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Abstract—Coherent ultra-wideband (UWB) radar-on-chip
technology shows great promise for developing portable and
low-cost medical imaging and monitoring devices. Particularly
monitoring the mechanical functioning of the cardiovascular
system is of interest, due to the ability of radar systems to
track sub-mm motion inside the body at a high speed. For
imaging applications, UWB radar systems are required, but there
are still significant challenges with in-body sensing using low-
power microwave equipment and wideband signals. Recently
it was shown for the first time, on a single subject, that the
arterial pulse wave can be measured at various locations in
the body, using coherent UWB radar-on-chip technology. The
current work provides more substantial evidence, in the form of
new measurements and improved methods, to demonstrate that
cardiovascular dynamics can be measured using radar-on-chip.
Results across four participants were found to be robust and
repeatable. Cardiovascular signals were recorded using radar-
on-chip systems and electrocardiography (ECG). Through ECG-
aligned averaging, the arterial pulse wave could be measured
at a number of locations in the body. Pulse arrival time could
be determined with high precision, and blood pressure pulse
wave propagation through different arteries was demonstrated.
In addition, cardiac dynamics were measured from the chest.
This work serves as a first step in developing a portable and
low-cost device for long-term monitoring of the cardiovascular
system, and provides the fundamentals necessary for developing
UWB radar-on-chip imaging systems.

Index Terms—UWB radar, radar-on-chip, in-body sensing,
cardiovascular monitoring, microwave imaging.

I. INTRODUCTION

M ICROWAVE sensing, and in particular radar sensing,
is increasingly being recognised as a viable tool for

non-contact health monitoring: Cardiopulmonary monitoring
[1]–[3], sleep monitoring [4], and fall detection for the elderly
[5]. But the properties of microwave and radar systems are of
interest to the field of medical imaging and in-body sensing
as well: Electromagnetic (EM) radiation in the microwave
frequency band is non-ionizing and considered safe to use
at low power levels, as long as tissue heating is within
limits. Unlike optical radiation, penetration of microwaves
through biological tissue is sufficient to image deep struc-
tures in the body. A lower spatial resolution is achieved
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when comparing microwave imaging (MWI) to conventional
medical imaging systems such as MRI and X-ray CT, but
microwave systems do have the advantage of low cost, small
hardware size and potentially high temporal resolution. These
properties make MWI systems suitable for situations where
fast or frequent scanning is required, with lower demands on
the imaging quality. Examples are pre-hospital assessment,
preventive screening, or long term monitoring following a
medical procedure. MWI has been researched especially for
stroke imaging [6], [7] and breast cancer imaging [8]–[10].
A different field in which radar and MWI techniques may
prove successful, is monitoring of the cardiovascular system
inside the body. With cardiovascular disease being the number
one cause of deaths globally, the search for early biomarkers
of disease and affordable diagnostic tools is ongoing. The
ability of microwave frequencies to penetrate tissues allows
for studying the mechanical functioning of the cardiovascular
system. This would complement bioelectric activity measured
through electrocardiography (ECG).

Thus far, radar-based cardiovascular sensing research has
focused mostly on continuous wave (CW) Doppler radar
sensing techniques. High accuracy has been reported on pulse
wave velocity (PWV) measurements using a portable ultra-
wideband (UWB) Doppler radar device that measured arterial
pulsation from the foot and upper arm, for estimation of
arterial stiffness [11]. CW Doppler radar has been proposed
for blood pressure (BP) estimation from carotid pulse arrival
time (PAT) [12] and cardiac motion could successfully be
monitored using a CW radar embedded in a patient table,
for heart-cycle synchronized CT scanning [13]. Using a CW
Doppler system in a handheld device it was found that
mechanical cardiac activity could be monitored from various
locations near the heart [14]. The aforementioned studies used
radar sensing technology with no possibility of collecting
spatial information. For imaging applications however, range
information is required. Radar imaging is usually performed
using UWB radar, achieved through the use of bulky vector
network analyzers (VNA). A VNA was used in an attempt
to estimate aortic diameter variations, as a predictor for BP.
It was concluded that measurement of PWV would be more
suited for BP estimation [15]. By combining a VNA with a
switched antenna array, crude 2D cardiac imaging has been
achieved [16].

The recent innovation of a CMOS implementation of a
coherent pulsed UWB radar [17], provides the opportunity
of in-body radar imaging with extremely small and low-cost
electronics. As opposed to CW Doppler radar, IR-UWB radar
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allows for sensing at a range of different depths in the body
and thus for localization of scattering sources in space. When
multiple sensors are combined, 2D or 3D imaging through
beamforming can be performed. Finally it permits time gating
of unwanted signals.

Coherent UWB radar-on-chip systems in combination with
body-coupled antennas have previously been used to demon-
strate intracranial heart rate (HR) detection [18], HR detection
through the back [19] and heart wall velocity sensing [20].
Measurement of arterial pulsation at various locations in the
body, using coherent UWB radar-on-chip, was shown for the
first time on a single subject [21]. In the current work we
extend on the work presented in [21]. Through improved
methods and new measurements (four participants) we provide
more substantial evidence that cardiovascular dynamics can
accurately be measured, with repeatable and robust results.
Specifically, the arterial pulse wave, PAT, PWV and ventricular
dynamics are measured. In addition, the fundamentals of in-
body UWB radar imaging are discussed: Spatial and tem-
poral resolution, antenna coupling, EM propagation through
multiple layers of tissue, and the characteristics of coherent
UWB radar-on-chip technology. Specific challenges encoun-
tered with in-body radar signal processing are addressed
in detail, with simulated and measured data demonstrating
the efficacy of proposed methods. Although the theoretical
implications of 2- and 3D imaging are discussed, this work
focuses on 1D sensing of the cardiovascular system.

