 0.3846 0.3741
24 0.3882 0.4027 0.2569
30 0.5849 0.6019 0.4362

%2 xf DTLZ2 9B ZERIEIRILRK

Table 2 Coverage metric comparison on DTLZ2
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Fig.2 DTLZ2-DTLZ7 computation time of

every algorithm

%3 X DTLZS M SR b &

Table 3 Convergence metric comparison on DTLZS

H b i BZ 5 ik JC 5k SOEA %1%
6 0.1487 0.2942 0.1382
12 0.3642 0.5775 0.1549
18 0.4054 0.2912 0.2361
24 0.5068 0.1956 0.3622
30 0.3132 0.3803 0.2857

&4 Xt DTLZS MBS RIEIRLE

Table 4 Coverage metric comparison on DTLZS

Eg C(SOEA,BZ) C(BZ,SOEA) C(SOEA,JC) C(JC,SOEA)
6 0.5384 0.3837 0.5479 0.3174
12 0.5443 0.3962 0.5604 0.3283
18 0.5602 0.3985 0.5693 0.3359
24 0.5728 0.4036 0.5685 0.3472
30 0.5105 0.3451 0.5334 0.3196

i 2 W] UL, JC SR R Is AT I EE 3 A
B AL, 3 TR B s 0 AR TE A pR &
PEAT A PR 38 G B T AR B H AR B R, R IR B
R AE LAY H Ry, 5300k B9 I 18] 52 2% B2 A 25 T 4k BRI
4y HARPL AL R L. SOEA 53k F1 BZ 53k ¥y 75 2
HEAT SCHE 0GR 1 LA, ) ) 52 % 2 5 40 B 4 5 1Y

;: C(SOEA,BZ) C(BZ,SOEA) C(SOEA,JC) C(JC,SOEA)
6 0.4526 0.3572 0.4873 0.3249
12 0.4732 0.3655 0.5016 0.3364
18 0.5147 0.3824 0.5357 0.3381
24 0.5372 0.3897 0.5628 0.3453
30 0.5578 0.3925 0.5954 0.3275

&5 3 DTLZ7 Byl S48 4R L &

Table 5 Convergence metric comparison on DTLZ7

ER73 ¢ BZ H: JC Rk SOEA &3
6 0.4384 0.5649 0.4275
12 18.79 18.93 11.48
18 58.96 58.37 24.72
24 72.48 73.06 36.44
30 85.15 87.17 78.53
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Table 6 Coverage metric comparison on DTLZ7

E% C(SOEA,BZ) C(BZ,SOEA) C(SOEA,JC) C(JC,SOEA)
6 0.5682 0.2875 0.5974 0.2256
12 0.5834 0.2928 0.6127 0.2286
18 0.5976 0.2939 0.6384 0.2483
24 0.6014 0.2951 0.6528 0.2463
30 0.6327 0.2949 0.6573 0.2459
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Many-objective optimization based on sub-objective evolutionary algorithm

LET Yuyao, JIANG Wenzhi" , LIU Lijia, MA Xiangling

(Department of Ordnance Science and Technology, Naval Aeronautical and Astronautical University, Yantai 264001, China)

Abstract: many-objective optimization is widely used in engineering area. There are some flaws to deal
with many-objective optimization problem which the number of objectives exceeded three. The method which
could chose proper individual solution is very crucial to solve high-dimension many-objective optimization prob-
lem. A sub-objective evolutionary algorithm (SOEA) was put forward to solve this problem. It was given in an
abstract way to get the non-dominance solutions of high-dimension many-objective optimization problem. First-
ly, the value of sub-objective function was sorted, and then partial Pareto non-dominance solutions of evolu-
tional set were obtained quickly. By using the information of sorting, it could reduce the times of solution com-
parison in evolutional set and could get the solutions quickly. A uniform difference Minkowski distance algo-
rithm and “k-neighbor” strategy were applied to compute fitness function. By using this method, it could
improve the convergence speed to approach Pareto non-dominance solutions. Compared with the algorithms
which can solve many-objective optimization problem for computing standard testing functions, it was showed
the better performance of the SOEA algorithm.

