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Abstract—Scattered radar returns from non-rigid moving
bodies show distinct micro-Doppler features in the joint time-
frequency space. As a result, Doppler spectrograms are useful
feature vectors for identification and classification of aerial
and ground based targets such as helicopters, humans and
animals. In this paper, we present the micro-Doppler signatures
of two underwater unmanned vehicles (UUV) from simulated
acoustic radar data. The vehicles and radar are assumed to
be fully submerged underwater. The radar scattered returns
are generated using primitive based modeling of the vehicles
at 30KHz. We consider two types of motions - vehicles move
tangentially with respect to the radar and vehicles move radially
towards the radar.

I. INTRODUCTION

Detection and identification of underwater vehicles is an
important component of security and surveillance opera-
tions along maritime borders. Several technologies, involving
acoustic, video and lidar signals, have been explored in the
past towards detecting underwater bodies [1]–[4]. Most of
these technologies exploit the strength and Doppler of the
backscattered data from the main body of the target to detect
the target. However, most underwater vehicles are non-rigid
bodies. Besides the translation motion of the main body of the
target, components such as propellers, periscopes etc. undergo
micro-motions (rotation, vibration and coning). The Doppler
returns from non-rigid bodies are known to consist of micro-
Doppler features arising from these micro-motions that are
best visualized in the joint time-frequency space [5]. In this
work, we propose to examine whether the micro-Doppler in
the backscattered data can be used as a new feature vector
for detection and identification of underwater vehicles. Due to
the high attenuation of high frequency electromagnetic signals
under water, we will generate the Doppler signatures using the
scattered returns from continuous wave ultrasonic radar.

Over the last decade, Doppler based sensing has emerged
as an effective tool towards tracking and monitoring non-
rigid ground based and aerial targets [6]–[14]. There have
been extensive research carried out by the radar community
to exploit the micro-Doppler features to detect and classify
different types of human motions such as walking, running
and crawling [15]. The swinging motions of the human arms
and legs in each of these motions gives rise to distinct micro-
Doppler patterns in the joint time-frequency space with respect
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to the Doppler arising from the translational motion of the
torso. The signatures of bipedal humans are also quite distinct
from the signatures of quadruped animal motions or the mo-
tions of inanimate objects [16]. Similarly, the radar signatures
of aerial targets such as helicopters and ground based vehicles
are also characterized by distinct features suitable for detection
[17], [18]. For instance, the moving blades of helicopters and
rotating wheels of ground based vehicles give rise to distinct
micro-Doppler signatures that form robust feature vectors
for classification. Narrowband Doppler sensors offer several
advantages compared to wideband radar sensors - narrowband
sensors can usually be manufactured from cheap off-the-shelf
components [7]; they are quite robust to multipath effects
in complex propagation environments [10]; background noise
from stationary clutter is automatically suppressed without
the requirement of complex signal processing algorithms. The
main limitations are that the signatures are quite different from
conventional radar images of targets generated with wideband
waveforms. The Doppler signatures are usually unintuitive to
radar operators and therefore difficult to interpret.

Micro-Doppler signatures of acoustic radar signals have
been generated in the past for human targets [19], [20].
Acoustic radar signals get much less attenuated through metal
walls compared to microwave radar signals. In this work,
we will simulate the acoustic micro-Doppler signatures of
two underwater vehicles when both the radar and vehicle are
submerged below water. The radar cross-sections of complex
targets can be simulated using two different techniques. The
first technique involves considering the vehicle as a complex
target composed of multiple primitives of known cross-section
areas, each with unique point scatterers. This technique is
simple to implement and can be rapidly extended to model
the scattered returns of moving targets across multiple time
frames. Alternately, computational modeling techniques (such
as finite element methods) can be used to generate very
accurate radar cross-sections. In our work, we propose to use
the primitive-based modeling technique over the computational
techniques for the following reasons - (1) Computational
techniques are unsuitable for generating the time-varying radar
cross-sections of non-rigid bodies due to the computational
cost of generating the RCS for each time frame of data;
(2) Primitive based models have proven to be successful in
generating the micro-Doppler signatures of a wide variety of
targets (humans, animals, ground vehicles, helicopters etc.).
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In our paper, the micro-Doppler components arise from the
rotation of the propellers blades on the body of the vehicle.
The signatures are generated for both radial and tangential
motions of the vehicles with respect to a radar. The paper
is organized as follows. In the following section, we present
the methodology to simulate the micro-Doppler signatures of
the underwater vehicles using primitive based modeling tech-
niques. In section III, we present the micro-Doppler signatures
for two different motions of two vehicles. The micro-Doppler
features arising from different components of the non-rigid
body are identified for each case and the feasibility of using
the Doppler spectrograms as feature vectors for identification
and classification of the vehicles is discussed.

