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Abstract: A non-contact physiological signal monitoring system was pro-

posed using Doppler radar sensor to detect the movement of human thoracic

cavity. The system consists of Doppler radar sensor, signal conditioning,

MCU data processing and wireless communication. The system collects

human chest movement due to heart and respiration (pleura fretting signals

for conditioning). The experimental results show that the Doppler radar that

the system used with the zero phase IIR digital filter can achieve real-time

monitoring, store the physiological data, separate respiration and heartbeat

signals, eliminate the distortion of the signal phase and have advantages of

small size, low power consumption, strong penetration.
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1 Introduction

Physiological parameters (such as respiration, heartbeat signals) are important

indexes for modern medical detection. Monitoring of physiological parameters

can provide a reliable basis of diagnosis and treatment for doctors. Contact

monitoring devices are most commonly used in the hospitals. These devices

directly connect to patients using wearable sensors, bands or electrodes in order

to achieve the physiological signal monitoring. These methods have the advantages

of high signal quality and low noise. However, the detection processes normally

impact on patient’s psychological or physical constraints. Sometime, the methods

can not accurately reflect the physiological changes, mainly due to complex

installation of electrodes and difficult operation. Doppler radar sensors can pass

through specific materials, such as cloth, silk etc. to detect human physiological

signals. The systems overcome the shortcomings of traditional physiological

monitoring system, with advantages of non-contact, remote monitoring and simple

[1]. Therefore, it has been more and more attention in the fields of clinical

medicine, health care and many other applications [2].

The aim of this paper is to design an analog and digital filters for a Doppler

radar signal acquisition system to separate physiological signals. The experimental

results show that the use of a zero phase IIR filter can accurately extract heartbeat

and respiration signals without distortion in physiological conditions, guarantee

signal integrity, increase accuracy and reliability of the detection.

2 The basic system components and working principle

The block diagram of non-contact Doppler radar system for physiological signal

monitoring is shown in Fig. 1. It comprises a signal processing module, amplifying

and filtering modules, level move, A/D conversion, MCU data processing modules

and wireless communication module. Since signals detected by Doppler radar

sensor have small amplitude with low signal to noise ratio [3], the multiple

amplifier filters were designed to improve the signal to noise ratio as well as lifting

signal to an acceptable level by MCU. Our system uses 2.4G wireless RF modules

communicating with PC, the PC displays and stores information of respiration and

heartbeat in a real-time manner.

The principle of Doppler radar sensor for detecting human chest movement is

that there is a phase shift between the radar transmitting and receiving signals, and
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the amount of phase shift is proportional to the changes of chest position. For

monitoring respiration and heartbeat application (as shown in Fig. 2), the Doppler

radar system transmits a continuous-wave (CW) signal to human chest, and then

receives a signal similar to the transmitted signal with its phase modulated by the

chest position. The information related to the heartbeat and respiration can be

extracted by demodulating the phase signal [4].

It is now assumed that the radar transmit signal TðtÞ is:
TðtÞ ¼ cos½2�f0t þ�ðtÞ� ð1Þ

Where f0 the signal frequency of radar is transmit, �ðtÞ is phase noise.

The chest movement amplitude is xðtÞ, the distance from radar sensor to the

human body is d0, the distance from emitted radar signals to the chest wall is

dðtÞ ¼ d0 þ xðtÞ, The movement of the chest wall and the transmission of the signal

is occurred at the same time, the distance from the radar antenna to the chest wall is

at the time of the launch is dðt � ðdðtÞÞ=cÞ, so the delay time for a round trip is

td ¼
2d t � dðtÞ

c

� �

c
. Since pleura motion cycle T � d0

c
, the signal received by the

radar modulated RðtÞ is
RðtÞ ¼ cos½2�f0ðt � tdÞ þ �ðt � tdÞ þ �0� ð2Þ

Among equation (2) �0 is the constant phase shift, it is affected by the phase shift of

the target reflection surface, and the delay between the antenna and the mixer.

