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@ Microwave Life-Detection Systems

The feasibility of the remote sensing of vital signs of human subjects using microwave
radiation was demonstrated recently by us at Michigan State University [1], [2]. We will discuss
two microwave life-detection systems in this chapter. The first system is an X-band (10 GHz)
microwave life-detection system which is capable of detecting the breathing and heartbeats of a
human subject Iving on the ground at a distance of 30 meters or sitting behind a wall of about 6
inches thick, The secomd svstem is a L-band (2 GHz) microwave life-detection system which was
specially designed for detecting the body movements, including the breathing and heartheats,
of human subjects located behind a very thiek wall (up to a meter thick). Although these system
were ariginally developed for military and security purposes, they should find some medical
applications, especially in the remote physiological sensing area.

The prineiple on which the systems can be developed is straightforward. We illuminate the
subject with a low-intensity (much lower than the safety standard) microwave heam. The small
amplitude body movements assoeiated with heartbeal and breathing of the human sobject will
modulate the backscattered wave, producing a signal from which information of the hearl and

breathing rates can be extracted using phase detection in the microwave receiving system.

PHYSICAL PRINCIPLES
Some relevant physical principles involved in a physiological sensing system nsing microwaves

are disenssed here,

Doppler Effect and Phase Modulation of Microwave Signals
It is well known that when a beam of EM wave is aimed at a moving target, the reflected EM

wave form the target will display a frequency shift due to the Doppler effect. The frequency shift
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is given approximately by

af=flvfe)

where 4f is the frequency shift, fis the requency of EM wave, v is the velocity of the target
relative to the EM wave source, and ¢ is the velocity of light.

The backscaltersd EM wave can be expressed approximately as
E = ;'lr:nsl!rerI +u/f L‘]tl {4.1)

where the positive (negative) sign is used when the target moves toward (away from) the Eb
source, For example, a police radar gun using a 10 GHz microwave beam can detect a frequency
shiftof about 1 KHz in the reflected wave [rom a ear traveling at a speed of 60 miles per hour, This
trequency shift is sufficiently large to be measured hy a conventional frequency detection syvstem
such as heterodyne system.

When an EM wave is to be used to detect a very slow movement of a target, such as the body
movement associated with heartbeat and breathing, it 1s impractical to use the Doppler effect,
because the freguency shift is extremely small due 1o an extremely small value of (v/e). For this
type of application, it is much maore efficient to measure the phase shift in the reflected wave from
the slowly moving targel, Our microwave life-detection system is based on the detection of the
Phase modulation in the reflected wave from the homan body,

When a microwave beam is incident upon a slowly moving target, the phase angle of the
reflected wave will be modulated (or perturbed) bye the target's movement. Mathematically, the

reflected wave can be expressed as

E, = Alt)cos(2w ft +ad uit)) (4.2)
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where aAd is the magnitude of the phase shift and u(t) is a time function which describes the
phase variation due to the target's movement. A(t) is the amplitude of the reflected wave and
it may also be a function of time due to the target's movement. If a microwave beam is used to
detect the body movement due o heartbeat and breathing, the phase shift term (26u(r)), is very
small compared with the leading term (2=ft). However, with a phase detection deviee, such as
our microwave life-detection system, this small phase shift can be aceurately measured.

A rough relation between the phase shift and the corresponding frequency shift con be
given by

aeh dult )

AF =t
f 2a it

This relation implies that for body movement due Lo the heartbeat of 1 Hz, the fundamental
frequency shift in the reflected wave of 1o GHz is in the order of 1 He, because both Su(n) /0
and aAg/ 27 terms are in the order of unity. Obviously, it will be extremely difficult to detect a

frequency shift of 1 Hz in a microwave signal of 10 GHz.

Mathematical Formulation of the Phase Modulation of a Reflected EM wave

frrom a Moving Tarpget
To understand how the phase angle of the reflected EM wave is perturbed by the slow
movement of the human body, we will analyze the backscattered EM wave from the body when
it is illuminated by a plane EM wave, To simplify the praoblem we model the body as a sphere
of complex permittivity, The backscattered field from the sphere is well known [3]). Using the
coordinate system shown in Fig.1, the expression for the backscattered electric field may be

constructed as

B G5 1)1 ) e )] (4
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where

Jed, (ka)d, (ka) - J, (ka)J, (ka)

{ =— : . : 4.4
" H (k) (ka)- e, H (ka)d, (ka) (44
J, (ka )b, (ka)— Je.J (ka)d, (ka) -
e A (ka)d, (ka)— H (kald, (ka) a
';vl;r:'_ull?'!un :'Ill]' ["1""&]

ikl TH (1]
Y (x)= S () (47)

g, is the complex permittivity of the sphere, o is its radius, k and &, represent wavenumbers
inside and outside the sphere, respectively, and usuval notations for Bessel functions and their
derivatives are employved. E, is the amplitude of the incident plane wave and x is the unit vector

along the x axis.
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Fig. 1 A conducting sphere illuminated by an incident EM wiave,
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The phase and the square of the magnitude of the backscattered electrie field E,. from a
sphere of relative permittivity 39.9 and conductivity 10.3 S§/m are depicted in Fig. 2 as functions
of the radius multiplied by the wavenumber k, of the medium. The frequency of the microwave
radiation is assumed to be 10 GHz, and the sphere is situated 30.48 m (100 ft) from the
transceiver. Breathing and heartbeat produce small vibrations of the spherical surface due to
changes in its radius. From Fig. 2, we conclude that these vibrations will produce a linear change
in the phase and a relatively smaller linear change in the amplitude squared of the backscattered
field. Similar results were obtained when the body was modeled as an infinitely long evlinder of

complex permittivity, illnminated by a TM-polarized plane electromagnetic wave,
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Fig. 2 Phase and magnitude squared of the backscattered field E from a sphere as a function of
k a at 10 GHz at a distance of 30.48 m.

These simplified models show that there will be, in general, amplitude as well as phase
modulation of the incident wave as it is backscattered by the body. However, since the phase
variation is more linear and it is easier to detect the phase variation from the viewpoint of the
signal/noise ratio, we used the phase modulation of the backseattered wave to find the vibrations

of the body surface caused by the heartbeat and breathing,
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AN X-BAND MICORWAVE LIFE-DETECTION SYSTEM
In this section, the circuit diagram and operation principle of an X-band (GHz) microwave
life-detection system will be described. Typical results on the measurement of heart and breathing

signals will also be given.

Circuit Diagram and Operation Principle

The schematic diagram of the X-band life-detection system is shown in Fig. 3. A phase-
locked oscillator at 10 GHz produces a stable output of about 20 mW. This output is amplified by
a low-noise microwave amplifier to a power level of about 200 mW. The output of the amplifier
is fed through a 6 dB directional coupler, a variable attenuator, a circulator, and then to a horn
antenna. The 6 dB directional coupler branches out 1/4 of the amplifier output to provide a
reference signal for clutter cancellation and another reference signal for the mixer. The variable
attenuator controls the power level of the microwave signal to be radiated by the antenna. Usually,
the radiated power is kept at a level of about 10-20 mW. The horn antenna radiates a microwave
beam of about 15° beam-width aimed at the human subjects to be monitored.

