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Abstract— In this paper, a portable low cost, and low power consumption FMCW radar was designed and implemented for 
human detection and breathing rate estimation. The operating bandwidth is 200MHz centered at 4.8GHz. The radar is working 
in indoor and outdoor scenarios. The radar was implemented using a high gain transmit and receive antenna, high selectivity 
bandpass filter, good rejection baseband lowpass filter, and power divider with minimum losses. Furthermore, the signal 
processor is implemented on a Xilinx Artix-7 Field Programmable Gate Array (FPGA) using a simple architecture. Also, the 
radar digital signal processor parameters are manually reconfigurable during run time operation. 
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I. INTRODUCTION 

 

Human detection and identification based on vital 

signals recognition is gaining popularity using radars. 

Many types of radars such as narrowband continuous 

wave, narrowband pulsed, ultra-wideband (UWB) 

radar [1], Frequency Modulated Continuous Wave 

(FMCW), and Stepped-Frequency (SF) modulated 

radars were used for human detection applications [2]. 
Narrowband continuous wave radars can detect phase 

variations due to human physiological movements 

with no range information [3].  Pulsed radars measure 

the range, but phase variation measurements are very 

weak [4]. FMCW and SF modulated radars combined 

both the advantages of continuous and pulsed radars. 

Range and phase variations can be measured with a 

high resolution depending on the transmitted signal 

frequency and bandwidth. 

 

FMCW radars have the advantage of simple system 
design, easy to implement, and better performance in 

terms of short-range applications. It guarantees high 

range and Doppler resolution depending on the 

transmitted bandwidth and its interval. Although the 

ambiguity function of the FM waveform shows 

Doppler tolerance, it possesses strong side lobes [5]. 

The peak side lobes can be reduced by shaping the 

transmitted waveform spectrum using weight 

windows such as Hamming, Henning, Blackman, 

Flattop, Bartlett windows [6]. All these 

advantages put FMCW radars to be used in many 
applications such as, sensing human movements in 

high multipath indoor scenarios [7],  automotive radar 

signal processing for detection, tracking and 

classification [8],  human micro-Doppler analysis [9],  

respiratory rate extraction from human body [10], 

gesture sensing and recognition [11],  through-the-

wall detection of human heartbeat signal [12], and 

drones micro-Doppler signal detection [13].  

In this paper, we present a portable, low-cost FMCW 

radar with minimal size, power consumption, and 

weight for target range estimation and vital signs 

monitoring including indoor and outdoor scenarios 

operating from 4.7-4.9 GHz based on linear frequency 

modulated continuous wave. Furthermore, the signal 

processor is implemented on an (FPGA) using a 

simple architecture for minimum resources usage. The 

radar signal processor is manually reconfigurable, 
with wireless control capability, to adjust the signal 

processor to operate in multi-environment scenarios.  

 

II. PRINCIPLE OF OPERATION 

 

A. signal model 

FMCW radar is known as a continuously repeated 

chirp whose frequency increases linearly in a specified 

time according to the required bandwidth [14] as 

shown in Fig. 1. (a). The width of this chirp defines 

the range resolution, while its duration defines the 
maximum detection range. The transmitted chirp 

signal is given by 

xT t = AT cos a = ATcos(2πfc t + π
BW

Tc
t2 +

φ(t))            1 

where a = 2πfc t + π
BW

Tc
t2 + φ(t), AT is the 

transmitted signal amplitude, fc  is the start frequency, 

BW is the chirp bandwidth, Tc  is the duration of the 

chirp, and φ(t)is the transmitter phase noise. 

The transmitted chirp hits an object then returns to the 

receiver. The received signal is attenuated and shifted 

in time with respect to the transmitted signal and is 

given by  

xR t = AR cos b = AR cos(2πfc (t − τd) +

π
BW

Tc
(t −                                     τd)2 + φ(t −

τd))                      (2)                                               
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where b = 2πfc (t − τd ) + π
BW

Tc
 t − τd 

2 + φ(t −

τd),  AR  is the received signal amplitude, and τd  is the 

round-trip delay that the chirp takes to hit the target 

and return to the receiver, and is given by  

      τd =
2R

c
                                     (3) 

 

where R is the range of the target, and c is the speed of 
light. 

