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Abstract: The  hybrid  waveform  of  linear  frequency  modulation
and binary phase shift keying (LFM-BPSK) can take advantages
of the LFM and BPSK signals,  and reduce the defects of them.
However,  with  the  development  of  interception  technology  for
the LFM-BPSK signal,  the application of the signal is limited. In
this  paper,  to  improve  the  anti-interception  performance  of  the
hybrid waveform, a new waveform of LFM-BPSK with the vary-
ing chirp rate  (denoted as VCR-LFM-BPSK)  is  designed.  In  this
design, based on the working principle of the interception frame
for the LFM-BPSK signal,  different chirp rates are introduced in
different sub-pulses to prevent the signal from being intercepted
by the frame. Then, to further improve the anti-interception per-
formance of the VCR-LFM-BPSK signal,  the chirp rates are op-
timized by minimizing the interception capability of the intercep-
tor. Moreover, based on the VCR-LFM-BPSK signal with the op-
timized chirp rates,  the binary phases are designed via a multi-
objective Pareto optimization to improve the capabilities of auto-
correlation  and  spectrum.  Simulation  results  demonstrate  that
the designed VCR-LFM-BPSK signal outperforms the traditional
LFM-BPSK signal in countering the advanced interception tech-
nologies.
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tion, optimization.
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1. Introduction
Electronic intelligence (ELINT) interception is an impor-
tant  part  of  electronic  countermeasures  (ECM)  which
mainly consists of signal detection, signal recognition and
signal parameter estimation [1,2]. Based on the intercep-
ted parameters, jamming signals are transmitted by coun-
termeasure  systems to  weaken the performance of  radar.
To reduce the probability of interception, researchers pro-
pose several methods [3−9], of which the pulse compres-

sion  signal  is  an  effective  one  [8,9].  Linear  frequency
modulation (LFM) and binary phase shift keying (BPSK)
are two typical pulse compression signals. The LFM sig-
nal  can  realize  large  time-bandwidth  product  conveni-
ently and has a low Doppler sensitivity, but it has a coup-
ling effect of range and velocity. The BPSK signal has a
low  autocorrelation  peak  sidelobe  level  (PSL),  but  it  is
sensitive to Doppler frequency shift. In addition to the de-
fects above, both LFM and BPSK signals are prone to be
intercepted  due  to  single  modulation.  Considering  this,
the hybrid waveform of LFM and BPSK (LFM-BPSK) is
proposed to take advantages of the signals and reduce the
defects of them [10,11].

However,  ECM  and  electronic  counter-countermea-
sures  (ECCM)  are  developed  mutually.  To  counter  the
LFM-BPSK  signal,  the  parameter  interception  technolo-
gies for the LFM-BPSK waveform are proposed [12,13].
The main idea is to separate the modulation of the signal,
and further to estimate the parameters of LFM and BPSK.
The classical  parameter  interception frame for  the LFM-
BPSK signal includes three steps, i.e., the square method,
chirp  rate  and  frequency  estimation,  and  phase  code  re-
construction.  Based  on  the  interception  frame,  all  para-
meters of the LFM-BPSK signal can be easily estimated,
which adversely affects the signal application in ECM en-
vironment.

In this paper, to improve the anti-interception perform-
ance of the LFM-BPSK signal, a novel waveform, named
as LFM-BPSK with varying chirp rate (VCR-LFM-BPSK),
is  designed to  counter  the  advanced interception techno-
logies.  The  contribution  of  our  work  is  threefold.  First,
the  VCR-LFM-BPSK  introduces  different  chirp  rates  in
different  subpulses,  which  can  prevent  parameters  from
being  estimated  by  the  interception  frame  for  the  LFM-
BPSK signal.  Second,  the  chirp  rates  of  the  VCR-LFM-
BPSK  are  optimized  to  avoid  the  commonly  used  inter-
ception technology called the dechirping method. Finally,
the  phase  codes  of  the  VCR-LFM-BPSK  signal  are  de-
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signed  by  a  multi-objective  Pareto  optimization,  which
can  improve  the  autocorrelation  and  spectrum  capabili-
ties of the transmit signal. In numerical examples, the ef-
fectiveness of the designed chirp rates and phase codes is
verified  by  comparing  with  the  random  sequences.  Be-
sides, the performance of the designed VCR-LFM-BPSK
signal  for  countering  advanced  interception  technologies
is demonstrated by comparing with traditional radar signals.

