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ABSTRACT The cross-eye method is commonly used to interfere monopulse radars. To overcome the
strict tolerance and the range limitation of the traditional retrodirective cross-eye method and the multi-
loop method, a novel four-element retrodirective cross-eye based on Direction of Arrival (DoA) is proposed.
The mathematical model of the four-element retrodirective cross-eye jamming is derived based on the
method of expansibility analysis, and the general formulas of indication angle are obtained. Based on the
DoA information, the antenna layout of jamming loops is optimized, and the influence of the modulation
parameters on cross-eye jamming effect are analyzed. The orthogonal four-element retrodirective cross-eye
is compared with the traditional cross eye jamming, the results show that the the proposed method is superior
to the traditional and the orthogonal four-element retrodirective cross-eye in terms of the jamming effect and

the modulation parameter tolerance.

INDEX TERMS Cross-eye, monopulse radar, direction of Arrival (DoA), modulation parameters.

I. INTRODUCTION

Monopulse radar is widely used in precision-guided
weapons [1], [2] because of its ability of precise angle mea-
surement and strong anti-jamming characteristic. Therefore,
in order to protect the aircrafts, ships and other combat plat-
forms from attack of the precision-guided weapons, effective
jamming of monopulse radar has been a research hotspot in
the field of electronic warfare [3], [4].

The cross-eye jamming method is proposed based on
the angle glint phenomenon [5], which is one of the most
effective ways to jam monopulse radar. By transmitting two
signals with similar amplitude and opposite phase, the jam-
ming source makes the monopulse radar point deviate from
the target position [6]. In the early stage, two independent
jamming sources were used. However, this method cannot
be directly used in engineering, due to the poor controlla-
bility of the amplitude and the phase of the two jamming
signals [7]. The reverse antenna structure [8], [9] was intro-
duced into the cross-eye jamming, by Plessis, a South African
scholar, who carried out the strict mathematical analysis and
the experimental verification on the two-element cross-eye
jamming model [10]-[13]. By modeling the sum difference
channel of the monopulse radar, Liu concluded that the
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cross-eye jamming would cause the distortion of the differ-
ence channel pattern, and then affect the radar angle measure-
ment [14]. The power design of the cross-eye jammer based
on the linear fitting method is analyzed in reference [15].
The! research above mainly focuses on the two-element
retrodirective cross-eye jamming. To overcome the short-
comings of the two-element retrodirective cross-eye jamming
in terms of the interference performance and the parameter
tolerance, the multi-element retrodirective cross-eye is pro-
posed. Liu put forward the orthogonal multi-element retrodi-
rective cross-eye jamming model to solve the problem of
deception angle instability caused by the change of jamming
platform and radar position, and made a quantitative analy-
sis of its parameter tolerance and angle deception stability
by deception??? angle stability factor [16], [17]. But they
did not consider that they should be applied to the case
where the baseline length of two jamming loops is different
under different platform conditions; Liu considered the plat-
form echo, modeled the multi-element linear array reverse

cross-eye jamming, and pointed out that under the same
deception angle, its parameter tolerance was more relaxed
than the traditional cross-eye model [18], [19]. In refer-
ence [20], the requirement of interference to signal ratio of
cross- eye is analyzed by using the median gain of cross-eye.

I This work was supported in part by National Natural Science Foundation
of China (71801220, 61801502)
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The conditions for stable interference are also pointed out.
In reference [21], for the strict parameter tolerance and limi-
tation of action range of two-element retrodirective cross-eye,
the retrodirective cross-eye of rectangular array is introduced,
and guided by the optimal layout factor. Different layout
models of the rectangular array are carried out. The research
mentioned above on multi-element mainly focuses on the
way of regular shape comparison such as the linear array
and the orthogonal layout, but the cross-eye jamming model
of arbitrary layout is not studied. In this paper, the research
object is the retrodirective cross-eye jamming system which
is distributed on the target platform. Considering the limita-
tion of the application of multiple-point source retrodirective
cross-eye on different platforms, a general model of four-
element retrodirective cross-eye is proposed. According to
the angle measurement principle of monopulse radar, the indi-
cation angle of monopulse radar is deduced, and the DoA
information [22] is introduced for analysis. The influence
of the jamming loop antenna distribution on the jamming
effect of the cross-eye is discussed, and the optimal distri-
bution model of the interference antenna is obtained. Finally,
the traditional two-element cross-eye jamming model and the
orthogonal four-element retrodirective cross-eye model are
compared with the proposed model in terms of the modu-
lation parameter freedom and the jamming effect under the
same conditions. The simulation results can provide guidance
for the layout design of the cross-eye jamming.

