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Abstract: Monopulse radar is widely used in military. Jamming
monopulse radar has always been a research hotspot in elec-
tronic warfare (EW). Cross-eye jamming has always been con-
sidered as the most effective measures to jam with monopulse
radar. In this paper, we propose a multi-group three-tuple cross-
eye jamming structure where each group contains three an-
tenna elements with a definite phase and an amplitude relation-
ship. Then, based on the principle of monopulse angle measure-
ment, the error angle is deduced theoretically. Simulations show
that such a multi-group three-tuple cross-eye jamming structure
performs better than the multi-element cross-eye jamming struc-
ture previously proposed, and the analysis of the centroid shows
that the centroid of the structure proposed in this paper is more
widely distributed in space.
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1. Introduction

Cross-eye jamming is an effective angular deception jam-
ming technique used for countering monopulse radar.
Cross-eye jamming attempts to protect a military plat-
form against the approaching active radar seekers by
transmitting two jamming signals with equal amplitudes
and an 180° phase shift to induce angular error into
monopulse radar. As the most effective short-range self-
defense jamming against monopulse radar, the research
on cross-eye jamming has become a hot research topic in
electronic war.

After more than half a century of developments, cross-
eye jamming theory has made great progress. The deve-
lopment of cross-eye jamming theory can be roughly di-
vided into three stages: artificial glint [1], two-element
retrodirective cross-eye jamming (TRCJ) [2], and multi-
element retrodirective cross-eye jamming (MRCJ) [3,4].
Cross-eye jamming with artificial glint, which can be

Manuscript received October 13, 2020.
*Corresponding author.

physically interpreted from interference phenomena. In
2009, Du Plessis et al. [2] of the University of South
Africa studied the TRCJ from the perspective of the re-
verse antenna structure on the monopulse radar and de-
rived rigorous mathematical formulas of the retrodirec-
tive cross-eye jamming [5]. Beginning in 2013, Liu et al.
[6,7] proposed an MRCJ based on the linear reverse an-
tenna array and the circular reverse antenna array to over-
come the constraints of practical application of TRCJ. Liu
et al. [8] proposed an orthogonal multiple elements cross-
eye jamming technique based on the orthogonal four-ele-
ment and linear reverse array. This scheme ensures that
the jamming platform can still maintain certain jamming
performance when the monopulse rada is rotated, shaken,
or scanned by a monopulse radar in different directions.
In addition, with the development of simulation software,
many scholars use simulation software to simulate cross-
eye jamming scenarios to analyze jamming performance
[9,10].

For the previous cross-eye jamming structure, whether
it is a two-element or a linear array structure[11,12], the
problem of the scattering center on extended antenna ar-
rays cannot be completely solved, and there are strict re-
quirements for amplitude ratio and phase shift [13]. The
MRC]J structure is relatively flexible with various para-
meters between different pairs of antennas, which greatly
reduces the utilization and flexibility of the antenna [14].
In the structure proposed in [15], by controlling the amp-
litude and phase of three antenna elements at the same
time, the phase between antennas is no longer required to
reverse, and the radar indication angle can produce errors
in any direction in space. When applied to UAV plat-
forms, the requirements for system parameters will be
greatly relaxed.

The proposed structure constructs a multi-group three-
tuple cross-eye jamming with each group consisting of
three antenna elements with different relative amplitudes
and phase shifts. In the theory proposed in [15], the
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centroid (the position indicated by the monopulse radar)
can be located in anywhere of the plane. This paper will
analyze the jamming structure from the sum-channel sig-
nals, difference-channel signals, and the monopulse in-
dicating angle. Compared with the traditional linear array,
this structure has a better performance and does not need
a phase shift of 180° and an amplitude ratio of 1:1.

Finally, the contribution of this paper can be summa-
rized as follows:

(1) A multi-group three-tuple cross-eye jamming struc-
ture is proposed, and the rigorous mathematical expres-
sion of monopulse error is derived.

(i) Simulation results show that the three-tuple struc-
ture would lead to a larger angular error and the jamming
performance is better because it breaks through the con-
straint of the line array.

(ii1) The simulation results show that the position of the
false target generated by the multi-group three-tuple cross-
eye jamming may be distributed in any position on the
plane, and the line array can only be distributed on the
straight line.

