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Abstract — This paper presents two novel ultra
wideband (UWB) printed antennas designed to be
part of a UWB radar system for cardiac activity
monitoring. The two antennas have the same shape
but differ in terms of dielectric substrate and
dimensions and are designed to be used one in a
wearable and the other in non-wearable (fixed)
radar. With regard to the fixed antenna, numerical
results show an optimum fidelity factor and an
almost constant group delay in the 3.1 - 10.6 GHz
frequency band. As concerns the wearable
antenna, numerical results obtained considering
the antenna placed in the vicinity of a box model
of the thorax, containing a spherical model of the
heart, show that small heart movements can be
detected. Eventually, the two antennas have been
realized and measured by means of a vector
network analyzer finding a return loss lower than
-10 dB in the 3.1 - 10.6 GHz frequency band with
a good agreement between simulations and
measurements. Also, measurements of the fixed
antenna gain and radiation pattern, performed in
an anechoic chamber, show a good agreement with
simulations.

Index Terms — Heart-activity monitoring, remote
sensing, UWB antenna.

I. INTRODUCTION

The cardiac activity involves changes in
shape, dimension, and dielectric properties of the
heart muscle. These variations can be monitored
by using a UWB radar system equipped with a
suitable antenna. In a possible arrangement, the
radar transmits very short pulses towards the
human thorax and receives the echoes containing

information on the heart variations [1, 2]. The
remote monitoring of cardiac activity is a crucial
and useful application in various situations. For
example, in emergency rooms or intensive care
units it is more comfortable for the patient with
respect to conventional techniques (e.g.,
electrocardiogram - ECG). Moreover, it can be
performed in a continuous way, becoming very
useful in the monitoring of pathologies of the
cardiac apparatus, for home therapy, or hospital
confinement. Finally, it allows monitoring of
patients with burns or chemical contaminations
without contacting electrodes.

With reference to UWB radar systems, their
main advantages are the very high resolution, the
low power spectral density, and the low
electromagnetic interference with other systems;
furthermore, UWB radars are based on a quite low
cost technology. In February 2002, the Federal
Communications Commission (FCC) gave the
permission for the development of new products
incorporating UWB technology. To this day, the
FCC allocated a 7.5 GHz band in the range from
3.1 GHz to 10.6 GHz [3, 4] providing a mask for
the maximum power spectral density (PSD),
settled to the value of -41.3 dBm/MHz, over the
whole band. These low levels are due to the fact
that UWB systems work in a region of the
spectrum in which other services already operate.
UWRB radar systems can be realized in hybrid or
monolithic microwave integrated circuit (MMIC)
technology with very small dimensions so that
portable (wearable) radars can be built. Otherwise,
in many applications, the dimensions are not a
strong constrain and the radar can be fixed on the
roof or on a wall of a room. These two
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applications will need antennas with different
dimensions and properties.

For this reason, in this work, two novel UWB
antennas have been proposed and designed, one
for wearable and one for fixed radars.

II. ANTENNAS DESIGN

A. Antenna geometry

The main goal of the two antenna designs is to
obtain a return loss lower than -10 dB in the 3.1 -
10.6 GHz band. Moreover, the wearable antenna
has to be portable and light while for the fixed one
the directivity constrain is more important. To
fulfill these requirements, printed UWB antennas
can be used [5-11]. In particular, among these
antennas, the microstrip-fed monopole structure
has been considered, where the radiating element
and the feeding microstrip line are realized over
one of the substrate faces, while a suitable ground
plane is etched on the other face. Such structure
has been chosen considering the broadband and
good radiation properties of the printed heart
monopole antenna [5]. Finally, taking into account
the directivity performance of the truncated planar
configuration proposed in [12], a half-heart shape
geometry has been chosen.

