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Target Acceleration Estimation in Active
and Passive Radars

Karol Abratkiewicz , Member, IEEE, Mateusz Malanowski , Senior Member, IEEE, and Zbigniew Gajo

Abstract—Flying targets are becoming increasingly maneuver-
able, contributing to the growing problem of their detection with
active and passive radars. Rapid acceleration causes blurring of
the target echo on the range-Doppler (RD) map, which reduces
the signal-to-noise ratio in a given range and velocity cell. This
article proposes a novel, nonparametric approach to quickly and
efficiently estimating target acceleration on the RD map. In this
article, a universal signal model for an active frequency-modulated
continuous wave radar and a passive radar is introduced. Based on
this model, an estimation algorithm has been developed that can
be applied to both active and passive radars. Compared with the
method known from the literature, the proposed solution is much
faster (even more than 100 times) while maintaining numerical
stability and allowing for the estimation of acceleration of many
targets to be performed simultaneously. The proposed method was
supported by simulation tests and signals from real-life active and
passive radars observing a jet fighter and a drone. The obtained
outcomes show that the proposed technique can be successfully
used for autonomous real-time systems that detect and estimate
the parameters of maneuvering vehicles.

Index Terms—Acceleration estimation, active radar, passive
radar, radar remote sensing, target detection.

I. INTRODUCTION

NOWADAYS, one can find aerial vehicles with extreme
maneuverability, such as drones [1], [2], [3], [4], jets or

aircrafts [5], [6], rockets [7], and warheads [8]. Giving unique
abilities to flying targets is particularly important on the battle-
field as it allows such targets to avoid attacks by rapid acceler-
ation and changes in flight direction. As maneuvering abilities
increase, so does the need for systems capable of estimating
target movements in order to detect and track them [2]. The flying
target kinetic parameters are usually estimated by radars that
have the ability to work during the day and night and are capable
of operating in almost all weather conditions, such as rain, snow,
and fog [9]. These advantages of radars over other systems, e.g.,
visual or acoustical systems, are the reason they are commonly
used today. In addition to the widespread use of active radars,
passive radars that use existing radiation sources to imaging and
detect targets (e.g., television or radio signals) [9], [10], [11],
[12], [13], [14], [15], [16] are becoming more significant.
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The problem of detecting fast objects has often been raised
in the literature. For high-speed targets with constant velocity,
the so-called stretch processing was proposed, concentrating the
echo coming from the object by appropriately manipulating the
reference signal and increasing the integration gain [17]. As a
result, one can obtain a clear echo without a spread along the
range and Doppler axis. The problem is more complex for ma-
neuvering objects because it requires taking into account the next
degree of freedom in the motion model, which are acceleration
or higher order movement parameters [18]. Several attempts to
deal with this issue can be found in the literature. A typical
approach to address the problem of acceleration estimation is
to compute a 3-D distribution comprising the range, velocity,
and acceleration [5], [7], [19], [20], [21]. Iterative computing of
multiple range-Doppler (RD) maps with a modulated reference
signal according to an assumed acceleration accomplishes this.
However, this technique has significant drawbacks, the great-
est of which is the enormous computational cost. In the case
of real-time applications, the method may turn out to be too
complex, as the number of required RD maps can be in the
region of several thousand. Targets, such as jets or maneuvering
warheads, can speed up considerably. In the case of passive
radars, where one works with bistatic geometry, the accelera-
tions in such a coordinate system may be more complicated,
which increases the computational effort because the algorithm
searches the entire set of analyzed accelerations in order to find
the optimum [20]. Another problem is the need to initially know
the velocity and range of the target in order to narrow down the
analysis only to a given area. Otherwise, an adaptive 3-D search
of the space for target detection is necessary, further increasing
the computational burden. The acceleration of a given target
may be outside the scanned area. Then, the precise estimation
is not possible. The greatest advantage of the technique based
on a 3-D RD-acceleration distribution is its accuracy, which is
somewhat equivalent to matched filtering, thanks to which the
optimal signal-to-noise ratio (SNR) is obtained at the output.
However, a significant need to develop a nonparametric method
of estimating acceleration in radars is desired due to the compu-
tational cost of the known methods [5].

In other works, the problem is considered from different
perspectives. For instance, in [22], the authors proposed an
algorithm for the motion parameter estimation of moving targets
in a multistatic passive radar. This approach, however, requires
several transmitting or receiving stations, increasing the sys-
tem’s complexity. Similarly, in [23], the radar network was used
to estimate uniformly accelerating target parameters; however,
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the work is devoted only to the forward scattering scenario.
There are also other methods of estimating the parameters of
target movement. One of them is the Keystone transform [24],
but its disadvantage is computational cost, the inability to pro-
cess signals with some spatial Doppler frequencies, and echo
migration between spatial Doppler bands for high-maneuvering
targets. In [25], the authors used Lv’s distribution [26] to estimate
target kinematic parameters. However, the authors consider the
presence of unknown additive white Gaussian noise without
additional interference and clutter, which cannot always hold
true in practice. Moreover, the technique was tested using simu-
lations without real-life validation. The Hough and polynomial
chirplet transforms were used for the estimation of target pa-
rameters in [27]. The main limitation of this technique is the
prerequisite that the targets have different motion parameters.
Otherwise, its precise estimation is impeded, if possible at
all. All of the mentioned methods have some limitations and
assumptions and, what is tangible in the light of this article,
are designed to work with a given type of radar (passive or
active). The outperformance resulting from the ability to migrate
the method between different systems, and its versatility would
bring tremendous benefits in practical system realization and
efficient implementation.

This article is focused on a low-cost method for estimat-
ing the acceleration of a noncooperative vehicle in monostatic
active frequency modulated continuous wave (FMCW) radars
and single-node passive radars. The aim of the study was to
develop an unsupervised algorithm capable of determining target
kinetic parameters with low computational effort. The in-depth
research was inspired by works devoted to time–frequency (TF)
analysis [28] and the mutual relationship between the cross-
ambiguity function (CAF) used in radars and the short-time
Fourier transform (STFT) [29], [30]. As shown in this article,
some properties of the TF distribution can be used in signal
parameter estimation from the RD map. However, in contrast to
TF techniques, the research presented here, first, deals with 2-D
signals that do not appear in the TF analysis; second, it applies
the concept to RD radar processing that, to the best of authors’
knowledge, has never been used in this way.

The rest of this article is organized as follows. Section II
presents the assumptions, fundamentals, and derivations of the
proposed method. Next, in Section III, the implementation de-
tails are provided. Section IV briefly describes the reference
method to which the outcomes are compared. In Sections V
and VI, the simulation and real-life signal analysis results are
shown, respectively. The application of the proposed method
to integration time elongation in passive radar is illustrated in
Section VII. Finally, Section VIII concludes this article.

II. DERIVATIONS

In this section, derivations of the novel acceleration estimators
are provided. First, the signal model for active FMCW and
passive radars is presented. Next, the unified range-compressed
distribution is defined for both of these radars. On this basis, the
acceleration estimators are proposed.

A. Assumptions

Let us assume a unified kinematic model of a moving target.
In both monostatic and bistatic cases, for the accelerating object
at the initial range R0, velocity V0, and acceleration A0, the
target-radar range is a function of time

R(t) = R0 + V0t+
A0t

2

2
. (1)

It has to be highlighted that for a monostatic scenario (considered
as an active radar in this article), parameters R0, V0, and A0 are
viewed as their radial components. The same quantities describe
bistatic target kinematic attributes for the bistatic case (passive
radar) [31], [32]. For a short observation period, the range R(t)
can be assumed to be constant, and the resulting baseband signal
delay reaching the receiver can also be approximated to be
constant. As a result, the target echo is analyzed as if it only
occupies a single range cell (range migration does not occur).
Further considerations are carried out assuming the constant
signal delay so that it obeys (for c expressing the speed of light)

τ =
M ·R(t)

c
≈ const. (2)

where M is a coefficient equal to 1.0 for bistatic (passive) and
2.0 for monostatic (FMCW) radar. The above assumption allows
for neglecting range migration and preserves the general concept
presented in this article.