Key words: many-objective optimization; sub-objective evolutionary algorithm; Pareto non-dominance

solution set; Minkowski distance; genetic algorithm
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Carrier tracking algorithm based on bandwidth optimization
MU Weiqing, LIU Rongke” , SONG Qingping, DUAN Ruifeng

(School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: In the existing high dynamic weak signal carrier tracking algorithm, frequency locked loops

(FLL) auxiliary phase locked loops (PLL) carrier tracking algorithm has the problem that the loop adjusted

discontinuously, and easily lost lock. More optimal combination FLL with PLL algorithm and transition process

of combination loop were given, threshold for state transition was determined. Aiming at the problem that

bandwidth adjustment is not accurate, the optimal PLL loop bandwidth and the bandwidth adjustment strategy

were confirmed, the loop bandwidth was adjusted in real-time. In the presence of jerk cases and signal-to-

noise ration is 3 dB, the tracking error is around 3 Hz.

Key words: high-dynamic; low signal-to-noise ratio; carrier tracking; frequency locked loops; phase

locked loop
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Table 1 Summary of parts of emotional speech database
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Beihang University“ﬂ ik EE PN 2100  FBArATF i AR ES, G50 I A
cLDC!H!7! Wik 4 AL AR 1200 HETF T 2% R T J.}Lﬂ i, G0
Hu %118 Wik 8 ZAEL A 1600  JEATF T 2%, Al MR
Berlin emotional PR
latabase! 1°) TaiE 10 £ &l A B 800 NI SRR R R IR,
database N
FERMUS [ "] RS 13 A AR IRERE RS 2829 AJF 0 R A M TR IR R
Danish emotional
i emolons P 4 H AL s00% A& W24 B,
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SUSAS!?! Beif; 32 ALk A5 16 000 nIF T AR RME A R, E S
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x2 MBERBIBEERIXR
Table 2 Recorded text of Beihang emotional

speech database

) 4 AN
1 Wf , AR T LA R IF
2 P T
3 XF%ET
4 W, TR T
5 K#ET
6 KEL AR ZEXAER
7 KA FEFMRMBFET
8 AC K2 BBk T
9 I3 Y 2% i W WIS i
10 S RIERR
11 [ S* PN
12 LR £ e T
13 fb kPR T
14 AW A 0)
15 HREREMRET
16 XA T Y
17 33 B s [ A5 98 T
18 R AR BT T
19 WER W b FeAl T — 4%

20 AR EADT R T

2.2 HEREIEARIT

H AR N B3 0 a2 b A A T AR R
L TR R 22 vE K. OSRAR H SE BEAT A S B
B, JU T A T B RIS 5 AR T A T
G, 38 2 Ml R R PR S AR D R R R
B BT RAR L, 7 5 R/t ] LAd o A e
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3.4 FEBHFITMEE(SUV)
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R = AR =N R
Fig.1 Speech waveforms and EGG

3.5 EIES{EEE(PARAL)

F1& 5 18 B ( Paralinguinstic Information ) $§ 1%
AR E B IERE R, PR E i VR
TR S R T A R LU O 5 ) B
AR FER TR A P IR B 7R
OB E A U R GRS B 2O E
B[R] R A AT LA A R 4
F B 1 4 1E, Divillers #l Vidrascu*! . Truong
S Arimoto S5 HEHEAT T ORIIE F 15 B0 O
GE. 2% 3 N — A HA M ENE S A s
3.6 1BEREE(EMO)

7 B2 R R TH 1% 45 18 A 3R 3K 1 1 R B K 1
SR R ZURE BE . U R P L AR R T bR Rk
B30 b B s ARG A he F e &
Py WO s p V. AR TEE RS 7 A AR U
S B 2 2k B A IR AT IR R D3 N 3 8 A 17 JRR i 2
FEEERN 3 0 3 9%, LAAT 4y B AT, W 40 5 4%,
O3B Ry, AR R R IR B FE ). HA A X B G B
J A IEE LA - 1.2 73 5 A1 BB IR A A 1]

2]

