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Abstract—Radar systems for detection of human heartbeats
have mostly been single-channel systems with limited spatial resolution. In this paper, a radar system for ultra-wideband (UWB)
imaging of the human heart is presented. To make the radar waves
penetrate the human tissue the antenna is placed very close to the
body. The antenna is an array with eight elements, and an antenna
switch system connects the radar to the individual elements in
sequence to form an image. Successive images are used to build up
time-lapse movies of the beating heart. Measurements on a human
test subject are presented and the heart motion is estimated at
different locations inside the body. The movies show rhythmic motion consistent with the beating heart, and the location and shape
of the reflections correspond well with the expected response form
the heart wall. The spatial dependent heart motion is compared to
ECG recordings, and it is confirmed that heartbeat modulations
are seen in the radar data. This work shows that radar imaging
of the human heart may provide valuable information on the
mechanical movement of the heart.
Index Terms—Antenna array, electromagnetic propagation
in absorbing media, heart, medical radar, MIMO radar, radar
imaging, ultra wideband radar.

I. INTRODUCTION

C

ARDIOVASCULAR DISEASES (CVD) are a major
cause of deaths worldwide [1]. Radar technology has
the potential to give valuable clinical information about the
mechanical dynamics of the heart, and can be a valuable
tool for diagnostics of CVD. By placing the radar antennas
in contact with or very close to the human body, the strong
reflection from the air-body surface is reduced and the radar is
able to sense waves that penetrate the tissue and are reflected
from the heart wall [2]. In this way the radar directly measures
the mechanical movement of the heart, and can noninvasively
provide information for heart diagnosis.
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Microwave detection of vital signs including heart rate has
been reported in the literature [3]–[5]. For the radar to be an interesting tool for diagnostics of CVD, additional information on
the cardiovascular process is required. In [6] and [7] heartbeat
signals were recorded with body-contact single channel continuous wave radars. Several details of the cardiac cycle were identified, including the opening and closing of the cardiac valve
and ventricular ejection and filling. In [7] it was also shown that
the heartbeat waveform was dependent on blood pressure and/or
heart rate. These studies show that body-contact radar is sensitive to details regarding the cardiac cycles beyond detection of
heart rate. If these details can be reliably quantized and measured, medical radar can be a viable sensor for diagnostics of
CVD.
Similar measurements as in [6] were performed in [8]. Here
radar recordings were conducted with the antenna positioned at
different locations on the thorax. The results showed that the
recorded waveforms differ significantly at different antenna locations. This indicates that the radar sensor detects different cardiac movements inside the body at different antenna positions.
With imaging radar it is possible to simultaneously measure how
different parts of the heart are moving. This can give valuable
information on the physical state of the heart.
Biomedical microwave imaging has been widely reported
in the literature, mainly for the application of breast cancer
detection. The reported systems can be divided in two main
categories, microwave tomography [9], [10], and radar-based
systems [11]–[15]. The human thorax presents a very complex
medium for electromagnetic (EM) wave propagation and it is
not clear if radar imaging can give valuable results without
using complicated microwave tomography systems as in [16].
If a radar imaging system is to be a relevant tool for heart monitoring and diagnostics of CVD, it must be relatively simple,
easy to use and inexpensive compared to other high resolution
medical imaging modalities like MRI.
In this paper the feasibility of radar imaging of the human
heart is studied using a simplistic radar system based on a vector
network analyzer (VNA), a switched array system and a delay
and sum (DAS) based beamformer. This is the same approach
used by the radar-based systems for breast-cancer detection that
have been used in clinical trials on patients [11]–[13], although
in [11] a mechanical scan system was used to synthesize the
antenna array. The robustness and simplicity of the DAS beamformer makes it a good choice for this study.
The breast cancer systems have been studied with the use of
breast phantoms. A phantom of the human thorax with beating
heart and internal organs are complicated to construct with a re-
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Fig. 1. The antenna array was laid on top of a radar absorbent mat on a wooden
table, see Fig. 6. The test subject was lying face down on top of the table with
the antenna center at the middle of the sternum.