The signal received by the antenna consists of a large clutter and a weak return signal
scattered from the body. To be able to detect the weak signal modulated by the body movement,
the large background clutter needs to be cancelled. This is accomplished by an automatic clutter
cancellation circuit which consists of a variable phase-shifter, a variable attenuator and a
microprocessor unit which digitally controls the former two components. This automatic clutter
cancellation circuit provides an optimal reference signal which is mixed with the received signal
by the antenna in a 10 dB directional coupler for the purpose of canceling the clutter. The output
of the 10 dB directional coupler contains mainly the weak scattered signal from the body. This
hody scattered signal is a 10 GHz CW microwave signal modulated by the breathing and the
heartheat. This signal is then amplified by a low noise microwave preamplifier (30 dB) and then

mixed with another reference signal in a double-balanced mixer,
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Between the microwave preamplifier and the dooble-halanced mixer, a 10 dB directional
eoupler is inserted to take oul i small portion of the amplifier signal for providing an input to the
micraprocessor unil which eontrols the phase-shifter and the attenuator. The optimal settings
for the phase-shifter and the attennator are determined by this input to the mieroprocessor
unit. The mixing of the amplified, bodv-scattered signal and a reference signal (7-10 mW) in the
double-balanced mixer produces low-frequency signals resulting from motion due to breathing
and heart motion within the body. This output from the mixer is amplified by an operational

amplifier and then passed through a low-pass filter (4 He cutoff) before reaching a recorder.

Mceasured Heart and Breathing Signals

Recordings of the heart and breathing signals of several persons were taken under different
conditions. However, only a few of them are presented here for illustration. Fig. 4 shows the
measured heart and breathing signals of a human subject Iving on the ground al a distance of
20 m with a 4.5 mW, 10 GHe microwave beam aimed at him. The top graph in Fig. 4 shows the
breathing signal superimposed upon the heart signal when the human subject was lying on the
ground in a face-up position with the body perpendicular to the microwave beam. The middle
graph in Fig. 4 shows only the heart signal when the subject was holding his breath. The bottom
graph in Fig. 4 shows the background noise. The results of Fig. 4 indicate satisfactory performanee
ol the system in detecting the leart and breathing signals of human subjects lving on the ground
at a distance of 40 m or farther,

We have also studied the effect of clothing on the system performance by repeating the
experiment with different elothing on the subject, ez, up to four lavers of very thick jackels. The
effect of the clothing over the sensitivity of the system was found to be insignificant. Furthermaore,
the polarization effect of the microwave signal on the system performance was also investigated.
When circular, linear-vertical, and linear-horizontal polarization were employed, the system

sensitivity was found to be of the some order in all three cases.
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Fig. 4 Heart and breathing signals of a human subjeet lying on the ground at a distance of 30 m
measured with a 4.5 mW, 10 GHz microwave beam.

Repringed from “An X-bang micropmree [ife-delecton sysiem” by Keoo-Sar Chewr, (3. Misra, H. Wang, #. R, Chusrmar armad K
Postow, JEEE Truna. on Buriedical Engisering, Vol RAE-13, No, = pp egr-mirDilp 1685, (20986 [EEE )
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We have also used this svstem Lo detect the heart and breathing signals of 3 human subject
loeated behind a barrer with success, Fig. 5 shows the measured heart ancd breathing signals of
a human subject sitting behind o dry 15.24 em (6 in) cinder block wall at a distanee of 0.6, 2, or
5 m. The antenna was placed close to the other side of the wall and energized to radiate 2o mW
at 10 GHz. It is ohserved from Fig. 5 that the heart and breathing signals were clearly detected at
all three distances. The background noise in each case is also shown in the figure. The resulis of
Fig. 5 indicate that the microwave beam can penetrate the wall and a satisfactory detection of the
heart and breathing signals of human subjects behind the wall is possible. We have repeated the
experiment by moving both the system and the human subject away from the wall. It was found
that the systemn could perform satisfactorily even when the human subject was 5 m away from the
wall while the antenna on the other side was about 3 m from the wall, Tf the antenna was moved
further from the wall, svstem performance was affected by movement of the system operator.

This life-detection system can be easily modified 1o produce a device for monitoring the
breathing and heartbeat of a patient in a clinic. To conduct such an experiment, a metallic wire-
mesh chamber with the dimensions of 2.5 = 1 % 0.8 m was constructed as shown in Fig. 6. The
antenna of the system was replaced by an open-ended waveguide which was mounted on a wall
of the chamber. A microwave signal of 100 W at 10 GHz was radiated into the chamber through
the waveguide, A human subject was Iving inside the chamber in various positions, face up, or
lyving on his right or left shoulder. The measured heart and breathing signals of the subject Iving
in these three posttions are shown in Fig. 6, 1t is ohserved that a clear detection of the heart and
hreathing signals can be achieved. It is noted that since the microwave field is confined inside
a melallic chamber and the enwvironmental noise is minimal, only very low power microwave

radiation 15 needed for this purpose.
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Fig. 5 Measured breathing and heart signals from a human subject sitting behind a cinder block
wall (15.24 em thick) at varions distances. The antenna of the life-detection system was
located on the other side of the wall and it radiated a power of about 20 mW at 10 GHz.

Reprinted from “An X-hand marrouoee feadeterbon myotem™ by Kun-Afe Chen, 1 Afiern, B Wang, N 2. Chummp and B
Postie, FEER Trons. on Biomedieal Ergineering, Vol B===ME-37, ¥o, 7 pp fae- o0, Jidy iods, (Sre86 IEEE )
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Fig. 6 Breathing and heartbeats recorded for a person lyving inside a metallic wire-mesh chamber
with dimensions 2.5 x 1.0 x 0.8 m. The body as parallel to the radiation beam, with the
head away from the antenna. Transmitted power was about 100 W,
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AN L-BAND MICROWAVE LIFE-DETECTION SYSTEM

As deseribed in the preceding seetion, the X-ban microwave life-detection system can be
used to detect breathing and heartbeat of a human subject located behind a brick wall of about 15
cm. However, if the wall became thicker, the detection became difficult with the X-band system.
An L-band (2GHz) system was specially designed for the purpose of detecting breathing and
heartbeat of a human subject who was located behind a very thick wall or buried under a thick
laver of rubble,

The L-band system has the essentially same circuit arrangement as that of the A-band
system, with the exception that all the components are larger because of the lower operation
frequency. Since the L-band system operates at a much lower frequency than that of the X-band
system, its microwave beam is more penetrating,

To test the performance of the L-band life-detection system, two experimental setups
depicted in Fig. 7 have been used. The first setup shown in Fig. 7a consisted of a brick wall (1 m
wide and 1.4 m high) of various thicknesses lined with microwave absorbers along the edge. A
human subject sat behind the brick wall within a distance of 0.3 to 0.6 m. The antenna of the
life-detection system was placed close to the other side of the brick wall. The second setup shown
in Fig.7b simulated a situation where a human subject was trapped under a thick layer of rubble.
In this setup, various layers of bricks were laid on a wooden frame which formed a cavity for a
human subject to lie down in it. Microwave absorbers were used to line the sides of this structure
to prevent the microwave scattering through the sides of the brick structure. The antenna of the
life-detection system was placed on the top of the brick structure aiming at the human subject

under the bricks,
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Fig. 7 Experimental setups for the measurement of heart and breathing signals of a human subject
located behind or under a thick laver of bricks using the L-band (2 GHz) Microwave life-

detection system.
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Typical measured results on the heart and breathing signals of a human subject behind
or under a thick layer of barrier are shown in Fig. 8. This figure shows the heart and breathing
signals of a human subject lying with face-up or face-down position under six lavers (52 cm) of
dry bricks measured by the 2 GHz life-detection system. In these recorded graphs, the breathing
signal, the heart signal (the subject holding his breath) and the background noise were included.
It is observed that both the heart and breathing signals were clearly detected. These results
demonstrate the feasibility of monitoring the physiological signs of human subjects through a

thick barrier with an EM radiation with a frequency in the L-band or lower range.
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Fig. B Heart and breathing signals of a human subjecy, lving with face-up or face-down position
under 6 layers of bricks, measured by the 2 GHz life-detection system.
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@ R.E. Life-Detection Systems for Searching Human Subjects Under Earthquake
Rubble or Behind Barrier

In the preceding section, an X-band (10 GHz) and a L-band (2 GHz) microwave life-
detection system for the remote sensing of the breathing and heartbeats of a human subject at
a distance or behind a barriers were described. Those systems were found to be ineffective if a
human subject is covered by a very thick layer of debris such as the earthquake rubble because a
microwave radiation at X-band or L-band can not penetrate deep into debris.