II. FUNDAMENTALS OF IN-BODY RADAR SENSING AND
IMAGING

A. Imaging principle

MWI relies on the contrasts in intrinsic impedance be-
tween biological tissues, causing reflections and scattering
when EM waves impinge on boundaries between tissues. The
electrical interactions between EM radiation and biological
tissue are described by the dielectric properties of the tissue:
Permittivity and conductivity. Biological tissues are dispersive:
Their dielectric properties are frequency dependent. Across
the MWI community, theoretical models rely on dielectric
characterization and modeling by Gabriel et al [22]. A simple
linear transmission model (proposed in [23] and described
in [24]) can be used to illustrate the RF/tissue interactions,
and provide insight into propagation velocity and attenuation
through different tissues, as well as expected contrast between
tissue boundaries and thus expected signal strength. Here, the
scalp is used as an example anatomy, because it demonstrates
EM signal propagation through a wide variety of tissues, and
brain imaging may be of interest for various applications. In
Fig. 1a, transmission of EM energy at 3.8 Ghz is modeled
through the scalp. The black line indicates what would usually
be the signal of interest: A volume of blood in the brain. In this
simplified model, a total attenuation of 61 dB occurs for the
blood volume reflection, while the air-skin boundary causes
powerful reflections with a 2.9 dB attenuation. This illustrates
the demand for high dynamic range of hardware and strong
clutter rejection. Fig. 1b shows the frequency dependency
of total attenuation. It is known that higher frequency leads

to higher spatial resolution, but clearly there exists a trade-
off between reduced attenuation (at low frequencies) and
increased spatial resolution (high frequencies). Fig. 1c displays
the expected time delay of individual reflections: In order to re-
solve between targets in down-range, an extremely short pulse
duration would be required. This is challenging to accomplish
in hardware and the extremely wide frequency band would
lead to strong pulse distortion due to dispersion. In the current
work, a pulse duration of 1 ns will be used. The figure implies
that reflections of various tissue boundaries will overlap and
interfere in the received signal. Fig. 1d shows total time-of-
flight (ToF) of received reflections as a function of frequency.
Higher frequency radiation in the microwave band tends to
propagate at higher velocity due to decreased permittivity.
This signifies that waveform distortion may occur at increased
imaging depths when using wideband signals, which should
be considered for in-body signal processing. A final challenge
which becomes apparent from Fig. 1 is the uncertainty of body
composition. If coherent summation techniques are used for
imaging (as in delay-and-sum beamforming), an assumption
of anatomy and dielectric properties of different tissues is
required to apply the correct signal delay. As EM propagation
speed depends on tissue dielectrics, and both the anatomy
and dielectric properties of tissue will vary strongly between
individuals, exact coherent summation is impossible without
a priori information about body composition.

B. Spatial resolution

UWB radar resolution using a single module is limited by
the radar down-range resolution, determined as half the pulse
length. The radar used in this work emits a Gaussian modu-
lated sine wave with centre frequency of 3.8 GHz. The -3 dB
pulse duration τ is measured at 1 ns, and bandwidth (-3 dB) is
measured at 1 GHz. Effective pulse length in biological tissue
is shorter than pulse length in air due to a slowing down of EM
wave propagation in tissue by factor

√
εr, where εr indicates

the tissue relative permittivity. Down-range resolution ∆R in
tissue is thus defined as:

∆R =
cτ

2
√
εr

(1)

where c is the speed of light and τ is the pulse duration. In
brain, muscle, and fat tissue respectively, an effective down-
range resolution of 2.3, 2.1, and 6.6 cm can be expected at a
3.8 GHz centre frequency. Evidently, down-range resolution
is worse than what can be achieved using ultrasound, or
even using a radar system operated in the frequency-domain
(using a higher bandwidth and thus shorter pulse duration).
This limits the use of single module measurements to specific
applications. Sensing of sub-mm motion originating from mm-
scale targets has been demonstrated previously [21]. Thus,
tracking of sub-mm organ motion is possible, but ranging
accuracy as well as the ability to resolve between nearby
targets, is limited by the spatial resolution mentioned above.

Spatial resolution can dramatically be improved by adding
to the number of modules used and taking an imaging ap-
proach. Whereas down-range resolution is limited by pulse
length, cross-range resolution is limited by the array aperture.
From literature on focused synthetic aperture radar (SAR) with
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Fig. 1. Results from a 1D signal propagation model, illustrating the inter-
actions between electromagnetic (EM) radiation and biological tissues. EM
energy propagating through the scalp and reflecting off a volume of blood
in gray matter (GM) is modeled. Attenuation is plotted versus depth for all
direct trajectories in (a). Total attenuation is plotted against frequency in (b)
for three trajectories. Delay of reflected EM energy is plotted versus depth for
all direct trajectories in (c). Total signal delay is plotted against frequency in
(d). The trajectory of interest, caused by a layer of blood, is plotted in black.
Figs. (a) and (b) modified from [24].

a circular array arc (wideband, wide angle), it is known that
cross-range resolution ∆Rc in air is determined by:

∆Rc =
λ

2Ω
(2)

where λ corresponds to the wavelength of the centre frequency,
and Ω is the angular range (or angular bandwidth) [25].
Considering that the effective wavelength λ of a 3.8 GHz
centre frequency in muscle tissue (at εr = 51) is 1.1 cm, it
is likely that sub-cm cross-range resolution can be achieved,
depending on geometry of the body part and antenna array, as
well as antenna beamwidth in tissue.

