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Abstract: A chirp-mismatch echo signal can be generated by exchanging the I and Q baseband signals
of a received SAR signal. In this paper, the basic generation principles of a chirp-mismatch echo signal
are analyzed. Then, a suppression jamming method with controllable jamming position and coverage
area is proposed. This method firstly performs chirp-mismatch processing on the received SAR
signals, then controls the range jamming coverage and center position through range shift-frequency
modulation and time delay, and controls the azimuth jamming coverage and center position through
motion modulation and azimuth shift-frequency modulation. Theoretical analysis and simulation
results show that this method can effectively control the location and coverage of a jamming result
without convolution modulation, and it is easy to implement in engineering. The simulation results
verify the correctness of the theoretical model, which can provide a basis for the implementation and
application of SAR jamming based on the active radar transponder.

Keywords: synthetic aperture radar; active radar transponder; controllable suppression jamming;
chirp mismatch

1. Introduction

Synthetic aperture radar (SAR) can perform all-day, all-weather and high-resolution
imaging of ground targets, and has many advantages such as high processing gain, long-
distance observation and multi-polarization, so it has been widely used in marine observa-
tion, agriculture and forestry development, terrain mapping and intelligence reconnais-
sance, etc. [1]. With the in-depth development of SAR imaging technology, especially in
the military field, SAR has become key equipment for remote sensing data information
acquisition [2]. In order to protect important targets and regions, research on SAR jamming
technology has become an important topic in the field of radar countermeasures. In this
paper, the controllable suppression jamming method against a SAR system based on active
radar transponder is proposed and verified. First of all, the jamming realization principles
based on active radar transponder are analyzed. Then, a suppression jamming method
with a flexible and controllable jamming area and position is proposed and analyzed
theoretically. Finally, the verification simulations of the proposed suppression jamming
method are performed based on airborne SAR raw echo data. The simulation results are
consistent with the theoretical analysis, which verifies the correctness of the theoretical
model and can provide a basis for the jamming application and implementation of an active
radar transponder.

According to the energy source of the jamming signal, SAR jamming can be mainly
divided into passive jamming and active jamming [3]. Passive jamming refers to jamming
methods in which the jammer itself can only reflect the electromagnetic wave and cannot
actively emit jamming signals. Active jamming refers to the jamming methods in which
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jamming equipment can actively transmit or forward electromagnetic signals. According
to the effect of the jamming method, SAR jamming can be mainly divided into suppression
jamming [4–8] and deceptive jamming [9–15]. Suppression jamming submerges the origi-
nal echo signals by launching high-power jamming signals. Deceptive jamming utilizes
jamming signals to generate false targets or scenes. In the suppression jamming method of
the SAR system, traditional noise jamming transmits high-power noise jamming signals to
reduce the signal-to-noise ratio of SAR image. This kind of jamming method is simple to im-
plement, but cannot control the position and suppression area of jamming result [16]. The
suppression jamming methods with convolution modulation can control the suppression
area and position of the jamming result precisely, but the complexity of the convolution
algorithm is large and the difficulty of jamming implementation is high [17–19]. Thus, it is
necessary to work on a controllable suppression jamming method with small computation
and easy realization.

Reference [20] analyzes and simulates the variation characteristics of the jamming
effect of shift-frequency jamming under different frequency shift amounts. Reference [21]
establishes the imaging model of a uniformly moving target and analyzes the perfor-
mance of the jamming method base on uniform motion modulation. However, these
jamming methods can only generate false targets in the range or azimuth direction. In
the reference [22], the imaging model of chirp-mismatch echo signal is established, and
the feasibility of a jamming method based on chirp-mismatch processing is analyzed. The
active radar transponder can produce a suppression jamming effect by transmitting a
chirp-mismatch echo signal, but cannot control the suppression area of the imaging result
of a chirp-mismatch echo signal. Based on the above background, a suppression jamming
method with a flexible and controllable jamming position and suppression area is proposed
and verified in this paper. This jamming method firstly performs chirp-mismatch process-
ing on the received SAR signals, then controls the range jamming coverage and position
via range shift-frequency modulation and time delay, respectively, while controlling the
azimuth jamming coverage and position via uniform motion modulation and azimuth
shift-frequency modulation, respectively. This suppression jamming method is analyzed
theoretically, and experimental simulations are performed to verify the theoretical analysis.

The organization of this paper is as follows. Section 2 elaborates on the jamming
scenario and the jamming realization principle of an active radar transponder. In Section 3,
the imaging model and the jamming effect of the proposed suppression jamming method
are analyzed theoretically. Based on the theoretical analysis, the effectiveness of proposed
jamming method, the influence of reconnaissance errors and the suppression jamming
performance are simulated, respectively, in Section 4. The conclusions of this paper are
provided in Section 5.