The rest of the paper is organized as follows. The VCR-
LFM-BPSK signal is developed in Section 2. In Section 3,
the parameters of the VCR-LFM-BPSK signal are optim-
ized.  Numerical  examples  are  given  in  Section  4  to
demonstrate  the  effectiveness  of  the  work.  Finally,  the
conclusions are presented in Section 5. 

2. LFM-BPSK with VCR
In this section, the VCR-LFM-BPSK signal is developed
to  prevent  transmit  parameters  from  being  estimated  by
the interception frame for the hybrid signal.

As we know, the expression of the LFM-BPSK signal is

s (t) =
I−1∑
i=0

rect
(

t− iTc

Tc

)
ejπ[2 f0(t−iTc)+K(t−iTc)2]+jϕi (1)

I rect (t/Tc)
Tc f0

ϕi = π×{0,1} (i+1)th
K

where  is  the number of subpulses,  is  a rect-
angular  wave with  width ,  is  the  carrier  frequency,

 denotes the binary phase of the  sub-
pulse, and  is the chirp rate of the signal.

Some interception technologies have been proposed to
estimate the parameters of the LFM-BPSK signal [12,13].
The  main  idea  of  the  multi-parameter  estimation  for  the
LFM-BPSK  is  to  separate  the  modulation  of  the  signal
and further to estimate the parameters of the LFM signal
and the  BPSK signal.  Generally,  the  parameter  intercep-
tion  frame  for  the  LFM-BPSK  signal  consists  of  three
steps in Fig. 1.
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Fig. 1    Parameter interception frame for the LFM-BPSK signal
 

Performing the square method on the LFM-BPSK sig-
nal results in

y1 (t) =

 I−1∑
i=0

rect
(

t− iTc

Tc

)
ejπ[2 f0(t−iTc)+K(t−iTc)2]+jϕi

2

=

I−1∑
i=0

rect
(

t− iTc

Tc

)
ej2π[2 f0(t−iTc)+K(t−iTc)2]. (2)

±1It can be seen in (2) that the phase code symbol  of

y1 (t)

K′ f ′0

the  LFM-BPSK  signal  is  changed  to  1  by  the  square
method. Consequently, the parameters of  can be es-
timated by the interception method in [14]. Based on the
estimated chirp rate  and frequency , the reconstruc-
ted result of the LFM in (1) is

yLFM =

I−1∑
i=0

rect
(

t− iTc

Tc

)
e

jπ
2 [2 f

′
0 (t−iTc)+K

′ (t−iTc)2]. (3)

Then, the baseband BPSK signal can be obtained by mul-
tiplying the intercepted LFM-BPSK signal and the conju-
gate of the LFM signal in (3), which is given as follows:

sBPSK (t) =
I−1∑
i=0

rect
(

t− iTc

Tc

)
ejϕi . (4)

Based on (4), the phase codes can be reconstructed easily.
From  the  analysis  above,  since  the  chirp  rates  of  the

LFM-BPSK  signal  are  the  same  in  different  sub-pulses,
the signal is prone to be intercepted after performing the
square method. Accordingly, we introduce different chirp
rates  in  different  sub-pulses  to  form  a  new  waveform
named as VCR-LFM-BPSK to improve the anti-intercep-
tion  performance.  The  expression  of  the  VCR-LFM-
BPSK signal can be written as

s (t) =
I−1∑
i=0

rect
(

t− iTc

Tc

)
ejπ[2 f0(t−iTc)+ki(t−iTc)2]+jϕi (5)

ki (i+1) th
ki , k j i , j

where  denotes the chirp rate of the  sub-pulse
and satisfies , .