C. Temporal resolution

High frame rates can be achieved using radar-on-chip tech-
nology, but there exists a trade-off between temporal resolution
and SNR. Actual scanning time is therefore application depen-
dent. An eight-module imaging rig developed at the University
of Oslo using the Novelda X2 UWB radar chip achieves a
frame rate of 10 fps, with a single frame consisting of each
of the eight modules transmitting sequentially. In the current
work, a single module is operated at 64 fps.
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Fig. 2. Schematic of the recording setup, indicating the body-coupled antennas
(indicated by Tx and Rx) and underlying tissue (including pulsating artery).
RF data is digitized on chip, and digital down conversion (DDS) of the raw
radar data is performed to obtain IQ baseband data, with subsequent lowpass
filtering (LPF) and IQ demodulation. The transmitted waveform is displayed
in blue.

D. Antenna coupling

As discussed in section II-A, in-body MWI is challenging
due to the high attenuation of EM energy. In addition, the air-
to-skin interface causes strong reflections and backscattered
signal may be modulated by any motion in the vicinity of
the measurement setup, including chest motion caused by the
heart beat. The signal of interest in many cases is dynamic,
with known frequency content (in case of cardiovascular
monitoring), but SNR is extremely low compared to static
clutter. In the microwave breast cancer imaging community,
this problem is often solved by using a liquid matching
medium between antenna and skin [9]: The breast is suspended
in a lossy fluid which reduces the impedance mismatch of EM
radiation entering the tissue, and absorbs backscattered signal.
This solution however is not practical in most measurements
scenarios, and the lossy fluid absorbs a significant amount of
EM energy before transmission into the tissue. An alternative
solution (and used in the current work) consists of the use
of body-coupled antennas: UWB antennas that are designed
to operate while in direct contact with the skin and are thus
matched in impedance to the tissue of interest. This avoids
the air-to-skin interface reflections. High losses in tissue in the
reactive near field will still occur. To avoid these, a ceramic
insulator was used between antenna and skin, with permittivity
close to that of skin at 3.8 GHz, but low conductivity [26]. In
transmission experiments through liquid phantom materials,
the dielectric spacer was found to result in a 6 dB transmission
gain. Body-coupled antennas with dielectric spacer in a typical
measurement setup, are illustrated in Fig. 2, indicated by Tx
and Rx.

E. Coherent UWB radar

The majority of radar-based in-body arterial sensing work
has been performed using CW-Doppler radar. A quadrature
receiver design allows for sub-mm motion tracking with high
sensitivity, while avoiding the null-point problem. No range
information is available, therefore time gating or imaging
is not possible. Pulsed radar systems have the advantage of
providing range information from ToF and thus allow for
imaging. Pulsed UWB radar is often realised in a stepped
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frequency fashion using a VNA, resulting in high scanning
times and bulky hardware. The radar used in the current work
is a time-domain operated, fully coherent pulsed UWB radar.
The transmitted waveform is a Gaussian modulated sinusoid
(illustrated in blue in Fig. 2). Because transmitted pulses
are coherent, pulse-Doppler processing can be applied: This
results in high precision motion tracking combined with target
ranging and thus imaging capabilities, making coherent UWB
radar highly suitable for radar MWI.

F. In-body radar signal processing

Both in CW-Doppler radar and in coherent UWB radar,
radio frequency (RF) data may be converted to complex IQ
baseband data, by mixing with the carrier frequency at a 0◦and
90◦phase shift, and subsequently arctangent demodulating into
amplitude and phase data. This approach is usually taken
in contactless cardiopulmonary monitoring, as in [1]). When
received pulse amplitude is constant by approximation, for
example in the case of a moving chest wall, phase data can
be used to track sub-mm variations in ToF. Phase variation
∆θ is equal to target displacement ∆x as a fraction of carrier
wavelength λ, times two (transit to target and back to receiver):

∆θ =
4π∆x

λ
(3)

With a moving target at distance d0, the outputs of the IQ
baseband conversion then become:

BBI(t) = A cos(
4πd0
λ

+
4πx(t)

λ
) +DCI (4)

BBQ(t) = A sin(
4πd0
λ

+
4πx(t)

λ
) +DCQ (5)

where BBI and BBQ are baseband I and Q data, A is the
amplitude of received data, and x(t) corresponds to the time
varying scatter source location. For simplicity, residual phase
noise is ignored. In addition, a digital down conversion is
assumed, with no IQ imbalance or DC offset which usually
occur when performing down conversion in the analog domain.
DCI and DCQ here refer to the static DC component caused
by overlapping received pulses from various stationary scatter
sources. In a sensing scenario with multiple scatter sources,
DC can be described as:

DCI =

N∑
n=1

An cos(
4πdn
λ

) (6)

DCQ =

N∑
n=1

An sin(
4πdn
λ

) (7)

where N is the number of static scatter sources, An is the
amplitude of signal reflected from scatter source n, and dn
is the distance of scatter source n. In order to use phase
data for monitoring of target motion, A must be constant by
approximation, and the DC component must be compensated
for. In the case of cardiopulmonary monitoring, DCI and
DCQ can be found and subtracted by fitting a circle to received
data in the IQ plane [3]. After DC compensation, received data
of a moving target will describe an arc with radius A around
the origin in the complex IQ plane.

