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Abstract: In this paper, the method of extracting guidance infor-
mation such as the line-of-sight (LOS) rates under the anti-in-
frared decoy state for the roll-pitch seeker is researched. Co-
ordinate systems which are used to describe the angles trans-
form are defined. The LOS angles reconstruction model of the
roll-pitch seeker in inertial space is established. A Kalman filter
model for extracting LOS rates of the roll-pitch seeker is pro-
posed. In this model, the target performs constant acceleration
(CA) model maneuvers. The error model of LOS rates extraction
under infrared decoy state is established. Several existing meth-
ods of extracting LOS rates under anti-infrared decoy state are
listed in this paper. Different from the existing methods, a novel
method that uses extrapolated values of target accelerations as
filter measurements is proposed to solve the guidance informa-
tion extraction problem under the anti-infrared decoy state. Nu-
merical simulations are conducted to verify the effectiveness of
the proposed method under different target maneuvering mo-
dels such as the CA model, the CA extended model and the singer
model. The simulation results show that the proposed method of
extracting guidance information such as LOS rates for the roll-
pitch seeker under the anti-infrared decoy state is effective.
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1. Introduction

In the high altitude and high speed air combat environ-
ment, the infrared seeker is more and more widely used in
air-to-air missile [1-3]. As a kind of the infrared seeker,
the infrared semi-strapdown roll-pitch seeker has the ad-
vantages of small volume and large field of view [4—6].
An important function of the seeker is to obtain guidance
information such as relative distance, relative velocity,
line-of-sight (LOS) angles, LOS rates and accelerations
of the target and the missile. Unlike the platform seeker,
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the roll-pitch seeker cannot directly measure the LOS
rates. Therefore, we usually design suitable LOS rate ex-
traction schemes to obtain the guidance information. The
commonly used extraction schemes are direct extraction
methods [7], filtering estimation methods [8,9] and track-
ing differentiator estimation methods [10,11]. The com-
mon feature of these methods is that the seeker can al-
ways track the real target.

The infrared seeker recognizes the target by sensing in-
frared energy. Therefore, the infrared seeker is easily dis-
turbed by the infrared decoy that is released by the target
[12,13]. The process from releasing the infrared decoy to
seeker recognition of the real target is called the anti-in-
frared decoy state. In this state, the roll-pitch seeker is not
tracking the real target, but the energy center of the real
target and the infrared decoy. Therefore, the above-men-
tioned LOS rate extraction methods [7—11] are no longer
applicable. Infrared decoy jamming leads to inaccurate
guidance information that is obtained by the seeker, which
will seriously affect the guidance accuracy of the missile
[14,15].

In order to counter infrared decoy jamming, many
methods have been proposed. Li et al. [16] established an
infrared anti-jamming operational effectiveness evalua-
tion model. Dai et al. [17] proposed a method that the
missile can quickly identify the infrared decoy by infra-
red characteristics such as temperature and infrared en-
ergy. These methods [16,17] only focus on identifying
the target and do not explain how to obtain guidance in-
formation such as LOS rates. Du et al. [18] proposed a
method of LOS rates extraction for the platform seeker.
Liu [7] established a Kalman filter model of LOS rates
extraction for the roll-pitch seeker. Li [15] proposed a
method, which can improve the accuracy of the LOS
rates extraction for the platform seeker under the anti-in-
frared decoy state. Some other methods [19—21] consider
the effect of the target maneuver on the guidance and
control system under the anti-infrared decoy state. All
these methods [7,15,18—21] do not solve the problem of
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extracting the guidance information, such as LOS rates
for the roll-pitch seeker under the anti-infrared decoy
state completely. In addition, different maneuvering mo-
dels such as the constant acceleration (CA) model, the CA
extended model and the singer model [22—-25] should be
analyzed, but there are no relative researches.

This paper takes the roll-pitch seeker as the researched
object. Aiming at the problem of extracting guidance in-
formation such as LOS rates under the anti-infrared de-
coy state, an optimized method based on the extrapolated
estimation of target accelerations is proposed. The rest of
this paper is as follows. In Section 2, the useful coordi-
nate systems are defined and the reconstruction model of
LOS angles for the roll-pitch seeker is established. In
Section 3, the filter model of extracting guidance inform-
ation is established. Several existing methods and their
disadvantages are introduced. The optimized method based
on the extrapolated estimation of target accelerations un-
der the anti-infrared decoy state is proposed. In Section 4,
numerical simulations are conducted to verify the effect-
iveness of the proposed method under the CA maneuver-
ing model. In Section 5, numerical simulations are conduc-
ted to verify the effectiveness of the proposed method un-
der the CA extended and singer maneuvering model. In
Section 6, relevant conclusions are summarized.

2. Principle of LOS angles reconstruction of
roll-pitch seeker

2.1 Definition of coordinate systems

The roll-pitch seeker consists of an inner and an outer
frames. The outer frame is the roll frame and the inner
frame is the pitch frame. This structure allows the seeker’s
field of view to cover the entire front hemisphere. There-
fore, the missile with the roll-pitch seeker has the advant-
age of launching with a large off-axis angle. In order to
describe the frame motion of the roll-pitch seeker more
clearly, various coordinate systems are defined as follows.

(1) Inertial coordinate system oxyz

The inertial coordinate system is fixed to the earth’s
surface. The origin is the projection of the center of mass
onto the ground when the missile is launched. The ox axis
is the horizontal line on the ground, pointing to the target.
The oy axis is perpendicular to the ox axis and points up-
ward in the plumb plane. The oz axis and the other two
axes satisfy the right hand coordinate system criterion.

(i1) Body coordinate system ox;y,z,

The body coordinate system is fixed to the missile
body. The origin is the center of the mass of the missile.
The ox, axis is the longitudinal axis of the missile body
and points to the head of the missile. The oy, axis is per-
pendicular to the ox axis and points upwards in the longitu-
dinal plane of symmetry of the missile body. The oz, axis
and the other two axes satisfy the right hand coordinate

system criterion. The included angles of the body coordi-
nate system and the inertial coordinate system are pitch
angle ¢, yaw angle ¢ and roll angle y.

