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An angular blinking jamming method based on electronically
controlled corner reflectors

*

GAN Lin, WU Zehao, WANG Xuesong, and LI Jianbing

State Key Laboratory of Complex Electromagnetic Environmental Effects on Electronics and Information System,
National University of Defense Technology, Changsha 410073, China

Abstract: Passive jamming is believed to have very good poten-
tial in countermeasure community. In this paper, a passive angu-
lar blinking jamming method based on electronically controlled
corner reflectors is proposed. The amplitude of the incident
wave can be modulated by switching the corner reflector
between the penetration state and the reflection state, and
the ensemble of multiple corner reflectors with towing rope can
result in complex angle decoying effects. Dependency of the
decoying effect on corner reflectors’ radar cross section and
positions are analyzed and simulated. Results show that
the angle measured by a monopulse radar can be significantly
interfered by this method while the automatic tracking is
employed.

Keywords: monopulse radar, angular blinking jamming, corner re-
flector, amplitude-comparison angle measurement, metasurface.

DOI: 10.23919/JSEE.2023.000068

1. Introduction

Monopulse radar is a kind of precise angle measuring
radar, whose antennas can form multiple identical beams
to obtain the azimuth and elevation angles during one sin-
gle pulse [1,2]. Compared with the conical scanning
radar, the monopulse radar has the advantages of high
angle measurement accuracy and good anti-jamming abi-
lity. It has been widely used in target identification, track-
ing, navigation and other fields, and the corresponding
countermeasure method is of great significance in self-
defense of high-value targets such as fighters.

A good variety of angle deception jamming techniques
have been developed to interfere the monopulse radar,
such as terrain bounce jamming [3,4], blinking jamming
[5,6], towed decoys [7], and cross-eye jamming [8—10].
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The key components in these methods are the active jam-
mers, which are generally expensive and less flexible to
different countermeasure scenarios. Passive jamming
equipment such as chaff and corner reflector is much
cheaper, but their electromagnetic scattering characteris-
tics are fixed and their ability to modulate the incident
wave is quite limited. Great efforts should be made to
develop new passive jamming method with better inter-
ference effects.

Over the past several years, increasing attention has
been paid to metamaterial which can precisely control the
amplitude, phase, polarization, and other parameters of
the electromagnetic wave [11,12]. If the metasurface can
be combined with corner reflectors with strong scattering
capabilities, electromagnetic structures with high energy
and strong modulation capabilities can be formed. Cur-
rently, this combination has been initially studied in the
communication field, mainly for selecting frequency
bands [13], reconstructing beams [14—16], and improv-
ing antenna gains [17-20]. In the field of electronic coun-
termeasures, metamaterials are mainly used to change the
inherent properties of corner reflectors to make up for
their deficiencies in passive interference applications.
Zhu et al. combined metamaterial absorbers with dihe-
dral and trihedral corner reflectors, so that they could
effectively counter the X-band frequency agile radar
[21,22]. Zhang et al. [23] and Lei et al. [24] effectively
improved the backscattering ability of the corner reflec-
tor by metamaterials. Zhang et al. proposed a dihedral
corner reflector based on the Salisbury screen, which has
a remarkable effect in changing the polarization charac-
teristic and other features [25]. It is foreseeable that elec-
tronically controlled corner reflectors also have great
potential in the tracking radar jamming field. Aiming at
the angle measurement interference of a monopulse radar,
the interference effects and influencing factors of a towed
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electronically controlled corner reflector are studied in
this paper.

This paper is organized as follows: Section 2 intro-
duces the principle of angular blinking jamming and
quantitatively analyzes the influence of some key para-
meters on the angle measurement. Section 3 validates the
decoying effect under different radar cross section (RCS)
modulation signals and synergy patterns of the corner
reflectors in the automatic angle tracking process. Con-
clusions are drawn in Section 4.

2. Blinking jamming of electronically
controlled corner reflectors based on
amplitude-comparison angle measurement

The amplitude-comparison measurement is a classical
and widely-used method for precise angular information
measurement of the target by comparing the amplitude of
the radar echoes of multiple beams in one single pulse.
We first analyze the principle when electronically con-
trolled corner reflectors are introduced in the angle mea-
surement scenario.