(iv) The results prove that the three-tuple structure in
each group can compensate the originally undesired two-
element structure with the third element to achieve the
best jamming performance.

The rest of this paper is organized as follows: Section 2
describes the processes to derive the mathematical ex-
pressions of the monopulse indication angle and the loca-
tion of the false target. Section 3 performs simulation ex-
periments to discuss the jamming performance of the
multi-group three-tuple cross-eye jamming system with
the monopluse indicated angle and the location of the
false target. Finally, a brief conclusion is give in Section 4.

2. Mathematical analysis

2.1 Jamming scenario

We consider the jamming scenario of a multi-group three-
tuple system against phase-comparison monopulse radar.
The jamming system consists of multiple groups, each of
which consists of three antenna elements with a definite
phase and an amplitude relationship. As shown in Fig.1,
the three elements of each group are located in three posi-
tions (top, bottom, middle) of the target center. From the
outside group to the inside, we number each group as 1,
2, 3, ---. Similar to the MRCJ, the signal received by one
jamming antenna element would be transmitted to ano-
ther through a certain amplitude gain and a certain phase
shift. The difference is that in each group, the signal re-
ceived by the middle antenna element (antenna element
located in front of the target center) will be sent by the
top antenna element (antenna element located above the

target center), while the signal received by the top jam-
ming element will be sent by the bottom jamming ele-
ment (antenna element located below the target center).
The signal received by the bottom element will be sent by
the middle jamming element. We assume that the range
from the radar to the center of the jammer is r, the spa-
cing of the phase centers of the phase-comparison mono-
pulse antenna elements is d,, the angle to the center of
the jammer measured from the radar boresight is 6,, and
the rotation of the jammer is 6.. The overall base length
of the jammer antenna array from the top antenna of the
outermost group to the bottom antenna of the outermost
group is d.. Fig. 2 shows the signal receiving and send-
ing process of each group. This constitutes a jamming
group of three jamming antenna elements. Theoreti-
cally, such a group can be expanded from one group to a
infinite number of groups. Next, we will analyze the per-
formance of this scenario.
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The jammer antenna elements from the top antenna to
the bottom antenna have a uniform spacing d,,, which can
be calculated by

d.
TN-T M

Different three-tuple structures only affect the differ-
ence of phase and the phase shifts caused by structures
can be accurately compensated by calculating the differ-
ences of three propagation paths. For simplicity, assume
the length of the jammer antenna array from the target
center to the middle antenna of the outermost group is d,,,
where

d,

d.
==, 2
dy=5 @

In addition, there is a uniform spacing between the
middle antenna elements as d,.

The array from the top antenna to the bottom antenna
of the outermost group has a half-angle of 6, for the radar
boresight, given by geometric relationship

d.cosf./2

tan(f,) = ———.
an(®.) r+d.sinf./2

3)
In a real scene, the cross-eye jammer should be in the

far field of the monopulse radar, meaning r > d,, there-

fore

N d.cos0,

STt

The half angle 6, of the jamming loop n for the radar
boresight is

0, 4)

6, =F,0. (%)
in which
N+1-2n
F,=—— 6
N1 (6)

Define F, as the group baseline ratio, which repre-
sents the ratio of the jamming group n baseline to the
total baseline length of the antenna array. The array from
the middle antenna of the outmost group to the target cen-
ter has an angle of 6,, for the radar boresight with

d, sinf
tanf, = ————, 7
an r—d,,cosf. @

dm i 9{.‘
6 ~ sin ’ )
r

and the radar boresight for loop » is

gmn = Fnem- (9)

2.2 Mathematical derivation of the monopulse error

Based on previous research conclusions [3], the model
proposed in this paper can obtain that the sum-channel

normalized signals of the top element S ,,, the bottom ele-
ment S, and the middle element §,,, from jammer group
n(n=1,2,---)are

Stn = COS(km + krn)Pr(er + 92)
Sbn = COS(km - kcn)Pr(Hr - 06) . (10)
Smn = Cos(ksmn + kcmn)Pr(gr + emn)

The difference-channel normalized signals of the top
element D,,, the bottom element D,, and the middle ele-
ment D, from the jammer group n are

