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Abstract—In this paper, a new sensing approach for the 
automatic detection and ranging of human targets in 
cluttered environments is detailed. The person detection 
does not require to preliminarily define a target threshold, 
thus minimizing the likelihood of false alarm events. 
Moreover, the proposed approach allows to resolve the 
artifacts due to the presence of multiple objects within the 
same radiation beam without increasing the system 
complexity and cost. A powerful graphical representation, 
denominated range-breathing graph, is exploited for quickly 
making the reader aware of the exact human location, 
employing the breathing rate as the key element for 
discerning between humans and non-human targets. The 
method is analytically described while exhaustive 
simulations are carried out for confirming the reliability and suitability of the method with regard to the state of art. 
The effectiveness of the range-breathing separation approach is demonstrated by using two different radar boards 
operating at the frequencies of 24 GHz and 122 GHz. The obtained results show the general validity of this approach 
for identifying humans in complex cluttered scenarios 

 
Index Terms— Vital signs, breathing rate measurement, microwave radar, FMCW waveform, human target detection, 

short-range radars, contactless sensors. 

 

 

I.  Introduction 

HE task of detecting and locating humans in both indoor 

and outdoor environments is gaining strong interest for 

civil, medical, industrial and military applications [1] - [5]. 

The main examples include but are not limited to the capability 

of detecting buried people under debris, positioning and 

navigation, intrusion detection or health-care surveillance. 

The human detection often relies on contact-based transducers, 

infrared sensors or optical/vision systems [6] - [11]. While worn 

contact-based transducers might compromise the user’s 

comfort, infrared sensors are very sensitive to different ambient 

light and temperature conditions. Although the optical/vision 

systems might provide precise localization of human targets 

upon normal operations, different ambient light conditions 

seriously limit their performance [12] - [13].  The related 

privacy concerns make this technology unsuitable for a wide set 

of applications. Moreover, camera-based systems could be 

considered bulky if compared to the dimensions of the circuits 

operating at very high frequencies, i.e. millimeter-waves. 

In this framework, the microwave and millimeter-wave radar 

technology is showing a disruptive impact in terms of 

reliability, precision and multiplicity of provided information 

for short-range applications [14] - [18]. Moreover, radar sensors 
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can be considered un-intrusive systems that simultaneously 

preserve the privacy of the users. Avoiding privacy concerns is 

not only a matter of improving the users’ comfort but rather it 

is a serious topic involving restrictive regulations and 

limitations to the usability and applicability of the available 

systems, especially in smart environment [19] - [21]. The task 

of detecting the human presence in short-range environments 

usually relies on the detection of vital signs, e.g. the breathing 

rate [22] - [25]. To this purpose, the unmodulated continuous 

wave (CW) and the frequency modulated continuous wave 

(FMCW) are the two most employed radar techniques [25]. The 

main advantage of CW over FMCW concerns the better 

precision in measuring speeds and displacements, thus allowing 

to measure sub-millimeter range shifts [15] - [16]. 

Nevertheless, it lacks in the ability of measuring absolute 

ranges, which instead is one of the main features of FMCW 

radars [12]. Despite the great strides made by the research, the 

wide number of recent scientific articles proves that the human 

detection is still a challenging task and the existing solutions are 

not fully suitable to be completely automated. In [27], a 

valuable solution involving the scene reconstruction through 

2 D radar imaging has been proposed. A 5.8 GHz radar 

mounted on a tripod for achieving a mechanical rotation has 
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been employed to identify a human target by exploiting both 

FMCW and interferometry modes and analyzing different echo 

signals from different angles-of-arrivals. In [28], a 

self-injection-locked radar system on a mobile platform has 

been used for detecting and monitoring the position of 

concealed humans in a 2-D image. Besides requiring the radar 

motion for scanning the scenario, this system must be 

maintained in every scanning position for a long time. In [29], 

a moving platform has been employed for measuring the 

breathing rate of human targets, meanwhile removing the radar 

motion effects by means of a reference signal derived from an 

RF tag worn by the person. In [30], a fundamental and harmonic 

dual-frequency radar detected the human vital sign eliminating 

the radar motion effects. However, the system required a 

stationary reflector, whereas the radar was vibrating rather than 

exactly moving. In [31], [32], mobile radar systems whose 

movement is accomplished by employing a drone and a sliding 

platform, respectively, generated a 2-D target image for 

identifying human targets. In [33], Multiple-Input-Multiple-

Output (MIMO) architectures have been employed for 

coherently combining the same signal with different phases, 

thus greatly improving the target sensing. In [34], multiple 

human targets have been detected and tracked by using a multi-

receiver radar board, exploiting an angle estimation algorithm 

to ensure high robustness against false alarm and ghost targets. 