When performing in-body sensing of an artery however,
some of the usual radar signal processing techniques are in-
valid. Arterial pulsation, effectively a transient displacement of

tissue boundaries as well as a temporary increase in artery di-
ameter, will interact with EM radiation at microwave frequen-
cies in the following ways: The tissue boundary displacement
will cause a slight decrease in ToF of received EM pulses, and
the increased target diameter will cause a variation in received
pulse amplitude. When attempting arctangent demodulation on
arterial pulse data, a number of problems arise: First, due to
overlap and interference of strong static clutter signals DCI

and DCQ (reflections of multiple tissue boundaries, as argued
in Section II-A) and the weak dynamic signal of interest, a
strong DC offset will be present, which must be compensated
for when using arctangent demodulation. Second, the artery
diameter is small relative to carrier wavelength. The brachial
diastolic artery diameter is around 4.2 mm [27], whereas the
larger carotid and femoral arteries have diastolic diameters of
6.3 [28] and 9 mm [29], respectively. Considering a carrier
wavelength of around 11 mm in tissue (muscle at 3.8 GHz),
Mie scattering will occur and amplitude of received scattered
data will vary with artery diameter. Thus, A in (4) and (5)
is time varying: A(t), which complicates circle fitting for
DC offset removal. Finally, the displacement of tissue due
to artery expansion ∆x is small relative to wavelength λ.
Radial expansion of the brachial, carotid and femoral artery
have been measured at 3.5, 13, and 8% respectively [27]–
[29]. Considering the carrier wavelength in tissue, the expected
phase variations ∆θ in ToF according to (3) are 0.07, 0.50
and 0.41 rad respectively. The arc length is therefore too small
for circle fitting and DC estimation. Due to these conditions,
received complex data will not describe an arc around the
origin in the IQ plane, and the assumptions of arctangent
demodulation are not valid. Instead, linear demodulation of IQ
data must be performed to study phase variation in received
data [2]: It is assumed that data in the IQ plane can be
approximated by a linear function, and sub-mm ToF variation
of the signal of interest is represented as motion in the IQ
plane along that function.

To illustrate the above points, experimental and simulated
data is shown in Fig. 3. Fig. 3a shows respiration data,
measured at 1 m distance using a coherent UWB radar with
6.8 GHz centre frequency (Xethru X4, Novelda AS, Kviteseid
Norway). The data describe an arc of an ellipse, but a DC
offset causes the ellipse not to be centered around the origin.
Using an ellipse fitting approach, the data can be transformed
to a circle and centered around the origin, reducing demod-
ulation error. Fig. 3b shows in-body arterial pulsation data,
recorded from the femoral artery using a coherent UWB
radar with 3.8 GHz centre frequency (modified Xethru X2,
Novelda AS, Kviteseid Norway). It is evident that no circle
can successfully be fitted to the small arc length, and variation
in the data does not occur along the arc of a circle centered
around the origin. In this measurement scenario, arctangent
demodulation would be incorrect and the obtained phase data
would account for only a fraction of the observed signal
variation. In fact, due to the DC offset being unknown, using
the origin of the IQ plane for arctangent demodulation would
be entirely arbitrary. Instead, a linear function is fitted using
principal component analysis (PCA), which captures most of
the variation in the data and is thus a better measure for ToF.
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Fig. 3. Measured and simulated data illustrating the challenges of de-
modulating IQ data from in-body recordings. Ellipse fitting to non-contact
respiration data is used for DC offset removal (a), but the short arc length
prevents successful ellipse fitting in case of in-body arterial sensing, and linear
demodulation (PC1) performs better (b). Simulating a theoretical range of
artery diameter (0.4 – 10 mm), it again becomes apparent that the arc length
due to arterial pulse is too short for ellipse fitting (c). In addition, amplitude
of reflected signals (obtained using arctangent demodulation) show a Mie
scattering pattern, which further complicates ellipse fitting (d). The colored
segments in (c) and (d) indicate the diameter ranges due to pulse expansion
for three arteries.

Fig. 3c shows simulated data. The open-source Python-based
FDTD simulation software gprMax [30] was used to simulate a
simplified limb (composed of skin, fat, and muscle tissue) with
a round object inside (simulating an artery filled with blood).
The dielectric properties of the different tissues were modeled
using a two pole Debye model. Debye model parameters
were obtained by fitting to known tissue dielectric properties
[22]. The diameter of the artery was step-wise increased from
0.4 mm to 10 mm, to study EM scattering across a wide range
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Fig. 4. Schematic of experimental setup illustrating the radar and ECG
measurement positions. Radar measurements included the neck, head, upper
arm, lower back, chest, thigh and foot, as well as two off-body control
measurements. Recorded radar data were synchronized to ECG data and
multiple heart cycles were averaged to study the temporal characteristics of
the arterial pulse wave and cardiac motion. Modified from [21].

of artery diameters. A simulated transmitter was excited using
a waveform identical to the one used in arterial sensing in the
current work. Note that for the simulated scenario, DC was
simulated (as no artery being present) and entirely removed.
Simulated received radio frequency (RF) data was converted to
complex baseband data and is shown in the IQ plane in Fig. 3c.
In blue, red and yellow, the range of arterial expansion as result
of the heart beat is indicated for three arteries: Brachial, carotid
and femoral, respectively. Neither of the three segments are
long enough for circle fitting. The amplitude signal, visible
as the radius in Fig. 3c or plotted versus artery diameter
in Fig. 3d (after arctangent demodulation) is not a constant,
but shows a typical Mie scattering pattern. Considering the
inability of correctly estimating DC offset in an experimental
setting, arctangent demodulation proves to be unsuitable.

