
  

 

Abstract— Non-contact Doppler radar has been used 

extensively for detection of physiological motion. Most of the 

results published to date have been focused on estimation of the 

physiological rates, such as respiratory rate and heart rate, with 

CW and modulated waveforms in various settings. Accurate 

assessment of chest displacement may take this type of 

monitoring to the new level, by enabling the estimation of 

associated cardiopulmonary volumes, and possibly pulse 

pressure. To obtain absolute chest displacement with highest 

precision, full nonlinear phase demodulation of the quadrature 

radar outputs must be performed. The accuracy of this type of 

demodulation is limited by the drifting received RF power, 

varying dc offset, and channel quadrature imbalance. In this 

paper we demonstrate that if relatively large motion is used to 

calibrate the system, smaller motion displacement may be 

acquired with the accuracy on the order of 30 μm. 

I. INTRODUCTION 

Non-contact Doppler radar has been used extensively to 
detect physiological motion, with CW and modulated radar 
waveforms, at microwave and millimeter-wave frequencies 
[1]-[3]. Quadrature radar configuration has been used to 
overcome detection sensitivity to relative position between the 
radar and the subjects [4]. Quadrature outputs have been 
combined using linear and non-linear demodulation [4]-[6]. 
Linear demodulation offers a simple means of obtaining 
approximate displacement waveforms, which is adequate for 
obtaining rates. Though displacement can also be estimated 
through linear demodulation, its accuracy is limited to about 
33% of the wavelength of radar frequency [7]. On the other 
hand, non-linear demodulation enables full phase recovery, 
which may lead to highly accurate estimation of absolute 
displacement. The accuracy of both linear and non-linear 
demodulation methods are subject to noise and channel 
imbalance [8]. It was reported in [9] that imbalance influence 
on linear demodulation can be minimized by either changing 
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the target distance or tuning circuit’s phase delay, with about a 
10% error of detected motion amplitude. 

In this paper, we propose a system calibration method that 
enables accurate non-linear demodulation, and thus absolute 
displacement estimation. Our results demonstrate that by 

using this calibration method, accuracy on the order of 30m 
can be achieved. Since high accuracy displacement estimation 
is required for accurate monitoring of heart traces and may 
lead to pulse pressure measurements, our method may take 
this type of monitoring to the new level.  

II. NON-CONTACT DISPLACEMENT ESTIMATION 

A. Physiological Motion and Measurement 

During the period of systole with heart contraction, the 
heart moves within the chest cavity, hitting the chest wall and 
creating a measurable displacement at the skin surface. 
Scholars have used various kinds of techniques of detecting 
this movement and determine its displacement, including 
contact methods such as impulse cardiogram, capacitive 
transducer, magnetic displacement sensor, and non-contact 
methods such as optical detection and Moiré Effect [4]. The 
average value for displacement obtained using non-contact 
techniques is 0.6mm. Although this value is expected to vary 
due to a combined causes of age, health, physiology, it is still 
expected to fall within the detection capability of a Doppler 
radar system. The chest wall movement caused by respiratory 
effort is a combination of abdominal and rib cage movements. 
Overall there is a 4mm to 12mm radial expansion of the thorax 
during breathing, depending on individual physiology and 
how much air is inspired [4].  

Recent work suggests that a high pulse pressure is an 
important risk factor for cardiovascular diseases [10]. The 
consideration of this particular parameter may offer us a track 
of medical device innovations. Its measurement involves 
accurate measurement of displacement of chest motion [10].  

B. Non-linear Demodulation 

In a simple form, the baseband outputs from the CW 
quadrature Doppler radar can be represented as: 
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Where  is the wavelength,  is the phase shift due to the 

position of the object with respect to the radar, ( )x t is the 

time varying motion, IV and QV are the dc offsets associated 

with I and Q channels, respectively. Fig.1 shows the Doppler 
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radar quadrature baseband outputs forming an arc in the 
complex plane. 
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Figure 1.  Complex constellation of Doppler radar quadrature outputs. 

The radius of the arc is determined by the amplitude of the 
received RF power. From (1), the received signal power is 
AB

2
, the square root of which gives the radius of the circle AB 

as shown in Fig. 1. The length of the arc is determined by the 
Doppler phase shift and it depends on the radar frequency and 
displacement amplitude. Linear demodulation is simply a 
projection of this arc on a straight line. 

Arctangent demodulation or non-linear demodulation uses 
the arc formed by I and Q channels to obtain the displacement. 
The equation governing the extraction of angle/phase from I 
and Q channels is given by [11]: 
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    (2) 
where p(t)=4πx(t)/λ is the phase information due to periodic 
motion. With 2.4 GHz radar, chest displacement due to heart 
contractions corresponds to a phase change of 3.5

o
. For 

normal breathing, the average displacement from 4mm to 
12mm can be detected by radar in forms of phase change from 
about 23

o
 to 70

o
. 