B. Signal Model

1) FMCW Radar: Let us assume a complex transmitted sig-
nal model given as

xT (t) = AT (t)e
j
(
φi+ωct+

αt2

2

)
, 0 < t < Tsweep (3)

where AT (t) is the amplitude (presented as a varying function
to express its real-life nature, where the radio part usually affects
the output signal envelope), Tsweep is a sweep time, j =

√−1,
φi is the initial phase, ωc = 2πfc is the angular frequency with
a carrier frequency fc, and α is the chirp rate. Signal (3) is called
sweep and is periodically emitted by the radar. For the stationary
single-point target, the received signal is given as

xR(t) = AR(t− τ)e
j
(
φr+ωc(t−τ)+α(t−τ)2

2

)
(4)

where AR(t) is the received signal envelope delayed concern-
ing the target distance and scaled according to its radar cross
section [31], and φr is the constant phase of the reflected signal
resulting from signal propagation and target reflectivity. Both
signals xT (t) and xR(t) are mixed in the receiver, which yields

xB,s(t) = x∗T (t) · xR(t)

= A ∗
T (t)AR(t− τ)ejφ0−j αt2

2 +j αt2−2tτα+ατ2

2 −jωcτ

= A ∗
T (t)AR(t− τ)e

j
(
φ0+

ατ2

2 − 2tτα
2 −ωcτ

)
(5)

where subscriptB, s comes from baseband and stationary.φ0 =
φi − φr is the initial phase difference between the transmitted
and the received signals and, together withωcτ , are constant and
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can be neglected. Let us assume that the envelope A ∗
T (t)AR(t−

τ) in (5) takes on the form AB,s(t), which is the amplitude of the
mixed signal comprising the transmitted and received envelopes.
Also, ατ2

2 ≈ 0, thus for the stationary target, one has

xB,s(t) ≈ AB,s(t)e
−jωbt (6)

where ωb = τα = 2Rα
c is the beat angular frequency, and where

R is the range from the radar to the target. For moving targets, the
Doppler phase shift in the receiver depends on the wavelength
λ. If the target moves with a velocity V , the received signal is
modulated according to the Doppler angular frequency

ωD = 2πfD = −2π 2V
λ

. (7)

Also, for acceleration A, the second-order term appears in the
received signal phase, giving a frequency modulation (FM) term
as follows [33]:

ϑ = −2πA
λ
. (8)

Thus, for the accelerating target, (6) can be rewritten as

xB,a(t) = AB,s(t)e
j
(
(ωD−ωb)t+

ϑt2

2

)
(9)

where subscriptB, a denotes baseband and acceleration. Signal
(9) is then processed in the receiver.

2) Passive Radar: Passive radars use signals of opportunity
to illuminate targets. Let us assume a signal with a varying phase
φ(t) and a carrier angular frequency ωc

xT (t) = AT (t)e
j(φ(t)+ωct). (10)

Analogously to the FMCW radar, for the accelerating target, the
received signal can be given as

xR(t) = AR(t− τ)e
j
(
φ(t−τ)+φ0+(ωc+ωD)t+ϑt2

2

)
(11)

and is then further processed. In (11), φ0 is a constant phase
change due to the wave traveling through space and the tar-
get’s reflection coefficient. This parameter does not affect fur-
ther analysis. For bistatic radars, the received Doppler angular
frequency is slightly different than (7) and according to the
assumption in Section II-A is given as

ωD = 2πfD = −2πV
λ
. (12)

The signals in passive radar are continuous and cannot be divided
into pulses or sweeps. However, it is possible to introduce a time
duality analogous to a conventional pulse radar. The authors
propose the 2-D representations (distributions) of the transmitted
and received signals, respectively

XT (t, t
′) = δ(t+ t′) ∗ xT (t)

= AT (t+ t′)ej(φ(t+t′)+ωc(t+t′)), t′ ≥ 0, t ≥ 0
(13)

XR(t, t
′) = δ(t+ t′) ∗ xR(t)

=AR(t+t′−τ)ej
(
φ(t+t′−τ)+(ωc+ωD)(t+t′)+ϑ(t+t′)2

2

)

t′ ≥ 0, t ≥ 0. (14)

where δ(t) is the Dirac delta, AR(t) is the received signal
envelope delayed and weakened according to the target range
and radar cross section, and ∗ denotes the convolution operator.
The notation proposed in (13) and (14) is a straightforward and
continuous-time interpretation of the so-called batches algo-
rithm commonly used in passive radars [34]. The interpretation
can be summarized as follows. The transmitted and received
signals are divided into smaller parts (batches), which can be
expressed as their delay according to the slow time (convolution
with a Dirac delta function). As a result, both signals form 2-D
distributions whereby the first dimension t corresponds to signal
samples (fast time), and the second one represents consecutive
batches (slow time).

C. Range Compression

1) FMCW Radar: In FMCW radars, the range compression
is performed as a Fourier transform of each demodulated pulse.
Hence, the operation can be interpreted as an STFT with no
window overlap

RT (t, ω) =

∫
R
xB,a(τ)g(τ − t)e−jωτdτ (15)

where ω is directly linked with the range r, and g(t) is a real and
even analyzing window. The signal (9) can be written as

xB,a(t) = AB,s(t)e
j2πΦ(t) (16)

where Φ(t) is a quadratic polynomial. Using Taylor series ex-
pansion of Φ(t) around point u, we obtain

xB,a(t) = AB,s(t)e
j2π(Φ(u)+Φ′(t−u)+ 1

2Φ
′′(t−u)2). (17)

For sufficiently small |t− u| being small enough, one can as-
sume that AB,s(t) ≈ AB,s(u) and (17) can be written as

xB,a(t) = xB,s(u)e
j2π(Φ′(u)(t−u)+ 1

2Φ
′′(u)(t−u)2). (18)

Now, according to the results presented in [35], the STFT (15)
with the Gaussian window g(t) = e−πt

2
is given by

RT (t, ω) = xB,a(t)m
− 1

2 e−j
θ
2 e
−π(1+jΦ′′(t))(ω−Φ′(t))2

1+Φ′′(t) (19)

where m =
√
1 + ϑ2 and θ = tan−1(−ϑ). Since (2) assumes a

short observation time, so that R(t) ≈ const., Φ′(t) and Φ′′(t)
tend to 0. Also, for the FMCW radar, the angular frequency
of the beat signal and range are associated as ωb =

2rα
c , and

ωD − ωb ≈ −ωb (because ωb � ωD). Thus, the range–time
distribution can be defined as

RT (t, r) ≈ m−
1
2 e−j

θ
2 xB,s(t)e

j
(
−π( 2rα

c )
2− 2rα

c t+ϑt2

2

)
. (20)

Without loss of generality, the envelope can be assumed to be a
bivariate Gaussian bell function

A (t, r) = Ae−
(t−tx)2

2σ2
t

− (r−rx)2

2σ2
r (21)

with the standard deviation in range and time σr and σt, respec-
tively. Such an assumption simplifies (20) to the following form:
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RT (t, r) = Ae
− (t−tx)2

2σ2
t

− (r−rx)2

2σ2
r e

j
((
−π( 2rα

c )
2− θ

2

)
− 2rα

c t+ϑt2

2

)
.