III. EXPERIMENTAL WORK: IN-BODY ARTERIAL SENSING

In-body recordings were performed using a coherent UWB
radar-on-chip module and body coupled antennas, on four
participants. Recordings were made at various locations on
the body and synchronized to ECG data. Radar data were
analysed in the time-domain, to validate that measured HR
modulation originated from a pulsating subcutaneous structure
(in most cases: an artery), and was not an artefact caused by
leakage signal modulated by chest displacement. Whereas the
chest displacement signal is expected to have its waveform
onset coincide with ventricular contraction (QRS complex),
the arterial signal is expected to be delayed in time by: 1)
the cardiac pre-ejection period, and 2) the PTT through blood
vessels. Due to different artery lengths, a difference in PAT is
expected for the various measurement locations. Radar signals
were collected from:

• Carotid artery (left side of neck)
• Brachial artery (medial left upper arm)
• Femoral artery (medial left thigh)
• Posterior tibial artery (medial left foot)
• Intracranial arteries (left temple)
• Medial on the lower back, directly superior to iliac crest
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• Heart (sternum)
To further validate the source of HR modulation, two off-body
recordings were performed:

• Non-contact measurement of the chest (50 cm range)
• Sham recording on a phantom object with dielectrics

resembling mean characteristics of the human body
As the RF propagation time through air is negligible (order of
ns) compared to the blood pressure wave propagation through
arteries, the non-contact measurement is expected to show a
clear timing difference with local contact measurements. The
sham recording is designed to test whether HR modulation by
chest displacement is present in leakage signals, as the antenna
coupling with the phantom closely resembles antenna coupling
with real tissue.

A. Experimental setup and protocol

The experiment was performed on a convenience sample
of healthy volunteers with no self-reported cardiovascular dis-
ease. Four subjects, of which two females, participated in the
experiment. Mean age (±SD) was 25 (±2.2), BMI (±SD) was
20.7 (±1.6). The sham recording and non-contact recording
were included to validate the source of HR modulation, and
were thus only performed on a single subject. The recording
from the lower back was added as a proof of concept and
performed on two subjects. The study has been approved by
the relevant institutional ethics committee.

The experimental setup is illustrated in Fig. 4, showing
the different on-body radar measurement locations, two off-
body control measurements and ECG. The radar measurements
were carried out using a custom radar module, which is a
result of a Novelda funded research effort on heart inspection.
The module consists of the Xethru X2 single-chip radar
(Novelda AS, Kviteseid, Norway) with added amplification
in both transmit and receive paths for increased sensitivity.
The transmitted waveform (shown in Fig. 2) is a Gaussian
modulated sinusoid, with 3.8 GHz centre frequency and a -
10 dB bandwidth of 2.5 GHz. An effective sample rate of
approximately 40 GHz is achieved through the use of swept
threshold sampling and delay lines [17]. The radar outputs
frames of 256 depth samples with a rate of 64 frames per
second. Antennas designed specifically for in-body sensing
were used in the experiment. The body-coupled wideband
monopole antennas, 2 by 2 cm, cover the frequency band
of the radar module and achieve increased coupling into
tissues through the use of a low-loss dielectric spacer with
permittivity matching the skin (εr ≈ 30). Details on the
design, simulations and measurements of the antenna are given
in [26]. Antennas were positioned adjacent to one another,
with 2 cm inter-antenna distance. Placement of the antennas
was directly on the skin superficial to where the artery of
interest was expected to be (illustrated in Fig. 2). During the
experiment the antennas were held in place using a 3D printed
structure and elastic band. A layer of radiation absorbent
materials covering the back of the antennas was used to reduce
leakage signals further. The non-contact control measurement
used conventional antennas. ECG data were recorded from the
left and right wrist, with the left leg acting as ground. ECG
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Fig. 5. Illustration of raw radar data analysis steps: Raw radar frames (a),
Range Doppler plot showing spectral content at different range bins (b), SNR
of HR signal across range bins (c) and spectrogram at peak SNR (d). From
[21].

data were sampled at a rate of 250 Hz, using an Arduino and
Olimex EKG shield.

All measurements were performed in an RF anechoic
chamber to reduce possible multi-path propagation of leakage
signal. Participants were comfortably seated, and given time
to relax before each recording. Participants were asked to min-
imise movement during the recordings. For each measurement,
two 60 s recordings were made: One in which participants
were asked to hold their breath for as long as they could
up to 60 s, and one in which subjects were asked to breathe
freely. For all further analysis except for the carotid artery
measurement, the breathing datasets were used: The chest
motion caused by respiration proved not to be a problem. In
the carotid artery recordings, respiration signals were strongly
present. Separating respiration from HR signals is challenging
when harmonics interfere. Because this is beyond the scope of
this work, non-breathing recordings were used for the carotid
artery measurement.

B. Data analysis

A schematic of the recording setup, indicating the body-
coupled antennas and underlying tissue, as well as digital
down conversion performed on the raw radar data, is given
in Fig. 2. Subsequent signal processing steps are illustrated
through Fig. 5.