2. Jamming Realization Principles Based on Active Radar Transponder
2.1. Analysis of Jamming Scenario and Active Radar Transponder System

The geometric model of a jamming scenario based on an active radar transponder is
shown in Figure 1. The airborne SAR system is assumed to be side-looking strip mode, the
effective speed is denoted as Vr, the flight altitude is denoted as H and the azimuth slow
time is denoted as η. Then, the coordinate system is established and the ground projection
of the flight platform is set as the coordinate origin and denoted as O when the azimuth
slow time η = 0. The motion direction of SAR system is set as y-axis positive and the
direction perpendicular to the track is set as x-axis positive.

Assuming that the active radar transponder is located at the center of the swath along
the x-axis, and the nearest slant range between active radar transponder and SAR system is
denoted as R0, the instantaneous slant range between the active radar transponder and the
SAR system can be expressed as [1]

R(η) =
√

R2
0 + V2

r η2 ≈ R0 +
V2

r η2

2R0
(1)
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Figure 1. Geometric model of jamming scenario based on active radar transponder.

The LFM signal emitted by SAR system is

s(τ) = rect
(

τ

Tr

)
cos
(

2π f0τ + πKrτ2
)

(2)

where the range time is denoted as τ, the time width is denoted as Tr, the carrier frequency
of the transmitted signal of the SAR system is denoted as f0 and the chirp rate is denoted
as Kr.

2.2. Generation Principle of Chirp-Mismatch Echo Signal

The chirp-mismatch echo signal can be generated by exchanging the IQ baseband
signal of the received SAR signal [23], and the principle diagram of chirp-mismatch echo
signal generation is shown in Figure 2. The active radar transponder system can be mainly
divided into three parts: the receiving module, the signal processing module and the
transmitting module. The receiving module receives the SAR signal and transmits it to
the signal processing module. The signal processing module first performs orthogonal
demodulation on the SAR signal to achieve down-conversion processing, then exchanges
the I and Q baseband signals of the SAR signal and performs complex addition. Finally,
it performs orthogonal modulation on the resulting signal to achieve up-conversion pro-
cessing, thereby realizing the chirp-mismatch processing of the received SAR signal. Then,
the processed signal is forwarded to the SAR system by the transmitting module after
power amplification.

Signal Processing Module

Down-conversion

Up-conversion

Baseband Signal 

Exchange

Receiving Module

Transmitting 

Module

Figure 2. Principle diagram of chirp-mismatch echo signal generation.
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The emitted LFM signal of the SAR system, which is shown in Equation (2), is received
by active radar transponder and quadrature demodulated into I and Q baseband signals.
The I and Q baseband signals are denoted as sri(τ, η) and srq(τ, η), respectively. The
expressions of I and Q signals are presented as follows

sri(τ, η) = rect
(

τ − R(η)/c
Tr

)
· cos

[
−2π f0R(η)

c
+ πKr

(
τ − R(η)

c

)2
]

(3)

srq(τ, η) = rect
(

τ − R(η)/c
Tr

)
· sin

[
−2π f0R(η)

c
+ πKr

(
τ − R(η)

c

)2
]

(4)

Then, the baseband signals of the I and Q channels are exchanged and complexly
added. Finally, the up-conversion and power amplification are performed to obtain the
chirp-mismatch echo signal transmitted by the active radar transponder. The expression of
the chirp-mismatch echo signal is presented as Equation (5).

stc(τ, η) =srq(τ, η) + jsri(τ, η)

= rect
(

τ − R(η)/c
Tr

)
· exp

(
j
π

2

)
· exp

{
j

[
2π f0

(
τ +

R(η)
c

)
− πKr

(
τ − R(η)

c

)2
]} (5)

The chirp-mismatch echo signal is received by the SAR system and demodulated to
the baseband signal. The expression of the baseband signal is shown below.

stm(τ, η) = A0 rect
(

τ − 2R(η)/c
Tr

)
rect

(
η

Ta

)
· exp

{
j

[
π

2
− πKr

(
τ − 2R(η)

c

)2
]}

(6)

where A0 denotes the amplitude of the baseband signal and Ta denotes the synthetic
aperture time. Compared with the original echo, the chirp rate of the echo signal is reversed
and the chirp-mismatch echo signal lacks the phase item of exp[−j4π f0R(η)/c], so it is
considered that the azimuth doppler information of chirp-mismatch echo signal is lost.

2.3. Principle Analysis of Motion Modulation Jamming

The geometric model of motion modulation jamming in general is shown in Figure 3.
The SAR platform moves in a straight line at a constant speed along the positive y-axis at
a speed Vr; the jammer is set to be located in the center of the swath. The coordinate of
jammer is

(
xJ , 0

)
and xJ = H · tan θ; then, the shortest slant range between the jammer and

the SAR system is RJ =
√

x2
J + H2.

In order to facilitate the subsequent theoretical analysis, this section simplifies the
jamming model and assumes that the moving target Q moves at a constant velocity of Vy
along the azimuth direction, and the coordinates of the moving target are the same as that of
the jammer when the azimuth slow time η = 0. Then, the echo signal characteristics of the
moving target Q and the imaging model of jamming signal with azimuth uniform motion
modulation are analyzed. Based on the geometric model of motion modulation jamming,
the instantaneous slant range between the moving target Q and the SAR platform is

RQ(η) =
√

R2
J +

(
Vyη −Vrη

)2 ≈ RJ +

(
Vy −Vr

)2

2RJ
η2 (7)
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Figure 3. Schematic diagram of motion modulation jamming.

