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Abstract—Cardiovascular diseases are one of the major causes
of death. Regular checkups and preventive actions can drastically help reducing fatal incidences. This can be achieved
by monitoring the carotid artery or rather the carotid pulse
signal. Commonly, ultrasound devices are used for that purpose.
However, these devices are costly, mostly stationary and their
usage requires training and experience. This paper investigates
the possible usage of radar systems as a contactless and low-cost
alternative for carotid pulse measurements. Theoretical investigations reveal a linear relationship between the measurands
of both devices and synchronous recordings from three test
persons further confirm the feasibility of using radar systems
as a potential device for monitoring cardiovascular diseases.
Index Terms—biomedical monitoring, biomedical signal analysis, cardiovascular system, cw radar, medical sensors, radar
signal analysis, ultrasound

I. I NTRODUCTION
The carotid artery provides large areas of the brain with
blood. Its clinical evaluation is of great diagnostic importance. It is susceptible to metabolic challenges, e.g., elevated
blood pressure and glucose levels [1]. In vascular diseases
its cross section narrows gradually, leading to deprivation of
oxygen and stroke. Also specific changes of the structure
of the vessel wall occur, which herald vascular diseases
elsewhere in the body and correlate highly with occurrence
of myocardial infarction [2]. Regular screening for stenosis
and remodelling of the vessel wall identifies patients at risk
and facilitates prophylactic measures in order to maintain
health. If changes proceed unchecked, stroke and myocardial
infarction may occur: the most common causes for death as
well as disability [3] and increasingly high economic burden
in health care [4]. Changes of cross section as well as its
impact on dynamics of blood flow and structural changes of
the carotid wall can be detected by ultrasound examination
of the carotid artery [5]. Whereas individuals at risk profit
from regular examinations [6], implementation is restricted by
limited human resources and constricted access to technology.
Ultrasound devices are costly and mostly stationary. Operating
ultrasound devices requires training and experience. To bridge
the gap between demand and support, a device to identify
The study was approved by the ethics committee of the Friedrich-Alexander
University Erlangen-Nuremberg (No. 85 15B).

pathological changes of carotid vessels is necessary, which
is easily transportable, comparatively low-cost and operable
without special training. Radar-based assessment of carotid
pulse constitutes an ideal candidate for a wide-ranging and
cost-effective screening device. This technology has already
been studied for monitoring of vital signs such as heartbeat
and respiration [7], [8]. Stiffness of the vessel wall and stenosis
of the carotid reflect in changes in pulse wave configuration
and velocity [9], [10], e.g., pulse wave and blood flow velocity
increase [11], systolic limb becomes steeper and diastolic limb
of the pulse wave tapers off [12]. These phenomena can be
recorded by radar-based assessment of the carotid pulse. First
radar measurements of the carotid pulse have been performed
using a double sideband continuous wave radar [13]. However, neither has there been any studies on the qualitative
relationship of the measurands of ultrasound carotid pulse
measurement and radar-based carotid pulse measurement nor
were there studies using a contactless radar system. This paper
presents a theoretical derivation when comparing ultrasound
and radar measurements and validates the results through
synchronous measurements of both devices.
II. C OMPARISON OF U LTRASOUND AND R ADAR -BASED
C AROTID P ULSE M EASUREMENT
The basic anatomy of the human neck including the skeletal
system, the integumentary system as well as the arterial part
of the cardiovascular system are shown in Fig. 1. The common
carotid artery splits up into the internal and external artery in
the cranial direction. At the end of each heartbeat cycle, the
left ventricle of the heart pumps oxygenated blood into the
arteries. This is characterized by a rapid upstroke and a smooth
but more gradual downstroke when looking at the blood flow
velocity. The downstroke is interrupted only by the dicrotic
notch, which is caused by a transient reversal of blood flow
in the central arteries. [14]
Three types of waves occur in the vascular system: velocity, pressure and wall displacement waves [16]. While the
ultrasound Doppler measures the blood flow velocity, the
measurand of the radar is proportional to changes of the vessel
diameter. The first step is therefore to investigate on the relation between these two quantities. To understand the events in
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Fig. 1. The arterial system of the head and neck. Depicted are the left internal
and external carotid artery as well as the left common carotid artery. [15]
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Fig. 2. Block diagram of the utilized radar system. The receiver consists of
a Six-Port structure as well as integrated detectors.

the arteries, a simple but sufficient model is the following: each
artery is considered as a long, isolated, circular cylindrical
elastic tube. The flow is approximated to be one dimensional
and the blood is considered to be homogeneous, non-viscous
and incompressible. The ventricles cause the flow within the
tubes with each heartbeat. Furthermore, each wave amplitude
is considered small and the wave length long compared to the
tube radius. This way, the radial and circumferential velocity
can be neglected and the only remaining component is the
longitudinal velocity u(x, t) which is a function of the axial
coordinate x and the time t. One basic field equation which
is valid for this scenario is the equation of continuity [16]:

