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Abstract— Radars monitoring small targets often must increase 

their integration times to achieve sufficient signal-to-noise ratio 

(SNR) for maintaining a viable track. These longer integation 

times can prevent micro-Doppler signature extraction and 

instead result in Doppler signatures consisting of spectral lines 

to the radar’s higher-level processing. Whether the radar 

operates in the micro-Doppler or spectral line regime depends 

on both radar parameters (e.g. waveforms, wavelengths and 

integration times) as well as target parameters (e.g. rotor length, 

rotational frequency, target reflectivity and geometry). 

Additionally, understanding the transition region between these 

regimes can further aid target recognition algorithms. This 

paper uses modelling, simulations and experimental data to 

refine the understanding of how a particular radar will observe 

a target Doppler signature in either of these regimes, 

highlighting the transition region between the two.  
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I. INTRODUCTION AND LITERATURE REVIEW 

As modern radars are designed to perform an increasing 

number of tasks, they encounter an increasing number of 

target types. Among these are targets that produce either 

JEM/HERM and/or micro-Doppler signatures. Therefore, 

radar designers developing Doppler-based target recognition 

algorithms must have nuanced understandings of target 

signatures in both regimes to select the most appropriate 

algorithms. This paper reviews Doppler signature theory for 

rotating scatterers and uses experiments and modelling to 

investigate and illustrate a variety of these time-frequency 

signatures, using short-time Fourier transform (STFT) 

processing, paying particular attention to the transition region 

between the micro-Doppler and JEM/HERM regimes.  

 
 Researchers have been examining Doppler 

signatures arising from jet engine modulation (JEM) and 
helicopter rotation motion (HERM) for decades [1-3]. A 
widely-cited approach presented in [1] characterises both the 
time-domain and frequency-domain response of a radar 
viewing a rotating propeller, highlighting the relevant 
variables and providing rules of thumb for predicting 
frequency spacing and overall expanse of spectral lines. 
Another widely-cited source provides a foundational approach 
to micro-Doppler analysis and signature prediction by 
developing the mathematical theory and models and 
comparing them to collected data [4]. Expanding these 
concepts further, [5-9] apply them to different target types and 
present different processing methods. As for micro-Doppler-
based target classification, [10-18] look at a number of 
different target types and present a wide variety of 
classification strategies and algorithms. 

While the body of work on Doppler signatures of rotating 
or oscillating objects, whether they be propellers, rotors, bird 
wings or platform oscillations, is broad and diverse, the 
sources cited above pay little attention to the transition zone 
between micro-Doppler and JEM/HERM regimes and the 
factors affecting this zone. To that end, this research looks at 
modelling a single target Doppler signature on either side of 
the transition region to see how key target features affect the 
transition from one regime to the other. Understanding the 
features that manifest in the micro-Doppler regime, conditions 
precluding micro-Doppler processing and/or how to 
coordinate target recognition algorithms on either side of the 
transition region can help radar designers select appropriate 
algorithms in a more nuanced manner. Additionally, this 
research captures the impacts of radar design decisions, 
highlighting the need to appropriately apply different 
classification algorithms for either regime. Throughout, 
experimental data is presented and simulated data is used as 
needed.   

II. BACKGROUND THEORY 

A rotating object creates a time-varying Doppler shift to a 
radar that is a function of many variables. Drawing from [1] 
and [4], a single scatterer rotating around a centre of rotation 
can be illustrated as shown in Figure 1. 

 

Figure 1: Rotating Scatterer Model 

In Figure 1, R0 is the range from the radar antenna to a 
stationary scatterer, S1; r(t) is the time-varying range from the 

antenna to a scatterer, S2, which is rotating around S1;  is 

the rotational rate of S2; and  is the angle at time 	that the 
radius of rotation, L2, forms with the x-axis (L2 is the fixed 
distance of S2 from the centre of rotation). This model ignores 
any initial scatterer angle and assumes the radar and rotating 
scatterer are in the same plane.  The coordinates of S2 relative 
to the origin are ( ) = 	  and ( ) = 	 sin . 
Using the Pythagorean theorem and assuming ≪ , the 
range from the antenna to S2 is ( ) = 	 + ( )	[4]. 
If the radar transmits an unmodulated signal, neglecting the 
amplitude term, the phase modulated component of the 
reflected signal from the rotating scatterer is given by 

