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ABSTRACT

Since there are discrepancies of test environment, target and range between substitute equivalent tests
and overall operational tests, this study explores a method for converting the impact dispersion of missiles
with homing radar from the substitute equivalent test to that in the overall operational test. According to the
law of error synthesis, differences between impact dispersion in different tests are decomposed and propagated
to the measurement elements of the homing radar by analysing factors which influence the impact dispersion.
Furthermore, the measurement errors in different tests were drawn from their related parameters of radar
measurement elements in different tests by analysing the error sources. Then, the different measurement errors
were propagated and synthesised into the impact dispersion in different environments. Precision of the
conversion process and reliability of the conversion results have also been analysed. Feasibility and effectiveness
of this method have been proved in simulation tests.

Keywords: Aircraft testing, error analysis, estimation, measurement errors, radar navigation, impact dispersion,
substitute tests, operational tests, dispersion conversion, strategic weapons

1. INTRODUCTION operational test become the main problems requiring
Since guided weapons can only be assessed throughconsideration.
a few operational flight tests due to high épst lot of Along with the advancement of the range testing

substitute tests are designed to help their assessmenttechnique, some methods for converting the results of
However, because of the differences of environment and substitute tests into the equipment operational tests
target between substitute tests and overall operational have been put forward based on the synthetic evaluation
tests, the measurement can not reflect missile performancetheory, which comprises mathematical simulation test,
directly and precisely. Thus the problem arises of dispersion equipment operational test, and substitute equivalent
conversion from the substitute test to the overall operational calculation. The radar operating distance measured in
test. substitute equivalent tests can be converted into equipment
Researchers have been making efforts to analyse andoperational test through deduction of the radar equéation
convert impact dispersion. In overall tests, test trajectory Some researchers now apply this method in radar nétting
was used for assessing strategic weapons instead of overalMoreover, researchers have proposed an equivalent
trajectory. Fire dispersion indices were systematically calculation method for operating distance in infrared
decomposed to meet the demand of fire dispersion assessmensearching systems based on infrared equatidiswvever,
and decomposed errors were converted into the overall none of the studies has investigated conversion between
trajectory. However, current researches mainly focus on different environments, targets and test types for missile
dispersion conversion between different ranges, none testing and assessment.
touching upon the conversion method between different This study seeks to solve the problem of impact dispersion
environments, targets, and testing states. analysis and conversion between different tests for cluster
With regard to substitute equivalent calculation, warhead missiles with homing radar. Main factors influencing
performances in substitute equivalent tests are different impact dispersion in different tests were analysed, decomposed
from that in the overall operational tests because of and propagated to error sources of radar measurement
discrepancies of test environments, targets, and ranges.Then, a model was constructed. Based on the model and
Therefore, many results in substitute tests can not be radar measurements of the substitute test, precision of the
directly applied to the assessment process. As a result, substitute test was converted into that in the overall operational
how to analyse the relationship and differences between test. Finally, errors of the influence factors were integrated
substitute tests and overall operational tests and how to and synthesised into impact dispersion of the overall operational
convert the results in the substitute test into the overall test according to the theory of error synthesis.
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CONVERSION THEORY OF THE SUBSTITUTE

TEST

The basic idea of the conversion is as follows:
Firstly, to select the representative factors which influence
main index to be assessed in the substitute test; then,
to construct a correlation model of the index and these
factors; and ultimately, to calculate the expected index
through putting the influence factors of expected state
into the correlation model.

Mark the index to be assessed athe variable influence
factors of the index ag,, ,, ..., @, and the invariant
ones asf, B,..., B,. Therefore, the correlation model
between the index and its influence factors can be
expressed by the response functiof) as:

T = f(a, ey @i Bo) + (1)

Meanwhile, mark the index which has been measured
in the substitute test a6 . The correlation between the
measurement index and its influence factors can also be
expressed by the response functiof):

T: f(dl’dZ"”’dm;ﬁl’ﬁz"”’ﬁn)+e (2)
wherea,,a,, - ,a,, are the variable influence factors in the
substitute test.

The process of index conversion is to calculate the
index in the expected state from the measurement in the
substitute test by the response function and the variable
parameters. The key is the design of the response function
f(.) and the selection of the variable parameters in different
states.