II. PRIMITIVE BASED MODELING OF UNDERWATER

VEHICLES

In this section, we describe the primitive-based method
used to model the micro-Doppler signatures of underwater
vehicles. The primitive based model has been successfully
used previously to model several complex radar targets such
as humans, animals, helicopters and ground vehicles. In [19],
primitive based techniques were used to model the acous-
tic micro-Doppler signatures of humans. It is computation-
ally much simpler than other methods used for generating
radar cross-sections of complex targets such as finite element
method (FEM) and complex ray tracing. FEM is specifically
unsuited for this problem, since the micro-Doppler signatures
are generated from time-varying radar returns. Therefore, the
computation of the radar cross-section of the target has to
be repeated for each time frame. We model an underwater
unmanned vehicle (UUV) as a complex target consisting
of a combination of primitives such as cones, ellipsoids,
cylinders and spheres. The radar cross-section of each of these
primitives is well known [21], [22]. We assume a monostatic
acoustic radar operating with a continuous wave source of 𝜆
wavelength. Both the radar and the target are submerged under
water. The depth of the target and radar from the surface
of the water and their respective heights from seafloor are
assumed to be much greater than the distance between the
target and the radar. Therefore multipath components caused
due to reflections from the water-air interface and from the
floor are neglected. The time domain scattered returns, 𝑠(𝑡),
at the radar are given by the complex sum of the returns from
each primitive, 𝑏, constituting the complex target as shown in
(1).

𝑠(𝑡) =
∑
𝑏

Γ
√
𝜎𝑏(𝜃𝑏, 𝜙𝑏)

𝑟2𝑏
𝑒−2𝑗(𝛽−𝑗𝛼)𝑟𝑏 (1)

Here, Γ is the reflection coefficient of the acoustic signal from
the surface of the UUV; 𝜎𝑏 is the radar cross-section of each
primitive and therefore a function of the orientation of the
primitive with respect to the radar; 𝑟𝑏 is the distance between
the phase center on the primitive and the radar; 𝛽 = 2Π

𝜆 and
𝛼 are the propagation constant and attenuation constant of the
acoustic signal in water. As the target moves, the position,
(𝑟𝑏, 𝜃𝑏, 𝜙𝑏), of the phase center and the RCS of each primitive

will change. The phase center is estimated analytically by
identifying a point on the surface of the primitive with the
shortest distance from the radar. The reflection coefficient
is computed for normal incidence of the radar signal from
water to the UUV material. The attenuation constant is a
function of the depth of the radar from the surface of the
water, the temperature of the water, the signal frequency and
the salinity of the water [23]. Some of the key assumptions
of this model are: (1) Multiple and higher order interactions
between different primitives are not considered in this model;
(2) Shadowing of some of the parts of the target from the radar
are also not considered in this model. The joint time-frequency
representation of the radar data is generated by the application
of the short-time Fourier transform on the time-domain data.

𝜒(𝑓, 𝑡) =

∫
𝑠(𝜏)ℎ(𝑡− 𝜏)𝑒−𝑗2𝜋𝑓𝜏𝑑𝜏 (2)

Here, ℎ(𝑡) is the short time window that is applied on the
time-domain data.