®3 BIESERREHS

Table 3 Annotation symbols of paralinguistic

information
i
No B 7 % S LA A
TR 4R
1 P (Hi %) lengthening LE < LE >
2 i <, breathing BR < BR >
3 %27 laughing LA < LA >
4 B crying CR < CR >
5 Ik coughing CO < CoO >
6 M (1817 ) disfluency DS < DS >
7 1% error ER < ER >
8 Fr (ULBR) silence SI< SI >
9 IR ¥ murmur/uncertain segment UC < uc >
10 1S, 1] modal/exclamation MO < MO >
11 Nifi B 2% smack SM < SM >
12 JE 15 1] . non-Chinese NC < NC >
13 WS (W 535 ) sniffle SN < SN >
14 FTIE K yawn YA< YA>
15 SR (EBKRT) overlap 0V < oV >
16 W 7 deglutition DE < DE >
17 TR (R 1) hawk HA < HA >
18 FIWEHE sneezes SE < SE >
19 I 754550 filled pause FP < FP >
20 Wi trill TR < TR >
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B, A A R AR JZ 19 48 5, R AR AR N
o 1R HZ R AR E N A N[ MO]
[LE], /R AT FHAF KM [MOJ[LE] 1.

B2 bR )

Fig.2 Speech annotation example
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Fig.3  Algorithm flowchart of consistency detection
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e LR EF R BB TEARREY ,a=5,b =1,
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5) ST 2. ST EhriF ry R & BB, Y 1iih
AR S 57 SCA W Hff 32 35 9 HL & & 18 W B, D%
J2 1 BRI 12 T Y, AR R SE B Uk E A
FEIR A B 23 [ & e D Bl o AR — S
Ain), S BOZ)ZE W BOBOR — B0 Rz )2 R A
5 PY JZ AR A % B AT D i, AN [ 1 2 bR
W2 S AHE AW, AN 1 F 2 E SR ER
FEAHT) 3 F1 4 (4 H 3 4% TR B A [

5 —HMHERNER

T PRI JEH 5 R 2R b O I R A IE
PR TE Z BT #EAT 1 AR D, be T 45 R 1 00 45 2K
FHEE 3 749 P ) — BP0k AT A, 033
— % F A TR T — 44 A B A, BN
W BIAEE T Rl I B AR T 20 Agh, — 302
280 Zcifif). K 4 ~ K9 PR g — BbE R 45
AB.C.DFl EfLES AR MIREH. AB.C
3 ABRTER 73 9 [ — 55 A2 i AR T, b TE R 22
Ty 5.8, 10 ms [, 73 531 % b 42 45 2R oE A7 — Eodk
K, xF e g Rk 4,585 Mk 6 s, C.DE
3 BRI o3 06 R — L A i AR, B T R 2R
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F4 T, =5ms IBEEBFEFT—HEINHLER
Table 4 Comparison results of consistency for

male speech when T, =5 ms

. p/ %
wEE PY SY SUV PARAL ST
A-B 61.72 63.01 73.01 66.32 63.55
A-C 60.49 61.42 72.84 69.86 63.11
B-C 61.41 62.86 74.06 69.92 64.52
SE 61.21 62.43 73.30 68.70 63.73

x5 T,=8ms WELEIEFT—HUXLER
Table S Comparison results of consistency for

male speech when T, =8 ms

- p/ %

K PY SY Suv PARAL ST
A-B 67.41 69.22  77.54 69.40  70.23
A-C 66. 00 65.40  75.71 73.06  69.21
B-C 68. 85 69.54 78.97 7417 72.36

1y 67.42 68. 05 77.41 72.21 70.60

x6 T,=10ms EEEFEE—HHENLHLER
Table 6 Comparison results of consistency for

male speech when T, =10 ms

. /%

bR PY SY SUV PARAL ST
A-B 70. 46 72.10 78.88 71.37  73.83
A-C 69.70 69.01 78. 04 74.65  73.01
B-C 72.29 72.96 81.17 75.93  76.32

- 70.82 71.36 79.36 73.98 74.39

xT T,=5ms WXEEFT—HUEXLER
Table 7 Comparison results of consistency for

female speech when T, =5 ms

N p/ %

Bk PY SY SUV PARAL ST
C-D 57.01 59.92 72.21 65.98 61.49
C-E 50.69 55.41 65.41 63.08 52.47

D-E 50.40 55.12 66.46 63.62 55.96

- 52.70 56.82 68.03 64.23 56. 64

®8 T,=8ms XEEFEFT—HUILER
Table 8 Comparison results of consistency for

female speech when 7\, =8 ms

. p/ %

bR PY SY SUV PARAL ST
C-D 63.27 65.31 76.45 69.23 68.34
C-E 58.70 61.85 72.87 69.17 64.69

D-E 58.70 61.85 72.87 69.17 64.69

-1 60.22 63.01 74.06 69. 19 65.91

R9 T,=10ms WXEEFEFT—HMENLER
Table 9 Comparison results of consistency for

female speech when 7, =10 ms

. p/ %

b PY SY Suv PARAL ST
c-D 66. 50 68.16  78.52 70.27  71.70
C-E 61.17 64.11 72.07 66.50  63.74