Il. FOUR-ELEMENT RETRODIRECTIVE CROSS-EYE
JAMMING MODEL BASED ON DoA

The proposed model is composed of two groups of jamming
loops, each of which adopts the reverse antenna structure of
single receiving and transmitting antenna [23], [24], as shown
in Fig. 1. The signal transmission between the antenna pairs
is mainly based on the digital store and the forward tech-
nology [25]. The specific process is as follows: The signal
of the monopulse radar will be received by antenna 1 and
antenna 2. The received signal of antenna 2 is transmitted
to antenna 1 after power amplification through baseline, and
then transmitted to the direction of radar by antenna 1. The
amplitude and phase of the received signal of antenna 1 will
be modulated and transmitted to antenna 2, and then transmit-
ted by antenna 2 to the direction of radar. For the convenience
of description, the modulation direction of the jamming loops
is defined as: antenna 1 to antenna 2. Because the reverse
antenna structure shares the signal receiving, the transmitting
antennas, and the transmission feeders,the phase difference
and the power loss difference are ignored.

The position distribution of the jammer and the monopulse
radar is shown in Fig. 2. Two dots on the left represent
the antennas of the monopulse radar. Four dots on the right
represent the cross-eye jamming system which is composed
of two jamming loops. It is assumed that the jamming system
is distributed on the target platform, and the center of the
target platform coincides with the center of the jamming
system. Antenna 1 and antenna 2 form a group of reverse
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FIGURE 2. Position distribution of jammer and monopulse radar.

antenna pairs, which are called the jamming loop 1. They
are connected by baseline. Antenna 3 and antenna 4 form
another group of reverse antenna pairs, which are defined as
the jamming loop 2. The centers of the two jamming loops
coincide. The line between the center of radar antennas and
the center of jamming system serves as the reference line.

In the proposed model, the jamming loop 1 is fixed and
the jamming loop 2 is rotatable. The DoA information of
monopulse radar is obtained by the early warning system.
Based on this information, the angle between two jamming
loops are adjusted to achieve the maximum angle deception
effect.

The symbol parameters in the model are described as
follows:

The distance between the radar antennas is d;; the distance
between the radar antenna center and the jamming system
center is r ; the half angle from the radar center to the antenna
1 and the antenna 3 is 6,1 ; the half angle from the radar center
to the antenna 2 and the antenna 4 is 6,7; the baseline length
of the jamming loop 1 is /, the baseline length of the jamming
loop 2 is kl(k < 1); the angle between two jamming loops is
0,60 € [—m /2,7 /2]; the angle between the jamming loop
1 and the baseline is .. For convenience, it is assumed that
0. €[—m / 2, / 2] (the modulation direction of the jamming
loop 1, whose value of 6. is within the second and third
quadrant, needs to be changed); the indication angle of the
monopulse radar is 6;.

The radar indication angle of the two simultaneously oper-
ated jamming loops is deduced as below.
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As shown in Fig. 2, the angles 6,1 and 6,, are given by

Icos(6,)/2 1 cos(6,
tany; = cos.( )/ ~ cos(6;) )
r £ 1sin(6.)/2 2r
kl 6 —06.)/2 kl 6 —0,
(anf,y = cos( )/2 kil cos( c). @

r£1sin@ —0)/2 2r
Considering » > [, 6,1 and 6., can be written as
Oe1 ~ 1 cos(0c) [2r, Oer ~ Kkl cos(d — 6.) /2r.

The antenna gain of the monopulse radar in the sum and
difference channels in the direction of the four jamming
antennas is given by

1 .

S13 = Pr(0, = Qel)COS[E,Bdr sin(6, =% 0,1)] 3)
1 .

$2.4 = Pr(6r £ 6e2) COS[E,Bdr sin(fy =+ 62)] “4)
1 .