alistic level of fidelity. In this feasibility study we therefore use
measurements on a patient. The drawback is that it is difficult to
give quantitative evaluation of the performance since the body
interior is unknown. However, if promising results are achieved
with this system, medical imaging of the heart using radar is an
interesting topic for further studies. It is also an interesting field
for the use of novel UWB radar circuits as described in [17] and
[18].
The radar system is detailed in Section II, and the imaging
algorithm is presented in Section III.C. Additional signal processing of the data is described in Section IV. Measurements
on a male person were carried out with two different antenna
configurations. The measurements are described in Section II.A
and the results are presented in Section V and discussed in
Section VI.
II. SYSTEM DESCRIPTION
A. Measurement Description
Imaging of the heart was performed on a 35 year old male
test subject. Figs. 1 and 6 shows the measurement setup. The
antenna was visually aligned with the body, the center of
the antenna at the sternum, and the extreme elements at the
center of each pectoral muscle. Between each measurement
the person had to leave the measurement table, therefore small
deviations in the alignment between the antenna and the body
are expected. The person was holding his breath, with the lungs
inflated, during the measurements.
Imaging was carried out with two antenna configuration, described in detail in Section III.D. ECG recordings were done simultaneously, and by connecting a trigger signal directly to the
ECG electrodes, the trigger sent when the radar started measuring was visible directly in the ECG data. This allows us to
synchronize the ECG and radar recordings.
B. Switch System
The radar system is illustrated in Fig. 2. With a switch
system we are able to use a Rohde & Schwarz ZVA110 VNA
as radar front-end in our imaging system. The switch connects
the different antenna elements to the transmit (Tx) and receive
(Rx) ports of the VNA in sequence, giving the spatial sampling
needed for image formation.
The switch system consists of two 1:8 switches, one for the
Tx channel and one for the Rx channel. At each antenna element

Fig. 2. Block diagram of the radar system.

Fig. 3. A drawing of the antenna array. The array is manufactured on one PCB,
and SMA connectors are soldered on at the back of each element. The elements
are bow-tie dipoles and the dimensions of the elements are given at element
number 8.

a single pole double throw (SPDT) switch is connected. The
SPDT switch controls whether the element is connected to the
Tx port or Rx port. In this manner every element in the antenna
can be configured as an Rx element or a Tx element.
Evaluation boards from Hittite Microwave Corporation were
used to build up the switch system. A low noise amplifier (LNA)
with 12 dB gain is connected directly after the SPDT at the Rx
channel. A balun consisting of a semi-rigid coaxial cable going
through a tube of ferrites connects the switch to the antenna
elements. The switches are controlled with a microcontroller;
it reads the pulse trigger from the VNA and selects the Rx/Tx
configuration between each pulse according to a switch pattern
which is loaded from a PC.
C. Antenna
In [19] a uniform linear array where all the elements had equal
spacing of 20 mm was used. In this work a nonuniform linear
array with different element spacings is used. This gives a wider
array and improved spatial sampling properties. The array is
illustrated in Fig. 3, and the positions of the antenna elements
are given in Table I.
A simple analysis of the array’s spatial sampling properties is
done by defining a virtual array with virtual element positions
given by
(1)
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where

TABLE I
POSITION OF THE ANTENNA ELEMENTS

(5)
and is the bandwidth of the transmitted waveform.
The velocity of propagation in a dielectric medium is given
by
Fig. 4. Position of unique virtual elements in cm along the positive x-axis
starting at element number 1 in Fig. 3. The center of the black rectangles
represents the position.

For element combination
is the position of the virtual element,
is the position of the transmitting element and
is
the position of the receiving element. Since there are eight elements in the array, and the same element cannot be used as both
transmitter and receiver simultaneously, the maximum number
of transmit/receive pairs is 56, hence the length of the vector
of virtual elements. In the vector of virtual element positions
there are 23 unique elements and their positions are illustrated
in Fig. 4.
There are three different element spacings in the virtual array.
The spacing between the two extreme elements at both ends is
1.5 cm and the spacing between the elements in the four densest
groups is 0.5 cm. Between the other elements the spacing is 1
cm. As discussed later in Section III.A we use
as an
approximation for the relative permittivity of human tissue. In
such a medium the wavelength is approximately 3 cm when the
frequency is 2 GHz. The virtual array meets the spatial sampling
criteria of maximum half a wavelength element spacing up to
2 GHz. From 2–3 GHz it is only the spacing between the two
extreme elements at both ends that violate the sampling criteria.
This array can be expected to behave well up to this frequency.
D. Radar
The VNA is configured as a step frequency radar [20]. The
waveform is generated by transmitting
frequencies with
a fixed frequency interval,
, over a given frequency band.
After mixing the received and transmitted waveforms, the
complex sampled signal is
(2)
where is the two way travel time for the received signal and
is an amplitude factor describing the reflectivity. By taking
the inverse Fourier transform of (2) we get a range profile of the
scene reflectivity
(3)
were
is available through
, and
is the velocity
of propagation for the radar wave.
The instrumented range
is the maximum range to a target
the radar can measure without spatial aliasing. The Nyquist sampling theorem states that it is the frequency sampling interval
that determines the instrumented range through
(4)