Individual datasets consisted of 60 s of radar data collected
at 64 fps. Each frame consisted of 256 range bins, sampled
at 40 GHz. The fast-time sampling frequency corresponds to a
inter-bin range of 7.5 mm in air, or 1 mm in tissue. The frame
rate was chosen to be high enough to capture the time-domain
characteristics of the arterial pulse waveform. Raw radar
frames (Fig. 5a) were first converted to complex baseband
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data, filtered with a matched filter, and down-sampled by a
factor 4. Obtained complex IQ baseband data were detrended
and zero-phase shift bandpass filtered: Radar frames contain
both static and dynamic signals which overlap in fast-time. As
the arterial pulsation signal is purely dynamic and occupies a
limited bandwidth, data were bandpass filtered in slow-time
to extract the signal of interest and to remove static clutter
as well as the respiration signal. For this, an IIR filter with
passband of 0.6 – 8 Hz was used. Next, linear demodulation
was applied to filtered IQ baseband data for each of the range
bins, to obtain a valid measure for ToF. PCA was used to find
a function along which the data showed the highest statistical
variance in the IQ plane. The first principal component (PC1)
was used for further analysis, the second principal component
was discarded. A disadvantage of the PCA approach is the
ambiguity of polarity of the obtained signal. To ensure that
polarity was matched across range bins, polarity was detected
and signals were inverted if necessary.

Spectral analysis of radar data was performed to verify that
HR measured over time corresponded to ECG data. Amplitude
spectra of detrended and windowed PC1 data was performed
for all range bins in sliding 6 s windows (in which HR may
be assumed stationary) using a chirp Z-transform. Frequency
spectra of these 6 s windows of data were averaged to obtain
the mean range-Doppler plot (Fig. 5b). The sampler containing
the most prominent HR signal was found by estimating SNR
for each sampler as the ratio between the power at the
fundamental HR frequency and its harmonics, to non-harmonic
spectral content (Fig. 5c). The sampler with peak SNR was
used to produce a spectrogram of PC1 radar data (Fig. 5d)
which was used for direct comparison of radar to ECG data.

Subsequent analysis was aimed at studying the time-domain
characteristics of the measured cardiovascular signals. First, an
accurate timing reference of the heart cycle was required. For
this, the R wave of the QRS complex was chosen as fiducial
ECG marker, for its robust detectability. ECG data were zero-
phase shift filtered using a low-pass IIR filter. R wave detection
was achieved by finding the local maximum in ECG data
directly preceding a peak in its first approximate derivative.
PC1 data at peak SNR was used for all radar signal processing.
To improve SNR in the radar time-series, data from both radar
and ECG were aligned using the fiducial ECG markers and
radar data over multiple heart cycles were averaged. Once an
averaged radar response was obtained for each of the measured
locations, pulse onset and pulse peak were determined from
zero-crossings in the derivative signal. Both pulse onset and
pulse maximum may be unreliable metrics of PAT when no
sharp onset or peak is observed. As illustrated in Fig. 6, the
timing of half the pulse maximum was used as a temporal
marker of PAT.

For pulse transition time (PTT) analysis between multiple
measurement sites (for example: carotid to femoral), only
heart cycles with similar duration were used. As recordings
were performed from only one position at a time, individual
heartbeats were matched between recording sites based on
similar R-R intervals: Individual heartbeats were grouped
based on R-R interval using a 16 ms bin width, and the bin
with the highest number (generally 10–15) of heart cycles

0 0.5 1
Time [s]

Onset

1/2 Max

Peak

Fig. 6. Pulse arrival time (PAT) was defined as the occurrence of half the
maximum of pulse height. Half Max PAT is clearly identifiable, even in
absence of a sharp pulse onset or pulse maximum.

was selected for processing. Heart beats with the selected R-R
interval were averaged and a valid comparison in PAT could
be made between recording sites.

IV. RESULTS

The heart beat was successfully measured using radar,
at all on-body positions across four participants, with the
exception of the upper arm measurement on participant 3.
However, in four recordings (indicated in Table I), the ECG
equipment failed. Although HR is clearly visible through
spectral analysis, no time domain analysis can be performed
on these recordings due to the absence of a time reference.

Average SNR values of obtained HR signals across par-
ticipants ranged from -3.2 dB (tibial artery), to 3.2 dB (carotid
artery). Comparing SNR values obtained using linear demodu-
lation to SNR values from arctangent demodulation (amplitude
and phase), shows that linear demodulation is more robust
across measurements. Median SNR and median absolute de-
viation (± MAD) of SNR across all recordings were: 0.25 dB
(± 4.89) for linear demodulation, -2.15 dB (± 5.07) for
amplitude arctangent demodulation, and -3.75 dB (± 3.74) for
phase arctangent demodulation. A paired-samples sign test
(data distribution was neither symmetric nor normal) with
Bonferroni correction for multiple comparisons resulted in
p < 0.05 and p < 0.001 when comparing linear demodulation
to amplitude, and linear demodulation to phase, respectively.

PAT measured at different sites validate that the source of
the HR signal, measured using body-coupled antennas and
pulsed UWB radar-on-chip, are indeed pulsating subcutaneous
structures. Data from participant 1 (Fig. 7) illustrate that a clear
timing difference is apparent between in-body measurements
and the contactless measurement: The onset of chest displace-
ment in Fig. 7a coincides with the ECG QRS complex (10 ms
delay) and reaches a peak at the offset of the T wave. The
rise period covers the entire systole of the heart. The arterial
pulse onsets shown in Fig. 7b–d however, are delayed due to
a limited blood pressure pulse propagation velocity through
arteries (delay of 73 – 212 ms, depending on location) and
pulses show much shorter rise times. Even when searching
at different range bins in the received radar signal, it has not
been possible to detect a waveform with similar time domain
characteristics as the non-contact chest wall signal. The sham
recording (not shown in any of the figures) did not contain a
detectable HR signal. This indicates that no HR modulation
of leakage signal, was caused by either chest displacement or
any other superficially moving structure.
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Fig. 7. Comparison of pulse arrival time (PAT) between the non-contact chest
measurement (a) and in-body measurements (b – d). Pulse wave velocity is
demonstrated through the femoral artery (b), through the carotid artery (c),
and through the aorta (d; as measured from carotid to femoral artery). The
blue traces represents the more proximal measurement point, orange the more
distal measurement point. Half Max PAT is indicated by colored dashed lines,
ECG R wave is indicated by a black dashed line.