(22)
Equation (22) is the distribution in the range–time domain.
However, our interest is to find the chirp rate along the time direc-
tion; thus, r is not considered. Assuming a0 = −π (

2rα
c

)2 − θ
2 ,

a1 = −ωb =
2rα
c , and a2 = ϑ, we get

RT (t, r) = A (t, r)e
j

(
a0+a1t+

a2t2

2

)
. (23)

As can be seen, the range–time signal distribution is the win-
dowed chirp whose chirp rate results from the target acceleration.

2) Passive Radar: Let us define an autocorrelation function
for the transmitted signal as

CT (t, r) =
∫

R
XT (t, t

′)X∗T
(
t, t′ − r

c

)
dt′. (24)

The function depends on time t, as the calculation can start in
different time moments. The function also depends on the range
r, which corresponds to the time delay. The autocorrelation
function reaches its maximum for r = 0. The shape of the
function depends on the analyzed signalxT (t

′, t). In practice, the
main lobe of the autocorrelation function is relatively constant;
however, the sidelobes fluctuate due to the random nature of the
signal.

Let us now define a cross-correlation function of the trans-
mitted XT (t, t

′) and received XR(t, t
′) signals

RT (t, r) =

∫
R
XR(t, t

′)X∗T
(
t, t′ − r

c

)
dt′. (25)

Substituting (14) and (13) into (25) leads to

RT (t, r) =

∫
R
XR(t, t

′)X∗T
(
t, t′ − r

c

)
dt′

=

∫
R

AR

(
t+ t′ − r

c

)
e
j
(
φ(t+t′− r

c )+(ωc+ωD)(t+t′)+ϑ(t+t′)2
2

)

×AT (t+ t′) e−j(φ(t+t′− r
c )+ωc(t+t′− r

c ))dt′

= e
j
(
ωc

r
c+ωDt+ϑt2

2

)
︸ ︷︷ ︸

phase modulation

∫
R

AR

(
t+ t′ − r

c

)
AT (t+ t′) dt′︸ ︷︷ ︸

real-value envelope correlation

×
∫

R
e
j
(
ωDt′+ϑ2tt′+ϑt′2

2

)
dt′︸ ︷︷ ︸

≈1

. (26)

The cross correlation (26) is composed of three factors. The
first one is responsible for phase modulation according to the
target velocity and acceleration. The second one results from
correlating the real-value signal envelopes and does not affect
the distribution phase as it is also real valued. The last term has a
marginal influence on the estimation capabilities since the phase
is random and close to 0, and the entire factor tends to be 1 due
to the short observation time t′. For simplicity, one can assume
that the range–time distribution envelope can be modeled as a

bivariate Gaussian function

A (t, r) = Ae−
(t−tx)2

2σ2
t

− (r−rx)2

2σ2
r . (27)

Then, the signal model for passive radar after range compression
becomes

RT (t, r) = Ae
− (t−tx)2

2σ2
t

− (r−rx)2

2σ2
r e

j

(
a0+a1t+

a2t2

2

)
(28)

which, in principle, is very similar to the FMCW case, and where
a0 = ωc

r
c , a1 = ωD, and a2 = ϑ.

To support the range–time signal model derived in (26), let
us present a simulated passive radar scenario for an acceler-
ating target illuminated by the DVB-T signal with a carrier
frequency of fc = 680 MHz and a bandwidth of B = 7.6 MHz.
The transmitter location is not crucial from the perspective of
acceleration estimation and is neglected in the analysis. The
simulated target was observed for Ti = 0.5 s at the bistatic
range of 4 km and had the initial velocity V = −10 m/s and
acceleration A = −30 m/s2. The results are shown in Fig. 1.
Fig. 1(a) illustrates the magnitude of the range–time distribution.
For the entire integration time, the target echo correlated with the
reference signal forms a bell-shaped envelope across the range
[see the second factor in (25)]. For the range cell where the target
echo is located, the phase along time t is shown in Fig. 1(b). The
result of a nonlinear function coincides with the first factor in
(26). The last component of (26) with a negligible influence on
the further considerations is shown in Fig. 1(c). The phase varies
randomly with a mean close to 0.

The example shown in Fig. 1(a) also clarifies why approxi-
mation (27) holds true. In the range direction, the echo can be
understood as a Gaussian bell with a small time spread parameter
σt → 0, whereas in the slow time direction, one can see a
Gaussian bell with a large spread σr →∞. This assumption
is also essential for active radar cases, where the same model
was derived in (21).

D. Acceleration Estimation

For the range–time distribution model given as

RT (t, r) = Ae
− (t−tx)2

2σ2
t

− (r−rx)2

2σ2
R e

j

(
a0+a1t+

a2t2

2

)
(29)

one has

∂RT (t, r)

∂t
= (qt+ p)RT (t, r) (30)

where q = − 1
σ2
t
+ ja2 and p = tx

σ2
t
+ ja1.

A typical radar signal processing consists of Fourier transform
computation along the time axis, which gives a RD distribution
as

Dh(v, r, t) = Ft→v{RT (t, r)}

=

∫
R
RT (η, r)h(η − t)e−jvηdη

= e−jvt
∫

R
RT (η − t, r)h(η)ejvηdη (31)
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Fig. 1. Range–time distribution and its phase for cross sections for r =
const. and t = const. (a) Simulated range–time distribution for a passive radar.
(b) Range–time distribution phase for r = const. (c) Range–time distribution
phase for t = const.

where h(t) is a differentiable window as a function of slow time.
Equation (31) is a 3-D distribution in the general case. However,
the last dimension (time t) reflects consecutive integration time
instants. For a single RD map, this parameter can be neglected,
and in the further part of this article, single-snapshot RD maps
are analyzed, yielding a 2-D distribution. As a result, further
considerations use Dh(v, r) instead of Dh(v, r, t).

Differentiating (31) with respect to time once leads to

Dh′(v, r) =
∂Dh

∂t
(v, r)

=

∫
R
RT (η, r)

dh

dt
(η − t)e−jvηdη

Fig. 2. Ambiguity effect for the differentiated window and the window mul-
tiplied by the time ramp.

=−jvDh(v, r)−e−jvt
∫

R

∂RT

∂t
(η−t, r)h(η)ejvηdη.

(32)

Substituting (30)–(32) yields

Dh′(v, r) = Dh(v, r)(qt− p− jv)− qDth(v, r) (33)

where h′ = dh(t)
dt and th = t · h(t).

1) Estimator Using One Partial Derivative: Assuming σt →
∞, q = ja2, and p = ja1, thus [28]

Dh′(v, r) = jDh(v, r)(a2t− a1 − v)− ja2Dth(v, r). (34)

Multiplying (34) by (Dh(v, r))∗ and taking the real part reads

â
(t)
2 (v, r) =


 (
Dh′(v, r)

(
Dh(v, r)

)∗)
� (

Dth(v, r) (Dh(v, r))
∗) . (35)

Since both the window derivative and the window multiplied
by the time ramp result in ambiguity at the ridge of the target
echo (see Fig. 2), the most useful part of the estimate is lost. In
vast cases, especially in passive radars, a target usually occupies
a single range–velocity cell; thus, the uncertainty at this point
disables the possibility of precise acceleration estimation. Also,
the assumption of a constant echo envelope cannot always be
made. For these reasons, this estimator is not investigated in
the further part of this work. However, one can use it in some
applications as high-resolution radars, or in rough estimation
with a reduced computational cost in the vicinity of the main
target echo (the estimator needs only three RD maps to estimate
the acceleration).