 

The received signal is mixed with a reference signal 

which is a replica of the transmitted chirp, the 

resulting output of the mixer is a beat frequency. The 

mixer output y t  can be presented as: 

y t = xT t ∗ xR t = AT cos a ∗ AR  cos b  
                       (4)                             
 

Using trigonometric formula 

 cos a ∗ cos(b) =
1

2
[cos a − b + cos(a + b)]         

(5)       

and after applying low pass filtering in Eq. 5 to reject 

the high frequency components, then substituting in 

Eq. 4  

     y t = AT ∗ AR ∗
1

2
cos a − b                          (6)                                              

Substituting Eq. 1, 2 into Eq. 6  
 

y t =
1

2
∗ AT ∗ AR cos[(2πfct + π

BW

Tc

t2 

    +φ t − 2πfc t − τd − π
BW

Tc
 t − τd 

2  

 −φ t − τd )]                        (7) 

then 

y t = A cos(2πfcτd + 2π 
BW

Tc

τd t 

                      −π
BW

Tc
τd

2 + ∆φ(t))                                   

(8)                        

 After simplifying y(t), it can be expressed as, 

         y(t) = A cos [ 2πfb t + φb t + ∆φ t  ]      

(9) 

 

where A it the signal amplitude, φb t  is the received 

signal phase and it equals to 2πfcτd − π
BW

Tc
τd

2 , ∆φ t  

is the phase noise and it equals to φ t − φ t − τd , 

and fb is the beat frequency and is given by 
 

fb =
BW

Tc
τd                                                    (10) 

 

fb is  shown in Fig. 1 (b), as a result of the phase 

difference between the two mixed signals.  

 

             The phase noise can be neglected and will not 

be  considered in this paper. The term π (BW Tc ) τd
2  

is very small compared to fb and can be neglected. 

Then, the beat signal which is equal to 2πfcτd +
BW

Tc
τd ,  is processed to extract the target parameters.  

 
Fig. 1. Sawtooth based FMCW radar basic concept: (a) 

Transmitted and received signal in the frequency-time domain, 

and (b) single target beat signal 

 

III. RADAR SYSTEM DESIGN 

 

A compact radar system for target detection and 

breathing signal extraction is described in this section 

using newly developed RF components and 

configurable signal processing sub-systems.  
 

B. General Description of the developed Radar 

The block diagram of the developed radar is shown in 

Fig. 2. A real baseband architecture is used, only in-

phase I-channel signal is obtained to reduce the usage 

of hardware and memory resources, computation 

complexity, and the radar cost. The Voltage 

Controlled Oscillator (VCO) is controlled by a 

function generator board to generate a frequency 

sweep from 4.7-4.9 GHz. The VCO output is split up 

into two ways using 3dB equally power divider. The 
power divider output at the transmission port is 

filtered using a bandpass filter from 4 to 5GHz. The 

output of the filter is amplified using a 20dB gain 

power amplifier and transmitted via 16.5dB gain horn 

antenna. The received echo from the target is received 

by another horn antenna which has the same gain, 

then amplified using 24dB Low Noise Amplifier 

(LNA). The amplifier output is passed through 

bandpass filter from 4 to 5GHz, then mixed with a 

replica of the transmitted signal for frequency down 

conversion. The mixer output is filtered using lowpass 

filter, then digitized using an 8-bit Analog-to-Digital 
Converter (ADC). The ADC output is sent to FPGA 

for signal processing, then, FPGA output is sent to 

screen to display targets, and to the computer for 

further processing. 

 

C. Radar System Parameters    

A sweep Bandwidth of 200 MHz has been chosen to 

achieve a range resolution of 75cm. The range 

resolution can be calculated according to the 

following equation: 

                                  Rres =
c

2∗BW
                   (11) 

The implemented radar system is shown in Fig. 3. 
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Fig. 2. Proposed Radar general block diagram. 

 

 
Fig. 3. The implemented prototype radar system. 

 

Chirp duration Tc  is chosen to be 1ms. System 

parameters are listed in Table 1. The range of interest 

is up to 7.5m. This means that fb of interest is up to 

10KHz. A sampling rate equal to 2.048 MHz will be 

suitable to sample a signal with a frequency band 

includes fb. From Eq. 10 the time delay between the 

transmitted signal and the received echo, produces fb 

at the mixer output, then the range can be obtained. 

