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_____________________________________________________________________________ 

Abstract - When, in addition to the constant Doppler frequency shift induced by the bulk motion of a 

radar target, the target or any structure on the target undergoes micro-motion dynamics, such as 

mechanical vibrations or rotations, the micro-motion dynamics induce Doppler modulations on the 

returned signal, referred to as the micro-Doppler effect. We introduce the micro-Doppler phenomenon in 

radar, develop a model of Doppler modulations, derive formulas of micro-Doppler induced by targets 

with vibration, rotation, tumbling and coning motions, and verify them by simulation studies, analyze 

time-varying micro-Doppler features using high-resolution time-frequency transforms, and demonstrate 

the micro-Doppler effect observed in real radar data. 

_____________________________________________________________________________________ 

 

1. INTRODUCTION 

Radar transmits an electromagnetic (EM) signal to an object and receives a returned signal from the 

object. Based on the time delay of the received signal, radar can measure the range of the object. If the 

object is moving, the frequency of the received signal will be shifted from the frequency of the 

transmitted signal, known as the Doppler effect. The Doppler frequency shift is determined by the radial 

velocity of the moving object, that is, the velocity component in the direction of the line of sight (LOS). 

Based on the Doppler frequency shift of the received signal, radar can measure the radial velocity of the 

moving object. If the object or any structural component of the object has mechanical vibration or rotation 

in addition to its bulk translation, it might induce a frequency modulation on the returned signal that 

generates sidebands about the target’s Doppler frequency shift. This is called the micro-Doppler effect. 

Radar signals returned from a target that incorporates vibrating or rotating structures, such as propellers of 

a fixed-wing aircraft, rotors of a helicopter, or the engine compressor and blade assemblies of a jet 

aircraft, contain micro-Doppler characteristics related to these structures. The micro-Doppler effect 

enables us to determine the dynamic properties of the target and it offers a new approach for the analysis 

of target signatures. Micro-Doppler features serve as additional target features that are complementary to 

those made available by existing methods. The micro-Doppler effect can be used to identify specific types 
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of vehicles, and  determine their movement and the speed of their engines. Vibrations generated by a 

vehicle engine can be detected by radar signals returned from the surface of the vehicle. From micro-

Doppler modulations in the engine vibration signal, one can distinguish whether it is a gas turbine engine 

of a tank or the diesel engine of a bus. 

The Doppler frequency shift is usually measured in the frequency domain by taking the Fourier 

transform of the received signal. In the Fourier spectrum, the peak component indicates the Doppler 

frequency shift induced by the radial velocity of the object’s motion. The width of Doppler frequency 

shifts gives an estimate of the velocity dispersion due to the micro-Doppler effect. To accurately track the 

phase information in the radar received signals, the radar transmitter must be driven by a highly stable 

frequency source to maintain a full phase coherency. 

In many cases, a target or a structure on the target may have micro-motions, such as vibrations or 

rotations. The source of rotations or vibrations might be a rotating rotor of a helicopter, a rotating antenna 

on a ship, mechanical oscillations in a bridge or a building, an engine-induced vibrating surface, or other 

causes. Micro-motion dynamics produce frequency modulations on the back-scattered signal and would 

induce additional Doppler changes to the constant Doppler frequency shift of the bulk translational 

motion. For a target that has only translation with a constant velocity, the Doppler frequency shift induced  

by translation is a time-invariant function. If the target also undergoes a vibration or rotation, then the 

Doppler frequency shift generated by the vibration or rotation is a time-varying frequency function and 

imposes a periodic time-varying modulation onto the carrier frequency. Micro-motions yield new features 

in the target’s signature that are distinct from its signature in the absence of micro-motions. 

 

The contribution of this paper is that 1) a model of the micro-Doppler effect is developed, 2) 

mathematical formulas of micro-Doppler modulations induced by several typical basic micro-motions are 

derived and verified by simulation studies, 3) instead of using the conventional Fourier transform, the 

high-resolution time-frequency transform is used to analyze time-varying micro-Doppler features, and 4) 

micro-Doppler effect in radar is demonstrated using real radar data. In Section II, we develop a model for 

analyzing the micro-Doppler effect. In Section III, we briefly introduce high-resolution time-frequency 

transforms for analyzing time-varying frequency spectrum. In Section IV, we apply the model for 

analyzing  micro- Doppler effect to several typical micro-motions (vibration, rotation, tumbling, and 

coning) and verify them using simulation studies.  