Similarly, performing the square method on the VCR-
LFM-BPSK, the output signal is

y2 (t) =

 I−1∑
i=0

rect
(

t− iTc

Tc

)
ejπ[2 f0(t−iTc)+ki(t−iTc)2]+jϕi

2

=

I−1∑
i=0

rect
(

t− iTc

Tc

)
ej2π[2 f0(t−iTc)+ki(t−iTc)2]. (6)

As shown in (6), the output signal for the VCR-LFM-
BPSK is composed of multiple LFM signals with differ-
ent chirp rates, which makes it harder to be estimated by
using the method in [14].

ki

From the  analysis  above,  the  VCR-LFM-BPSK signal
outperforms the traditional LFM-BPSK signal in counter-
ing  the  interception  frame in Fig.  1.  However,  the  value
of  cannot vary without any limits.

kiOn one hand, the maximum value of  influences the
time resolution. Based on (5), the frequency ranges of the
subpulses are shown in Fig. 2.
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Fig.  2      Frequency  ranges  of  the  sub-pulses  for  the  VCR-LFM-
BPSK signal
 

s (t)

∆τ=
1

kmaxTc
kmax

ki kmax

1
Tc∆τr

⩽ kmax ⩽
Ballow

Tc
∆τr

Ballow

Based on Fig. 2, the time resolution of  can be cal-

culated by , where  denotes the maximum

value  of .  Thus, the  value  of  should  satisfy

,  where  is  the  resolution  re-

quirement, and  is the maximum bandwidth allowed.
kiOn the other hand, a small value of  results in the in-

crease  of  the  spectral  peak.  The  spectrums  of  the  sub-
pulses  and  the  VCR-LFM-BPSK  signal  are  shown  in
Fig. 3 (a) and Fig. 3 (b), respectively.

ki

In Fig.  3,  the  width  of  the  sub-pulse  is  0.1  ms,  the
phase  codes  are  random  variables,  and  the  values  of 
are  set  as  2  GHz/s,  4  GHz/s,  6  GHz/s,  8  GHz/s  and
10 GHz/s, respectively.

ki

kmin

As  shown,  the  smaller  the  value  of ,  the  larger  the
peak value of the sub-pulse spectrum, leading to a higher
peak in Fig. 3 (b).  Since uneven spectrum distribution is
not  conducive  to  signal  processing,  e.g.,  the  weighting
method to suppress sidelobes, a too small minimum chirp
rate  is not suitable.

kmin kmax

kmin kmax ki

Based on the analysis above, the values of  and 
can  be  preset  by  balancing  radar  performance.  With  the
presetting range [ , ],  the specific  value of  will
be designed in the following part. 

3. Optimization of the parameters
 

3.1    Optimization of the chirp rates

g=ejπνt2

The  dechirping  method  can  effectively  decrease  the  low
probability of interception (LPI) performance of the LFM
signal by converting the wideband signal into the narrow-
band  signal,  so  it  has  been  widely  used  in  interceptors.
Furthermore, the dechirping method can act on other sig-
nals  that  possess  LFM  features,  like  LFM-BPSK  and
VCR-LFM-BPSK  signals.  Considering  the  dechirping
signal ,  the  output  signal  after  dechirping  in  the
frequency domain is

yout = F
{̃
s◦ g∗

}
(7)

F {·} ◦
s̃

s̃
g s̃

yout

where  denotes  the  operator  of  Fourier  transform, 
denotes the Hadamard product, and  is the signal sensed
by  the  interceptor.  (·)*  denotes  the  conjugate.  Intercep-
tion  mainly  consists  of  signal  detection,  signal  recogni-
tion and signal  parameter  estimation [1,2],  of  which sig-
nal  detection  is  the  basis.  As  is  well  known from stand-
ard detection theory results, the larger the signal-to-noise
ratio, the better the detection performance. Therefore, the
signal  with  a  lower  output  peak  value  (lower  signal-to-
noise  ratio  (SNR))  is  harder  to  be  detected,  i.e.,  it  has  a
better  anti-interception performance.  When  is  an  LFM
waveform, and the chirp rate of  is equal to that of , a
well-defined  peak  will  appear  in .  This  suggests  that
the  anti-interception  performance  of  the  LFM  signal  is
successfully deteriorated. Obviously, the output peak va-
lues  for  LFM-BPSK  and  VCR-LFM-BPSK  signals  are
smaller than that for LFM signals. Nevertheless, for a bet-
ter anti-interception performance, the output peak for the
hybrid signal needs to be further decreased.

µThe output peak  obtained by dechirping is
µ =max {|yout|} (8)

where |·| denotes the absolute value, max {·} denotes the
maximum value.

Accordingly,  the  optimization  of  chirp  rates  for  coun-
tering the dechirping method can be formulated by
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Fig. 3    Spectrum of VCR-LFM-BPSK signal with five sub-pulses
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min
k
µ (k)

s.t. kmin ⩽ ki ⩽ kmax (9)
kmin kmax

ki

where  and  have been preset based on the analy-
sis in Section 2. In practice, the values that  can take are
limited and discrete, so the problem formulated in (9) can
be solved by the genetic algorithm (GA). 