Existing methods for searching and rescuing human victims buried under earthquake
rubble or collapsed building debris are the utilization of dogs, or seismic or optical devices.
These existing devices are not effective if the rubble or debris covering the human victims is
thicker than a few feet, especially for the case when the victims are completely trapped or too
weak to respond to the signal sent by the rescuers. Thus, there is great demand for constructing
a new sensitive life-detection system which can be used to locate human victims trapped
deep under earthquake rubble or collapsed building debris. Especially, the system needs to
be sensitive enough to detect the breathing and heartbeat signals of passive victims who are
completely trapped or too weak to respond to the existing seismic detection system.

A sensitive life-detection system for such purpose was constructed recently by us at
Michigan Sate University [4]. This system operating at 450 MHz or at 1150 MHz will be described
in this section.

The basic physical principle for the operation of a microwave life-detection system is
rather simple. When an EM wave beam of appropriate frequency (L or § band) is aimed at a pile
of earthquake rubble or collapsed building debris under which a human subject is buried, the
EM wave beam can penetrate through the rubble or the debris to reach the subject. When the
human subject is illuminated by the EM wave beam, the reflected wave from the subject will be
modulated by the subject’s body movements, which include the breathing and the heartbeat. If

the reflected wave from the stationary background can be cancelled and the reflected wave from
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the subject’s body is properly demodulated, the breathing and heartbeat signals of the subject
can be extracted. Thus, a human subject buried under the rubble or the debris can be located.

The system operating at 450 MHz was constructed first. This system was tested on
simulated earthquake rubble constructed at the Electromagnetics Laboratory at Michigan State
University, and it was also tested in a field test using realistic earthquake rabble consisted of
layers of reinforced concrete slabs with imbedded metallic wire mesh at a test site in Rockville,
MD, with the cooperation of the Maryland Task Force of the Federal Emergency Management
Agency (FEMA). The results of these tests will be described. The second system operating at 1150
MHz was constructed after the field test at Rockville, MD. In that field test, it was found that an
EM wave of 450 MHz is difficult to penetrate lavers of reinforced conerete slabs with imbedded
metallic wire of 4-in spacing. Through a series of experiment, we selected the operating frequency
of 1150 MHz for the second systemn with the goal of penetrating such earthquake rubble. After the
construction of the 450-MHz and the 1150-MHz systems and an extensive series of experiments,
we found that an EM wave of 1150 MHz can penetrate a rubble with layers of reinforced concrete
slabs with metallic wire mesh easier than that of 450 MHz. However, an EM wave of 450 MHz
may penetrate deeper into a rubble without metallic wire mesh than that of 1150 MHz.

The E_F. life-detection svstem we constructed has four major components: 1) a microwave
circuit system which generates, amplifies, and distributes microwave signals to various microwave
components; 2} a microprocessor-controlled elutter-cancellation system which ereates an optimal
signal to cancel the clutter from the rubble and the background; 3) a dual-antenna system which
consists of two separate antennas energized sequentially; and 4) a laptop computer which controls
the microprocessors and acts as the monitor for the output signal. The system is operated by a
portable hattery unit,

Both the 450-MHz and the 1150-MHz systems are working well for various types of
earthquake rubble and collapsed building debris. They can detect the breathing and heartbeat

signals of trapped human subjects buried under a rubble of up to 10-ft thickness.
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CIRCUIT DESCRIPTION OF THE S5YSTEM

The basic circuit structures of the 450-MHz and the 1150-MHz microwave life-detection
systems are quite similar and they are operated based on the same physical principle. In this
section, only the circuit structure of the 1150-MHz system will be described, while that of the
450-MHz system is very similar.

The schematic diagram of the 1150-MHz microwave life-detection svstem is shown in Fig.
9. A phase-locked oscillator generates a very stable EM wave at 1150 MHz with an output power of
4o00mW (25.6 dBm). This wave is fed through a 10-dB directional coupler and a circulator before
reaching a radio-frequency (RF) switch, which energized the dual antenna system sequentially.
The 10-dB directional coupler branches out one-tenth of the wave (40 mW) which is then divided
equally by a 3-dB directional coupler. One output of the 3-dB directional coupler (20 mW) drives
the clutter cancellation cireuit and the other output (20 mW) serves as a local reference signal for
the double-balanced mixer.

The wave radiated by an antenna penetrates the earthquake rubble to reach a buried
human subject. The reflected wave received by the same antenna consists of a large reflected
wave (clutter) from the rubble and a small reflected wave from the subject’s body. The large
clutter from the rubble can be cancelled by a clutter canceling signal. However, the small reflected
wave from the subject’s body cannot be cancelled by a pure sinusoidal, canceling signal because
it is modulated by the subject’s motions, The dual-antenna system has two antennas, which are
energized sequentially by an electronic switch. Each antenna acts independently and the final
outputs from these two antennas are combined in some signal processing schemes to reduce the

background noise. This part will be elaborated later.
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As mentioned before, the reflected signal from the human subject after amplification by
the pre-amplifier is mixed with the local reference signal in the double-balanced-mixer. The
local reference signal is assumed to be A, cos(wt +d¢,) where A, and ¢, are the amplitude and
the phase, respectively. While the other input to the mixer, the reflected signal from the human
subject, is assumed to be A_cos(wt +¢, + Ad(t)) where A, and ¢, are the amplitude and the
phase, respectively, and Ag(t) is the phase modulation due to the body movement of the human
subject. w is the angular frequency and | is the time. When these two inputs are mixed in the
double-balanced mixer, the output of the mixer will be A, A _cos(¢, — ¢, — Aa(t)).

From this expression of the mixer output, it is easy to see that

If ¢ —p =(n+1/2)m, n=0,12,... (4.8)

the system has a maximum sensitivity;

and

If ¢, ~¢, ==znm, n=01.2,... (4.9)

the system has a minimum sensitivity,
because (i /dA(t))cos(p, —¢, — Aolt))=—sinle, —o, - A@(t)). Ad(t) is usnally a small
phase angle perturbation created by the body movement of the human subject. ¢, is the constant
phase associated with the reflected signal from the human subject and it cannot be changed. ¢, is
the phase of the local reference signal and it can be controlled by the digitally controlled phase-
shifter (0°-180°). In the operation, the phase-shifter will antomatically shift in such a way that

e, — ¢, is nearly (n+1/2)x to attain a maximum system sensitivity.
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ANTENNA SYSTEM

We have designed and constructed three types of antennas for the microwave life-detection
system. They are: 1) the reflector antenna; 2) the patch antenna; and 3) the probe antenna. Each
antenna simultaneously acts as the radiating element and the receiving element. It radiates EM
wave through the earthquake rubble to reach the trapped human subjects and at the same Hme
it receives the reflected EM wave from the rubble and the human subjects. The antenna can
perform two functions simultaneously with the help of a circulator, which separates the radiating
EM wave from the received EM wave.

