MoM Advances
* EM Absorption in the Human body

e EM absorption is specified in terms of specific absorption

rate (SAR) which is the mass normalized rate of energy

absorbed by the body
® At a specific location, SAR may be defined as

SAR =5\E\2
Jo,

® where @ is tissue conductivity, £ is tissue mass density,

E=rms value of internal field strength
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MoM Advances

¢ Usual MoM steps are required:
® Deriving the appropriate IE
® Converting IE to matrix equation & matrix elements calculation

© Solving the set of simultaneous equations
e We will use tensor integral—equation here
e What is this?

® When some electric field is incident on human body, the
induced current in the body gives scattered electric field

° Correspondingly the body may be replaced by an equivalent

current density
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* Consider Maxwell curl equation

VxE:—ja),uOFI

VxVxE=—ja)yO(V><ﬁ):—ja)yo(aE+ja)5E)
=— O, O'E+ja)(5—go)E+ja)50E)

=—J a)'u 0 \Jconduction T Jpolarization T J C()EOE)

—

=—jou, \Jeq +ja)50E)
:VxVxE—kéEz—ja),uoj

eq
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MoM Advances

® |t is more like wave is propagating in free space

® And there is an equivalent current source which is effectively

produced as an effect of the human body

® The equivalent current density can be expressed in terms of a

tensor as follows

T (F)=0(F)E(F)+ jo(e(F)-&,)E(F)=7(7)E(F)
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® The tensorr(? ) takes into account all the effect of a human

body in terms of a 3-D matrix

* Consider a biological body of arbitratry shape with
constitutive parameters &, IL[O ,0 illuminated by an

incident (or impressed) plane EM wave

® The induced current in the body gives rise to a scattered field

—

ES
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® For time varying electric fields  F*=—jpA-V¢
® where - o \= [ '
A= yojGO(r,r )/eq (r )dv

-

® and the free space scalar Green’s function is given by

e—jkf—f'
4rlF 7| Ve d=—jousp
® From Lorentz Gaug condition Ve Z
® Hence, the scattered fields are = ¢ - — joue
. .~ VVed - 1 y
ES:—]Q)A+ . )H :_VXA
Joue H
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® Since scattered electric and magnetic field are dependent on
magnetic vector potential which is dependent on the
equivalent current density, hence the fields are dependent on

the equivalent current density J
eq

—

® [etus analyze the dependence of fields on the J »

— I

* Suppose J o 1san infinitesimal elementary source at

pointed in x direction so that

J, =o6(F-7)%
® The corresponding magnetic vector potential is

A= G, (7.7 )2 d=p, (G (FF Y (F)av
)
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—

o If G, (7 g ) is the electric field produced by the above
mentioned elementary source, it must satisty the wave
equation

VxVxG, (7.7 )-k2G, (F.7) = jous(7 -7 )

00

e whose solution is given by

:éOx:—]quGO(f,,;» )x+VVo]i(;£z7,F')fc Es:—]a)}j+
é()x:_]a)ﬂo(Hklzvv‘jGo(l_;,?)A A=u,G, (77 )
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—

° G, (77 N ) is referred to as a free space vector Green'’s

function with a source pointed in the x-direction
e We could also find the free space vector Green’s

function GOy (77 g )’Goz (77 s ) for a source pointed in

the y—direction and z-direction respectively
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e We could now introduce a dyadic function which will store

these three free space vector Green’s function as

G, (7.7 )=G, (7.7 )i+G, (F.F)9+G,, (F.F)z

0

® This is called free space dyadic Green’s function

® |t is a solution of the dyadic differential equation

VxVxG, (7.7 )=k G, (F.F ) =—joul5(F -F)

® where unit dyad is given by
[ =3%+p+22
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® The physical meaning is that G, ( 7 ,;7") is the electric field at a

point A due to an infinitesimal source at 7 in any

arbitrary orientation

® Then the scattered electric field due to any arbitrary

equivalent current density may be expressed as

E =[G, (7.7 )e],(F)dv
)
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® Since =

G, = —ja)yo(1+kleV ojGO(F,F')v?/

® where w can take any value

w= {x,y,z};fvz {fc,j/,é}

—

3
® Note that G (7,7 ) has singularity of the order |FF — F
0 & Y

® In other words, the integral diverges if the 7 1isinside the
source region
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® The scattered field inside the body may be expressed in terms
of equivalent current density by using the free-space

tensor/ dyadic Green’s function as

E' =[G, (7,7 )e], (F)dv
)

* However, when the field point is inside the body, scattered
field must be evaluated with special care because of

singularity
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® This difficulty is overcome by excluding a small volume
surrounding the field point first and letting the small volume

approach Zero

© Integral is now well defined as the limit obtained when the

radius of the sphere approaches zero

e We shall call this limit the “principal value” of the integral
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® This process involves defining a principal value and adding a
correction term (derived in

https: // ieeexplore.ieee.org/ stamp/stamp. ] sp?tp:&arnumb
er=1145064)

ES(?)=PV(jC?O(F,F')Jeq(f')d"'}[ﬁs(f)]mm
)
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MoM Advances

® The total electric field inside the body is the sum of the
incident field and scattered field