2) Estimator Using Two Partial Derivatives: The uncer-
tainty effect graphically presented in Fig. 2 can be resolved using
higher order window derivatives.

1) Estimator Using Derivative with Respect to Time: If the
amplitude varies, (35) is biased [28]. Differentiating (33)
with respect to time gives

Dh′′(v, r) = Dh′(v, r)(qt− p− jv)− qDth′(v, r)
(36)

where h′′ = d2h(t)
dt2 . Combining (33) and (36) into the

linear systems yields

q̂t(v, r) =
Dh′′(v, r)Dh(v, r)− (Dh′(v, r))2

Dh′(v, r)Dth(v, r)−Dth′(v, r)Dh(v, r)
(37)
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and the imaginary part of this equation gives the acceler-
ation estimator as follows:

â
(t2)
2 (v, r) = � (q̂t(v, r)) . (38)

According to (37), the estimator requires five RD maps,
and this value is constant and does not depend on process-
ing parameters.

2) Estimator Using Derivative with Respect to Velocity: To
compute the acceleration estimator with respect to velocity
(frequency), one can assume

∂Dh(v, r)

∂v
= j

(Dth(v, r)− tDh(v, r)
)
. (39)

Differentiating (33) with respect to v once and combining
into the linear system with (33) leads to q̂v(v, r) =

Dth′
(v,r)Dh

(v,r) +
(Dh

(v,r)
)2 −Dth(v,r)Dh′

(v,r)

(Dth(v,r))2 −Dt2h(v,r)Dh(v,r)
(40)

and

â
(tv)
2 (v, r) = � (q̂v(v, r)) . (41)

Estimator (41) requires five RD maps, the same as (37).

E. Final Estimate

Since a2 = ϑ = 2πA
λ

, the acceleration for each (v, r) point
can be estimated as

Â(v, r) =
â2(v, r)λ

2π
(42)

where â2(v, r) is given by (35), (38), or (41).

III. IMPLEMENTATION

The general concept of the proposed acceleration estimation
process is presented in Fig. 3. In this specification, no distinction
is made between the way range compression is performed, as
it is a characteristic feature of a given radar and is independent
of the proposed estimation concept. The input data are radar
signals and the primary analysis window. Based on the radar
signals, range compression is made, giving a range–time distri-
bution. This result is passed to the RD map processor together
with appropriately modified windows (e.g., window derivatives,
window multiplied by the time ramp, etc.). An individual RD
map is computed for each of these windows. Finally, based on
the selected estimator, operations are performed following (35),
(38), or (41). In general, any differentiable window is admissible
(Gauss, Hamming, etc.). The Blackman–Harris window is used
in this work because of its finite time support and simple form
allowing efficient and analytical differentiation.

Simplified and high-level pseudocodes for the active and
passive radar processing are listed in Algorithms 1 and 2, re-
spectively. As mentioned, the only difference is in the range
compression that is computed using the fast Fourier transform
(FFT) algorithm in active radar, and using correlation in passive
radars. As presented, the proposed estimation method can be
integrated into a single block (a single method or function in
software) of versatile usage and capable of migrating between
different systems.

Fig. 3. Simplified flowchart of the proposed method.

IV. REFERENCE METHOD

The proposed algorithm is compared against the reference
method based on the concept of the matched filter [5], [20].
This method was chosen because it is unbiased and precisely
estimates target acceleration. Other, more efficient methods usu-
ally assume some simplifications, such as uniform acceleration
in forward scattering geometry [23]. The main goal of the
comparison was to verify the proposed method efficacy com-
prising computation time reduction. Since known techniques
are dedicated to solely active or passive radar, the comparison
would be unreliable because, in each case, the computation
would require separate processing. Thus, the comprehensive
approach was applied. In the reference method, the signal after
range compression RT (t, r) is correlated with a template with
certain values of a1 and a2 parameters

MT (r, a1, a2) =

∫
R
RT (t, r)e

−j
(
a1t+

a2t2

2

)
dt. (43)

When the a1 and a2 parameters in the above equation match
those inRT (t, r), a high correlation peak occurs. By calculating
MT (r, a1, a2) for different values of r,a1, anda2, and searching
for a maximum absolute value, an estimate of the correct values
of r, a1, and a2 can be found.

In practice, the calculation ofMT (r, a1, a2) is performed on
a discrete grid of r, a1, and a2. To prevent the discretization
of the grid from limiting the estimation accuracy, the grid size
should be appropriately small. This involves high computa-
tional complexity. Reduction of the computational burden can
be achieved, e.g., using a finite impulse response filter in the
velocity dimension [5].
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Algorithm 1: Pseudocode for the Active Radar Acceleration
Estimation.

1: Input:
x % Beat signal vector

2: Define:
fs % Sampling rate
fc % Carrier frequency
T_i % Integration time
max_r % Maximum range
max_v % Maximum frequency
est % Selected estimator

3: Initialize arrays:
X(max_r, T_i) % For x signal
RC(max_r, T_i) % For range

compression
4: Divide signal x into overlapping batches:

X % Beat signal 2D matrix
5: Compute FFT of X along the fast time (range)

RC = fft(X) % Range compression
6: Initialize arrays:

RD(max_r, max_v)
RDA(max_r, max_v)

7: Get needed windows of a length T_i for assumed
est:

h = window_generator(T_i, est)
8: for i← 1 to max_r do
9: Extract range cell: tmp = RC(i,:)

10: Multiply tmp by required windows
11: Compute FFT of each h and tmp product
12: Store RD(i, :)
13: Estimate acceleration using (35), (38), or (41)
14: Scale the estimate according to (42)
15: Store RDA(i, :)
16: end for
17: Return:

RD % Range-Doppler map
RDA % Range-Doppler acceleration

map

V. SIMULATIONS

The simulations presented in this section show the possibili-
ties of the proposed estimators and how they can be illustrated.
In addition, in-depth numerical analyses were conducted to es-
timate the numerical properties of the estimators in comparison
to the technique from the literature.

A. Examples

Let us assume an FMCW radar working with a carrier fre-
quency fc = 24 GHz, bandwidth B = 1 GHz, sweep duration
of 0.5 ms, and sweep repetition rate of 2 kHz. The radar illu-
minates a target at a distance R = 50 m moving with a velocity
V = 2 m/s and acceleration A = 0.5 m/s2. For simplicity of
simulation, it was assumed that the target occupies a single
range–velocity cell, and to comply with this assumption, the

Algorithm 2: Pseudocode for the Passive Radar Accelera-
tion Estimation.

1: Input:
x_r % Reference signal vector
x_s % Surveillance signal vector

2: Define:
fs % Sampling rate
fc % Carrier frequency
T_i % Integration time
max_r % Maximum range
max_v % Maximum frequency
est % Selected estimator

3: Initialize arrays:
X_r(max_r, T_i) % For x_r signal
X_s(max_r, T_i) % For x_s signal
RC(max_r, T_i) % For range

compression
4: Divide signals x_r and x_s into overlapping batches:

X_r % Reference signal 2D matrix
X_s % Surveillance signal 2D

matrix
5: Correlate X_r and X_s along the fast time (range)

RC = xcorr(X_r, X_s)% Range
compression

6: Initialize arrays:
RD(max_r, max_v)
RDA(max_r, max_v)

7: Get needed windows of a length T_i for assumed
est:

h = window_generator(T_i, est)
8: for i← 1 to max_r do
9: Extract range cell: tmp = RC(i,:)

10: Multiply tmp by required windows
11: Compute FFT of each product h and tmp
12: Store RD(i, :)
13: Estimate acceleration using (35), (38), or (41)
14: Scale the estimate according to (42)
15: Store RDA(i, :)
16: end for
17: Return:

RD % Range-Doppler map
RDA % Range-Doppler acceleration

map

simulated acceleration is relatively low. The integration time was
set to Ti = 0.5 s. The RD map and the range-Doppler accelero-
gram (RDA) are shown in Fig. 4.1 For the latter distribution, the
estimator given by (38) was used as an example.