Since at any time, the instantaneous slant range between the jammer and the SAR
system is

RJ(η) =
√

R2
J + V2

r η2 ≈ RJ +
V2

r
2RJ

η2 (8)

Therefore, the deviation of instantaneous slant range between the moving target Q
and the jammer is

∆Rr = RQ(η)− RJ(η) ≈
(
Vyη −Vrη

)2

2RJ
− V2

r η2

2RJ
=

V2
y − 2VyVr

2RJ
η2 (9)

Then, the additional phase required for the azimuth uniform motion modulation can
be expressed as

∆ϕ = −4π

λ
∆Rr = −

2π

λRJ

(
V2

y − 2VyVr

)
η2 (10)

The jammer modulates the above phase term on the received SAR signal to obtain the
motion modulation jamming signal. According to the transmitted signal of the SAR system
shown in Equation (2), the baseband signal expression of the jamming signal received and
demodulated by the SAR system is as follows

sJ(τ, η) = AJ · rect
(

η

Ta

)
rect

(
τ − 2RJ(η)/c

Tr

)
· exp

[
−j

4πRJ(η)

λ
+ jπKr

(
τ −

2RJ(η)

c

)2

− j
2π

λRJ

(
V2

y − 2VyVr

)
η2

] (11)

where AJ is the amplitude of the jamming signal. Based on the imaging characteristics
of uniformly moving targets [21,24,25], the imaging result of jamming signal of azimuth
uniform motion modulation is as follows

I(τ, η) =

(
1− |τ

∗|
Tr

)(
1− |η

∗|
Ta

)
· sinc[πµrτ∗(Tr − |τ∗|)] · sinc[πµaη∗(Ta − |η∗|)] (12)

where, τ∗ = τ − 2RJ/c, η∗ = η − ηam, ηam is the azimuth center time corresponding to the
stationary phase point u∗ and the expression of ηam is

ηam = −
V2

y − 2VyVr

V2
r

u∗ (13)
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According to the above results, it can be concluded that the imaging result of the
jamming signal with azimuth uniform motion modulation is broadened in the azimuth
direction, and the broadening amount is calculated as

∆YQ =

∣∣∣∣∣−V2
y − 2VyVr

Vr
Ta

∣∣∣∣∣ (14)

The azimuth uniform motion modulation of the SAR signal can change the azimuth
coverage of echo imaging results. Based on this characteristic, the azimuth uniform motion
modulation is performed on the chirp-mismatch echo signal in this paper, so as to control
the azimuth coverage of jamming result.

2.4. Generation Principle of Controllable Suppression Jamming Signal

In this paper, chirp-mismatch processing is combined with range shift-frequency
modulation, azimuth shift-frequency modulation, azimuth uniform motion modulation
and time delay to generate the controllable suppression jamming signal. Figure 4 shows
the principle diagram of the controllable suppression jamming method.

Receiving Module

Transmitting Module

Orthogonal 

Demodulation

Orthogonal 

Modulation

Baseband Signal 

Exchange

Shift-frequency 

Modulation

Motion Modulation

Time Delay

SAR System 

Parameters

Jamming Modulation 

Parameters

Signal Processing 

Module

Figure 4. Principle diagram of controllable suppression jamming method.

The receiving module of the jammer receives the SAR signal and transmits it to the
signal processing module. Then, the signal processing module performs parameter recon-
naissance on the received SAR signal. Based on the detected SAR system parameters (SAR
platform speed, carrier frequency, pulse timewidth, chirp rate, PRF, etc.) and the jamming
modulation parameters, the signal processing module performs a series of operations, in-
cluding orthogonal demodulation, baseband signal exchange, shift-frequency modulation,
motion modulation, time delay and orthogonal modulation, on the received SAR signal to
generate the required jamming signal. Finally, the obtained jamming signal is forwarded to
the target SAR system through the transmitting module. Thus, the obtained suppression
jamming signal can be expressed as

sat(τ, η) =A1 rect
(

τ − τ1 − R(η)/c
Tr

)
· exp

(
j
π

2

)
· exp

{
j
[

2π( f0 + fdr)(τ − τ1) + 2π fdaη +
2π f0R(η)

c

]}
· exp

{
−j

[
πKr

(
τ − τ1 −

R(η)
c

)2

+ 2π ·
V2

y − 2VyVr

λR0
η2

]} (15)

where A1 is the amplitude of the suppression jamming signal, τ1 is the time delay, fdr is
the frequency shift amount in the range direction, fda is the frequency shift amount in the



Remote Sens. 2022, 14, 3949 7 of 20

azimuth direction and exp
[
−j2π

(
V2

y − 2VyVr

)
/(λR0)η

2
]

is the additional phase term of
azimuth uniform motion modulation.

