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Abstract; With the increase of complexity of electromagnetic environment and continuous appearance of advanced
system radars, signals received by radar reconnaissance receivers become even more intensive and complex. There-
fore, traditional radar sorting methods based on neural network algorithms and support vector machine (SVM)
cannot process them effectively. Aiming at solving this problem, a novel radar signal sorting method based on the
cloud model theory and the geometric covering algorithm is proposed. By applying the geometric covering algo-
rithm to divide input signals into different covering domains based on their distribution characteristics, the method
can overcome a typical problem that it is easy for traditional sorting algorithms to fall into the local extrema due to
the use of complex nonlinear equation to describe input signals. The method uses the cloud model to describe the
membership degree between signals to be sorted and their covering domains, thus it avoids the disadvantage that
traditional sorting methods based on hard clustering cannot deinterleave the signal samples with overlapped param-

eters. Experimental results show that the presented method can effectively sort advanced system radar signals with
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overlapped parameters in complex electromagnetic environment,

Key words: radar emitter; signal sorting; geometric covering

CLC number; TN974 Document code: A

INTRODUCTION

The development of electronic countermeas-
ure technology leads to complex electromagnetic
environment and diverse working modes of ad-
vanced system radars, which makes both the ra-
dar signals and their data banks of radiation
sources have strong randomness and fuzziness.
As a result, the data banks of traditional sorting
methods cannot describe the signals clearly.
Some methods were proposed to solved this prob-
lem, such as sorting methods based on neural
network™?, and methods based on supporting
vector machine (SVM). The methods based on

neural network can handle the division of optimal
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boundary with multi-parameter well and have the
advantages of parallel processing, strong fault
tolerance ability and generalization ability"®,
however, classification results of parameter space
with overlapped boundary are not satisfactory.
These methods use some kinds of optimal criteria
to adjust network structure and to determine
weights, which often fall into the local extrema
and misconvergence''!. The basic thought of
methods based on SVM is that the linear unsepa-
rable problem in low dimensional space can be-
come the linear separation by translating the low
dimensional space to a higher dimensional space
with nonlinear transformation. Compared with

traditional neural network algorithm, these meth-
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ods use structural risk minimization rule to deter-
mine the optimal lineoid for maximizing the dis-
tance of adjacent samples, and can classify signal
samples with a low error rate by determining de-
cision rule with limited training samples’. How-
ever, these methods cannot deal with large-scale
data, and the computational effort of these meth-
ods grows exponentially with the number of input
data, which often leads to long training time and
insufficient memory. And the sorting results are
often vulnerable to the selection of parameters.
Based on above problems, a novel radar signal
sorting method based on cloud model and geomet-

ric covering algorithm is proposed in the paper.

1 NOVEL RADAR SIGNAL SORT-
ING METHOD

1.1 Overall thought

Fully considering the randomness and fuzzi-
ness of radar signals, a novel radar sorting meth-
od is proposed based on cloud model theory'® and
geometric covering algorithm!™. As we know,
the essence of neural network algorithm and SVM
algorithm is to divide the characteristic spaces by
projecting them into corresponding lineoids, and
how to divide different lineoids to make the divi-
sion more reasonable and intuitive. However,
when the dimension of input sample space is very
large, the amount of lineoids will be very large,
which makes the connected region of different
kinds of samples hard to be described. By using
geometric covering algorithm, the input sample is
limited to a certain sphere, then according to the
intersection of this sphere and a given lineoid, we
can get the required sphere domain. Therefore,
we can get a more intuitive method to deal with
the samples. The new method introduces cloud
model into radar signal sorting field, and the
cloud model is an uncertain model that can imple-
ment the mutual transform between some qualita-
tive concept represented by natural language and

Cloud model in-

tegrates fuzziness and randomness on the basis of

its quantitative expression.

fuzzy set theory and probability statistics. As we

mentioned above, because of the more complex
electromagnetic environment and more fickle
work mode of advanced radar system, cloud mod-
el is hard to get a complete data bank of radiation
sources. However, using traditional algorithm
such as membership function and rough set theo-
ry to classify the radar signals becomes unpracti-
cal, so the cloud model can describe parameter
space with fuzzy qualitative concept, which exact-

ly corresponds with current radar signal sorting

problem.

1.2 Geometric description of signal characteristic

parameters

The new method divides parameter space of
input radar signals into different domains accord-
ing to their characteristic of distribution with geo-
metric covering algorithm, by which the optimal
design problem of traditional neural network al-
gorithms translates into optimal covering prob-
lem. Moreover, instead of radar source database,
the new method just needs a certain number of ra-
dar signals, i. e., by working with cloud model
algorithm, the geometric covering algorithm does
not need complete binding radiation source-sink
and fuzzy prior information.