A single target is apparent on the RD map presented in
Fig. 4(a). Its acceleration can be estimated using one of the

1In fact, the presented distributions depict the range–velocity maps. However,
the RD nomenclature is more common in the radar community, and due to the
direct relation between the Doppler shift and the velocity, in the rest of this
article, the RD map corresponds to a signal distribution in range and velocity
domains.
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Fig. 4. FMCW radar simulation results. (a) Simulated RD map for an accel-
erating target. (b) Simulated RDA for an accelerating target.

estimators proposed in Section II. As can be seen, the acceler-
ation is estimated for each (v, r) coordinate. Therefore, aside
from the estimate at the target point, the overall plane is covered
by the estimated values corresponding to noise (this is why
some estimated values are out of the analyzed scale). For the
simulated target, Â = 0.50003 m/s2, which is very close to the
set value. The relative error is 0.006%, and results from the
additive complex-valued white Gaussian noise added to signals.
Comprising the integration gain that is defined as

Gi = BTi (44)

where B is the signal bandwidth, and the SNR was approxi-
mately equal to 60 dB. In this and all further cases, the estimation
value is read at the point of the strongest energy on the RD
map, which can be simply adopted in real-life systems where
the constant false alarm rate (CFAR) algorithms are usually
implemented. However, in practice, our interest is to find a target
parameter (or several targets), and the target surroundings can
be neglected. To make the RDA more readable, one can use a
saturated RDA, where the magnitude of the RD map governs the
distribution saturation. Such an illustrative approach is used in
the further part of this work to focus only on the target vicinity.

The second example comprises the multitarget passive radar
scenario. For the carrier frequency fc = 680 MHz and a band-
width B = 7.6 MHz, three targets have the following parame-
ters.

1) R1 = 5 km, V1 = 80 m/s, A1 = −30 m/s2.
2) R2 = 2 km, V2 = −40 m/s, A2 = 25 m/s2.
3) R3 = 8 km, V3 = −100 m/s, A3 = 40 m/s2.

Fig. 5. Passive radar simulation results. (a) Simulated RD map for three
accelerating targets. (b) Simulated RDA for three accelerating targets.

The simulation was carried out for the integration time Ti =
0.1 s. The RD map and the saturated RDA are depicted in Fig. 5.
In this case, the estimator (41) was used as an example. Three
targets are visible, as established in the simulation setup. The
acceleration was estimated and shown in Fig. 5(b) for each of
them. Also, only the targets that contribute the most are visible,
thanks to the saturated distribution. The estimation error does not
exceed 2%, and the computed values coincide with the set ones.

A precious property of the proposed method is that increasing
the number of targets does not affect the computational effort.
The computational complexity is constant and is not related
to the presence of additional objects. The reference method
requires many more RD maps to be determined, yet it may
turn out that the object acceleration is outside the scanned
range. Then, the computational complexity is a tradeoff between
accuracy and processing time.

B. Numerical Stability Assessment

The simulations were conducted to quantitatively compare the
proposed approach and the reference method. Since the range
compression in active and passive radars can be approximated
in the same way as shown in Section II, for simplicity, the
simulations were performed only for the passive radar. A single
target at a bistatic range R = 4 km, velocity V = 50 m/s, and
acceleration A = 20 m/s2 was illuminated by the signal with a
carrier frequency fc = 680 MHz, a bandwidth B = 1 MHz, and
an integration time Ti = 200 ms. According to (44), the integra-
tion gain was Gi = 53 dB. The target echo power was -40 dB.
For estimators (38) and (41), and for the reference method [5],
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Fig. 6. Statistical properties of the estimators. (a) RMSE. (b) Variance.

the noise-like illuminating signal (imitating, e.g., an OFDM
waveform) was simulated for different SNR values: SNR =
{0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65} dB with an
additive complex-valued white Gaussian noise assumption. The
SNR is defined as a ratio of the target echo to the noise level
comprising the integration gain Gi. The processing was done
for the RD map with 33 range cells from 0 to 10 km and 902
velocity cells from -500 to 500 m/s. For the reference method,
the space of considered acceleration was spread from -100 to
100 m/s2 and divided into 201 points, yielding 1 m/s2 spacing.
The acceleration was estimated in 100 Monte Carlo simulations
repeated for each estimator and each SNR value. The root-mean-
square error (RMSE) and the variance are shown in Fig. 6.

As can be seen, variance and RMSE drop with the SNR for
all methods in question. Estimator (41) is more accurate and
has less variance than (38) and is comparable to the reference
method for SNR ≥ 10 dB. Estimator (38) is characterized by
inferior numerical stability. However, experiments conducted by
the authors show that it can also be used in practical applications
as an initial or rough estimation step with an error negligible in
some cases. Its usefulness is shown in the real-life data analysis
presented in the next section. The reference method is perfect
for SNR ≥ 55 dB, and its variance and error are invisible in the
logarithmic scale since they are equal to 0.

C. Computational Complexity

Before moving to real-life data analysis, let us consider the
computational efficiency of the proposed estimators. Fig. 7
shows the results of processing time for the considered methods

Fig. 7. Processing time. The mean values for â(t2)2 , â(tv)2 , and for the reference
method are 69.1 ms, 71.6 ms, and 9.93 s, respectively.

from 100 Monte Carlo simulations.2 The implementation of the
RD map computation was the same for the proposed and the
reference methods. The processing parameters were identical
to those listed at the beginning of this section and equal for
both algorithms. The results clearly show the superiority of
the proposed estimators from the processing time perspective.
The mean value for estimators (38) and (41) was approx. 140
times shorter than for the reference technique. Moreover, the
processing time can be extended for a wider or more dense space
of accelerations for the technique from [5].

Let us assume the FFT complexity in the Landau notation as
O(N log2 N), where N is the Fourier transform size [36]. For
the RD map computation, the algorithm is performed for each
range cell, and let us denote their number with M . Hence, the
computational complexity of the entire RD map can be expressed
as O(MN log2 N). The reference method needs K such RD
maps (each with a modulated reference signal; K is usually
from dozens to hundreds), so the complexity of the processing
becomes O(KMN log2 N). For the method proposed in this
article, the complexity is constant O(5MN log2 N). In total,
5 is the number of unique RD maps computed with a specific
window (e.g., its derivative or multiplied by the time ramp) as
stated in (38) and (41). For two values of K considered in this
article, namely K = 100 and K = 1000, the complexity cost
reduction equals 20 and 200, respectively. The same conclusions
stem from the processing time comparison.

VI. REAL-LIFE DATA ANALYSIS

A. Active Radar

For the active radar experiment, the XY-DemoRad system
developed by XY-Sensing Ltd. was used [37]. The sensor is
presented in Fig. 8. The radar recorded the drone (XIRO Xplorer)
echo using a signal bandwidth B = 1 GHz (corresponding to
15 cm range resolution), carrier frequency fc = 24 GHz, and a
sweep repetition rate of 2 kHz. The signal was processed offline,
and the drone acceleration was estimated using the estimator
(38). The integration time was set to Ti = 0.5 s. The results are
presented in Fig. 9.