B. Antenna optimization

The considered half-heart shape geometry is
shown in Fig. 1. The radiator is located on the top
layer of the substrate and the ground plane on the
bottom layer. The dielectric substrates utilized in
this project are: Rogers RO4003 with relative
permittivity ., = 3.38, thickness 4; = 0.508 mm,
and copper thickness #; = 0.035 mm, and Rogers
RT6010 with g,, = 10.2, thickness 4, = 0.640 mm,
and copper thickness ¢, = 0.035 mm, for the
antenna to be used in fixed and wearable systems,
respectively. With reference to the other
dimensions, / and w are the height and width of the
substrate. The shape of the half heart on the top
layer is obtained through a semicircle of radius r.
and through a three control-points spline defined
assigning the initial point P;(x;);z;), the final point
P(x;y5zy), and the central point Py(x,y,z,). The
shape of the ground on the bottom layer of the
antenna is also obtained through a three control-
points spline specular to the previous one (see
Fig. 1). It is worth noting that, in all the
simulations, the feeding microstrip line has been
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curved away from the edge of the structure to
facilitate the connection with the coaxial feed line.
The antenna geometry has been optimized
through parametric simulations using CST
Microwave Studio® software [13]. In these
simulations the antenna parameters have been
varied inside realistic ranges and the S;;(f) results
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Fig. 1. Geometry of the proposed antenna.

have been analyzed. Only geometries giving S;;(f)
absolute values lower than -10 dB (o = 0.316)
between f; = 3.1 GHz and f; =10.6 GHz band have
been considered and, among those selected, the
one maximizing the cost function:

L p—IS“<f)|jd
C= : (1)
(fz—fl)_!( , [

has been chosen.

Among the antenna parameters, the central
control-point of the spline (x,, y,) plays a
fundamental role for the antenna matching. This
parameter has been varied at 1 mm step in the
10-50 mm range. Figure 2 shows the results for
[=85 mm, w=50 mm, r, =25 mm, x, = 50 mm
and for three values of the y, parameter.

The best value of the cost function is obtained
with y,= 30 mm and corresponds to C = 0.633.

The final antenna dimensions are: /; = 85.0
mm, w; = 50 mm, r,; = 25 mm, x,; = 50 mm,
s = 30 mm for the fixed antenna, and /, = 48.5
mm, w, = 25 mm, r.; = 12.5 mm, x,, = 25 mm,
V52 =20 mm for the wearable one.




10

o
o
V‘- d V!
n K
30 L "
—y =30mm 0
--y =35mm !
-40 |- Ys
----- y =25mm
-50 | \

0 2 4 6 8 10 12
Frequency (GHz)
Fig. 2. Results of a parametric analysis.

III. NUMERICAL SIMULATION
RESULTS

A. Antennas performances in free space

Figure 3 shows the return loss as a function of
the frequency for the two designed UWB
antennas. The obtained results indicate that the
antennas have a return loss below -10 dB in the
3.1-10.6 GHz frequency band.
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Fig. 3. Return loss of the two proposed antennas.

B. Fixed system antenna

Concerning the antenna radiation pattern, Fig. 4
shows polar plots on the x-y vertical plane at 4, 6,
8, and 10 GHz for the antenna designed for the
fixed system. The plot highlights that the direction
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of maximum radiation is close to the x direction of
Fig. 1 with a -3 dB aperture varying between 55°
and 58.5°.

Figure 5 shows the peak gain behavior as a
function of the frequency as well as the ¢ value
(8 =90°) for which the gain achieves its maximum
value. As it can be seen, the gain values increase
with the frequency. In particular, the minimum
value is 4.6 dBi at 3.0 GHz, while the maximum is
94 dBi at 11 GHz; these gain values are
comparable with the gain values of other UWB
antennas reported in literature [8].

——f=4GHz
--u--f= 6 GHz

90° --+--f=8 GHz
—+—f= 10 GHz

270°

Fig. 4. Polar plot of the gain at 8§ GHz for the
fixed antenna.

Concerning the direction of maximum
radiation, Fig. 5 shows that it is almost constant
with the frequency with variations mostly within
+10°.