D13 = jPr(0; £ 01) snl[zﬂdr sin(6, =% 6,1)] )

1 .
D34 = jPr(0 £ 62) Sln[zﬁdr sin(6, = 6.2)].  (6)

Where S; and D; represent the gain of the sum channel and
the difference channel in each jamming antenna’s direction,
respectively;P,(-) represents the gain of the radar antenna;
and 8 =27 / A is the Boltzmann constant.

Because the two semi angles are small, in order to facilitate
the analysis of the formula, some terms of the formula are
approximately simplified as follows:

1 1
if: Ry = E,Bd, sinf, R, = E,Bdré’el cos 0,

1
R3 = E,Bdreeg cos 6,

The sum and difference channel gains can be written as¢z

S13 = Pr(0r £ 6.1) cos(R] £ Ry) @)
S2.4 = Pr(0r £ 0.2) cos(R] £ R3) 3
D13 = jPr(0; & 0.1)sin(Ry £ Ry) )
D34 = jPr(0; £ 0,2)sin(Ry £ R3) (10)

Considering the different modulation directions of two jam-
ming loops may reduce the jamming signal power in the
difference channel of the monopulse radar which leads to
weakness of angle deception effect. It is assumed that the
signal modulation direction of the jamming loop 1 is from
antenna | to antenna 3. The influence of modulation direction
of the jamming loop 2 on the jamming effect is derived as
below.

(1) When the signal modulation direction of the jamming
loop 2 is from antenna 2 to antenna 4, the signals received by

the sum and difference channels of the monopulse radar are
written as
SJ = S3Pc(90 - eel)Sch(Gc + eel)
+a1&?1$1Pe(6c + 0¢1)S3Pe(6c — Oe1)
+S4Pc(0c — 02)S2Pc(Oc + Oe2)
+a2¢”25,Pc(0c + 002)SaPe(Oc — 0e2) (1)
DJ = S3PC(90 - eel)DIPc(ec + eel)
+a1? S1Pe(Oc + 01)D3Pe(6c — 1)
+S4Pc(gc - eeZ)DZPc(ec + 9e2)
+a2¢”2$2Pc(6c + 02)DaP (O — 0e2).  (12)
where S; and D; represent the signals received by the sum
and difference channels of the monopulse radar when two
jamming loops working at the same time; ay, ¢, az and ¢,
represent the amplitude ratio and the phase difference caused
by the jammer modulation of the two jamming loops signals,
respectively;P.(-) is the gain of the jammer antenna in the
direction of radar.

In formula (11) and (12), 6,1 and 6., are very small,

the following formulas can be simplified as
PX(Or +0.1) ~ P}6,)
Pc(Oc — 0e1)Pe(Oc + 1) ~ P2(6,)
Pe(6c = 0:2)Pe(Oc + 0e2) ~ P26,
The monopulse error can be obtained by dividing the differ-
ence channel return in (12), by the sum channel return in (11)
and taking the image part of the result giving in (13), as shown
at the bottom of this page, where J(-) and 9i(-) respectively
represent the real part and the imaginary part of the formula;
and T; = a;e/?" is determined by the modulation parameters
of the jamming loops.

(2) When the signal modulation direction of the jamming
loop 2 is from antenna 4 to antenna 2, the signals received by
the sum and difference channels of the monopulse radar are
written as

S} = S3P(0c — 0,1)S1Pc(0¢ + 6e1)
+a1&? S1P(Oc + 0e1)S3Pe(Oc — Oe1)
+a26PS4P(Oc + 002)52Pc(0c — 02)
+82Pc(0c — 062)S4Pc(0c + 0c2) (14)

D‘/] = S3Pc(9c - eel)DIPc(ec + 9@1)
+a1&?S1Pe(Oc + 0e1)D3Pe(Oc — e1)
+a26PS4P (O + 002)D2Pe(6; — 62)
+82Pc(0c — 0e2)D4Pc(0c + 0e2). (15)

(24 T1 +T2)sin(2Ry) + (1 — T1) sin(ZRp) — (1 — T2) sin(2R3)

Dy ,
My =3{} =3
Sy

(24 T1 + T2) cos(2R1) + (1 4 T1) cos(2Rz) + (1 + T>) cos(2R3) "

(13)

2+ T) + T2) sin2Ry) + (1 — T1) sin(2R2) — (1 — T») sin(2R3)

D/
M, =3{=L1 =9
7 s{S} {

Y 2+ Ty + T2)cos(2Ry) + (1 + T1) cos(2Ry) + (1 + T») cos(2R3)
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TABLE 1. Simulation parameters.

