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Abstract—This work asses a way to 
improve the detection of pedestrians, 
workers or cyclists, but also other static 
elements on the road. These elements due 
to its low radar cross-section can be 
masked by other larger objects close to 
them, when they are illuminated by an 
automotive radar. Rotating backscatter is 
proposed to enhance the detection with 
automotive FMCW radars due to the 
introduction of a differentiable micro-
Doppler signature. A comprehensive theory of operation is explained in this paper. Simulated and experimental results 
are presented at 24 GHz for transponder detection in presence of strong clutter in range-velocity maps.   

 
Index Terms— Backscattering, FMCW radar, Micro-Doppler, Modulated transponder, pedestrian detection, millimeter 

band sensors, RFID. 

 

 

I. Introduction 

UTOMOTIVE radar is expected to be a fast-growing market 

to improve safety and comfort. These radars carry out a 

crucial role in helping drivers, maintaining safe distances, and 

avoiding collisions. A radar is a key sensor for advanced driver 

assistance systems (ADAS) for future generations of 

autonomous vehicles [1]. Pedestrians or cyclists collisions with 

vehicles on the roads are unfortunately frequent under low 

illumination conditions at night or bad weather conditions 

[2][3]. Radar sensors are a complement to computer vision 

techniques, with the advantage that radars are less affected 

under these environmental conditions [4].  In recent years, there 

has been significant progress in mmWave technology and the 

expensive GaAs-based technology is being replaced by the less 

expensive SiGe technology [5]. The 24 GHz band is temporally 

allocated for short-range radars (SRR). The 77 GHz band is 

allocated for long-range radars (LRR). Figure 1 compares the 

range of measured RCS of different objects of interest 

(vehicles, pedestrians, and guardrails) [6]. The RCS behavior of 

these objects is complex and depends on the orientation and the 

vehicle model and size.  The average RCS of a pedestrian at 24 

GHz is about -5 dBsm [7]. This value is significantly lower than 

a typical car (10 dBsm), a motorcycle (5-8 dBsm) [8] or a 

guardrail (5-10 dBsm) [9]. The values at 77 GHz band are 

typically about 5-7 dB higher than at 24-26 GHz band. Besides, 

the speed of pedestrians and bikes is very low (<15 km/h for 

pedestrians), therefore pedestrians can be confused with clutter 
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due to large static objects such as ground or metallic objects 

(such as traffic signals, guardrails, etc) [10]. Besides, ground 

and big reflectors such as guardrails introduce multipath 

reflections that make it difficult to detect these sensible road 

objects. A post-processing technique has recently been 

introduced in [11] to mitigate multipath. This situation is 

common with bikes circulating on the verge of roads or workers 

repairing roads. 
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Fig. 1.  Comparison of RCS from different relevant objects: car, small 

van, guardrail, bicycle, and pedestrian [6][9]. 

 

The novelty of this work is to study the feasibility of using 

modulated backscattering tags inducing a phantom Doppler 

signature to improve the detection in front of static clutter 

interference. The tag is based on a rotating corner reflector that 

introduces a micro-Doppler signature providing additional 

information for target recognition. Rotating parts, such as 
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blades or rotating antennas, introduce periodic modulation in 

the turn back signals when are illuminated by the radar 

[12][13][14][15]. The micro-Doppler introduced by the rotor of 

small Unmanned Aerial Vehicles (UAVs) has been proposed to 

enhance the discrimination between the UAV and the clutter 

and detect their presence at long distances [16][17]. Several 

time-frequency analysis techniques have been proposed to 

extract features and detecting target for this application 

[18][19]. The technique most extended is the Short-time Fourier 

Transform (STFT) obtained from the computation of Fourier 

transform in a long-time window. Advanced techniques have 

been recently proposed for identification based on the 

measurement of the Helicopter Rotation Modulation (HERM) 

lines that are a function of the blades rotation rate and the 

number of blades [20]. The utilization of mm-wave FMCW 

radar for this application has arisen in the last years [21].   

