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Abstract: A novel simulation method for fuze warhead system
(FWS) at very low altitude flight is proposed to solve adaptability
issues of the traditional one in the naval battle. Firstly, a simulation
system framework is presented. Then the detailed implementation
of a novel general fuze model, a novel sea echo model and a novel
warhead dynamic effectiveness power field algorithm including the
simulation system are presented. Finally, simulation results show
good performance of the proposed method. The proposed method
can simulate the echo signal when the complex fuze antennas
detect target and the sea at the same time, and can truly reflect
the target positions hit by the warhead fragments. The proposed
method can solve the existing problems in the FWS simulation
system.

Keywords. fuze warhead system (FWS), simulation, fuze war-
head matching, sea echo, fragment trajectory drifting.

DOI: 10.21629/JSEE.2017.03.17

1. Introduction

The very low altitude penetration is a common means of at-
tack in modern naval battle, therefore the air defense mis-
sile’s fuze warhead system (FWS) needs not only to pre-
vent early explosion caused by the sea echo, but also to de-
tect the target signal effectively and detonate the warhead
timely to hit the target [1].

Pulse Doppler radio fuze is commonly used in air de-
fense missile to transmit radio wave and receive scattering
signal to detect the target. Without any special method, it
will cause early explosion when the missile flying at the
very low altitude receives sea clutter and the target signal
at the same time.

Currently the methods used to design and verify the
FWS especially at the very low altitude contain: target test,
fuze slide rail test, fuze hung on the helicopter flight test
and full digital simulation test of FWS. The specific cha-
racteristics of these tests are shown as follows:

(i) The size of target test samples is small and the
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parameters that can be measured are not enough. (ii) Fuze
slide rail test uses the high-speed rocket engine to push the
fuze to slide on the rail and metal mesh to simulate sea
echo. On one hand, due to the scattering properties and the
size limit of metal mesh, there is a large gap between the
true sea echo and the simulated echo. On the other hand,
due to the limit of test field area, the type of sea situation,
flight attitude and velocity of fuze can only be set to some
very limited states. (iii) Fuze hung on the helicopter flight
test cannot test the capabilities of fuze extracts target sig-
nal from mixed ones because there is none in the test. In
addition, it is difficult to simulate the real state of the mis-
sile flying at very low altitude because of the limitation of
helicopter’s speed and altitude.

In view of the limitations of the above three kinds of
tests, the fully digital simulation test of FWS has be-
come important to overcome the limitation of traditional
methods because it has advantages of low cost, very short
test period, evaluation and analysis in various sea and en-
counter conditions.

However, currently fully digital simulation platforms for
FWS at very low altitude are not perfect. Some fuze de-
sign means were summarized in [1]. A method of sea echo
signal calculation in a particular antenna pattern condition
was described in [2]. The multi-scattering centers mode-
ling and simulation method of the near field target was de-
scribed in [3,4], but the modeling method of the sea clutter
was not mentioned. Reference [5] had done a great job on
the design of the FWS simulation system, but the ground
and sea clutter model can be further studied in the very
low altitude simulation. References [6,7] did a lot of mean-
ingful work on the phenomenon that the target’s positions
were hit by warhead’s fragments drift because of the air
resistance, however, the precision of the algorithm can be
promoted.

This paper is organized as follows. A novel modeling
and simulation system of FWS composed by the pulse
Doppler fuze and fragment warhead especially for the very
low altitude is presented in this paper. The FWS simulation
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system is introduced in Section 2. Details of a novel near
field scattering characteristics of sea clutter modeling algo-
rithm are also proposed in this Section. Based on this and
the targets’ multi-scattering centers modeling algorithm,
the sea clutter and target mixed echo are proposed. Combi-
nation of a novel general antenna pattern model described
in this section, mixed echo of various targets detected by
different fuzes can be calculated. A novel algorithm of war-
head’s fragments’ trajectories drifting because of the air
resistance suitable for the large-scale calculation is also
proposed in this section. Then in Section 3, a particular
FWS math model designed for very low altitude is embed-
ded in the platform to evaluate its performance after the
simulation verification of the sea clutter model and frag-
ments’ trajectories drifting model, then the design is im-
proved aiming at the existing problem and verified again.
Conclusions are reported in Section 4.

2. Fully digital FWS simulation system
2.1 Design overview

The simulation system of FWS is divided into ten mo-
dules, layered and modularized from the division of func-
tions and data management point of view in accordance
with the modular object-oriented design idea (see Fig. 1).

