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In this Letter, a method based on the effects of imperfect oscillators in lasers is proposed to distinguish targets in
continuous wave tracking lidar. This technique is based on the fact that each lidar signal source has a specific
influence on the phase noise that makes real targets from the false ones. A simulated signal is produced by complex
circuits, modulators, memory, and signal oscillators. For example, a deception laser beam has an unequal and variable phase noise from a real target. Thus, the phase noise of transmitted and received signals does not have the
same power levels and patterns. To consider the performance of the suggested method, the probability of detection
(P D ) is shown for various signal-to-noise ratios and signal-to-jammer ratios based on experimental outcomes.
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Nowadays, coherent Doppler tracking lidars are extensively used due to their low required signal power in velocity and range measuring of moving targets[1–5]. Idyllically,
a speckle noise free signal with Doppler frequency can
be denoted with a spectral frequency line[6]. A narrower
linewidth laser source with linear frequency-modulated
continuous-wave (LFMCW) modulation is extensively
employed in several applications. Particularly, when
the accurate velocity and range is required in the lidar
system[7–10]. To confuse the tracking lidars, deception laser
beam (DLB) systems are used to produce false signals by
storage, velocity and distance of signal processing, and
sending back the lidar and radar signal[11]. In a DLB
system, the input laser beam (LB) signal is first downconverted to an intermediate frequency (IF) by a laser local
oscillator (LO) in a coupler. Then, an analog-to-digital
converter (ADC) quantizes and samples these IF signals.
Then, they are rescheduled to produce the DLB signal
properties like amplitude, frequency, and phase. After
digital-to-analog conversion (DAC), the fake signal is upconverted by the LO signal with a false Doppler frequency,
through a single-sideband (SSB) modulator, to send back
to a hostile transmitter[12–14]. The DLB recognition is one
of the serious problems of tracking lidar systems. The authors in Ref. [15] proposed an arbitrarily phase-coded
method that could be utilized to decline the replicas. Some
techniques focus on the characteristics of the lidar signal.
One of these techniques is proposing a cone class to
categorize the DLB signals based on the number of
DAC quantization levels[16]. Another method[17] utilizes a
support vector machine (SVM) with kernel linear

y φ ðtÞ ¼

discriminator analysis (KLDA) feature extraction to separate the targets.
In this Letter, a discrimination method is proposed to
recognize the beat frequency signal (BFS) generated by
a DLB that has a higher−order nonlinearity (phase noise)
of transmitting light from false signals. This method concentrates on various phase noise levels of the DLB block
and a hostile lidar. In a CW tracking lidar, the master
oscillator (MO) produces the lidar signal due to its own
phase noise. In other words, this signal is signified with
particular phase noise characteristics by the laser oscillator. The MO of tracking lidars has low-phase noise level
oscillators. On the other hand, the DLB jammer has a
high−phase noise level since several kinds of subsystems
exist in the DLB structure. A simulated DLB signal made
through complex circuits has higher phase noise levels and
diverse patterns in comparison to a real signal target. It
should be noted that the power spectrum of the phase
noise is measured by the same set of circuits.
The CW transmitted signal with laser frequency modulation (LFM) can be expressed as
xðtÞ ¼

p
2
E s ej½2πf c tþπμt þφMO ðtÞ ;

where E s , f c , μ, and φMO ðtÞ
the lidar central frequency,
and the instantaneous phase
tively. The received real and
can be written as

(1)

are the lidar signal power,
the frequency chirp rate,
of the MO of lidar, respecDLB signal in the IF band

p
E s a~ r expfj½2πðf IF þ f d r Þt þ πμt 2 þ 2πμτr t þ φMO ðt − τr Þ − φrLO ðtÞg þ νðtÞ: Real Target;
p
E J a~ J expfj½2πðf IF þ f d J Þt þ πμt 2 þ 2πμτJ t þ φMO ðt − τδ − τJ Þ − φJLO ðt − τf Þ þ φJLO ðt − τJ Þ − φLO ðtÞg þ νðtÞ: DLB;

(2)
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where a~ r and a~ J are the lidar target cross sections that
have a complex Gaussian distribution with zero mean,
and 2σ 2ar and 2σ 2aJ variances, respectively. τr and τJ denote
the time delay of the real and DLB signal targets, and τf is
τJ − τδ , which is the time delay due to distance of the lidar
and DLB, and τδ is the delay line of the lidar receiver to
calculate the phase noise in the frequency discriminator
setup. The Doppler frequency of the real and DLB signal
targets are displayed by f d r and f d J , and f IF is the IF frequency. Moreover, νðtÞ is the bandpass filtered complex
additive white gain noise with zero mean and variance
σ 20 in the IF band.
A real experimental setup, including a real DLB block
and lidar system, is provided to consider the performance
of the proposed technique. Figure 1 investigates the block
diagram of this setup. A soft limiter is applied to decrease

