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Abstract—There are many applications which require remote and non-
invasive measurement of heartbeat of a human being using an ultra-wideband
(UWB) radar. Sophisticated models and their analysis need to be referred before
the design of a practical radar prototype. In this paper, i) a UWB wave propaga-
tion model of human thorax and ii) the power transmission coefficients estimat-
ed from the simulations of the model in the range 1-10 GHz using MATLAB
are presented. The study reveals that there is a periodic variation of the trans-
mission coefficients in correlation with the instantaneous physical dimensions
of an active heart.

Keywords—Human heartbeat, tissue dielectric properties, ultra-wideband,
transmission coefficient

1 Introduction

There are several applications like health monitoring of a patient, criminal investi-
gation, search operations and so on which are based on remote detection of heartbeat
of a human being. In this connection, use of radars is inevitable as they can provide
non-invasive measurements by placing the radar at a distant location away from the
subject under investigation. In recent years, ultra-wideband (UWB) radars have been
found more feasible for assessment of human life-signs due to numerous advanta-
geous features [1-3]. UWB radar models describing heartbeat detection with direct
exposure of human being to UWB signal have been reported in [4-15]. Experimental
setups for UWB radar-based heartbeat measurements are mentioned in [16-19].

The objective of this work is to investigate for possible detection of human heart-
beat from the UWB signal transmission characteristics. Therefore, the UWB transmis-
sion coefficients are estimated from a planar multilayered structure of the human
thorax using MATLAB. The calculations of the transmission coefficients of the UWB
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signal have been performed considering the frequency dependent properties of various
layers and the multiple reflections that take place at the boundaries. The basic charac-
teristic of heart, namely, the heartbeat rate essentially depends on the variation of
heart dimensions. It has been shown conclusively that the UWB transmission charac-
teristic obtained at selected specific frequencies is an index of the heartbeat rate, thus
leading to the possibility of using the transmission coefficient as a parameter to know
the health of heart.

2 Signal Transmission Analysis

The analysis of UWB transmission is based on the wave propagation through a
planar model of multilayered dielectrics. The analysis is carried out by calculating the
incident and transmitted powers at any interface due to a net forward wave caused by
multiple reflections at various interfaces. The transmitted power is calculated after
considering the multiple reflections occurring at all the boundaries. The net transmit-
ted power [20, 21] to the right of every tissue interface are analytically calculated at
specific frequencies of the UWB using (1).

Net transmitted power

P =(-|TP)P (1)

Where Pi is the net incident power and |I] is the magnitude of the complex electric
field reflection coefficient at an interface of any two consecutive layers of materials.
The general procedure of calculating transmission coefficients is outlined below.

2.1 Transmission coefficient

The transmission coefficient of a signal through a multilayer structure depends es-
sentially on the sum of the losses occurring when i) the wave propagates through each
layer of the material and ii) the wave gets reflected at the interface of the layers. The
amplitude of the electromagnetic signal reduces while propagating through the suc-
cessive layers of a multilayer system. As explained in [22], transmission coefficient
(dB) is mathematically defined as

Transmission coefficient = 10log transmitted power wave at output end, P, ?)

10 . . .
incident power wave at input end, P,

Considering normal incidence of a plane wave at the interface of the first layer, the
fraction of the incident power that is transmitted to the other side of the entire layer
system is obtained by including the effects of attenuation of the waves transmitted at
every interface of the layers as described in [20, 21]. The net transmitted power coef-
ficient at the output is determined by multiplying the:

i.  Square of the magnitude of the product of transmission coefficients as given by (3)
and
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ii.  Product of attenuation factors of all the layers as given by (5).

The magnitude square of the product of transmission coefficients is given by

T(‘/p) = ‘T1T2T3T4 ......... T 3)
where 7, = power transmission coefficient at n-th interface
_1_ 2
-1-|T| "
The product of attenuation factors can be expressed as
A( = e 2022720303 2aals | ~2anln (5)

where ¢, = attenuation constant corresponding to the n-th layer.

Therefore, the net transmitted power as would be measured by a receiver placed at
the end of the thorax is given by

P=T x4 _xP
o ©)

From (4) it is clear that the complex E-field reflection coefficient, IC,| is fundamen-

tal in the calculation of the net transmitted power. Hence, their values can be calculat-
ed at every interface of a multilayer system using the impedance transformation
method described in [20, 21]. The expressions for the effective impedance at the inter-
faces are obtained by using the boundary conditions at every interface taking into
account the total effect due to multiple reflections. For a four-layer three-interface
planar model shown in Figure 1 the values of effective or input impedance 7, .,

7., ,and 7 . (at the interfaces n = 3, 2 and 1, respectively) are given by the expres-
sions (7) through (9), respectively.
n= n=2 n=3
n
Pl+i—’\> PZ-;
P TS

— — —

z= 12+Z3 z= 13

Min,1 Min,2 Tin,3="4

Fig. 1. Planar four-layer model

Hin3 = N4 (7)
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77, €08 B35 + jn; sin Bsly

Nina =1 .
o ’ 113 €08 Bsl5 + jn, sin Bily (®)
no=n Nina €OS Bol, + jn, sin By1,
" ’ 1, €08 Byly + jn,, , sin Byl )

where ', 772 775 and 774 are the intrinsic impedances; P and P are the phase-

shift constants; L and L denote the thickness of the corresponding layers. The input
impedance represents the effective impedance offered by all the successive layers to
the right of that interface. In general, reflection coefficient at the n-th interface of a
multilayered model having (n+1) layers is given by

F — 77in,n _nn

77in,n +77n , (10)

where 77, denotes the input impedance at the n-th interface and 7, represents the

intrinsic impedance of the n-th layer of the planar multilayer model.