(i) System control module

System control module is responsible for coordinating
the operation of the entire system including processing the
system operation parameters, mobilizing the various mo-
dules timely and transferring the data between them.

(ii) Missile/target motion module

Depending on the target’s and the missile’s trajectories,
velocities and attitudes, this module calculates not only the
transformation matrix such as missile to the relative velo-
city coordinate system, target to the relative velocity coor-
dinate system, launching to the relative velocity coordinate
system, but also the attitudes, position, velocity in the mis-
sile and target relative velocity coordinate system in each
period.

(iii) Target near field multi-scattering centers’ module

The concept of multi-scattering centers [8 — 10] provides
a theoretical basis and method for modeling of the radar
near field target, and it simplifies the extremely complex
computational and analytical efforts of the electric mag-
netic scattering. The typical target multi-scattering centers’
data for this module are obtained through the combination
of theoretical calculation and actual measurement.

(iv) Sea echo module

This module presents a sea clutter echo calculation
method suitable for pulse Doppler fuze. The backscatte-
ring coefficient of the sea from the different grazing angle
and sea condition used for this module is obtained accor-
ding to the theoretical calculation and the experimental
data correction. The sea surface is divided according to the

missile flying condition, antenna radiation ability and si-
mulation accuracy setting, and then the module vector syn-
thesizes every piece of sea surface signal to calculate the
entire ones. The echo mixed by the target and sea is pre-
sented base on the multi-scattering centers and this algo-
rithm.

System control module

System-running parameter

Missile motion module Target motion module

Coordinate, velocity and pose Coordinate, velocity and pose
of missile of target
[ i J
" Encounter information of missile !
and target
Coordinate, velocity and pose of
missile in relative velocity
coordinate system

| Transform matrix between different
| coordinate systems [

Targets’ multi-scattering Sea echo module

centers’module

Sea echo backscattering
coefticient

Sea’s surface grids’ division

Radio fuze math module

Antenna math module

T/R math module

Signal processing module

: Results of proceededtime and 1,
| frequency domain signal [

Algrithum of fuze and warhead
matching

| missile in the relative velocity |
| coordinate system I

I Transform matrix between different !
| coordinate systems  in the initiation
| point |

_________ - ————=

Warhead static effectiveness power
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—

Fragments’ motion module |

Target’s geometric module

—_—

Target damage effect evaluation

—— — ————

module
[ 1:Model; [ ]:Component;
E__________] : Results of model calculation.

Fig. 1 Block diagram of FWSsimulation system
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(v) Radio fuze mathematical module

Radio fuze mathematical module is part of the simula-
tion platform to be detected. The simulation system can be
embedded in a different fuze mathematical model to detect
whether the fuze signal processing algorithm and hardware
performance meet the requirements. The improvements of
the software or hardware can be designed for local prob-
lems and the effect of improvement can be verified by si-
mulation. The fuze mathematical module contains antenna
module, transmitter and receiver modules and signal pro-
cessing module. This paper presents a novel general fuze
antenna mathematical model to calculate echoes according
to different antenna patterns.

(vi) Warhead static explosion power field module

The warhead static explosion power field module is the
basis to calculate the target destructive effect. This module
includes the each fragment’s initial position, shape, mate-
rial, weight and velocity vector, and the equivalent amount
of TNT charge weight. This paper does not focus on this
module.

(vii) Fuze warhead matching algorithm module

The fuze warhead matching algorithm module which
ensures the coordination of the fuze detection area and the
warhead dynamic power field in order to achieve the target
maximum destructive effect is the core part of FWS. This
module can be embedded and replaced in the simulation
system to achieve the effect and analyze the results to im-
prove the algorithm. This paper focuses on the simulation
design of FWS, so this module is not the emphasis.

(viii) Fragments’ trajectory module

This module calculates each fragment’s trajectory based
on the warhead static explosion power field, missile initia-
tion position, velocity, altitude and air resistance at differ-
ent altitudes. A novel algorithm precise and suitable for the
large-scale calculation is proposed.

(ix) Target’s geometric/target’s damage effect evalua-
tion module

Target’s geometric module builds three-dimensional ge-
ometric models based on the real targets. Target damage ef-
fect evaluation module calculates the number of fragments
hitting target based on the target geometric and the frag-
ments’ trajectories.