S Y φ ðf Þ ¼
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8
>
>
>
<

j½τr δφr ðt; τr Þ þ πμt 2 ej½2πðf IF þf dr Þt
þνðtÞ:Real Target;
y φ ðtÞ ¼
jfτJ ;f ½δφJr ðt; τδ þ τJ Þ þ δφJLO ðt; τJ ;f Þ þ πμt 2 g
>
>
>
:
ej½2πðf IF þf dJ Þt þ νðtÞ:DLB:
(3)

Note that δφJ ðt; τJ ;f Þ consists of two sections. The first
term is δφJr ðt; τδ þ τJ Þ, related to lidar phase noise, and the
second term is δφJLO ðt; τf − τJ Þ, corresponding to DLB. It
can be presumed that the noise term νðtÞ is independent
from phase noises. The term πμt 2 appears in both the real
signal and the DLB signal and can be neglected. Finally,
the power spectrum density (PSD) of the phase noise
S Y φ ðf Þ is

4π 2 f 2 ½τ2k S φr ðt;τk Þ ðf Þ þ S v ðf Þ:Real Target;
4π f ½ðτδ þ τJ Þ2 S φJr ðt;τd þτJ Þ ðf Þ þ τ2J ;f S φJ ðt;τJ ;f Þ ðf Þ þ S v ðf Þ:DLB;
2 2

the effects of amplitude fluctuation and normalization,
and low frequencies are filtered by a bandpass filter
(BPF). Let δφr ðt; τr Þ ¼ φMO ðt − τr Þ − φrLO ðtÞ and
denote
δφJ ðt; τJ ;f Þ ¼ δφJr ðt; τδ þ τJ Þ þ δφJLO ðt; τf − τJ Þ
the phase noise related to the real target and DLB signals,
respectively, where δφJr ðt; τδ þ τJ Þ ¼ φMO ðt − τδ − τJ Þ −
φrLO ðtÞ and δφJLO ðt; τf − τJ Þ ¼ φJLO ðt − τJ Þ − φJLO ðt − τf Þ.
It can be expressed that the terms φMO ðtÞ and φrLO ðtÞ
are the instantaneous phase related to the MO and LO
of the lidar receiver. On the other hand, φJLO ðtÞ is the
instantaneous phase of the LO of the DLB oscillator.
For the real oscillators, it can be assumed that
δφr ðt; τr Þ ≪ 1. Therefore, by ignoring some small terms,
we have

where S v ðf Þ represents the PSD of νðtÞ. Finally, the phase
noise power spectrum is achieved in the [10 kHz, 1 MHz]
frequency band. In the applicable lidar systems, by considering these conditions the effect of LFM is not apparent
like the larger τδ that causes the lower noise floor and
higher total phase noise power. However, increasing the
delay line limits the f max . The phase noise power P sφ in
this bandwidth BW ¼ f max − f min can be written as
fZ
max

P sφ ¼ 4π

2

A2os τ2d

f 2 S φos ðf Þdf :

(5)

f min

The term P Y φ calculated by Eq. (5) has the signal power
and phase noise power in the determined bandwidth,
therefore, received signals should be normalized by the lidar signal power to reduce the effects of the signal power
that make the discrimination accurate. Assume that H 1
represents the real target signal hypothesis; on the other
hand, H 0 shows the DLB hypothesis. The phase noise
power distribution of the received signal can be achieved
by the expectation value of P Y φ that depends on Eðja~ r j2 Þ
and Eðja~ J j2 Þ. Therefore, the normalized hypothesis test
can be denoted as
8
>
<
>
: P̄ Y φ

Fig. 1. Block diagram of the discrimination method to recognize
the lidar signal targets based on the phase noise.

(4)

P̄ Y φ ∼ H 1 ; P̄ Y φ ∼ ja~ r j2 þ N W ;


∼ H 0 ; P̄ Y φ ∼ ja~ J j2 1 þ PPJr þ N W ;

ð6Þ

R max
N IF ðf Þdf ≈ BW N20 is the noise power
where N W ¼ ffmin
that adds to the signal phase noise in the measuring bandwidth. Now, different situations can be observed that may
happen in this assumption. First, it can be mentioned that
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P̄ Y φ has a Rician distribution with Rðμ; σÞ. These parameters can be categorized as μ ¼ N W , σ H 1 ¼ 1, and
q
σ H 0 ¼ ð1 þ PPJr Þ. If M independent time frames are gath-

ΛðP lY φ Þ

¼
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("
M
X
ðσ 2H 1 − σ 2H 0 Þ

ered in the likelihood ratio test (LRT), the hypothesis test
is changed to

#" l 2
μP Y φ

− μÞ
σ 2H 1 σ 2H 0
μP l 2 #) H 1
 2 M
σH
>
Yφ
−
ln γ 2 1
:
<
σ 2H 0
σH 0
l¼1

ðP lY φ

2

σ 2H 1

H0

(10)
  l 
ðP lY −μÞ2
μP Y
QM P lY φ
φ
QM
I 0 σ2 φ H 1
l
l¼1 σ 2H exp −
σ 2H
H
>
l¼1 pðP Y φ jH 1 Þ
1
1
  l 1  γ;