As influence factors of the impact dispersion are

complex, it's hard to design an accurate and comprehensive
response function. So the authors tried to decompose and

propagate the impact dispersion, and further to propagate
and synthesise the conversion value between different
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Figure 1. Conversion scheme of the impact dispersion from
the substitute test to the operational test. (Conversion
value in this paper refers to the difference between
assessed indexes in different states).

disturbance and wind disturbance.
The impact dispersion is decomposed in different tests

states from the error sources of radar measurement. Theas follows:

specific idea is shown in Fig. 1.
3. DECOMPOSITION AND PROPAGATION OF
CONVERSION VALUE

The impact dispersionL of cluster warhead missiles
with active homing radar is mainly composed of the
measurement error of radar navigation systdrp_, the
instrumental error of inertial navigation system (INS)
AL, the method error of terminal guidanad ,, the
error of distribution AL, and the random errorAL_.
According to the law of error synthe%isL can be decomposed
as follows:

2
Ran

AL? = AL2

2oa+ AL s+ AL, + ALZ + AL (3)

The instrumental error of INS refers to the position
error accumulated by the velocity error of INS after the
radar seeker shuts down; the method error of terminal
guidance refers to the impact dispersion caused by the

trajectory command tracker error of the guidance and control

+AL?

INS

+ A2

INS

+AL%, +ALZ + AL

Ran

+ AL, + AL2 + AL2

(4)

As the missile-borne devices used in the substitute
test were the same as those in the overall operational test,
the impact dispersion caused by the instrumental error of
INS and the distribution error of the warhead distribution
system were the same in the two tests. The method error
of terminal guidance can also be viewed as the same in
the substitute test and the operational test. Therefore, one
only needs to consider the impact dispersion caused by
homing radar when converting the measurement in the
substitute test to the results of the overall operational
test. The impact dispersion difference of the two tests is
as follows:

AL - AL = ALZ - ALZ (5)
where AL is the impact dispersion in the overall operational

test, AL the measured impact dispersion in the substitute

A% = AL

Rad

{ALZ =ALZ,

system and the external interference factors such as aerodynamidest, AL__, the assessed impact dispersion caused by the
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error of radar measurement in the overall operational test, Their relationship in the overall operational test can
and AERad the measured impact dispersion caused by the be obtained by combining Eqns (7) and (8).
error of radar megsurementhmdt'?fe substlgute test. A, =coSE cosA A, — R SIE oA, — R cof s,
. New ane nlee s to gﬁt tde di erenceh et\./vex};?ad . A, =SINE-Ay+ ReosE A, ©)
and AL, - For cluster warhead missiles with active homing A, = cosE SinA A, — R inE sinAA_+ R cosE coda ,

radar, the measurement error of the warhead-target relative
positionsx, y, zequals to its impact dispersion caused WhereA, A, A are the measurement errors of warhead-

by the error of radar measurement. Thus one has: target relative positions, y, z in the overall operational
B test, andA_,, A,, A_the errors ofR, A, E measured by
ALy — AL =AZ—A2 radar in the overall operational test. Similarly, their relationship
A in th [ n be expressed as:
ALzRad( ALZRad{ 2y_A2y ©) the substitute test ca p
AL, ~AL% , =A?—A? %X:cess eosA.QR_ z :c,irE coAA .~ R coE sl ,
As aresult, the problem of calculating the difference %yzs'n 'A_Rf ~C°5 'A_E o o (10)
between the impact dispersion in different tests in Egn (5) A, =cosE sinA-A_— RsinE sinAA .+ R cosE co ,
turns into the problem of calculating the difference between whereA_, A , A, are the measurement errors of warhead-
errors of the warhead-target relative positiony, z.But target relative positions, y, z in the substitute test, and

the measurement elements in radarRyré, E,so one has

to consider how to propagate the difference between errors
of x, y, zto the difference between errors Bf A, E

The relationship betweex, y, zandR, A, Eis shown in

A A A the errors oR, A, E measured by radar in the
substltute test.