An important parameter of a UWB antenna is
the fidelity factor that is the peak value of the
cross correlation function between the observed
pulse sx(?) (electric field (E))), at a given distance
from the antenna, and the excited pulse s,(?) (input
voltage) [14, 15]:

rw 5,(¢)s,(t+7)dt
F =max —= )
i \/ J'j: s2(t)dt \/ J'j: s2(1)dt

where T is the delay that maximizes F in (2).
Considering that, for an antenna, the time behavior

of the radiated electric field is an approximation of
the derivative of the input excitation,

2)
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s,(t)=ds, / dt can be used in place of s,(2) [14].

The UWB signal used in [14, 16] is assumed to
excite the designed antenna. This UWB signal is
the 5™-derivative of the Gaussian pulse, given by:

o100 15 ) [
s,(t)=k| - + - e/, (3)
(0 ( \2mo"! 210’ 2no’ ]

where k is a constant which can be chosen to
comply with the peak power spectral density
allowed by the FCC, while ¢ is taken equal to 51
ps to ensure that the spectrum shape complies with
the FCC spectral mask.The fidelity factor has been
calculated at a distance from the antenna of 100
cm and for various directions. Results concerning
the fidelity (s;(#) and its derivative) are
summarized in Tab. 1. The values reported in the
table highlight a very high fidelity factor of the
proposed antenna, for all the considered directions
apart from small € angles.

Another important goal of the UWB antenna
design is to achieve a linear dependence of the
radiated field phase as a function of the frequency
in order to minimize pulse distortion. The
parameter that describes the phase response of the
antenna is the group delay, defined as the negative
derivative of the phase response with respect to the
frequency. Figure 6 shows the group delay values
as calculated from the time-domain response. The
figure reveals that the antenna group delay is
almost constant, with less than 0.1 ns fluctuations,
across the whole considered frequency band.

C. Wearable antenna in the presence of a box
model of the thorax

In order to check the ability of the wearable
antenna to monitor the heart activity, the radiating
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of the chest (9x9x6 cm) with the direction of
maximum radiation toward the thorax (see Fig. 7).
Inside the box, at a depth of 3 centimeters, a
sphere of variable radius (from 20 to 25 mm) has
been placed to simulate the presence of the heart.
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Fig. 5. Peak gain behavior of the fixed system
antenna and direction of maximum gain as a
function of the frequency.

The thorax is constituted by an equivalent body
tissue whose parameters have been taken from
those recommended by the IEEE SCC-34/SC-2
[17]. The values in [17] have been interpolated by
using a Cole-Cole equation [18] with &= 993,
€,= 54, and relaxation frequency f, = 20.8 MHz.
For the sphere representing the heart, & = 48.62
and 6 =6.12 S/m [19, 20] have been considered.

To simulate the heart movements, a set of
simulations have been performed varying the
sphere radius and measuring the received voltage
at the feed point considering as a source signal the

structure has been placed 1 cm from a box model 5"  derivative of the Gaussian pulse.
Table 1. Simulated fidelity of the proposed antenna.
pig‘i)t?sn Fidelity Fidelity pI:) g‘i’t?sn Fidelity Fidelity
(xy plane) si(t) s, (t)=ds, / dt (xz plane) s(t) s, (t)=ds, / dt
0=90° ¢=0° 0.947 0.983 p=0° 0=0° 0.700 0.706
Antenn | 9=90° o= 30° 0.961 0.964 p=0° 0=30° 0.825 0.767
gy(:;‘:r‘:g 0=90° ¢=60° 0.964 0.975 p=0° 0=60° | 0.948 0.964
0=90° ¢=90° 0.925 0.928 p=0° 0=90° 0.925 0.983
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Fig. 6. Group delay of the proposed fixed system
antenna.