2For computation, the MATLAB 2021a environment was used, CPU Intel
i7-9750H 2.6 GHz, 32 GB DDR4, SSD drive, Windows 10.
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Fig. 8. FMCW radar used in the real-life experiment.

The target is apparent at the range R = 22.76 m and the
velocity V = 1.95 m/s. Its acceleration at the point of the max-
imum energy was estimated as Â = 0.335296 m/s2 using the
proposed method. A 3-D cube was computed for the reference
technique and is shown in Fig. 9(c). As presented, the range in
which the target acceleration was searched was spanned within
A ∈ (−5, 5) m/s2. The cross section across the range cell with a
target echo is presented in Fig. 9(d). A precise estimate was read
as a hill’s peak from Fig. 9(e). The assessed acceleration equals
Â = 0.35 m/s2, which is very close to the value estimated using
(38). Unfortunately, the additional measurements comprising
inertial or GPS sensors were not conducted in this case. However,
assuming that the correct acceleration value is A = 0.35 m/s2,
the error between the reference and the proposed method is 4.2%.
The processing time for the proposed technique was 45 ms, while
for the reference one it was 1.74 s for 101 points and 17.3 s for
1001 points of the acceleration axis for the same computing
machine as in the simulations.

Due to the lack of the additional reference as a GPS or inertial
data, a double-check validation was conducted. The analyzed
signal was of length Ti = 0.5 s. Thus, to confirm that within the
observation time, given that the target’s velocity varies in relation
to the estimated value, the signal was separated into two equally
long parts allowing for the computation of two RD maps with
Ti = 0.25 s. By analyzing the velocity of the drone in the first
and the second result, it was possible to verify the acceleration
estimate precision. The outcomes are shown in Fig. 10. In
Fig. 10(a), the first RD map can be seen. From the result, one
can deduce that the target is at the range Rt1 = 22.62 m and
moves with a velocity of Vt1 = 1.91 m/s. For the second snap-
shot, Rt2 = 23.03 and Vt2 = 1.99 m/s. Assuming the estimated
acceleration Â = 0.335296 m/s2, the velocity in the second
snapshot should be V̂t2 = 1.91 m/s + 0.25 s · 0.335296 m/s2 =
1.9938 m/s, which corresponds to Vt2 = 1.99 m/s.

To make sure that the drone’s blades do not affect the es-
timate, the example from Section V-A was modified. Namely,
the simulated echo of blades (with the amplitude 10× weaker
than the main echo) was added to the signal. The RD and RDA
maps are depicted in Fig. 11. The classical RD map exhibits
an apparent influence of the rotors, which can be seen as a

Fig. 9. FMCW radar real-life data processing results. (a) Real-life RD map
for a single accelerating drone. (b) Real-life RDA for a single accelerating
drone. (c) RD acceleration cube. (d) Cross section across the range plane
containing a target echo for different acceleration values. (e) Cross section across
the range and velocity cell containing a target echo for different acceleration
values.
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Fig. 10. Verification results of acceleration estimation in active radar. The RD
maps were obtained by dividing the initial signal into two segments, and then
the processing was conducted on each segment separately. (a) Real-life RD map
for a single accelerating drone—first snapshot. (b) Real-life RDA for a single
accelerating drone—second snapshot.

typical wideband spectrum spread at the range where the target
is observed. The effect is typical for drones, helicopters, etc. The
estimate, however, is not affected by this issue as the blades’ echo
occupies separate velocity cells. Because the proposed acceler-
ation estimation is carried out in each (r, v) location separately,
one can differentiate between the main body of the drone and
its blades. The negligible difference between the outcome in
Figs. 11(b) and 4(b) originates from the noise added to the signal
and does not contribute significantly to the final result. Thus, it
can be concluded that the drone’s acceleration was correctly
estimated, and the influence of its blades can be ignored.

B. Passive Radar

The real-life signal originates from the PaRaDe passive radar
system [5], [38]. The illuminator of opportunity was an FM radio
transmitter with the carrier frequency fc = 83.2 MHz and the
bandwidth B = 50 kHz. The radar observed a maneuvering jet
fighter, and the signals (reference—from the antenna pointed
toward the transmitter and surveillance—from the antenna di-
rected toward the space) were filtered, sampled, and recorded.
The processing was performed offline. A sample snapshot was
selected for further processing, and the results are illustrated in
Fig. 12 for the integration time Ti = 0.5 s.

The jet fighter is visible atR = 41.5km andV = −185.6m/s,
as shown in Fig. 12(a). The saturated RDA using (41) is shown
in Fig. 12(b) where the acceleration was estimated as Â =
38.1422 m/s2. The outcome was compared with the reference

Fig. 11. Analysis of the drone’s blades influence of the main body acceleration
estimate. (a) RD map for the simulated drone. (b) RDA map for the simulated
drone.

method. The whole 3-D RD distribution with the acceleration set
A ∈ (−1000, 1000) m/s2 and its cross section along the range
cell with a target are shown in Fig. 12(c) and (d), respectively.
The final estimate was the one shown in Fig. 12(e) as the max-
imum value of the 3-D distribution for the particular range and
velocity bin and equals Â = 36.7 m/s2. Both estimated values
are very close and coincide with the acceleration calculated
from the difference of velocities [5]. Assuming the acceleration
estimated using the reference method is ideal, the estimation
error is 3.94%. However, there are significant deviations in
processing time. The processing time for the reference method
with 2001 points was 101.1 s. Reduction of the space to 201
points allowed for the outcome to be obtained in 8.5 s. The
estimate was computed after 54 ms with a comparable result for
the proposed method (the processing was carried out using the
same computing machine as in the simulations).

A double-check validation was performed in the same way
as for the active radar scenario. The outcomes are delineated in
Fig. 13 and presented two RD maps forTi = 0.25 s instead of the
initial value 0.5 s. From Fig. 10(a), one can read the target param-
eters as Rt1 = 41.5 km and Vt1 = −190.24 m/s. In the second
snapshot, one has Rt2 = 41.5 km (due to the low resolution,
the target was in the same range cell) and Vt2 = −176.65 m/s.
Assuming the estimated acceleration, one can obtain V̂t2 =
−190.24m/s + 0.25 s · 38.1422m/s2 = −180.7124m/s, which
is close to Vt2 with the difference less than 4 m/s (in the
processing, the velocity resolution was about 6.8 m/s so the
difference is negligible). It has to be noted that during the flight,
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Fig. 12. PCL radar real-life data processing results. (a) Real-life RD map
for an accelerating jet fighter. (b) Real-life RDA for an accelerating jet fighter.
(c) RD-acceleration cube. (d) Cross section across the range plane containing a
target echo for different acceleration values. (e) Cross section across the range
and velocity cell containing a target echo for different acceleration values.

Fig. 13. Verification results of acceleration estimation in passive radar—two
RD maps with a smaller integration time. (a) Real-life RD map for a maneuvering
jet fighter—first snapshot. (b) Real-life RDA for a maneuvering jet fighter—
second snapshot.

the jet fighter was maneuvering; thus, the estimate can be slightly
biased due to the higher order kinematic parameters.