In [35], Doppler processing and spectral estimation are 

concurrently exploited for detecting the vital signs of multiple 

targets located at distances shorter than the radar spatial 

resolution, eliminating the mutual interference by means of a 

range integration algorithm. In [36], a mm-wave radar has been 

employed for the remote monitoring of human signs. Although 

it shows relevant results, both a preliminary target recognition 

step and computationally onerous algorithms are required. Even 

though for a different application, a range-vibration map has 

been proposed in [37] to search for the best range bin that 

minimizes the vital sign estimations errors. However, this 

method has been selectively applied to small sub-range of the 

surrounding space, thus not accounting for the interaction 

between different targets. Therefore, it might not be used for the 

human detection in its current form. The above-mentioned 

solutions require to place the radar on a moving platform or to 

employ complex radar architectures and signal processing 

techniques for dealing with the noise arising from the artifacts 

due to the presence of multiple objects. Although these 

solutions are attractive for their capability to effectively solve 

this issue, this task has been performed at expenses of system 

complexity and cost.  

A novel feature introduced in this paper concerns the ability of 

detecting multiple humans against clutter within the same 

antenna radiation beam, thus avoiding the increased system 

complexity and cost required by the existent techniques. The 

task of establishing whether a target is human or not usually 

depends on the detection of a vital sign like the breathing, 

whereas the echo is considered a target of interest upon it passes 

a threshold defined through a target detection algorithm [38]. 

Therefore, a not properly selected threshold could involve 

missing targets or false alarms, thus affecting the system 

reliability. A further element of novelty in this paper consists of 

the capability to determine the position of all the humans within 

the operating scenario without employing a threshold, as an 

inherent consequence of the adopted technique. Moreover, the 

achieved results are provided by exploiting a graphical 

representation denominated range-breathing graph that allows 

a quick detection and ranging of the human targets. Even 

though with different goals and methodology, the range-

breathing graph is inspired by the well-known range-Doppler 

algorithm. As the latter allows to quickly discern whether the 

target is stationary or not, in a similar fashion, the range-

breathing separation graph allows to straightforwardly 

recognize and locate breathing targets in a complex 

environment, at a glance.  

To the authors’ best knowledge, this is the first contribution 

where the human’s recognition is automated within the same 

radiation beam and where the results are provided with such an 

intuitive and powerful representation. 

The paper is organized as follows. In Section II, a 

comprehensive theoretical description of the method and the 

proposed procedure are reported. The analytical steps are 

supported by the simulation of the scenario.  In Section III, the 

effectiveness of the theoretical analysis is experimentally 

demonstrated and the main results are illustrated by employing 

two different radar boards operating at the central frequencies 

of 24.15 GHz and 122.5 GHz. Finally, the conclusions are 

drawn in Section IV.  

II. RANGE-BREATHING SEPARATION THEORY 

The range-breathing approach exploits the detection of the 

breathing signal as a signature for separating human from non-

human targets. To this aim, an automated detection procedure 

has been implemented and hereafter described by assuming to 

employ an FMCW radar sensor.  

A. Theoretical Background 

In conventional FMCW radars, the frequency-modulated 

signal is generated by a voltage-controlled oscillator (VCO) 

and, after passing through an amplification stage, transmitted 

by means of the antenna. The linear modulating signal used in 

this paper is saw-tooth shaped. The mathematical expression for 

the transmitted electromagnetic signal 𝑠𝑡𝑥(𝑡) can be formulated 

as [39] 

𝑠𝑡𝑥(𝑡) = 𝑒𝑗 (2 𝜋 𝑓𝑐 𝑡 + 𝜋 
𝐵

𝜏
 𝑡2 + 𝜙0)