3. Theoretical Analysis of Controllable Suppression Jamming Method
3.1. Imaging Model of Controllable Suppression Jamming Method

The controllable suppression jamming signal is received and demodulated by the SAR
system, and the baseband signal is obtained as

sjr(τ, η) =A1 rect
(

η

Ta

)
rect

(
τ − τ1 − 2R(η)/c

Tr

)
· exp

(
j
π

2

)
· exp

{
j

[
2π fdaη − 2π f0τ1 − 2π ·

V2
y − 2VyVr

λR0
η2

]}

· exp

{
j

[
2π fdr

(
τ − τ1 −

R(η)
c

)
− πKr

(
τ − τ1 −

2R(η)
c

)2
]} (16)

Then, the range Fourier transform is performed to obtain the range spectrum of the
jamming signal, and the result is presented as Equation (17).

Sjrs( fτ , η) =A1 rect
(

η

Ta

)
rect

(
− fτ − fdr

KrTr

)
· exp

(
j
π

2

)
· exp

{
j

[
2π fdaη − 2π f0τ1 − 2π ·

V2
y − 2VyVr

λR0
η2

]}

· exp

{
j

[
π
( fτ − fdr)

2

Kr
+ 2π fdr

R(η)
c
− 2π fτ

(
τ1 +

2R(η)
c

)]} (17)

The frequency domain matched filter is used to perform range pulse compression on
the suppression jamming signal, and the expression of matched filter is

Hrg( fτ) = rect
(

fτ

KrTr

)
exp

(
jπ

f 2
τ

Kr

)
(18)

It can be calculated that the frequency domain result of the range pulse compression
of the suppression jamming signal is

Sjrc( fτ , η) =A1rect
(

η

Ta

)
rect

(
−

fτ − fdr
/

2
KrTr − | fdr|

)
· exp

[
j
(π

2
− 2π f0τ1

)]
· exp

{
j

[
π
( fτ − fdr)

2

Kr
+ π

f 2
τ

Kr
− 2π fτ

(
τ1 +

2R(η)
c

)]}

· exp

{
j

[
2π fdaη + 2π fdr

R(η)
c
− 2π ·

V2
y − 2VyVr

λR0
η2

]} (19)

Through the inverse Fourier transform of the above equation, the time domain result
of the range pulse compression of the suppression jamming signal is obtained as follows
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sjrc(τ, η) =A1rect
(

η

Ta

)
rect

(
1
2
·

τ − 2R(η)
/

c− τ1

Tr − | fdr|
/

Kr

)

· exp

{
j

[
π

2
− 2π f0τ1 + π

f 2
dr

2Kr
− 2π ·

V2
y − 2VyVr

λR0
η2

]}

· exp

{
j

[
2π fdaη + π fdr(τ − τ1)−

πKr

2

(
τ − 2R(η)

c
− τ1

)2
]} (20)

After the range cell migration correction, the time domain result of the range pulse
compression of the suppression jamming signal can be converted into

sjrc(τ, η) =A1rect
(

η

Ta

)
rect

(
1
2
· τ − 2R0/c− τ1

Tr − | fdr|
/

Kr

)

· exp

{
j

[
π

2
− 2π f0τ1 + π

f 2
dr

2Kr
− 2π ·

V2
y − 2VyVr

λR0
η2

]}

· exp

{
j

[
2π fdaη + π fdr(τ − τ1)−

πKr

2

(
τ − 2R(η)

c
− τ1

)2
]} (21)

Based on the above results, it can be seen that the suppression area and the center
position offset of the suppression jamming result in the range direction are as follows

δlr =

(
Tr −

| fdr|
Kr

)
· c (22)

∆rl =
c
2
· τ1 (23)

Therefore, the range coverage area of the jamming result decreases with the increase
in the range frequency shifts, and the range center position offset of the jamming result
increases with the increase in the time delay. Assuming that the time domain representation
of the azimuth matched filter is expressed as

ha(η) = rect
(

η

Ta

)
exp

(
jπKaη2

)
(24)

then the matched filtering process in the azimuth direction can be solved by convolu-
tion calculation in the time domain.

sjra(τ, η) = sjrc(τ, η)⊗ ha(η) =
∫ ∞

−∞
sjrc(τ, u)ha(η − u)du (25)

According to Equations (21) and (24), the above result can be transformed into

sjra(τ, η) =A1 rect
(

1
2
· τ − 2R0/c− τ1

Tr − | fdr|/Kr

)
· exp

{
j

[
π

2
+ π

f 2
dr

2Kr
+ π fdr(τ − τ1)− 2π f0τ1

]}

·
∫ ∞

−∞
rect

(
u
Ta

)
rect

(
η − u

Ta

)
· exp[jθ1(u)]du

(26)
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where the expression of θ1(u) is obtained as follows

θ1(u) = 2π fdau− 2π ·
V2

y − 2VyVr

λR0
u2 − πKr

2

(
τ − 2R(u)

c
− τ1

)2

+ πKa(η − u)2 (27)