Now the problem of converting the impact dispersion
in Eqn (5) turns into how to get the radar measurement

Fig. 2. errorsA, , A, , A in the substitute test antl,, A, A_
X = RcosE cosA the overaII operatlonal test, respectively.
y=RsinE
B . (7) 4. CALCULATION AND SYNTHESIS OF
Z= ReosEsinA CONVERSION VALUE
According to the Gauss's law of error propagation The method forcalcula’[in@R ,AA ,AE in the substitute
the relationship between errors &f y, zand that of test can be introduced. First the telemetric data
R, A, Ecan be described as: R . A, E, measured by missile-borne radar is obtained,
and the observed tracking da)%arra ,YTra ,ZTra in the target

A=+ Zp, 4+ 0%

=R 3E aAA coordinate system by measuring equipments on the ground.

P P P As the target in the substitute test is motionless, the tracking
A, = aéA +a—éA +6XA data equals to the warhead-target relative positigng
oz oz oz (@) 2.50, X, Y. » Z,,, can be propagated to the radar measurement
Az:ﬁA aEA aAA R,tA, Ethrough the spatial relation in Fig. 2. Then one
gets:

where A, A, A, are errors of warhead-target relative 5 _
positions, and\,,, A,, A_errors of radar measuremétA, E Ro=+ X+ Yot 2.,

AI'ra = COt( ZTra/ 5'(Tra)

€, =cot(%,/VKr Z,) ay

As the telemetric dat&,,, , A, , E,, are measured by
missile-borne radar and the tracking dafa_.,Y;_ . Z,.
by measuring equments on the ground, errors of measuring
R, A, Eareincluded iR, , Arel ,E,, butnotinX__.Y, ,Z

Tra’ "Tra ’ “Tra
Their differences are as in Egn (12):

Y
Warhea | YB )XB

A

A = I:’zTeI - I:erra
___________________________________ Target AA = A~ A
ETel ETra (12)
Figure 2. Relationship between the radar measuremeiR, A, E WhereAR A, A areerrors oR, A, Emeasured by missile-
and the warhead-target relative positionsx, y, z borne radar. Errors of warhead-target relative positigns
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y, zin the substitute test, i.@, , Ay ,A,, can then be calculated
by Eqn (10). Now, the values of_, A,, A_ are required
to calculate the conversion value of the impact dispersion.

The respective conversion values of radar measurement

errors in the substitute test and the overall operational
test are described as follows:

5z =|AL-AY
57 =|A% A% (13)
5t =|AZ - A

Now one needs to analyse error sourceRpf, E
measured by missile-borne radar. Errors of radar tracking

measurement can be classified into angle measuring error,

ranging error, and velocity measuring error, but only the
former two are used for measuriRgA, E.The monopulse

radar system was taken as an example to specifically analyse

main influence factors of the angle measuring error and
the ranging errdr.

Table 1. Factors influencing the measurement precision of
homing radar
Angle Measuring Ranging Error
Error
Environment- Clutter and Clutter and
relevant factors  interference interference
Target-relevant  Angular glint Range glint
factors dynamic lag dynamic lag
Radar-relevant Thermal noise Thermal noise
factors phase imbalance

There are still many other factors influencing the measurement
precision, but some of them are intrinsic factors in radar,
which are independent of external circumstances, and some
are extremely particle. So Table 1 only lists major error
sources. (for models measuring this kind of error sources, see
refs. 8,9)

Based on analysis of the error sources of radar
measuremerR, A, E the ultimate error of angle measuring
can be described by the law of error synthesis as follows:

2 2
+A Target—relevam+ A

2 2
U - ARadancelevam Environment-releva#f T

14
= Ny AL AL AR AL -

where A, A, A Ay, Ag are the errors caused by
thermal noise, phase imbalance, angular glint, dynamic lag,
clutter and interference respectively.

Through Eqns (13) and (14), it is seen that:

Si=pi-Af=p*-Ut
_(A$N+A/§G+A§L+Agl+“')

= 3 5 5 (15)
—(A$N+Ais +AZ AL+

where the abbreviated terms represent the same errors inR,_, A, E,,, and the variances of tracking data_, Y, ., Z

the two tests, so one can simplify Egn (15) as:

18

) V(Ao —3%)
+(A§)L _AEZ)L )+(A§| _Aél )

2 (A'?'N_A'?’N
Op= (16)
The conversion value of radar measurement angle A,
i.e., A, can be calculated by Eqn (16) together with the
models of error sourcé% and the corresponding parameters
in both the tests. The magnitude af andA2 need to
be estimated while calculating to determine their relationship
with 6,. A, can be denoted by Egn (13) as:
A2 =A%+62, U2-U?>0;
2 _ X2 2_1j2_0
AL =A%, Uus-U?*=0; (17)
2 A 2 2 2 72
AL =A%-6;, U*-U*°<0.