D, = jsin(ky, +k.,)P.(6, +6,)
Dbn = J Sin(kxn - kcn)Pr(gr - 96) (1 1)
Dmn = J Sln(ksmn + kcmn)Pr(er + 9"111)
where
d, .
k,, = ,8? siné, cosd,
dp .
k., = B—cos#6,sinb,
2 (12)

d, .
Kgn = ,8? siné, coséb,,,

d” .
kcmn = ﬁ? Cos 9r sin 6’m,,

In jammer group n, we assume that the signal passing
from the middle antenna element to the top element has
an amplitude gain of a,,, and phase shift of ¢,,,. The sig-
nal passing from the top antenna element to the bottom
element has an amplitude gain of a,, and phase shift of
¢©wn- The signal passing from the bottom antenna element
to the middle element has an amplitude gain of @, and
phase shift of ¢,,,. According to the jamming process we
described earlier, the sum-channel signals S, and differ-
ence-channel signals D,, received by monopluse radar
from jammer group 7 are given by

Sln = AmmSmnPc(ec + emn)StnPc(ec + 9n)+
ArbnStnPC(gc + gn)S anc(gc - 0}1)+
AhmnSthz:(ezr - en)SmnPc(Hc + emn)» (13)

D./n = AmmS mnPr(gc + gmn)DtnPc(Gc + gn)+
AtbnSmPc(ec + gn)Danc(Gc - 0)1)+

AhmnSanz‘(ec _GII)DIIMPC(O( +9mn)7 (14)
where
Apin = A€
A,},,, = ar;,,,ei%h” . (1 5)

P.(6,+6,) is the gain of the radar antenna on
0,+86,,P.(6.+6,) is the gain of the jamming antenna on
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6.+6,. Since 6, and 6,,, are small, we can make the fol-
lowing approximation:

Pr(erign)zPr(ng’-emn)zPr(er) (16)
PC(GC ieﬂ) = PC(eC +9"‘Hl) =~ PC(GC) '

In addition, define
P, =P*.(6,)P.(6,). 17)
Substitute (10), (11) into (13), (14):
Sin = PulA i COS(kgn + kemn) cOS(k, + ko) +
Ay cos(ky, + k) cos(ky, — k) +
Apyn €08(k gy = k) COS(Kgn + Kenn)] =

1
EP}’L [Amm(cos/\/ln + COSX211)+

Ay, cos(2ky, +cos2k,,)+

Abmn COS(X3/1 + COSX4n)] (18)

DJn = ]Pn [Amln Cos(k.rmn + kcmn) Sin(ksn + krn)+
Arbn Cos(km + kcn) Sin(ksn - kcn)+
Abmn Cos(ksn - kcn) Sin(ksmn + kzrmn)] =

j%Pn [Apn(Sin Y1, = SINY2,)+
Appa(sin2k,, — sin2k,,)+
Apn(SinY3, = SiNY4,)] 19)
where

Xin = ko + ko + kg + ke
Xan = Kon + Koy = Kon — ke
X3n = Kon = Ken + K + Ko
Xan = Kon = ken = Kgun — Ken

(20)

When N/2 groups work together

1 5
Sj = 5 Z PnCn [Amtn(COSXUl - COSXZ”)+

n=1
Ayn(cos2k,, —cos2k.,)+
Abmn(COSXB'n - COSX4)1)] (2 1 )

and

DJ = ] PnCn [Amtn(SinXln - SinXZn)+

n=1

Ayn(sin2k,, — sin 2k, )+
Abmn(SinX3n - SinX4n)]~ (22)

C, indicates the difference between the groups where

C,=c,&. When A,,, = 1, Apn =0, kgn = ks> Keonn = ke
which means 6, =6,, and the bottom — middle loop
does not work, the sum-channel and difference-channel
functions are the same as the TRCJ. Consistently, it is
shown that the TRCJ is a special case of the multi-group
three-tuple jamming proposed in this paper. Besides, the
multi-group three-tuple jamming expands the degree of
freedom of the traditional cross-eye jamming.