(6)
were is the speed of light in vacuum and is the relative permittivity of the medium [21]. This relation holds for dielectric
mediums, but body tissues are lossy materials and
also depends on the conductivity. As discussed later in Section III.A,
we do not know the exact value for , and the uncertainties in
our approximation of
is higher than the effect of neglecting
the conductivity in (6).
Using (6) together with (4) and (5) we can write the instrumented range as a function of the programmable VNA parameters and
(7)
To image a dynamic object like the beating heart we want
the VNA to have a high equivalent pulse repetition frequency
(PRF). There are three parameters of the VNA that determine
its PRF, which are
and the bandwidth of the IF filter in
the VNA,
. This value is programmable, and a smaller IF
bandwidth gives lower thermal noise in the VNA receiver at the
expense of a lower PRF due to a longer measurement time in
the VNA.
In [19] the frequency range was 0.5–3 GHz, giving a bandwidth of 2.5 GHz. 151 frequencies were used and with an IF
bandwidth of 1 MHz the PRF was approximately 328 Hz. In
this work we would prefer a higher PRF, but at the same time
decrease the IF bandwidth to get a better signal to noise ratio.
To achieve this, the bandwidth and the number of frequencies
have to be reduced.
E. Bandwidth
To analyze how much of the bandwidth that contributes to the
formation of the radar images, data from [19] were used. The
data was high-pass filtered to remove contribution from static
reflectors, and then time-lapse images at 250 different sub bands
were constructed. The time mean of the time-lapse images in a
sub band were calculated to get one image of the mean power
for each sub band. The sub bands were 250 MHz wide and centered around 250 different center frequencies from 625 MHz to
2875 MHz. The mean spatial power was calculated for every sub
band and the results are plotted in Fig. 5. By reducing the frequency range to 0.75–2.27 GHz, we keep the images with mean
power over the
dB line in Fig. 5. Although this implies a
theoretical decrease of range resolution, the effective resolution
is less affected since the removed frequencies contribute less to
the image formation. This corresponds well to the findings in
[22] where measurements on a breast cancer phantom showed
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TABLE II
RADAR SETTINGS

TABLE III
A SIMPLE LAYERED BODY MODEL

Fig. 5. Mean power in sub images created from a 250 MHz sub band around
the center frequency. The power is calculated from the data used in [23].

VNA. We found
kHz to be a good tradeoff between
noise level and PRF. The radar settings used are summarized
in Table II. Note that the last two entries are explained in Section III.D, but listed here for completeness.
III. IMAGING
A. Electromagnetic Properties of Human Tissues

Fig. 6. A simple sketch of a cross-section of a general human thorax (redrawn
from [27]) lying on top of a table. The antenna is seen below the thorax, and the
drawn axes indicate the image axes used in the image processing. The dotted
rectangle roughly indicates the size and position of the imaged area.

that the response from the low frequencies dominated the resulting image. The higher frequencies, 1–9 GHz in this case,
contributed less to the detection of the tumor.
F. Number of Frequency Points
In [19] the length of the cables between the radar and the
antenna was accounted for when calculating the instrumented
range. Reflections from switch system and connectors will be
suppressed by calibration (see Section IV.A) and the image processing. We therefore omit the cable length from the calculation
of instrumented range. In this work we use 21 frequency points.
By using
and a bandwidth of 1.52 GHz, as described in
the previous section, we get by using (4) an instrumented range
of 42 cm. Due to the high attenuation in human tissue, reflectors deeper than the instrumented range are assumed attenuated
enough to be invisible if they are folded back into the image.
G. Radar Settings
Due to the high attenuation of radar waves in the human
tissue the reflected signals are very weak. Therefore we want
as low IF-bandwidth as possible to get a low noise level in the