3.2    Optimization of the phase codes

In  this  subsection,  based  on  the  VCR-LFM-BPSK  with
chirp rates obtained by (9), the phase codes are designed
by a Pareto-optimization.

Following  the  analysis  in  Section  2,  to  improve  the
spectrum ability of the VCR-LFM-BPSK, the phase codes
can be optimized as follows:

min
ϕ

max {F {s (ϕ)}}

s.t. ϕ ∈Ω2 (10)
Ω2

Ω2 = {c|ci ∈ ψ2, i = 1, · · · , I}
ψ2 = {0,π}

where  represents the finite alphabet  codes.  Precisely,
 where c denotes  the  possible

phase code vector and .
Besides, for pulse compression operated at the radar re-

ceiver,  low  autocorrelation  PSL  is  needed  to  avoid  the
omission of weak targets. The autocorrelation function of
the signal is defined as

Au(ϕ) =
w ∞
−∞

s (τ,ϕ) s∗ (τ− t,ϕ)dτ. (11)

Following  (11),  the  PSL  of  the  autocorrelation  func-
tion can be written as

PS L(ϕ) =max {W |Au(ϕ)|} (12)
Au

W
where  denotes  the  discrete  form  of  the  autocorrela-
tion function, and  is defined as

W = diag[1, · · · ,1,0, · · · ,0,1, · · · ,1] (13)
diag[·]

∆τ=
1

kmaxTc

fs

kmaxTc
fs

where  is  a  diagonal  matrix  with  diagonal  ele-
ments  given  by  the  vector  in  the  brackets.  Based  on  the

relationship  of ,  the  number  of  0  in  (13)  is

equal to the value of , where  is the sampling fre-
quency.

Then,  by  simultaneously  considering  the  autocorrela-
tion  and  spectrum  as  performance  guideline,  the  phase
code optimization problem can be formulated as follows:

min
ϕ

max {F {s (ϕ)}} , PS L(ϕ)

s.t. ϕ ∈Ω2. (14)
Model  (14)  is  a  multi-objective  optimization  problem

(MOP) which usually cannot generate a feasible solution
that  satisfies  all  the  objectives  [15−17],  so it  is  a  typical
Pareto-optimization.  The  feasible  method  to  obtain  the
Pareto-optimal solution is the weighted sum, i.e.,

min
ϕ

w ·max {F {s (ϕ)}}+ (1−w)(PS L(ϕ))

s.t. ϕ ∈Ω2 (15)
0 ⩽ w ⩽ 1where the weighting  is used to adjust the con-

tribution of the spectrum to the objective function. Obvi-
ously,  the problem in (15) can be also solved by the ge-
netic algorithm (GA).

k′ ϕ
′Finally, by substituting the optimized  and  into (5),

the VCR-LFM-BPSK signal is obtained. 

4. Numerical examples

I = 15 Tc =

10
kmin kmax

In this section, some numerical examples are presented to
demonstrate the effectiveness of our work. For the VCR-
LFM-BPSK signals in the following examples, the num-
ber  of  sub-pulses ,  and  the  sub-pulse  width 

 μs. Balancing radar performance, the chirp rate range
[ , ]=[80 GHz/s, 100 GHz/s] unless otherwise sta-
ted.  Correspondingly,  the  time-bandwidth  product  of  the
signal is approximately equal to 150. Simulations are di-
vided into three parts. In the first part, the effectiveness of
the  modeled  optimization  for  designing  signal  paramet-
ers is verified. In the second part, simulations are presen-
ted to analyze the ambiguity function of the designed sig-
nal.  In  the  third  part,  we  demonstrate  the  anti-intercep-
tion superiority of the designed signal. 

4.1    Analysis of the optimized signal parameters

In  this  subsection,  the  effectiveness  of  the  modeled  op-
timizations  is  verified  by comparing the  optimized para-
meters with the random sequences.