C. Challenges 

The radar receiver channels are not always in quadrature 
because of inherent amplitude and phase imbalance present in 
the system due to imperfect system components. Though they 
are unavoidable, to recover displacement information 
accurately, the imbalances have to be corrected before 
application of arctangent demodulation. The known 
imbalance factors can be compensated with Gram-Schmidt 
procedure [4].  

Radius estimation is another issue that should be taken into 
account [8]. During arctangent demodulation, arc’s center is 
first estimated based on available arc length through center 
estimation [12]. Then arc radius is obtained by moving arc’s 
center back to the origin of complex plane. However for 
relatively short arcs, center estimation may be ambiguous due 
to limitation of available sample points. Hence its radius 
information may not be accurate. The issue can be corrected if 
radius is uniform for all displacement estimation. 

The radar system also has to be dc-coupled to avoid filter 
distortion yet obtain useful dc information. The challenges are 
to recover accurate displacement information with baseband 

signals not sufficiently amplified to prevent low noise 
amplifier saturation. 

III. SYSTEM OVERVIEW 

Fig.2 is the block diagram of the Doppler radar system for 
displacement measurement. The measurement was carried out 
using CW microwave quadrature Doppler radar, and a 
mechanical target mounted on a high resolution linear stage. 
The reason for using linear actuator with programmed motion 
parameters is by providing reference to the measurement, 
accuracy of displacement estimation can be verified for the 
system. 

The Griffin Motion MLS series linear stage has 
exceptional levels of repeatability, flatness, straightness and a 

linear accuracy of 5m. It can be programmed by GalilTools 
to perform smooth motion on one axis. In order to simulate 
chest cardiac activity, stage was set in a periodic sinusoidal 
motion with frequency of 0.2Hz. The target mounted on the 
stage was a Styrofoam hemisphere with diameter of 19mm 
covered by aluminum foil. 
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Figure 2.  Quadrature Doppler radar block diagram. 

Quadrature Doppler radar was used to detect the 
movement of the target. The TX/RX antenna used for sensing 
was Antenna Specialist’s ASPPT2988 with 8dBi gain and 60 
degree E-plane beam width. The 0

o
 and 90

o
 power splitters, 

mixers employed in the system were all Mini-Circuit coaxial 
connectors. Signal source was set to operate at 2.4GHz with 
10dBm gain. It is necessary to use the same signal source for 
transmitter and receiver’s local oscillator to benefit from 
coherent reception [10]. 

The baseband signals labeled as Iout and Qout were obtained 
from mixer outputs. Two Stanford Research Systems’ SR560 
low noise amplifier’s were used for preserving the minimal 
displacement information and dc content in the two channels. 
Both of them were set in dc-coupled, with 6dB/octave 
low-pass filter working at a cutoff frequency of 10Hz and a 
gain of 20dBm. Data was recorded using a DAQ (NI-USB 
6259) and LabVIEW at sampling frequency of 1kHz. Each 
recording took 30 seconds to complete. 

IV. EXPERIMENTAL RESULTS 

A. Calibration Method 

In this paper, we propose a system calibration method that 
enables accurate non-linear demodulation from CW 
quadrature Doppler radar outputs, and accurate absolute 
displacement recovery.  

Initially four periodic motions with displacement range of 
1.0cm, 2.0cm, 3.0cm and 4.0cm were programmed on the 
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linear stage, respectively. All of them were sinusoidal with 
frequency of 0.2Hz. Target was placed at a fixed distance of 1 
meter away from the radar. Linear stage motion was recorded 
in GalilTools software simultaneously as a reference. Its scope 
capture function offers real-time data display and gives a 
precise motion profile of the stage as a reference. Quadrature 
channel data of four groups of motions were then processed in 
Matlab as initial absolute displacement estimation. These 
results will be saved for later reference with calibrated data 
estimation. 

Second, imbalance factors from each group of data were 
obtained and listed in Table I. They were used for 
compensating the initial data at the beginning of estimation. 
Corresponding radius values were also estimated after center 
estimation [12], respectively. When the center of the arc is 
shifted back to the origin of complex plane, arc’s radius can be 
obtained by finding its crossing point on the I-axis. Since arc 
radius is determined by the level of received power, 
theoretically under same measurement settings with target in 
the far field, estimated radius for longer arc and shorter ones 
should be the same. Hence the longest radius value was 
chosen for system calibration. For finding shorter arc’s center, 
radius value from 4.0cm (or the longest available) group is 
applied. After rotating the arc so that it is parallel to the Q-axis, 
the crossing point on the I-axis is found. By shifting this point 
by minus radius value, shorter arc’s center is determined. 
Using this calibrated arc center in arctangent demodulation, 
displacement with less error can be obtained. Estimation 
results through this process were compared with the results 
from initial data to verify its improved accuracy.  