Data is collected as shown in Fig. 4. in two directions: 

fast time direction with a maximum time equal to Tc , 

and slow time direction with a maximum time equal to 

multiples of Tc . In the slow time direction, Tc  may be 

called the Coherent Processing Interval (CPI), if  FFT 

is performed for one chirp at a time. FFT of the radar 
return signals in the fast time direction gives the range 

information, while FFT of the signal in the slow time 

direction gives Doppler frequency information of the 

associated target. Fig. 4. shows how the amplitude of 

the signal returned from the moving target is changing 

in the slow time direction while it is constant if the 

target is not moving.   
 

Parameter Value 

Center Frequency (fc) 4.8 GHz 

Sweep Bandwidth (BW) 200 MHz 

Sampling Rate (fs) 2.048 MSPS 

Chirp duration (Tc) 1 ms 

Coherent Processing Interval 

(CPI) 
1 ms 

Number of Samples / (Tc) 2048 

FFT Points 2048 

Table 1. Radar system parameters 

 

 
Fig. 4. Radar data collection. 

 

D. RF Front End Module 

The Radio Frequency-Front End Module (RF-FEM) 

architecture contains a transmitter, receiver, and two 

antennas as shown in Fig. 2. In the transmitter part, a 

TGV2562-SM voltage-controlled oscillator (VCO) 

chip is used for frequency generation. A sawtooth 

signal controls  the VCO output to sweep along a 

bandwidth of 200 MHz from 4.7 to 4.9GHz. A VCO 

circuit board is designed, implemented on Rogers 

6006 substrate as shown in Fig. 5 (a). 

 

The output of the VCO is fed to a power divider, 
which splits the power into two ways, a bandpass 

filter (BPF) and a mixer. The power divider is a 

microstrip two-way equal Wilkinson RF power 

divider at 4.8 GHz and implemented on  Rogers 

RT6006 substrate, then packaged in Aluminum 

enclosure shown in Fig. 5 (b). to reduce 

electromagnetic interference. 

 
Fig. 5. (a) Fabricated VCO board, and (b) Fabricatad power 

divider with enclusure. 

 

The RF signal at the transmitter and the receiver 

channels are filtered using a high selectivity bandpass 

filter. The design of the presented BPF is based on a 

microstrip interdigital filter. The filter is fabricated on 

the epoxy Rogers 6006 substrate and enclosured in an 

Aluminum case to reduce electromagnetic interference 
as shown in Fig. 6 (a).   

The output of the BPF at the transmitter channel is 

amplified using a ZRON-8G+ Mini-Circuits power 

amplifier. The power amplifier output is connected to 

a transmitter antenna. The transmitter antenna is a 

pyramid-shaped horn antenna operating at C-band. 

The antenna gain is more than 16.5 dB over the 

operating bandwidth. The fabricated antenna is shown 

in Fig. 6 (b).  



International Journal of Electrical, Electronics and Data Communication, ISSN(p): 2320-2084, ISSN(e): 2321-2950 

Volume-7, Issue-9, Sep.-2019, http://iraj.in 

Design and Implementation of A Low Cost Fmcw Radar with Configurable Signal Processor for Human Movement and Breathing 

Detection 

 

39 

Thereafter, in the receiver channel, the RF echo 

signals are received via the receiving antenna, these 
echo signals are a combination of clutter and targets. 

The receiving antenna and the transmitting antenna 

are identical. The receiving antenna output is 

amplified using ZX60-542LN+ Mini-Circuits LNA. A 

LPF is then connected at the output of the LNA. The 

filtered output signal is mixed with the RF reference 

signal from the divider output using RF mixer for 

converting the signal into a baseband signal.  

 
Fig. 6. (a) Fabricated BPF with enclosure, and (b) Fabricated 

horn antenna. 

 

E. Signal Processing 
The mixer output contains two frequency components: 

the frequency summation, and the frequency 

difference of the two input signals. We are concerned 

with the low frequency band signal. The output is 

passed through a LPF to remove the high frequency 

components. A LPF is designed and implemented 
with a cutoff frequency of 1 MHz, and the filter 

response is shown in Fig. 7. The analog output of the 

LPF is digitized using an 8-bit ADC at a sampling rate 

of 2.048 MSPS. Then the digital signal enters the 

FPGA for processing. 

 

 
Fig. 7. Frequency response of the baseband LPF. 

 

A XLINX Nexys4, Artix-7 XC7A100T FPGA board, 

is used for signal processing implementation. A 

pipelined 2048 point Fast Fourier Transform (FFT) is 

applied to the output of the ADC in the fast time 

direction as shown in Fig. 4. to extract the frequency 

component corresponding to the actual range. 