2.2 Fuze echo mathematical model

The fuze echo mathematical model including the fuze
model, target echo model and sea clutter echo model is the
core of FWS. A novel general model which can simulate a
variety of different patterns, targets and sea conditions in
the complex encounter situation is proposed in this section.

2.2.1 Fuze mathematical model

Antenna pattern determines the fuze detection area, and

the fuze antenna often consists of multiple sets of anten-
nas, so the detection area is very complicated. This sec-
tion presents a simulation method to restore the three-
dimensional pattern of the antenna using two-dimensional
pattern which has strong versatility and can reflect the main
and side lobes’ detection area.

The modeling method used in this section is shown in
Fig. 2.

Fig. 2 Antenna pattern 3D model

Target coordinates Pr 4 in the antenna coordinate sys-
tem can be given as

TTA rT
Pro= |yra | = Eroa | Y1 1)
ZTA T

where [x7, y7, zr] T is the single scattering center coordi-
nates of the target, Eo4 is the target to the missile body
coordinate system transformation matrix.

The overall gain of the single antenna can be given by

G(61,02) = Gyoz(01) * Gxoy (62) 2

where 6 is the angle that the target single scattering cen-
ters in the YO Z plane of the antenna coordinate system,
0 is the angle between the target single scattering center
and the antenna axis, #; and 6 can be given by

0, = arctan (ZT—A> ?3)

yra
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ITTA T 37
27 — =), =<0 <—
T arccos(P |) 9 1 2

0y = - (4)

ITA .
arccos , otherwise
| Pral

2.2.2 Target multi-scattering centers echo model

Target echo signal simulation is the basis and core of FWS.
An effective way of target echo simulation called multi-
scattering centers or highlight was described in [11,12].
This method can be explained as air targets composed by
a fixed number of scattering centers, that is, the number
of scattering centers and the position of each individual air
targets are fixed. The scattering intensity depends on illu-
mination and receiving sight.

The target echo signal at each sampling time can be
given as

+oo -1 .
B t—1; — il — kT, '
5= 3 ZRect{ - }cl

k=—o00 i=0 p

J
or;j 4nR;
G(01j792j)sj COS <
Z Rj2_ hy

j=1

tw) 6

where ¢; is the jth scattering center’s radar cross section
(RCS) which can be obtained by using the target multi-
scattering center database, G(6;, ¢) is the antenna pattern,
R; is the distance between the target’s jth scattering cen-
ter and the fuze at time ¢, X is the wavelength of the fuze,
Sj is the sensitivity according to the Rr,, C; € {1, -1}
is a pseudo-random binary phase-coded phase modulation
factor, 7; is the round-trip travel time of electromagnetic
waves between the target’s jth scattering center and the
fuze, I is the pseudo-random code length, T’ is the fuze
transmitter pulse repetition period, T, is the transmitter
pulse width, g is the initial phase of the carrier wave,

t —
Rect, (_> _ {1, Tp/2<t<Ty/2

T 0, otherwise

2.2.3 Sea clutter echo model

(i) Calculation guideline

The method proposed in [2] has limitation that it can
only calculate the sea echo signal under certain situation.
This method is only suitable for the lateral narrow beam
antenna considering the influence of main lobe and side
lobe in ideal conditions, it cannot simulate different types
of antennas. The FWS simulation system needs an algo-
rithm which not only should work with the antenna pattern
changing or the non-ideal main lobe and side lobe being
used, but also can simulate the mixed signal of the target
and the sea echo simultaneously.

In order to better demonstrate the conditions that the
fuze antenna illuminates the sea, this section presents a
novel algorithm which can calculate the sea and the tar-
get echo together. The basic idea of the algorithm of sea
echo calculating is divided meticulously into small meshes
called surface element according to the fuze irradiation
area of sea, and then each surface element of sea surface
scattering intensity is synthesized to form the whole sea
echo.

The calculation of the sea echo is performed in three
steps.

Step 1 Use the missile real-time flight height to deter-
mine the circular area of the sea surface required to com-
pute.

Step 2 Divide the sea surface required to compute into
meshes according to the preset angle interval Ad and ra-
dius step AR.

Step 3 Read the corresponding sea echo RCS value
from the database depending on sea conditions, wind di-
rection, and the grazing angle «,,.