Based on the Fresnel approximation and the analysis in Section 2.3, the above equation
can be solved with the principle of stationary phase, and the phase relationship at the
stationary phase point u∗ can be obtained as

dθ1(u)
du

∣∣∣∣
u=u∗

= 2π fda +
2V2

r
cR0

πKr

(
τ − 2R(u∗)

c
− τ1

)
u∗

− 2πKa(η − u∗)− 4π ·
V2

y − 2VyVr

λR0
u∗

(28)

When [dθ1(u)/du]|u=u∗ = 0, the azimuth time ηla corresponding to the stationary
phase point u∗ is

ηla =
fda
Ka
− 2 ·

V2
y − 2VyVr

λR0Ka
u∗ +

KrV2
r

cR0Ka

(
τ − 2R(u∗)

c
− τ1

)
u∗ + u∗ (29)

The constant term in the above expression will cause the azimuth center position offset
of the jamming result, and the primary term of u∗ will cause the azimuth broadening of the
jamming result. The azimuth center position offset and the broadening of jamming result
can be expressed, respectively, as follows

η0 =
fda
Ka
·Vr =

λR0

2Vr
fda (30)

δla =

(
1−

V2
y − 2VyVr

V2
r

)
TaVr +

Kr

2 f0

τ −
2
√

R2
0 + V2

r T2
a

c
− τ1

TaVr (31)

where, −(Tr − | fdr|/Kr) ≤ τ − 2R0/c − τ1 ≤ (Tr − | fdr|/Kr). Thus, the azimuth center
position and coverage area of the jamming result can be controlled, respectively, through
the azimuth frequency shift amount and the velocity information of the azimuth motion
modulation. Additionally, the variation in the azimuth coverage of the jamming result
along the range direction is

∆δla =
Kr

f0

(
Tr −

| fdr|
Kr

)
TaVr (32)

When the bandwidth of SAR signal is much smaller than the radar operating frequency,
the influence of the azimuth coverage variation can be ignored, so the jamming area can be
approximated as a rectangular area. Combined with Equation (22), the total suppression
area of the jamming result can be expressed as

Sl = δlr · δla (33)

3.2. Analysis of the Influence of Reconnaissance Errors

This section analyzes the influence of the reconnaissance errors so as to reflect the
dependence of the jamming effect on the reconnaissance parameters. The reconnaissance pa-
rameters required mainly include the pulse timewidth Tr, the chirp rate Kr, the wavelength
λ, the SAR system velocity Vr and the shortest slant range R0 between the SAR system
and the transponder. Suppose the absolute reconnaissance errors of the above parameters
are ∆Tr, ∆Kr, ∆λ, ∆Vr and ∆R0, respectively, and the relative errors are εTr = ∆Tr/Tr,
εKr = ∆Kr/Kr, ελ = ∆λ/λ, εVr = ∆Vr/Vr, εR0 = ∆R0/R0, respectively. Then, the range
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coverage, the azimuth center position and the azimuth coverage area of the jamming results
can be expressed as follows [21,26]

δ′lr =

[
(1− εTr − εTr εKr )Tr − (1 + εKr )

| fdr|
Kr

]
· c (34)

η′0 =
(1 + εVr )

(1 + ελ)
(
1 + εR0

) λR0

2Vr
fda (35)

δ′la =TaVr −
1

(1 + ελ)
(
1 + εR0

)(1 +
2VyVr

2VyVr −V2
y

εVr

)
V2

y − 2VyVr

V2
r

TaVr

+
Kr

2 f0

τ −
2
√

R2
0 + V2

r T2
a

c
− τ1

TaVr

(36)

Based on the above results, it can be seen that the reconnaissance errors will cause
the actual jamming result to deviate from the predetermined effect: the range coverage
of the jamming result is inversely proportional to εTr and εKr , the azimuth center position
of the jamming result is proportional to εVr and inversely proportional to ελ and εR0 and
the azimuth coverage of jamming result is proportional to ελ and εR0 ; meanwhile, when
Vy < 0, the azimuth coverage of jamming result is inversely proportional to εVr , when
Vy > 0, the azimuth coverage of jamming result is proportional to εVr .

3.3. Analysis of the Variation in Jamming Performance with Modulation Parameters
3.3.1. Range Shift-Frequency Modulation

Due to the chirp-mismatch processing, the jamming signal of proposed method is
completely mismatched with the range matched filter of the SAR system, so the range
pulse compression of the jamming signal is the incoherent processing [27]. The range
shift-frequency modulation of the suppression jamming signal will cause the frequency
spectrum of the suppression jamming signal to be mismatched with the frequency band
of the matched filter, which will eventually lead to range bandwidth loss and the energy
reduction of the jamming result.