The reflector antenna was constructed with two aluminum plates as the reflectors and an
adjustable dipole antenna as the driving element. The two aluminum plates with the dimensions
of 21in x 11 in form a corner reflector with the dipole antenna as its primary radiator. The angle
between the two aluminum plates is adjustable and they are folded together when it is not used.
The dipole antenna is a conventional, half-wavelength electric dipole. The reflector antenna is a
simple, lightweight, and ragged structure and it performs very well in the most of situations,

The gain of the reflector antenna is difficult to define and measure because the antenna is
placed directly over a rubble pile and the scattered field of the antenna is strongly dependent on
the nature of the rubble material.

A patch antenna was constructed for radiating and receiving EM wave for the microwave
life-detection system. The patch antenna consists of an aluminum ground plane, which is supported
by four legs and a strip plate of about a half-wavelength, which is attached to the ground plane
and fed by a coaxial line. The strip plate is insulated from the ground plane. The coaxial cable is
attached to the ground plane through a connector.

The performance of the patch antenna is not better than that of the reflector antenna. It
only serves as alternative type of antenna and may be useful in some situations.

A probe antenna was designed to insert through boreholes or naturally oceurring fissures

into the earthquake rubble to seek for the trapped victims, Physically, a probe antenna should
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have a cylindrical wire structure and its radius be kept as small as possible. We have designed a

probe antenna, which is essentially a sleeve antenna, as shown in Fig. 10.

solder here choke parasitic element loading inductor
) L j i '
i ! W )
connector dipole

Fig. 10 Probe antenna for the life-detection system.

The radiating element is a half-wavelength dipale, which is loaded with an inductor at the
center. The inductance of the inductor was determined numerically in the design. One half of the
dipole is connected to the center conductor of the coaxial cable via the inductor. The other half
of the dipole is a quarter-wavelength section of the outer surface of the coaxial cable. A quarter-
wavelength choke, which is evlindrical tubing of larger radius than that of the coaxial cable, is
soldered to the coaxial cable at one end and kept open at the other end. This choke is acting as
a shorted, quarter-wavelength transmission line, which provides very high input impedance at
the end point of the radiating dipole. Thus, this choke will stop the unbalanced current leaking to
the outer surface of the connecting cable. A parasitic element, a wire of slightly shorter than half-
wavelength, is placed next to the radiating dipole to increase the bandwidth of the antenna. The
selection of dimensions of the parasitic element was made empirically through an experiment
with a network analyveer. The whole structure of the probe antenna is encased in a rugged plastic
tubing,

The dual antenna system has two antennas, which are energized sequentially by an
electronically cantrolled microwave single-pole double-throw (SPDT) switch. The SPDT switch
turns on and off at a frequency of 100 Hz which is much higher than the frequency range of
the breathing and heartbeat signals between 0.2 Hz and 3 Hz. Thus, we can consider that the
two antennas essentially sample their respective objects at the same time. In this dual-antenna

system, the two antenna channels are completely independent.
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EXPERIMENTAL RESULTS

The 450- and 1150-MHz microwave life-detection systems were tested in a simulated
earthquake rubble constructed at the Electromagnetics Laboratory of Michigan State University.
The 450-MHz system was also tested in a field-test with realistic rubble conducted at Montgomery
County, Rockville, MD, with the cooperation of Marvland Task Force of FEMA. Typical

experimental results of these systems are summarized here.

A. Experimental Results Obtained with the 450-MHz System at a Simulated
Rubble in MSU Laboratory

The 450-MHz microwave life-detection system was tested in simulated rubble constructed
in the Electromagnetics Laboratory of Michigan State University. The rubble is depicted in Fig.
11. It was constructed with bricks, cinder blocks, and steel re-bars. The dimensions of the rubble
was about 5 ft wide, 6 ft long, and 6 ft high. Two layers of steel re-bars separated by 8 in are
placed perpendicularly through bricks as shown in Fig. 11. A human subject to be tested can lie
down in the cavity at the bottom of the rubble. A reflector antenna or a patch antenna can be
placed on the top of the rubble, while a probe antenna can penetrate into the rubble through a
hole in the rubble.

Typical experimental results of the breathing and heartbeat signals of a human subject
Iying in the rubble cavity obtained with the 450-MHz system are shown in Figs. 12 and 13.

Fig. 12 shows a breathing signal superimposed with a heartbeat signal recorded for a female
humin subject. A reflector antenna was used and the radiated power was about 300 mW, The
upper graph is the time domain measured signal and the lower graph is the fast Fourier transform
{FFT) of the time-domain signal, which shows the frequency components of the time-domain
signal. The upper graph clearly shows the breathing and heartbeat signals. The frequency domain

FFT results show that the time-domain signal has a breathing signal of 0.3 Hz (the dominant
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peak) and a heartbeat signal of 1.36 Hz (the second largest peak). The other peak at 0.6 Hz (the
third largest peak) is the second harmonic of the breathing signal. Other small peaks are due to
noise or harmonics of the breathing and heartbeat signals. From a signal as shown in Fig. 12, it

is easy to identify the breathing and heartbeat signals from either the time-domain signal or the

frequency domain FFT results, and a buried human subject is easily detected.
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Fig. 11 Simulated earthquake rubble constructed at the Electromagnetics Laboratory of Michigan
State University.

Reprinted from “Micrenee e ditection system for searefing humaen sobifects snder eurtbguake mubble or belund barrier”
by Kun-Muy Chen, ¥ Huaeg, . Zhang and A Norman, TEEE Trans. on Bomedical Engineering, Vol 27, No. @ pp. ro5-144,
i, e, fiR2n0n (EEE.)
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Fig. 12 Breathing and heartbeat signals of a female human subject recorded at MSU simulated
rubble. A reflector antenna was placed on the top of the rubble and the female human
subject was lying inside the rubble cavity. The radiated power is about 300 mW. The
450-MHz life-detection system was used.

Reprinted from “Micronoaee life detection system for searcining human subgects ender earthguoke rubbile or bohind barrier”
by Kun-Au Chen, Y. Hoang, J. Zhong and A Normon, JEEE Trans. on Biomedicad Engineermg, Vol. 27, No. 1, pp. 105-114,
Hiprr, Sony, (0000 TEEE. )

Fig. 13 shows the same measurement conducted on the same subject when she was holding
her breath. The time-domain signal (upper graph) shows only the heartbeat signal and the
frequency domain FFT results (lower graph) shows only a single dominant peak of heartbeat
signal at 1.36 Hz. Other small peaks are probably due to noise. It is noted that when the signals
of Figs. 12 and 13 are compared, the amplitude of heartbeat signal is found to be significantly
smaller than that of the breathing signal as expected.

Fig. 14 shows the background noise recorded when no human subject was in the rubble
cavity. It is noted that the amplitude of the noise is lower than that of the breathing signal and
the noise has wide spread frequency components as indicated in its FFT results. It is easv to
distinguish the noise from the breathing and heartbeat signals from the amplitude and the
frequency contents of the recorded signals.
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Fig. 13 Heartbeat signal of a female human subject recorded at MSU simulated rubble, A reflector
antenna was placed at the top of the rubble and the female human subject lving inside the
rubble cavity was holding her breath. The 450-MHz life-detection system was used.

Reprinted from “Microwaee Life detection system for searching hurman sulvects under earthgquake rbble or belind barrier”
by Kuse-Mu Chen, Y. Huang, J. Zhang and A Norman, TEEE Trans, on Blomedical Eageneering, Vol, 27, No, 1, pp. jo5-04,
e, 2o, (oo TEEED
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Fig. 14 Background noise recorded at MSU simulated rubble when no human subject was inside
the rubble cavity. The 450-MHz life-detection system was used.