(ii) Sea surface mesh division algorithm

The division algorithm of sea surface mesh is shown in
Fig. 3. The circular area needed to be calculated in different
flight altitudes is not the same, and it is becoming bigger
as the flight altitude is getting lower.

The circular area mentioned above can be given as

N M
Se=> > Sc,.. (6)

n=1m=1

where Sc,, , is the area of each element which can be
given as

TAR?(2n — 1)A0
5. 360
c, =
’ TAR?*(2n—1)(360—A0(m—1))
360 ’

, m< M

m=M
(7

where AR is the preset radius step, A# is the preset angle
step, M is the size of angle division, IV is the size of the
radius division, and they can be given by

M = ceil <360 >

Al

8)
2 _H2 (
N = cell (7}3[&’,}% L >

where Rps is the fuze cut-off detection range, H; is the
flight altitude.

(iii) Sea echo calculation

According to the sea surface backscattering coefficient
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database, (2) and (6), we have

+oo -1 .
B t—1; — il — kT, '
5= 3 ZRect{ - }cl

k=—o00 i=0 p

N M
Z Z G(elm,'m 92m,n>5m,n.

n=1m=1
TS SC 4nRs,,

where ¢, ,, is the phase of each surface element, which
can be given as

mn = An\[HZ + (m —05)2AR?/\  (10)

where R, , is the range between fuze antenna and each
sea surface element’s center which can be given as

Rs,., = \/H? + (m — 0.5)2AR? (11)

TTRreTTT

where o, . is related to the wind direction, the sea con-
dition preseted at the beginning of the simulation, and the
grazing angle ., , which can be given as

o,
= —_— v . 12
O, = arctan ((m — O.5)AR> (12)

(iv) Target and sea echo model
According to (5) and (9), we have

+oco I-1 .
t—1; — il — kIT,
S.(t) = Z ZRect { % ; } C;
k=—00 i=0 p
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R
(4”% + @0)] . (13)

Fig.3 Division mesh of the sea surface

2.3 Warhead dynamic effectiveness power field model

The calculation of the fragments hitting the target can no
longer be considered as the uniform linear motion in the
relative velocity coordinate system because the air resis-
tance cannot be ignored at very low altitude. This process
can be considered that the target velocity is constant, but
the fragments’ decrease, and fragments’ flying trajectories
in coordinated relative velocity are no longer straight lines
but curves.

The average speed method mentioned in [4] cannot ac-
curately calculate the change of position where the frag-

ment hits the target. The method used in [5] was not pre-
cise enough because it assumed that the missile did not
roll and the target was in flat flight. The variation law of
the fragment trajectory mentioned in [7] was limited to the
fragments whose initial velocity was perpendicular to the
axial direction of the missile and did not calculate the po-
sitions hit by the fragments.

FWS is often faced with hundreds of thousands of large-
scale computation, so we need to weigh on the simulation
time and accuracy. Then this algorithm needes to freely
set the simulation precision to meet the performance re-
quirements. Aiming at the requirement, a novel algorithm
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is proposed to calculate the target’s positions hit by war-
head’s fragments drifting.

Fragment’s initial velocity in the ground coordinate sys-
tem is synthesized by the fragment’s muzzle velocity in the
missile coordinate system and the missile’s after warhead
detonation. Fragment velocity’s direction in the ground co-
ordinate system does not change while the value decreases
according to the fragment flying distance because of the
air resistance. The target’s movement can be seen as a pro-
cess of uniform linear motion in fragments flying time. The
fragment and the target are both in movement in the ground
coordinate system, thus solving the target’s point hit by the
fragment is suitable in the relative velocity coordinate sys-
tem. We only need to calculate the fragment’s velocity and
trajectory because the target is static in this coordinate sys-
tem. The calculation process is shown in Fig. 4, and the
detailed calculation steps are as follows.

Step 1 Obtain the input parameters at the warhead de-
tonation time as follows:

(i) Missile velocity in launching coordinate system can
be given as

VM_LaunCrd =

[VXM_LaunCrd7 VYM_LaunCT'd7 VZM_LaunCT'd] . (14)

(ii) Target velocity in the launching coordinate system
can be given as
VT_LaunCT'd =

[VXT_LaunCT'd7 VYT_LCLuTLCTd7 VZT_LaunCT'd] . (15)

(iii) Fragments flying interval time At ,yy,.

(iv) The missile altitude at the warhead detonation time
Hy.