VII. APPLICATION TO INTEGRATION TIME ELONGATION

Rapid acceleration entails target echo blurring on the RD
map [5]. Assuming that the target has accelerationA, the velocity
change during the integration time Ti is

δV = Ti ·A. (45)

If the velocity changes, δV is significant with respect to the
velocity resolution cell ΔV , and velocity cell migration occurs.
The velocity resolution cell can be calculated as follows:

ΔV =
λ

M · Ti
(46)

where λ is the wavelength, andM is a coefficient equal to 1.0 for
bistatic and 2.0 for monostatic radar. Therefore, the limitation on
the integration time for a given acceleration can be formulated
as

Ti <

√
λ

C ·A. (47)

If the above condition is not met, echo spreading across the
velocity dimension can be expected. The longer the integration
time, the more apparent the echo spread on the map. One
can modulate the reference signal according to the estimated
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Fig. 14. Illustration of the target acceleration influence on the RD map.
(a) RD map for Ti = 2 s with the original reference signal. (b) RD map for
Ti = 2 s with the dechirped reference signal. (c) CAF cross section through the
range cell with a target before and after reference modulation.

acceleration to compensate for the acceleration and focus the
target echo in a particular range and Doppler bin

xd
T (t) = xT (t)e

−j â2t2

2 . (48)

where â2 is the estimate of the target’s acceleration. The
dechirped reference signal is then processed in the same way
as in classical RD processing. As a result, one can gain several
benefits. First, the integration time can be elongated. This results
in an increase in the integration gain (44). When the target
echo migrates between the resolution cells, the obtained gain
is reduced [39]. Second, the dechirped reference increases the
CAF value, yielding better detection capabilities. Third, the
velocity can be estimated more precisely since the target echo
is concentrated in a particular RD coordinate. Fig. 14 illustrates
the consequence of excessive integration time and the solution
offered by the acceleration estimation.

Increasing the integration time from 0.5 to 2 s caused an
apparent stretch of the target echo, as shown in Fig. 14(a).
The velocity estimation becomes more difficult due to the oc-
cupancy of several Doppler cells. Moreover, the signal energy
is dispersed, and the peak height also decreases. The target
acceleration estimated in Section VI-B served as a value of
FM of the reference signal. After dechirping the signal, the RD
map is characterized by a strong target echo in a single RD
bin, as presented in Fig. 14(b). The peak is higher and more
focused, making the detection process more robust. In Fig. 14(c),
cross sections of three RD maps are superimposed. Without the
reference signal demodulation, the target takes several Doppler
bins from -225 to -260 m/s, and unambiguous velocity estima-
tion is impossible. After considering a meaningful acceleration,
the peak value increased by approx. 7 dB. The difference be-
tween the peak value after the reference signal dechirping using
the estimate computed using the proposed and the reference
method is 0.348 dB. Such a difference can be ignored if one
compares the processing time that is significantly shorter for
the proposed technique. The target velocity can be estimated as
V = −240.45 m/s, which is impossible without the reference
signal modulation.

VIII. DISCUSSION

In the entire article, the processing was conducted under a
prerequisite that the range migration does not occur. In some
practical applications, especially in high-resolution radars, this
effect is common, and the only way to avoid it is to shorten the
integration time. In turn, this entails a lower integration gain
[see (44)], thus disabling smaller targets (to be precise, with a
lower radar cross section) to be detected. If the acceleration is
constant and the integration time is sufficiently long for the range
migration to occur, the proposed estimators will be able to return
a correct estimate. This is because the estimate is computed for
each (r, v) coordinate. Thus, one can obtain the outcome for
the target shifted in range and velocity. When the acceleration
varies, the estimated acceleration will be biased (a so-called jerk
and snap can occur, thus disturbing the estimate), but this is a
problem beyond the scope of this work as it comprises higher
order target kinematic parameter estimation.

The main advantage of the proposed method is that it does not
require any modifications to existing systems other than its im-
plementation using already available tools. Estimating targets’
accelerations can be incorporated into the radar signal process-
ing block so that target detection works simultaneously with
acceleration estimation. Consequently, the proposed method
does not require additional detection techniques or thresholding
since targets are detected in the same RD domain using typical
algorithms, such as CFAR. Therefore, the acceleration estima-
tion of a particular object comes down to reading the estimate
from the RDA in the same coordinate as the CFAR algorithm
returns detection.

IX. CONCLUSION

In this article, a novel method for estimating vehicle ac-
celeration has been proposed. The technique can be applied
to different types of radar, such as active monostatic FMCW
radar and passive bistatic radar. This results from the fact that
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intermediate calculation results have a very similar form. Also,
the technique should work for pulse and noise radars since the
received signal model there is very similar to the one analyzed in
this article. The numerical experiments showed that the method’s
performance, while not as good as the reference method, is still
excellent, especially for high SNR values (greater than 10 dB).
The advantage of using the proposed approach is a reduction of
the computational complexity in comparison with the reference
method. In particular, similar accuracy can be obtained by reduc-
ing the computational complexity by two orders of magnitude.
The method was successfully applied to simulated and real-life
data for both FMCW and passive radars. This fact allows one to
assume that this approach can be adapted to other types of radar.

In the future, the authors plan to derive higher order kinematic
parameter estimators, such as jerk and snap. As a result, a whole
family of estimators can be obtained, allowing for target param-
eterization for classification and tracking improvement. Also,
a profound analysis of the clutter and interference influence
on estimators’ efficiency should be inspected. Especially, the
problem of slow-moving targets in the background of clutter and
the impact of intentional and unintentional interferences should
be addressed, which is the plan for further investigation.

REFERENCES

[1] M. P. Jarabo-Amores et al., “Drone detection feasibility with passive
radars,” in Proc. IEEE 15th Eur. Radar Conf., 2018, pp. 313–316.

[2] C. Clemente, F. Fioranelli, F. Colone, and G. Li, Radar Countermeasures
for Unmanned Aerial Vehicles, (Series Radar, Sonar and Navigation).
London, U.K.: Institution of Engineering and Technology, 2021.

[3] T. Yang, A. D. Maio, J. Zheng, T. Su, V. Carotenuto, and A. Aubry,
“An adaptive radar signal processor for UAVs detection with super-
resolution capabilities,” IEEE Sensors J., vol. 21, no. 18, pp. 20778–20787,
Sep. 2021.

[4] M. Rosamilia, A. Balleri, A. D. Maio, A. Aubry, and V. Carotenuto, “Radar
detection performance prediction using measured UAVs RCS data,” IEEE
Trans. Aerosp. Electron. Syst., vol. 59, no. 4, pp. 3550–3565, Aug. 2023.

[5] M. Malanowski, “Detection and parameter estimation of manoeuvring
targets with passive bistatic radar,” IET Radar, Sonar Navigation, vol. 6,
pp. 739–745, Oct. 2012.

[6] J. Palmer, S. Palumbo, A. Summers, D. Merrett, S. Searle, and S. Howard,
“An overview of an illuminator of opportunity passive radar research
project and its signal processing research directions,” Digit. Signal Pro-
cess., vol. 21, no. 5, pp. 593–599, 2011.

[7] M. Malanowski, K. Borowiec, and S. Rzewuski, “Rocket detection using
passive radar - challenges and solutions,” in Proc. IEEE Int. Conf. Radar,
2018, pp. 1–5.

[8] R. Zhang, Y. Wang, C. Yeh, and X. Lu, “Precession parameter estimation
of warhead with fins based on micro-Doppler effect and radar network,”
IEEE Trans. Aerosp. Electron. Syst., vol. 59, no. 1, pp. 443–459, Feb. 2023.

[9] J. E. Palmer, H. A. Harms, S. J. Searle, and L. M. Davis, “DVB-T passive
radar signal processing,” IEEE Trans. Signal Process., vol. 61, no. 8,
pp. 2116–2126, Apr. 2013.

[10] J. Liu, H. Li, and B. Himed, “Two target detection algorithms for pas-
sive multistatic radar,” IEEE Trans. Signal Process., vol. 62, no. 22,
pp. 5930–5939, Nov. 2014.