At  first,  after  performing  the  dechirping  method,  the
output  signals  for  the  optimized  and  random  chirp  rates
are given in Fig. 4. As shown, the peak value for the op-
timized  chirp  rates  is  5.18  dB less  than  that  for  the  ran-
dom chirp rates, which demonstrates the effectiveness of
the optimization in (9).
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Fig. 4    Output signals after dechirping
 

Based  on  the  VCR-LFM-BPSK  with  optimized  chirp
rates,  the  phase  codes  can  be  obtained  by  the  optimiza-
tion  in  (15).  The  formulation  in  (15)  is  a  performance

WANG Shanshan et al.: VCR-LFM-BPSK signal design for countering advanced interception technologies 383



w

w = 1

tradeoff problem, i.e., the higher the value of , the higher
the  autocorrelation  PSL and the  lower  the  spectral  peak.
Specially, with , only the spectrum ability is optimi-
zed.  In  this  case,  the  spectrums  obtained  by  optimized
and random codes are presented in Fig. 5. As shown, the
spectral peak value for the optimized phase codes is 5.22 dB
less than that for the random codes, which verifies the ef-
fectiveness  of  the  optimization  in  suppressing  the  spec-
tral peak.
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Fig. 5    Spectrums of the optimized and random phase codes
 

w = 0Similarly,  with ,  only  the  autocorrelation  ability
is optimized. The autocorrelation functions determined by
the optimized and random codes are presented in Fig.  6.
The PSL of the autocorrelation for the optimized and ran-
dom phase codes are equal to −18.61 dB and −8.435 dB,
respectively. These outcomes certify the feasibility of the
optimization in suppressing autocorrelation sidelobes.
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Fig.  6      Autocorrelation  functions  of  the  optimized  and  random
phase codes
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The  Pareto  curve  is  given  in Fig.  7.  With  varying
from 0 to 1, the spectral peak is from 33 dB to 31.9 dB,
and autocorrelation PSL is from −18.61 dB to −13.75 dB.
As expected,  trades off the performance of the autocor-
relation and spectrum, which is the classical feature of the
bi-objective  Pareto  curve,  i.e.,  any  solution  can  be  a
Pareto-optimized point. 
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4.2    Analysis  of  the  VCR-LFM-BPSK  signal  from  a
radar point of view

Since the ambiguity function is an effective tool for ana-
lyzing waveform performance, the ambiguity function of
the VCR-LFM-PC signal is analyzed in this subsection.

s (t) = v (t)∗u (t) v (t) = rect (t/Tc)ejπKt2

u (t) =
I−1∑
i=0

ejϕiδ (t− iTc) ∗

χ (τ, fd) = χ1 (τ, fd)∗χ2 (τ, fd)
χ1 (τ, fd) χ2 (τ, fd)

v (t) u (t)

The definition of the baseband LFM-BPSK signal can be
rewritten as , where ,

,  and  denotes  the  convolution.

Therefore, the  ambiguity  function  of  the  LFM-BPSK
waveform can be obtained by 
where  and  are  the ambiguity  functions
of  and ,  respectively.  Accordingly,  the  ambigu-
ity function of the LFM-BPSK combines the ambiguity cha-
racteristics of the LFM signal and the BPSK signal.  The
VCR-LFM-BPSK  signal  is  a  combination  of  subpulses
from  different  LFM-BPSK  signals  with  different  chirp
rates. The smaller the chirp rate, the less LFM feature in
the subpulse. Especially, when the chirp rate is 0 GHz/s,
the subpulse belongs to BPSK. Therefore, under the same
bandwidth,  the  ambiguity  function  of  the  VCR-LFM-
BPSK  is  more  thumbtack-typed  than  that  of  the  LFM-
BPSK. Moreover, the smaller the value of the chirp rate,
the  more  thumbtack-typed  the  ambiguity  function  of  the
VCR-LFM-BPSK signal.

B
Tp = 15Tc =

150 Tc =

1/B

(2I−1)

Consider  the  baseline  LFM,  BPSK  and  LFM-BPSK
waveforms with the same bandwidth  as the VCR-LFM-
BPSK. For the LFM signal, the pulse width 