Parameters VALUE
the frequency of radar signal 10 GHz
d, 2.54 times of wavelength
r 2km
6, [-90°,90°]
6, 10°
6 [-90°,90°]

Then the monopulse error can also be written in (16), as
shown at the bottom of previous page.

Finally, the relationship between the radar indication angle
and the monopulse error is given by

f;=arcsin{

i arctan(Max{M,, M, })}. (17)
B
The radar indication angle reflects the jamming effect of
cross-eye jamming system on monopulse radar. In the pro-
posed model, the jamming system is on the target platform.
It can be found in Fig.2 that the radar will point to the target
platform when 6; € [0, —6,, 6, +06,]. Assuming that the false
target located above the target platform, the radar indication
angle needs to be met the standard of 6; > 0, + 0,.

IIl. SIMULATION AND ANALYSIS

In this section, the simulation analysis of the four-element
retrodirective cross-eye model based on DoA is carried out.
The influence of the antenna distribution and the modula-
tion parameter selection on the jamming performance of the
model proposed is studied. The simulation parameters are
given in Table 1.

A. JAMMING ANTENNA DISTRIBUTION

In order to analyze the influence of the modulation direction
of the jamming loop 2 on the jamming performance, the rela-
tionship between the radar indicator angle and the modulation
direction of the jamming loop 2 is observed by using dif-
ferent modulation parameters and different 6., respectively
(ai = 0.9,0.7,0.5,0.3, 91 = 175°,165°, 155°, 145°a, =
0.8,0.6,0.4,0.2, 91 = 170°, 160°, 150°, 140°). The results
are as follows.

As shown in Fig. 3, the left side of the dotted line in the
longitudinal direction indicates that the modulation direction
of the jamming loop 2 is from antenna 2 to antenna 4. The
right side of the dotted line in the longitudinal direction
indicates that the modulation direction is from antenna 4 to
antenna 2. Fig. 3 shows that in order to get the optimum
value of 6;, the modulation direction is determined by the
value of 6 when the value of 6, is fixed; and even if the
modulation parameters are different, the modulation direction
should be changed in the same position(|6 — 6,| = w / 2).
Based on the comprehensive analysis of the results, we are
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FIGURE 3. Optimum 6; with different modulation parameters.

glad to find that: if |0 — 6, > 7 / 2, the modulation direction
of the jamming loop 2 is from antenna 4 to antenna 2; else,
the modulation direction of the jamming loop 2 is from
antenna 2 to antenna 4, which can make the radar indicator
angle larger.

When the modulation parameters of the jamming loops
are fixed (a; = 0.8, = 165°a, = 0.7, 9o = 150°),
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FIGURE 4. Relationship between length of jamming loops and radar
indication angle.

the influence of value of k on the radar indication angle is
compared when the length of jamming loop 1 is different,
the results are shown in Fig. 4.

The results in Fig. 4 reflect the relationship between k and
the radar indication angle when 6 is taken different values
(6 € [—90°,90°)). It can be found that with the increase of
the length of the jamming loop 1, the radar indication angle
becomes larger, the deception effect on the monopulse radar
will be better at the same time. It can be concluded that the
radar indication angle will become larger with the increasing
of k even if 0 is different.

In order to analyze the influence of & on the jamming
effect, the relationship between the radar indicator angle and
the angle of jamming loop is obtained when using different
values of 0., the results are shown in Fig. 5.

As shown in Fig.5, when 6. is taken different values,
the curves represent the relationship between 6; and 6, the dot-
ted line in the longitudinal direction indicates the value of
0 when 6; take the peak value. And it can be concluded
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FIGURE 5. Relationship between the angle between jamming loops and
radar indication angle.

when 6 = 6, the radar indicator angle is the largest, which
indicates the best jamming performance. It also provides a
certain optimization basis for the distribution of jamming
system.