The accurate monopulse processor normalizes the dif-
ference-channel signal with the sum-channel signal, and
the monopulse error will be

M, = S(%). (23)

3 is the sign of the imaginary part of the complex
number. The monopulse indicated angle 6; could be con-
verted from the monopulse error in (23) by using the rela-
tionship as follows:

d
tan ['% sin H,«] =M,. (24)

Next, we simplify (24) to get a more concise
monopulse error. Triangle approximation in [11] has
shown

cos 2k, = cos[fBd,cosé,sinb,] ~ 1. (25)

This approximation means that when 6, < pd,, 2k,
approaches to zero.
Furthermore, we can get
cosk,, = coSke, = 1
krn ~ F nkcl
kcmn =~ F nkcml
] ) (26)
sink,, = F,sink,

sin kcmn ~ Fn sin kcml

ksmn ~ k.vn x de sin 9,

Then, we could change (24) into

ERTEAN
0-o(2)

N

Z [Fmtn + Ftbn + Fbmn]
R|— . Q@7)

[(Amtn +Atbn)(COS 2k51 + l) _Abmn]

n=1

where R is the sign of the real part of the complex num-
ber, and
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rmtn = Amm Sin(zksl + Fn(kcl +kcml))
r,bn = A,bn(sin2kxl - Fn sin 2k(‘1) . (28)
rhmn = Abmn(Sin kal - Fn Sin(kz‘l + kz‘ml))

Different from the jamming of the TRCJ, the center of
the multi-group three-tuple cross-eye jamming is located
in the line array or its extension line. The monopulse in-
dicated angle of the multi-group three-tuple jamming will
be based on the jamming amplitude gain and the phase
shift of the three directions, by setting different parame-
ters, the center point of the jammer can theoretically be
anywhere in the space [15]. Therefore, we do not derive
the cross-eye gain. In addition, in the following experi-
ments, we will compare the change of the monopulse in-
dicated angle with non jammed and jammed cases, to
show the performance of the proposed jamming method.

Because of the complexity of the multi-group, we only
derive the target center location of one-group cases. In
the previous section, we mentioned that the target center
of the three antenna elements would be on the plane of
the three antenna elements. We reestablished the coordi-
nate system as shown in Fig. 3, because it is generally be-
lieved that the transmission time of the signal determines
the distance of the false target to the radar, while the sum-
difference signal determines the position. In other words,
the distance between the false target and the radar should
be the same as the distance of the real target between the
radar, and the specific location should be at other loca-
tions with the same distance. To reduce the effect of
phase difference caused by propagation, we reposition the
positions of the three antenna elements. In Fig. 3, we con-
sider that the plane of the three antenna elements is paral-
lel to the plane of the monopulse radar, andO’is the cen-
ter of monopluse radar. Of course, this attitude of the air-
craft can also be considered as the projection of other
flight attitudes on this plane. Derivation in [16] shows the
components of the electromagnetic field in the x, y, and z
directions as

2 2
+ iy + Ay + Zamtnatbn Ccos ‘ptbn+

mitn

1

X =—(&
n
Zathnahnm cos Sphmn + 2ammahmn cos ‘pmln)

1 3
_ 2
Y - E (aﬂm + ApinQipn COS Sathn + z A1ppQApmn COS Sabmn-"_

1 1
2
Eabmn + Eamtnabmn cos ‘pmtn)

1
_ 2
Z - @mnx [(ahmn + ApyinApmn COS Samm + A1pnApmn COS Qobmn)"—

1

1
2
E ¢max (atbnabmn COS Ppn + Eabmn)]

29

where 1 is the parameter of the electromagnetic field.
O,.x 1s the maximum elevation angle of the three ele-
ments, @, is the maximum azimuth of the three ele-
ments.

Fig. 3 Azimuth and pitch angle of a three-antenna elements simu-
lation target

We can get the azimuth angle of the scattering points

as
VA
@ = arctan| —— (30)
( VX2+Y 2)
and the pitch angle as
Y
@:arctan(—). 31
X

According to (31) and (32), if there are only two ele-
ments, then a,,;, = a., =0 , the Z component in the equa-
tion will be 0, that is to say, the scattering center can only
be deviated from the true scattering center in the pitch
angle, and there will be no jamming effect on the azi-
muth angle. This is one of the reasons why the three-ele-
ment case is better than the two-element case.

3. Simulation results

The degrees of freedom of a multi-group three-tuple cross-
eye jammer are too large to analyze. Without loss of ge-
nerality, one-group and two-group cross-eye jammer is
employed as the typical implementation of a multi-group
three-tuple jamming system in this section. The typical
parameters of a missile threatening an aircraft or ship are
given as follows:

(i) Radar carrier frequency: 9 GHz;

(i) Radar beam width:10°;

(iii) Radar antenna apertures: 2.544;

(iv) Jammer range: 1 km;

(v) Array base length: 10 m;

(vi) Jammer rotation: 30°.