(v) Transformation matrix from the relative velocity to
the launching coordinate system Ey 5.

(vi) Transformation matrix from the relative velocity to
the missile body coordinate system Evy 2.

(vii) Transformation matrix from the target body to the
relative velocity coordinate system E oy .

Step 2 Obtain the fragment’s initial coordinate
Prpi:(no) and velocity Vit (no).

The fragment’s initial coordinate in the velocity coordi-
nate system can be given by

PFXrnit_vrecrd(no)
PFInit_VrelCT'd(n()) = PF}/]nit_VrelCrd(nO) -
PFZITLit_VT‘ElC’I“d (77,0)

1
E v PFrui_yvsicrd(no,:) + PMini_vreelcrd =

PFXnit_msicra(no)
Eyn | PFYrniamsicra(no) | +
PFZnit_msicra(no)

C e )

| Initialization |

One single fragment n for ng=1:N

f

Initial velocity of a fragment in target coordinate
system Vo cra70,0)

}

Initial velocity of a fragment in launch coordinate
system VLdrmCm(”O'O}

!

Fragment total flight time 7

One single fragment track n for ny=1:N,

Initial velocity of a fragment single track in target
coordinate system Voo —1)

4

Initial velocity of a fragment single track in launch
coordinate system Viauncrdig—1)

f

| Initial position of one single track Pry,,c (g0 —1) |

Fragment’s single track Default single track
flight time #(ng.n,) time #(rg,n,)
Hit points coordinates in Track ending position in
target coordinate system target coordinate system
Pargcralnio ) Prargcrd(Posm)

f !

Fragment flight distance in launch coordinate system
R(ng,ny)

! 1

Instantaneous velocity of fragment in launch coordinate
system Vf,mur('m’(nn'”] )

{ l

Instantaneous velocity of fragment in target coordinate
system Vﬁu};('ﬂ'{!{”(i-nl )

ny=ngtl |
|

Fig. 4 Stepsof fragment trajectory calculation
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PMXInit_VrelCrd
PMYInit_VrelCrd (16)
PMZITLit_VT'elC'r‘d

where PFy,.;:_asicra(no) 1S the fragment’s initial coor-
dinate in the missile body system, P M ,.;;_vreicrd 1S the
missile’s detonation position in the relative velocity coor-
dinate system.

According to (16), the fragment’s initial coordinate in
the target body system can be given by

PFXInit_TargCTd(nO)
PFYInit_TargCTd(nO) =
PFZInit_TargCTd(nO)

PF Xrnit_vreicra(no)
PFYrnit_vreicra(no) | - a7
PFZ1pit_vreicrd(Mo)

The relative velocity V,..; can be given by

PFInit_TaT'gC'T'd(n()) =

—1
ET2V

VXrel
VYrel =
VZT‘eZ

‘/;"el =

VXT_LaunCrd
VYT_LaunCrd . (18)
VZT_LaunC'T'd

VXM_LaunCrd
VYM_LaunCrd -
VZ]W_LaunC'T'd
The fragment initial velocity in the relative velocity coor-
dinate system V' Fr,..:_vreicrd(no) €an be given by

VFXrnit_vreicra(no)
VFYInit_V’I“elCTd(nO) =
VFZInit_VT'elC'T'd(n())

VFInit_VrelCrd (TL()) =

VFXInit_Mlerd(n()) VXrel
Enov | VFY i _msiora(no) | + | VY |- (19)
VFZInit-Mlerd(”O) VZT‘eZ

The fragment initial velocity in the target coordinate sys-
tem V Frpnit_targcra(no) €an be given by

VF X 1nit_Targcrd(no)
VFYInit_TargCTd(no) =
VFZInit_TargCTd (TL())

VFXrnit_vreicra(no)
Ery | VEY it vreicra(no) (20)
VF Zrnit_vreicra(no)
where V Fr..:_msicra(no) is the fragment velocity in the
missile body coordinate system.
The fragment initial velocity in the launching coordinate
system V' Fr.it_rauncrd(no) €aN be given by

VFXInit_LaunCrd(nO)
VFYInit_LaunCrd(nO) =
VFZInit_LaunCrd(nO)

VFInit_TaT'gC'r'd (nO) =

VFITLit_LaunC'T'd(nO) =

VFXrnit_msicrd(no)
VFYrnit_msicra(no) | +
VF Znit_msicra(no)

—1
EVQLEVQM

VXM_LaunCrd
VY]W_LaunCrd . (21)
VZM_LaunCrd

The fragment flying time 7" can be given by

PM nit_VrelCr
T—a | Init_V zcd\ ) (22)
‘VFInit_TargCTd(nON

The required segments calculation number of each frag-
ment Ny can be given by

T
Ny = ceil . 23
1 = cei (Atatn> (23)
Step 3 Calculate the initial speed and position of each
fragment’s trajectory segment.