Substitute td into equation (2), the received signal is

RðtÞ ¼ cos 2�f0t � 4�d0
�

�
4�x

�
t � dðtÞ

c

�

�
þ � t � 2d0

c
�
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c
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ð3Þ

Fig. 2. Experimental setup of the system to detect human chest
expansion

Fig. 1. The block diagram of system for monitoring respiration and
heartbeat signal
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Among equation (3) wavelength is � ¼ c=f0. The ðdðtÞÞ=c in xðt � ðdðtÞÞ=cÞ, due to
the period of thoracic motion T � d0=c, so, can be ignored, in the phase noise,

xðtÞ � d0, so 2xðt � ðdðtÞÞ=cÞ=c can be ignored therefor, the received signal can be

approximately equal to:

RðtÞ � cos 2�f0t � 4�d0
�

� 4�xðtÞ
�

þ � t � 2d0
c

� �
þ �0

� �
ð4Þ

If the signal is multiplied by a LðtÞ signal which from the same source signal, the

target information of this periodic movement can be easily decoded. The phase

noise of the received signal is correlated with the LðtÞ, ignore the transformation of

the magnitude, LðtÞ can be described as

LðtÞ ¼ cosð2�f0t þ�ðtÞÞ ð5Þ
Mixing the received signals and LO signals, and pass through the low pass filter,

outputted base-band signal is

BðtÞ ¼ cos
4�xðtÞ

�
þ ��ðtÞ þ �1

� �
ð6Þ

Where ��ðtÞ is the residual phase noise, �1 ¼ 4�d0
�

� �0 is pitch shift by the

distance between radar and human body. When ª is
�

2
an odd multiple, xðtÞ � �

available

BðtÞ � 4� xðtÞ
�

þ ��ðtÞ ð7Þ
From equation (7), we can obtained that pleura displacement xðtÞ and the base-band
output is linear. Test shows, the range of body surface vibration caused by

respiration was 4–12mm, body surface vibration amplitude caused by heart rate

less than 0.6mm, when the radar operating frequency is 2–24GHz, the wavelength

range is 1.25 cm–15 cm [5]. Combined with radar resolution, capacity of penetrate

obstacles, size and power consumption, the system selected the 10.525GHz

Doppler radar sensor for the physiological monitoring.

3 Circuit design of system hardware

3.1 Circuit design of front-end processing for radar echo signal

Fig. 3 shows a front-end processing circuit of radar echo signal, which comprises

a voltage follower and a passive filter. Amplitude variation range from output of

Fig. 3. Front-end processing circuit of radar echo signal
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Doppler radar sensor by chest micro movement is 1–20mV. It shows low ampli-

tude, noise and low load capacity. In order to prevent the DC component leading

to saturation of the amplifier, the system uses a passive filter to filter out the DC

component, eliminate the effects and enhance the driving capability.

3.2 Designing active band-pass filter

Frequency ranges of normal respiration and heartbeat are 0.2–0.5Hz and

0.83–3.3Hz respectively, both of them are very close to the DC signal [6, 7]. This

system chose a Butterworth 0.1–10Hz band-pass filter, which characterizes flat

curve of a band-pass amplitude-frequency and slow transition zone. It can achieve

better signal filtering and smaller signal attenuation, removing respiration and

heartbeat noise obtained by Doppler radar. In order to shorten the transition

zone, filter out frequency interference and improve the filter attenuation gain [8],

the system used a fourth-order Butterworth low-pass filter and a second-order

Butterworth high-pass filter to form a band-pass filter. The Butterworth band-pass

filter circuit is shown in Fig. 4.