     (1) 

where 𝑓𝑐 is the center frequency, 𝐵 is the bandwidth of the 

modulated chirp, 𝜏 is the duration time of a single saw-tooth 

ramp and  𝜙0 is the initial phase. When a human is located 

within the radiation beam of the antenna, the transmitted signal 

is back-reflected towards the radar. After the antenna reception 

and the low-noise amplification, if the signal-to-noise ratio of 

the received signal 𝑠𝑟𝑥(𝑡), is adequate to be detected, it can be 

expressed as [40] 

𝑠𝑟𝑥(𝑡) = 𝜎 𝑒𝑗 (2 𝜋 𝑓𝑐 (𝑡−∆𝑡) + 𝜋 
𝐵

𝜏
 (𝑡−∆𝑡)2 + 𝜙0)

    (2) 

where 𝜎 is the amplitude of the received signal and ∆𝑡 is the 

round-trip time 
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∆𝑡 =
2(𝑅+𝑥(𝑡))

𝑐
          (3) 

where 𝑐 is the speed of the light, 𝑅 is the range of the object 

and 𝑥(𝑡) is the time-varying tiny displacement of the human 

chest due to the breathing activity. As a matter of fact, this 

analysis ignores the possible additional random movements of 

the body that however might be removed during the 

post-processing steps [41]. After passing through an In-phase 

and Quadrature (IQ) demodulator and a low-pass filtering stage, 

the beat signal 𝑠𝑏(𝑡) becomes 

𝑠𝑏(𝑡) = 𝜎 𝑒𝑗 ( 2𝜋  
𝐵

𝜏
 ∆𝑡 𝑡 + 2 𝜋 𝑓𝑐 ∆𝑡 + 𝜙1)

    (4) 

where 

 𝜙1 = 𝜋  
𝐵

𝜏
 ∆𝑡2        (5) 

is the residual phase component that might be neglected for 

short-range applications, namely when ∆𝑡2 ≪   𝑡∆𝑡 [41]. The 

first term in the exponent of (4) is attributed to the sinusoidal 

beat signal generated by the back-scattered echo. During a 

single chirp, the time shift due to the chest displacement 𝑥(𝑡) is 

very small and the object might be considered stationary in the 

fast-time space. This involves that the beat frequency 𝑓𝑏 might 

be considered directly related to the range of the object by 

means of 

𝑓𝑏 =
2  

𝐵

𝜏
 R

𝑐
                 (6) 

The second term in the exponent of (4) analyzed through 

multiple chirps, represents the slow-time phase history. It is 

exploited for extracting the chest displacement as 

𝑥[𝑛,𝑚] =
𝜑[𝑛,𝑚]

4𝜋 𝑓𝑐
𝑐          (7) 

where 𝑥[𝑛,𝑚] is the chest displacement due to the breathing 

physiological motion that in turns modulates the phase 𝜑[𝑛,𝑚] 

computed at the mth bin in the slow-time, within the nth range 

bin in the fast-time. The notation has been moved from a 

continuous-time notation to a discrete-time notation because the 

beat signals are usually acquired and digitally converted in a set 

of bins [𝑛, 𝑚] (𝑛 = 1, 2, … , 𝑁 and 𝑚 = 1, 2, … , 𝑀), where 𝑁 is 

the number of samples-per-chirp (fast-time) and 𝑀 is the 

number of transmitted chirps (slow-time). The extraction of the 

phase history works out correctly only if the object remains in 

the same position, i.e. in the same nth range-bin, during all the 

phase history processing. Otherwise, a range-alignment 

algorithm must be implemented before evaluating the phase 

[43]. The phase is limited within the interval (−𝜋, 𝜋), thus the 

phase difference between two consecutive chirps must not 

exceed the boundary of 2𝜋 for avoiding phase ambiguities. 

Moreover, in practical applications, a phase un-wrapping 

algorithm could be required for extending the phase history 

values beyond these boundaries [44]. 