VFTCLT'gCT‘d(nO7 0) = VFInit_Ta'r'gC'T'd(nO> (24)

VFLaunCrd(n07 O) = VFInit_LaunCrd(n()) (25)
PFTaT'gCT‘d(”Oy 0) = PFInit_Ta'r'gC'T'd(nO>- (26)

Step 4 This step follows the hit detection algorithm
given in [4].

Step 5 Obtain the fragment’s each trajectory segment
length and the flying time t:74r4. If it hits the target,
t(no,m1) = thirarg: if NOL, t(no, n1) = Atgr, then the
flying distance R(ng,n1) can be given by

R(TL(),Tll) = t(n07n1)|VFLaunCrd(n03 ny — 1)| (27)

The fragment velocity decay in the launching coordinate
system V Frquncra(no, n1) can be given by

VFXLaunC’T'd(n07 ’I’L1)
VFYLaunCT‘d(n07 nl) =
VFZLaunC’T'd(n07 nl)

VFLaunCrd(nO7 nl) =

VFXrLauncrd(no,n1 — 1)67163(7740,711)
VFEYLauncra(no,m1 — 1)67kR(n0,n1) ) (28)
VFZLaunCrd(nmnl — 1>e_kR(”07n1)

The fragment velocity decay in the target coordinate sys-
tem V Fro,gcra(no, n1) can be given by

VFXTaT'gCT‘d(nO7 nl)
VFYTaT‘gC’T'd(nO7 nl) =
VFZTCLT'gCT‘d(nO7 nl)

VFTargCrd(nO7 Tl]) =

VFXLaunCrd(n()a nl)
VFYLaunCrd(n(h nl) -
VFZLaunCrd(n()a nl)

-1
EVZTEVQL
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VXT_LaunC'r'd

VYT_LaunCrd . (29)

VZT_LaunCrd

3. Simulation
3.1 Seaechosimulation

The fuze hung on the helicopter flight test can effectively
simulate the detection for the fuze flying at very low al-
titude. We use the test data to verify the sea modeling
method mentioned in Section 2.2.3.

The helicopter flies at a speed of 50 m/s in the experi-
ment, and the angle between the track and the sea is 20°.
The missile’s flight attitude, simulation speed and track
in the mathematics experimental are completely the same,
and the simulation results and the experimental results are
shown in Table 1, which can verify that the modeling
method is valid.

Tablel Seaecho test result comparison

Item Altitude/m Test/dB Simulation/dB
Max energy 36.75 18 17
21.10 19 18
Mean energy 36.75 8.00 6.10
21.10 7.53 7.33

3.2 Simulation of warhead dynamic power filed

According to the algorithm described in Section 2.3, the
fragment initial velocity is set to 2 000 m/s, and the fly-
ing time step is set to 0.3 ms. Missile and target motion
parameters at the initiation time are shown in Table 2, con-
ditions without considering fragment trajectory drifting are
shown in Fig. 5, the red indicates that the fragment hits
the target, and the green represents it does not. The results
show that a total of 138 fragments hit the target; the results
which consider the fragment trajectory drifting because of
the air resistance are shown in Fig. 6. We can see that the
fragment trajectory in the relative velocity coordinates is
bent. All curves are green, so no fragment hits the target.
It can be seen that the trajectory drifting has a significant
impact on the assessment results in certain condition.

Table2 Encounter parameter
Item X Y Z

Missile velocity/(m/s) 605.762 —256.831 —332.186
Missile position/m 196 385 14.779 -41973.9
Target velocity/(m/s) —891.082 509.45 —372.389
Target position/m 196 385 21.182 -41982.9

Fig. 5 Hitting target without trajectory drifting

Fig. 6 Hitting target with trajectory drifting

3.3 Simulation and improvement of FWS
3.3.1 Simulation of one particular prototype FWS

We use the simulation system described previously to si-
mulate and improve a particular FWS. The detection
range and warhead power field of the FWS are shown in
Fig. 7. The fuze is composed of two detection branches.
Each one’s function and detection range are not the same.
The first antenna branch probe field shown in the green part
of Fig. 7 is the lateral bottom of the missile body to detect
the target such as encounter position 3 (EP.3) or EP.4, the
sea or the ground; the second antenna branch probe field
shown in the purple part of Fig. 7 is the lateral top of the
missile body to detect the target such as EP.1 or EP.2.