Fig. 4(a) on the left is a four-order low-pass (LP) filter, which contains two

multiple feedback (MFB) circuit two-order low-pass filters. For a single second

order multiple feedback (MFB) low-pass filter, according to Kirchhoff’s theorem

and the negative feedback op amps feature, the following parameters can be

obtained as equation (8–10):

(a) Butterworth band-pass filter circuit

(b) Frequency response of the Butterworth filter

Fig. 4. Circuit and Frequency response of Butterworth band-pass filter
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C!2
c ¼

1

R2R3C1C2

ð8Þ

B!c ¼ 1

C2

1

R1

þ 1

R2

þ 1

R3

� �
ð9Þ

K ¼ R2

R1

ð10Þ

Where K is the filter gain, !c is the filter cutoff frequency, B and C are normal-

ization coefficients. According to an infinite gain multi feedback circuit topology,

the obtained normalization coefficient B ¼ 1:414, C ¼ 1, approximately 10=fc by

the rule of thumb is selected C2. From the cut-off frequency fc ¼ 10Hz can obtain

C2 ¼ 1 uF, the filter gains is 1 and 10 respectively. The parameters of low-pass filter

circuit device are shown in Table I. The simulating analysis results obtained low-

pass filter amplitude-frequency response shown in Fig. 4(b). As shown in Fig. 4,

3 dB cutoff frequency of 8.237Hz meet the design requirements.

Fig. 4(a) on the right is a high-pass (HP) filter circuit. The system used RC filter

circuit and ratio phase amplifier to form a voltage-controlled voltage source second

order high-pass filter, which has a high input impedance, low output impedance

features. The transfer function Butterworth high-pass filter is

HðsÞ ¼ K

1 þ ð3 � KÞ 1

sRC
þ
�

1

sRC

�2
ð11Þ

!c ¼ 1

RC
ð12Þ

K ¼ 1 þ R9

R10

ð13Þ

Where K is the filter gain, !c is filter cutoff frequency.

According to design requirement, the cutoff frequency fc ¼ 0:1Hz, filter gain

K ¼ 10. When f ¼ 0:1fc, the required amplitude attenuation is greater than 30 dB,

so R7 ¼ R8 ¼ R, C5 ¼ C6 ¼ C, fc ¼ 1=ð2�RCÞ. High-pass filter circuit component

parameters as shown in Table II. Fig. 4(b) shows the simulating results for the

voltage-controlled voltage source amplitude-frequency response of high-pass filter,

Table I. Selection of parameters of low-pass filter circuit component

component label theoretical value
selection (nominal

value)

C1 �250 nF 220 nF

C3 �45 nF 39 nF

R1; R2; R3 33K 33K

R4 17.982K 18K

R5 179.82K 180K

R6 36.083K 36K
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the 3 dB cutoff frequency of 0.099Hz, the band-pass characteristics meet the design

requirements.

4 Algorithm of separation between respiration and heartbeat signals

The spectrum of respiration and heartbeat signals are located in two different

frequency bands, both FIR and IIR filters were designed in the system for

separating respiration and heartbeat signals [9, 10]. For the FIR filter, the signal

of the frequency characteristics is simple to achieve linear phase, but the order of

the filter is high, and the storing unit require much larger delay signal. While the

IIR filter can achieve the same design specifications with smaller filter order, and

require less computation storage unit etc., but it has a serious filtered signal phase

distortion. In this system a two-direction filtering method was employed to achieve

zero-phase shift, which can increase the amount of computation, completely

eliminate of phase distortion signal.

According to the bands of respiration and heartbeat, parameter indexes to

achieve the desired separation of the two signals of the filter are shown in Table III.

Comparing to other types of filters, an ellipsoid IIR filter has the smallest

oscillation at both pass-band and stop-band at the same order conditions, then used

Matlab signal processing toolbox to estimate the order of ellipsoid function, it

invokes formula

�p ¼ 2�

!p
ð14Þ

�s ¼ 2�

!s
ð15Þ

½N;�p� ¼ ellipordð�p;�s; Rp; RsÞ ð16Þ

Table II. High-pass filter circuit component parameter selection

component label theoretical value
Selection

nominal value

C5; C6 100 nF 100 nF

R7; R8 15.9K 16K

R9 63.5K 62K

R10 7.06K 6.8K

Table III. Parameters of digital signal separation filter

Physiological
signal

fs

(sampling
rate)

!s

(band-pass cutoff
frequency)

!p

(stop-band cutoff
frequency)

Rp

(band-pass
gain)

Rs

(stop-
band
gain)

respiration 50Hz 0.2Hz 0.8Hz 1 dB 40 dB

Heartbeat 50Hz 0.8Hz 4Hz 1 dB 40 dB
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Under the same design specifications, equation (14–16) can be calculated respira-

tion and heartbeat signal of a desired signal elliptic filter order N 8 and 14,

respectively.

