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Abstract—Contact-based cardiac motion detection using
Quadrature Doppler radar faces a challenge of the I/Q-formed
non-arc constellation. In this work, a hypothesis is brought
forward that such complicated constellation originates from
not one, but two moving targets. The dual-motion model may
very well explain that contact-based Doppler radar detects both
atrium and ventricle motions during cardiac cycles. In this
work, dual-motion simulation and phantom measurements are
presented, verifying that the atrial-ventricular motions are the
reason that I/Q baseband signals transcribe a complex non-
arc constellation. It offers the first evidence that contact-based
Doppler radar measures actual heart motion.

Index Terms—doppler radar, cardiac motion, contact sensing,
complex motion.

I. INTRODUCTION

Radar based non-contact vital sign monitoring has been

applied to extracting heart rate [1], heart rate variability [2],

heart sound [3] and cardiac motion-encoded biometric infor-

mation [4]. Non-contact radar monitoring relies on measuring

the phase variation of the radar return signal due to the minute

(6–10 mm) movement of the surface of the chest. Such motion

is induced when the heart apex strikes thoracic wall during

cardiac cycles and provide an indirect indication of the heart

rate and heartbeat-associated features.

Contact-based heart monitoring remains a vast topic that

many emerging technological solutions have been explored,

such as photoplethysmography (PPG) [5], bio-impedance anal-

ysis (BIA) [6], which detect accurate heart rate readings in

a wearable device. Radar-based cardiac monitoring in the

contact-mode, however, is still a relatively open topic. Limited
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studies on contact radar cardiac monitoring have demonstrated

initial feasibility of probing motion pattern of human heart [7]–

[10], estimating systolic time interval [11].

Compared to conventional cardiac monitoring techniques

such as echocardiography (ECG) and magnetic resonance

imaging (MRI) which must be administered in a hospi-

tal/clinic, radar based monitoring is portable and amenable for

long-term and take-home use. Providing persistent monitoring

may potentially allow for much greater insight into chronic

heart diseases and much better preventative and personalized

care.

Compared to non-contact radar measurement, contact mea-

surement eliminates the strong reflections from the surface of

the skin and provides a more direct measurement of the motion

of the heart motions [13]. However, being closer to the heart

also introduces several challenges. Assumptions regarding the

characteristics of the radar return signal, such as small phase

variation (“small arc”) and negligible amplitude variation, may

no longer hold true.

In this work, we demonstrate that contact radar measure-

ment (Fig. 1) is capable of resolving complex motions of

the heart. In particular, through simulation and experimental

studies, we show that the opening in the I/Q trajectory in

contact radar measurements of real human heart motions can

only be explained by a separation of two motion centers

moving with a relative delay between each other, presumably

corresponding to the complex atrial and ventricular motions

of the heart.
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Fig. 1. (a) Quadrature Doppler radar architecture for contact heart sensing.
Diagram of human heart illustration by [12]; (b) Contact measurement setup.

II. CHALLENGES IN CONTACT-MODE RADAR

MEASUREMENT OF CARDIAC MOTIONS

In non-contact radar measurement of the vital signs, the

measured motion is very small compared to the wavelength as

well as the distance to the subject. As such, the demodulated

I/Q signals form a small arc on a circle. The length of the

arc corresponds to the phase variation due to the subject’s

movement, the radius corresponds to the signal amplitude,

and the center of the circle is determined by the measured

dc offset [14].

Contact radar measurement, on the other hand, has several

unique characteristics. First, the radar antenna is very close

to the heart muscles. If the radar is placed directly on the

chest, this distance is normally 2–5 cm. An estimated total

layer thickness from skin to heart wall is 27 mm according

to [13]. As such, the motion of the heart is not negligibly

small compared to the distance, and the amplitude variation

of the signal may not be neglected.