Reprinted from "Microtape fife detection system for searching umeon subiects under earthquake rebbie o behingd borrier”
by Kun=Mi Chen, Y. Huang, J. Zhang and A Normee, (EEE Trans, on Sinmedivol Engineering, Vol 27, Noo 1, pp. 105114,
oferrn. 2, (2 TEER. )
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B. Experimental Results Obtained with the 450-MHz System in the Field Test
Conducted at Rockville, MD

On July 5-7, 1995, a field test managed by Marvland FEMA Task Force was conducted
at its Montgomery County training ground. They constructed three rubble structures using
reinforced concrete slabs and double-T structures for the test. The first rubble having a height of
6 ft was constructed with seven layers of reinforced conerete slabs placed on the top of a double-T
structure, simulating a collapsed seven-story building, The second rubble having a height
of g ft was constructed with six lavers of reinforced concrete slabs on the top of two double-T
structures. The third rubble was constructed with pieces of reinforced conerete blocks piled on
the top of a reinforced conerete pipe, which had a diameter of about 2 ft, and a fine metallic wire
mesh imbedded. Also there was wet soil mixed in the rubble and the rubble was directly under
large trees, The height of this rubble was about g fi. This rubble used in the field test is much
more difficult for an EM wave of 450 MHz to penetrate than the simulated rubble used in MSU
Laboratory because of the dimensions and the contents of the rubble and many layers of metallic
wire mesh present in the rubble.

Many experimental results were recorded for various conditions by changing the locations
of antenna and human subjects and using different rubble. However, only some of the test results

measured at the second rubble, as depicted in Fig. 15, will be presented here for brevity.

Az Az Ar

Fig. 15 The second earthquake rubble constructed at Montgomery County, Rockville, MD.
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Fig. 16 shows the results of a test conducted at the second rubble, with the reflector antenna
placed at location B1 and a human subject lving at location A1. In this case, the EM wave needed
to penetrate only one double-T structure, therefore a very strong breathing signal was recorded.
The time-domain signal showing a strong breathing signal was recorded. The time-domain signal
shows a strong breathing signal (over the scale) and its FFT results show a single dominant peak at

0.26 Hz. Because of the overwhelmed breathing signal the heartbeat signal was overshadowed.
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Fregqueney domain FFT results

Fig. 16 Breathing signal of a human recorded at the second rubble, with a reflector antenna at location
B1 and the human subject ving at location Az, The 450-MHz life-detection system was used.

Reprinited fraom “Microwsns: fife dietection system for ssarching e sutgects undier eorthgueke rubble or beliind boarerer” by Kur-
My Chen, ¥ Hurmg, . Zheeng and A, Nowewn, FEER Troms on Biomedico! Engimeeritg, Vol, 27, Moo, o, 005-004, Jar 2o, (iE000n
IEEE)
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Fig. 17 presents the results of a test conducted at the second rubble, with the reflector
antenna placed at location D and a human subject lying near location A3. In this case, the EM
wave needed to penetrate six layers of reinforced concrete slabs and two double-T structures.
Because of a great depth (about 9 ft) of dense rubble existed between the antenna and the human
subject, the magnitude of the received signal was considerably reduced. The time-domain signal
shows a distinctive breathing signal and a mixture of heartbeat signal and noise. However, its
FFT results clearly identify the breathing signal and a possible heartbeat signal. It is noted that
two peaks appeared near 0.2-0.3 Hz may be due to the uneven breathing pattern of the human

subject under test.
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Fig. 17 Breathing and heartbeat signals of a human subject recorded at the second rubble, with a
reflector antenna placed at location D and the human subject lving near location A3. The
450-MHz life-detection system was used.

Reprinted froem “Micrownoe Ui denecsing system fie soarciing fsmon sdects nder sorthiguake mubble or befiing barmiee™ by Kon-
MuChen, ¥, Huang, J. Zhang amd A. Normien, IEEE Trans. en Bremedion! Enginering. Vol 22, No. 4, pp. 005064, Jon, 2000, (i€o00
TEEE )
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Fig. 18 shows the measured background noise when no human subject was present under
the rubble pile. It is noted that the amplitude of the time-domain signal was reduced one order of
magnitude from the case when a human subject was present under the rubble pile. The FFT results
showed the presence of wide spread frequency components implying a random noise. However,
it is pointed out that the two large peaks near 0.3 and 1.3 Hz were also recorded. It is suspected
to be contributed by the operator taking the measurement. This may cause misjudgment in the
rescue effort, To avoid this problem, when the measured signal is very low and peaks indicating
potential breathing or heartbeat signals are present, the operator needs to move around to check
his potential interference. This problem can also be mitigated by a dual-antenna system as
discussed later.

The performance of the 450-MHz system at the field test was satisfactory. However, it was
also found that an EM wave of 450 MHz does not penetrate well a rubble consisting of layers of

reinforced concrete slabs with imbedded metallic wire mesh of 4-in spacing. To overcome this
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Fig. 18 Background noise recorded when no human subject was inside the rubble. The 450-MHz

life-detection system was used.

Reprinted fromr “Microwaee life detection sysbes for searclng iamas selects ueder sorthguoke rubble ar beliod boreier” by
Kun-Mu Chen, ¥. Huong, J. Zhang and A, Normon, [EEE Trans, on Biomedicol Engineering, Vol 22, No, & pp, 105-214, Jan
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by the artificial heart because the artificial breather was shut off. The thrust of these three figures
is to show that the detection of the heartbeat signal can be enhanced if the two sets of signals
received by antenna A and antenna B are crosscorrelated.

Fig. 19 shows the heartbeat signals created by the artificial heart and measured by reflector
antenna A and reflector antenna B which were placed 7 ft directly above the target. The time-
domain results of both antennas show the heartbeat signals contaminated by a large noise. Their
FFT results also show the presence of a strong noise with spread frequencies. However, when

these two sets of signals were crosscorrelated, a distinctive peak of the heartbeat signal at 0.8

Antenng A * )\ Antenna B

rubble with

et 4 & Tieet metallie wire
- AT EETSEE / miesh
r L n .
s R
= - ’
R
Lo
y Targel
I Time domain A : Time domain 8
1] i
-1 " ) =1
] 1] 1] €0 40 [ S, § (1] [[1] b1} an A0 [ Ses, )
1 = |
FFT result A FFT result B
i
(1] i
L] ] 2 |1|_H.r| L} | z 3 He)

Cross correlation result

Fig. 19 Heartheat signals measured by two-reflector antennas arranged symmetrically. Both time-

ki)

domain and FFT results are shown. The cross-correlation result of the two sets of results
shows two peaks representing the heartbeat frequency and its second harmonic. The 1150
-MHz life-detection system was used.

Reprinted from “Microwove Iife distection system for searchmg faman subieets under earthguoke rubble or helind horrier™ by
Ken=Mu Chen, ¥. Huang, J. Zhang and A Norman, JEEE Trans, on Bio-medical Engineering, Vol 2, No. 1, pp. po5-104, Jan.
aeumh, (En o TEEE. )
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He appeared. A second distinctive peak at 1.6 Hz is the second harmonic of the heartbeat signal.

It is also observed that the noise measured by both antennas was drastically reduced. From this

cross-correlated result, the heartbeat signal was clearly detected.

Fig. 20 shows the heartbeat signals measured by two different types of antennas. The
reflector antenna A was placed 7 ft above the target and the probe antenna B was inserted
through the rubble to reach a point 3.5 ft from the target. The time-domain signals measured by
both antennas are shown. For this case the FFT results of these two sets of signals both show a
distinctive heartheat signal and its harmonics. When these two sets of signals are erosscorrelated,

a more distinctive heartbeat signal at 0.8 Hz and its second harmonic at 1.6 Hz are produced.
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Fig. 20 Heartbeat signals measured by a reflector antenna and a probe antenna. Both time-
domain and FFT results are shown. The cross-correlation result of the two sets of results
shows the heartbeat frequency and its second harmonic. The 1150-MHz life-detection

system was used.