The received echo for each transmitted chirp is 

represented in every raw in the matrix as shown in 

Fig. 8 (a). Fig. 8 (b) represents the mixer output; any 

change in the frequency means a change in the target’s 
range or the target is moving. Fig. 8 (c) is the FFT of 

the mixer output after LPF. The FFT output changes 

over multiple target reflections refer to the target 

movement Doppler frequency as shown in Fig. 8 (d). 

Fig. 8 (e) represents the Doppler frequency of the 

target movements. 
 

 
Fig. 8. (a) Received chirps, and (b) Mixer output , and (c) Beat 

frequency in frequency domain, or spectrum of each chirp and 

(d) Storing target’s data into memory for second FFT (slow 

time), and (e) Slow time FFT for Doppler estimation. 

 

Fig. 9 presents the developed digital signal processor 

block diagram. After the first FFT, the Moving Target 

Indicator (MTI) filter is applied to remove non-

moving targets. MTI can be enabled/disabled 

depending on the environmental conditions and target 

parameters. One can select either one pulse canceller 

or two pulse cancellers. Then, a Constant False Alarm 

Rate (CFAR) can be applied with adaptive 
thresholding. One can choose either Greatest-of-

CFAR (GOCFAR) or Smallest-of-CFAR (SOCFAR), 

both with selectable widow size of 16 or 32. 

 A binary integrator is considered in this design to 

detect targets based on the number of successive hits; 

it can be enabled/disabled depending on the 

environmental situation. The number of hits is 

adjustable during run-time operation. 

 All the previous configurable parameters are 

carefully synchronized so that they can be set or 

enabled/disabled during run time operation. Also, the 
output of each stage can be sent once at a time directly 

to a host PC via serial communication during run-time 

for data analysis.  
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Fig. 9. Developed Digital Signal Processing block diagram using 

XILINX FPGA. 

 

IV. MEASUREMENT RESULTS  
 

In this section, the following three experiments are 

presented: the first experiment is a human sitting at a 

distance from the radar to extract breathing signal. 

The second experiment is a human moving back and 

forth at a certain distance from the radar, then the FFT 

data is sent to the computer. The third experiment is a 

human moving back and forth at a certain distance 

from the radar then the CFAR data is sent to the 

computer. 

All experiments were performed in an indoor scenario 

and in the same invironmental conditions in a 6m ×
 4m laboratory.  

F. Breathing Detection 

In this experiment, a human is sitting in front of the 

radar two times, once at a distance of 2.25m, then at 

6m. The selected distances are multiples of range 

resolution (The  range resolution is 0.75m). 

 The results show that the breathing signal has been 

successfully extracted. A peak magnitude at 0.4Hz 

and 0.37Hz is detected at a distance equal to 2.25m 
and 6m, respectively. A measurement is taken in the 

same environment with no human as shown in Fig. 10. 

 
Fig. 10. Breathing signal detection results of two ranges. 

 

G. Movement Detection 

In the first experiment, a human is moving in front of 

the radar within 4.5m for 30s (30000 PRT) as shown 

in Fig. 11 (a). The FFT output from FPGA is sent to a 

computer and the experiment result is shown in Fig. 

11 (b). Each frequency peak represents the beat 
frequency of the moving target. This beat frequency is 

directly proportional to the range of the target.  

 
Fig. 11. (a) Movement scenario, and (b) Movement results, an 

(FFT) output from FPGA plotted in MATLAB software. 

 

In the second experiment, a human is moving back 

and forth in front if the radar within 4.5m  many times 

during 60s as shown in Fig. 12(a). The CFAR output 
from FPGA is sent to a computer and the experiment 

result is shown in Fig. 12(b). The output of the CFAR 

is plotted using MATLAB program. 

 
Fig. 12. (a) Movement scenario, and (b) Movement results, a 

(GOCFAR) is plotted in MATLAB software. 

 

V. CONCLUSION 

 

In this paper, we proposed a reconfigurable radar 

system for human movement and breathing detection. 

The developed radar system utilizes a newly designed 

low-cost RF front end components and a 

reconfigurable signal processor to operate in multiple 
situations and environmental conditions. Depending 

on these situations, MTI, CFAR and binary integrator 

are set for better performances. The radar parameters 

can be reconfigured during run time without affecting 

the radar operation. The Proposed radar system is 

compact and low cost and can operate in indoor and 

outdoor scenarios.  
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