In order to compare the jamming performance of two-
element and multi-group three-tuple cross-eye jamming,
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we set ay,,, = 1 and @, = 0.

First, we analyze sum-channel and difference-channel
signals under two-element jamming and one-group three-
tuple jamming. As shown in Fig. 4 and Fig. 5, within a
beam, the sum-channel and difference-channel signals of
two-element and one-group three-tuple cross-eye jam-
ming are almost the same. Under the monopulse angle
measurement, the difference-channel signal is used to
generate the radar indication angle. As Fig. 4 shows, the
difference in the signal of the difference-channel is due to
the change in the indicated angle caused by adding a third
jamming element. The sum-channel mainly normalized
the difference-channel signal in the monopulse angle
measurement. Fig. 5 shows that the sum-channel under
three-tuple jamming is less than the two-element jam-
ming. This is because when the system parameters are
close to ideal, the frontal signal of the jamming group
will cancel at the radar antenna, which reduces the amp-
litude of the channel signal. Although the channel signal
has symbol change and beam jitter near the zero of the
first beam, it is important that the error angle is basically
linear within the 3 dB beam width, whether the radar
beam width is 10° or 20°.
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Fig. 4 Value of difference-channel signal
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Fig. 5 Value of sum-channel signal

The monopulse indicated angle can directly show the
effect of jamming. Fig. 6 shows the monopulse indicated
angle curve in the one-group case. The blue dotted curve
shows the two-element jamming case and the black dot-
ted curve shows the no jamming case. Obviously, in the
case of no jamming, the angle of the radar and the indi-
cated angle should be equal, that is to say, it should be a
positive proportion curve in Fig. 6. At the same time,
when the indicated angle curve is farther away from the
curve of no jamming with 3 dB beam width, the larger
the angle error is, the better the jamming effect is. Differ-
ent curves represent the relationship between the indi-
cated angle and the error angle under different ¢,,; and
a1 - It can be seen that after adding the third element and
choosing proper parameters of the third element, the mo-
nopulse indicated angle error becomes larger, making a
monopulse deviate from the true direction of the target
more than the two-element cases. The group jamming
system with poor jamming performance can be well com-
pensated by choosing an appropriate third parameter and
cause a greater angle error or even break a monopulse
radar lock (this requires very accurate parameters in the
two-element cross-eye case). Of course, not all three-
tuple cross-eye jamming produces an error angle greater
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than the two-element cross-eye jamming, because if the
inappropriate array element parameters have been selec-

15
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ted, the sum-channel signal of the monopulse radar would
increase, thereby making the indicated error angle smaller.

Indicated angle/(°)

71 5 1 1 1 1 1
=15 -10 -5 0 5 10 15
Radar angle/(°)
= =:Indicated angle; ====:0.15,0°;
=== Two-element jamming; ===:0.15,270°;
2 0.1, 270°.
(b) a,,=0.95, ¢, =175°
15

Indicated angle/(°)

-15  -10 =5 0 5 10 15
Radar angle/(°)
= =:Indicated angle; ====:0.15,0°%
=== Two-clement jamming; === :0.15, 90°;
— :0.1,90°.
(d) a,,=0.95, ¢,,=190°

Fig. 6 Indicated angle curves for different values with one group

Fig. 7 shows the cases of two-group jamming, while
different curves represent the relationship between the in-
dicated angle and the error angle under different a,,,1, @,
and a,, ¢.n. In Fig. 7(a) and Fig. 7(d), similar to the
one-group cases, the third element is added, which gives
the radar indication angle a larger error, and even breaks
a monopulse radar lock, and in Fig. 7(b), it can be seen
that adding the third element has not greatly affected the
jamming performance. This is because the other two ele-
ments in Fig. 7(b) have already had compensation, and
the third element would be unimportant in the ideal para-
meter scene. Fig. 7(c) shows that even in the two-group-
case, inappropriate element parameters still have a bad ef-
fect on the jamming performance. In cross-eye jamming,
the most significant effect on the jamming performance is
the phase shift and amplitude gain of each element. Next,
we would analyze the effect of phase shift on the mon-

