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A study of ultrawideband pulse propagation modeling through human body for all frequencies from 0.1 to 10.5 GHz is presented.
Reflection coefficient and signal attenuation are computed from themodel considering the variation of heart dimensionwith respect
to time unlike a fixed dimension of heart used in earlier models. The performance of cardiac activity is studied from the change of
signal attenuation. This estimation may help in the design of a noninvasive diagnostic system using ultrawideband of frequencies.

1. Introduction

Human heartbeat performance is the basis for many modern
potential applications because it is impossible to suppress
the heartbeat related motion. Some of the major applications
include monitoring of heartbeat of a newborn infant in a
pediatric clinic, burnt victims, and remote monitoring of the
health condition of a patient as well as the old people who are
asleep. As the heart involves a very small amplitude motion,
its detection becomes more challenging. Any contact based
method, for example, an electrocardiogram (ECG), requires
a physical contact with the body of the human subject and
hence is invasive. However, an invasive method suffers from
the drawbacks such as being difficult to apply in case of
human infant subjects who are very susceptible to sudden
infant death syndrome (SIDS), intolerance of placing elec-
trodes on the body of burnt victims, problem of countermea-
sures, and the effect on the autonomic nervous system (ANS)
during lie detection. Detection and/or monitoring of cardiac
performance using ultrawideband (UWB) radar technique is
becoming of great importance as it is noninvasive and remote.
Furthermore, UWB radars have several special features
such as environmental friendliness, very low electromagnetic
energy emission, high miniaturization capability, very low

cost, and high resolution. UWB radar transmits a sequence
of very short pulses over a large bandwidth unlike the
continuous-wave (CW) radars which transmit a continuous-
wave signal at a particular frequency. The radio frequency
(RF) signal returned to the radar receiver after being reflected
from the human subject contains the information about the
functional pattern of the human heart.Therefore, the study of
UWB wave propagation aspects into a human thorax model
helps to obtain the state of the human heart. The model pre-
dicted estimation will be useful to estimate how much power
is needed for a specific purpose and also to get an indication
as to whether the person is living or dead. The accuracy
of a study of this kind depends on an appropriate and effective
propagation model.

UWB propagation into the layered models developed
earlier [1, 2] was identified for not considering the effect of
multiple reflections. In our previous work [3], propagation
of UWB pulses in the human tissues was studied for a fixed
radar system placed on the room wall at a distance of one
meter from the subject to be monitored. A multilayer planar
model of human thorax was used to predict UWB signal
attenuation considering signal propagation on the air-skin-
heart-air path. The multilayered model used the frequency
dependent dielectric properties of layered tissue mediums
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Figure 1: Transverse section of human heart [5].

over an ultrawideband similar to the frequency dependent
model developed by [2] but was distinct due to the fact
that the issue of multiple reflections ignored by the earlier
models [1, 2] was accounted for by developing the impedance
transformation model. This earlier idea was to develop a
reasonably simple radar and the signal attenuation analysis
was done up to the heart tissue in the thorax model. But elec-
tromagnetic energy leaks to the tissues through and beyond
the heart up to the posterior skin aswell.Therefore, the tissues
beyond heart also contribute further to the signal attenuation
which needs to be studied. A similar kind of model that
considered tissues up to the posterior skin as well as the
inclusion of the effect of multiple reflections was found in the
literature [4].

In this paper, we have extended the analysis by consider-
ing a more standard anatomical full body model to develop
a multilayer planar model and the dispersive behavior of
electromagnetic properties of human tissues. In order to
accommodate the frequencies of the Federal Commission for
Communication (FCC) approved UWB (3.1 to 10.6GHz) the
signal attenuation is evaluated for typical frequencies from0.1
to 10.5 GHz. In order to validate the considered model, the
signal attenuation as a function of frequencywill be evaluated
and compared with the results obtained in [2, 4]. Due to
the particular applications of UWB radar in medicine, it is
fundamental to investigate the propagation of UWB pulses in
human tissues with reference to both the safety issues and the
determination of optimum signal to monitor the cardiopul-
monary activity.

2. The Planar Thorax Model

In order to evaluate the propagation characteristics for varied
heart dimensions the time dependence of heart motion was
studied and described in the following section with a brief
description about the constitution of heart.

2.1. The Human Heart Structure. This is a hollow, cone
shaped, four-chambered (left and right atria, left and right
ventricles) muscle located between the lungs and behind the
sternum. Two-thirds of the heart is located to the left of the
midline of the body and the remaining one-third is placed
to the right. According to the medical illustrations, right and
left correspond to the person’s right and left assuming that the
person is looking at us.