 

 

 



INTERNATIONAL JOURNAL OF ADVANCED SCIENTIFIC RESEARCH AND TECHNOLOGY                                          

ISSUE 2, VOLUME 3 (JUNE- 2012)                                                                                                                         ISSN: 2249-9954 
 

 Page 115 
 

II. Micro-Motion Induced Micro-Doppler 

A. Translation and Rotation-Induced Micro-Doppler Shift 

Suppose the target has a translation velocity v with respect to the radar and an angular rotation 

velocity , which can be either represented in the target local coordinate system as   = (ωx, ωy, ωz)T, or 

represented in the reference coordinate system as  = (ωX, ωY, ωZ)T. Thus, a point scatterer P at time t = 

0 will move to P ′ at time t. The movement consists of two steps:  (1) translation from P to P”, as shown 

in Fig 6, with a velocity v, that is, OOt = vt, and  (2) rotation from P” to P’ with an angular velocity. If 

we observe the movement 
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Figure 6. Geometry of the radar and a target with translation and rotation. 

The Doppler frequency shift is approximately 
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B. Rotation-Induced Micro-Doppler Shift 

The geometry of the radar and a target with three-dimensional rotations is illustrated in Figure 2.11. 

The radar coordinate system is (X, Y, Z), the target local coordinate system is  (x, y, z), and the reference 

coordinate system (X ′, Y ′, Z ′) is parallel to the radar coordinates  (X, Y, Z) and located at the origin of the 

target local coordinates. Assume that the azimuth and elevation angle of the target in the radar coordinates 

(X, Y, Z) are α and β, respectively, and the unit vector of the radar LOS is the same as n = [ cosα cosβ, 

sinα cos β, sin β]^T. 

Due to the target’s rotation, any point on the target described in the local coordinate system   (x, y, z) 

will move to a new position in the reference coordinate system (X ′, Y ′, Z ′). The new position can be 

calculated from its initial position vector multiplied by an initial rotation matrix of the x-convention (z-x-z 

sequence) determined by the angles (ϕ0, θ0, ψ0), where the angle ϕ0 rotates about the z-axis, the angle θ0 

rotates about the x-axis, and the angle ψ0 rotates about the z-axis again. The corresponding initial rotation 

matrix is defined by 

 

 

 

Figure. 7. Geometry of the radar and a rotating target 

 

The rotation induced micro-Doppler frequency becomes 
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Where  

C. Vibration induced Micro-Doppler Shift 

 
As shown in Figure 2.10, the radar is located at the origin of the radar coordinate system          (X, Y, 

Z) and a point scatterer P is vibrating about a center point O. This center point is also the origin of the 

reference coordinate system (X ′,Y ′, Z ′), which is translated from (X, Y, Z) to be situated at a distance R0 

from the radar. We also assume that the center point O is stationary with respect to the radar. If the 

azimuth and elevation angle of the point O with respect to the radar are α and β, respectively, the point O 

is located at  

(R0 cos β cosα, R0 cos β sinα, R0 sin β) 
 

    in the radar coordinates (X, Y, Z). Then the unit vector of the radar LOS becomes  

 
n = [cosα cosβ, sinα cos β, sin β] ^T 

 

 
 

 
 

Figure 8. Geometry for the radar and a vibrating point target. 
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The micro-Doppler shift induced by the vibration is 

 
 

D.Coning Motion-Induced Micro-Doppler Shift 

The coning motion is a rotation about an axis that intersects with an axis of the local coordinates. A 

whipping top usually undergoes a coning motion while its body is spinning around its axis of symmetry 

with a fixed tip point and the axis of symmetry is rotating about another axis that intersects with the axis. 

If the axis of symmetry does not remain at a constant angle with the axis of coning, it will oscillate up and 

down between two limits, called nutation. In this case, the Euler angle ϕ is known as the spin angle, ψ is 

known as the precession angle, and θ is known as the nutation angle. 

Without considering spinning and nutation, assume a target with pure coning motion along the axis 

SN, which intersects with the z-axis at the point S (x = 0, y = 0, z = z0) of the local coordinates, as shown 

in Figure 2.12. The reference coordinate system (X ′, Y ′, Z ′) is parallel to the radar coordinates (X, Y, Z) 

and its origin is located at the point S. Assume that the azimuth and elevation angle of the target center O 

with respect to the radar are α and β, respectively, and the azimuth and elevation angle of the coning axis 

SN with respect to the reference coordinates (X ′, Y ′, Z ′) are αN and βN, respectively. Then the unit 

vector of the radar LOS is 
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Figure 9.  A target with pure coning motion along an axis that intersects with the z-axis at the origin of 

the local coordinates. 
The micro-Doppler modulation induced by the coning motion is approximately 