D-E 62.05 64.36 75.36 71.37 68. 14

Ra) 63.24 65.54 75.32 69.38 67.86
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Table 10 Example of inconsistency details in

annotation
AR R —E R s A—BHNE B HELR %
xminA:1.6422 A"
PY xmaxA :1.4563 B “sil” 94.44
inA:0.2189 A:"ai 07
sY R B:“ai_4” 96.15
xminA ;1.6422 A7
SUV xminB;1.6475 B.“S” 95.83
markA:“MO <”
numberA :0.2189 "
PARAL markB; “MO < ST < 71.43
A1
xminA :0. 680 44 .
ST B.“4’ 83.303
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Annotations and consistency detection for
Chinese dual-mode emotional speech database
JING Shaoling, MAO Xia“, CHEN Lijiang, ZHANG Nana

(School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: To solve problem of lacking emotional speech database with rich emotion annotation informa-
tion, a Chinese dual-mode emotional speech database which contained speech and Electroglottography ( EGG)
information was established. Annotation and consistency detection for the established database were conduc-
ted. Firstly, we designed detailed annotation rules and methods according to characteristics of emotional
speech database and selected 5 annotators labeling emotional speech database in accordance with the rules.
Secondly, in order to ensure annotation quality of emotional speech database and test the integrity of annotation
rules, annotators labeled parts of utterances as a test before the official annotation, the test material comprises
280 sentences ( seven emotions X two actors X twenty sentences). Finally, according to the speech annotation
rules, we designed corresponding consistency detection algorithm. The results show that within the time error
range of 5 ms, the annotation consistency for the same utterances which labeled by 5 annotators reaches more
than 60% on average. When the time error range increased to 8 ms and 10 ms, consistency can be increased
by 5% and 8% on average. The experiment indicates that 5 annotators are more consistent in understanding
speech. The annotation rules we designed are more complete. The quality of emotional speech database is
higher.

Key words: Chinese; dual-mode; emotional speech database; speech annotation; consistency detection
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Online sketch recognition for mixed point and irregular military symbols
DENG Wei', WU Lingda“', ZHANG Yougen®, ZHAO Zhipeng’

(1. Science and Technology on Complex Electronic System Simulation Laboratory, Academy of Equipment, Beijing 101416, China;
2. Department of Information Systems, Academy of National Defense Information, Wuhan 430010, China;

3. Institute of Information Technology of Guilin, Guilin 541004, China)

Abstract: Most of current research on online sketched military symbols recognition concerns only one
type of symbols, point symbols or irregular symbols, using different methods to recognize separately. But in
practical applications the two types of symbols are mixed. It becomes a major issue to find a way to recognize
a type-unknown military symbol. A minimum spanning tree ( MST) covering model-based mixed recognition
method was proposed. In the training phase, two MST-based covering models were built for point and irregular
symbols respectively. And then a two-class support vector machine (SVM) classifier was trained. In the
recognition phase, the coarse type identification was accomplished by using the geometrical and structural
information firstly. Then the confidence estimations were calculated and integrated to identify the type of the
unknown symbol. Different types of symbols were classified by two existing modules. The algorithm was tested
on 113 classes of point symbols and 36 classes of irregular symbols. The accuracy rate of symbol type identifi-
cation was 94.7% , and the final recognition rate was 91.6% in real time.

Key words: sketch recognition ; point military symbol; irregular military symbol ; minimum spanning tree

(MST) ; classify
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Fig. 1 Diagram of reflection in observation region
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Fig.4 Structure diagram of processing reflected signals based on the block averaging pre-processing
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Table 3 Comparable results of signal-to-noise ratio

L WAl 3% /dB JiC M/ dB {5 1L/ dB
1 86.7 73.9 12.8
2 90.1 73.8 16.3
5 93.5 73.9 19.5
10 97.0 74.0 23.0
15 97.4 74.0 23.4
20 97.1 73.9 23.2