The transverse cross-sectional view of heart structure [5]
as shown in Figure 1 consists of left ventricle wall, left ventri-
cle cavity, interventricular septum, right ventricle cavity, and
right ventricle wall. The left ventricle (LV) and the right ven-
tricle (RV) are the longer cavities in the human heart.The left
ventricle has a thicker wall than the right ventricle.

2.1.1. The Cardiac Cycle. The heart function alternates be-
tween contraction and relaxation in a concerted pattern
called the cardiac cycle. One cardiac cycle consists of one
complete diastole and one complete systole. Diastole is the
phase of the cardiac cycle during which the chambers of the
heart relax and the ventricles dilate allowing the blood to flow
in. Systole is the phase of the cardiac cycle during which the
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ventricles contract pumping the blood into the aorta and the
pulmonary artery. At the start of the diastole, the heartmuscle
is relaxed and blood flows into the atria. At the end of diastole,
both atria contract simultaneously and this helps to fill the
ventricles with blood immediately prior to the systole. One
cardiac cycle is completed in 0.8 seconds (i.e., in less than one
second). A systole is one complete contraction phase of the
cardiac cycle and a diastole is one complete relaxation phase.

2.1.2.TheCardiac Dimension and Its Variation. Theheart and
its performance are commonly measured in terms of one-
dimensional distances.The left ventricle end diastole (LVED)
is the length measured at the end of diastole (i.e., when the
heart is fully relaxed) and normally corresponds to the largest
cardiac dimension. Similarly, the left ventricle end systole
(LVES) is the lengthmeasured at the end of systole (i.e., when
the heart is fully contracted) and corresponds to the smallest
cardiac dimension. The ventricular cavity, interventricular
septum, ventricular-free wall thickness, and their changes
with respect to time during the cardiac cycle have been
measured using various methods such as echocardiography,
angiography, and cine MRI, as adopted in [6–12].The instan-
taneous time of the dimensions and the time-rates of change
in the wall thickness, cavity area, and transverse dimension
during isovolumic relaxation (end-diastole) and contraction
(end-systole) for normal subjects are estimated and reported
in [6]. Results of the normal diameters of the cardiac cavities
and the ventricular, interventricular wall thickness values as
reported in literature are mentioned as follows.

The end-diastolic LV cavity wall thickness is 0.9 ± 0.2 cm
which is almost close to the value 0.8 ± 0.2 cm as reported
in [9] increasing to 2.0 ± 0.5 cm at the end of systole [6].
The LVED cavity diameter 4.9 ± 0.4 cm [7] is close to 5.16 ±
0.46 cm [8] and 50mm [9] and consistent in the normal
range 3.3–5 cm of [7]. At the end of systole, the LV cavity
gets a reduction of 2.2 ± 0.4 cm [6] and thus the cavity
diameter becomes about 2.7 cm.This value is as close as 3.38±
0.36 cm asmentioned in [7], 4 cm as in [8], and in the normal
range 2.78–5.4 cm as reported in [11]. The thickness value of
interventricular septum is 8.3mm which satisfies the normal
range of 7–11mm and is in consistency with 10.3 ± 0.5mm
as reported in [10]. The RV cavity diameter at the end of
diastole is 37.1 ± 5.9mm, that is, 3.7 ± 0.59 cm, and is equal
to 2.8 cm at the end of systole as mentioned in [7] and its
adjacent wall (the posterior wall) thickness at the end of
diastole is 0.8 ± 0.2 cm as found in [9] which is close to the
value 10.2 ± 0.5mm as reported in [10] and correspondingly
at the end of systole, this value is 1.3± 0.2 cmas given in [9]. So
far as the rate of change of dimension (𝑑𝐷/𝑑𝑡) is concerned,
the peak systolic 𝑑𝐷/𝑑𝑡 is 13 ± 5 cm/s and the peak diastolic
𝑑𝐷/𝑑𝑡 is 16 ± 4 cm/s as mentioned in [6]. The total thickness
of heart at the end of diastole, at the end of systole, and
during the interval from the end of diastole to the end of
systole is the sum of the instantaneous thickness values of left
ventriclewall (anteriorwall), left ventricle (LV) cavity, septum
thickness, right ventricle (RV) cavity, and the right ventricle
wall (posterior wall). Based on the changes of cavity dimen-
sion, wall thickness with time as well as their peak rates of
change as reported in [6], the total heart size (in millimeter)

100

102

104

106

108

110

112

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

H
ea

rt
 d

im
en

sio
n 

(m
m

)

Time (s)

Figure 2: Variation of transverse dimension of normal human heart
with time during a cardiac cycle.