B. Automated Range-Breathing Separation 

The radar system has been simulated by employing a 

transmitted bandwidth sweeping from 122 GHz to 123 GHz, 

i.e. 1 GHz bandwidth centered at 122.5 GHz, to provide the 

range resolution of 15 cm. The duration time of a single saw-

tooth ramp and the time between successive chirps have been 

set equal to 350 s and 74 ms, respectively. These two 

parameters must be chosen to guarantee a phase difference 

between two consecutive chirps not exceeding 2π, for the 

reason described in Section II A. In Fig. 1, the transmitted 

waveform and the main parameters have been shown. The 

initial step of the algorithm consists of (a) performing a DC 

offset compensation, (b) implementing a fast Fourier transform 

(FFT) over each chirp along the fast time and then (c) 

computing the range 𝑅 from (6). The typical outcome is the 

range profile graphically represented in Fig. 2. A Blackman 

window (window length equal to the number of samples-per-

chirp) has been applied prior to implement the range FFT. In 

detail, it shows the range profile of two people and a stationary 

non-human target at the distance of 2 m, 3 m, and 5 m from the 

radar, respectively. Note that even though the simulated 

environment might be considered quite complex due to the 

presence of multiple human and non-human targets within the 

same antenna radiation beam, it does not circumvent the 

important issues arising from the so-called random body 

movement [45], which remain a significant task still to be 

accomplished as further research work. Typical values have 

been chosen as vital parameters for the two human targets, i.e. 

breathing frequency and amplitude, simulating a scenario as 

close as possible to a real one. The two breathing rates are 12 

bpm and 20 bpm, whereas the breathing amplitudes are ± 2.5 

mm and ± 3.5 mm for the person at 2 m and 3 m, respectively. 

The corresponding maximum range shift between two 

consecutive chirps is 0.23 mm and 0.54 mm, respectively, thus 

complying with a phase difference not exceeding 2π. The next 

step that is usually performed consists of extracting the phase 

history only for the range bins showing the targets’ presence 

[43]. The outcome of this step is the phase history 𝜑(𝑡) from 

which the displacement 𝑥(𝑡) can be straightforwardly extracted 

by means of (7). In Fig. 3, the chest displacements of the two 

human targets are shown before and after the unwrapping 

procedure. This widely adopted method is based on a correct 

detection of every target. However, if a target is lost, e.g. 

because of a high clutter level or a bad threshold selection, the 

corresponding chest movement will not be measured and the 

human target will not be identified. 

 
Fig. 1.  Transmitted waveform and main parameters. 

  
Fig. 2.  Simulated range profile of two people and a stationary non-human target 

at the distance of 2 m, 3 m, and 5 m from the radar, respectively. 

Min 

Max 
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Fig. 3.  Simulated chest displacement of the two human targets before and after 
the unwrapping procedure. 

 

The proposed procedure is aimed at overcoming this 

limitation, thus pointing towards a reliable and automated 

detection of each human target within the environment. The 

second step of the method consists in extracting and 

unwrapping the phase for each range bin. The resulting data are 

organized in a matrix, i.e. the phase history matrix, where the 

columns are the phase histories and the rows are the range bins. 

Since the phase extraction might be based on relatively simple 

algorithms, e.g. the arctangent demodulation, this might not 

excessively burden the computational cost of the algorithm, 

temporarily solving the problem. The term “temporarily” has 

been used because the problem is only shifted to the next step. 

Now, the task is detecting the possible presence of vital signs 

within all range bins. There are three different possibilities: 

1. There are no movements. 

2. There are movements whose amplitude and period are 

compatible with those of the vital signs. 

3. There are movements not compatible with those of the vital 

signs. These movements, e.g. a window opened by the wind 

or a moving car, could be easily classified and removed. 

The third step of the proposed technique consists in 

performing an additional FFT over the extracted phase history. 

If one or more breathing targets are detected, the spectrum 

computed over the phases, 𝑆𝜑(𝑓), will exhibit one or more 

peaks centered at the breathing frequencies 𝐹𝑏𝑟𝑒𝑎𝑡ℎ. The 

resulting data are again arranged in a matrix where the phase 

history columns of the previous step are now replaced by the 

corresponding frequency spectrum, i.e. the phase spectrum 

matrix. The last step consists of multiplying the phase spectrum 

matrix by the range profile matrix thus resulting in the range-

breathing matrix. The magnitude of the range profile data 

computed in the first step, after the multiplication step, is 

reduced upon moving away from 𝐹𝑏𝑟𝑒𝑎𝑡ℎ whereas it is increased 

upon approaching 𝐹𝑏𝑟𝑒𝑎𝑡ℎ. Four different cases could arise: 

1. One or more breathing targets are present at a certain range 

bin. Consequently, 𝑆𝜑(𝑓) exhibits strong peaks centered 

at 𝐹𝑏𝑟𝑒𝑎𝑡ℎ that multiplied by the corresponding range profile 

will enhance the signal strength, because the human echo is 

multiplied by the peak value of 𝑆𝜑(𝑓). 