2.1 Fundamentals of blinking jamming

Taking the elevation direction as an example, the angle
between the center axis of each radar beam and the
equisignal axis is 6,, and the radiation pattern of each
radar antenna is F(@). The elevation angle of the target
[26] can be calculated by
oo A [F'(ek)]“
F (6,

> (D
where A and X are the difference and sum of the received
signals, respectively. In order to protect targets such as
the fighter, we have to interfere this angle measurement
process. Towered decoy is a widely-used method to com-
plete this task, but it greatly depends on the towed active
jammers. It is of great importance if we can develop a
passive jamming method with complex interference
effects. This can be realized by towing multiple electroni-
cally controlled corner reflectors and modulating their
electromagnetic characteristics with complex schemes. In
addition, the advantages of low cost and simple fabrica-
tion make it possible to deploy multiple corner reflectors
in one angle resolution cell.

As shown in Fig. 1, there are multiple scattering
points in one angle resolution cell when the aircraft drags
several corner reflectors. The amplitude and phase of
the radar echo change continuously with the movement of
all objects, resulting in the deviation of the apparent
angle. If RCSs of the corner reflectors are electronically
modulated, complex angular glint effects can be ob-
tained.
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Fig. 1 Jamming scenario

Assuming that the RCS of the target is fixed, the sum
and difference signals received by the radar are respec-
tively

S =0 [F(6y+6,)+F(6,— 0]+
N

DT F (6,400 + F(6,- 6], @)

i=1

A =00 [F(Oy+6,)— F(0,—0,)] +

N

Z o (S [F(6; +6,) = F(6; - 6,)], 3)

i=1
where o is the RCS of the target to be protected, ¢, and
¢; are the echo phases of the target and the i th corner
reflector respectively, 6, is the angle between the target
and the equisignal axis, 6; is the angle between the ith
corner reflector and the equisignal axis, L; is the distance
between the ith corner reflector and the target, N is the
number of corner reflectors, and o(¢) is the time-domain
RCS modulated signal for the ith corner reflector which
can have rapid amplitude change above 10 dB. Substitut-
ing (2) and (3) into (1), the measured angle # can be
obtained as

é = k(){o-()ei% [F(g() + Gk) - F(HU - Gk)] +

N
i=1

o(1)e¥ [F(6;+6,) — F(6;— 90]}'{(706”“ [F (6 +6)+

N -1
F(0,—6)] + Z o (e [F(6; +6,) + F (0, — ek)]}
i=1

where k, = F(6,) /F’ (6,). Assume that the radar observes

the target laterally, as shown in Fig. 1, and the angle

between the towing rope and the equisignal axis is 8. The

observing angle for a corner reflector 6; can be approxi-
mated as follows:

L;sing

R ®)

where R is the incident distance. Here it is assumed that

the differences between the distances from the radar to

corner reflectors are negligible. Then the measured angle

9,‘/’39()4‘
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can be expressed as a multivariate function with indepen-
dent variables 6,, L;, and o;(¢) by substituting (5) into (4)

@ = f(OO,Liso-i(t)) =

N
ko{o'oej% [F(6y +6,) — F(6,— 6,)] + Z oi(t)e-

i=1

L,‘ i L,‘ i
[F(90+ ?B +6,)— F (6, + S;nﬁ —ek)]}-

{aoem LF (60 +6,) + F(6,— 0]+ ) ori(n)ei*"

i=1

L;sinf
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Let X = [LlaLZ»”' 7LN70-1,0-29"' 7O-N]s then f(HOaX)
can be approximated by its first-order Taylor expansion
at X =0:

0~ f(6h, X = 0)+

iwime) O, Lol (7)
L 00 ORI

It can be seen that f(6,, X = 0) = 6,, therefore the angle
error caused by the towed corner reflectors can be
obtained by

Oerror = 9—90 =

ST d
D (Ligr +aud) amm)}'

i=1 !
S (0o, Li, (1)) |x=0 - (®)
This paper focuses on the influence of L; and o(¢) on
the measured angle #, which can be obtained by calculat-
ing the partial derivative term in (8) numerically.