The second antenna branch may detect the sea to cause
early burst because the missile body rolls intensely during
the flight at very low altitude. The first branch begins to
detect the sea when the missile flight altitude decreases.
After the sea echo energy exceeds the detection threshold,
the fuze adjusts the target detection time domain range ac-
cording to sea clutter frequency domain range derived from
the missile speed.
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Fig.7 Particular FWS The signal detected by the first detection branch is
shown in Fig. 9. It does not cause early burst because the
first branch can adaptively identify the sea signal and ex-

The changes of the missile flight altitude and the en-  tract the target signal. The signal detected by the second
counter geometric relation of missile and target are shown branch is shown in Fig. 10. The signal in this frame causes
in Fig. 8. The fuze is initiated at the moment of the 765  early burst because it mistakenly detects the sea echo sig-
frame, and the missile and target motion parameters at the nal as the target signal. No fragment hitting the target is
initiation time are shown in Table 3. shown in Fig. 11.
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Fig. 9 Signal of the 1st detection branch



Qi Zhao et al.: Simulation design of fuze warhead system of air defense missile at very low altitude

‘——— Target’s Doppler frequency of fuze detection

s Theory Doppler frequency of the target

—— Sea echo’s Doppler frequency 4
= = - Distance channel compression

581

——— Actual initiation position
s Frame on current

= =  Target’s distance channel 2}
B | distance channel
[ 2 distance channel
[ 3 distance channel
=14 distance channel
15 distance channel
[0 6 distance channel
[ 7 distance channel
[ 8 distance channel
[ 9 distance channel
[ 10 distance channel
[0 11 distance channel
I 12 distance channel
I 13 distance channel
I 14 distance channel
I 15 distance channel
[ 16 distance channel
I 17 distance channel

e Gate level

Frequency/Hz

Target detection lower limit frequency

Target detection superior limit frequency
— — - Sca echo detection lower limit frequency
— — - Sea echo detection superior limit frequency

Frame serial number

B Spectrum
. 1 channel 2 channel 3 channel 4 channel 5 channel 6 channel 7 channel 8 channel 9 channel
H | " L I
22000 2600 j 00 7 i oo 1.000 0 060
g i | 00
§ 1000 | 1000 | 1000 00 00 00 00 00 00
E | 00
E 0 . 0I fLesdime T e | ale 0 st 0 il lasd o fam wa dans " A anilaand
Z 0 20 30 10 20 30 10 20 30 0 20 30 10 20 30 10 20 30 10 20 30 10 20 30 10 20 30
10 channel 11 channel 12 channel 13 channel L ghannel 15 channel 16 channel 17 channel
1000 [___filter number 1000; U I £1%
500 r oo Lt l i 1000 -t %
00 - : i  ¢13
500 00 H spofl ool 545 % 0 300
00 d Laal
ln FRTTS Lt Yaal Lal |, el % M_].l.l.a_
0 o p=b of il 0 Al adoi 0 0 0 8 Babnal
0 20 30 10 20 30 10 20 30 0 20 30 10 20 30 10 20 30 10 20 30 10 20 30
W Sea ehco mistaken to the targer signal
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Fig. 11 Early burst of FWS

3.3.2  Improvement and simulation of FWS

This section presents a range compression algorithm to
solve the problem of fuze mistaken initiation and achieve
the maximum of target detection ability.

The algorithm adjusts the second branch target detection
in time domain range based on the signal detected by the
first detection branch and the missile attitude information.

AsshowninFig. 12, 0X Y, Z, is the ground coordinate
system, O,, X, Y, Z,,, is the missile body coordinate sys-
tem, X, is the missile axes, v,,, is the yaw angle, 6,,, is the
azimuth angle, ~,, is the roll angle, 6, and 65, are respec-
tively the angles between the missile axes and the second

branch antenna pattern’s back and front edges, R1 is the
maximum detection distance of second branch, H is the
distance between the fuze antenna center and the sea sur-
face, a1, and «vp,- are respectively the angles between the
sea surface and the second branch antenna pattern’s back
and front edges.