 ( ) = 	 ( )  (1) 

where  is the carrier frequency (  is the wavelength) and  

 Φ( ) = + ( ) . (2) 
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If the scatterers are moving along the y-axis, a velocity term, 
, contributes a time-varying phase shift (note a positive 

velocity corresponds to the reflectors moving away from the 
radar).  Additionally, if the scatterers are not coplanar with the 
antenna (i.e., if S1 and/or S2 are displaced along a z-axis), the 
angle , capturing the angle between the radar’s line-of-sight 
(LOS) to the target and the rotating scatterer’s plane of 
rotation, must be included in (2), and the final mathematical 
expression becomes  

 Φ( ) = + + ( ) ( ) . (3) 

As a result, the instantaneous frequency, ( ), of the received 
signal is 

 ( ) = − + ( ) ( ) . (4) 

The signal model in (1) can be expanded to account for  

finite-length propeller blades and for the scattering properties 

of a distributed reflection (i.e., a helicopter rotor or jet-engine 

compressor blade). The time-domain return signal for this 

target type is given as [1, 3] 

					 ( ) = ∑
( − ) ( )

( )+
 (5) 

In (5),  is a scale factor,  is the distance from the centre 
of rotation to the blade root, = 2  is the carrier 
frequency in rad/s. This equation captures the critical variables 
shaping the Doppler signature of a rotating scatterer(s).  

Isolating a single rotating point scatterer provides insight 
into the transition zone between a micro-Doppler signature 
and JEM/HERM lines. Simply put, if the integration time of 
the radar’s Doppler processor is significantly less than the 
rotational period of a single point scatterer, then a micro-
Doppler signature can be extracted; if it is significantly longer, 
spectral lines will occur. Figure 2 illustrates this point by 

sweeping the integration time of ( ) (which 

corresponds to the term ( ) for a fixed value of  when 

 is specifically set to unity), in order to isolate the 

sinusoidally varying phase shift, from 1/100th of a rotation to 
five times the rotational period. The highest expected Doppler 
shifts are negative and positive = /(2 ). 

 

Figure 2: Rotating Scatterer Model 

As the image moves from the minimum integration time 
to about half of a rotation, a ridge emerges asymmetrically. Its 
initial formation depends on the initial phase of the rotating 
scatterer. In this regime, no periodic information is available 
to the processor, hence no spectral lines form. After one 
rotation, the central spectral line settles at 0 Hz and around the 
second rotation, additional spectral lines start to form. In this 
simulation, the single scatterer had a rotational frequency of 
10 Hz, hence when the spectral lines do form, they occur at 
positive and negative multiples of 10 Hz.  As expected, for the 
lowest integration times, the frequency resolution is much 
higher than the Doppler returns from the scatterer and no 
Doppler information can be extracted. Beyond this case, the 
largest observable Doppler shift occurs when the scatterer 
reaches the point of maximum radial velocity within the first 
rotation. At this point, the Doppler is slightly less than the 
rotational frequency of =10 Hz since the frequency shown 
in the figure is the average of the instantaneous frequencies 
that occur during the integration window and because the 
expected Doppler shifts are comparable with the frequency 
resolution. Since the relationship between integration time and 
maximum observed frequency is highly phase dependent, two 
coherent dwells can produce two different spectra on the same 
target if the integration time is fractions of the rotational 
period. Once the integration time is much longer than the 
rotational period, the integration averages all the 
instantaneous frequencies together, producing the main lobe 
at 0 Hz. Finally, the spectral lines are seen to narrow as the 
integration time increases, as expected.  

III. EXPERIMENTAL AND SIMULATED DATA 

To verify the theory above, experimental data was 
collected in order to create both a micro-Doppler signature as 
well as a spectral line plot. Simulations were built based on 
the theory and compared to the experimental data. Then, for 
cases that could not be tested in the laboratory, simulations 
were used to predict further Doppler signatures.  

A. Experiments 

Experiments and simulations were conducted to better 
understand this theory. In the first example, a two-bladed 
helicopter drone was selected as it was likely to produce a 
micro-Doppler signature. It was mounted to a stand, placed in 
the far field of a pulsed radar using 5-MHz chirp waveforms 
and reflection enhancers were placed on the rotors. This 
experiment was conducted at two different frequencies and an 
image of the setup is shown in Figure 3. 