III. SIMULATION OF MICRO-DOPPLER SIGNATURES

USING ACOUSTIC RADAR DATA

In this section, we present the micro-Doppler signatures
of two UUVs for different orientations of the target motion
with respect to the radar. The first UUV model is a light
autonomous underwater vehicle (LAUV) developed by Lab-
oratory for Underwater Systems and Technologies (LSTS),
Portugal [24] as shown in Fig.1(a). We generated a computer
aided design (CAD) model capturing the key features of the
UUV, in MATLAB, based on design specifications detailed
in Fig.1(b) and Table I. The UUV undergoes a translational
motion at a velocity of [2.5, 0, 0]𝑚/𝑠 or 4.86𝑘𝑛𝑜𝑡𝑠 along the
𝑋 axis. The center of the UUV moves from [50, 0, 0]𝑚 to
[57.5, 0, 0]𝑚. The three propellers rotate at an angular velocity
of 120𝑟𝑝𝑚. We assume that a monostatic acoustic radar
operates at 30𝐾𝐻𝑧 and 0𝑑𝐵𝑚 and is located at [53, 0, 10]
as shown in Fig.1(c). The sampling frequency is chosen to be
1𝑘𝐻𝑧 to satisfy Nyquist conditions. We consider the UUV
to be a complex target consisting of multiple primitives such
as cylinders, cones and ellipsoids as shown in Fig.1(b). For
instance, the central part of the main body and several of the
other components of the UUV are modeled as cylinders, whose
RCS is given by

𝜎𝐶𝑌 𝐿 =
𝜆𝑟𝑠𝑖𝑛𝜃

8𝜋(𝑐𝑜𝑠𝜃)2
∀ 𝜃 ∕= 90∘ (3)

𝜎𝐶𝑌 𝐿 =
2𝜋𝐻2𝑟

𝜆
, 𝜃 = 90∘ (4)

Here 𝜃 is the angle between the long axis of the cylinder and
the line-of-sight vector between the center of the cylinder and
the radar; 𝑟 & 𝐻 are the radius and height of the cylinder
respectively. The rear end of the UUV is capped by a cone
whose RCS is calculated using the RCS of frustum

𝜎𝐹𝑅𝑈𝑆𝑇𝑈𝑀 =
𝜆𝑧1𝑡𝑎𝑛𝛿

8𝜋 sin 𝜃
[tan(𝜃 + 𝛿)]

2 (5)

𝑧1 =
𝑟1

tan 𝛿
(6)
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where 𝛿 is the half cone angle calculated using (7)

tan 𝛿 =
𝑟2 − 𝑟1
𝐻1

(7)

Here, 𝑟1 and 𝑟2 are the minor and major radii of the frustum
respectively. For calculating the RCS of a cone we assumed
𝑟1 to be negligibly small. 𝐻1 is the height of the frustum and
𝜃 is the angle between the height vector of the cone and the
radar LOS vector. The RCS of the hemisphere at the front of
the UUV is given by

𝜎 = 4𝜋𝜆2

∣∣∣∣𝑒
𝑗2𝛽𝑎

4𝛽

[
(1− 𝑗2𝛽𝑎)(1− 𝑗𝑒−𝑗2𝛽𝑑)− 𝑗2𝛽𝑑𝑒−𝑗2𝛽𝑑

]

− 𝑗
𝜌

𝑛
𝑠𝑖𝑛

(𝜋
𝑛

)
𝑐𝑜𝑠 (𝜃) 𝑒𝑗2𝛽(𝑎−𝑑)

(
𝑐𝑜𝑠

(𝜋
𝑛

)
− 𝑐𝑜𝑠

(
3𝜋

𝑛

))−1 ∣∣∣∣
2

(8)

where

𝑛 = 3
2 + 𝜃

𝜋 (9)