2. One or more non-breathing stationary targets are present at 

a certain range bin. 𝑆𝜑(𝑓) does not exhibit peaks thus the 

multiplication by the corresponding range profile in turns 

will decrease the signal strength.  

3. No targets are present at a certain range bin. 𝑆𝜑(𝑓) shows 

no peaks or complex frequency components due to spectrum 

leakage, whose effect is eliminated by the magnitude of the 

corresponding range profile that has a low level due to the 

absence of a target echo.  

4. One or more non-breathing targets exhibiting vibrating or 

periodical motions, e.g. a fan, window blinds in front of an 

open window, are present within the range profile. If their 

frequencies fall out of the respiration interval, they can be 

easily filtered out. Otherwise, their removal might become 

challenging since they appear as breathing objects. This last 

issue is currently object of study within the available 

scientific literature and might require additional signal 

processing steps. 

It is worth noting that the multiplication step is required to 

enhance the signal-to-noise ratio of the phase components 

coming from the human targets. Indeed, the range bins with no 

targets can be characterized by residual phase components, e.g. 

due to spectrum leakage, making the phase spectrum complex 

and the human detection challenging. The multiplication by the 

range profile allows to rule out the undesired components thus 

excluding the range bins with no targets. On the other hand, this 

step enhances the capability of detecting weak echoes coming 

from human targets, because their low magnitude is multiplied 

by the peak value of the additional FFT over the phases. This 

peak amplitude does not depend on the echoes magnitude but 

rather from the amplitude of the physiological chest 

displacement that is definitively more pronounced than the zero 

motion of non-breathing targets. A matrix representation of the 

processing steps is shown in Fig. 4. In the range profile matrix, 

two targets are represented: a breathing and a stationary object 

in rows 2 and 4, respectively. An FFT has been computed on 

the phase histories for each range bin. In the resulting phase 

spectrum matrix, the stationary target row has been filled with 

zeros involving the absence of phase shifts. On the other hand, 

row 2 shows a one centered at the breathing frequency peak. 

Residual phase components could occur in range bins with no 

targets: this event has been considered by adding a one in row 1. 

Eventually, the multiplication of the phase spectrum matrix by 

the range breathing matrix will highlight the target presence, 

automatically deleting both stationary targets and undesired 

residual phase components.  
 

 
Fig. 4.  Matrix signal processing steps. 

 
Fig. 5.  Range-breathing graph for simulated scenario. 
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Fig. 6.  Flow diagram of the range-breathing method. 

 

 

Moreover, the outcome of the last step, where the breathing 

frequencies are converted to breathing-per-minutes (bpm), i.e. 

the range-breathing matrix, is graphically represented by 

introducing a new graph type inspired by the well-known 

range-Doppler graph, here referred to as range-breathing graph.  

As the range-Doppler graph allows to quickly discern whether 

a target is stationary or not, in a similar fashion, the range-

breathing graph is a three-dimensional surface plot, that allows 

identifying all the breathing targets and their location, at a 

glance.  The x-, and y- axes represent the breathing rate and the 

range, respectively, whereas the color varies according to the 

magnitude. The range-breathing graph concerning the 

simulated scenario is shown in Fig. 5. It is worth noting that not 

only the stationary target has been totally removed but 

moreover this task has been automatically accomplished 

without the need for a threshold-based algorithm aimed at the 

target detection. The signal processing steps, the performed 

tasks and their outcome are summarized in Table I, whereas the 

flow diagram of the range-breathing method is illustrated in 

Fig. 6. In Section III, the procedure has been applied to different 

real cases, highlighting its main features and reliability. It is 

interesting to compare the range-breathing to the range-Doppler 

method for highlighting the key differences. The range-Doppler 

processing, after the fast-time FFT aimed at computing the 

range profile, requires a slow-time FFT along the range profile 

for obtaining the Doppler components of the targets. The range-

Doppler processing applied to the case-of-studies of the present 

contribution might show the Doppler components of the human 

breathing. Unfortunately, this is not a sufficient feature for 

properly distinguishing between human and not human targets. 