 

Figure 3: Helicopter Drone Experiment Setup 

The critical parameters of the experiment are given in 
Table I. 



TABLE I.  HELICOPTER DRONE EXPERIMENT SETUP 

Parameter Symbol Values Units 

Rotor maximum length  18 cm 

Rotor minimum length  0.5 cm 

Rotational frequency  Approx. 15 Hz 

Wavelength  6 and 10 cm 

Carrier Frequency  5 and 3 GHz 

Number of rotors  2 +/N/A 

Dwell time  500 and 250 msec 

 

Figure 4 shows the experimental results obtained at 6 GHz. 
As theory predicts ( = 2 2/ ), the spectral extent 

of the rotor blades spans approximately +/-565 Hz. One blade 
was more reflective than the other, hence the asymmetric 
spectrogram. In the approximately 500 msec dwell time, the 
rotor completed approximately 6.5 rotations, consistent with a 
15 Hz rotation rate. Also, the STFTs to create the 
spectrograms were 100 points long, which at a PRF of 4 kHz 
requires 25 msec of time. Given the 66.6 msec rotational 
period of the blades, they only accomplish 37.5% of a rotation 
during one STFT window.  

 

Figure 4: Experimental Helicopter Drone Spectrogram 

Figure 5 shows the results obtained with a MATLAB 
simulation that recreated the laboratory data in order to 
increase the credibility of the modelling approach for later use 
in cases where experimental data was unavailable. 
Asymmetric rotor reflection coefficients were included to 
match the experimental data (one rotor was modelled with  ¾ 
the reflectivity of the other). The spectral extent and number 
of rotations match the experimental data, although underlying 
body vibrations were not modelled, hence the much ‘cleaner’ 
spectrogram.  

 

Figure 5: Simulated Helicopter Drone Spectrogram  

The experiment was repeated at 3 GHz (10 cm 
wavelength) (for this experiment, the dwell was reduced by 

half compared to the 6 GHz case). Again, consistent with 
theory, the spectral extent of the rotor blades spans +/-339 Hz. 

 

Figure 6: Experimental Helicopter Drone Spectrogram 

In the simulated data shown in Figure 7, the spectral 
spreading and sinusoidal pattern match closely to Figure 6, 
although the simulation did not account for the asymmetric 
reflectivity of the rotor blades. 

 

Figure 7: Simulated Helicopter Drone Spectrogram  

Returning to the experimental data, had the integration 

time been slightly longer, 200 points, or 75% of a rotation, 

the micro-Doppler signature from Figure 6 starts 

transitioning into spectral lines. Results for the 3GHz case are 

shown in Figure 8. 

 

Figure 8: Experimental Helicopter Drone Spectral Lines  

Next, a similar experiment was conducted with a 

quadcopter. The target was at approximately 4-5 meters from 

the radar, the rotational frequency of the blades varied about 

80 Hz and the blade lengths were 11.5 cm. In order to achieve 

sufficient integration gain to form a useable spectrogram, the 

STFT window was 800 points (well more than the 100 points 

used in the helicopter case), which at a PRI of 250 μsec 

corresponds to a dwell time of 200 msec. For a rotational 

frequency of approximately 80 Hz, the rotors completed 

around 16 rotations during the STFT window, preventing the 

generation of sinusoidal micro-Doppler signatures. 



Therefore, a simple range-Doppler map (RDM) was used to 

present the data.  

 
Figure 9: Experimentally-Collected Quadcopter RDM 

 

In Figure 9, the experimental data shows spectral lines at 

multiples of the rotational frequency of 80 Hz, though not all 

spectral lines emerged from the noise. The spectral lines 

occur at multiples of 80 Hz vice 160 Hz because of the 

asymmetric reflectivity of the rotors presenting different 

signal returns at the rotational velocity. Further, the spectral 

lines are broadened and slightly shifted higher or lower in 

some cases because the variances of the rotational 

frequencies ranged from the single digits to the low twenties 

Hz2. For example, the 320 Hz line is faintly spread on 

approximately 310 and 330 Hz. Additionally, 

electromagnetic wave reflection about the quadcopter led to 

additional signature variations.  