 

 
Where 

 
 

E.Tumbling Motion-Induced Micro-Doppler Shift  

Tumbling is a rotation accompanied by translation and acceleration. Examples of target tumbling 

include a spacecraft tumbling through space or a fuel tank of a missile tumbling after its separation from 

the reentry vehicle. Tumbling target with translation, acceleration, and rotation is illustrated in Fig. 11(a). 
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Assume the target has an initial translation velocity ~V along the x-axis and an acceleration of g =9:8 

m/s2, due to gravity, with respect to the radar coordinates. At the same time, the target rotates along the y-

axis with an angular velocity y. The azimuth and elevation angle of the origin O of the target local 

coordinates with respect to the origin of the radar coordinates are ® and ¯, respectively. The reference 

coordinate system (X,Y,Z), which is parallel to the radar coordinates (U,V,W) and shares the same origin 

O with the target local coordinates (x,y, z), has the same initial velocity and acceleration as the target but 

has no rotation with respect to the radar coordinates. Thus, the location of any point scatterer of the target 

in (X,Y,Z) can be calculated by multiplying the location of the scatterer in (x,y, z) with an initial rotation 

matrix <Init defined by the initial Euler angles (Á,μ,Ã) given in (31).Assuming the initial location of a 

scatterer P1 is at ~r0 = [x,y, z]T in the local coordinate system, viewed from the reference coordinate 

system (X,Y,Z) the point scatterer P1 will move to <Init ¢~r0 and the initial velocity of the target will be 

~V = V ¢ [a11,a21,a31]T, where a11, a21, and a31 are defined in (31).Suppose the target rotates along the 

y-axis with an angular velocity  = y rad/s. The trajectories of the target center of mass O and the scatterer 

P1 are plotted in Fig. 10, where the dot-line is the trajectory of the target’s center and the circled-line is 

the trajectory of the scatterer P1. During tumbling, the length of the segment OP1 stays constant. Viewed 

from the reference coordinates (X,Y,Z), the angular velocity of the target is ~!0 = ! ¢ [a12,a22,a32]T and 

the location of the scatterer P1 will move to 
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Fig. 10 Geometry of radar and tumbling target. 

 

III.TIME-FREQUENCY ANALYSIS OF MICRO-DOPPLER MODULATION 

The Fourier transform is the most common method to analyze the properties of a signal waveform in 

the frequency domain. It shows the distribution of the magnitude and the phase at different frequencies 

contained in the signal during the time interval of analyzing. When a signal is reflected from a rotating 

target, the frequency spectrum of the signal may indicate the presence of micro-Doppler modulation. 

Micro-Doppler effect can be observed by deviations of the frequency spectrum from the center frequency. 

The micro-Doppler frequencies are centered at 0 with an equal displacement toward each side, suggesting 

that the point scaterer could have been vibrating along the radar LOS with equal magnitude toward each 

direction. Due to lack of localized time information, the Fourier transform, however, cannot provide more 

complicated time-varying frequency modulation information. A joint time-frequency analysis that 

provides localized time-dependent frequency information is needed for extracting time-varying motion 

dynamic features. 

To analyze the time-varying frequency characteristics of the micro-Doppler modulation and visualize 

the localized joint time and frequency information, the signal must be analyzed by using a high-resolution 

time-frequency transform, which characterizes the temporal and spectral behavior of the analyzed signal. 

For example, by examining the time information and the sign of the micro-Doppler shift caused by a 

movement, the direction of the movement at the specific time could be found. 

Time-frequency transforms includes linear transforms, such as the short-time Fourier transform 

(STFT), and bilinear transforms, such as the Wigner-Ville distribution (WVD). With a time-limited 

window function, the resolution of the STFT is determined by the window size. There is a trade-off 
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between the time resolution and the frequency resolution. A larger window has higher frequency 

resolution but a poorer time resolution. The well-known spectrogram defined as the square modulus of the 

STFT is a popular tool for time-frequency analysis. The WVD of a signal s(t) is defined as the Fourier 

transform of the time-dependent auto correlation function. 

 

where s(t+(t0=2))s*(t¡(t0=2)) can be seen as a time-dependent autocorrelation function. 

 

Fig. 11. Block diagram of simulation. 