Indeed, since additional not human but moving objects could be 

present within the environment, their Doppler components 

could be confused with those of the human, thus making the 

human separation very challenging. In the range-breathing 

processing the second FFT is computed on the phase history 

matrix, thereafter the obtained phase spectrum matrix will be 

multiplied by the range profile matrix. These two steps are the 

keys for obtaining the range-breathing map thus providing an 

intuitive representation of the humans at the different ranges, 

automatically excluding not-breathing targets. 

III. EXPERIMENTAL RESULTS 

The effectiveness and the general validity of the procedure 

have been demonstrated by employing two radar boards, 

operating within the 24 GHz and 122 GHz Industrial, Scientific 

and Medical (ISM) bands. Two different radar boards have 

been used with the aim of testing the effectiveness and the 

reliability of the proposed approach for different 

case-of-studies. The 24 GHz radar board exploits an Infineon 

BGT24MTR11 SiGe transceiver chipset [46]. It is also 

equipped with both transmitting and receiving antennas and a 

microcontroller for driving the transceiver and sending the row 

IQ data to the computer through an UART interface. The 

duration time of a single saw-tooth ramp, the bandwidth and the 

chirp repetition time have been set equal to 2 ms, 200 MHz 

(24.05 GHz-24.25 GHz) and 9 ms, respectively. The radar 

parameters have been chosen for providing suitable maximum 

measurable phase shifts and ranges, whereas the spatial 

resolution of 75 cm resulting from the 200 MHz bandwidth is 

the maximum allowed value within the 24 GHz ISM band [12]. 

The 122 GHz board employs a Silicon Radar TRX_120_002 

on-chip frontend, including a SG13S SiGe BiCMOS 

transceiver circuit with on-chip antennas [47]. The board also 

employs a microcontroller whose main tasks are driving the 

transceiver and providing the communications with the 

computer. The duration time of a single saw-tooth ramp has 

been set equal to 350 s, the bandwidth equal to 1 GHz 

(122 GHz-123 GHz), whereas the chirp repetition time equal to 

74 ms, as the radar platform simulated in Section II. In both 

cases, the received raw data are sent to the computer for 

processing. A picture of the experimental set-up has been 

shown in Fig. 7, where different cluttered configurations have 

been tested.  

A. 24 GHz radar sensor 

The first measurement illustrates how the procedure can be 

exploited for detecting the presence of a human target when 

multiple targets are concurrently present. In detail, a person at 

the distance of 4 m from the radar is going to be identified in 

presence of a metallic target and a wall at the distance of 2.3 m 

and 6.5 m, respectively. Fig. 8a highlights that the target echo 

at 4 m is almost undiscernible due to the presence of the strong 

echoes originated from the two stationary targets. In Fig. 8b, the 

outcome of the proposed procedure has been shown by means 

of the range-breathing graph. Unlike the solutions illustrated in 

[27]-[35], the task of identifying the human target has been 

accomplished with a reduced system complexity, in a cost-

effective way.  
 

TABLE I 
SIGNAL PROCESSING STEPS 

Step 

number 
Performed task Task’s outcome 

1 FFT along the fast time Range profile 
2 Extraction of the phase 

history for each range bin 

Phase history matrix 

3 FFT along the phase history 
matrix 

Phase spectrum matrix 

4 Multiplication between the 

phase spectrum matrix and 
the range profile matrix 

Range-breathing matrix 

5 Graphical representation Range-Doppler graph 
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Fig. 7.  Picture of the experimental set-up with the inset of the (right) 24 GHz 
and (left) 122 GHz radar boards. 

 
(a) 

 
(b) 

Fig. 8.  (a) Range profile and (b) range-breathing graph of a non-human target, 

a person and a wall at the distance of 2.3 m, 4 m and 6.5 m, respectively. 𝑓𝑐 =
24.15 𝐺𝐻𝑧. 

 
(a) 

 
(b) 

Fig. 9. (a) Range profile and (b) range-breathing graph of two people at the 

distance of 2 m and 4 m and a desk at the distance of 6 m. 𝑓𝑐 = 24.15 𝐺𝐻𝑧. 
 