Second, the small phase change assumption may also be

subject to question because of the relatively large motion of

the heart muscles, as compared to the skin motion induced by

heart motion, and the shorter propagation wavelength inside

the thorax cavity due to the relatively high permittivity of

human tissues. For example, with an average relative permit-
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Fig. 2. IQ plot showing complex constellation measured by contact-based
radar with body-coupled antenna.

tivity ǫr,body of 251, a 2-GHz radar signal has a propagation

wavelength λg of only 30 mm. According to [16], [17], total

displacement of the left ventricle wall of human heart is on

the order of 6-10 mm, which is equivalent to 0.2–0.33λg . Thus

small angle approximation is no longer applicable.

Lastly, the physical motion of human heart is complicated

as it involves atrium and ventricles contraction/relaxation with

a relative time delay between them. This time delay of atrial

and ventricular motions also causes a periodic “twist” motion.

As a result, the measured the radar return signals in contact

mode exhibit complex shapes and characteristics.

Using a 2-GHz Doppler contact-mode radar setup shown

in Fig. 1, we show in Fig. 2 an example set of measured

I/Q signals due to human heart motions. The radar system

features a direct-conversion I/Q demodulator with the LO

signal generated from a PLL-based synthesizer. The TX/RX

antenna are custom-designed and placed over the sternum of

the test subject to minimize antenna-body interface reflection

and achieve minimal attenuation within the chest [?]. The

sternum, which is a flat bone at the center of chest and rib

cage protecting inner organs, was selected intentionally as the

primer detection location as bone attenuates less microwave

power than muscle or fat. A chest strap was used to attach the

antenna firmly to the subject’s body.

Fig. 2 captures measurement over several cardiac cycles.

The measured I/Q signals form a complex contour with an

”opening”. It is clearly not an arc. This unique shape of

the measured I/Q contours makes it difficult to estimate the

dc offset because traditional circle fitting algorithm would

result in highly ambiguous results. Unless dc offset is prop-

1The average ǫr,body was chosen considering a variety tissue layers
between radar and heart wall including skin, superficial fascia, bone and
pericardium, whose relative permittivities are 47, 4.08, 17.09 and 4.08,
respectively [15].



erly cancelled, displacement information cannot be accurately

demodulated from the I/Q plot [18].

The “opening” of the I/Q contours have been considered

by other researchers. For example, Kiriazi et al. considered

the movement of the thorax and abdomen in non-contact

Doppler radar respiration sensing to explain similar complex

I/Q signal shapes [19]. Ø.Aardal et al. also reported such phase

distortion in a respiration monitoring-oriented study [20],

which attributes it to a two point scatter model. Inspired by

these studies, we postulate that the opening of the I/Q contours

in contact radar measurements is attributed to the presence of

multiple motion centers.

The human heart consists of four chambers. The two upper

ones are called atrium and the two lower ones ventricle. The

two atrium chambers move in sync and can be treated as

one motion center. Same is true for the ventricles. If both

the atrium and the ventricle can be illuminated by the radar,

then the motion detected by the radar can be considered from

two distinct motion centers.

III. PARAMETRIC ANALYSIS

A. Signal Model

From aforementioned hypothesis, the complex cardiac mo-

tion can be modeled as two parts x1(t) and x2(t), which

are modulated in the radar echoes. Since a direct-conversion

Doppler radar is used for detection, the modulated phase

content are included in the baseband outputs comprising of

two superimposed terms in each component, in addition to dc

offsets. The in-phase and quadrature-phase baseband signals

are expressed in BI(t) and BQ(t) as

BI(t) = VI +A1 · cos

(

4πx1(t)

λg

+
4πD1

λg

)

+

A2 · cos

(

4πx2(t)

λg

+
4πD2

λg

)

, (1)

BQ(t) = VQ +A1 · sin

(

4πx1(t)

λg

+
4πD1

λg

)

+

A2 · sin

(

4πx2(t)

λg

+
4πD2

λg

)

. (2)

where VI and VQ represent dc offsets of the baseband signals,

A1 and A2 are the amplitudes of in-phase and quadrature-

phase terms, which are governed by a number of factors

such as system gain and distance. x1(t) and x2(t) represent

time-varying motion of the atrium and ventricle, respectively.