The basic principle of zero-phase digital filter is a so-called two-direction

filtering processing [10, 11]. The original signal is first flitted from the start, and

the same filter is then applied to the flitted signal from the end, as if it backwards to

filter the signal. The filtering result of zero phase shift, and zero-phase digital filter

time-domain implementation process as defined in formula

y1ðnÞ ¼ xðN � 1 � nÞ ð17Þ
y2ðnÞ ¼ y1ðnÞ � hðnÞ ð18Þ
y3ðnÞ ¼ y2ðN � 1 � nÞ ð19Þ
yðnÞ ¼ y3ðnÞ � hðnÞ ð20Þ

Where in, xðnÞ is the original signal sample sequence, N is the length of the signal

sequence, hðnÞ is digital filter impulse response sequence, yðnÞ is zero phase filter

output sequence. Of the formula (17–20) Fourier transform the frequency domain

expression is available

Y1ðej!Þ ¼ Xðej!ÞHðej!Þ ð21Þ
Y2ðej!Þ ¼ e�j!ðN�1ÞY1ðe�j!Þ ð22Þ
Y3ðej!Þ ¼ Y2ðej!ÞHðej!Þ ð23Þ
Y4ðej!Þ ¼ e�j!ðN�1ÞY3ðe�j!Þ ð24Þ

By the formula (21–24) can be obtained, the final input-output relationship

Yðej!Þ ¼ Xðej!ÞjHðej!Þj2 ð25Þ
By the formula (25) can be obtained after the zero-phase filtering the input signal.

The output signal is a function of the square of the filter multiplied. Filter output

signal amplitude is reduced and eliminated phase distortion. According to the

physiological signal filter design specifications, the Elliptic filter should be de-

signed band-pass small, steep transition zone, stop-band attenuation fast and so on.

The system uses an elliptic filter configured zero phase filter. Fig. 2 shows

physiological signal separation results using zero-phase IIR filter.

(a) Radar signal and the respiration signal filtered by zero-phase IIR
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As shown in Fig. 5(a–c), zero-phase IIR filter can successfully extract both

respiration and heartbeat signals from obtained Doppler radar signal after the signal

spectrum has a single frequency. Comparing with the extracted respiration signal

analysis, the optimized filter design and original phase signal phase breathing

protection consistent, improving the initial portion of the waveform distortion,

phase distortion is eliminated.

5 Conclusion

The Doppler radar signal acquisition system using a zero phase IIR filter for

separating respiration and heartbeat signals can reduce the amount of computation,

eliminate the signal phase distortion, ensuring signal integrity and improve the

accuracy and reliability of detection. This non-contact physiological signal mon-

itoring system could be potentially applied for detection of patients in hospital, such

as patients with large area burns, skin ulceration or sleep disorders. The system

could also be used in the field of earthquake, landslides and other disasters.

Acknowledgments

This work was supported in part by the Zhejiang provincial Science & Technology

Innovation Team focused fund (Grant No. 2013TD03), the Key Laboratory of

Solid State Disk and Data security of Zhejiang Province (Grant No. 2015E10003),

and the Scientific Research Fund of Zhejiang Provincial Education Department

(No. Y200701938).

(b) Radar signal and the heartbeat signal filtered by zero-phase IIR

(c) Spectrum for radar signal, respiration signal, and heartbeat signal

Fig. 5. Results of zero-phase IIR filter for extracting physiological
signal from radar signal
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