 μs.  For  the  BPSK  signal,  the  sub-pulse  width 
,  the number of the sub-pulses is  150, and the phase

codes  are  generated  randomly.  For  the  LFM-BPSK  sig-
nal,  the  bandwidth  of  the  sub-pulse  is B,  and  the  rest  of
parameters are consistent with the VCR-LFM-BPSK. The
ambiguity  figures  are  given  in Fig.  8.  As  expected,  the
ambiguity  functions  are  oblique  blades  and  thumbtack
typed for LFM and BPSK, respectively. For LFM-BPSK
and  VCR-LFM-BPSK  signals,  the  ambiguity  functions
are  approximately  thumbtack-typed  with  oblique
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blades. Moreover, it can be seen in Fig. 8(c)−Fig. 8(e) that
the  ambiguity  function  of  the  VCR-LFM-BPSK  signal

becomes closer to thumbtack-typed as the lower bound of
chirp rates decreases.
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Fig. 8    Ambiguity figures
 

fd = 0 MHz
fd = 0.1 MHz fd = 0 MHz

fd = 0.1 MHz

fd = 0 MHz fd = 0.1 MHz

fd = 0 MHz
fd = 0.1 MHz 0.96×

10−7 s

The pulse compressing results under different Doppler
shifts are given in Fig. 9. As shown, the LFM signal has a
low  Doppler  sensitivity  but  suffers  from  the  coupling
effect  of  range  and  velocity.  The  BPSK  signal  is  sensi-
tive to Doppler frequency shift but solves the problem of
range-Doppler  coupling.  In  contrast,  both  LFM-BPSK
and VCR-LFM-BPSK signals reduce the effect of range-
velocity  coupling on the  LFM and the  effect  of  Doppler
sensitivity  on  the  BPSK.  As  shown  in Fig.  9,  the  VCR-
LFM-BPSK  signal  has  a  better  sidelobe  ability  than  the
LFM-BPSK  signal  in  the  case  of  both  and

. Specifically, when , the output
peak  ratio  of  mainlobe  to  sidelobe  (RMS)  are  17.94  dB
and  9.54  dB  for  VCR-LFM-BPSK  and  LFM-BPSK,  re-
spectively.  When ,  the  output  RMSs  are
13.66  dB  and  9.53  dB for  VCR-LFM-BPSK  and  LFM-
BPSK, respectively. Although the sidelobes of the VCR-
LFM-BPSK are lower than that of the LFM-BPSK when

 and , the loss of the VCR-LFM-
BPSK caused by the Doppler frequency is higher. To bet-
ter  illustrate  the  loss,  the  normalized  pulse  compressing
results  of  the  VCR-LFM-BPSK,  including  the  mainlobe
width  (MW)  (−3  dB),  the  RMS  and  the  main  lobe  gain
(MG), are given in Table 1. As shown, compared with the
case  of ,  the  loss  of  the  MW, RMS and  MG
for  the  VCR-LFM-BPSK under  are 

, 4.28 dB and 1.51 dB, respectively.
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Table 1     Pulse compressing performance under different Doppler
shifts

Doppler shift/MHz MW/s RMS/dB MG/dB

0 9.44×10−7 17.94 0

0.1 1.04×10−6 13.66 −1.51
  

4.3    Analysis of anti-interception performance

In this subsection, we demonstrate the performance of the
designed  VCR-LFM-BPSK  signal  in  countering  advan-
ced interception technologies.
Case 1　In this case, based on the assumption that the

interception  frame  in Fig.  1 is  taken  by  the  interceptor,
the  anti-interception  performance  of  the  VCR-LFM-
BPSK  signal  is  assessed  by  comparing  with  other  radar
signals.

f̂
k̂i ϕ̂i

(i+1)th
I−1∑
i=0

(
ϕi , ϕ̂i

)

The average estimation errors are used as the metrics to
assess the ability of the VCR-LFM-BPSK signal in coun-
tering  the  interception  frame in Fig.  1.  Let  denote  the
carrier  frequency  estimation.  and  denote  the  chirp
rate  estimation  and  the  phase  code  estimation  for  the

 subpulse,  respectively.  is  used  to

e f ek eϕ

e f = E
[∣∣∣ f0− f̂

∣∣∣] ek = E

1
I

I−1∑
i=0

∣∣∣ki− k̂i

∣∣∣
eϕ = E

 I−1∑
i=0

(
ϕi , ϕ̂i

) E[·]

count  the  number  of  wrong phase  code estimations.  The
average  estimation  errors  of  the  carrier  frequency,  chirp
rates  and  phase  codes  are  denoted  by ,  and ,  re-

spectively,  where , ,

and .  denotes  the  operator  of

taking  expectation. The  method  of  discrete  polynomial
transform (DPT) in [14] is introduced to estimate the sig-
nal parameters after performing the square method.