In the simulation, shown in Figure 10, the rotational 

frequencies were generated with a mean of 80 Hz and a 

standard deviation of +/- 5 Hz.  

 

Figure 10: Simulated Quadcopter RDM 

These experiments confirmed the theory presented above 

that relates the integration time to rotational frequency to 

predict the category of signature (micro-Doppler or spectral 

line) that a given radar and target will produce. It also 

highlighted the impacts of real-world phenomena such as 

platform motion, rotational frequency variation and range 

attenuation.  

B. Further Simulations 

Since many scenarios cannot be recreated in the 

laboratory, simulation must be used to predict their Doppler 

signatures. This research built a MATLAB simulation of (5) 

and swept various target and radar parameters to better 

understand the interdependence of these variables in shaping 

                                                           
1 Figures 11 and 12 were created using the same values 

(except the parameterised variable) as [1]: 10 kHz sampling 

frequency (PRF), 50 msec dwell, a 40 Hz rotational 

the Doppler signatures. After the JEM/HERM signatures 

were explored, the transition region for a quadcopter was 

examined.  

As seen in [1], it is possible to estimate the number and 
locations of spectral lines for a JEM/HERM-producing target, 
in other words, a target whose rotating scatterer(s) completes 
multiple rotations within one integration period. Therefore, 
parameterising key variables of (5) allows for easy prediction 
of Doppler signatures. For example, Figure 11 shows 
parametrisation of the rotor length to wavelength ratio, as in 

.1 The output illustrates how many spectral lines should 

be expected for a given ratio. The second sinc term in (5) acts 
as an envelope bounding the onset of spectral lines at lower 
frequencies and their cessation at higher frequencies [3]. 

 

Figure 11: Signatures Variation with Rotor Length to Wavelength Ratio 

The rotor length to wavelength ratio attenuates or 
accentuates the phase shifts that arise from rotating scatterers 
as well as role of the sinc term. The latter in particular captures 
the extent to which the propeller can be treated as a line 
antenna of finite length. Consistent with electromagnetics 
theory, the gain of an antenna is inversely related to the square 
of the wavelength, so if the wavelength increases, the antenna 
gain, or, in this case, the energy reflected from the propeller in 
the direction of the receiver, decreases geometrically [3]. 

Figure 12 shows Doppler spectral variation of the same 
radar/target with rotational frequency. As the rotational 
frequency increases, the spectral lines move linearly away 
from each other as the maximum imparted Doppler shift 
increases with greater rotational velocity. A longer radius of 
rotation would also shift these spectral lines higher in 
frequency.  

 

Figure 12: Signature Variation with Rotational Frequency 

After examining some basic parameterisation, a more 
involved simulation was conducted that combined multiple 

frequency,  set to 1 m and  set to 0, four point scatterers 

and  set to zero degrees.  



changing variables. In this scenario, a quadcopter was 
modelled flying for 100 seconds. A pulsed radar was modelled 
and the Doppler signature over the trajectory was determined. 
Table II provides critical parameters. 

TABLE II.  QUADCOPTER SIMULATION 

Parameter Symbol Values Units 

Rotor maximum length  7 cm 

Rotor minimum length  0.5 cm 

Body velocity  Approx. -5 to 15 m/s 

Rotational frequency  16.5 - 35 Hz 

Wavelength  25 cm 

Carrier Frequency  1.2 GHz 

Number of rotors  4 N/A 

Dwell time  250 msec 

LOS Angle  0-90 deg. 

FFT Length N/A 2048 pulses 

Pulse Repetition Frequency PRF 8 kHz 

 

Over the course of the flight, the quadcopter’s bulk 
velocity and the rotors’ rotational frequency varied quasi-
sinusoidally while the LOS angle increased linearly from zero 
to 90 degrees.  

 

Figure 13: Signature Variation due to Multiple Variable Changes 

Initially five spectral lines are present and as the rotational 
frequency increases, they drift apart (again, they have their 
own rotational velocity variation).  Additionally, as the LOS 
angle approaches 90 degrees, the spectral lines collapse down 
into the central scatterer’s line (note, blade chopping was not 
modelled in this scenario which would most likely have 
allowed some spectral lines to persist). 

Next, using the same simulation scenario, an SNR of 15 
dB and a threshold of 10 dB were applied giving yet a different 
signature, relevant for automatic target recognition cases.  