Indeed, this modulation can be used for tag identification 

[22]. This approach is easily implementable even at millimeter-

wave bands where high radar cross-section can be obtained with 

the use of corner reflectors [23][24]. These tags can be located 

as warning signals on the road, to indicate the presence of 

workers moving near the vehicles on the road. The tag could be 

also mounted on cycles to improve their detection. The 

movement of a pedestrian is very complex and therefore it is 

difficult to identify by the radar and distinguish from other 

clutter sources, whereas the proposed tag has a strong echo with 

a particular signature in Doppler domain that, as will be studied, 

makes it easier to detect. Range-Doppler map is a frequently 

used tool in automotive FMCW radars to shows the velocity 

and range of the detected targets.  In this work, the Doppler 

beamwidth in the range-Doppler map more than the HERM 

lines is the feature that is used to identify the tag. Therefore, the 

proposed detection method does not require additional 

hardware in the vehicle because the FMCW radar is also used 

as a reader.  

The paper is organized as follows. Section II deals with the 

basic theory of detection of the micro-Doppler signature by 

FMCW radar from the range-Doppler matrix. Section III and 

Section IV present simulated and experimental results, 

respectively. Finally, Section V draws the conclusions. 

II. RANGE-DOPPLER SIGNATURE AND SYSTEM OPERATION 

A model for the proposed system is shown in Fig. 2. Let us 

begin with a simple case, where a backscatter (P) rotates around 

a center point (O) in the horizontal plane with an angular 

rotation rate (Ω). Ω can be controlled by the spinning motor 

speed. It is assumed that both radar and the transponder are in 

the same plane, therefore the elevation angle is close to zero. D 

demotes the distance from the backscatter point P to the rotation 

center (O), and R0 is the distance between the radar and the 

center.  

 

Considering that D<<R0, the range from the radar to the 

backscatter point can be approximated by: 

 

𝑟(𝑡) ≈ 𝑅0 + 𝑣 · 𝑡 + 𝐷𝑠𝑖𝑛(𝜃0 + 𝛺𝑡) 
= 𝑅0 + 𝑣 · 𝑡 + 𝐷𝑠𝑖𝑛(𝜃0)𝑐𝑜𝑠(𝛺𝑡) + 𝐷𝑐𝑜𝑠(𝜃0)𝑠𝑖𝑛(𝛺𝑡),  (1) 

 

where θ0 is the initial angle at t=0 and v is the relative radial 

velocity of the target with respect to the radar.  

The phase shift due to the propagation is 

𝜙(𝑡) = −2𝑘𝑟(𝑡) = −
4𝜋

𝜆𝑐
𝑟(𝑡)     (2) 

Where k is the wavenumber and λc is the central wavelength 

at which the radar illuminates the target. The Doppler frequency 

shift (fD) of the received signal from the backscatter can be 

obtained using 

𝑓𝐷 =
1

2𝜋

𝑑𝜙(𝑡)

𝑑𝑡
= −

2𝑣

𝜆𝑐
−

2𝐷Ω

𝜆𝑐
cos(Ω𝑡 + θ0)  (3) 

The first term in (3) is the frequency Doppler shift due to the 

linear movement between the radar and the target, whereas the 

second term is the periodical micro-Doppler shift introduced by 

the rotation of backscatter point (P). Notice that if the distance 

D or the rotation rate Ω are small, then the conventional 

expression of the Doppler shift is recovered. As expected the 

larger D, the larger radar cross-section (RCS) of the tag. 

 

 
Fig. 2.  System geometry composed by an automotive radar and a tag 

based on a rotating reflector. 