(iii) Outer frame coordinate system ox,,,,2,,

The outer frame coordinate system is fixed to the
seeker outer frame. The origin is the center of the seeker
detector. The ox, axis overlaps the longitudinal axis of
the missile body and points to the head of the missile.
The oy, axis is perpendicular to the ox, axis and points
upwards in the outer frame plane. The oz, axis and the
other two axes satisfy the right hand coordinate system
criterion. The included angle of the outer frame coordi-
nate system and the body coordinate system is roll frame
angle ¢p.

(iv) Inner frame coordinate system ox,y,z,

The inner frame coordinate system is fixed to the
seeker inner frame. The origin is the center of the seeker
detector. The ox, axis overlaps the seeker optical axis and
points to the target. The oz, axis overlaps the oz, axis.
The oy, axis and the other two axes satisfy the right hand
coordinate system criterion. The included angle of the
outer frame coordinate system and the inner frame coor-
dinate system is pitch frame angle ¢p.

(v) LOS coordinate system ox,y,z,

The origin of the LOS coordinate system is the center
of the mass of the missile. The ox, axis overlaps the LOS,
pointing to the target. The oz, axis is in the horizontal
plane of the inertial coordinate system. The oz, axis is
perpendicular to the ox, axis and points to the right. The
0y, axis and the other two axes satisfy the right hand co-
ordinate system criterion. The included angles of the LOS
coordinate system and the inner frame coordinate system
are pitch error angle g, and yaw error angle ¢,. The in-
cluded angles of the LOS coordinate system and the iner-
tial coordinate system are pitch LOS angle g, and yaw
LOS angle g,.

Fig. 1 shows the transform relationship among above-
mentioned coordinate systems.

Body coordinate

3, v, [229% %4
Inertial coordinate Outer frame
oxyz coordinate
0X,, Y\ 2,
4 9,) (¢,
LOS coordinate (& 8) . f'rame
XV 2 < »  coordinate
S5 0X, VnZy

Fig.1 Transform relationship of coordinate systems
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2.2 Reconstruction of LOS angles

u =[1,0,0]" is supposed as a unit vector along the LOS.
The coordinates of the vector in the inner frame coordi-
nate system can be obtained by rotating the angles &, and
g, backwards from the LOS coordinate system. In the
same way, the coordinates of the vector in the body co-

nate system is represented as C;. The coordinate transfor-

mation matrix from the LOS coordinate system to the in-

ertial coordinate system is represented as C'. From the

above-mentioned analysis, we can get

1 1

i b W m — i
ordinate system can be obtained by rotating the angles ¢, GC.CE 0 1=C610 M
and ¢ backwards from the inner frame coordinate sys- 0 0
tem. Therefore, the coordinates of the vector in the iner- where
tial coordinate system can be obtained by rotating the ) ] 7
angles ¢, ¢ and y backwards from the body coordinate cosg,co8q, —sing,cosq, sing,
system. C = sing,, cosq, 0 (2
On the contrary, the coordinates of the vector in the iner- | —cosg,sing, sing,sing, cosgq, |
tial coordinate system can be also obtained by rotating the
angles ¢, and ¢, forwards from the LOS coordinate sys- cosg,cose, —sing,cosg, sing, |
tem. The coordinates obtained by these two methods are C' = sing, cose, 0 3)
the same. ) ) ) | —cosg,sing, sing,sing, cosg, |
The coordinate transformation matrix from the LOS
coordinate system to the inner frame coordinate system is [ cosdp  —singp O ]
represented as C”. The coordinate transformation matrix C'=| singy cosgy 0 )
from the inner frame coordinate system to the outer frame " r i ’
coordinate system is represented as C". The coordinate 0 0 L
transformation matrix from the outer frame coordinate 1 0 0
system to the inner frame body coordinate system is rep- . )
resented as C°. The coordinate transformation matrix C.=| 0 cosge —sindy |. )
from the body coordinate system to the inertial coordi- L 0 singg  cosdyg
costtcosyy —sindcosycosy+sinygsiny  sindcosysiny +sinygcosy
C = sin® cositcosy —cos?siny . 6)
—cosd¥sing  sindsinycosy+cosysiny  —sinidsinygsiny +cosycosy

Calculate the left side of (1) and the calculated result
can be represented as

1 X,

ceeetl o |= [ Yq ] . @)
0 %

From (3) to (6), we can draw a conclusion that

xl] = fx(ﬁ’ w’Y’ ¢R? ¢P78p98y)
yq = ﬁ)(ﬁ’w’yvgbR’(pPaqugy) . (8)
Zq = fz(ﬂ’ ‘7//777 (pRv ¢P’8p’8y)

Putting (2) and (7) into (1), we can get

q, = arcsiny,
q, = arcsin(—z,/cosq,)

)

From (8) and (9), we can draw the conclusion that LOS
angles of the roll-pitch seeker can be calculated by means
of coordinate system reconstruction. Attitude angles, seek-
er frame angles and detector error angles are required to
calculate LOS angles. These required angles can be obtain-

ed directly by angle sensors on the missile body and the
seeker. The LOS rate can be estimated by taking LOS
angles as measurements and establishing the appropriate
Kalman filter model.

3. LOS rates extraction under anti-infrared
decoy state

3.1 Filter model of LOS rate extraction

The motion between the missile and the target is nonlin-
ear so that extended Kalman filtering (EKF) can be used,
which is often used to deal with nonlinear problems. The
EKF model for LOS rates extraction is established as fol-
lows [7].