 

Figure 14: Signature Variation due to Multiple Variable Changes 

The noise and threshold produce noticeably different 
target signatures at different points in the trajectory. The 

thresholding erases the FFT sidelobes present in Figure 13, so 
the spectral lines appear clearer, which could help with target 
recognition algorithms. Additionally, as the LOS angle 
approaches 90 degrees, the spectral lines collapse into the 
centre scatterer, slightly increasing its SNR.   

While parameterising variables of (5) helps predict where 

the spectral lines will fall once they form, it is useful to try to 

predict how the micro-Doppler and transition regions will 

appear. To this end, a simulation of the same quadcopter from 

Table II (with  set to 20 Hz) viewed for varying integration 

times is presented in Figure 15. Given the use of symmetric 

two-bladed rotors and constant , the spectral lines fall at 

twice .    

 
Figure 15: Rotating Scatterer Model (1.2 GHz) 

Figure 15 is similar to Figure 2 but highlights the specific 
case of the four-bladed quadcopter (also, only three rotations 
are shown vice five). Like Figure 2, the blades create broad, 
asymmetric ridges in the micro-Doppler regime however here 
they abruptly splinter into additional ridges around half of a 
rotation (these rotors are simulated as two point-scatterers 
diametrically opposite compared to the single point scatterer 
in Figure 2). The nature of this transition from a single ridge 
to a multi-ridge is phase-dependent – the specific time and 
shape of it varies with initial phase. Ultimately, during the 
micro-Doppler regime, the ridges settle into three independent 
ridges at the first multiple of the rotational frequency. This 
figure illustrates that had micro-Doppler processing of the 
target been desirable and possible, integration times up to 
about half of a rotation would have provided sufficient time-
varying Doppler to identify rotational motion. Past the micro-
Doppler regime, the additional blades facilitate quicker 
spectral line narrowing compared to the single scatterer case 
shown in Figure 2.  

Two final figures reiterate that the transition regime is also 
dependent on other variables. Here, a different rotor length-to-
wavelength ratio is chosen. As shown in Figure 11, as this 
ratio grows (either longer rotors or shorter wavelengths), the 
number of spectral lines increases. In the plots below, the rotor 
length from Table II is used with a 2 GHz (15-cm wavelength) 
and a 6 GHz (5-cm wavelength) radar, corresponding to ratios 
of 0.466 and 1.4, respectively.  

 

Figure 16: Rotating Scatterer Model (2 GHz) 



While the rotor length-to-wavelength ratio is less than 
approximately 0.5, one main ridge dominates the micro-
Doppler regime, prior to the formation of spectral lines. Once 
the ratio exceeds one half, two major ridges along with smaller 
ridges dominate the regime. Finally, whereas in Figure 16, the 
micro-Doppler ridge peaks in frequency around 90 Hz 
(slightly less than the maximum expected Doppler of 117 Hz), 
at 6 GHz, two very large ridges dominate at approximately +/- 
310 Hz, also slightly less than the maximum anticipated 
Doppler shift.  

 

Figure 17: Rotating Scatterer Model (6 GHz) 

Figures 16 and 17 highlight not only the notable variation 
in spectral line formation with wavelength, but also the 
different micro-Doppler signatures. Additionally, the initial 
phases of the rotors significantly shape the spectrum prior to 
½ of a rotation. If automatic target recognition algorithms are 
being developed to operate in the micro-Doppler regimes for 
quadcopters like the ones discussed in this research, reference 
libraries and training data must take these dynamic signatures 
into account.  

IV. CONCLUSIONS 

This paper presented Doppler spectral analysis applied to 

rotating scatterers such as helicopter and quadcopter drones. 

The goal was to better understand how the variables of a radar 

and a target shape the transition between the micro-Doppler 

and JEM/HERM regimes when performing Doppler 

processing. Experimental data was collected to bolster theory 

on the topic and simulations were used where experiments 

were not possible. The findings of this research illustrate the 

significance of the STFT length as well as the highly dynamic 

signature fluctuations in the micro-Doppler regime. Well-

tailored target recognition algorithms would take these 

factors into account by adjusting the STFT length, 

incorporating target signatures from variable-length STFTs 

in target databases and comparing data from both sides of the 

transition region all to enhance identification abilities. 
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