Fig. 12 Improved algorithm of the 2nd branch
In Fig. 12, a3, can be given by
oy, = arcsin(H/Ry). (30)

The coordinates of the edge on both sides of the beam
pattern in the missile body coordinate system can be given
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by

le_r Rl Ccos 017"
Yipr | = 0 (31)
Zlm_f R1 sin 917»

le_l R1 COS 91T

lem_I = 0 (32)
Ziml — Ry sin 6y,
X2m_'r' RZ Ccos 027" i
Yomor | = 0 (33)
Z2m_'r‘ R2 sin 027« 1

Xgm_l RQ COS 92r i

YYQm_l = 0 . (34)

Z2m_l —R2 sin 927» 1

The transform matrix from the missile body to the
ground coordinate system can be given by

My(_w’n’) . Mz(_9m> . Mw(_’Y’m)- (35)

We can get the coordinates of the edge on both sides of
the beam pattern in the ground coordinate system as

Mg =

Xlg_r le_r

Ylg_T - MMZG Ylm_r (36)
Zlg_f Zlm_r

Xlg l le_l

Yiga | = Mareg | Yima | - (37)
Zlg_l Zlm_l

The angle in the ground coordinate system between the
edge of the beam pattern and the sea surface « according
to the geometry relation can be given by

arcsin[sin(—0,,) cos 01, — cos(—0,,) sin(—~, ) sin 01,.]

7"

Om) Sin(—vy,) sin 61,

(=
Y292, >
(=

Om) Sin(—vy, ) sin fa,]

Yag )
2

Om) Sin(—7y, ) sin Oa;.].

(39)
dl Nl - dsafe ) (40)

do sin «v

:<

«q1; = — arcsin <

arcsin[sin(—0,,) cos 01, + cos

Qg = — arcsin

Qg = — arcsin

arcsin[sin(—0,,) cos 09, — cos

arcsin[sin(—6,,) cos 0a,. + cos(—

N = floor (

where ds.. 1S the safe distance, d; and d5 are respectively
the first and second branch distance channel range, N, and
N5, are respectively sizes of the first and second branch dis-
tance channel.

Fig. 13 is the simulation result based on the improved
FWS, where the green line represents the time domain
detection range compression, and we can see the diffe-
rence comparing with Fig. 10. The improved FWS does
not cause early burst as shown in Fig. 13 and Fig. 14 and
a total of 107 fragments hit the target. The missile and tar-
get motion parameters at the initiation time are shown in
Table 4.

Table4 Encounter parameter
Item X Y Z

Missile velocity /(m/s) -819.013 —100.806 —-735.321
Missile position /m —-4143.03 28.3348 -3596.03

Target velocity /(m/s) 226.413 0.258 196.817
Target position /m —4143.54 19.996 1 -3601.94

a = max{ai,, a1y, oy, Qo1 } (38)
where
. Ylg_r
a1, = —aresin [ —— | =
Ry
4
Target’s Doppler frequency of fuze detection 14 x10

s Theory Doppler frequency of the target
s Sea echo’s Doppler frequency

= = « Distance channel compression 12
Actual initiation position

‘mm— F'rame on current

= = « Target’s distance channel
I | distance channel 10
B 2 distance channel
[ 3 distance channel
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[ 10 distance channel
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Frequency/Hz

I 7 distance channel

Frame serial number

Fig. 13 Signal results of theimproved FWS
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Fig. 14 Killing target by theimproved FWS

4. Conclusions

In this paper, a novel FWS including a novel general fuze
model suitable for the complicated antenna pattern, a novel
sea echo model which can combine with the target multi-
scattering centers model to simulate the mixed echoes and
a warhead dynamic effectiveness power field model which
can simulate the fragment trajectory drifting is proposed.
Compared with the traditional methods, the proposed si-
mulation system is more accurate for the FWS flying at
very low altitude. Sea echo simulation experiment can ve-
rify the sea echo modeling method is valid. A typical ex-
periment shows that the trajectory drifting has a signifi-
cant impact on the assessment results in certain condition.
Finally, a particular FWS is simulated using this simula-
tion system, early burst is found and the corresponding im-
provement is made according to the results. The improved
FWS can hit the target effectively, which proves the pro-
posed system is valid and practical.
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