In the polar coordinate system, state variables in the

filter equation are
X= [ql)".b"qy’ib’RvR] (10)

where g, and g, are LOS angles, ¢, and ¢, are LOS rates,
R is the relative distance between the missile and the tar-



LI Yue et al.: Line-of-sight rates extraction of roll-pitch seeker under anti-infrared decoy state 181

get, R is the relative velocity between the missile and the
target.

For accurate estimation, the system state equation sho-
uld also include the accelerations of the missile itself and
the accelerations of the target maneuver [7,15]. The ac-
celerations of the missile itself can be measured by the
missile body accelerometer so that it is known, while the
target accelerations are unknown. Target accelerations
can be expanded into state variables, and the system state
variables can be expanded into

X= [Qpaq‘p’qy5q‘y’R9R’atxsaty?atzi| (11)

where a,,, a,, and a,, are target’s maneuvering accelera-
tions.

The maneuvering model of the target has many forms.
Many relevant studies are based on given target maneu-
ver models, and the target maneuvering dynamics are also
considered. Combined with the information measured by
the seeker, this paper firstly assumes that the target per-
forms constant maneuver. The cases that the target per-
forms changeable acceleration maneuver will be analy-
zed in Section 5.

Maneuvering accelerations in the inertial space are re-
spectively a,,, a, and a,,. w,, w,and w, are the white
Gaussian noises. It is assumed that these noises are unre-
lated. Accelerations of the missile are represented as a,,,,
Ay and a,,,. According to the CA maneuvering model, the
relationship between noise and target acceleration is

da,, da,, da,.
— =W, — =W, =w
de !

— . 12
dr 7 ode ‘ (12)

The acceleration of the target in the inertial coordinate
system is a,. The acceleration of the target in the LOS co-
ordinate is a,. According to the derivative rule of vectors,
we can obtain

=—'_Q-a, (13)

Project the target’s acceleration under the inertial sys-
tem onto the LOS system, and we can obtain

da ol . .
d_:\ = C0S8¢g,Cosq,w;, +s1n g,y —CO8q,Ssing,w,
da,y, . . .

dr = —SInq,Cosq,wy + COS g,y + Sin q,smqg,w,
darzl .
? = Singywy +CoSs qyw;

(14)

Substituting (14) into (13), we can obtain

dalr
dr

= a,pg, — Ay, COS g, +COS g, COS Gy, +
sing,w, — cos q, sing,w,
da,,

7 ayqg, sing, — a,q, — sing, cos g,w,+

. (15)
cosq,w, +sing, sing,w,
da,,

T a4y COS g, — a,pq,Sing,+

sing,w, + cos g,w,

Therefore, the state equations of the system are

d& — q

a7

qu Zqu Lo . a,, [

— =—————¢;8Ing,Cco8¢q, + — — —

dr g DA TR

dg,

a -~ P

dg, 2Rg, a, A,y

& =D, 24,4, tang, — 2+ :

dr R Rcosg, Rcosg,

drR .

—~_R

dr

dr = R + RGPCO8>q, + Ay — Gy

dr peow P

day, . .

a9~ 4Gy COS g, +C08 G, COS Gy, +
sing,w, — cos g, sing,w,

datv . . . .

d_t( =a,q,sing, — a,,§4, — sing, cos q,w,+
cosq,w, +sing, sing,w,

da,, . ..

& = OndyCOSqp = ang,ysin q,+

sing,w, +cos g,w,

(16)

LOS angles are chosen as measurements, which can be
calculated by attitude angles, seeker frame angles and de-
tector error angles. Noises of the measurement equation
are represented as v, and v,. Measurement equations of
the system are

{ N qu+V1 :ﬁ(ﬁ’w97»¢R»¢P58p’£y’vl) (17)
yZ = q)‘ +V2 = f‘z(ﬁ’w,quﬁngﬁP’gpsgy’VZ)
Then the measurement matrix of the system is
1 000 0 0O0OO
=[ . (18)
0010 O0O0O0O0OTO 0

3.2 Anti-infrared decoy state and existing methods

The infrared secker tracks the target by recognizing the
infrared energy. After the target releases the infrared de-
coys, multiple infrared energy sources will appear in the
seeker’s field of view. The seeker will track the energy
center of these sources until the seeker recognizes the real
target. Fig. 2 shows the angular relationship of the ener-
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gy center, the single decoy and the real target. The real
LOS angle is g;. The seeker’s light axis points to the en-
ergy center, and g, becomes the recorded LOS angle.

True target
Energy center

Decoy target

qs q, 9,

Missile .
Reference line

Fig. 2 Seeker tracking the energy center

From Fig. 2, we know that if the seeker tracks the
wrong infrared target, detector error angles obtained by
the seeker detector will be inaccurate. Seeker frame
angles calculated by the seeker servo system will also be
inaccurate. According to Section 2, the LOS angle recon-
structed by the above-mentioned angles will be also inac-
curate. As measurements, these inaccurate LOS angles
will cause errors in the guidance information extraction
by the filter model. Finally, missile guidance and control
accuracy will be affected.

The infrared seeker takes about 0.3 s to recognize the
real target from the numerous decoys [26,27]. The state in
which the seeker recognizes the real target is called the
anti-infrared decoy state. During this anti-infrared decoy
state, appropriate measurements need to be selected to en-
sure that the LOS rate and target maneuver information
estimated by the filter model are accurate.

Method 1 Select extrapolated values of LOS angles
as measurements

In [15], a method that used extrapolated values of LOS
angles as measurements under the anti-infrared decoy
state was proposed. LOS angles information from the
seeker is no longer accurate during the anti-infrared de-
coy state. Therefore, we can select the LOS angles in-
formation at the moment that the target releases the de-
coy as the replacement. Assume that the target releases
the decoy at g, rercase, and the LOS angles information ob-
tained from the seeker at the releasing moment are
G p-release ANA G _re1case. These LOS angles can be called as
extrapolated LOS angles. Measurement equations of the
system during the anti-infrared decoy state change into

1= qll—re]ease + Vi
19
{ Yo = q,v—release +V, ( )

During the anti-infrared decoy state, the LOS rate ex-
traction uses extrapolated LOS angles as the measurement.
When the seeker recognizes the real target, the seeker

light axis tracks the real target again. LOS angles obtain-
ed from the seeker can be used as measurements for the
filter model again. The anti-infrared decoy state becomes
over this time.