Reprinted froon “Siceouses [ife deteetton syster for searehing kumon sahbieers usder earthoguake ruhible or befring Burriee”
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Fig. 21 shows the heartbeat signals measured by reflector antenna A and reflector antenna
B both placed 7 ft above the target when a human operator was walking near the rubble, about
20 ft from the antenna. The walking human subject created a large interference signal in the
outputs of antenna A and antenna B showing both in their time-domain results and the FFT
results. When those two sets of signals were crosscorrelated, the heartbeat signal of 0.8 Hz and
its second harmonic of 1.6 Hz appeared while the interference signal nearly disappeared. From
this result, we can conclude that the dual-antenna system of the 1150-MHz can be used to reduce
the interference noise created by the system operators moving near the rubble as well as the

background noise.
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Fig. 21 Heartbeat signals measured by two reflector antennas while a human operator was walking
near the rubble. Both time-domain and FFT results are shown. The cross-correlation
result of the two sets of results shows the heartbeat frequency and its harmonie, while the
interference signal created by the operator nearly disappear. The 1150-MHz life-detection

system was used.

Reprinted from “Microwave Hife detection system for searching human subjects under earthquake rubide or behind bareier” by
Kun-Mu Chen, Y. Huang. J. Zhang and A, Norman, [EEE Trans, on Bieenedical Engineering, Vol, 27, No, 1, . 105114, Jun
200, (Dzono [EEE.
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@ Analysis of Interaction Between ELF-LF Flectric Fields and Human Bodies”

The interaction of extremely low frequency (ELF, o-100 Hz) electromagnetic (EM) fields
with the human body has become an increasingly important subject since potential health hazards
due to the EM fields emitted by extremely high-voltage (EHV) power lines and ELF antenna
systems became a public concern.

This subject has been extensively investigated experimentally or empirically by many
workers [5]-[10]. However, all of the experiments were conducted on animals or scale models of
man, and it is necessary to extrapolate these experimental data to provide data for human risk
analysis. This is not an easy task if a reliable theoretical method for predicting the interaction of
ELF fields with the human body is not available,

Theoretical studies on this subject have been conducted by a number of researchers, but
they invariably used oversimplified body geometries or inaccurate methods. Shiau and Valentino
[11] have used spheroidal models of man and their results from this idealized model may have little
practical value. Spiegel [12], [13] used a more accurate block model and an electric field integral
equation method, but his results disagree with experimental results mainly due to insufficient
partition of the body model in the numerical calculation. Chiba et al. [14] used a finite-element
method and a body of revolution geometry. Their results are still not accurate for a realistic
human body. Kaune and MeCreary [15] developed a numerical method on a eylindrical model of
man. Since this model is over-simplified, the practical values of their results are questionable.

We have developed a numerical method which utilizes a realistic model of man with
arbitrary shape and posture, and a realistic environmental condition such as assuming arbitrary
grounding impedances between some parts of the body and ground [16]. Our methaod is developed

on the basis of an integral equation for the induced surface-charge density, Ohm's law, and the

T mctterial tn Bris section s based on “Quantification of interaction belueen ELF-LF efectrie felds aml bumuon bodies™ by Kom- My
Cheem, Howg- Ry Checong and Oken-du Lo, which appearsd fo TEEE Transoctions an Biomedicol Engineering, Vol. BME 39, Noo &

p TH0-T50, Ay, 1080 (086 IEEE)
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conservation of electric charge. The accuracy of our method has been checked with the exact
solutions of a spherical and a spheroidal body. In addition, it has been verified by experimental
results [g], [10] on the induced electric fields at the surface of the body, the short-circuit current,
and the induced current density inside the body at 60 Hz, We have also found that it was possible
to predict environmental results on the interaction of the human body with HF fields [17] with
our method. This seems to extend the validity of our method to LF or even up to the HF range. It
is also noted that our method is numerically quite efficient.

We will describe the theoretical development of our numerical method and reports some
results on the induced electric fields at the body surface and inside the body, the induced current
density inside the body, the short-circuit current, and the effects of the grounding impedance on

the induced current in a homogeneous body of realistic shape.

GEOMETRY AND APPROXIMATIONS

Consider a geometry of a human body standing on the ground and being exposed to
an electric field in the ELF-LF range, as shown in Fig. 22. The contacts between the feet, the
hands, or other parts of the body and the ground are represented by the grounding impedances
Z, i =1-k). The shape and posture of the body can be realistic and arbitrary. The impressed
electric field, which is maintained by a power line or other ELF or LF sources, is assumed to
be spatially uniform over the body and oscillating with an angular frequency of w. The time
dependence factor of exp(jwt) will be assumed.

We aim to determine the surface-charge density and the electric field induced on the body's
surface as well as the current density, the electric field, and the SAR induced inside the body.
Also, we aim to determine the effects of the grounding impedance on the induced current. To
simplify the problem, the following approximations, which have been proved valid [7], will be
adopted.
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Fig. 22 A man standing on the ground is exposed to an electric field of ELF-LF range. The contacts
between the feet and the left hand and the ground are represented by Z,, (i =1-3).
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as the sum of the potential ¢, (7 ), which is maintained by the induced surface charge n(r ), and

the potential ¢, (¥ ), which is maintained by the impressed electric field. That is,

O (F)+ @ (F)= e, (4.10)

Using the quasi-static approximation and considering the ground image effect, ¢, (F) can be

expressed as

by (F)=—— [ n(F)

—— s’ :
reegll L o £ (410

where s is the body surface and s, is the surface of the body image, 7 is a field point on the
body surface, and 7' represents a source point on the body surface and the image surface. The
potential @, (7 ) can be expressed in terms of the impressed electric field. For the geometry of Fig,
22, ¢,(F')= —E,z. The body potential ¢, is an unknown quantity and its value depends on the
body geometry, the impressed electric field, and the grounding impedances Z,,.

Equation (4.10) can be rewritten as

[ ) s ()= (4.12)

dme, - |F =

Equation (4.12) is an integral equation for the induced surface-charge density (7 ), and with the
hody potential ¢, as anather unknown,

To determine 5 (7 ) and ¢, , we need another equation, This second equation is obtained on
the basis of Ohm’s law and the conservation of electric charge, The total current flowing between
the body and the ground is the sum of the currents flowing through the grounding impedances

where Z,

i
I=@ 1) Z,+1] 23+ 41 2, | = 0,3 1/ Z,, (4.13)
()
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On the other hand, the total current I (flowing from the ground to the body) can be

expressed in terms of the total surface charge, based on the conservation of electric charge, as

I=jw f n(i")ds’ (4.14)

Combining Eq. (4.13) and Eq. (4.14), we have

ds’
" zuzﬂf . i)

Eq. (4.15) is the desired second equation which has (7 ) and ¢, as the unknowns,

NUMERICAL SOLUTIONS—MOMENT METHOD

To solve Eq. (4.12) and Eq. (4.15) numerically for n(F ) and ¢, , the method of moments will
be applied. The body surface S is partitioned into N subareas (patches) and the induced surface-
charge density n(7 ) on each subarea As, = (n=1-N) is assumed to be an unknown constant.
Eq. (4.12) is then forced to be valid at the central points 7 (n=1— N ) of the N subareas. In other
words, the method of moments approach is applied using pulse basis functions and delta testing
functions (point matching). When Eq. (4.12) is point matched at the center of the mth subarea

I, » it can be expressed as

&

ds’ n,ds/
= 7 o+, ()=, (4-16)