𝜃 = 𝑠𝑖𝑛−1
(
𝑎−𝑑
𝑎

)
(10)

𝜌 = (𝑎2 − (𝑎− 𝑑)2)1/2 (11)

Here 𝑎 and 𝑑 are equal to the radius and the depth of the
hemisphere respectively. These two will be equal for a perfect
hemisphere. The propellers are modeled as ellipsoids. The
RCS of an ellipsoid is given by

𝜎𝐸𝑙 =
𝜋𝑎2𝑏2𝑐2

((𝑎2 sin2 𝜃 cos2 𝜙)+(𝑏2 sin2 𝜃 sin2 𝜙)+(𝑐2 cos2 𝜃))2
(12)

where 𝜃 and 𝜙 are the elevation and azimuth angles respec-
tively and 𝑎, 𝑏, 𝑐 are the semi axes of the ellipsoid. For each of
the primitives, a unique phase center is identified as that point
on the surface of the primitive where the incident vector is co-
incident with the surface normal vector. The UUV is assumed
to be made of HY80 alloy and is entirely submerged under
water. Therefore, the reflection coefficient of an acoustic signal
for normal incidence is given by Γ = 𝑧2−𝑧1

𝑧2+𝑧1
where 𝑧2 and 𝑧1

are the acoustic impedances of HY80 and water respectively.
They are 4.2627 × 107𝑟𝑎𝑦𝑙𝑠 and 1.5866 × 106𝑟𝑎𝑦𝑙𝑠. If the
temperature of sea water is 30.72∘𝐶, the salinity of the water
is 35𝑝𝑝𝑡, depth of radar is 50𝑚 and pH of the water is 8,
the attenuation coefficient of the sound in water at 30𝑘𝐻𝑧 is
3.476𝑑𝐵/𝑘𝑚 [23]. The short-time Fourier transform (STFT)
is applied on the time-domain data using a short time window
of 0.13𝑠. The choice of the short time window is dictated
by optimum time and frequency resolution of the resultant
Doppler spectrogram shown in Fig.2. The spectrogram clearly
indicates two components - a strong Doppler component
arising from the translational motion of the main body of
the UUV (as shown in Fig.2(b)) as well as weaker micro-
Doppler components due to the rotation of the three propellers
(as shown in Fig.2(a)). As the UUV moves along a straight
path before the radar, the Doppler is initially positive as the
target moves towards the radar, and then becomes negative as
the target moves away from the radar. The strong return at the