2.2 Quantitative analysis of influencing parameters

Assuming the target is located at (8000 m, 4000 m,
8000 m), the RCS of the target is op= 2 mz, and the tow-
ing rope is parallel to the x -axis. Since the changing
trends of the azimuth and elevation angle are the same,
this section only lists the simulation results of the azimuth
direction.

2.2.1 The towing rope length and the number of corner

reflectors

Taking the double-point scenario as an example to show
the influence. If the equisignal axis points to the target,
then the factor 0f(6,,L,0)/0L which shows the rela-
tionship between the measurement error and the towing
rope length is presented in Fig. 2. It can be seen that the
error is almost linearly related to the towing rope length,
and the slope increases along with the RCS of the corner
reflector. This is physically reasonable, since both longer

towing rope and stronger RCS will inevitably lead to big-
ger deviation of the apparent angle.
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Fig.2 Azimuth error under different L

Then we analyze the dependency of jamming effects
on the number of corner reflectors. To ensure the jam-
ming effectiveness, all the target and corner reflectors
should be located in the same angle resolution cell by rea-
sonably setting the towing rope length and the spacing
between corner reflectors. The number N determines the
distance L; when they are equally spaced in the multi-
point scenario. Assuming the total length is 200 m, and
RCSs of all corner reflectors are the same. Fig. 3 presents
the curves of the measurement error against the number
of corner reflectors N, which show different trends under
various o;. When o; is smaller than o, the error
increases along with NV and the slope gradually decreases,
while an opposite trend is observed when o is larger
than o. Taking o,=3 m’ as an example, the apparent
angle is closer to the corner reflector when N = 1. As the
number increases, the newly added corner reflectors are
all on the left side of the current apparent center, making
the apparent angle get closer to the target instead.
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2.2.2 RCS of the corner reflectors

Theoretically, larger RCS of corner reflectors can lead to
stronger angular deviation, which can be confirmed by
the variation curves in Fig. 4 of the measurement error
along with o in the double-point scenario. However, as
o, increases, the slope of the curve gradually becomes
smaller, which means that the efficiency of increasing o,
on improving the jamming effect gradually decreases.
Therefore, the cost and effect of increasing RCS should
be comprehensively considered to design an appropriate
RCS value in practical applications. In addition, a larger
distance can enhance the error-increasing effect.
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Fig. 4 Azimuth error under different o

2.3 Implementation of jamming by electronically
controlled corner reflectors

As shown in Fig. 5, an electronically controlled eight-
quadrant corner reflector equipped with a miniaturized
wave- penetrating active frequency-selective surface in
[27] can be used to realize the interference scenarios. The
RCS modulation depth of this surface can be maintained
above 10 dB in the majority of directions. Therefore, it is
feasible to apply this kind of corner reflector to the angle
jamming field as a passive towed decoy. In practical
applications, the size of the corner reflector can be
designed according to specific needs. More wave-pene-
trating unit cells can be loaded if the size is larger, mak-
ing it possible to increase the RCS modulation depth.

Dielectric layer

Metallic layer
Metallic pillar _
Positive-intrinsic- —&*
negative (PIN)
variable diode

(a) Schematic diagram of the metasurface unit cell

Metal plate
132 mm

y
Metasurface

(b) Structure of the electronically controlled corner reflector

Fig. 5  Electronically controlled corner reflector based on the
miniaturized wave-penetrating frequency-selective surface

In the scenario depicted in Fig. 1, the apparent angle
can be constantly changed if the RCS of each corner
reflector is electronically modulated, which can cause
severe disturbance to the measured angle. The modula-
tion mode can be summarized as an RCS modulation
matrix shown in Fig. 6, where “1” represents the reflec-
tion state and “0” represents the penetration state. Two
modulation dimensions are contained in the matrix:
(i) the ith column represents the RCS time-domain modu-
lation signal of the ith corner reflector. (ii) the relation-
ship between adjacent columns represents the synergy
pattern between the corner reflectors.