 

 Automotive radars are based on frequency-modulated 

continuous-wave radar (FMCW) due to the ability of these 

radars to measure simultaneously the target range and its 

relative velocity. To this end, the transmission frequency is 

swept as shown in Fig. 3 in which a block diagram of a typical 

FMCW radar is shown. The complex transmitted FMCW signal 

xT(t) is composed of chirps and can be expressed as: 

𝑥𝑇(𝑡) = ∑ 𝑥𝑐(𝑡 − 𝑙𝑇)∞
𝑙=0  ,     (4) 

with xc(t) is a chirp signal of duration T: 

𝑥𝑐(𝑡) = 𝐴𝑒𝑗2𝜋(𝑓𝑐𝑡+
1

2
𝜇𝑡2)∏(

𝑡

𝑇
)    (5) 

Where  ∏(𝑡) denotes a rectangular pulse signal, A is the 

amplitude, fc is the carrier frequency and µ=B/T is the sweeping 

slope, T is the sweep period and B=fmax-fmin is the bandwidth. 

The backscattered received signal xR(t) is the transmitted signal 

delayed by the propagation delay τ=2r(t)/c and its amplitude is 

proportional to the radar cross-section of the rotation target, 

σ(t): 

𝑥𝑅(𝑡) = 𝐴′√𝜎(𝑡)𝑥𝑐(𝑡 − 𝜏)     (6) 

Where A’ takes into account the attenuation due to the 

propagation. The beat signal is obtained low-pass filtering the 

signal at the Intermediate Frequency (IF) that comes from the 

output of the mixer: 

𝑥𝐼𝐹(𝑡) = 𝑥𝑅(𝑡) · 𝑥𝑐
∗(𝑡) = ∑ 𝑦(𝑡 − 𝑙𝑇)∞

𝑙=0    (7) 

 

𝑦(𝑡) = 𝐴′′√𝜎(𝑡)∏ (
𝑡

𝑇
) · 𝑒−𝑗2𝜋(𝑓𝑐𝜏−

𝜇𝜏2

2
)𝑒−𝑗2𝜋𝜇𝜏𝑡    (8) 
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Fig. 3.  Block diagram of a typical FMCW radar illuminating a rotary 
corner reflector.  

 

By approximating the delay from that happened at the 

beginning of each ramp, τ≈ τ0+2v/c(lT)+(2D/c)sin(Ωt+ θ0),  

and neglecting quadratic terms, which are valid if µ and v are 

reasonably small, then the IF-output signal is: 

𝑦(𝑡) ≈ 𝐴′′√𝜎(𝑡)∏(
𝑡

𝑇
) ·

𝑒
−𝑗2𝜋(𝑓𝑐𝜏0−

𝜇𝜏0
2

2
)
𝑒−𝑗2𝜋𝜇𝜏0𝑡𝑒𝑗2𝜋𝑓𝐷0𝑙𝑇𝑒−𝑗𝛽 sin(Ω𝑡+θ0)     (9) 

 

Where A’’ is the amplitude at the IF-output due to the 

conversion gain of the mixer and fD0=-2vfc/c is the Doppler 

frequency shift due to linear movement. β is the non-

dimensional parameter known in FM signals as modulation 

index β=4πD/λc, being λc the wavelength at the central 

frequency (λc=c/fc). Let’s check the output signal shown in (9), 

the first factor in (9) represents an amplitude term, the second 

is due to the time-of-arrival (TOA), the third product is related 

to the Doppler shift and the fourth factor is the periodic 

modulation effect due to the backscatter rotation. The period of 

this last term is equal to the revolution period Tr=2π/Ω and 

therefore it can be expanded in series of Fourier: 

𝑒−𝑗𝛽 sin(Ω𝑡+θ0) = 

∑ 𝑐𝑛𝑒
𝑗𝑛Ωt𝑛=+∞

𝑛=−∞ = ∑ (−1)𝑛𝑒𝑗𝑛𝜃0𝐽𝑛(𝛽)𝑒
𝑗𝑛Ωt𝑛=+∞

𝑛=−∞  (10) 

 

Where Jn(x) is the Bessel function of first kind defined by: 

𝐽𝑛(𝑥) =
1

2𝜋
∫ 𝑒𝑗(𝑥𝑠𝑖𝑛(𝑢)−𝑛𝑢)𝑑𝑢
𝜋

−𝜋
    (11) 

 

In the fast-ramp-based FMCW radar, the received IF signal 

is digitalized by the ADC with sampling frequency fs and the 

samples are stored into a matrix s(k,l), k=0…N-1, l=0…L-1. 