Similarly, one can get the conversion value of radar
measuremenR andE, i.e., ¢, and &, and the errors of
radar measurement_ and A_. Values of A, A_and A,
are used to calculate\,, A, A, by Eqn (9).

Combining A,, A, A, with A ,A ,A,, which are
calculated previously by Eqgn (6), one has:

AL — AT = AL~ A%y =A% A2
ALZ — ALY

= ALéadY - AEZRadY =A
AL —ALS = ALZ,

2

/ (18)
2

Then one gets:

AL =A% +A2-A?
ALY = AL +A%-A?
AL = AL +A2-A2

(19)

whereAL, , AL, , AL, are the impact dispersions measured
in the substitute test.

Hereto, one gets the conversion results of impact
dispersion in the overall operational test.
5. PRECISION ANALYSIS OF CONVERSION
PROCESS
In the conversion process of the impact dispersion,
one also needs to consider precision of the conversion
process and reliability of the conversion results. Based
on the law of error propagatigrhe relationship of variances
for response functiob=f (a,,a,,a,,...) is:

, (f Y L (et Y , (of )
(&) () (&)

The error of tracking da®, ., A, ., E,, in the substitute
testis propagated ®, A, Ein the operational test. Combining
Egn (11) for transformation from position parameters to
measurement parameters, based on the law of error propagation,
the relationship between the variances of tracking data

0'2 + ..

% (20)

Tra ' “Tra

is:
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52 - X2 621+ Ve G2+ 22620 Hereto, we get?, , o3, , 07, the variances of impact
R X2 +Y2,+ 22, dispersion in the overall operational test.

. 72 6.+ X2 62,

Gipg = 7T 2T e 6. ANALYSIS OF SIMULATION AND RESULTS

sin* (Zra/ Xgra ) X . . ) .
(Zra/ Xra)- X3 With the above method, results of impact dispersion
2

5 XXt (Xt 2, fo2 4 Vo 2GE . (21) in the substitute test can be converted to that in the

Efra ™ 4 (v 52 . 52 \ %2 . 2\ overall operational test. The following simulation was designed
Sin* (Yrra/ v XFa+ 23 | Xorat 2509

“ AN to demonstrate feasibility of the conversion process and

whereg? .52, ., 6%, are the variances of tracking data 'eliability of the conversion results.
R... A, E,,,andéZ,,, 65, .62, the variances of tracking
X Y. ,Z_ .Inthepr fcalculating,, ,A, ,A. in ) ) .
?ﬁtaXTg’I?at’z;’a tbt eEp:chothcar%u atng;R ,mAAr;tAEr ision In the substitute test, different targets and environments
fe SLIJ stiutetest by £9 ( )|’(, € measurement precision, o e set in the range to conduct the operational test.
of telemetric data and tracking data are propagated \jeasyrement data, such as parameters of environmen

into6¢, 6%, 62 as: and target in the response function of radar measurement
precision, were then collected and put into the conversion
model to convert the impact dispersion between different

6.1 Design of the Demonstration Test

~2 _ ~2 ~2
Or = O-RTeI +O-RTra

67 =G+ O (22) tests. The demonsration process was finished after comparing
G2 =62 +62 the conversion results with measurements in the substitute
E ETel ETra test
wheresy,, , G s Gerq are the measurement variances of The demonstration method is as follows:
telemetering dat&?, 52, 52 the variances of radar measurement ¢  Set two different targets in the same environment for
R, A E two substitute tests, convert the measurement in one
In the process of propagating ,A, ,A, to A ,A, A, test into the other, and then compare the conversion
by Eqgn (10), the relationship of their variances is: results with the measurement in the previous substitute
test;
62=(cosE cod’52+(~R sirE co#'52+(- R coE sifa2 e Setone target in two different environments for two
62=(sinE) 52 +(Rcosk)’ 52 23) substitute tests. The demonstration process is similar
52— (cosE sinA) 62+ (- R sinE sird’ 52+ ( R coE coks? to the above one;
7= " ol % Je( Fol e Settwo different targets in two different environments
whereg?,62, 52 are the measurement variances of warhead- for two substitute tests, convert mutually the measurement
target relative positiong, y, zin the substitute test. in one test to the other, and then compare the conversion
Similarly, in the overall operational test, their relation- results with the measurement in each substitute test.
ship is:
6.2 Simulation of the Conversion Process
2 (coSE cos?52+(— R SirE coo2+(— R coE sifo? .
” (o 2602909 ot . 52' cofoz+(~ R coft sitfio] To demonstrate the proposed method for converting
o,=(SiNE) o +(RcosB o (24) impact dispersion, the following conversion process was
o2 =(COSE SinA’ 62+ (~ R SinE sitfc2+( R coE cofo? designed (see Fig. 3):
wheres2, 02, 2 are the measurement variances of warhead- To meet the simulation requirement, relevant parameters