opulse radar indicated angle. Fig. 8 shows the indicated
angle with different ¢, conditions in a one-group case
where a,,; = 0.95. First, even if a third element is not ad-
ded, only two elements can cause an error angle. After
the third element is added, the indication angle changes
significantly, and according to the original parameter
configuration, the phase shift of the third element is not
the same when the maximum indication angle is obtained.
What can be seen is that when the phase shift between the
two-element cross-eye jamming is less than 180°, the op-
timal value of the third element is more than 180°. On the
contrary, the optimal value would be less than 180°. Be-
sides, as shown in Fig. 8(a) and Fig. 8(b), even if there is
a third element as compensation for the two-element
scene, the jamming effect can only be improved to a cer-
tain extent.
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Fig. 8 Indicated angle curves for different phase shifts

As shown in Fig. 9, a proper ¢,,; can improve the jam-
ming performance in a large extent, and most of the op-
timal a,,,is concentrated between 0 and 0.2. This is be-
cause the main purpose of adding a third element is to
compensate the undesired two-element jamming struc-
ture. Therefore, the amplitude does not need to be too
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large. If it is too large, the sum-channel signal of the
monopulse radar would increase, making the target a
beacon. In addition, the proper value of ¢,,, and proper
value of a,,, can be used to increase the error angle to a
maximum extent, and the error angle reaches 6.53°.
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Fig. 9 Indicated angle curves for different relative amplitudes
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By observing Fig. 8 and Fig. 9, when an error angle is
determined, we can determine the approximate range of
phase shift and amplitude gain requirements. In practical
application, with the improvement of the accuracy of the
current equipment, the value in this range can be achieved.

The advantage of the three-tuple cross-eye jamming
comparing the two-element cross-eye is not only that the
generated angular error is greater, but also because the
three-tuple jamming can generate false targets at any po-
sition in the area where it is located. Fig. 10(c) is a scat-
ter plot of the near field radiation center of the two-ele-
ment jamming. The red * in the figure indicates the posi-
tion of the array element. Most of the radiation centers
are concentrated near the two array elements. The radi-
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ation scattering points decrease when the distance in-
creases. In Fig. 10(d), by adding a third element, the posi-
tion of the scattering points is distributed in three direc-
tions, unlike a two-element jamming with only two direc-
tions on the extension of two elements. In Fig. 10(c) and
Fig. 10(d), the farther away the scattering points are, the
more sparse they are. It can also be found in Fig. 8 and
Fig. 9, that the area with a larger indicator angle has a lar-
ger gradient, and the area with a smaller indicator angle
has a smaller gradient, which indicates that the cross-eye
jamming angular error does not change linearly with the
amplitude gain or the phase shift, but changes exponen-
tially with the amplitude gain or the phase shift.
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Fig. 10 Position of scatter points

Fig. 10(a) shows that when the phase difference
between the three-tuple is 0, no matter how the relative
amplitude ratio between the three-tuple changs, the point
of the false target generated is always within the three-
tuple. And when the amplitude ratio between the three-
tuple is 1 and the phase shift changes from 0 to =, as
shown in Fig. 10(b), a part of the false target positions are
also within the array elements, and a large part of the
false targets are outside the three-tuple. From the per-
spective of the monopulse angle measurement system, an
angular error has been generated.

4. Conclusions

A basic and rigorous mathematical analysis of multi-
group three-tuple cross-eye jamming employing a triad
linear array is proposed in this paper. The main contribu-
tion is that the mathematical derivations of the monopulse
error and the location of the near field radiation center are
presented. Furthermore, simulation results demonstrate
that the model proposed in this paper has a better per-
formance in comparison with the TRCJ in induced angu-
lar error and location of radiation center. Importantly, in
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practical scenarios, due to the factors such as device and
weather, the phase shift and amplitude gain cannot reach
the ideal value, the system proposed in this paper im-
proves jamming performance by adding an element, but
the amplitude gain of the newly added element should not
be too large. If the amplitude gain is too large, the echo of
the whole system will become stronger and become a
beacon. Generally speaking, it can be between 0 and 0.2.
The phase shift of the new element is about 7, and the
phase shift greater or less than m is mainly opposite to
the phase shift of the original system.
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