 

𝑠(𝑘, 𝑙) = 𝐴′′ ∑ ∏(
𝑘𝑇𝑠

𝑇
)√𝜎(𝑙𝑇) ·∞

𝑙=0

∑ 𝑐𝑛𝑒
−𝑗2𝜋(𝑓𝑐𝜏0−

𝜇𝜏0
2

2
)𝑒−𝑗2𝜋𝜇𝜏0𝑘𝑇𝑠𝑒𝑗2𝜋𝑓𝐷0𝑙𝑇𝑒𝑗𝑛Ω(𝑘𝑇𝑠+𝑙𝑇)+∞

𝑛=−∞  (12) 
 

FMCW radars are used in automotive radar to detect the 

range and velocity of the targets through the range-velocity map 

[25](see Fig.4). The range-velocity map, also known as range-

Doppler map (RD), is obtained from two-dimensional FFT of a 

frame s(k,l) which is composed of L chirps with N samples by 

chirp [26]. First, an FFT (range FFT) is applied to each chirp 

signal giving the range position of the echoes. This procedure 

is repeated for each of the L chirp signals of the frame. The 

result of each FFT in range is stored in a column of a two-

dimensional matrix. The Doppler frequency (or velocity) is 

obtained for each range gate by applying a second FFT 

(Doppler FFT) inside each range gate. Therefore, the FFT is 

applied to each row of the two-dimensional matrix. The result 

is stored in the range-Doppler-matrix (RDM). In order to reduce 

the side-lobe interference a windowing is used. Zero padding 

method is used to improve the accuracy. The procedure of 

computation of the RDM is shown in Figure 4. 

From (12), the response of the tag in the RDM will be a set 

of peaks located at k=µτ0-nΩ≈µτ0, which correspond to the 

range position of the tag (assuming that shift introduced by the 

rotation is negligible) and at l=fD0+nΩ/2π, Doppler shift due to 

movement relative to the radar and Doppler associated to the 

rotation respectively. The amplitudes of these peaks are 

modulated by the Fourier coefficient cn. However, as it will be 

shown later, sometimes these peaks are below the Doppler 

(velocity) resolution due to windowing effects in the FFTs. 
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Fig. 4.  Signal sampling and range-Doppler matrix calculation from 2D 
Fourier Transforms.  

III. SIMULATED RESULTS 

Fig.5 shows the amplitude of the Fourier coefficients (Cn) of 

the Doppler induced by the rotation for different values of the 

modulation index β. The bandwidth can be approximated as in 

the case of a frequency modulated (FM) signal by the Carson 

rule: BW≈2(β +1)fr, where fr= Ω/2π is the rotation frequency. 

The bandwidth matches up to the maximum Doppler frequency 

shift (2D·Ω / λc) for high values of . 

 
Fig. 5.  Amplitude of the Fourier coefficients Cn as a function of the 
harmonic index for different values of modulation index β: (a) β =0.1, (b) 
β =1, (c) β =10, (d) β =20.  

 

For an N-blade rotor, there are N scatters at different initial 

rotation angle [12]: 
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𝜃𝑘 = 𝜃0 + 𝑘
2𝜋

𝑁
, 𝑘 = 0,1…𝑁 − 1   (13) 

The result is the superposition of the backscatter echoes. 

Fig.6. shows the amplitude of the Fourier coefficients for a 4-

blade rotor. It is assumed that the radar cross-section of each 

backscatter is the same. Considering the constructive and 

destructive contributions, the equivalent scenario is a system 

that rotates four (N)  times faster, being the amplitude four (N) 

times higher (N=4). On the other hand, neither the bandwidth, 

which depends on the modulation index nor the rotation 

frequency, change with respect to the case with only one 

backscatter. 