According to the calculation and analysis of Equation (19), when the range frequency
shift amount is zero, the range bandwidth of the jamming result is |Kr|Tr and the total
suppression area of the jamming result is about Trc · TaVr. Assuming that the energy of the
jamming result at this time is E, then it can be calculated that the energy per unit area of
the jamming result in the suppression area is

B0 =
E

Trc · TaVr
(37)

When the range frequency shift amount is fdr, the range bandwidth of the jamming
result is |Kr|Tr − | fdr| and the energy of the jamming result is (|Kr|Tr − | fdr|)/|Kr|Tr · E.
At this time, the total suppression area of the jamming result is about (Tr − | fdr|/|Kr|)c ·
TaVr; thus, the energy per unit area of the jamming result in the suppression area can be
obtained as

B1 =
|Kr|Tr − | fdr|
|Kr|Tr

E · 1
(Tr − | fdr|/Kr)c · TaVr

=
E

Trc · TaVr
(38)

It can be concluded that when the energy of the jamming signal is constant, the energy
per unit area of the jamming result in the suppression area does not change with the range
frequency shift amount.
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3.3.2. Velocity Information of Azimuth Motion Modulation

The azimuth pulse compression of the jamming signal shows that the additional phase
term of the motion modulation can change the degree of mismatch between the jamming
signal and the azimuth matched filter of the SAR system.

According to Equations (21) and (24), the azimuth frequency modulation rate of the
suppression jamming signal is 2

(
V2

v − 2VvVr
)
/λR0 and the frequency modulation rate of

the azimuth matched filter of the SAR system is 2V2
r /λR0. Therefore, the mismatch of the

frequency modulation rate in the azimuth pulse compression of the suppression jamming
signal can be expressed as

∆Kaz =
2V2

r
λR0

− 2
V2

y − 2VyVr

λR0
=

2
(

V2
r −V2

y + 2VyVr

)
λR0

(39)

Combined with Equation (31), it can be concluded that the azimuth coverage of the
jamming result decreases with the decrease in the mismatch of frequency modulation rate
and the power of the jamming result in the coverage area increases as the azimuth coverage
of the jamming result decreases.

4. Simulation Verification and Analysis of the Suppression Jamming Method

In this section, the simulation verification and analysis of the suppression jamming
method are performed based on the side-looking strip mode airborne SAR system param-
eters shown in Table 1. Firstly, the effectiveness of the suppression jamming method is
verified. Then, the control effect of the modulation parameters on the jamming results and
the influence of the parameter reconnaissance error on the jamming results are analyzed,
respectively. Finally, the variation characteristics of the jamming performance of proposed
method with the modulation parameters are simulated and analyzed.

Table 1. Parameters of X-band side-looking airborne SAR system.

Parameter Type Parameter Value

Radar center frequency 9.6 GHz
Slant range of scene center 25.54 km
Effective velocity of radar 154.2 m/s

Transmitted pulse duration 2.4 µs
Transmitted pulse bandwidth 480 MHz

Azimuth beam width 0.04 rad

4.1. Validation of the Suppression Jamming Method

Firstly, the airborne SAR raw echo data under the condition of system parameters
shown in Table 1 are used for imaging simulation, and the imaging result is shown in
Figure 5. Meanwhile, the azimuth scope of the imaged scene is [−1184, 1184] m and the
range scope is [23,486, 25,724] m. It should be noted that the original SAR echo data
used in this paper are the baseband data after demodulation, and the jamming process of
the active radar transponder to the target SAR system is simulated by manipulating the
baseband data.

The active radar transponder is set at the center of the scene, and the position co-
ordinate of the transponder is (24,649, 0). Then, jamming signals with different power
are added to the raw data to simulate the jamming process of the active radar transpon-
der against the SAR system. Finally, the imaging simulations of the obtained data are
performed, respectively.

Figure 6 shows the imaging results of jamming data when the jamming to signal
ratio (JSR) at the receiver of the SAR system is 0 dB, 3 dB, 6 dB and 9 dB, respectively. In
the meantime, all the modulation parameters of the jamming signal, including the range
frequency shift amount, the azimuth frequency shift amount, the velocity information of
the azimuth motion modulation and the time delay, are set to zero.
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Figure 5. Imaging result of airborne SAR raw echo data.

(a) (b)

(c) (d)

Figure 6. Imaging results of jamming data under different jamming to signal ratios. (a) JSR is 0 dB;
(b) JSR is 3 dB; (c) JSR is 6 dB; (d) JSR is 9 dB.

Based on the simulation results shown in Figure 6, the suppression area of the jamming
result is about 705× 1005 m2, which is basically consistent with the theoretical value of
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720× 1020 m2 calculated by Equation (33). Therefore, it is feasible to use this jamming
method to achieve the suppression jamming effect.

In order to quantitatively study the effect of the suppression jamming method, this
section utilizes the mean-normalized correlation measure and the structural similarity to
evaluate the quality of the interfered SAR images under different jamming to signal ratios.
The calculation methods of the two indicators are given below.

Assuming that P and Q represent the gray matrix of the original SAR image and
the disturbed SAR image, respectively, the matrix size is assumed to be n×m; then, the
mean-normalized correlation measure can be expressed as [28]

rm =

n
∑

i=1

m
∑

j=1

(
[P(i, j)− µP]

[
Q(i, j)− µQ

])
√√√√( n

∑
i=1

m
∑

j=1
[P(i, j)− µP]

2

)(
n
∑

i=1

m
∑

j=1

[
Q(i, j)− µQ

]2) (40)

where µP and µQ denote the mean values of P and Q, respectively. The expressions of µP
and µQ are presented as follows

µP =
1

n×m

n

∑
i=1

m

∑
j=1

P(i, j) (41)

µQ =
1

n×m

n

∑
i=1

m

∑
j=1

Q(i, j) (42)

The smaller the mean normalized correlation measure value, the greater the difference
between the original image and the disturbed image, and the better the jamming effect.