Table 1: Instantaneous dimensions of human heart.

Time (s) Heart size (mm) Heart activity
0 111.4 End of diastole and start of systole
0.1 103.7 Systole
0.2 102.3
0.3 100.4 End of systole and start of diastole
0.4 102.8

Diastole0.5 106.3
0.6 107.8
0.7 108.8
0.8 111.4 End of diastole

during systole and diastole is obtained for one complete
cardiac cycle of 0.8 s as shown in Table 1 and depicted in
Figure 2.

2.2. Multilayered Human Thorax Model. The model dis-
cussed in [3] included a few major tissues from chest skin up
to heart only, for the study of signal attenuation. In this work,
we extended the analysis by including the significant tissues
beyond the heart and right up to the posterior skin as shown
in Figure 3.

The same Visible Human Project based anatomical thick-
ness values of the tissue layers as used in [1, 3] are considered
for this model. The thickness of dry skin of 1.5mm, average
infiltrated fat of 9.6mm, muscle of 13.5mm, cartilage of
11.6mm, deflated lung of 5.78mm, and the different heart
thickness values corresponding to the different instants of
time of the cardiac cycle (Table 1) have been considered.
The same tissues of these thickness values are considered
behind the heart as well. The dispersive behavior of human
tissues has been taken into account through the Cole-Cole
model using the parameters computed in Gabriel’s data book
of dielectric properties of tissues [13] and also reported in
[14].The variations of the dispersive dielectric properties as a
function of frequency at all frequencies from 0.1 to 10.5 GHz
are plotted as shown in Figure 4. It is seen that, over the
entire band of frequencies considered, as the frequency
increases, the relative permittivity decreases (Figure 4(a)) but
the conductivity increases (Figure 4(b)).This implies that the
other propagation parameters such as attenuation constant,
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Figure 3: Tissue structure for EM modeling of human body: (a) forward propagation; (b) backward propagation. Figures in the diagram
indicate the thickness of the tissue layers in millimeter.
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Figure 4: Variation of (a) relative permittivity; (b) conductivity of tissues with frequency.

phase-shift constant, magnitude of intrinsic impedance, and
wave velocity also increase with frequency.

3. Analysis of UWB Pulse Propagation into
the Model

As biological tissues are lossy media from an electromagnetic
point of view, they are characterized in terms of the propaga-
tion parameters discussed in Section 2.2.These characteristic
parameters are highly frequency dependent. The incident,
reflected, and transmitted powers at any interface of the
multilayered thorax model (Figure 3) are the result of a net
forward wave due to the multiple reflections taking place in
the previous interfaces and the reflected wave may be consid-
ered as the effect of all themultiple reflections occurring at the
boundary. Therefore, the net incident, reflected, and trans-
mitted powers at all tissue interfaces are calculated at typical
frequencies of the ultrawideband range from 0.1 to 10.5 GHz

using the following power relations given by (1) through (3)
as described in [15]:

Net incident power, 𝑃+
𝑖
=

(𝐸
+

1
)
2

2𝜂
1

, (1)

Net reflected power, 𝑃−
𝑟
=

(Γ𝐸
+

1
)
2

2𝜂
1

= |Γ|
2
(𝐸
+

1
)
2

2𝜂
1

= |Γ|
2

𝑃
+

𝑖
,

(2)

Net transmitted power, 𝑃+
𝑡
= (1 − |Γ|

2

) 𝑃
+

𝑖
, (3)

where |Γ| is the reflection coefficient magnitude at an inter-
face.

In the event of the wave reflection from such multiple
interfaces, the impedance transformation method considers
the complicated sequence of multiple reflections in every
layer as explained in [15] assuming the normal incidence
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Figure 5: Planar impedance transformationmodel for a three-inter-
face, four-layer case.

of a plane wave on every interface. A three-interface, four-
layer configuration of the planar impedance transformation
model is as shown in Figure 5. Using the boundary conditions
on either side of an interface, the effective input impedance
offered by all subsequent layers to the right of every interface
can be computed as obtained in [15]. The effective input
impedance at the interfaces 𝑛 = 3, 2 and 1 can be given
by (4) through (6), respectively. Using the input impedance
values calculated in this way, the reflection coefficient can
then be calculated at every interface; for example, reflection
coefficient at interface 1 can be as given by (7).