From the above discussion, it may be concluded that, the input impedance at any
interface in a layered medium obtained using the impedance transformation method is
a function of the propagation length 1. Hence, the thickness of the layers associated
with a multilayer model is a factor that influences this impedance. Consequently, the
transmission coefficients obtained using the impedance transformation method also
vary with the thickness of the layers. Following this analytical treatment for a planar
layered structure, the investigations about the transmission characteristics, when a
human body is illuminated by planar UWB wave, is carried out. This is done by mod-
elling the human thorax as a series of biological tissue layers with frequency depend-
ent dielectric properties.

3 Modelling of Human Thorax

Considering selected biological tissues such as skin, fat, muscle, cartilage, lungs
and heart, a one-dimensional model, with reference to the Visible Human Project
[23], has been constructed as depicted in Figure 2. The human thorax structure [14]
enclosing the heart has been organized into several layers of tissues from the chest
skin up to the posterior skin. It is assumed that all tissues except heart, have the fixed
dimensions, which are referred by the numerical values in Figure 2.

Skin fat Muscle Cartilage Lung Heart | Cartilage | Muscle Fat | Skin Air
15 9.6 13.5 116 5.7 ' 116 13.5 9.6 1.5 >

Fig. 2. Tissue structure of the human thorax model
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On illumination of a UWB microwave signal on the thorax, various tissues are en-
countered in the signal path with skin being the first tissue interface. The signal prop-
agates through the pulsating heart and comes out at the back of the human body. A
beating heart undergoes change of its longitudinal dimension instantaneously [24]
during systole (up to 0.3s) and diastole (0.3-0.8s) of every cardiac cycle of total peri-
od of 0.8s. Considering those parts of the heart [Figure 3] which undergo remarkable
change of dimensions during its beating, the instantaneous heart dimensions as calcu-
lated in [15] for one cardiac cycle of 0.8s is depicted in Figure 4.

Skin fat Muscle Cartilage Lung Heart | Cartilage | Muscle Fat | Slkan Aiy
15 9.6 135 116 5.78 ' 116 135 9.6 15 »

Fig. 3. Transverse section of human heart
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Fig. 4. Variation of instantaneous dimension of heart with time during a cardiac cycle

As dielectric properties of tissues vary with frequency, the electromagnetic propa-
gation model in this work is constructed using the dispersive dielectric properties such
as the permittivity, permeability, and conductivity based on the Cole-Cole model
provided in the Gabriel’s data book [25]. The value of permeability is considered as
one for the entire band of frequencies.

Assuming normal incidence of a planar wave, the simulations are performed using
MATLAB, for the planar multilayered EM model at specific frequencies in the UWB
range 1-10 GHz and corresponding to the specific instants of the cardiac cycle. The
values of transmission coefficients obtained from the simulations at these specific
frequencies are plotted. The simulation results are presented in Section 4.

4 Simulation Results and Discussion

Simulation Results: The simulations based on the realization of the mathematical
expressions (3)-(10), for the EM power transfer across the interfaces of the multi-
layered model are carried out and the transmission coefficients are calculated at a
specific frequency. The transmission coefficients (dB) were calculated for the varying
dimensions of heart [Figure 4] over one cardiac cycle using MATLAB. Their varia-
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tions with time in one cardiac cycle at specific frequencies in the UWB range 1-10
GHz are shown in Figure 5 (a) through (s).
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Fig. 5. Variation of transmission coefficient with heart dimension in a cardiac cycle at specific
frequencies in the range 1-10 GHz

Discussion: 1t is seen from the simulations at every specific frequency in the UWB
range 1-10 GHz that, the transmission coefficients increase during systole, become
maximum at 0.3s (instant at which the heart is completely contracted) and decrease
during diastole. Thus, there is a unique trend of variation of the transmission coeffi-
cients with the physical dimension of the heart in a complete cardiac cycle. This ob-
servation is unique in that the transmission coefficient (dB) of heart corresponds to its
instantaneously varying dimension during every cardiac cycle.

Thus, the study reveals that the trend of variation of the transmission coefficients
following that of the instantaneous physical dimensions of the heart during successive
heartbeats can be used as an index of the health of heart of a human being.

5 Conclusion

From the investigations carried out using the planar multilayered human thorax
model, it is observed that the variation of transmission coefficients follow the dimen-
sional variations of a beating heart at all instants of a cardiac cycle. There is a periodic
variation in the transmission coefficients of an active heart calculated at the specific
frequencies in the UWB from 1-10 GHz. The periodicity between two consecutive
maxima or minima refers to the heartbeat period. Lack of periodicity would refer to as
the sign of an unhealthy heart.
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