The structural similarity of the SAR images before and after the disturbance can
be compared through three indexes of brightness comparison, contrast comparison and
structure comparison. The expressions of these indexes are presented as [29,30]

L(P, Q) =
2µPµQ + C1

µ2
P + µ2

Q + C1
(43)

C(P, Q) =
2σPσQ + C2

σ2
P + σ2

Q + C2
(44)

S(P, Q) =
σPQ + C3

σPσQ + C3
(45)

where L(P, Q), C(P, Q) and S(P, Q) denote the brightness comparison, the contrast compar-
ison and the structure comparison, respectively; σP and σQ denote the standard deviations
of the gray matrix P and Q, respectively; and σPQ is the covariance of the SAR image before
and after disturbance. C1, C2 and C3 represent the minimum constants and are all set to
zero in this paper. The expressions of σ2

P, σ2
Q, σPQ are expressed as follows

σ2
P =

1
n×m

n

∑
i=1

m

∑
j=1

[P(i, j)− µP]
2 (46)

σ2
Q =

1
n×m

n

∑
i=1

m

∑
j=1

[
Q(i, j)− µQ

]2 (47)

σPQ =
1

n×m

n

∑
i=1

m

∑
j=1

[P(i, j)− µP]
[
Q(i, j)− µQ

]
(48)
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Thus, the mathematical expression of SSIM(P, Q) is obtained as

SSIM(P, Q) = L(P, Q)C(P, Q)S(P, Q) (49)

The smaller the structural similarity value, the lower the structural similarity of SAR
images before and after the interference, and the better the interference effect is.

Then, the mean-normalized correlation measure and the structural similarity are
used to evaluate and analyze the performance of the suppression jamming signals under
different jamming to signal ratios shown in Figure 6, respectively. The simulation results of
the jamming performance evaluation are shown in Table 2.

Table 2. Simulation results of jamming performance evaluation.

JSR (dB) The Mean-Normalized Correlation Measure The Structural Similarity

0 0.8642 0.4565
3 0.8231 0.3094
6 0.7908 0.1890
9 0.7789 0.1092

According to the simulation results, with the increase in the jamming to signal ratio,
the objective evaluation indexes of the disturbed image gradually decrease; that is, the
quality of the disturbed image gradually decreases, which verifies the effectiveness of the
suppression jamming method.

This section also simulates the jamming effect of Gaussian white noise with the
jamming to signal ratio of 6 dB, and the obtained result is shown in Figure 7. In order to
verify the high efficiency of the proposed jamming method, the energy of the Gaussian
white noise is set to be the same as that of the jamming signal under the same jamming to
signal ratio.

Figure 7. Imaging result of white Gaussian noise jamming.

Comparing Figure 6c, it can be seen that the energy of Gaussian white noise jamming
is dispersed in the whole azimuth, and the jamming effect is poor. However, the energy
of the suppression jamming method proposed in this paper is more concentrated, and the
jamming efficiency is higher.

4.2. Simulations and Analysis of the Control Effect of Modulation Parameters on Jamming Result

In this section, the jamming results under different modulation parameters are simu-
lated and analyzed so as to verify the control effect of the modulation parameters on the
suppression area of the proposed jamming method.
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Firstly, the modulation parameters are set as fdr = 160 MHz, Vy = −29 m/s,
fda = 60 Hz and τ1 = 0.8 us, then the imaging simulation of the suppression jamming
signal under these above modulation parameters is performed, and the obtained results
are shown in Figure 8.

(a) (b)

Figure 8. Imaging result of suppression jamming signal under specific modulation parameters.
(a) Imaging result of jamming signal; (b) amplification diagram of jamming result.

According to the amplification diagram of the jamming result shown in Figure 8b, the
center position of the jamming result is approximately (24,775, 147), and the total suppres-
sion area is approximately 466× 585 m2, which is basically consistent with the theoretical
value of the center position (24,769, 155) and the theoretical value of the suppression area
480× 600 m2 calculated by Equations (22), (23), (30) and (31). Therefore, it is feasible to
realize the controllable suppression jamming effect using the proposed jamming method in
this paper. Then, the imaging simulations of suppression jamming signals under different
modulation parameters are performed, respectively, and the obtained results are shown in
Figure 9.

Compared with Figure 8a, setting different range frequency shift amounts can change
the range coverage of the jamming result, as shown in Figure 9a; setting different velocity
modulation information can change the azimuth coverage of the jamming result, as shown
in Figure 9b; setting different azimuth frequency shift amounts can change the azimuth
center position of the jamming result, as shown in Figure 9c; and setting different time
delays can change the range center position of the jamming result, as shown in Figure 9d.
Therefore, the center position and suppression coverage of jamming results can be flexibly
controlled by changing modulation parameters.