4 R YCF H FUAL BRI E] Sy 10 ms 1,2 ik
BREE R A BCPF S B T7 3T A B A R R i
6] (9 %) LE &5 2R, #2 FF i3 17 °F &5 4 ThinkCenter
M8300 & =it B ML, H AL # #% 4 Inter (R) Core
(TM) i5-2400 CPU @ 3. 10 GHz, N f¥ 3 GB, #:1E
Z 4t~ Microsoft Windows XP Processional. iz 7 4%
AT Qb B RO, 2 T U 2 AL B Ak
PGSR T P 1) B LG A% G Ak B A6 AL BT A A e
B AR T 29 2.2 A% HR it TR S PRas AT
)AL TR T L BT, 3 32 i A KON HURE | 4 7%
for AL B A5 I S 1 22 5 O B BICRE A TR R 2
PRI, Ak LR 4 45 L L 49155 T 3 A B T 5 R
I B2 A S LU AN 75, ELAS ] 64 4k BESF 65 R P 26
5 AUHS  Aub B IR A 46 L L A9 AS ]

R4 2 FHAMIE M B HE AL IR B RT L
Table 4 Comparison of data-processing time for

two processing structures

- PR D T /s -
b FRHHE K HE /ms G A B
L=1 L=10
1000 10.2 4.6 2.22
60000 609.2 287.5 2.12
120000 1235.2 562.8 2.19
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GNSS-R delay mapping processing method based on
block averaging pre-processing
WANG Feng, YANG Dongkai” , LI Weiqiang, ZHANG Yanzhong

(School of Electronics and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: To improve signal-to-noise ratio of global navigation satellite system reflected signals, a method
of processing navigation satellites reflected signal based on block averaging pre-processing (BAP) was presen-
ted, which divided the received signals into blocks with period of pseudocode and achieved the mean values of
blocks by superposition and averaging, and then performed the correlation process for the mean values. On the
basis, the model of reflected signal which processed by BAP was theoretically analyzed; the mathematical
expression of processing gain of signal reflected by specular point and correlation power model were derived;
computational complexity of this method was compared with one of traditional method. The conclusion is that
this method conducts the spatial filtering for reflected signals, improves signal-to-noise ratio and effectively
reduces computational complexity. At last, a software receiver was developed to process coastal raw GPS data
collected. The results show that when the BAP time are 2, 5, 10, 15 and 20 ms, the method improves about
3.5,6.7, 10.2, 10.6 and 10.4 dB on signal-noise ratio of peak and reduces the processing time by about
2.2 times, with BAP being 10 ms, compared with the traditional method.

Key words: global navigation satellite system ( GNSS) ; reflected signal; block averaging; signal pro-

cessing; signal-to-noise ratio (SNR) ; processing time
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5 [275 -5 375 5 0] 44 70
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Fig.2  Ground-truth tracks of targets
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Table 2 Performance comparison under

different thresholds

TR -2 OSPA/m SE-#% RMSE
4 26.56 0.28
16 25.34 0.26
25 25.91 0.27
49 26.51 0.28
81 27.52 0.29
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Table 3 Comparison of target correct initial probability

HAR 5 SC-SMC-PHD IBSMC-PHD
1 0.97 0.89
2 0.84 0.75
3 0.88 0.57
4 0.83 0.09
5 0.87 0.12
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Table 4 Comparison of tracking performance under different clutter numbers

SE- 44 OSPA S RMSE
AU HH

IBSMC-PHD/m SC-SMC-PHD/m YTt/ % IBSMC-PHD SC-SMC-PHD T/ %
1 44.57 21.62 51.59 0.49 0.21 57.14
10 47.92 24.64 48.58 0.53 0.25 52.83
20 52.54 30.95 41.09 0.53 0.34 35.85
30 57.45 39.08 31.98 0.61 0.43 29.51
40 63.62 47.07 26.01 0.68 0.55 19.12

[3] Mallick M, Vo B N, Kirubarajan T, et al. Introduction to the issue
4 _Q_E 'i{l? on multitarget tracking[ J]. IEEE Journal of Selected Topics in
Signal Processing,2013,7(3) :373-375.
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SMC-PHD algorithm based on squared cubature particles
LIU Zhe'?, WANG Zulin*', XU Mai', LIU Jingxian', YANG Lan'

(1. School of Electronics and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China;