The jamming model proposed in this paper can be opti-
mized based on the analysis results in front. The length of
jamming loops is generally determined by the size of the
target platform in application, and the angle between two jam-
ming loops can be adjusted to meet the condition of 6§ = 6,
by rotating the jamming loop 2 based on the DoA information
obtained by the early warning system. And |0 — 6,| = 0° <
b4 / 2, the modulation direction of jamming loop 2 is from
antenna 2 to antenna 4.

B. COMPARATIVE ANALYSIS

After optimizing the jamming model proposed in Section A,
the influence of the modulation parameters on the jamming
effect is analyzed in this section, and compared with the
traditional retrodirective cross-eye jamming model and the
orthogonal four-element jamming model in reference [19].

As mentioned in Section 2, in order to make the radar
Los point to the position outside the target platform, it is
necessary to meet the condition of 6; > 6, + 6,.
If Il = 15m, 6; > 10.004°. The relationship between the
modulation parameters of the two jamming loops and the
radar indication angle is analyzed as follows.

As shown in Fig. 6(a), the curve shows the relationship
between the modulation parameters of jamming loop 2 and
the contour of 6; = 10.004°, when the modulation param-
eters of the jamming loop 1 are fixed. The area below the
curve indicates the corresponding value when the condition of
6; > 10.004° is satisfied. It can be found that when the mod-
ulation parameters of jamming loop 1 are fixed(a; = 0.8,
¢1 = 160°), the phase difference of jamming loop 2 can
take any value if the amplitude ratio meet the condition of
a; < 0.98, it means that the value space of the phase
difference is large. As shown in Fig. 6(b), the curve shows
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the relationship between the phase difference of two jamming
loops and the contour of 6; = 10.004° when the amplitude
ratio of two jamming loops are fixed (a1 = ax = 0.9).
The area outside the circle indicates the corresponding value
when the condition of §; > 10.004° is met. The dotted
line in the Fig.6(b) indicates that ¢; = 190°, the values
corresponding to the intersection points A, B and C are
P2 = 172.5°¢, = 174.9°¢p; = 178.7° respectively. It can be
estimated that the value space of ¢, that meets the condition
360° x H2=123 ~ 139.4°.

As shown in Fig..7, the curve shows the relation-
ship between the modulation parameters of the traditional
retrodirective cross-eye jamming model, and the contour of
6; = 10.004°. The area inside the circle indicates the corre-
sponding value when the condition of 6; > 10.004° is met.
The dotted line in the figure shows when the amplitude ratio
is a = 0.44, the maximum value space of the phase difference
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FIGURE 8. Radar indication angle comparison of different cross-eye
jamming models.

can be obtained as 221.6° — 138.4° = 83.2°, which is far less
than that in Fig. 6(b).

The jamming effect of the model proposed in this paper
on the monopulse radar from different direction is compared
with the traditional retrodirective cross-eye jamming model,
and the orthogonal four-element retrodirective cross-eye jam-
ming model under the same condition(a; = a2 = 0.9,
¢1 = ¢ = 170°).

As shown in Fig. 8, the jamming effect of the jamming
model proposed in this paper is better than the other two
jamming models under the same condition.

IV. CONCLUSION

In this paper, the four-element retrodirective cross-eye jam-
ming model based on DoA is established. The influence of
distribution and modulation parameters of jamming loops on

76901



IEEE Access

W. Liu et al.: Method of Four-Element Retrodirective Cross-Eye Jamming Based on DoA

the jamming effect is studied. The following conclusions can
be obtained through the simulation results:

(1) For different platforms, the longer the jamming loops
length, the better the jamming effect of the interference sys-
tem;

(2) After obtaining DoA information, the jamming effect
of the proposed jamming model is better by rotating the
jamming loop 2 to meet the condition of 6 = 6.

(3) On the premise of getting the same interference effect,
the proposed jamming model is better than the traditional
two-element jamming model in the value space of the mod-
ulation parameter. It is also better than the traditional two-
element jamming model and the orthogonal four-element
jamming model in the interference effect when taking the
same modulation parameters.

The research conclusion provides a guidance for the engi-
neering design.
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