Unlike the solution proposed in [35], the multiplication 

between the phase spectrum and the range profile matrix step 

adds the feature of detecting weak echoes also in complex 

environments. During the measurement, the respiratory 

frequency of the subject under test has been monitored by 

manually counting the chest displacements per unit time 

obtaining the values of 19 bpm that is in good agreement with 

the reported result. Thereafter, the procedure has been applied 

for the complex task of detecting the concurrent presence of two 

people within the same antenna radiation beam. The tested 

scenario is composed by two people located at the distance of 

2 m and 4 m and a desk at the distance of 6 m. As shown in 

Fig. 9b, the range-breathing process applied on these data 

highlights the presence of the two people. The obtained results 

are in good agreement with the manually measured values of 

10 bpm and 20 bpm for the person at 2 m and 4 m, respectively. 

They can be compared to the range-vibration map performance 

of [36]. Whereas in this work the vital sign detection of multiple 

subjects has been demonstrated in a relatively wide scenario, 

the system proposed in [36] has been exploited for monitoring 

a subject in the very short-range of 50 cm, i.e. the distance from 

the radar to a bedroom, with a high sensitivity to micron 

displacements.  

B. 122 GHz radar sensor 

Finally, the procedure has been tested with the 122 GHz 

radar board. In Fig. 10a, a metallic target, a person and a wall 

are located at 1 m, 2.5 m and 6 m from the radar, respectively. 

The human figure is partially covered by the metallic target, 

thus resulting in a weak echo. This cluttered environment has 

been set with the purpose of testing the method in complex 

scenarios. Fig. 10b illustrates that the human identification is 

feasible even with strong additional echoes within the scene. 

Indeed, the high levels of the echoes coming from the metallic 

target and the wall are multiplied by the phase spectrum that is 

close to zero at those range bins. Conversely, the weak human 

echo is multiplied by the strong phase spectrum peak centered 

at his breathing rate, enhancing his magnitude and thus 

allowing to properly identify the presence of the person. This 

result is in good agreement with the manually measured values 

of 15 bpm. 

 
(a) 

 
(b) 

Fig. 10. (a) Range profile and (b) range-breathing graph of a metallic target, a 

person and a wall located at 1 m, 2.5 m and 6 m from the radar, 

respectively. 𝑓𝑐 = 122.5 𝐺𝐻𝑧. 

Min 

Max 

Min 

Max 

Min 

Max 

Min 

Max 

Min 

Max 

Min 

Max 
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(a) 

   
(b) 

Fig. 11. (a) Range profile and (b) range-breathing graph of two people at the 

distance of 1.5 m and 2.9 m and a desk at the distance of 6 m. 𝑓𝑐 = 122.5 𝐺𝐻𝑧. 

 
(a) 

 
(b) 

Fig. 12. Range-breathing graph of two people at the same distance. The 

measurement is not repeatable. 𝑓𝑐 = 122.5 𝐺𝐻𝑧. 
 

As for the 24 GHz radar, the concurrent detection of two 

people at the distances of 1.5 m and 2.9 m has been 

demonstrated in Fig. 11, by employing the 122 GHz radar 

board. On the other hand, if two people are located at the same 

range bin, the mutual interferences between the echoes make 

the measurements more complex and barely replicable. Two 

measurements have been shown in Fig. 12 at the same 

conditions, i.e. two people at 1.5 m whose breathing rates are 

20 bpm and 30 bpm. Nonetheless, since the first measurement 

showed the breathing rate of 20 bpm, whereas the second one 

highlighted the value of 30 bpm, the concurrent people 

detection was not accomplished. This might be due to the 

presence of a predominant echo that alternately highlights the 

vital signs of one person rather than another one, making the 

people separation at the same range a challenging task. 

IV. CONCLUSION 

This work presents a new method for the automatic detection 

of human targets by exploiting the features of radar sensors. The 

method does not require any preliminary target detection step, 

moving platform or MIMO architecture, thus accomplishing the 

task with a limited system complexity and cost. The human 

recognition is automatically fulfilled within the same radiation 

beam and the results are provided with an intuitive and 

powerful representation. After analytically describing the 

procedure, the effectiveness of the approach has been proven 

by simulating the operating scenario. Finally, two different 

radar boards operating at microwave and millimeter-wave 

frequencies have been employed, thus evidencing the general 

validity of the procedure. 
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