2. School of Information and Communication Engineering, North University of China, Taiyuan 030051, China)

Abstract: Most of the conventional sequential Monte Carlo probability hypothesis density (SMC-PHD)
approaches adopt the state transition density as importance sampling function. When targets are with nonlinear
motions, such a selection makes few particles with large weights, leading to inaccurate estimation and particle
divergence. To avoid such problems, a novel importance sampling function approximation approach with the
squared cubature Kalman filter (SCKF) and statistical gating method was proposed. To design such an impor-
tance sampling function, the mean and covariance of importance sampling function were predicted at first.
Then, the statistical gating method were utilized to extract observations associated with the importance sam-
pling particle from the current observation set. Merging the extracted observations with corresponding weights,
the mean and covariance of importance sampling function were updated. Using the designed importance sam-
pling function, the intensity of particles can be predicted and updated, according to the conventional SMC-
PHD method. At last, the states and number of multi-target can be approximated by the intensity of particles.
The simulation results demonstrate that the proposed approach has the advantages of high accuracy and stable
estimation in nonlinear target tracking.

Key words: sequential Monte Carlo; probability hypothesis density; importance sampling; squared cu-

bature Kalman filter; statistical gating
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Fig.4 Application case of unified interconnection network for heterogeneous networks
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Architecture of unified network based on programmable control gateway
LIU Feng*'?, WANG Yufei'

(1. School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China;

2. Collaborative Innovation Center of Geospatial Technology, Wuhan 430079, China)

Abstract: Due to the long-term coexistence of Internet Protocol (IP) and non-IP networks, there exist
interconnection and interworking difficulties in heterogeneous networks for the difference of network architec-
tures and protocols. Focusing on the gateway, the key node of heterogeneous networks interconnection, a uni-
fied network architecture based on programmable gateway is proposed to solve this problem, which separated
the control plane from the data forwarding plane and extracted the combination of the management and control
functionality and application service. The unified network architecture divides the network into three layers,
which were unified network collaborative management and control unit, programmable gateway, and heteroge-
neous subnet. The interconnection protocol stack for the typical heterogeneous networks is designed to integrate
different protocols. Then the key techniques and theory for the programmable gateway are given and analyzed
based on the unified network architecture, including the abstraction and description of heterogeneous net-
works, intelligent adaptation technology based on programmable gateway, resource management and optimiza-
tion of unified network, etc. Finally, a typical application case of interconnection networks in civil aviation is
given as an illustration to demonstrate the proposed network architecture.

Key words: unified network; network architecture; programmable control gateway; heterogeneous

networks; network protocol; intelligent adaptation
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PS, ZRAGZ WA AT BE LE 1E 5 AR N 2R @ A X [ A
RPS, BMRZ. &

L, = arg max{CR, | CR, =

I P, - PS,I

—
A PS, g2 30 VL R4 5 i A DX TE] Y A
HGCR, W @ AP RER P S IE AR PS, 1Y
fin 25 9 LER NS A CR, s R A7 B IA
NAL m A T IR A s L,
JBm T A R R
3.3 MBRESHEA

R 3 AT SCSE 7 MO A A TS
P b A A 4 S ol = It 4 (runnability,,
vulnerability, , threat, ) #4 5% , 1 M 4% 4@ @ & AL H
R ) = JC 20 (runnability, , vulnerability , , threat )
MR, — AR 28 AE A N A, X N AN AR
B A B ) LRl R A R4 02 A A A

XFT N A4 43 B A0 runnability, 2GS
A 2% 9 43 B A0 runnability, , #00,1,2,3,4 )
5 ANBRLE BRI GETH I Ok 4

P =f =M
I = TN
K[ L, [ NAAEBGE § A% =0,1,
2,3,4);P, 3 N AU BUE S @ S5 ROREAR,
PR 2. A

’i:0’1’2?3’4}

[P, - PS,]|
L, =arg max {NR, | NR, = T’
i =0,1,2,3,44

AL, N ASE— A Rl R R 25 A1 D Y
RT3 A RS TR R
3.4 ERREAH

AT R R 2% 2 ARG, = 4E o B AR AT —
Y e ) B, T WD RE A 0 2% 1) 22 4x s e m]
REAFTE A e i, n] 5 0 1) i 4 5 0 AL F

{911 G X 00 2% 22 42 25 B i) kil s A7 1R ) A
FLARG oy sl SEAR , 27 B8 S 4 1 1Y ik il o A7 1
LS. PR T R 2 1 il A7 P runnability, i
N A2 F B9 Fe A2 172 runnability, 28831318 B
3, W25 by A #2020 4 BL il 71 LBk iy 4 A
FAB A 3 2.