A 24 GHz signal is generated as reference. A minor part
(Ref.) is coupled into the Six-Port receiver whereas the majority is fed to the transmitter (TX) antenna. The signal is
then reflected at the skin surface and received by the receiver
(RX) antenna. The Six-Port is a completely passive structure
which superimposes the two input signals under four relative
and static phase shifts of 0◦ , 90◦ , 180◦ and 270◦ . These four
output signals are converted to baseband voltages B3 ... 6 using
integrated detectors. A movement of the target corresponds to
a relative phase shift ∆σ between the two input signals of the
Six-Port:

δ
δA
+
(uA) = 0,
δt
δx

This phase shift can be converted back into a relative displacement measurement ∆x by using the known wavelength
λ = c/f :
∆σ λ
∆x =
· .
(6)
2π 2
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with A(x, t) being the cross-sectional area of the vessel
which is equal to πai 2 . Substitution in Eq. (1) followed by
subsequent derivation leads to
δai
δai 2
δu
+u
+ ai 2
= 0.
(2)
δt
δx
δx
Since the wave amplitude is much smaller than the wavelength, δai /δx  1. Additionally, small quantities of the
second order can be neglected. Hence, Eq. (2) can be shortened
to
2ai

ai 2 (
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+
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Since ai > 0, This can be further simplified to
2 δai
δu
+
= 0.
ai δt
δx

σ = arg{(B5 − B6 ) + j(B3 − B4 )}.

(5)

Synchronous measurements of the radar system and the
ultrasound device from three test persons (one female, two
male), were recorded. The ultrasound probe was placed on
the right carotid whereas the antenna of the radar system was
focused slightly under and to the right of the larynx. The
distance between the antennas and the skin was around 30 cm.
A red laser beam that is placed between the antennas is used to
correctly determine the antenna positioning. By putting both
measurement points as close to each other as possible, the
same physiological phenomenon is expected to be measured.
IV. R ESULTS

(4)

Finally, Eq. (4) shows that a change in the velocity u over
the axial coordinate x is linearly related to a change of the
vessel diameter ai over time t. Therefore, radar displacement
measurements and ultrasound velocity measurements of the
carotid pulse can be directly related to each other in a
qualitative manner.
III. M EASUREMENT S YSTEM AND S ETUP
As shown in Fig. 2, a bistatic continuous wave radar system
is used for the contactless carotid pulse measurements.

Fig. 3 shows a synchronous carotid pulse measurement
using ultrasound and radar of person 1. The ultrasound measurements correspond to a blood flow velocity measurement
which is represented in cm/s. The radar system measures
the relative displacement change of the skin in mm. A high
correlation between both signals can be observed in all three
test persons. When carefully examining the radar signal in Fig.
3, it can be seen that there is a small incline right before the
rapid upstroke that marks the start of each heartbeat. This is
caused by the jugular vein which is located near the carotid.
The atrial contraction causes a peak at this point in time. A
superimposition of both pulse signals is therefore recorded at

the neck. The ultrasound however will not capture the jugular
vein pulse since it can separate these layers from each other.

0

the feasibility of radar systems for this purpose, it is shown
that a linear relationship exists between the velocity signal of
the ultrasound and the diameter change that is measured by
radar. To further demonstrate the applicability, synchronous ultrasound and radar measurements were performed for different
persons. When comparing the signals of both devices, a high
correlation is achieved and typical carotid pulse characteristics
are observed.
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Fig. 3. Synchronous measurement of the carotid pulse using the radar and
the ultrasound device.

A single heartbeat complex is extracted and visualized
in Fig. 4 to distinguish the different phases of the signals.
Both signals show the rapid upstroke at the beginning of the
heartbeat. At this point the ejected blood arrives at the carotid
artery. After reaching a peak, a more gradual downstroke
begins. It is interrupted by the dicrotic notch, which is visible
in both the ultrasound velocity signal as well as the radar
displacement signal.
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Fig. 4. A single heartbeat from a synchronous measurement using radar
and ultrasound. Both signals show a high similarity and feature the same
characteristics.

V. C ONCLUSION
Ultrasound devices are the gold standard device to perform
regular screenings of the carotid artery to detect vascular
diseases like stenosis or any remodelling of the vessel wall.
However, these devices are costly and have to be operated by
a trained staff. Radar systems might prove as a low-cost, easy
to use and contactless alternative to perform regular checkups
of the carotid artery by analyzing the carotid pulse. To analyze