QM
¼
l
l −μÞ2
l
P
ðP
μP
Q
<
Yφ
Yφ
Y
M
l¼1 pðP Y φ jH 0 Þ
I 0 σ2 φ H 0
l¼1 σ 2 exp −
σ2


H0

H0

Equation (8) can be solved based on P lY ϕ . The appropriate solution is

H0

ΛðP lY ϕ Þ

(7)

¼

M
X
l¼1

where I 0 ðxÞ is the first kind of zero-order modified Bessel
function. After some simplifications, the logarithm of
Eq. (7) of the LRT becomes

ΛðP lY φ Þ

¼

("
M
X
ðσ 2H 1 − σ 2H 0 Þ

#"
ðP lY φ

− μÞ
ln I 0
σ 2H 1 σ 2H 0
 2 M
μP l #) H 1
σH
>
Yφ
ln γ 2 1
:
− ln I 0
2
<
σH 0
σH 0
l¼1

2

μP l 
Yφ
σ 2H 1

H0

(8)


q
p
>1
2
μ þ μ þ 4 γ0 :
<2

H1

P lY ϕ

(11)

H0

0
Other coefficients can be absorbed into the threshold
PM l γ
l
of decision. The final distribution of ΛðP Y φ Þ ¼ l¼1 P Y φ
can be approximated by[18]

p
f M ðΛðP lY φ Þ∕ M ; μ; σÞ
p
p #
"
ðΛðP lY φ Þ∕ M − μ M Þ2
1
¼ exp −
2π
2σ 2
p

2
l
a0 ΛðP Y φ Þ∕ M − a2
−3
þ
a1
a1
p



 ðΛðP l Þ∕p
ΛðP l Þ∕ M − a 
M − a 2 Þ2 
2
Yφ
Yφ
exp −
;
a1
2a21
(12)

The SJR can investigate the difference in the received
phase noise power in the lidar and DLB signals. So, we
have

SJR ¼

ja~ r j2 þ N W
SNR þ 1




;
¼
PJ
2
ja~ J j 1 þ P r þ N W JNR 1 þ PPJr þ 1

(9)

where the jammer-to-noise ratio (JNR) is the received
phase noise power of the DLB signal-to-noise level. In
practical cases, the signal power of the DLB is greater than
lidar; it means that JNR > SNR. However, in the equal
power case, the second term in the DLB ð1 þ PPJr Þ has a
greater quantity than the lidar signal; therefore, it can
be considered for discrimination. Furthermore, if the
phase noise power of the DLB was smaller than lidar,
P J < P r , the total DLB signal has a greater phase noise
because of two terms of the phase noise of the lidar and
DLB together. By increasing the M time frames in this
rare case, the DLB signal can be discriminated from the
lidar signal. In fact, Eq. (8) cannot be simplified easily.
2
Then the term ln I 0 ðxÞ can be approximated by x4 when
jxj ≪ 1 and in other points by jxj. So, we have

where the constants a0 , a 1 , a 2 are attained using nonlinear
least squares fitting with the exact cumulative distribution function. Then, the probability detection can be
achieved by P D ¼ PðΛðP lPN Þ > γ ″ jH 1 Þ.
Different techniques have been proposed to measure the
phase noise of an oscillator (see Ref. [19]). In this Letter, a
frequency discriminator is used to measure the phase noise
in the light-wave system[20–22]. In the experimental results,
an optoelectronic oscillator (OEO) with two cascaded
Mach–Zehnder modulators (MZMs). In optical lasers
the phase noise has an approximately 12 dB higher average power than the thermal noise floor. In this test, the
signal wavelength is 1550 nm, and the LFM frequency
deviation is 300 MHz with a sweep rate of 1 kHz. The
DLB oscillator is similar to lidar transmitter with very
low-phase noise level. In this setup, the DLB receives
the lidar signal and amplifies the signal via the IF amplifier. Then, the IF frequency is attained by the output of
downconversion. This IF signal output goes to a 10 bit
ADC, then to create an appropriate delay and amplitude
comes to SPARTAN III FPGA. Then, it is converted by a
12 bit DAC to analog signal and filtered by a
reconstruction filter to decline the effects of the SSB
modulator, i.e., f LO þ f d , quantization, and sampling. A
microcontroller is used to determine the Doppler frequency of the targets. Then, it is upconverted to the
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detection (P D > 90%), and, furthermore, a longer distance R ¼ 3 km in higher SNRs make better detectors.
In this Letter, a new method is proposed to discriminate
real and DLB targets in a CW tracking lidar based upon
an altered phase noise power of the received lidar signal.
The DLB signal is produced through an SSB modulator
and another LO that caused a greater phase noise than
the received lidar signal of the real targets. An adjustable
structure is employed to consider the performance of the
proposed phase noise method at near and far distances
with different SJRs in an operational DLB system. The
experimental outcomes indicate that the proposed method
can discriminate the DLB signals from real targets with a
great amount of P D , exactly when the SNR > 10 dB, and
for a higher DLB power (SJR < 0) the proposed method
gives a better P D .

Fig. 2. ΛP Y ϕ versus SNRs and different SJRs.
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