IV. SIMULATION STUDY OF MICRO-DOPPLER MODULATIONS INDUCED BY 

MICRO-MOTION DYNAMICS 
 

In this section, we present several examples of micro-motions that can induce micro-Doppler 

modulations. Based on the basic model described in Section II, several useful formulas of micro-Doppler 

modulations are derived. We compare the theoretical results with those generated by computer 

simulation. In the simulation, the target is defined in terms of a 3D reflectivity density function 

characterized by point scatterers. No occlusion effect is considered in target models. We select the point 

scatterer model in the simulation study because of its simplicity compared with electromagnetic 

prediction codes (such as the Xpatch), its ability to incorporate any target’s motion into the simulation, 

and its capability to investigate the effect of individual motion components. In both the simulated micro-

Doppler modulations and the theoretical micro-Doppler modulations calculated from the corresponding 

formulas, we use the same target model with the same micro motions. The simulation, however, does not 
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presuppose any theoretical formulas of micro-Doppler modulations. It is based on physical properties of 

electromagnetic backscattering from a rigid body undergoing nonlinear dynamics. The purpose of the 

simulation is to verify the theoretical results. The comparison shows that the simulation result and the 

theoretical result are identical, and thus verifies the theoretical formulation of micro-Doppler 

modulations. 

 

Fig.11 is the block diagram of the simulation. The system mainly consists of three parts: the radar 

transmitted signal, the target, and the radar received signal. The transmitted signal can be a step-frequency 

waveform, an impulse waveform, a Doppler chirp waveform, or other defined waveforms. The target is 

given by a set of point scatterers described by their reflectivity and locations in the target local coordinate 

system     (x, y, z) embedded on the target, their origin at the geometric center while the x-axis is defined 

as the heading direction of the target. The radar is located at the origin of the radar coordinates       (U, V, 

W). Both the radar and the target coordinates can have translations and rotations with respect to the Earth 

center Earth fixed (ECEF) system. Initial locations, velocities, accelerations and trajectories of the radar 

and the target coordinates are predetermined as inputs to the simulation. Based on the returned signal 

from a single point scatterer, the returned signal from the target can be represented as the summation of 

the returned signals from all scatterer centers in the target. For a given PRF, the transmitter repeatedly 

transmits signals. For each transmitted signal, the returned signal from the target must be updated 

according to the updated range for each point scatterer on the target due to its translation and rotations. 

Then, the returned signals can be rearranged into a two-dimensional (the number of range cells by the 

number of pulses) data matrix, which is the raw data to be analyzed. In summary, the simulation 

procedure includes [19]  1) select radar parameters (the carrier frequency, bandwidth, signal waveform, 

and PRF) 2) select radar motion parameters (the initial location, trajectory, velocity, and acceleration in 

the ECEF system) 3) select predesigned point scatterer model of the target; 4) select target motion 

parameters (the initial location, trajectory, velocity, and acceleration in the ECEF system);    5) transmit 

signal pulse repeatedly to the target, update the radar and the target locations, and calculate received 

signals; 6) select signal-to-noise ratio (SNR) for the raw data and add the calculated noise level to the raw 

data; 7) arrange the received raw data into a 2-dimensional (range £pulse) matrix. In the simulation 

procedure, no mathematical formula on micro-Doppler modulations is implemented. 
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Fig. 12. Micro-Doppler modulation induced by vibration. 
 

 
 

Fig. 13. Micro-Doppler modulation induced by rotation. 
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Fig. 14. (a) Geometry of radar and tumbling 

target.(b) Trajectory of scatterer in tumbling target. 

 

 

 

 

 

Fig. 15. Micro-Doppler modulations induced by target’s tumbling. 
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Fig. 13. (a) Geometry of radar and target with coning motion. (b) Calculated. (c) Simulated signatures of micro-

Doppler  Modulation induced by coning motion. 

 

 

V. CONCLUSION 

In this paper we have discussed the micro-Doppler effect in radar, joint time-frequency analysis of 

micro-Doppler modulations, and the simulation of micro-Doppler modulations using the point scattering 

model. In this section, we demonstrate the micro-Doppler effect in radar using measured real radar data 

and analyze micro-Doppler features embedded in radar signals using time-frequency analysis. Radar 

signals returned from a rotating antenna on a ship, propellers of a fixed-wing aircraft, a rotor of a 

helicopter, or an engine compressor and blade assemblies of a jet aircraft, contain micro-Doppler 

characteristics related to the structures’ rotation that can be used to determine the motion dynamics of 

these structures. Vibration generated by a vehicle engine can be detected by radar signals returned from 

the surface of the vehicle. Micro-Doppler signature of the engine vibration signal can be used to identify 

specific type of vehicles and determine the movement and the speed of the engine. Natural mechanical 

oscillations of a bridge or a building can be also detected by the micro-Doppler modulations in radar 

returned signals. 
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