 
Fig. 6.  Amplitude of the Fourier coefficients Cn for a 4-blade rotor as a 
function of the harmonic index for different values of modulation index 
β: (a) β =0.1, (b) β =1, (c) β =10, (d) β =20. 
 

In order to show pieces of evidence of the feasibility to detect 

the proposed transponder in complex scenarios, several 

simulations have been performed. The scenario is composed of 

a car with a radar on board and another car driving on the same 

lane at a speed of 8 m/s faster than the radar and a RCS of 18 

dBsm. A stationary rotating corner is located at the right side 

and it presents a radar cross-section of -10 dBsm (for example 

to emulate the RCS of a worker, pedestrian or cyclist). The 

worst-case for detection has also been considered, which is one 

in which the speed is similar to that of  larger objects around or 

it moves at a very slow speed. Behind the transponder, there are 

three trees with an RCS of 10 dBsm (see Fig.7).  

 
Fig. 7. The scenario used in the simulations 

 

When the radar is in motion, the fixed targets like the corner 

and the trees have a relative velocity of – 5 m/s (assuming that 

the vehicle with the radar is moving at 5 m/s). The simulations 

have been performed with a FMCW radar with the same 

parameters than the radar used for the experimental verification 

(see Table I). The radar sweeps from 24-24.3 GHz with a sweep 

time of 256 µs and a sampling frequency of 1.2 MHz. The 

number of points per chirp N was 256 and the number of frames 

L=128. The Hann window (Hanning window) was considered. 

Fig.8a shows schematically the position of the targets in the 

scenario proposed. Figs.8b-c shows the range-Doppler map in 

dB when the rotation corner is stopped (Fig.8b) or in movement 

(Fig.8c). Considering a value of D=0.05 m and a fr=15 Hz (1000 

rpm), a modulation index β =20 is obtained. The small RCS of 

the pedestrian is masked by trees, or other close objects, with 

higher RCS. However, the position of the pedestrian (or cyclist) 

can be identified by using a rotation corner. A nearly constant 

signature in the Doppler axis around the point in the range-

Doppler without rotation extending a variation 

Δv=BW·c/(2fc)=3.75 m/s is observed according to the theory 

presented. This particular Doppler signature is difficult to 

obtain with other targets, therefore it can be used to identify a 

rotation corner and warn the car of the close presence of a 

sensible target as road workers, pedestrians or cyclists. 
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Fig. 8. (a) Locations and velocities of the targets, range-Doppler map 
in dB when the motor is Off (b) and On (case D=0.05 m, fr=15 Hz)(c). 

 

IV. EXPERIMENTAL RESULTS 

Some experiments in the laboratory have been conducted in 

order to demonstrate the theory. A rotating circular trihedral 

prototype was made with a 3D printer and covered with 

conductive tape. These devices are characterized by their high 

RCS and nearly uniform angular behavior. The diameter of the 

corner is 15.75 cm and the theoretical maximum RCS is 6 dBsm 

at 24 GHz [10]. The device is connected to a DC motor (RS 

PRO Stock No: 321-3192). A Hall-effect sensor (Analog 

Devices AD22151) connected to an oscilloscope was used to 

characterize the rotation velocity of the transponder. The Hall 

sensor generates a voltage pulse every time that this is 

approached to a small magnet attached to the rotary table. 

Rotation frequency is obtained by measuring the pulse 

repetition frequency. The rotation velocity can be adjusted 

changing the voltage applied to the DC motor. An image of the 

rotating corner is shown in Fig.9.  A FMCW radar at 24 GHz 

implemented in the EVAL-DEMORAD from Analog Devices 

was used for performing the measurements. The radar sweeps 

from 24-24.3 GHz with a sampling frequency of 1.2 MHz and 

a sweep time of 250 µs. The points per frame were 256 and a 

total of 128 frames were used.  