At interface 3, the effective input impedance is

𝜂in,3 = 𝜂4. (4)

At interface 2, the effective input impedance is

𝜂in,2 = 𝜂3
𝜂
4
cos𝛽
3
𝑙
3
+ 𝑗𝜂
3
sin𝛽
3
𝑙
3

𝜂
3
cos𝛽
3
𝑙
3
+ 𝑗𝜂
4
sin𝛽
3
𝑙
3

(5)

and at interface 1, the effective input impedance becomes

𝜂in,1 = 𝜂2
𝜂in,2 cos𝛽2𝑙2 + 𝑗𝜂2 sin𝛽2𝑙2
𝜂
2
cos𝛽
2
𝑙
2
+ 𝑗𝜂in,2 sin𝛽2𝑙2

. (6)

Then, reflection coefficient at interface 1 can be expressed as

Γ
1
=

𝜂in,1 − 𝜂1

𝜂in,1 + 𝜂1
, (7)

where 𝜂
1
, 𝜂
2
, 𝜂
3
, and 𝜂

4
are the intrinsic impedances; 𝛽

2
and

𝛽
3
are the wave numbers of the respective layers; 𝑙

2
and 𝑙
3
are

the thickness values of layers 2 and 3, respectively.
Similarly, considering the eleven-layered tissue system

model (Figure 3), the input impedance and the reflec-
tion coefficient corresponding to every tissue interface are
obtained using a MATLAB program.

Thus, in order to study the behavior of the backscattered
field from a human body illuminated by the plane elec-
tromagnetic waves from a radar transmitter, we simplified
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Figure 6: Reflection coefficient from heart at the end of diastole. A
five-pointmoving average is superimposed for a clearer understand-
ing.

the problem by modeling the human body as a series of
biological tissue layers of complex permittivity. Knowing
the permittivity of the tissue materials and by utilizing
the basic principles of electromagnetic wave propagation in
accordancewith the physical processes, the power received by
the radar receiver, the reflection coefficients at every interface,
and signal power attenuation of the heart are determined.

4. Results and Discussion

When the power carried by the radar wave is incident on
any interface, “𝑛,” separating the two tissue mediums “𝑛” and
“𝑛 + 1,” part of it is transmitted to the next layer in the same
forward direction, known as the transmitted power, and the
remaining power is reflected into its previous layer in the
backward direction known as the reflected power compo-
nent. The amount of power reflected from every interface
keeps getting retransmitted in a backward propagation mode
and is finally received at the radar receiver. Such retransmit-
ted power components from each of the interfaces received by
the radar receiver in a backward propagationmode are called
the backward reflected power. The transmitted power or the
reflected power, respectively, through or from every interface
during either mode of propagation, forward or backward, is
multiplied by the power attenuation factor of the correspond-
ing layer before entering into the next tissue layer.

(i) Reflection Coefficient. The characteristic behavior of the
incident and reflected signals at every tissue interface of the
planar eleven-layer model (Figure 3) based on the impedance
transformation approach as a function of frequency is com-
puted using MATLAB. Considering the completely relaxed
state of the heart at the end of diastole, the variation of
reflection coefficient of heart wall with frequency is plotted
as shown in Figure 6. A five-point moving average is super-
imposed for clear understanding.

It is observed that the average reflection coefficient is
as close as −3 dB (approximately) over the whole band of
frequency. This means that about half of the electromagnetic
power incident on the model is reflected back and the
other half is transmitted into the body. Moreover, the reflec-
tion coefficient value is negative at any frequency because
the impedance offered by the human body is less than
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Figure 7: Variation of signal attenuation with time at (a) 0.1 GHz, (b) 0.5 GHz, and (c) 1 GHz, respectively.

the impedance of free space. This implies that the reflected
pulses have an inverse relationship with respect to the
incident pulses.

(ii) Signal Attenuation. The backward reflected power from
the heart wall (interface-6), that is, the heart-lung interface
(𝑃
−

6𝑟
)
, out of the total power input at the chest surface

(interface-1) 𝑃
𝑖
, is defined as the signal attenuation due to the

UWB pulse echo for the frequencies in the entire band of
0.1 to 10.5 GHz and can be determined by using (8) as given
below. The attenuation factor product and the transmission
coefficient product can be evaluated by using (9) and (10),
respectively:

(𝑃
−

6𝑟
)


=

Γ
6



2

× (attenuation factor product)2

× (transmission coefficient product)2 𝑃
𝑖
,

(8)
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Γ
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2

)] .