The disadvantage of this method is obvious. Extrapo-
lated LOS angles are not equal to the real LOS angles,
and the real LOS angles will change during the anti-in-
frared decoy state. Using the fixed extrapolated LOS
angles as measurements will cause errors when estimat-
ing the guidance information by the filter.

Method 2  Extract guidance information without
measurements

In [7], a method that used Kalman filter without mea-
surements under the anti-infrared decoy state was propo-
sed. Inaccurate LOS angles information will not enter the
filter estimator without using the measurement equation.
When the seeker recognizes the real target, the seeker
light axis tracks the real target again. LOS angles obtain-
ed from the seeker can be used as measurements for the
filter model again.

The disadvantage of this method is a short period’s
time of missing information. Miss the inaccuracy LOS
angles information may reduce the error of the LOS rates
estimation, but other guidance information such as rela-
tive distance, relative velocity and target accelerations
may be estimated inaccurately.

3.3 New method: selecting extrapolated estimation
of target’s accelerations as measurements

The missile needs guidance information to track its target.
The LOS rate is one of the most necessary guidance in-
formation. The LOS rate of the roll-pitch seeker needs to
be extracted from the known information of the missile
and the target by the estimation. Therefore, the key to ex-
tract LOS rates accurately is to select the suitable known
information.

Fig. 3 shows the guidance and control system of the roll-
pitch seeker in the normal state. The normal state means
no infrared decoy jamming state. From Fig. 3, we know
that the roll-pitch seeker obtains and processes the motion
information of the missile and the target through the de-
tector, the command unit and so on. The accuracy of the
motion information transmitted by the seeker to the filter
determines whether the filter can estimate the guidance
information such as LOS rate and target maneuver well.

From Section 2, we know that LOS angles can be re-
constructed by attitude angles, seeker frame angles and
detector error angles. These required angles can be all ob-
tained accurately in the normal state. Therefore, LOS
angles are accurate and they can be selected as measure-
ments. By the filter estimation, the guidance information
such as LOS rates can be extracted. The whole process is
shown in Fig. 3.
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Fig.3 Guidance control loop of seeker in normal state

When the target releases the infrared decoy, the roll-
pitch seeker cannot track the real target anymore. Detect-
or error angles become inaccurate and LOS angles be-
come inaccurate, too. To continue the filter estimation
process, the replaced known quantities need to be selec-
ted as measurements.

Before the anti-infrared decoy state, all of these nine
state variables can be estimated by the filter model, which
means that the accelerations of the target (a,, and a,;) have
been estimated. Under the case that the target performs
the CA maneuvering model, we can make two assump-
tions.

Assumption 1
ver.

Assumption 2 The target will only release the decoy
to avoid tracking by the missile, and the maneuver acce-
lerations will not change during the anti-infrared decoy
state.

The target’s accelerations at the moment that the target
releases the decoy can be represented as dy_rejcase and
Qi release- Lhe true values of target’s accelerations during
the anti-infrared decoy state are represented as a;,_,,; and
dy,_an- From those two assumptions, we know that

The target performs a constant maneu-

aty—ami :aty—release
(20)

Ayz—anti =Aiz-release

From (20), we know that a;_ejease A0d @y, _rejease CaN be
selected as measurements under the anti-infrared decoy
state. These accelerations at the releasing moment can be
estimated by the filter.

Fig. 4 shows this new method of measurements choos-
ing. Before the anti-infrared decoy state, the guidance and

control system uses correct LOS angles as measurements.
During the anti-infrared decoy state, the estimated acce-
lerations of the target can be chosen as measurements for
the Kalman filter model. Measurement equations of the
system change into

=da; +
{ N1 'y Vi (21)

Y2=a;tVy

where a,, and q,, are estimated values of target’s y axis
and z axis accelerations.
Then the measurement matrix of the system changes
into
000O0OO0OO0OO0OT1IO
c- [ @
000 O0O0O0OO0OO 01
There are errors between the estimated values and true
values, which means

{ atyfrelease = aty + Aa,y
Qz—release = Giz T Aa,z

(23)

where a,, and a,, can be called extrapolated accelerations,
Aa,, and Aa,, are estimation errors of the filter. These es-
timation errors may cause inaccurate extraction of the
guidance information, which need to be researched in the
following simulation.

After the anti-infrared decoy state, the seeker recog-
nizes the real target. The seeker light axis tracks the real
target again. LOS angles can be used as measurements
for the filter model again. The anti-infrared decoy state
becomes over this time. Measurement equations of the
system change into

=q,+v
{yl q, 1 (24)

Y2=‘]z+\’z
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The measurement matrix of the system changes into
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This method can be called as the accelerations extra-
polated estimation method. The effectiveness of this new

C= 100000000 ] 25) method should be verified by the following numerical simu-
001 0O0O0O0TO0OTF® lations.
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Fig. 4 Guidance control loop of seeker under anti-infrared decoy state

4. Simulation and validation under CA model

At first, we assume that there is no error between the es-
timated target acceleration and the real target acceleration.
Aa,, and Aa,, are zero. Set appropriate motion parameters
of the missile and the target. Simulate the anti-jamming
methods mentioned in Subsection 3.2 and Subsection 3.3
respectively. After this simulation, the condition that
there are errors between the estimated target acceleration
and the real target acceleration is considered in Subsec-
tion 4.2. In the process of simulation and comparison
among three filtering methods, the following two com-
parison items are commonly used to evaluate the advan-
tages and disadvantages of three methods:

Af, the absolute value of the estimated value fluctu-
ation’s crest during the identification process, which is
the period of 5.0—5.3 s in our simulation;

AE, the absolute value of the error between the esti-
mated value and the true value. In the calculation process,
a set of absolute error values AE,,AE,,--- ,AE,(n > 10)
after 8 s can be taken and we can obtain their mean values
AE by statistical methods.