target relative positions, y, zin the overall operational ~ °f the active homing radar were Seas follows:
test ando?, 02,02 the variances of radar measurement ® Half power width of antenna beamg, = 1.5 ;

R, A, Ein overall operational test. * Error slope of monopulse antenna pattéen= 1.57;
Because the variances of radar measurerRent, E e Signal bandwidttBx pulse widthz. Br = 1;
are equivalent in different tests, one has: *  Repetition rate of radaf; = 10KHz;
c2=62%, 62=62%, 02=62 * Servo bandwidthg = 7.958Hz;
Based on the law of error propagation and Eqn (23),(24) ° Independent hits of signal-to-clutter ratio in invariableness
one can describe the relationship of the variances as: tracking time:n_ = 100;
. - * Mean square root bandwidth of radar sigfial:1MHz;
Oux =0 +0x+ 0y * \Velocity error constan¥ = o, acceleration error constant:
oly =6l +o,+60 (25) K, = 486.
o2, =62 + 024G Based on the impact dispersion of some representative

ground-to-ground tactical missiles like the US ATACMS-
wherec?, ,62,,62, are the variances of the impact dispersion 2A , Russia's SS-21 and Tender, the impact dispersion in
in the substitute test. the substitute test was set:
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Figure 3. Flow chart of impact dispersion conversion.

AL, =50 m, AL, =70 m

The measurement precision of telemetering data:

e =2 M, 65, =0.0005 rad 6, = 0.0005 rad
The measurement precision of tracking data:

Gan=3M, G, =3M, &5, =3m

Simulation times: 100.

ZTra

6.3 Simulation Result and Analysis

Through different selections of such parameters as
target, environment, and radar in the substitute test and
the overall operational test, one can get the following simulation

results:

AL,51.9826 m,AL,71.9136 m

0., 2.4561 Mg, ,3.4441 m

Because the measurement errors are modelled as zero-
mean normal distribution, the impact dispersions in the
overall operational test must be modelled as normal distribution
too. Then, one can get the confidence interval of the simulation

result when the confidence is 0.95:
DirectionX: [51.5012 m, 52.4640 m]

DirectionZ: [71.2386 m, 72.5886 m]

Moreover, if the parameters of target and environment
as well as other factors influencing the impact dispersion
are kept invariable, by reconverting the results to the substitute

test, one can get:
AL}, =50.0049 mx AL, , AL, =70.0026 mx AL,

20

0,,2.8399 mg, ,3.8371 m

Similarly, the confidence interval of the results when
the confidence is 0.95 is:

DirectionX: [49.4483 m, 50.5616 m].

DirectionZ: [69.2506 m, 70.7547 m].

The following conclusions can thus be drawn from
the above theoretical analysis and simulation:

(1) Because there are differences of targets, environments
and ranges in the substitute test and the overall operational
test, the radar measurement precisions in the two
tests present differences;

(2) The conversion value of impact dispersion can be
propagated to the conversion value of radar measurement
precision by decomposing and propagating the impact
dispersion of missiles;

(3) Each of the radar measurement error sources imposes
influence on the conversion results. The larger a
conversion value of the radar measurement precision
is, the greater is the difference of the conversion
values of the impact dispersion between the two
tests; and

(4) Simulation results show that the impact dispersion
in the two tests can be converted between each other,
which fully demonstrate feasibility of the proposed
method in this paper.