Table III describes a simple layered model of the tissues between the chest surface and the heart. This is the same model
used in [23], and similar to the model used in [24]. The layers
are numbered successively from the layer at the chest surface to
the layer closest to the heart with the thickness given in parenthesis. A database of the electromagnetic properties of human
tissues, based on the work in [25] is available online at [26]. In
Table III we have used the data from [26] to calculate the mean
value for the relative permittivity
over the frequency range
0.75–2.27 GHz.
The relation between permittivity and velocity of propagation is given in (6), and from the values in Table III it is evident
that the human body is a complicated inhomogeneous medium
for EM wave propagation. For correct imaging with radar we
ideally need a complete 3D-model of the distribution of the different tissues in the region we want to image. Both the spatial distribution of the tissues and their electromagnetic parameters are likely to vary from individual to individual, and a usable generic model will be very difficult, if possible, to construct. Such an approach is beyond the scope of this work. We
therefore assume that the tissues are homogeneous with constant
permittivity.
Using data from Table III, the mean permittivity, weighted
with the thickness of the tissue layers, is calculated to be
. In such a medium the wavelength at the maximum frequency
(
GHz) is
cm. The heart is only a couple
of wavelengths away from the antenna, and the individual tissue
layers are only a fraction of a wavelength thick. With the resolution of the radar system, and the short travel length for the radar
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TABLE IV
SWITCH PATTERN 561

Fig. 7. Illustration of the geometry used in the back projection algorithm.

signals, good results can be achieved even with this very simplified model.
B. Imaging Geometry
The antenna array is described in Section II.C, and a sketch
of the antenna and the image coordinate axis with respect to the
human body is given in Fig. 6. The antenna is oriented along the
-axis, and the -axis pointing into the human body. The body
is oriented with the head in the negative direction. The origin
of the coordinate system is placed at the location of the first
element of the antenna array. This coordinate system defines
the coordinates used in the radar images presented in this paper.
C. Imaging Algorithm

time it takes to collect the range profiles,
to
, and
is assumed to be a snap-shot at time . Continuous radar recordings are used to make a time-lapse data cube, , of images

(12)
where

is the number of images in the data cube.

D. Antenna Configuration—Switch Pattern

(11)

The switch pattern were all 56 combinations are used is given
in Table IV. The combinations are sorted by increasing position
of the corresponding virtual element defined in (1). We use this
pattern as it is the one that fully utilize the antenna array and
theoretically will give the highest antenna gain.
In addition to switch pattern 56 we want to find a pattern with
fewer elements so that the frame rate,
, is
increased. The slow frame rate of switch pattern 56 can lead
to badly focused images because the snap-shot assumption described in Section III.C becomes invalid. Even though good
quality images are obtained the sampling rate can be too low
to capture the details of the heart motion.
To reduce the number of element combinations we use the
virtual array defined in Section II.C. The virtual array has 23
unique elements, and by removing the redundant elements
we have reduced the length of the switch pattern from 56 to
23 without reducing the spatial sampling properties of the
antenna array. We have used the following procedure to do this
reduction:
1) For all combinations with equal virtual element position,
select those who have the smallest distance between the
transmitting and receiving element.
2) Select the combination where the receiving element is
closest to the antenna center.
By applying this procedure we get the switch pattern illustrated in Table V, which as for switch pattern 56 is sorted with
increasing virtual element positions. The frame rates achieved
with these patterns are listed in Table II.

is the number of antenna combinations used. It is aswhere
sumed that all reflectors in the scene are stationary within the

1The normal faced numbers describes the order in which a given antenna
combination is used, e.g. in the square referenced by Rx—element 1 and Tx
element 2 the number 1 indicates that this antenna combination is the first one
used in the switch pattern.

The radar images are constructed using a backprojection algorithm [28], which is a DAS-type beamformer. The VNA collects the data in the frequency domain. To get a range profile the
collected data are transformed to time/range domain using the
inverse Fourier transform. The range profile collected with antenna element combination is denoted
, and it is a projection of the 3D scene reflectivity along iso-range ellipsoids
centered at the phase center of the element combination. The
range profile is back projected to each pixel in the image domain to form a sub image,
(8)
As illustrated in Fig. 7

, where
(9)
(10)

and
are the positions of the respective Tx and Rx
element in combination .
The image, , is obtained by summation of the sub images
from each antenna combination
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Fig. 8. PSFs for single targets at different locations. Switch pattern 56 are used when generating the images. (a)
cm,
cm. (d)
cm,
cm.
(c)

Fig. 9. Point spread function for 4 targets simultaneously at
pattern 23. (a) Switch pattern 23. (b) Switch pattern 56.

and 11 cm and

TABLE V
SWITCH PATTERN

E. PSF
To analyze the performance of the imaging system, simulated point targets are imaged with both switch patterns. The
results are presented in Figs. 8 and 9. In both Figures we see
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cm,

cm. (b)

cm,

cm.