Since the estimated values of Kalman filtering will be
applied to the guidance system of air-to-air missiles, the

large fluctuation in the data update process will cause in-
stability in the guidance system so that we want the data
fluctuation during 5.0-5.3 s to be as small as possible. In
addition, the error between the estimated value and the
real value cannot be too large, which will also cause the
decrease of guidance precision of air-to-air missiles.
Therefore, the smaller Af is, the smoother the identifica-
tion process is, which means the method is more helpful
to the stabilization of the guidance system. The smaller
AE is, the better the filtering effect is, which means the
filtering method is more helpful to the stabilization of the
guidance system.

4.1 Comparison among several methods

Initial simulation conditions are as follows. Set the rela-
tive distance between the missile and the target at the ini-
tial moment R as 10 km. Set the relative velocity R
between the missile and the target as 1 000 m/s. The ini-
tial values of the LOS angles are g, = 1° and ¢, = 5°. The
initial value of the LOS rate is zero. The accelerations of
the target in the LOS coordinate system are a,, = 10 m/s?,
a, = -30m/s” and a,, = —60 m/s. The initial state of the
Kalman filter is shown in Table 1. The initial estimation
errors of the state variables are shown in Table 2.
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Table 1 Initial value of Kalman filter estimation Table 2 Initial estimation error of state variables
Initial parameter Value Initial parameter Value
Gpo/(°) 14 Aqpo/(°) 04
dpo/(°1s) 0 Aqgpo/(°fs) 0.4
4y0/(°) 4.6 Agyo/(°) 04
@yo/(o/s) 0 Agyo/(°/s) 0.4
Ro/km 9.8 ARy/km 200
Ro/(m-s) ~900 ARy/(m/s) 100
aro/(m-s72) 0 Aago/(m/s?) 10
dyyo/(m-s72) 0 Adyyo/(m/s?) 10
drz0/(m-52) 0 Aago/(m/s?) 10
Take the initial covariance matrix as
[ (0.4/57.3) 0 0 0 0 0 0 0 0 ]
0 (0.4/57.3) 0 0 0 0 0 0 0
0 0 (0.4/57.3) 0 0 0 0 0 0
0 0 0 (0.4/57.3* 0 0 0 0 0
P(0) = 0 0 0 0 2000 0 0 0 0 (26)
0 0 0 0 0 100> 0 0 0
0 0 0 0 0 0 10° 0 0
0 0 0 0 0 0 0 100 0
L 0 0 0 0 0 0 0 0 10
The following simulations show the comparison of Table 3  Different cases with measurements
these existing methods mentioned in Subsection 3.2 with  (Case Description Measurement
the new method proposed in Subsection 3.3. Set the be- 1 Normal state with true values No-measurement
ginning time of the anti-infrared decoy state as 5 s. The 2 Jamming state without any method LOS angles
relativelvelocity between the decoy and the real target is ; Anti-infrared decoy state without N
50 mv/s in the y and z axes. After 0.3 s, the decoy can be measurements

recognized by the seeker. Simulation of various cases and
the measurements selection is shown in Table 3. Figs. 5—14

show the simulation results.
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Fig. 13 Simulation of a;;

Figs. 5—13 show the simulation results of state estima-
tion of R, R, 9», 4p> qy» §y» i, Gy, a4y, Five cases are all
shown in each figure. Fig. 14 shows the motion of the
missile and the target.
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——— : Missile; - - : Target.

Fig. 14 Motion of the missile and the target

From Fig. 5and Fig. 6, we know that the jamming
state has a deep influence on the estimation of relative
distance and relative velocity. There are big errors between
the results of the jamming state and the true values. Three
filtering methods reduce the error in varying degrees. Be-
cause of using inaccurate information during the anti-in-
frared decoy state, the effect of the method with the LOS
angle at 5 s is the worst. The effect of the method with
accelerations as measurements is better than the method
without measurements for the reason of using accurate in-
formation.

From Fig. 7and Fig. 8, we know that the jamming
state will cause a large deviation from the true LOS
angles and LOS rate estimation values during the period
from 5 s to 5.3 s. The method that uses LOS angles at 5 s
as measurements reduces the error, but there is still a
small deviation from the true values. The method with ac-

celeration estimates the LOS angles and the LOS rate
more accurately than the method without measurements.
Fig. 9 and Fig. 10 show the estimated LOS rates. From
the figures, we can find that the estimated effect of the
new method seems to be closed to that of Method 1 and
Method 2. The process of the anti-infrared decoy and tar-
get recognition for the roll-pitch seeker is only 0.3 s. Al-
though there will be error on the measurement when us-
ing Method 1 or Method 2, since the recognition process
is short, the roll-pitch seeker can obtain the correct LOS
angle information after 0.3 s again. In addition, the LOS
rates filtering estimation is relatively direct, which will be
less affected by the measurement error [28,29]. There-
fore, the LOS rates estimated effect of Method 1 and
Method 2 are closed to that of the new method. However,
after 10 s, the estimated value of the new method oscil-
lates obviously. Oscillation is caused by the changeable
structure parameters of the filtering algorithm. For com-
parison, we set the filter structure parameters of the three
methods to be the same. However, in the practical applic-
ation of the algorithm, the filter structure parameters will
be optimized and adjusted to reduce the interference ef-
fect of the filtering noise [30]. Therefore, the oscillations
at the end of Fig. 8 and Fig. 10 will not affect the normal
use of the filtering method.