[11] Z. Wang, Q. He, and R. S. Blum, “Exploiting information about the
structure of signals of opportunity for passive radar performance in-
crease,” IEEE Trans. Signal Process., vol. 69, pp. 6083–6100, 2021,
doi: 10.1109/TSP.2021.3099627.

[12] C. R. Berger, B. Demissie, J. Heckenbach, P. Willett, and S. Zhou, “Signal
processing for passive radar using OFDM waveforms,” IEEE J. Sel. Topics
Signal Process., vol. 4, no. 1, pp. 226–238, Feb. 2010.

[13] F. Wang, H. Li, X. Zhang, and B. Himed, “Signal parameter estimation
for passive bistatic radar with waveform correlation exploitation,” IEEE
Trans. Aerosp. Electron. Syst., vol. 54, no. 3, pp. 1135–1150, Jun. 2018.

[14] C. Zhang, S. Shi, S. Yan, and J. Gong, “Moving target detection and pa-
rameter estimation using BeiDou GEO satellites-based passive radar with
short-time integration,” IEEE J. Sel. Topics Appl. Earth Observ. Remote
Sens., vol. 16, pp. 3959–3972, 2023, doi: 10.1109/JSTARS.2023.3266875.

[15] C. Huang, Z. Li, H. An, Z. Sun, J. Wu, and J. Yang, “Optimal GNSS-Based
passive SAR large field-of-view imaging via multistatic configuration:
Method and experimental validation,” IEEE J. Sel. Topics Appl. Earth
Observ. Remote Sens., vol. 15, pp. 9873–9884, 2022, doi: 10.1109/JS-
TARS.2022.3221214.

[16] P. Wang, X. Zhou, Y. Fang, H. Zeng, and J. Chen, “GNSS-Based passive
inverse SAR imaging,” IEEE J. Sel. Topics Appl. Earth Observ. Remote
Sens., vol. 16, pp. 508–521, 2023, doi: 10.1109/JSTARS.2022.3225832.

[17] K. S. Kulpa and J. Misiurewicz, “Stretch processing for long integration
time passive covert radar,” in Proc. IEEE CIE Int. Conf. Radar, 2006,
pp. 1–4.

[18] X. Li, G. Cui, W. Yi, and L. Kong, “Radar maneuvering target detection
and motion parameter estimation based on TRT-SGRFT,” Signal Process.,
vol. 133, pp. 107–116, 2017.

[19] K. Borowiec and M. Malanowski, “Accelerating rocket detection using
passive bistatic radar,” in Proc. IEEE 17th Int. Radar Symp., 2016, pp. 1–5.

[20] M. Malanowski, K. Kulpa, and J. Misiurewicz, “Acceleration estimation
for passive coherent location radar,” in Proc. IEEE Radar Conf., 2008,
pp. 1–5.

[21] Z. Solatzadeh and A. Zaimbashi, “Accelerating target detection in passive
radar sensors: Delay-Doppler-acceleration estimation,” IEEE Sensors J.,
vol. 18, no. 13, pp. 5445–5454, Jul. 2018.

[22] S. Subedi, Y. D. Zhang, M. G. Amin, and B. Himed, “Robust motion
parameter estimation in multistatic passive radar,” in Proc. IEEE 21st Eur.
Signal Process. Conf., 2013, pp. 1–5.

[23] X. Ai, Y. Zheng, Z. Xu, and F. Zhao, “Parameter estimation for uniformly
accelerating moving target in the forward scatter radar network,” Remote
Sens., vol. 14, no. 4, 2022, Art. no. 1006.

[24] P. Huang, G. Liao, Z. Yang, X.-G. Xia, J.-T. Ma, and J. Ma, “Long-time
coherent integration for weak maneuvering target detection and high-order
motion parameter estimation based on keystone transform,” IEEE Trans.
Signal Process., vol. 64, no. 15, pp. 4013–4026, Aug. 2016.

[25] X. Li, G. Cui, L. Kong, and W. Yi, “Fast non-searching method for
maneuvering target detection and motion parameters estimation,” IEEE
Trans. Signal Process., vol. 64, no. 9, pp. 2232–2244, May 2016.

[26] X. Lv, G. Bi, C. Wan, and M. Xing, “Lv’s distribution: Principle, im-
plementation, properties, and performance,” IEEE Trans. Signal Process.,
vol. 59, no. 8, pp. 3576–3591, Aug. 2011.

[27] H. Lin, C. Zeng, H. Zhang, and G. Jiang, “Radar maneuvering target motion
parameter estimation based on Hough transform and polynomial Chirplet
transform,” IEEE Access, vol. 9, pp. 35178–35195, 2021.

[28] D. Fourer, F. Auger, K. Czarnecki, S. Meignen, and P. Flandrin, “Chirp
rate and instantaneous frequency estimation: Application to recursive
vertical synchrosqueezing,” IEEE Signal Process. Lett., vol. 24, no. 11,
pp. 1724–1728, Nov. 2017.

[29] R. Alaifari and M. Wellershoff, “Uniqueness of STFT phase retrieval for
bandlimited functions,” Appl. Comput. Harmon. Anal., vol. 50, pp. 34–48,
2021.

[30] J. J. Benedetto, I. Konstantinidis, and M. Rangaswamy, “The role of the
ambiguity function in waveform design and phase coded waveforms,”
2008.

[31] M. I. Skolnik, Radar Handbook. New York, NY, USA: McGraw-Hill,
1970.

[32] H. Kuschel, D. Cristallini, and K. E. Olsen, “Tutorial: Passive radar tuto-
rial,” IEEE Aeros. Electron. Syst. Mag., vol. 34, no. 2, pp. 2–19, Feb. 2019.

[33] R. Rytel-Andrianik, “On the ambiguity function for accelerating target
in FMCW radar,” in Proc. Int. Conf. Microw., Radar Wireless Commun.,
2006, pp. 207–210.

[34] C. Moscardini, D. Petri, A. Capria, M. Conti, M. Martorella, and F. Berizzi,
“Batches algorithm for passive radar: A theoretical analysis,” IEEE Trans.
Aerosp. Electron. Syst., vol. 51, no. 2, pp. 1475–1487, Apr. 2015.

[35] R. Behera, S. Meignen, and T. Oberlin, “Theoretical analysis of the second-
order synchrosqueezing transform,” Appl. Comput. Harmon. Anal., vol. 45,
no. 2, pp. 379–404, 2018.

[36] E. Rajaby and S. M. Sayedi, “A. structured review of sparse fast
Fourier transform algorithms,” Digit. Signal Process., vol. 123, 2022,
Art. no. 103403.

[37] P. Samczynski, K. Stasiak, D. Gromek, K. Kulpa, and J. Misiurewicz,
“XY-DemoRad–Novel K- and mm-band radar demo kit for educational
and commercial applications,” in Proc. IEEE 20th Int. Radar Symp., 2019,
pp. 1–11.

[38] M. Malanowski, K. Kulpa, and J. Misiurewicz, “PaRaDe - PAssive RAdar
DEmonstrator family development at Warsaw University of Technology,”
in Proc. Microw., Radar Remote Sens. Symp., 2008, pp. 75–78.

[39] M. Malanowski and K. Kulpa, “Analysis of integration gain in passive
radar,” in Proc. IEEE Int. Conf. Radar, 2008, pp. 323–328.

https://dx.doi.org/10.1109/TSP.2021.3099627
https://dx.doi.org/10.1109/JSTARS.2023.3266875
https://dx.doi.org/10.1109/JSTARS.2022.3221214
https://dx.doi.org/10.1109/JSTARS.2022.3221214
https://dx.doi.org/10.1109/JSTARS.2022.3225832


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