Reflector 1 Reflector 2 Reflector N
4 1 C1 o |
| | | | | |
| | | | I |
t [ 0 [ 1 | 1
: | l | | ) Synergy of | |
| I | | corner reﬂectors| |
D amnd I [
| | | | I |
U I_ 1| 10| |1
(D RCS modulated
signal

Fig. 6 RCS modulation matrix

Based on the above two dimensions, two RCS
modulation signals containing the uniform intermit-
tent and pseudo-random signals are designed in this
paper, and the synergy patterns between corner reflec-
tors are divided into three types, i.e., the synchronous
change, the cyclic shift, and the random change. Sophisti-
cated interference effects can be achieved through diffe-
rent combinations of modulation signals and synergy pat-
terns.

Both the uniform intermittent and pseudo-random sig-
nal can be represented by the amplitude-encoded
sequences:
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M-1
oi(f) = rect(i)@azam(n T o-nt)  (9)
07 2o

where ® represents the convolution of signals, 7, repre-
sents the code width which is equal to the measuring
sampling period, a;, is the coding sequence only contain-
ing RCS,; and RCS,,,, the number of which is M, and
M=M, respectively. RCS,.; and RCS,,, represent the RCS
of the corner reflector in the reflection and penetration
state. The duty ratio is defined as

a .
M

(10)
RCS,; and RCS,, are set to 3 m’ and 0.1 m’ respec-
tively. In order to evaluate the angle deception perfor-
mance, the decoy ratio n is defined to represent the
degree to which the apparent angle of the radar deviates
from the real target. Expressions of the azimuth and ele-

vation decoy ratio are
N, = M’ (11)

Soreﬂecmr_last - Qatarget

~

60— Htarget

Mo = ; (12)

greﬂectorilast_ target
where Qrefiector tast AN Brefiecror 1ose@re the azimuth and eleva-
tion angle between the last corner reflector and the
equisignal axis; Qe and Oyeeare those between the real
target and the equisignal axis.

Predictably, when the RCSs of the corner reflectors are
modulated by the uniform intermittent or pseudo-random
signal, the apparent center of the radar will jump quickly
between the near and far positions, showing periodic and
aperiodic trend respectively. More details are shown in
the next section.

3. Simulation results and phenomena
analysis

In practical applications, the monopulse radar needs to
continuously observe the target to obtain the angle infor-
mation. This section verifies the decoying effect of RCS
modulated corner reflectors in the continuous angle track-
ing.

During the automatic tracking process, the antenna
servo system updates the beam direction in real time
according to the measurement result. As shown in Fig. 7,
the radar inputs the current measured angle into the track-
ing filter to obtain the predicted value at the next
moment, to which the equisignal axis will point in the
next measurement cycle.

Calculate (¢,,, 0,,) by
—  amplitude-comparison
measurement

| !

Convert (¢y,i= '9r,i) to ((og,ia eg,i)
(@415 0,+1) by spatial by spatial geometry
geometry transformation transformation

f '

Calculate (9,11, Og1)
by Kalman tracking filter

Select targets located in
the main lobe

Convert (¢, 11, Oyi1) tO

Update the equisignal
axis direction

Fig. 7 Angle tracking process of the monopulse radar

The processes can be summarized as follows.

Step 1 Determine the scattering points located in the
main lobe.

Step 2 Calculate angles (¢,;,6,;) between the appa-
rent angle and the equisignal axis at time i.

Step 3 Convert (¢,;,6,,) to the global angles (¢, ;,0,)
through the spatial geometric transformation.

Step 4 Input (¢,;.6,,) into the Kalman tracking filter
to get the predicted value (¢,;1,6,:.1) at the next
moment. The state vector is

cosf,,;cos @, ;
x() €08 0,,C08Q,; — ;os 0,i-1COS Qg1
x(l,) cosf,;sine,;
Ao | YD | . .
X@) = i |7 cos 0, Sinp,; — O8O, | Sing,; |
2(0) T
(i) Sinf,;
sinf,; —siné,;
T

(13)
where x(i), y(i), and z(i) are the direction cosines with
corresponding change speeds x(i), ¥(i), and z(7).