From Figs. 11-13, we know that the jamming state will
causes big errors when the filter estimates the accelera-
tions of the target. From Fig. 11, we know that the esti-
mated effect of a,, under all the three methods are not well.
That is because the estimated effect of a,, is related to the
relative distance and relative velocity. Unlike the common-
ly used pitch-yaw seeker, the roll-pitch seeker cannot direct-
ly obtain relative distance and relative velocity which are
also obtained by the filtering estimation. Therefore, the
estimation effect of a,, is generally not well under all the
three methods. However, since a,, is not applied to the
guidance law, the estimation effect of a,, is not well,
which will not affect the normal operation of the guid-
ance system of air-to-air missiles [31,32].

For the estimation of y and z accelerations, the three
methods have good effects on reducing errors. The effect
of the method with accelerations as measurements is bet-
ter than the other two methods.

Comparing the data in Table 4, we can find that except
Fig. 11, Af of Method 2 is generally larger than that of
Method 1 and the new method. This indicates that except
the estimation of a,,, Method 2 will have a larger data
fluctuation in the process of target recognition than Me-
thod 1 and new method 3. From the previous analysis, we
know that the three methods are not effective for a,, es-
timation.
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Table 4 Summary of specific data in Figs. 5-13

Figure el AE
Method 1 Method 2 New method Method 1 Method 2 New method
5 151.8 530.9 142.7 628.11 1 669.07 10.248
6 40.02 149.8 33.35 56.271 176.29 32.687
8 4.77x10" 24.4x10" 0.178x10"* 4.4593x10" 3.484x10" 6.8218x10 "
10 3.27x10" 20.4x10" 1L.12x10™ 3.79x10"* 2.768x10" 6.132x10 "
11 9.6 2.47 10.33 7.305 5.1547 11.369
12 0.035 4.2 0.002 21227 6.732 0.556 1
13 0.97 4.32 0.004 1.785 4.807 0.446
Comparing AE in Table 4, we know that except the es- 1(5) e

timation of LOS rates, AE of the new method is gener- o s IS

ally less than that of Method 1 and Method 2, which in- g 0 I‘Eu W Nk ¥ F,

dicates that the estimated effect of the new method is § -5

generally the best. Therefore, we can obtain the conclu- 5-10

sion that the new method is the best among the three §_15

methods from the comparison of specific data. «g :2(5) & f‘w{‘

4.2 Situations with estimation errors u% -30H

When the anti-infrared decoy state starts, the Kalman fil- _i(s)

ter model uses the target accelerations estimated before 01234 STin?e/: 89 101112

the anti-infrared decoy state as the measurements. There — : Error of z-acceleration; - - : Theoretical boundary.

may be errors between the estimated accelerations and
the true accelerations of the target. The following simula-
tion considers the influence of the estimated error on the
guidance information extraction of the accelerations ex-
trapolated estimation method.

Fig. 15 and Fig. 16 show errors between the target’s
real accelerations and the estimated accelerations under
the normal state. The red dotted lines show the theoretic-
al boundary of the error, which is calculated by the error
covariance matrix of the Kalman filter model.
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Error of y-acceleration/(m-s™2)
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—— : Error of y-acceleration; - - : Theoretical boundary.
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Fig. 15 Estimation error of a,y, and the theoretical boundary

Fig. 16 Estimation error of a,; and the theoretical boundary

From Fig. 15 and Fig. 16, we know that errors between
estimated accelerations and the real accelerations are limi-
ted in a theoretical range. Calculated by the error covari-
ance matrix, the error range for a,, is from —4 m/s*to
4 m/s% and the error range for a, is from —3 m/s’to
3 m/s’. Combined with the simulation results in Fig. 15
and Fig. 16. The error range can be modified as 0—4 m/s?
for a,,, and 0—3 m/s* for a,.. Next, we will select several
error cases within the error range to simulate the influ-
ence of these errors on the accuracy of the extrapolation
estimation strategy. Table 5 shows the error cases that
will be simulated. Figs. 17-22 show the simulation re-
sults.

Table 5 Different error cases and compared methods

Case Description Measurement

1 Normal state with true values No-measurement
2 Anti-infrared decoy state without measurements No-measurement

3 Anti-infrared decoy state using LOS angles as

measurements

4 Anti-infrared decoy state using accelerations as
measurements

Use accelerations as measurements with error
Aayy =2 m/s*and Aa,; = 1.5 m/s?

Use accelerations as measurements with error
Aayy =4 m/s? and Aq;, = 3 m/s?

LOS angles at 5 s
Estimated
accelerations

Estimated
accelerations

Estimated
accelerations
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Fig. 17 Simulation of R with estimation errors
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Fig. 18 Simulation of R with estimation errors
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Fig. 20 Simulation of ¢y with estimation errors
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Table 6 shows the specific data of Figs. 17-22, in
which Method 1 uses LOS angles as measurements,
Method 2 is the method without measurements, Method 3
uses the acceleration as measurements, Method 4 uses the

acceleration as measurements with errors of Aa,, = 4 m/s?,
Aa,. =3 m/s*, and Method 5 uses the acceleration as

. 2
measurements with errors of Aa,, = 2 m/s?, Aa,.=1.5 m/s".