With 500 Monte Carlo experiments, Fig. 10 shows the
average estimation errors for LFM-BPSK and VCR-LFM-
BPSK signals with SNR varying from 1 dB to 10 dB. As
observed,  the  estimation  error  decreases  with  the  in-
crease of  SNR, and under  the same SNR, the estimation
errors  for  the  LFM-BPSK signal  are  lower  than  that  for
the VCR-LFM-BPSK signal. Precisely, when SNR is 4 dB,
the  estimation  errors  of  the  frequency  and  the  chirp  rate
for the VCR-LFM-BPSK signal are 74 Hz and 37 kHz/s,
respectively.  In  contrast,  for  the  LFM-BPSK  signal,  the
estimation  errors  of  the  frequency  and  the  chirp  rate  are
11  Hz  and  4  kHz/s,  respectively.  Besides,  the  chirp  rate
estimation results for the VCR-LFM-BPSK signal are far
from  the  real  values  even  when  the  curve  converges  to
the stable state. Substituting the chirp rate and frequency
estimation  results  in  (3),  the  phase  codes  can  be  recon-
structed  by  multiplying  the  intercepted  signal  and  the
conjugate of the signal in (3). The phase code reconstruc-
tion errors with different SNRs are shown in Fig. 10 (c).
As shown, when SNR is 4 dB, the average estimation er-
ror for the LFM-BPSK signal is close to 0 while the aver-
age error for the VCR-LFM-BPSK signal is greater than
2.
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Fig. 9    Pulse compressing results
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Fig. 10    Parameter estimation results for the LFM-BPSK and VCR-
LFM-BPSK signals with different SNRs
 

Assuming that the sensed signal can be recognized be-
fore being estimated, only the last two steps in the inter-
ception frame are  used to  estimate  the parameters  of  the
LFM and BPSK signals.  The estimation errors are given
in Fig.  11 and Fig.  12.  Obviously,  compared  with  the
LFM-BPSK  and  VCR-LFM-BPSK,  the  ani-interception
performance of the LFM and BPSK signals is poor.
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Fig. 11    Estimation errors for the BPSK signal
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Fig. 12    Estimation errors for the LFM signal
 

All  the outcomes above highlight  that  the VCR-LFM-
BPSK  signal  outperforms  the  traditional  radar  signals
when countering the interception frame in Fig. 1.
Case 2　Traditional  interceptors  cannot  intercept  sig-

nals which are submerged in the noise. Since the dechirp-
ing  method  can  effectively  improve  the  spectral  peak  of
the signal, it has been widely used in interceptors. In this
case, we analyze the ability of the VCR-LFM-BPSK sig-
nal in countering the dechirping method.

ejπνt2

Assuming that the value of v for the dechirping signal
 sweeps from 0 GHz/s to 100 GHz/s, the dechirping

results  are  given  in Fig.  13.  We  can  see  that  the  BPSK
signal  has  the  best  ability  of  anti-dechirping  due  to  the
fewer  LFM  features.  Nevertheless,  considering  that  the
BPSK signal can be easily intercepted based on the phase
code reconstruction methods, it cannot adapt well to mo-
dern ECM environment. Besides, the dechirping gains for
the VCR-LFM-BPSK, LFM-BPSK, and LFM signals are
36.75  dB,  41.74  dB,  and  49.54  dB,  respectively.  Obvi-
ously, the performance of the VCR-LFM-BPSK signal in
countering the dechirping method is superior.
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5. Conclusions
In  this  paper,  to  improve  the  anti-interception  perform-
ance of  the hybrid waveform, the VCR-LFM-BPSK sig-
nal  is  designed,  including  the  design  of  signal  modula-
tion and that of optimizing signal parameters. Simulation
results  demonstrate  that  the  designed  VCR-LFM-BPSK
signal  outperforms  the  traditional  radar  signals  in  coun-
tering advanced interception technologies. The important
contribution of this paper is that a new idea of anti-inter-
ception waveform design is  proposed,  i.e.,  designing the
waveform  by  countering  specific  interception  technolo-
gies and minimizing the performance of hostile intercept-
ors. Compared with the traditional LPI waveform design
based  on  the  definition  of  the  intercept  factor,  the  pro-
posed  idea  is  more  adaptable  to  the  modern  interception
environment  where  advanced  interception  technologies
are continuously developed.
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