Characteristic parameters (RF, PW, DOA)
of a certain number of radiating-source signals are
used as feature vector of radar signals to get their
covering domains in geometric covering method,
and the specific steps are as follows™ ™.

(1) Pretreatment: Firstly, project the char-
acteristic parameters into spheres in a higher di-
mension space. Then, assume all the characteris-
tic parameters as a set D, where the radar signal
parameters should satisfy

F(X)=(X,(RP—| X | @D
where R>=max{|X|}, X€ D, which means radi-

us R must be greater than the maximum norm of
input feature vector. Thus the samples are pro-
jected into a sphere of radius R, with the origin as
center.

(2) Randomly take a point a; as the center of
the sphere, and determine domain radius d (1)

and domain center a; according to Eq. (2).
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d'(Q) = max{{a;sx)}

+€X,
d* (V) =min{{a; x) | {a;sx) > d' (w)}
dQ) =a+d" (D) +B+d*Q) 2

where d' (1) is the maximum inner product of dif-
ferent kinds of signal samples, which indicates the
minimum distance between different kinds of
samples; d*(1) is the maximum distance of same
kind of samples, which must be greater than
d' ().

(3) Obtain domain's barycenter of all the ra-
dar signal samples covered by domain C (q;).
Then project the barycenter into a sphere with a’
as center, and get the new radius A" according to
Eq. (2), thus a new domain C(a}) is established.

(4) Calculate the amount of radar signals
covered by domain C(a’), then let a}—>a;, A’—>2
hold. If the amount is greater than number of ra-
dar signals covered by domain C(a;), return to
step (3), otherwise, the covering domain of sig-
nals of category i is obtained.

(5) Repeat the above steps until all the radar

signal samples are covered.

1.3 Impact on separation caused by fuzzy signals

with overlapping boundary

If there is not explicit boundary of inter-
leaved pulse train, it will be difficult to find a fea-
ture vector that can tell the difference of different
kinds of signals. For using membership degree
between different kinds as the reflection of uncer-
tain division, fuzzy theory is introduced into radar
signal sorting. However, in fuzzy theory, wheth-
er a clear membership function can be obtained
absolutely depends on the expert’s prior knowl-
edge and statistical methods, which are all sub-
jective.

Cloud model, proposed by Academician

Li"®, is an uncertain model that can implement
the mutual transform between some qualitative
concept represented by natural language and its
quantitative expression. It integrates fuzziness
and randomness based on fuzzy set theory and
probability statistics, and can give a better ex-

. . !
pression of the membership degree’'s randomness.

1.4 Radar signal sorting based on cloud model

After processing the radar signals with cov-
ering algorithm, we can establish cloud models
for each covering domain. Assume that A is a set
called linguistic register, and linguistic value a of
linguistic register A means that any projection
point x in data space X has a number of stable
tendency y=pua(x), which is called the degree of
certainty of point x to linguistic value a. Desired
value E,, entropy E, and hyper entropy H, can
represent the numerical characteristics of cloud
model, and the numerical characteristics can con-
stitute the projection of qualitative concept to its
quantitative expression. In the expression, E, is
the center of gravity position of cloud droplets in
data space, and the point which can best repre-
sent the qualitative concept; E, is the measure of
the uncertainty of qualitative concept, which can
reflect the range of data space accepted by the lin-
guistic value a, i. e. the ambiguity of linguistic
value a; H, is the entropy of E,, and it can repre-
sent the degree of dispersion of E, and reflect that
the cohesion of the certainty of each number cor-
responding to each linguistic value, i. e. the co-
hesion of the cloud droplet. The specific steps to
establish cloud model are as follows:

(1) Consider each covering domain as a qual-
itative concept, and let centers of each domain be
expected value E,, where E, is 1/6 of each do-
main’ s boundary. Randomly pick a constant,
then obtain normal random number E”}f with ex-
pected value E,, and standard deviation H,".

(2) According to cloud model theory and
positive cloud generation algorithm'®', generate
multi-dimensional cloud model, shown as

" (x—E, )?
M, = expz (— T,,?j

J=1 ij

3

where M, expresses membership cloud of signalx-
to the /th domain, E‘lu‘ the expected value of jth
dimensional characteristic value in theithdomain.
(3) Once the maximum value Max (M;) of
each domain is obtained, each domain will be

identified as the category of signals to be sorted.
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In this way the method overcomes the limitation
of fuzzy theory, and can deal with the random-
ness and fuzziness caused by measurement and re-
connaissance"'. Therefore, the presented meth-
od can accurately achieve real-time sorting of ra-

dar signals with serious overlapped characteristic

parameters.