D1 and D2 are the nominal distance between each chamber

and the antenna. λg is the effective (average) propagation

wavelength inside the thorax cavity. For simplicity, residual

phase noise is neglected in our discussion.

The volumetric trajectories of left ventricle and left atrium

in [21] were used to generate the profiles of x1(t) and x2(t).
As a simplification, we assume that the atrium and ventricle

each takes a spherical shape. Their one-dimensional surface

displacements can thus be approximated as cubic root of the

volumetric trajectories with a scaling factor ( 3

4π
). The exact
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Fig. 3. Atrium and ventricle wall displacement profile approximated from
healthy individual atrial and stroke volume [21].

profiles of x1(t) and x2(t) used in this study are shown in

Fig. 3.

B. Parametric simulation

In the simulations performed in Matlab, the first motion

was chosen as atrium motion, the second as ventricle mo-

tion with a 200-ms delay [22]. By changing the nominal

distance of one chamber (ventricle) while maintaining that of

the other chamber (atrium), relative distance between them

were adjusted from 0 mm, 10 mm, to 20 mm. Since in later

phantom measurement, a 2.41-GHz radar will be used to

conduct measurement outside human thorax, the difference in

permittivity needs to be taken into account.

λg =
λair

√
ǫr,body

, (3)

where ǫr,body is 25. In other words, the nominal distance of

27 mm as mentioned in Sec.II was increased to 135 mm. Since

the formation of the complex constellation is of prominent

interest, dc offsets are not considered in parametric simulation.

The transcribed constellations are shown in Fig. 4 (a–c).

It can be seen that the atrium-ventricle motion yield non-

arc constellations, despite relative distance offset. All three

contours exhibit similar “openings” as shown in Fig. 2. When

relative distance offset is 0, the “opening” is relatively smaller

than that of the other two simulated scenarios.

IV. EXPERIMENTAL VALIDATION

A. Experiment setup

To further validate the simulation models, we use two

programmable high-precision linear actuators to emulate the

motion of two objects. Two identical plates were mounted

on each of them to represent heart wall. The actuators are

placed on a platform at the edge of a table, facing the radar
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Fig. 4. Atrium and ventricle motions-associated IQ plots in simulation (a)-(c)
and phantom measurement (d)-(f) at relative nominal distance offsets (∆D)
of 0 mm, 10 mm and 20 mm.

antenna. As in the simulation, the nominal distance offset

between two plates was configured to be 0 mm, 10 mm and

20 mm. The actuators were programmed with preset atrium

and ventricle motions respectively through a Galil DMC-4143

controller under manufacturer-defined Contour Mode because

it allows arbitrary profile configuration. A standalone data

acquisition device USB-6002 from National Instruments was

used to collect data for offline processing.

B. Measurement Results

Fig. 4(d–f) shows the measured I/Q signals from the ex-

perimental setup. An almost identical “opening” feature can

be seen from the measured I/Q plots. Specifically, when two

actuators perform asynchronous atrial-ventricular motions, I/Q

components hardly form a pure arc no matter how much

the relative distance offset is. It should be mentioned during

measurement due to alignment limitations, actual distance

offset between actuators may be larger than that in simulation,

thus causing the constellation’s rotation. Nonetheless, their

geometric features remain almost mutually identical. We also
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Fig. 5. Measurement setup.

note that Fig. 4(f) looks very much like the real heart mea-

surement as illustrated in Fig. 2 with a separation of 20 mm

between the two motion centers. The two contours’ geometric

shape resemble more closely if the latter rotates by 180◦,

which could be a result of constellation rotation caused by

under/overestimated actual distance.

V. CONCLUSION

We have presented initial evidence on contact-based radar

measurements can resolve complex cardiac motion. We pos-

tulate that separate motions of the atrium and the ventricle

manifest themselves as openings in the measured I/Q contours.

This claim is substantiated by semi-quantitative simulation and

measurement. While more extensive investigations are under-

going, we expect that this study presents valuable insights into

cardiac motion monitoring using contact radar sensors.
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