4wei.lf-w|r':r,—ﬁ’[ R
where 7, is the surface-charge density at the nth subarea as, and ' is a source point within

AS .

n
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The surface-charge density at the corresponding subarea As | of the body’s image is —n,

due to the image effect and 7 is a source point within as,,. Equation (4.16) can be rewritten as

E ann.'l + t;.'ll {Fm ]I = ¢!I

[0 |

(4.17)

where

1
dme,

M =

mn

(4.18)

J‘ ds’ " d'E:
7, —F] s TR, |

The integrals involved in Eq. (4.18) can be integrated numerically or analyvtically approximated
when As, is small. It s noted that when n=m for M, 7 is at the center of As_ and 7' is within
as, ; thus, |r, —7'| will vanish in the first integral of Eq. (4.18). However, this singularity is
removable through the integration and it causes no difficulty,

Equation (4.17) can be used to generate N simultaneous equations when m is varied from 1
to N, that is, when Eq. (4.16) is point matched at the central points of the N subareas. This set of

N simultaneous equations can be expressed in a matrix form as follows:

My My oo My U6
M, M M. -1 i
b i 1N 2 i || i ':b (4.10)
My |
_M N1 *F"-f:n.'u *F"f.\'.\' =1 l‘i: ld"n:\'
b

where ¢, =, (7 ). Notice that Eq. (4.19) represents a set of equations that is of N (N +1)
order. In order to solve N+ 1 unknowns (#,,n,,,1, and ¢, ), one more equation between 1),

and ¢, is needed. This equation is provided by Eq. (4.15) as follows:

b &
Z‘J‘..ﬂ-s., = i N1 Er,lﬂ‘q, (4.20)
=1 Je s
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When Eq. (4.20) is combined with Eq. (4.19), we have

M, M M -1}
M” Mbl MIN -] \ ﬂj ¢“
I 1 HL ¢
_1 ﬂl L+ ]
= ! (4.21)
My, M, M e -1 -
sk Nx -¢l.\'
AS, AS, as, iZl!ZL, o, I 0
r=1

Equation (4.21) represents an (N+ 1)x(N+ 1) matrix equation, and (N+ 1) unknowns, |, } and
@, , can be easily determined by a matrix inversion or other appropriate methods.

There are two special cases of interest: 1) the case when the body is shorted to the ground,
Z, =0 for any i, and 2) the case when the body is isolated from the ground, Z,, = ~ for all i. For the
short-circuit case, the body potential ¢, will be zero; therefore, Eq. (4.21) is reduced to an NxN
matrix equation, with the last column and the last row of the matrix in Eq. (4.21) removed. The

unknown surface-charge density {n,} can then be determined accordingly. For the isolated case,

. g
the last element of the matrix of Eq. (4.21), iz 'zi- becomes zero. This implies that
=1 Li
Y m,a5,=0 (4.22)
L |

that is, the total net charge on the body is zero. For this case, {r, | and ¢, are determined from
Eq. (4.21) with the last element of the matrix set equal to zero.
After the induced surface-charge density n is determined, the induced electric field at the

body surface is simply obtained from

E =n/e, (4.23)

assuming that the induced electric field is totally perpendicular to the body surface.



The electric field enhancement factor is defined as the ratio of the induced electric field at
the surface to the impressed electric field E /E,. This value can easily exceed 10 at the head or
the tip of a stretched arm and hand. Thus, when a man is exposed to the electric field of an EHV
power line, the induced electric field at some points of the body can be extremely large since E, is

already a very high value in this case.

INDUCED CURRENT INDISE THE BODY

After the induced surface-charge density at any point on the body surface is determined,
the induced current density inside the body can he determined on the basis of the conservation
of electric charge and Maxwell's equations.

The first quantity to be determined is the total sectional current at any cross section of the
body. Referring to Fig. 23, we assume that the positive sectional current at any cross section of
the body is directed towards the head. We will consider, for example, three sectional currents: the
sectional current at the chest I, the sectional current at the lower abdomen [,, and the sectional
current at the right arm I,.

If we integrate the equation of the conservation of electrie charge V-J + jwp =10 over the

volume V, which includes the upper body above the chest cross section (see Fig. 23), we have

I, —-—J;:(ﬁ-j,):fs: jwﬁ‘ﬂds (4.24)

where n is the unit vector pointing outward from V|, S is the cross-sectional area at position
shown in Fig. 23, S, is the body surface above the chest eross section S, and J, is the current

density at 5.
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é"hl

Fig. 23 Geometry for calculating the induced current in the body.

A similar integral over the volume V,, which includes the portion of the body above the
lower abdomen and has a boundary surface cutting through the lower abdomen section S, and a

grounding impedance Z , connecting the left hand to ground, will lead to

/. Ir(ﬁ,-.?,)ds Ay =—ju nds

oar

I+ 1, = jw qus (4.25)
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where n, is the unit vector pointing outward form V,, J, is the current density at S.,, S, is the
body surface enclosing by V,, and I, is the current flowing from the ground to the left hand
through the grounding impedance Z, .. I , is easily determined from ¢, /Z,..

Another similar integral over the volume V, which contains the right arm and hand leads

to

1= [ (y-d,)ds =—ju [ nds (4.26)

where i, isthe unit vector pointing outward form V,, S, is the cross-sectional area as designated
in Fig. 23, 33 is the current density at 5, and S, is the surface of the right arm and right hand
enclosed by V.. Itis noted that n, and 34 are in the same direction; therefore, the expression of I,
has a negative sign in Eq. (4.26). This negative sign will lead to the phenomenon that the current
in the arm flows in the opposite direction to that flowing in other parts of the body.

One of the most important quantities concerning the body current is the short-circuit
current I_, which is defined as the current flowing between the feet and the ground when the
grounding impedances (Z,, and Z,,) between the feet and ground are zero. The other grounding
impedances (e.g., Z,,) between other parts of the body and ground are infinity (open cirenit). [

can be easily obtained by the same approach as above, and is given by

I, =jw| nds (4.27)

where S includes the total body surface and 7 is the induced surface-charge density at the body
surface under the condition that the body’s potential ¢, is zero,

After the determination of the sectional current, the volume density of the induced
current inside the body J can be determined from Maxwell's equation: VxH = (o + jwe)E or

v :{r:.r + juwe)E '=0. For the ELF-LF range, o> >we inside the body; therefore,
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?-(ﬂﬁ}= V-J =0 (4.28)

Equation (4.28) can be used to predict the distribution of J inside the body with the prior
knowledge of the sectional current [ at any cross section of the body.

Assume that J at any cross section of the body has only two components: a longitudinal
component J, and a radial component J_ . This approximation assumes a cvlindrical geometry
for the body cross section and also ignores the circumferential component of .J .

The longitudinal component .,T, , can be approximately ohtained as

J,=I/s, (4.29)

where [ is the already determined total sectional current and s, is the cross-sectional area of the
body at the position where Eq. (4.29) is applied. The caleulation of .:", is valid for a homogeneous
hody, but it may also be a fair approximation for a heterogeneous body, hased on the finding by
Spiegel [13] using the electric field integral equation method that the induced current density J
is rather independent of the electric parameters of the body at the ELF range.

Now that .J, is determined at any cross section of the body, the radial component J, can

be derived from Eq. (4.28), using a evlindrical geometry, as follows.