and 7 cm. The targets are imaged with both switch pattern 56 and switch

that the PSFs are dependent on the positions of the target. The
resolution in the -direction is better close to the antenna because the angular coverage increases, see Fig. 8(c) and (d). As
the angular coverage increases the angular sampling interval decreases, giving spatial aliasing and increased grating lobe levels.
The grating lobes are visible in the lower left corner when the
target is in the extreme locations of the imaged area as in Fig.
8(a), (b) and (c).
The resolution in the -direction is best along the line perpendicular to the antenna going through the antenna center (i.e., the
cm). In other directions the resolution decreases in
line
the x direction because of the projection of the range vector onto
the -axis. This effect can be seen in Fig. 9(a) and (b), where the
cm are less resolved than the targets at
targets at
cm. In Fig. 9(a) and (b) we also see the difference of using switch
pattern 56 and 23. The targets are similarly resolved with both
switch patterns, but the grating lobes are less visible with switch
pattern 56. This can be explained by a higher suppression of the
grating lobes because more elements are used, and that virtual
array concept used to reduce the switch pattern is more erroneous for targets close to the antenna.
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scribing the time variation of the signal at the location corresponding to the selected pixel. We denote this signal the slow
time profile

IV. SIGNAL PROCESSING
A. Calibration
To remove the response from cables and switch system the
measured data were divided by calibration measurements. The
calibration measurements were done by connecting the Tx and
Rx channel together at the antenna terminals, and measuring the
response,
. The antenna was removed during this
procedure and a short coax cable was used to connect Tx to Rx.
The response of this cable,
, was measured by connecting it directly to the ports of the VNA. The measured radar
data
were then calibrated as
(13)
is the data fed to the imaging algorithm. In addiwhere
tion to remove the response from the switch and the cables, this
procedure sets the zero range for the radar measurements at the
antenna terminals.

(14)
Small movements of an ideal point reflector would cause a
phase modulation in the slow time profile proportional to the radial motion of the reflector seen from the antenna phase center.
In reality it is more complicated. The image is a projection of
a 3D scene onto the 2D image plane, and the modulation in the
slow time profile will not stem from the motion of a single point
reflector. An algorithm for estimating the heart induced motion
of the chest surface from continuous wave radar measurement
was presented in [29]. Further analysis is required to develop
a similar model for the modulation in the case of body-contact
UWB radar. However, it is reasonable to assume that modulations observed in the phase of the slow time profile will be
strongly influenced by the heart motion, and we use this as an
indicator for the heart motion defined as

B. Antenna Gain Compensation
The calibration procedure above does not include the antenna.
Since the antenna behaves very differently when in contact with
the human body compared to the free space response [23], the
antenna must be characterized with the human body present.
This is practically impossible since we cannot place a reference
antenna inside the human body to perform this characterization.
To compensate for different beam patterns between the elements, and different path loss for the individual antenna element
combinations, an adaptive algorithm was developed to equalize
the signal strength between the antenna combinations. The algorithm starts with the data cube of calibrated data as described
in (13).
is the collected data with antenna combination
in the ’th frame.
1) Remove static reflectors by subtracting the mean

2) Calculate the mean over slow time (i.e., index )

3) Compute the range profiles

(15)

V. RESULTS
A. Switch Pattern 56
In Fig. 10 one of the images from the time-lapse data cube is
shown. A movie was made of the time-lapsed images where a
rhythmic motion is visible. The observed motion is most clear
around the reflectors at locations
cm and
cm. These are the positions where the heart is expected to be,
and the shape of the reflections corresponds well with the shape
of the heart wall. The strong reflectors at
cm and
cm are more or less stationary. Some motions are
observed along the edges of the images, particularly at deeper
positions.
Slow time profiles were extracted at the four different positions marked in Fig. 10, and the heartbeat motion were estimated
according to (15). The results are shown in Fig. 11 were the estimates are plotted together with synchronized ECG recordings.
Three heartbeat cycles are shown.
B. Switch Pattern 23

4) Find the maximum
combination

amplitude

for

each

antenna

5) Calculate the gain profile

In Fig. 12 an image from the time-lapse imaging using switch
pattern 23 is shown. A movie was constructed from the dataset.
The signals from the deeper positions are weaker compared to
the results when using switch pattern 56, but the same rhythmic
motion is observed in the reflectors deeper than
cm. The
motion with switch pattern 56 is more pronounced and concentrated in the x direction.
The heartbeat motions from the four positions marked in
Fig. 12 are shown in Fig. 13 together with ECG recordings.
C. Antenna Gain Compensation

C. Estimation of Heart Motion
Extracting the complex value from the same pixel of every
image in the time-lapse data cube of images gives a signal de-

To see the effect of the antenna gain compensation described
in Section IV.B, the same data used to generate the image in
Fig. 10 was used to process an image where the antenna gain
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Fig. 10. A single image when using switch pattern 56.