time instant of 1 second is because the UUV is directly before
the radar at position [53, 0, 0]𝑚. The Doppler is close to zero
but the RCS of the cylindrical body is very high (4). This gives
rise to an impulse in the time-domain returns and thereby a
Doppler spread in the frequency domain. The propellers rotate
at an angular velocity of 120𝑟𝑝𝑚, and hence the Dopplers
show a periodicity of 0.5𝑠. As the blades approach the radar,
the Dopplers are positive and the Dopplers become negative
as they move away from the radar. Due to the smaller size of
propellers in comparison to the size of the main body of the
UUV, the RCS of the propellers is significantly lower. Next,
we consider the case of the LAUV moving radially towards the
radar from an initial position of [65, 0, 0], as shown in Fig.1(d).
The micro-Doppler signature of the radar returns are shown
in Fig.2(d). Here we do not see the unique micro-Doppler
features due to the propeller blades because the motion of the
blades is mostly tangential with respect to the radar. The two
results clearly indicate that the micro-Doppler features can be
quite weak in comparison to the returns from the main body.
Also, the orientation of the motion of the target with respect
to the radar is quite critical in determining the nature of the
resulting spectrogram. Next, we considered a second UUV, the
HUGIN1000, from the HUGIN family of UUVs developed by
Kongsberg Maritime, Norway as shown in Fig.3(a). Again,
we generated a CAD model capturing the key features of
HUGIN1000 in MATLAB. The dimensions of the different
components of this model are presented in the Fig.3(b) and
Table II. Note that the propellers of the HUGIN1000 are
approximately 4.8 times longer than the propellers of the
LAUV. In order to compare the micro-Doppler signatures of
the HUGIN1000 with the LAUV, we retained the same set of
position and velocity parameters for the radar and the target
as the previous cases with the LAUV. The HUGIN1000 is
modeled as a complex target consisting of different primitives
as shown in Fig.3(b). The micro-Doppler returns from the
three rotating propeller blades obtained for HUGIN1000 are
shown in Fig.4(a). Again, the periodicity of the micro-Doppler
features is 0.5𝑠. However, due to longer length of the blades
in comparison to the previous case, the Dopplers reach a peak
to peak value of around 300𝐻𝑧 in comparison to 60𝐻𝑧 in
the case of LAUV. In other words, the micro-Doppler of the
propeller blades are directly proportional to the length of the
blades. The Doppler returns from the main body are shown
in Fig.4(b). We see no micro Doppler due to the absence of
any micro-motion. The radar signal is normally incident on
the body of the target at time instants of 1 second and 2
seconds. The combined radar returns from the body and from
the propeller blades are shown in Fig.4(c). In this case too,
the magnitude of micro-Doppler returns due to the rotation of
propeller blades is much weaker than the Doppler returns from
the main body due to the small size of the propellers. Yet,
the micro-Doppler gives us important information regarding
the size of the propeller and the speed at which it rotates.
Next, we consider a different orientation of the target with
respect to the radar as shown in Fig.3(d). Here, the main
body of the target is moving radially with respect to the
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(a) (b)

(c) (d)

Fig. 1. (a) Light Autonomous underwater Vehicle(LAUV) obtained from [24], (b) CAD model of LAUV generated using MATLAB, (c) Animation model of
motion of target along a straight path in front of the radar such that motion is tangential with respect to line-of-sight when target is directly before the radar,
(d) Animation model of motion of target in a radial direction towards the radar

0 0.5 1 1.5 2 2.5 3
−250

−200

−150

−100

−50

0

50

100

150

200

250

Time (sec)

F
re

qu
en

cy
 (

H
z)

 

 

−170

−160

−150

−140

−130

−120

−110

Blade 1

Blade 3

Blade 2

(a)

0 0.5 1 1.5 2 2.5 3
−250

−200

−150

−100

−50

0

50

100

150

200

250

Time (sec)

F
re

qu
en

cy
 (

H
z)

 

 

−130

−120

−110

−100

−90

−80

−70
Main Body: Cylinder,
Cone, Hemisphere
Rudders: Ellipsoid
Sail: Cylinder
Lower & Front Cylinder

  

Normal Incidence

(b)

0 0.5 1 1.5 2 2.5 3
−250

−200

−150

−100

−50

0

50

100

150

200

250

Time (sec)

F
re

qu
en

cy
 (

H
z)

 

 

−130

−120

−110

−100

−90

−80

−70

Blade 1

Blade 3

Blade 2

(c)

0 0.5 1 1.5 2 2.5 3
−250

−200

−150

−100

−50

0

50

100

150

200

250

Time (sec)

F
re

qu
en

cy
 (

H
z)

 

 

−40

−30

−20

−10

0

10

20

(d)

Fig. 2. Micro-Doppler signatures for LAUV while considering the scattered returns from (a) propeller blades (b) the rest of the main body except for the
blades and (c) the entire target when target is moving as described in Fig.1(c). (d) Micro-Doppler signatures while considering the scattered returns from the
entire target when target is moving as described in Fig.1(d).