PWV was demonstrated in the femoral artery (Fig. 7b),
by a clearly distinguishable delay in PAT between the thigh
and foot measurements. By comparing the Half Max PAT, a
difference of 64 ms was measured. This translates to a PWV in
the femoral artery of 12.5 m/s (artery length roughly estimated
at 80 cm). A delay in PAT between the head and neck was
observed (Fig. 7c), but PWV is harder to define due to the
unknown exact path length of the intracranial blood pressure
wave. Finally, PWV velocity through the aorta, as measured
between the carotid and femoral arteries, is shown in Fig. 7d
and measured at 92 ms. The radar-measured arterial pulse wave
in response to the heartbeat, across measurement locations for
all participants, is shown in Fig. 8. For illustration purposes
and to allow for waveform comparison, heart cycle duration
was normalized between participants. Fig. 8 is therefore not
suitable for a direct comparison of PAT between participants.
Instead, it demonstrates that arterial pulse wave measurements
were robust and repeatable. Arterial pulse waveforms were
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Fig. 8. Arterial pulse wave at different measurement locations in response
to the heart cycle, for all four participants: Neck (a), temple of the head
(b), upper arm (c), lower back (d), thigh (e) and foot (f). All heart cycle
durations were normalized to allow for waveform comparison. Radar time
series are color-coded for the different participants, ECG data are shown in
black. Black dashed lines indicate the ECG R wave.

found to vary between participants which is probably due to
the limited control over exact measurement location. Half Max
PAT is given in Table I for a number of recording sites, along
with each participant’s height and average HR. The chest and
lower back measurements are not included because PAT of
these sites are of less interest. As expected, PAT increases
with increased distance of measurement location to the heart.
PAT at identical locations varies strongly between participants.
This can partly be accounted for by differences in height
and differences in arterial stiffness. In addition, differences
in blood pressure may have contributed to differences in
PWV between participants. Blood pressure directly affects
PWV, and it is not unlikely that blood pressure during the
recording deviated from standard values: No particular blood
pressure assessment protocol was followed, and participants
might have had elevated stress levels. In the current study,
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TABLE I
PULSE ARRIVAL TIME OF INDIVIDUAL MEASUREMENTS

Participant
1 2 3 4

Height [cm] 177 168 164 177
HR [bpm]
Mean (±SD)

62.5
(±3.2)

70.8
(±6.9)

76.2
(±3.9)

59.8
(±4.2)

Half Max
PAT [ms]

Neck 0.148 0.204 0.152 *
Intracranial 0.200 0.256 0.176 *
Upper arm 0.192 0.240 * 0.152
Thigh 0.220 0.248 ** *
Foot 0.284 0.332 0.300 0.256

Measurement locations: (1) Neck: Carotid artery; (2) Intracranial: Temple;
(3) Upper arm: Brachial artery; (4) Thigh: Femoral artery; (5) Foot: Tibial
artery. Half Max PAT denotes pulse arrival time measured at half of pulse
maximum. *Data excluded due to ECG device failure. **No HR signal
measured in radar data.
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Fig. 9. Wiggers diagram illustrating the relationship between the heart’s
electrical activity (ECG) and ventricular volume (top), and in-body recording
from the heart, measured at the sternum of participant 1 (bottom). Local and
global minima and maxima in radar data are indicated using blue dashed lines.
Radar data closely resembles ventricular volume. Modified from [21].

no blood pressure measurements were performed. Results
for the in-body recording at the sternum, measured directly
above the heart, are shown in Fig. 9, for participant 1. Radar
data and ECG data are shown along with a Wiggers diagram,
which shows the theoretical relationship between the heart’s
electrical activity (ECG) and blood volume in the ventricle
of the heart. Interestingly, but not surprisingly, the radar
data closely resemble the ventricular volume in the Wiggers
diagram, showing start and end of ventricular systole, as well
as the atrial systole that occurs during the ECG P wave.

V. DISCUSSION

The current work demonstrates that cardiovascular dynam-
ics can be measured using coherent UWB radar-on-chip sys-
tems in combination with body coupled antennas. Although
this was previously communicated based on data from a single
participant at a reduced number of recording sites [21], it is
now shown using more measurements and improved methods
that results are robust and repeatable.

A major challenge in in-body sensing and imaging, with
low-power microwave equipment operating at a wide fre-
quency band, are leakage signals. Due to the high signal

attenuation in tissue, leakage signals are likely to be much
stronger than the signal of interest, and may be modulated by
chest displacement due to HR and respiration. By employing
the temporal characteristics of measured waveforms, we were
able to rule out leakage signal as a cause for measured HR
signal. Blood pressure PTT through arteries is in the order of
tenths of seconds, whereas signal delay due to propagation
through air is in the order of ns. A comparison of PAT
between non-contact chest measurements and arterial pulsation
therefore validates the source of obtained signals. As a final
assurance, an attempt was made to measure HR modulation in
leakage signal from a phantom object with dielectric properties
matching those of average tissue. No HR modulation was
found, even though proximity of the sensor to the chest was
identical as in the upper arm recording. The more powerful
respiration signal could occasionally be detected in contact
recordings, particularly in the recordings from the neck. Future
work will seek to further shield antennas from leakage signals.
In addition, effective signal processing strategies are required
to distinguish the HR signal from respiration harmonics.