From
= 148 o
Vid==—(rS J+—J,=0,
T‘rﬁ'r{ r] ar’
we have
i) (o
S =_r_"
c'i'r't 2 _|r'}f
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After integrating both sides, it gives

T i,

. 2| o1 | (4.30)

where r is the radical distance from the center of the cross section and [0J, /91] is the rate of
change of J,, in the longitudinal direction. Since J,, is known at any cross section, the value of
[0, { 1] can be estimated easily. Equation (4.30) indicates that J_ is zero at the center of the
body and linearly increases toward the body surface. The direction of J, is dictated by the sign
of [0, / Ol].

After J is determined, the electric field induced inside the body is determined from

E=J/jo (4.31)

and the SAR value is calculated via

SAR - ziﬂ 1Jf /p W/kg (4.32)

where p is the volume density of mass in kg/m?,

NUMERICAL RESULTS AND COMPARISON TO EXPERIMENTS
We have generated many useful numerical results on the induced electric fields at the body
surface and inside the body, the induced current, the SAR, and effects of the grounding impedance
on the short-circuit current. Since these results are quite extensive, only a few numerical results
will be compared to the experimental results to validate the accuracy of the present method.
The first check of our method was made by comparing the numerical results of the induced
electric field on an isolated conducting sphere to its exact solution. The agreement was found to

be within 1 percent. We then verified the accuracy of our method by comparing the numerical
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Fig. 24 Comparison of theoretical results by present method to experimental results of Kaune
and Miller on electric field enhancement factor, sectional current, and short-circut
currents for grounded guinea pig exposed to 10 kV/m, 60 Hz electric field.
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results on the electric field enhancement factor, the sectional current, and the short-circuit
current induced by a 6o He electric field of 10 kV/m in a theoretical model of a guinea pig which
simulated the actual animal used by Kaune and Miller [g] to their experimental results. Fig. 24
shows the comparison between the experimental and numerical results. The upper part of Fig.
24 shows the electric field enhancement factors measured at various locations on the surface and
the sectional currents at five cross sections of a guinea pig. The lower part shows the electric field
enhancement factors at various points and five sectional currents caleulated for the theoretical
model of the guinea pig. Good agreement is obvious when the corresponding experimental
and numerical values of these quantities shown in these two figures are compared. The table
at the bottom of Fig. 24 indicates the comparison of the measured short-circuit current and
the calculated values. The measured short-circuit currents for two guinea pigs were 0.219 and
0.225 pA/(kV/m) and our caleulated result was 0.212 pA/(kV/m). The results shown in Fig. a4
demonstrate the accuracy of our method. 1t is noted that in the numerical calenlation, the body
surface of the guinea pig was partitioned into 228 patches. This leads to 114 unknowns when a
half-body symmetry was applied.

Our method was also emploved to compute the current density induced by a 60 Hz electric
field of 10 kV/m in a phantom model of man, 45 cm in height, used by Kaune and Forsythe [10].
Fig. 25 depicts the comparison of the experimental and numerical results of the induced current
density. In the numerical calculation, the body surface was partitioned into 472 patches, leading
to 118 unknowns with a quarter-body symmetry. The right figure shows the measured current
densities at various points inside the body. The induced current density is mainly longitudinal (or
vertical) with a small radial (or horizontal) component as shown,

Natice that the direction of the radial component is outward in the chest region, but
is inward at the neck and the abdominal region. The most interesting observation is that the
induced current in the arm is directed downward or in the opposite direction to that flowing in

other parts of the body. The numerical results for the induced current density in the theoretical
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Present Method Kaune & Forsythe

Fig. 25 Comparison of theoretical results by the present method to experimental results of Kaune
and Forsythe on vertical and horizontal current densities for a grounded human model
exposed to 10 kV/m, 60 Hz electric field. Induced current densities are given in units of
nA/em?.
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model which approximates the experimental model are shown in the left figure. The computed
current densities, in amplitude and direction, at various locations inside the body agree very well
with the measured values,

The agreement between experiment and theory is within 5-10 percent on the amplitude. It
is noted that the theory correctly predicted the reversed direction of the induced current in the
arm and the directions of the radial components of the currents at different parts of the body. The
results of Fig. 25 give a positive verification of the accuracy of our method.

It is appropriate to give a few more selected numerical results on the interaction of a 60 Hz
electric field with a human body. Fig. 26 depicts the calculated electric field enhancement factors
at the surface of a man with a height of 180 em and a weight of 68.2 kg standing upright and
in direct contact (short-circuited case) with the ground, and who is exposed to a 60 Hz electric
field of 1 kV/m. The enhancement factor can vary from 0.1 to about 20 over the body surface.
Also shown in Fig, 26 is the caleulated short-circuit current of 18.0 pA. This value is very close
to 17.5 pA, which is caleulated with an empirical formulaof 1 =5.4-10 "-H" - E- f /60 used by
Chiba et al. [14]. In the numerical ealeulation, the body’s surface was partitioned into 424 patches
leading to 106 unknowns with a quarter-body symmetry.

Fig. 27 shows the caleulated electric field enhancement factors and the short-circuit current
in the same man with stretched arms induced by the same electric field as the case of Fig. 26. It
is observed that the electric field enhancement factor can be very high at the tip of the hand due
to its sharp geometry. Also, it is noted that when the arms are stretched, the short-circuit current
is increased to 23.3 pA as predicted by our method. This value is quite different from the value of
17.5 pA if the same formula used by Chiba et al. [14] is used. This indicates the phenomenon that
the induced electric field at the body surface and the short-circuit current, and consequently the
induced current inside the body, are strongly dependent on the body geometry and position. Even
though the phenomena involved are rather complicated, this method is eapable of predicting

them.
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One more bit of interesting information on the effects of the grounding impedance on
the short-circuit current of a man exposed to 60 Hz electric field of 1 kV/m is given in Fig. 28.
The grounding impedance is assumed to be resistive, capacitive, or inductive. The short-circuit
current is found to remain practically unchanged, maintaining a value of about 18 pA/(kV/m)
when the grounding impedance is varied from o to 10 M£2. Only after the grounding impedance
exceeds the value of 10 MQ2 does the short-cireuit current start to fall for a resistive or a capacitive

grounding impedance. For an inductive grounding impedance, there is a possible resonance
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Fig. 28 Short-vircuit current as a function of grounding impedance.
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phenomenon when the impedance has a value on the order of 100 M{2, corresponding to an
mductance of 3 x 10" H. This implies that in a very unlikely case when the grounding impedance
is an extremely large inductance of about 3x 10" H, there may be a very large current induced in
the body.

The numerical examples given so far are all computed for the case of 60 Hz. However, our
method has also been emploved to predict the short-circuit currents induced by HF electric fields
in a human body. Table 1 shows a comparison of experimental results on the short-cirenited
current, measured by various workers [17] at frequencies between 60 Hz and 27 MHz, and
the corresponding numerical results generated by our method. A satisfactory agreement was
obtained between theory and experiment up to about 30 MHz. This indicates that our method

may be applicable up to the HF range or at least up to the LF range.

Table I

Comparison of experimental and empirical results on short-circuit current and theoretical results

by present method

h =1.75m h =1.75m h = 1L80m
Eq.(+) Measured Present Theory (SCIE)
Subjects Barefoot
.63 L2058 2140 b.184
.70 0.232 0.2580 0.212
1.51 0.4499 .3491 045
27.405 9060 5.330 5.230
Subjects Barefoot, Both Arms Raised
0.70 0.384 0.272
1.21 (.53 .58G
27,4006 89.85 L0.60
Comparison Data
0.72 13 0.238 0277 02116
0.92 0,304 hLE16G 1.276
1.145 0.3749 L1 1111 LI B
1.5 0.447 (A5 0.405
LAT 1 .5l 441
0146 [14] i.048 0035 0.044
27.0 [15] 8.03 8.4 8.13

1.=0.108-k -E, - f, JmA/(V/m)].
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