Fig.10 shows the measured range-velocity maps performed 

in the laboratory using the radar located at 1.5 m from the 

corner, considering four rotation velocities: 0 rev/min, 460 

rev/min, 955 rev/m, 1320 rev/m. Fig.11 shows a cut for the 

range 1.5 m as a function of the velocity for the four 

measurements. An increase of the bandwidth in velocity Δv 

proportional to the rotation frequency is observed. On the other 

hand, a discrete behavior can be observed too, especially at 

higher rotation frequencies, because the radar presents enough 

velocity resolution to distinguish the spectral lines. A 

comparison between the theoretical bandwidth considering D 

equal to the radius of the corner (15.75/2 cm) and measurements 

derived from the rotation velocities is shown in Fig.12. Despite 

the simplified theory presented, the spectrum bandwidth is in 

agreement with measurements.   

 

 
Fig. 9. Photography of the rotation corner used in the experiments. 

 
Fig. 10. Measured Range-Doppler map in dB with the motor off (a) and 
the motor on for different rotation velocities: (b) 460 rev/m, (c) 954 
rev/min, (d) 1320 rev/min. 
 

Measurements have been performed in three scenarios. The 

first scenario, shown in Fig.13, is a street where the rotating 

corner (tag) is located close to a guardrail. Fig.14 shows 

measurements in scenario 1. The experiment considers two 

motor states (at 0 and 1000 rev/m), with the rotating corner at 8 

m from the radar. The large reflections due to clutter, guardrail, 

posts, and ground make difficult the identification of the tag 

when the motor is motionless. Fig.15 shows the measurement 

of the rotating corner with the motor on (at 1000 rev/min) 

located at 12 m from the radar in scenario 1.  

TABLE I 
PARAMETERS USED IN THE SIMULATION OF THE SCENARIO 

Parameter Value 

Frequency Range (GHz) 24-24.3 

Transmitter power (dBm) 

Tx, Rx antenna Gain (dBi) 

8 

13.2 

Azimuth beam width -3 dB (deg) 76.5 

Sampling frequency (MHz) 

Sweep time T (µs) 

1.2 

256 
Number of samples per chrip N 

Number of chiprs per frame L 

256 

128 

Radar velocity (m/s) 5 
Car RCS (dBsm) 18 

Car velocity (m/s) 

Corner RCS (dBsm) 

13 

6 
Corner velocity (m/s) 

Tree RCS (dBsm) 

0 

10 

SNR (dB) for 0 dBsm target at 5 m 6 
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Fig. 15b corresponds to a measurement with a pedestrian 

walking to the radar in front of the corner. This behavior allows 

distinguishing the rotating corner from other objects even if the 

RCS of these objects is higher than the transponder and 

therefore warns of the presence of a person associated with the 

rotating reflector, demonstrating the advantages of the proposed 

solution.  

Fig.16 shows photography of the second scenario. In this 

case, the rotating corner is located at 8 m just in front of a parked 

car in the street that produces a strong reflection, but the 

backscatter on top of the cone continues being detected, as 

shown in Fig.17. This figure shows the measurements with the 

motor on without traffic (Fig.17a) but also with another car 

passing near the corner (Fig.17b) that introduces a cloud of 

reflections.  

Fig.18 shows an experiment with the radar onboard a vehicle 

in movement. The measurement sets the rotating backscatter 

with the motor on (1000 rev/m) on top of a cone, close to the 

guardrail similar to scenario 1. Now, the response is observed 

shifted towards negative velocity, due to the radial velocity of 

the corner approaching the vehicle in movement. However, the 

characteristic signature in the Doppler domain allows to 

identify it, demonstrating that the identification enhancement 

continues to be effective in a non-static situation. We are using 

a low velocity for the sake of safety. 

Fig.19 shows a typical scenario (scenario 3) with a car 

standing at the edge of the road close to a guardrail. The corner 

with the motor on is located in front of the car to highlight its 

position. The radar is mounted in a car that is moving toward 

the corner parallel to the guardrail. Fig. 20 shows measurement 

in this scenario where the corner is located at 15 m from the 

radar. In this case, a shift in the corner response due to the 

Doppler effect associated with the movement can be observed. 