Since the early time contents of this signal are
dominated by the antenna and skin reflection, a
calibration procedure has been implemented. The
calibration signal has been calculated as the
average value of all the measured voltages and has
been subtracted from each received signal thus
obtaining the calibrated signals. Figure 8 shows
the calibrated signals corresponding to the
minimum and maximum sphere radius, i.e. 2 cm
and 2.5 cm respectively, simulating the end-
systole and the end-diastole conditions.
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Fig. 8. Received signals for two cardiac phases.

PITTELLA, BERNARDI, CAVAGNARO, PISA, PIUZZI: DESIGN OF UWB ANTENNAS TO MONITOR CARDIAC ACTIVITY

Fig. 7.
tissues.

Antenna in the presence of biological

The figure highlights that it is possible to
distinguish between the two positions; in fact the
corresponding signals arrive at the antenna feed
point at different time instants (about 120 ps
distance between the absolute minimum of the two
signals) and, consequently, the heart movements
can be detected through a suitable radar receiver.

IV. MEASUREMENT RESULTS
The two UWB antennas have been realized
using a milling table and a SMA connector has
been soldered at the input of the microstrip line.
The photograph of the manufactured antennas
including the coaxial connector is shown in Fig. 9.

Fig. 9. Realized UWB antennas.

Return loss measurements were performed
using a PNA E8363B network analyzer and
placing the antenna in an anechoic chamber.
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The measured return loss for the fixed antenna
printed on RO4003 is reported in Fig. 10
indicating that the antenna features UWB behavior
with a bandwidth from 3.1 GHz to more than 10.6
GHz assuming a -10 dB return loss reference. On
the same figure, simulation results obtained adding
the SMA connector to the antenna is also reported.
A good agreement between numerical and
experimental results is obtained. However,
comparing Fig. 10 with Fig. 3 it can be noted that
the presence of the connector makes the antenna
return loss worse.

With reference to the wearable antenna, both
simulations and measurements (not shown) have
evidenced that, also in this case, the presence of
the connector makes the return loss worse than the
one obtained without the connector.

Since, in the final radar layout, the wearable
antenna will be directly connected to a microstrip
circuit, i.e. without a coaxial connector, the time
domain reflectometry (TDR) technique has been
used to remove, by means of the gating function,
the connector effect from the measured data [21].

The obtained results are shown in Fig. 11,
where the TDR measurements are compared with
the simulations in the absence of the connector.
The figure shows a good agreement between
simulations and measurements especially in the
3.1 - 10.6 GHz frequency band.
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Fig. 10. Comparison between simulations and
measurements for the fixed system antenna.
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Fig. 11. Comparison between simulations and
measurements for the wearable system antenna.

The fixed antenna has been further
characterized by measuring the gain for a given
direction (8= 90°, ¢ = 0°). This has been done by
using the anechoic chamber available at ENEA-
Casaccia research center and by using the gain
transfer technique [22]. Figure 12 shows a
comparison between measured and simulated
values. Taking into account the measurement
uncertainty of = 2 dB the measurements are in
good agreement with simulations.
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Fig. 12. Comparison between measured and
simulated antenna gain.

Finally, by using the facilities available at
ENEA Casaccia, the radiation pattern of the
antenna has been measured at 4, 6, and 8 GHz.



Figure 13 shows a comparison between the
measured and simulated radiation pattern on the
x-y vertical plane at 6 GHz. Also in this case, a

good agreement between measurements and
simulations has been found.
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Radiation pattern (dB)

270°
Fig. 13. Radiation pattern at 6 GHz.

V. CONCLUSION

The design of a fixed and a wearable planar
UWB antenna usable in biomedical sensing of
vital signs has been presented. Simulation results
show that both antennas have a return loss better
than -10 dB in the 3.1-10.6 GHz frequency band.
Time domain performances of the fixed antenna
have been investigated showing that it has a very
good fidelity factor and an almost constant group
delay. Moreover, it has been shown that with a
suitable excitation of the wearable antenna it is
possible to detect heart movements. Prototypes of
the two antennas have been realized and return
loss, gain, and radiation pattern have been
measured, obtaining a good agreement between
simulations and measurements.
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