Fig. 11. Phase modulation estimation from the marked points in Fig. 10. The ECG data is plotted in red and scaled in amplitude to make the plots readable. The
given y-axis applies to the radar data only.

compensation was not applied. The resulting image is shown in
Fig. 14. In this image the deep reflectors observed in Fig. 10

have almost vanished, and the image is dominated by the strong
returns near the antenna center.
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Fig. 12. A single image when using switch pattern 23.

Fig. 13. Phase modulation estimation from the marked points in Fig. 12. The ECG data is plotted in red and scaled in amplitude to make the plots readable. The
given y-axis applies to the radar data only.
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Fig. 14. Image with no antenna gain compensation, using the same data that
were used to form the image in Fig. 10.

VI. DISCUSSION
A. Antenna Gain Compensation
In [19] and [7] the radar data was high-pass filtered to remove
static reflectors so that the dynamic heartbeat signal could be
detected. The heart’s motion is cyclic and in the points in time
where the velocity of the heart is zero, the high-pass filter will
remove the signal from the heart as well. This is particularly visible when creating a time-lapse movie as it was done in [19]. The
filter will attenuate slow moving reflectors, and the fast moving
ones will be more pronounced, causing a more chaotic heart
motion in the movie. Using the antenna gain compensation proposed in this paper we are able to detect the heart motion without
using a high-pass filter. This results in a better representation of
the heart motion in the movies.
As seen in Fig. 14 the heart is almost invisible when the
imaging is done without gain compensation. The radar geometry is different for the different antenna combinations. For
element combinations with short separation their individual
beam patterns will overlap more, giving higher antenna gain
than for combination with longer element separation. There will
also be differences in the length of travel between a reflector
and the elements in the different element combinations. Due to
high attenuation of human tissues this can lead to differences
in the signal levels for the different element combinations.
Without gain compensation element combinations with weak
signals does not contribute to the image formation and the
image is dominated by the strong reflectors near the antenna
center as seen in Fig. 14.
B. Imaging of the Heart
It is hard to present concluding evidence of what is actually seen in the images presented in this paper. We have no
exact knowledge of the distribution of the different body tissues and location of potential reflectors that can be identified in
the images. However, the reflectors around the marked points
in Figs. 10 and 12 correspond well with the expected location
and size of the heart wall. These are also the areas with most
pronounced motion indicating that it is the heart that is seen.
Comparing the phase modulations in Figs. 11 and 13 with
the ECG measurement it is clear that the modulation seen corresponds to the heart cycle. The shape of the modulation is repeating from cycle to cycle suggesting that the signals contain
more information than just the heartbeat rate. More details are
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seen in Fig. 13 because higher frequency components are captured due to higher sampling rate. Increasing the PRF of the
radar system can therefore be important in further development
of the radar system. We also experience variation in the signals
depending on the spatial location in the images. The shape and
the timing of the highest peak in the radar signal compared to the
highest peak in the ECG signal differs, indicating that different
parts of the heart are modulating the radar signal. The shape of
the phase modulation waveforms may provide valuable information to medical doctors [7]. Further studies should be carried
out to investigate the content of information in these signals.
The image with switch pattern 56, Fig. 10, gives better results in terms of visual image quality, especially at the deeper
positions. This can be expected since more than twice the antenna element combinations are used compared to the image in
Fig. 12. The cost is the reduced frame rate and sampling rate of
the phase estimate waveforms.
VII. CONCLUSION
A proof of concept for UWB time-lapsed radar imaging of
the human heart is demonstrated. The results are promising and
there is good indication that the moving heart wall is seen in
the images. Further studies are required to confirm this and to
assess the medical value of the information. By comparing the
modulation at specific locations in the images with ECG data it
is confirmed that the modulation seen is related to the heart motion. The modulation shows signs of containing detailed information about the cardiac cycle and is dependent on the spatial
location. If important events of the cardiac cycle can be connected to these signals, microwave imaging of the heart may
well provide an additional observation mode for improved heart
diagnostics. The radar system presented, with the parameters
and their trade-offs, is a good basis for further development of
UWB medical radar system and circuits for heart imaging.
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