Table 6 Summary of specific data in Figs. 17-22

) Af AE

Figure Method 1 Method2  Method3 ~ Method4 ~ Method 5 Method 1 Method2  Method3  Method4 ~ Method 5
17 5309915 151.8188  142.7381 203.8354 367.6746 1 668.256 630.457 6.049 95 1007.856  636.762 5
18 149.847 40.028 36 3335335  43.10698  86.853 68 176.4141 5635836  32.6877 104.733 1  53.749 55
19 0.002 44 0.000 48 0.000 02 0.000 76 0.000 18 0.000006  0.000 021  0.000303  0.000 134  0.000 224
20 0.002 03 0.000 03 0.000 31 0.000 45 0.000 09 0.000033  0.000 096 0.000 1 0.000 123 0.000 36
21 4.236 0.035 11 0.002 45 4.002 99 2.004 25 6.729378  2.118827  0.41871 4.108 605 2.631 62
22 432415 0.978 53 0.004 86 2.998 76 1.499 18 4.79226 1.784 803 038596 2386265 2.137486

From Fig. 17, Fig. 18 and Table 6, when we use the
target’s accelerations as measurements, we know that the
estimation error of target accelerations will cause inaccu-
rate extraction of relative distance and relative velocity.
The greater the estimation errors of accelerations are, the
greater the influence on relative velocity and relative dis-
tance estimation will be. However, within the estimation
error range of the filter, even if the estimation of accelera-
tions are not accurate, the relative distance and relative
velocity extraction accuracy of the accelerations extrapo-
lation estimation method are better than that of the me-
thod using LOS angles as measurements or the method
using no measurement.

From Fig. 19, Fig. 20 and Table 6, we know that seve-
ral methods can all extract LOS rates well. The measure-
ments error of the accelerations estimation will cause the
error of extracting LOS rates, but the effect is not serious
within the estimation error range of the filter.

From Fig. 21, Fig. 22 and Table 6, we know that for
the method of using accelerations as measurements, the
estimation error will affect the accuracy of the target’s ac-
celerations estimation. The effect is obvious when the er-
ror becomes bigger. However, within the estimation error
range of the filter, even if the estimation of accelerations
are not accurate, the accelerations extraction accuracy of
the accelerations extrapolation estimation method is bet-
ter than that of the method using LOS angles as measure-
ments or the method using no measurement.

5. Anti-infrared decoy strategy for target
with variable acceleration

When the air-to-air missile is tracking the target, the tar-
get can not only release the infrared decoy, but also es-
cape by large maneuver in a short time. In addition to the
usual CA maneuver model, the target may be maneuver-
ing with variable acceleration. There are two ways of

changing the acceleration in a short period of time, con-
tinuous change and dispersed change. The common con-
tinuous change model of target acceleration is the CA ex-
tended model, and the common dispersed change model
of the target acceleration is the singer model. In the fol-
lowing, we will verify the effect of our new LOS rates
extraction method through the simulation in the cases that
the target releases the infrared decoy with the CA exten-
ded maneuver or singer maneuver.

5.1 Target maneuver with CA extended model

The target maneuvering model discussed in Section 3 and
Section 4 is the CA model, and the target acceleration is
assumed to be constant. The derivative of the target ac-
celeration is only the noise quantity. When the target con-
tinuously increases maneuver overload to avoid air-to-air
missile tracking, the target acceleration may perform the
CA extended model, and the target maneuver model at
this time will change continuously and uniformly.

Assume that maneuvering accelerations in the inertial
space are a,,, a,, and a,, respectively. w,, w, and w, are
the noise. k is the changing coefficient of acceleration,
which is a constant. According to the CA extended maneu-
vering model, the relationship between noise and target
acceleration is

da,.
=kt w,
dr @
da,,
W kot @7)
dr i
da,,
ok 4w,
ar .t W,

According to the vector derivation equation and co-
ordinate transformation, which we mentioned in Section 3,
we can obtain the new state equation of target accelera-
tions.
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Other state equations are the same as that in (16).

d(;zt,, = a,,4, — a4, €0 q, +c08q,cos g, (w, + k) +
sing, (w, +k,) — cosg, sing, (w, + k)

dg;p =a,q,sing, — a,g, —sing,cos q, (w, + k) +
cosq, (w, +k,)+sing,sing, (w, +k,)

d(%y = a,4,cosq, — a,,q,sing,+
sing, (w, +k,) +cos g, (w, +k.)

(28)

We can set the suitable initial simulation conditions as
follows, which are the same as the initial simulation con-
ditions in Subsection 4.1. Set the relative distance be-
tween the missile and the target at the initial moment R as
10 km. Set the relative velocity R between the missile
and the target as 1 000 m/s. The initial values of LOS
angles are g, =1°and ¢, =5°. The initial value of the
LOS rate is zero. Set k as 0.5 in the simulation and the
initial accelerations of the target in the LOS coordinate
systemarea,, = 10 m/s% a,, = =30 m/s? anda,, = —60 m/s>.
Table 7 shows several types of simulation conditions with
different filtering methods. Figs. 23—28 show the simula-
tion results under the CA extended model with different
methods. Table 8 shows the specific data of these figures.

Table 7 Different cases with measurements with the CA extended

model

Case Description Measurement
1 Normal state with true values No-measurement
D) Anti-infrared decoy state without No-measurement

measurements

3 Anti-infrared decoy state using LOS

angles as measurements LOS angles at 5 s

4 Anti-infrared decoy state using Extrapolated
accelerations as measurements accelerations
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Fig. 23 Simulation of R with the CA extended model
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Fig. 24 Simulation of R with the CA extended model
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Fig. 25 Simulation of ¢p with the CA extended model
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Fig. 26 Simulation of gy with the CA extended model
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Fig. 27 Simulation of a;, with the CA extended model
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Fig. 28 Simulation of a;; with the CA extended model

Table 8 Summary of specific data in Figs. 23—28
Figure el AE
Without measurements  Using LOS angles  Using acceleration ~ Without measurements ~ Using LOS angles  Using acceleration
23 185.813 85 1 057.565 75 41.433 45 516.089 5 2 208.678 473.623 6
24 54.2 310.366 72 9.765 66 73.218 6 260.021 8 70.249 04
25 2.495x10" 0.002 62 2.461x10" 6.42x10" 2.83x10" 3.89x10"
26 8.496x10 0.005 78 1.938x10 * 8.6x10" 0.0001 0.000214
27 1.951 0.626 26 1.368 99 2.768 98 8.618 12 2.501 04
28 3.8217 3.356 35 1.282 67 5.462 78 17.49 89 5.049 85
From Figs. 23—28 and the specific data in Table 8§, we  the noise and the target acceleration is
know that due to the change of target acceleration at a da,,
constant speed, the filtering effects of the existing methods PR +w,
are all affected, in particular the estimation of relative da,
distance and relative velocity. However, compared with o anto, (29)
the other two existing methods, the method of using ac- da,,
celeration at the moment of releasing the decoy as mea- TR

surement has a better filtering effect, which means that
the new method still has advantages when the target man-
euvers with the CA extension model.