The strong reflection of the guardrail makes difficult the 

identification of the standing car. However, the signature of the 

corner is clearly identified.  

 
Fig. 11. Cut of the Range-Doppler of Fig.10 at range 1.5m comparing 

the response in the velocity axis with motor is Off and On. 

 
Fig. 12. Comparison of the measured velocity bandwidth () and 

theoretical expression from the measured rotation velocity. 

 
Fig. 13. Photography of the scenario 1 in a street with a guardrail with 
the rotating corner mounted on a safety cone. 
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Fig. 14. Measured range-Doppler range map in scenario 1 where the tag 

is located at 9 m with the motor off (a) and with the motor on (b).  
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Fig. 15. Measured range-Doppler range map in scenario 1 where the tag 

is located at 12 m with the motor on (a) and with a pedestrian walking 

close to the tag (b).  
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Fig. 16. Photography of scenario 2 with the rotating corner mounted on 
a safety cone in front of a car. 

Rotation

corner

Car

CarCar

 
Fig. 17. Measured range-Doppler range map in scenario 2 where the tag 

is located at 8 m with the motor off (a), and with another car driving down 

the street in front of the tag (b).  
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Fig. 18. Measured range-Doppler range map in scenario 1 where the tag 

is moving to the radar at 6 m of distance. 

 

 
Fig. 19. Photography of scenario 3 with the rotating corner mounted on 

a safety cone near a guardrail and the radar mounted in a car. 

 

 

 

Car

Rotation

corner
Guardrail

 
Fig. 20. Measured range-Doppler range map in scenario 3 where the tag 

is located close to a stopped car close to a guardrail. The radar is 

mounted in a car that is moving towards the tag parallel to the guardrail. 

 
Fig. 21. Output of CFAR processor for the range-Doppler map of Fig.20. 

 

From the range-Doppler map, automotive radars use constant 

false alarm rate (CFAR) techniques to detect the targets [23]. 

The aim of the CFAR algorithm is to determine the threshold 

above which the signal can be considered a target. Different 

CFAR processors have been proposed to perform this estimation. 

The well-known cell-averaging constant false alarm rate (CA-

CFAR) noise estimation is based on averaging the values of the 

cells in the training area. CA-CFAR is applied in both 

dimensions (range and Doppler). The signal returned from the 

rotating corner spreads the energy in the Doppler direction. This 

will be considered like a noise, and hence it will be filtered 

when the averaging is performed. Fig. 21 shows the results after 

the CA-CFAR processor is applied to the range-Doppler map 

of Fig. 20. The threshold was set to 10 dB over the noise 

estimated from the output of a classic CA-CFAR algorithm. A 

total of 10 averaging and 5 guard cells in range and velocity 

have been used respectively. The target related to the structural 

mode that is RCS’ average of the corner including its support is 

detected. Similar results have been obtained used standard 

CFAR processors such as the ordered statistic constant false 

alarm rate (OS-CFAR).  Therefore, it can be concluded that the 

rotation corner does not interfere with the automotive radar, but 

a detection algorithm must be designed to detect it. The 

algorithm should have low computational cost and should be 

compatible with the standard automotive signal processing 

techniques that will allow the implementation in embedded 

platforms. 
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Fig. 22. Schema of rotating transponder detector based on a filter in 

Doppler and the average range profile. 

 

Fig. 22 shows schematically the main steps of the detection 

algorithm. It is based on a notch filter in Doppler direction that 

removes the undesired targets. The strongest targets associated 

to moving cars can be removed using the CFAR algorithm. 