Step 5 Update the equisignal axis direction to
(@g,i+1,6,+1) and repeat Step 1.

The simulation parameters are shown in Table 1.

Table 1 Simulation parameters

Parameter Value
Initial target position/m (8000,4000,8 000)
Target velocity/(m's ) (—200,0,0)
Target RCS/m’ 2
Mainlobe width/(°) 2.72
Beam deviation angle/(°) 0.5
Bandwidth/MHz 0.5
Carrier frequency/GHz 11
Pulse width/ps 5
Signal-to-noise ratio/dB 20
Measuring sampling period/s 0.005
Tracking sampling period/s 0.005

Standard deviation of the system noise 0.1
Standard deviation of the observation (0.02,0.01,0.02)
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Suppose that there are four electronically control-
led corner reflectors with a uniform interval of 50 m,
decoying effects under different jamming implemen-
tations are simulated accordingly and evaluated by
the maximum value and the range of the decoy ratio.

3.1 Synchronous change

The synchronous change means that time-domain
RCS modulation signals of all corner reflectors are
the same. Fig. 8 and Fig. 9 are the decoy ratios corre-
sponding to the uniform intermittent and pseudo-ran-
dom signals with different duty ratios respectively. It
can be seen that decoy ratios of the four signals all
fluctuate between 27% and 53% with the same extre-
me values, which shows that the signal form and
duty ratio have little influence on the interference
effect when the corner reflector is modulated syn-
chronously. This is because that all corner reflectors
are in the penetration or the reflection state at the same
time since the modulation signals are exactly the same,
the duty ratio only affects the duration of the extreme va-
lues.
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Fig. 8 Decoy ratios of the uniform intermittent signal with diffe-
rent duty ratios under the synchronous change pattern
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Fig. 9 Decoy ratios of the pseudo-random signal with different
duty ratios under the synchronous change pattern

3.2 Cyclic shift

The cyclic shift means that the RCS modulation signal of
the latter corner reflector lags behind the previous one by
a code width:
Tin(t) = (@6 (t—T70). (14)
It can be seen from Fig. 10and Fig. 11 that the
jamming effect of the cyclic shift is better than that
of the synchronous modulation, and the decoy
ratio range of the pseudo-random signal is larger
than that of the wuniform intermittent one when
the duty ratio @ is 0.25. This indicates that the inter-
ference effect in which all the corner reflectors
are in the unified state at the same time will be re-
duced, which is consistent with the trend of the purple
curve in Fig. 3. In addition, increasing « has no
effect on the jamming effect in Fig. 11, but can slightly
increase the measurement error of the uniform intermit-
tent signal in Fig. 10.
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Fig. 10 Decoy ratios of the uniform intermittent signal with diffe-
rent duty ratios under the cyclic shift pattern
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Fig. 11  Decoy ratios of the pseudo-random signal with different
duty ratios under the cyclic shift pattern

3.3 Random change

Assuming that the RCSs of all corner reflectors are modu-
lated by mutually independent pseudo-random signals,
Fig. 12 shows a similar trend with Fig. 11, in which the
distribution of the corner reflectors in different states are
similar, and the maximum value and range of the decoy
ratio can reach about 60% and 32% respectively.
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Fig. 12 Decoy ratios of the pseudo-random signal with different
duty ratios under the random change pattern

Based on the above simulation results, the following
conclusions can be drawn. First, the interference effect is
essentially determined by the distribution of the corner
reflectors in different states. Increasing the duty ratio can
improve the jamming effect only in the case of uniform
intermittent signal under the cyclic shift pattern due to the
spatial distribution rearrangement of the corner reflectors.
Second, the decoying effect will be reduced when the
corner reflectors are all in a unified state, and could be
better under modulations with the stronger non-periodi-

city.
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4. Conclusions

In this paper, an angular blinking jamming method based
on an electronically controlled corner reflector is pro-
posed, which can achieve active interference effects by
the passive means. Simulation results show that the
apparent center can be deviated from the target with a
continuous sharp flicker through the RCS modulation of
corner reflectors, and the interference effect under the
pseudo-random modulation is the best in comparison with
other patterns.
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