2 SIMULATION RESULTS

Let input signals be four kinds of radar signals

with complex change, of which the parameters over-
lap seriously. According to the feature of radar emit-
ter environment and signal models, without consider-
ing in-pulse characteristics of radar signals, select
three basic parameters to form the input characteristic
vector of signals to be sorted"'?'*'. In the light of ra-
dar signal models, simulate the parameters DOA,
RF, PW with Gaussian random variables, and simu-

[14]

lation time is 50 ms The radar parameter infor-

mation is shown in Table 1.

Table 1 Radar parameter information
Signal
Category RF/MHz PW/s DOA PRI/ ps 1end
number
2 960—3 236 19.27—23.62 194—207
1 Frequency agility Pulse width jitter 40.3—41.4 Staggering PRF 249
3110—3 791 20.99—25. 87 176—234
Z Frequency agility Pulse width jitter 41.4—42.5 Staggering PRF 277
3 289—4 015 18.35—22.61 218—287
3 Frequency agility Pulse width jitter 41.3—41.7 Staggering PRF 226
3 185—3 516 210,240,260
4 Frequency agility 20. 11—24. 81 40.1—41. 3 Staggering PRF 237
In order to make the experiment be more in 425
line with actual situation, noise is added in all the
. . . . . 42.0
signals to be sorted. Two-dimensional distribu-
tion maps of characteristic parameters RF and ~ 415
PW., RF and DOA, PW and DOA are shown in g
Fig. 1. A 410
In Fig. 1, we can see that the characteristic 405
parameters overlap seriously. Because sorting
40.0 i o i i i ;
methods based on BP neural network (BPNN) are 5800 3000 3200 3400 3600 3800 4000 4200
widely used in sorting of binding radiation source, RF / MHz
we choose BPNN algorithm to compare sorting (®) RF and DOA
. . 425 : :
performance with the proposed method. The in- + Signal 1
. o Signal 2
put layer of BPNN used here is four neurons, and 4.0l *Signal3
: v Signal 4
neuron number of the hidden layer is ten. Moreo-
' ~ 415
<
Q
A 41.0
S 40.5
> .
Ay
40.0
18
PW/us
(c) PW and DOA

1 8 i i i i i j

2800 3000 3200 3400 3600 3800 4000 4200
RF / MHz

(a) RF and PW

Fig.1 Two-dimensional distribution maps of charac-

teristic parameters of radar signal samples
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ver, the transfer functions of input layer, hidden
layer, output layer are tansig, purelin and train-
Im, respectively. The tolerance is 0. 05, and the
error is 0. 001. The signals are sorted by covering
algorithm and BPNN algorithm. Sorting results
are shown in Tables 2, 3.

Table 2 Sorting result by original covering algorithm

Serial number Correct Wrong  Correct rate/ %

1 249 0 100
2 218 59 78.70
3 199 27 88. 05
4 197 40 83.12
Average accuracy 87. 26
Time needed/s 0. 155

Table 3 Sorting result by BPNN algorithm

Serial number Correct Wrong  Correct rate/ %

1 236 13 94.78
2 235 42 84. 83
3 161 65 71.24
4 221 26 93.24
Average accuracy 85. 24

Time needed/s 20.514

As can be seen from Tables 2, 3, sorting
performance of geometric covering algorithm pre-
cedes that of BPNN algorithm, and there is one
radar that is completely sorted. Moreover, its re-
quired time is much less than that of BPNN algo-
rithm. In a word, simulation result shows that
geometric covering algorithm overcomes the
problem of BPNN algorithm. However, its aver-
age accuracy is not high enough for practical ap-
plication. For this reason, the method based on
cloud model joints with the geometric covering al-
gorithm, and simulation results are shown in
Table 4.

From Table 4, the average accuracy of the
method based on cloud model and geometric cov-
ering algorithm is much higher than that of two

other algorithm, and its required time is much

less than that of BPNN algorithm. In conclusion

the simulation verifies the validity of the method.

Table 4 Sorting result by the presented method

Serial number Correct Wrong Correct rate/ %

1 249 0 100
2 248 29 89.53
3 216 10 95.58
4 236 1 99. 58
Average accuracy 95. 96
Time needed/s 2.476

3 CONCLUSION

A novel radar sorting method based on geo-
metric covering algorithm and cloud model theory
is proposed in this paper. The method overcomes
the defects of traditional algorithms, and can deal
with complex and uncertain signals. In theory,
efficiently handling the uncertainty of radar sig-
nals can reduce the required accuracy of training
samples, which accords further with current elec-
tronic reconnaissance environment. Simulation
results prove that the method can accurately sort
radar signals with overlapped parameters in real-

time.
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