X T4 T A5 kR 55 BAL T R B B D el
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3.5 REBBBRMER

FLAE 3 AR — A ] — R S A AR
Pt D s aE 4705 B, 5t 30 A B ik A i Ak
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K7 H s RATET AL J7 A oy, b5 U 1 42
ARHSA G ZRMNN DA E 2B SA, MG
T P 5 1) 2 A 75 F SAL

ikl

A A —JE R I B AT R«

B s A SR RS SR HOAE X A] SS,
J" LR (AL H)

1) for every situation factor x, do

N _ 1
2) pep = x, =—(x, +x, +0 +ay,)
n

3) a'<—&i=\/z (x; = x)/(n-1)

4) constructing i"ive sections S8, for this factor

5) end do

6) constructing general cube (A, H) according
to the definition 1 and definition 2

LA R 2R m A 3% 2 RIS A
T2“30 W R4 5 A IXIA] SS, , 454 X R] 7Y AR
I PS, Fon , M E SC 1 HE 2 X 2 s
Bt — AT AL IR (A H) . Y 3 2R
FHHRSE I 1, W i A 1Y 3% 2 0 3 A IR A 4 Bt
53R S AL, AT 3 A LA k. TEE,
XA A AR R x, B, BT R AN AH L X )
AR AW B, 58— M PS,(k=0,1,2,3,4)
FR.

Hik2
B AL — AW B TR R SR T 0
A m TCAH B REEA S

i - AR AR SA,

1) discretizing the monitored n x m data

2) the discretization n x m data are aggregated
into the general cube (A,H)

3) fori=0 to 4 do

4
4) M, 2 Mi,f,---,i,j,i,---,i - (m - I)Mt',i,---,i9.j
=i
injl,j2,--- ,orjm
M,
5) P, <—fc =
i i n
[P, —PS,
6) L «arg maX{CRiICRi :’PS}

7) gaining a part of the component’ s situation
SA_, that the value is L,
8) end do

9) for the three category situation factors,

¢

repeating from 3) to 8)

10) gaining the situation of this component
SA, = (runnability,, vulnerability_, threat, )

TESE W 2 AL L Ry M, R P, R, 18
PIHFZ2ERN— D EE L, Y3 05
TR, B4 % 22753 SA, = (runnabili-
ty, , vulnerability_, threat, ) .

Hik3

By A AR ] — A B B R A N AN AR
LA SA,

Bty M 42 A SA,

1) forj=1103

2) for i =0 to 4 do

‘ c
i

3) P L=
) Poef, =
4) end do
P, - PS,
5) L,«arg max{NR,INR, = T

i

6) gaining a part of the network’ s situation
SA, that the value is L,.
7) end do

8) gaining the situation of network SA, =

n?

(runnability, , vulnerability  ,threat ).

B 3 SRR RIS (A Be N N AN AL 2 43S
PSA RGO TR N AR IRE
i SERHESAR P AE, PRI 5 22 B R 00 W s AR
SPEYON L, 258 3 WO, 15 M 1 B2 4
7% SA, = (runnability, ,vulnerability, , threat, ).

1 R A O(n - m) 5005 2 1)
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L3 WM EIEREN OCL - k- N), kN5
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Fig.4 Component anomalies sample
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Fig.5 Generalized cube samples gathered
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Fig.6  Components security situation contrast
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Constructing general cube to be aware of network security situation
WEN Zhicheng'?, Chen Zhigang "'

(1. School of Information Science and Engineering, Central South University, Changsha 410083, China;

2. College of Computer and Communication, Hunan University of Technology, Zhuzhou 412007, China)

Abstract: Concerning the problems of limited current network security situation assessment scope, single

information source, higher time and space complexity and larger deviation of the accuracy, a method was put

forward to construct general cube, which can be aware of the network security situation. The continuous situa-

tion factor data monitored can be pretreated by discretizing by “30 rule” and aggregated in the general built

cube, that fused into component security situation vertically and merged into the network security situation

from component security situation using statistical methods horizontally. It can provide reliable reference to

enhance network security. Finally, making full use of network data, the network security situation awareness

model and algorithm proposed are verified and the experimental results show correctness of this method.

Key words: network security; situation awareness; network manager; information fusion; general cube
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