7. CONCLUSIONS

Based on the laws of error synthesis and error propagation,
a conversion method of impact dispersion for missiles
with homing radar in substitute equivalent tests is proposed,
solving the problem of impact dispersion conversion between
different tests for cluster warhead missiles with homing
radar. Main factors influencing differences between impact
dispersion in different tests were analysed, and impact
dispersion was decomposed and propagated to error sources
of radar measurement. Based on the model of the error
sources and radar measurements in the substitute tests,
the conversion values of error sources were synthesised
and propagated into the impact dispersion assessed in the
overall operational test.

The conversion method is significant for converting
the impact dispersion of missiles between different tests.
With the feasibility and effectiveness being proved, this
method has been applied to dispersion assessment of
operational test for missiles with homing radar. While calculating
the conversion values between different tests, it's critical
to select accurately the various involved parameters of
radar such as the half power width of antenna beam, the
error slope of monopulse antenna pattern, the signal bandwidth,
the pulse width, the repetition rate of radar, the servo
bandwidth, the acceleration error constant, etc. In view
of this, one needs to collect more data and improve the
method in future tests. In addition, to further demonstrate
feasibility and effectiveness of this method, we should
design more substitute tests in which more parameters in
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the conversion of the impact dispersion between different 9.

tests can be measured.

ACKNOWLEDGEMENTS

This work was supported in part by the National Natural
Science Foundation Project (60604020) and Aviation Pillar
Technology Foundation Project (2006-HT-GFKD-02) in China.

REFERENCES

1. Wu, L.R. A Monte Carlo simulation of guidance accuracy
evaluation. Report No. AD-A313 304, 1996.

2. Duan, Xiaojun; Zhou, Haiyin & Yao, Jing. The
decomposition and integration technique of fire dispersion
index and conversion of impact deviatidournal of
Ballistics, 2005,17(2), 42-48. (In Chinese)

3. Wang, Guoyu; Wang, Liandong & Ruan, Xiangxin.
The substitute equivalent reckoning principle and method
for radar ECM test. Beijing, National Defence Industry
Press, 2002. (In Chinese)

4. Zeng, Yonghu; Wang, Guoyu & Wang, Liandong.
Substitute equivalent reckoning method for ECM test
of radar nettingSyst. Eng. Electror2007,29(4), 548-

50. (In Chinese)

5. Wu, Hanping & Yi, Xinjian. Operating distance equation
and its dequivalent test for infrared search system
with full orientation.Int. J. Infrared Millim Waves
2003,24(12), 2059-068.

6. Kendall, M. & Stuart, A. The advanced theory of statistics,
distribution theory, Vol1, Macmillan Publishing Co
Inc, New York, 1977.

7. http://www.itl.nist.gov/div898/handbook/mpc/section5/
mpc55.htm

8. Barton, D. K. Modern radar system analysis. Artech
House, Norwood, 1998.

Merrill, 1. Skolnik. Radar Handbook Ed. 2. McGraw-
Hill Publishing Co, 1990.

Contributors

Mr Gang Wang obtained his BS from the Huazhong University
of Science and Technology, Wuhan, China, in 2003 and MS
degree, in the College of Science, National University of
Defense Technology, Changsha, China, all in mathematics.
He has been working for PhD since 2004. His research interests
include digital image processing, test data processing and
data fusion.

Ms Xiao-jun Duan obtained his BS and MS both in Mathematics
in 1997 and 2000, respectively, and PhD in System Engineering
in 2003 from National University of Defense Technology,
Changsha, China. She is an Associate Professor of Applied
Mathematics in the Dept of Mathematics and Systems Science,
College of Science, National University of Defense Technology.
She is presently working in the School of Earth Sciences,
the Ohio State University as a Visiting Scholar. Her research
interests include Applied mathematics, data processing and
earth sciences. She has published more than 30 papers ir
journals of repute.

Mr Zheng-ming Wang obtained his BS and MS, both in
Mathematics in 1982 and 1986, respectively, from the Huazhong
University of Science and Technology, Wuhan, China, and
PhD in Control Science and Engineering in 1998 from National
University of Defense Technology, Changsha, China. He is
one of the achievers for the best 100 doctoral theses in
China. He is a Professor since 1995, and doctor's instructor
in mathematics and system engineering. Since 2004, he is
the Dean of the College of Science at National University
of Defense Technology. He is the author or co-author of
more than 90 papers and four books. His research interests
include: Image processing, test data processing, test design,
and data fusion.

21