S.No. Primitives Dimensions (meters)
1 Cone (a) Height: 0.2391, Radius: 0.0750
2 Ellipsoid (b) Major Axis: 0.1413, Minor Axis: 0.0327, 0.01
3 Cylinder (c) Height: 0.2019, Radius: 0.0522
4 Cylinder (d) Height: 0.6521, Radius: 0.0750
5 Cylinder (e) Height: 0.0749, Radius: 0.0340
6 Hemisphere (f) Radius: 0.0750
7 Cylinder (g) Height: 0.1383, Radius: 0.0346
8 Ellipsoid (h) Major Axis: 0.030, Minor Axis: 0.0200, 0.0050

TABLE I
DIMENSIONS OF CAD MODEL OF LAUV
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S.No. Primitives Dimensions (meters)
1 Ellipsoid (a) Major Axis: 1.920, Minor Axis: 0.3750, 0.3750
2 Cylinder (b) Height: 0.6600, Radius: 0.0900
3 Ellipsoid (c) Major Axis: 0.1350, Minor Axis: 0.3000, 0.0300
4 Ellipsoid (d) Major Axis: 0.1450, Minor Axis: 0.0600, 0.0050

TABLE II
DIMENSIONS OF CAD MODEL OF HUGIN1000

(a) (b)

(c) (d)

Fig. 3. (a) Underwater vehicle HUGIN1000 from [24], (b) CAD model of HUGIN1000 generated using MATLAB, (c) Animation model of motion of target
along a straight path in front of the radar such that motion is tangential with respect to line-of-sight when target is directly before the radar, (d) Animation
model of motion of target in a radial direction towards the radar

0 0.5 1 1.5 2 2.5 3
−250

−200

−150

−100

−50

0

50

100

150

200

250

Time (sec)

F
re

qu
en

cy
 (

H
z)

 

 

−160

−150

−140

−130

−120

−110

−100Blade 3

Blade 2

Blade 1

(a)

0 0.5 1 1.5 2 2.5 3
−250

−200

−150

−100

−50

0

50

100

150

200

250

Time (sec)

F
re

qu
en

cy
 (

H
z)

 

 

−120

−110

−100

−90

−80

−70

−60

Main Body: Cylinder
Rudders: Ellipsoid Normal Incidence

   of Cylinder     

Normal Incidence
  of Ellipsoid     

Main Body: Ellipsoid 

(b)

0 0.5 1 1.5 2 2.5 3
−250

−200

−150

−100

−50

0

50

100

150

200

250

Time (sec)

F
re

qu
en

cy
 (

H
z)

 

 

−120

−110

−100

−90

−80

−70

−60

Blade 2

Blade 1 Blade 3

(c)

0 0.5 1 1.5 2 2.5 3
−250

−200

−150

−100

−50

0

50

100

150

200

250

Time (sec)

F
re

qu
en

cy
 (

H
z)

 

 

−120

−110

−100

−90

−80

−70

−60

(d)

Fig. 4. Micro-Doppler signatures for HUGIN1000 while considering the scattered returns from (a) propeller blades (b) the rest of the main body except for
the blades and (c) the entire target when target is moving as described in Fig.3(c). (d) Micro-Doppler signatures while considering the scattered returns from
the entire target when target is moving as described in Fig.3(d).
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radar. Therefore, the Doppler from the main body is positive,
in Fig.4(d), and greater in magnitude than the previous case
shown in Fig.4(b). However, since the motion of the propellers
is mostly tangentially with respect to the radar, we are unable
to discern any micro-Doppler.

IV. CONCLUSION

Micro-motions of some parts of a moving underwater ve-
hicle, such as rotating blades, give rise to interesting micro-
Doppler features in the Doppler spectrograms of the scattered
acoustic radar data. Preliminary results suggest that different
UUVs show unique micro-Doppler features that are a function
of the length of the propeller blades, their rotation rate as well
as the orientation of the target motion with respect to the radar.
More detailed studies have to be under taken to investigate
the impact of more complex propagation mediums (multipath
from the sea floor and the air-water interface; presence of
obstructions along the line-of-sight between target and radar;
presence of other sources of interferences etc.) have to be
conducted before the robustness of the micro-Doppler feature
vectors can be estimated.
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