B. Results 

Table I shows imbalance factors and radius values 
estimated from initial data. We can see that the largest radius 
0.0279V is estimated from the longest motion.  

TABLE I.  IMBALANCE  FACOTRS  

Motion 

Range 

Imbalance Factors 
Radius 

(V) Amplitude 

Imbalance 

Phase 

Imbalance 

4.0cm 1.0803 10.7890 0.0279 

3.0cm 1.1045 10.4389 0.0251 

2.0cm 1.0642 5.4930 0.0228 

Fig. 3 and Fig. 4 show comparison of arc and estimated 
circle fit between the initial data and compensated data of 
1.0cm and 2.0cm motion, respectively. After the calibration 
process of imbalance compensation and radius correction, we 
can clearly see that the arc fits more to the estimated circle. 
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(a)Initial data                 (b)Calibrated data  

Figure 3.  Comparison of initial arc (solid line) and estimated circle (dotted 

line) before and after calibration on 1.0cm data.  
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(a)Initial data                 (b)Calibrated data  

Figure 4.  Comparison of initial arc (solid line) and estimated circle (dotted 

line) before and after calibration on 2.0cm data. 

Fig. 5 and Fig. 6 compare the results from displacement 
estimation for initial data and calibrated data. Results are in 
the form of deviation rate in percentage between estimation 
and reference. Calibration techniques are performed in 
imbalance compensation only and combined with radius 
correction. To be specific, to perform radius correction, 4.0cm 
data’s radius value 0.0279V is employed. In Fig. 5, the black 
bar of group #1 gives out displacement estimation without 
imbalance compensation or radius correction. Group #2, #3 
and #4 are under compensation with imbalance factors 
derived from 2.0cm data, 3.0cm data and 4.0cm data, 
respectively. Results with radius correction were compared as 
the white bars. From Fig. 5#4 we can see if initial 1.0cm data 
is compensated using 4.0cm arc’s imbalance factors , and 
combined with its radius for correction, estimated 
displacement is 1.0027cm with a deviation rate of 0.2674%. 
Compared with the results without any calibration technique 
in group #1, 1.2700cm with deviation rate 26.9993%, 
estimation accuracy was improved by 99%. Fig. 6 is in the 
same plot structure. It can be seen that 2.0cm data also yields 
good accuracy under the same calibration technique. The 
absolute estimated displacement is 2.0029cm with a deviation 
rate of 0.1426%, the accuracy of which is on the same order of 

30m. 
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Figure 5.  Displacement estimation results due to imbalance 

compensation/radius correction on 1.0cm data. 
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Figure 6.  Displacement estimation results due to imbalance 

compensation/radius correction on 2.0cm data. 

The displacement profile from radar detection and that 
captured in GalilTools plotted together for comparison as in 
Fig. and Fig. . The results on 1.0cm and 2.0cm data show very 
good agreement. It should be noted that since the sample 
counts for GalilTools is only 350, while DAQ has up to 
30,000 sample points. Thus radar data was first used to 
estimate displacement, then down-sampled in Matlab to 
compare with its reference captured in GalilTools. 

0 50 100 150 200 250 300

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

Samples

D
is

p
la

c
e

m
e

n
t 
(c

m
)

 

 

Linear Stage Disp

Estimation Disp

 

Figure 7.  Comparison between reference displacement of stage and radar 

data estimation. Reference = 1.0cm  
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Figure 8.  Comparison between reference displacement of stage and radar 

data estimation. Reference = 2.0cm 

V. CONCLUSION 

Quadrature Doppler radar displacement estimation is of 

interest in physiological sensing for cardiopulmonary 

activities and non-invasive medical monitoring. This paper 

presents a method of calibrating the quadrature Doppler radar 

system in displacement estimation. Under proposed method, 

high accuracy displacement recovery can be achieved. 

Experimental results showed that accuracy order on 1.0cm 

and 2.0cm displacement estimation has achieved 30m, with 

linear actuator output resolution of 5m. 

The results were preliminary but offer a good indication for 

accurate displacement measurement using medical Doppler 

radar. It offers a track towards possible future applications. 

Cardiovascular volume related parameters like pulse pressure 

may be estimated using such techniques. Further study is 

needed in finding out correlation between chest cardiac 

displacement and pulse pressure. Human testing will also be 

carried out under IRB approval for chest displacement 

measurement. In real practice we may ask the subject to take 

several deep breaths in order to calibrate the system. 
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