5.2 Target maneuver with singer model

When the target avoids the missile, the maneuvering ac-
celeration may change dispersedly. In this case, the singer
model can be used to describe the target maneuvering. As
a commonly used target maneuvering model, the singer
model assumes that the acceleration of the target is an ex-
ponential autocorrelation zero-mean random process. The
target acceleration frequency « is used to show the chan-
ge rules of the target’s acceleration. Assume that maneu-
vering accelerations in the inertial space are a,,, a,, and a,,
respectively. w,, w, and w, are the noises. According to
the singer maneuvering model, the relationship between

According to the vector derivation equation and coordi-
nate transformation, which we mentioned in Section 3,

we can obtain the new state equation of target accelera-
tions:

da,, . .
3 = Wy~ ygy 08 Gy +C08 G, COS G, (wy—aa,)+

sing, (w, —aa,,) — cos g, sing, (w, — @a,,)

da, ) ' )
P .. . .

o5 = Wi sing, - a,q, —sing,cosq, (wy—aa,)+

cosq, (w, —aa,,)+sing, sing, (w, — aa,,)
da,, '

dr

= a,q,co8q, — a,,q,sinq,+

sing, (w, —aa,) +cosq, (w, — aa,)
(30)

Other state equations are the same as that in (16), and
set the same initial conditions for the simulation as that in



LI Yue et al.: Line-of-sight rates extraction of roll-pitch seeker under anti-infrared decoy state

Subsection 5.1. Set @ as 0.2 in the simulation and we
design a simplified target maneuver singer model for simu-
lation, in which the target acceleration changes only once
before and after releasing the decoy. Table 9 shows se-
veral types of simulation conditions with different filter-
ing methods. Figs. 29—34 show the simulation results un-
der the singer model with different methods. Table 10

shows the specific data of these figures.

Table 9 Different cases with measurements under singer model

Case Description Measurement
1 Normal state with true values No-measurement
5 Anti-infrared decoy state without No-measurement
measurements
3 Anti-infrared decoy state using LOS LOS angles at 5 s
angles as measurements
4 Anti-infrared decoy state using Extrapolated
accelerations as measurements accelerations
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Fig.29 Simulation of R with the singer model
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Fig. 30 Simulation of R with the singer model
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Fig. 31 Simulation of §p with the singer model
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Fig. 32 Simulation of gy with the singer model
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From Figs. 29-34 and specific data in Table 10, we
know that due to the dispersed changing of target accelera-
tion, the filtering effect is greatly reduced. The estima-
tion of relative distance and relative velocity has large er-
rors. The estimation of the target acceleration becomes
divergent. However, compared with the other two exist-
ing methods, the method of using acceleration at the mo-
ment of releasing the decoy as measurement has a better
filtering effect on the estimation of LOS rates and target
accelerations, which means that the new method pro-
posed in this paper still has advantages when the target
maneuvers with the singer model.Due to the jump change
of the target acceleration, the estimation of relative dis-
tance and relative velocity fluctuate greatly under all
three methods. In comparison, the final estimation error
of the new method is smaller than that of the existing me-
thod, which also shows the advantages of the new method.

Table 10 Summary of specific data in Figs. 29-34

. Af AE
Figure Without measurements ~ Using LOS angles ~ Using acceleration ~ Without measurements  Using LOS angles  Using acceleration

29 937.927 06 1023.876 41 937.927 06 1090.223 3193.21 373.043 9
30 272.223 86 321.28175 224.160 68 90.5742 146.507 3 352878
31 0.002 28 0.003 58 9.30573x10* 1.5x10°° 7.1x10 " 1.0x10°
32 0.002 96 0.006 68 0.002 42 0.002 381 0.001 121 0.002 049
33 7.357 18 10.881 79 6.94711x10° 7.895 29 16.783 5 231319
34 4201 31 15.738 14 0.002 37 11.359 1 26.790 2 2.437 66

6. Conclusions

In this paper, the problem of the LOS rate and other guid-
ance information extraction for the roll-pitch seeker under
the anti-infrared decoy state is researched. Different me-
thods for guidance information extraction are compared
and finally a new method that uses the target’s accelera-
tions as measurements for the filter model is proposed.
From the simulation, we can draw conclusions as follows.

The jamming state will cause errors on reconstructed
LOS angles. These errors will cause an adverse effect on
the missile guidance and control system. To reduce the
error, the appropriate method should be used during the
jamming state.

The filter model is usually used to extract the LOS rate
for the roll-pitch seeker. LOS angles are chosen as mea-
surements for the filter model. If the measurements are
inaccurate, the LOS rate extracted by the filter model will
be inaccurate, too.

Under the CA maneuvering model, the target’s acceler-
ations can be used as measurements for the filter model.
The effect on extracting the guidance information of this

new method is better than the existing methods men-
tioned in Subsection 3.2. Estimation errors will cause in-
accurate extraction of the guidance information, but the
effect is not serious within the estimation error range of
the filter.

Compared with the other two existing methods, the
method of using acceleration at the moment of releasing
the decoy as the measurement has a better filtering effect
on the estimation of LOS rates and target accelerations
when the target maneuvers with the CA extended model
or the singer model.

The research results in this paper can provide a solu-
tion to the anti-infrared decoy jamming problem of the in-
frared semi-strapdown air-to-air missile. Future work will
focus on the problem of anti-jamming and LOS extrac-
tion in the case of multi-decoys and random target maneu-
ver.
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