(10)

The subscripts 2, 3, 4, 5, and 6 refer to the layers such
as skin, fat, muscle, cartilage, and lung, respectively, for

the calculation of the attenuation factor product and the
subscripts 1, 2, 3, 4, and 5 refer to skin-fat, fat-muscle, muscle-
cartilage, cartilage-lung, and lung-heart interfaces, respec-
tively, for the calculation of the transmission coefficient
product. Thus, the signal power attenuation is calculated for
some typical frequencies in the band of 0.1 to 10.5 GHz using
(8) through (10).

The model predicted average attenuation is −98 dB at
3.1 GHz which is in good agreement with the attenuation of
−93 dB at this frequency as predicted by [2] but for a different
thorax model. Similarly, the model predicted attenuation
is −97.8 dB at 3GHz and is in good agreement with the
attenuation of −100 dB at this frequency as predicted by [4].

At different instants of time in the cardiac cycle, heart
assumes different dimensions. In other words, the dimen-
sions of the layer representing heart are related to the dimen-
sion of heart. Therefore, the variation of attenuation with
dimension is directly related to the variation of the heart
dimensions with time. Hence, the attenuation characteristic
for different dimensions is related to the heart movement.
Figures 7(a) through 7(c) represent the variation of atten-
uation for typical frequencies of 0.1, 0.5, and 1GHz with
time, respectively, and the time has been associated with the
width of the heart (Figure 2). Thus, the period between the
maximum attenuations corresponds to the heart beat period.
In the case of 0.1 GHz, the minimum attenuation occurs at
the heart dimension equal to 100.4mm corresponding to
the instant of 0.3 seconds and the maximum attenuation
takes place at 111.4mm at the end of diastole as depicted in
Figure 7(a). The similar behavior is also observed at other
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Figure 8:Variations of (a)maximumand (b)minimumsignal attenuationwith frequency. Superimposed five-pointmoving average is plotted.

frequencies, for example, 0.5 GHz, 1 GHz, and so forth, as
shown in Figures 7(b) and 7(c), respectively.

This model predicted attenuation is obtained separately
for every instantaneously changing dimension of heart dur-
ing the cardiac cycle. It is found that there is a maximum
and a minimum value of attenuation corresponding to every
frequency in the band of 0.1 to 10.5 GHz as shown in Figure 8.
Superimposed is the five-point moving average plot. It is
observed that the points of maximum and minimum atten-
uation shift with frequency as depicted in Figures 8(a) and
8(b), respectively.

From this it may be noted that there is periodic variation
in attenuation of an active heart at a given frequency. The
periodicity of attenuation characteristics (period between
maximum attenuation and minimum attenuation) refers to
the heartbeat period. Knowing the period ofmaximumatten-
uation or minimum attenuation one will be able to decide
the health of the heart. Lack of periodicity might indicate
the problem of an unhealthy heart.This attenuationmeasure-
ment can be carried out on persons who are not accessible
unlike other methods using stethoscope, electrocardiograph
(ECG), and so forth.

5. Conclusions

Electromagnetic response of the human tissue is highly
frequency dependent. Of all the body tissues encountered in
the path of propagation, heart is the onlymoving element that
can have a noticeable displacement and all others are static.
Therefore, in the wake of the study of propagation charac-
teristics, that is, signal attenuation and reflection coefficient,
we focused computation of these parameters with chang-
ing dimensions of heart during a complete cardiac cycle.
Then, the change of attenuation and the reflection coefficient
corresponding to the change of heart size during relax-
ation-contraction-relaxation (one cardiac cycle) at different
instants of time during the cardiac period was studied. This
can provide good information about the state of a person’s
heart whether healthy or unhealthy. Any noticeable change
of attenuation shall indicate that the person is live while no
change of attenuation found in this way might lead to an
unusual guess that the person might be dead.

In this paper, we have presented a one-dimensional
electromagnetic model of human body and incorporated the
electromagnetic properties of significant body tissues beyond
heart corresponding to all frequencies from 0.1 to 10.5 GHz to
accommodate the FCC defined UWB.Moreover, the analysis
is performed for changes with time of heart dimension, not
for a fixed heart dimension as in earlier models. A study
of variation of signal attenuation due to the instantaneous
change of heart dimensions during a cardiac cycle can pro-
vide reliable information about the health of heart. This fea-
ture of change of signal attenuationmay also be used to study
the performance of cardiac activity of persons buried under
the rubbles of the debris of a collapsed building, persons
behind a wall, and so forth.
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