Through ECG-aligned averaging of multiple heart cycles
of radar data, the arterial response to the heartbeat could
be studied even in low SNR scenarios. The arterial pulse
waveform was demonstrated for arteries in the neck, head,
upper arm, lower back, thigh and foot. For recordings from the
temple and lower back, it is unknown which artery caused the
signal modulation, as no attempt at imaging was made. For the
other measurements however, recordings were taken at sites
superficial to major arteries. Depth of the arteries was in the
order of cm, but due to the limited down range resolution of the
used system, no attempt was made at exact depth estimation.

Because of the use of linear demodulation, a valid measure
for sub-mm ToF variation was obtained, despite the inability to
perform DC offset removal. The significance of this is that the
obtained arterial pulse waveform is not distorted by incorrect
arctangent assumptions. Arterial pulse waveform analysis is a
field of interest to the medical community and can be used to
predict aortic pressure from waveform features [31]. Obtained
waveforms varied strongly between participants, but in general
did display fast systolic upstroke, dicrotic notch and diastolic
runoff, as expected. Variation between participants could be
caused by motion artefacts and sub-optimal sensor positioning,
as well as signal distortion due to averaging of heart cycles
with unequal length. Comparison against ultrasound or tonom-
etry recordings would be of interest. Half Max PAT was found
to be the most robust marker for a comparison of PAT between
recording sites, as it was not affected by the smoothness of
pulse onset or pulse peak. From PAT measurements, PTT and
PWV could be estimated for a number of arteries. For brevity,
this was demonstrated only for a single participant. As an
extra precaution against signal blurring, and to eliminate the
effect of HR on the arterial response, only radar data from
heart cycles with similar length were included in averaging.
Measured PTT and estimated PWV lie withing physiological
range. Artery length estimation would be required for accurate
PWV estimation, and ultrasound Doppler recordings would
have to be performed to validate PWV accuracy, which is be-
yond the scope of this paper. From the heart recordings at the
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sternum, it was found that a robust signal could be measured
that closely resembles theoretical ventricular volume, as well
as cardiac signals measured using CW Doppler radar [14].
The signal maximum occurs slightly before R wave, on the
onset of ventricular systole. The signal minimum aligns with
the end of T wave (end of systole). A local minimum was
found to coincide with P wave, and second local minimum
(although not always present) is hypothesized to indicate the
start of ventricular ejection. These results indicate that UWB
radar could potentially serve as a powerful diagnostic tool: De-
termination of ventricular volume, as well as derived metrics
such as ventricular ejection fraction, are essential for cardiac
function analysis. Because UWB radar measures mechanical
motion as opposed to electrical activity, radar could act as a
complimentary modality to ECG in a clinical setting. Future
work using an array of radars and an imaging approach
will explore this in more depth. Whereas in [21] arctangent
demodulation was used to combine baseband I and Q data, in
the current work we argue that linear demodulation is more
suitable considering the size of the arteries targeted, the arterial
expansion factor, and the effective wavelength of the system’s
centre frequency in tissue. A statistical analysis of SNR values
obtained using different demodulation approaches confirmed
the theory. A future challenge is how linear demodulation
techniques can effectively be combined with delay-and-sum
beamforming methods. ToF variation data obtained from linear
demodulation measured at multiple sensors does not neces-
sarily lie along the same principal component, so coherent
summation must be performed either on raw RF data, or after
a correction step in which ToF variation data between sensors
get aligned and inverted if necessary. The current work focuses
on 1D in-body sensing using UWB radar-on-chip. Although
alternative modalities are available for cardiovascular sensing
(ultrasound, tonometry, photoplethysmography), radar has a
number of potential advantages: Hardware is affordable and
comes at a small form factor. Whereas optical methods sense
blood volume in superficial tissues, radar has a much higher
penetration depth. This allows for better tissue penetration and
thus sensing of deeper lying arteries. As opposed to ultrasound,
transmission through bone is possible, enabling sensing and
imaging inside the skull. Finally, radar is comfortable to use
without the need of applying pressure (required for applanation
tonometry) or a coupling gel (required for ultrasound).

As pointed out in section I, cardiovascular sensing has
previously been performed using CW Doppler radar. However,
the use of coherent UWB radar is particularly of interest due
to the option of time gating, and the imaging capabilities
when extending to a multiple-module rig with an array of
antennas. MWI using a VNA and antenna arrays has been
demonstrated before [6]–[9], [16], but the use of novel radar-
on-chip technology opens the possibility of developing far less
bulky imaging systems with potentially shorter scanning times.
A portable radar-based medical imaging device would have
numerous applications in preventive screening and long-term
monitoring following a medical procedure.

VI. CONCLUSION

The current work provides new measurements to demon-
strate that cardiovascular dynamics can be measured at various
sites on the body, using coherent UWB radar-on-chip systems
in combination with body coupled antennas. Across four
participants, results were found to be robust and repeatable.
This work serves as a first step in developing a portable and
low-cost device for long-term monitoring of the cardiovascular
system, and provides the fundamentals necessary to develop
UWB radar-on-chip imaging systems.
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