E(f)PVEV ! s
:E(F)—PVUG‘O(F 7 ).r(f)E(F)dvv}rr(j)fg(j)

]E(F)—PVUT(F)E(F)O G, (7,7 Jdv ]
e
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® Matrix Equation:

® The inner product E(f) ¢ éo (77,77') is given as

G (77) G (FF) G (7F)| | E(F)
E(’_;). 90(7'7): ny(l_”',f') ny(F”_;l Gyz ’7’7') ° Ey(f)
G (77) G (7F) G (7F)| |E.(F)

* Denoting x,~=X, X,~Y, X;=z, we have,

G, (FF)=—jory) 5,,+ klz 82; ]GO (7.7 )i pg=1,2,3

@ MoM by Prof. Rakhesh Singh Kshctrimayum 2/4/2021 /




MoM Advances

® Partition the body into N subvolumes or cells, each denoted
by v, (m=1,2,...,N)and

—

e assume 7(7),E(7) are constant within each cell

o If 7. isthe centre of the m™ cell, then
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o If we let [Gx } be an NXN matrix with elements

X
pq

* where m,n=1,2,... N and p,q=1,2,3

o et [Ex J and [E; J be column matrices with

p

elements
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MoM Advances

E (r) E, (r)
g ]| " AN
[ J Exp(rN) E;p(rN)

® We obtain 3N simultaneous equations for Ex, Ey and Ez at

the centers of N cells by the point matching technique
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® These simultaneous equations can be written in matrix form

as

Gxx ny ze Ex E)lc
G | .| |G ||IE ||=-||E
_ yx_ Y _ yz_ ) _ ).’z
sz Gzy Gzz _EZ_ E;
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® Radar cross section:

® A measure of the effective area of the scatterer

¢ Function of both angle of incidence and angle of

observation

® Larger is the radar cross section, larger is

scattering
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o Scattering from a conducting cylinder of infinite

length
® Electric fie]d integral equation

® On the conductor surface

total __ princ scatt
Etan R Etan +Etan =0
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® |ncident wave
®tisa plane wave from infinity

® Assume a TM” wave with H =0

E™e = ZE. (x,y)

@ MoM by Prof. Rakhesh Singh Kshctrirnayum 2/4/2021 J
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® Scattered wave

® The incident field induces an electric current

QJZ (’x9 y)

® which produces the scattered field

® The scalar wave equation in this case is

V2E§catt + k2E§catt _ ja)ﬂOJZ
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® 2-D Green’s functions
® We can compute 2-D Green’s function by
® computing the field radiated by a line source

® carrying a time-harmonic electric current of

amplitude of I in the +z direction

® Since the current associated with the line source

is infinitely long
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¢ flows in the z direction only the z component of

the electric field will become non zero

® Like in cylindrical Waveguide E can be expressed

as

E(p.g.2)=3 4,00k p)+B,HO(k p)

m=0

[Cmejm¢ + Dme_jm¢ ][Emejkzz + Fme_jkzz]
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MoM Advances
¢ where H ,511 ) H ,512) are the Hankel function of first
and second kind
2 2 2
k+k: =k
® Since the line source is rotationally symmetric,

the fields do not vary in the @ or z direction
®* Sok,=0and C_=D_=0 for m #0

® Hence R
yo,

MoM by Prof. Rakhesh Singh Kshetrimayum 2/4/2021




MoM Advances

® Note on Hankel’s function

® Hankel’s function are related to Bessel’s functions

of first and second kind as

1Ok )=, . 5, )
HOk, )=k, ) 7 1, )

® These relations are similar to Euler’s theorem
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® Physically, Bessel’s functions represent standing
waves whereas Hankel’s functions represent
propagating waves

® When the argument is large, the Hankel function
can be approximated by

H’S)(kpp); /;kz,{) s
p

2] e—jkpp"‘% _ ] — 2] e_(jkpp_%j
Jo,
7, 7, o
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MoM Advances

® The amplitude of Hankel’s function decays as

® when kp p becomes 1arge

® The phase of the oscillation depends on order m

like Bessel’s functions
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e H ,S )(k 5 ,0) represents a wave propagating in the -
p direction (an in-going wave)
o H ,542)(]( P ) represents a wave propagating in the
+ P direction (an out-going wave)

® Anincoming wave deties the principle of

causality, hence A;=0
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® Hence

E.(k,p)=B,H{ (k,p)

* Using Maxwell’s curl equation

p P Z

s 1L 1la 2 &
jou p|op 0@ 0z \
0 0 Elkp,
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- . 1 ¢? 8[EZ (kpp)] __ 1 ¢? 8[BOH(§2)(kpp)]
Jou op Jou op

FI — 1.[ {.kp j&BoH(SZ)'(kp ):.L&BoHéz)'(kpp)
J \ JOH J1

For small kp P

2/ (1.78107k p
H(§2>(kpp);1—7fln( — j
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178107k,
2 2 2

HY (k p)= - =
7k, p) s (1.78107kppj 7P

2
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* Using Ampere s law

. 2r
1=§H-di=—2130q3jipd¢=—430 —p =1

jnz .y p n 4
®* So Ez(kp ):_%]H(()2)(kpp)

® For I=1, this is the Green’s function for 2-D

electric current sources in TM?* polarization
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