4.3. Simulations and Analysis of the Influence of Reconnaissance Errors

In order to analyze the influence of the reconnaissance errors, set the relative errors
εTr , εKr , εVr , ελ and εR0 are 50%, respectively, then the jamming results under different
parameter reconnaissance errors are shown in Figure 10.

Compared with the jamming result when all the reconnaissance parameters are accu-
rate, the error of εTr will cause the range coverage of the jamming result to reach 120 m, as
shown in Figure 10b; the error of εKr will cause the range coverage of jamming to reach
360 m, as shown in Figure 10c; the error of εVr will cause the azimuth coverage of jamming
to reach 409 m and the azimuth center position of jamming to reach 233 m, as shown in
Figure 10d. Both the error of ελ and the error of εR0 will cause the azimuth coverage of
jamming to reach 741 m, and the azimuth center position of jamming to reach 104 m, as
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shown in Figure 10e,f, respectively. The simulation results are consistent with the theo-
retical analysis. Thus, in the case of large reconnaissance parameter errors, this jamming
method can still achieve the suppression jamming effect.

(a) (b)

(c) (d)

Figure 9. Imaging results of suppression jamming signals under different modulation parameters.
(a) fdr = 320 MHz, Vy = −29 m/s, fda = 60 Hz and τ1 = 0.8 us; (b) fdr = 160 MHz, Vy = −50 m/s,
fda = 60 Hz and τ1 = 0.8 us; (c) fdr = 160 MHz, Vy = −29 m/s, fda = −60 Hz and τ1 = 0.8 us;
(d) fdr = 160 MHz, Vy = −29 m/s, fda = 60 Hz and τ1 = 1.6 us.
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(a) (b)

(c) (d)

(e) (f)

Figure 10. Imaging results of suppression jamming signal under different reconnaissance errors.
(a) No reconnaissance error; (b) εTr = 0.5; (c) εKr = 0.5; (d) εVr = 0.5; (e) ελ = 0.5; (f) εR0 = 0.5.

4.4. Simulations and Analysis of the Jamming Performance Variation with Modulation Parameters

In order to analyze the suppression performance variation of the proposed jamming
method with different modulation parameters, this section simulates and calculates the
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energy value and the power value of the jamming result with different range frequency
shifts and different velocities of azimuth motion modulation, respectively.

The power value of the jamming signal is set as one, and imaging simulations of
the jamming signal under different range frequency shift amounts are performed. Then,
the energy value and the power value of the jamming results are calculated, respectively.
The obtained results are shown in Table 3. At the same time, imaging simulations of the
jamming signal under different velocity information of azimuth motion modulation are
also performed. Then, the energy value and the power value of the jamming results are
calculated, respectively. The obtained results are shown in Table 4.

Table 3. Energy value and power value of the suppression jamming results under different range
frequency shifts.

Range Frequency
Shift Amount (MHz) Range Coverage (m) Energy Value of

Jamming Result
Power Value of
Jamming Result

0 705.3 1.1189× 1011 2.9579× 103

60 619 9.7379× 1010 2.9430× 103

120 528.1 8.3344× 1010 2.9384× 103

180 438.5 6.9335× 1010 2.9329× 103

240 348.4 5.5352× 1010 2.9261× 103

300 258.5 4.1378× 1010 2.9154× 103

Table 4. Energy value and power value of the suppression jamming results under different velocity
information of azimuth motion modulation.

Velocity Information
(m/s)

Azimuth Coverage
(m)

Energy Value of
Jamming Result

Power Value of
Jamming Result

−50 244.6 1.2528× 1011 1.2831× 104

−40 413.4 1.2511× 1011 7.8185× 103

−30 574.4 1.2481× 1011 5.6899× 103

−20 726.8 1.2413× 1011 4.5073× 103

−10 870.6 1.2264× 1011 3.7344× 103

0 1005.2 1.1189× 1011 2.9579× 103

It can be seen from the simulation results in Table 3 that with the increase in the range
frequency shift amount, the range coverage of the jamming result gradually decreases, but
the power value of the jamming result is basically unchanged. Meanwhile, it can be seen
from the simulation results in Table 4 that with the change in the velocity information, the
azimuth coverage of the jamming result gradually decreases, and the power value of the
jamming result gradually increases. Therefore, the simulation results verify the correctness
of the theoretical analysis.

5. Conclusions

Based on the digital realization method of the chirp-mismatch echo signal, this paper
proposes a suppression jamming method with a flexibly controllable jamming position
and suppression area. The coverage area and the center position in the range direction
of the jamming result are controlled by range shift-frequency modulation and time delay,
respectively; the coverage area and the center position in the azimuth direction of the
jamming result are controlled by motion modulation and azimuth shift-frequency mod-
ulation. The simulation experiments are performed with the airborne SAR raw data to
verify the effectiveness and suppression performance of the proposed jamming method.
This controllable suppression jamming method does not need a convolution operation, so
it is easy to implement in engineering. This controllable suppression jamming method can
provide a certain reference value for the jamming application and implementation based
on an active radar transponder.
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