Therefore, a cleaned range-Doppler matrix (RDik) consisting of 

the cells that are below of the adaptive threshold obtained from 

the CFAR algorithm is used as the starting point of the detection 

algorithm. However, residual clutter is still present. These 

points are removed using an ideal notch filter. The center of the 

band is estimated from the centroid of the average velocity 

profile (AVP). This centroid will be close to the average relative 

velocity of the vehicle equipped with the radar. The AVP 

profile is obtained from the sum by columns of the cleaned 

range-Doppler map (see Fig. 22): 

𝐴𝑉𝑃(𝑣𝑘) =
1

𝑁
∑ |𝑅𝐷𝑖𝑘|

2𝑁
𝑖=1      (13) 

Where N is the number of cells in velocity axis and RDik is the 

range-Doppler map at the cell with velocity vk and range ri. The 

bandwidth of the filter is adjusted automatically taking 20 times 

the standard deviation of the AVP. Then, the notch filter is 

applied. The average range profile is obtained by summing the 

rows of the filtered range-Doppler map (see Fig. 22). 

𝐴𝑅𝑃(𝑟𝑖) =
1

𝑀
∑ |𝑅𝐷𝑖𝑘|

2 · |𝐻𝑖𝑘|
2𝑀

𝑘=1    (14) 

Where M is the number of cells in range and Hik is the transfer 

function of the notch filter. In absence of the rotating corner, 

the result shows a nearly constant value corresponding to the 

averaged clutter and noise. However, in presence of a rotating 

corner, a peak at the range position of the transponder (rc) is 

obtained. 

Fig. 23 compares the average range profile obtained for the 

range-Doppler shown in Fig. 14 considering or not the rotating 

transponder. Figs. 24-25 show the average range profile 

obtained for the range-Doppler shown in Figs. 19-20, 

respectively. These figures demonstrate that it is possible to 

detect the presence of the rotation corner from a simple 

threshold, whereas the position can be obtained from the 

maximum of ARP. Typically, signal to noise higher than 20 dB 

ratio is obtained for the measured cases. Note that the detection 

algorithm is compatible with standard techniques used in 

automotive radar and allows to automatically obtain the 

presence of the rotation corner and the distance at which it is 

located, without any training or complicated parameter 

selection. 

 
Fig. 23. Average range profile corresponding to the case of Fig. 14 with 

and without the presence of the rotation corner. 
 

 

  
Fig. 24. Average range profile corresponding to the case of Fig. 19. 

 
Fig. 25. Average range profile corresponding to the case of Fig. 20. 

 

V. CONCLUSIONS 

This paper proposes the use of rotating corners as a 

modulated transponder tag to improve the identification by 

automotive FMCW radar of objects with small RCS that can be 

masked by other objects. The theory of operation with FMCW 

radars has been presented and has been validated with 

simulations and experimental results at 24 GHz. A wideband 

spectrum in Doppler allows the identification of the transponder 

from other objects. The level of RCS can be adjusted with the 

dimensions of the corner and their fabrication is easy in 

comparison with other active transponders. As the RCS 

increases with the frequency, the corner can be used with a great 

range of frequency bands. Higher range detectability can be 

achieved at 77 GHz in long-range radar compared to short-

range radars at 24 GHz due to the higher RCS of the corners. A 

simple detection algorithm has been proposed for the automatic 

detection of the presence of a rotation corner from the measured 

range-Doppler map. Increasing the size (diameter) of the 
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rotating corner and the rotation velocity, the bandwidth in 

Doppler increases. Therefore, the energy is spread in Doppler 

making its detection difficult with standard CFAR processors 

because the signal is confused with the background noise. 

Therefore, the interference in the radar is cancelled. However, 

the proposed technique based on the integration of the energy 

in Doppler allows to detect the rotating motor although the RCS 

of the corner is not very high. The main limitation of the 

proposed system is the power consumption associated with the 

motor. The batteries required to supply this motor and their 

lifetime can be a problem for some applications if there are not 

access to another power source. A low power consumption 

electronic version can be explored in future works based on 

other modulated backscatters. Therefore, the transponder could 

be held by pedestrians, cyclists, or as warning signals to 

indicate the presence of workers on the road.  It can be used to 

enhance the detection in range-velocity maps used in 

automotive radars of pedestrians or other objects that can be 

masked by strong clutter.  
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