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Characterizing the Human Body as a Monopole
Antenna

Behailu Kibret,Member, IEEE Assefa K. Teshomdylember, IEEEand Daniel T. H. LaiMember, IEEE

Abstract—This paper, for the first time, fully characterizes the RF power is absorbed in the whole body of a man in free
human body as a monopole antenna in the frequency range of 10 space or in a man standing on perfectly conducting ground.
- 110 MHz, which contains the resonance frequency of the hunma It has been reported that the frequency at which maximum

body. The human body is represented by an equivalent cylindcal L L .
monopole antenna grounded on a highly conductive ground plae RF energy dissipates inside the whole body of a man standing

that is analysed based on the three-term approximation metbd. On perfectly conducting ground, due to a vertically poledz
The reflection coefficient is measured using a human subjecsaa plane wave, is close to the resonance frequency of a quarter

monopole antenna. Measurement results show that the thedieal  wave monopole antenna that has the same height as the
predictions are in reasonable agreement. It is found that te human subject [2]. This frequency, which is loosely termed

human body resonates between 40 - 60 MHz depending on the _ ", . . g
posture of the body when it is fed by a 500 impedance system as ‘resonance frequency’ in most RF dosimetry articles, not

at the base of the foot. A minimum reflection coefficient of -12 Only depends on the height of the human subject, but also
dB is measured that demonstrates that the human body can be on the weight and gender of the subject. Even though such

potentially used as an antenna. Theoretically, it is predited that  prior studies centered on quantifying the amount of RF power
the human body can be an efficient antenna with a maximum 5,56rped inside the human body: little has been reporteatabo
radiation efficiency reaching up to 70%, which is supported by th h . h terizati f the h bod ith
measurement results found in the literature. e Compre enS'V_e. C ar_ac erization of the uma.n ody wi
the objective of utilizing it as an antenna. The main theme of
Index Terms—human body, human body antenna, monopole i naner is characterizing the human body as a monopole
antenna, cylindrical antenna, three-term approximation, reso-

nance frequency, radiation efficiency, reflection coefficiet, SAR ~ @nténna by quantifying the antenna performance indicators
such as, the reflection coefficient and radiation efficienty o

the human body, which have not been covered by previous

|. INTRODUCTION studies.

_ ) i . Nowadays, the most common trend of computing the dis-
HE interaction of radio frequency (RF) electromagnetig;

] ] e e@f;fated RF power inside the human body utilizes the finite-
fields with the human body has been the main interegiterence-time-domain (FDTD) algorithm based on computa

for a large number of research. Part of these studies centefig,s of high resolution realistic voxel models of the human
on the use of this interaction for medical appllcatlons.eibthbody [3]. Other prior studies used the cylindrical antenna
studies focused on the effect of electromagnetic fields en th,,qel of the human body to study RF dosimetry. King applied

human body, which were primarily driven by the growing, gimplified form of the three-term approximation method to
concern raised in the society about the possible adverseteff ¢\c jate the induced axial current inside the cylindriaat

of electromagnetic fields. Additionally, other studiesoat®id  (anna model of the human body [4], [5], [6]. In a related study

particular attention on the effect of the human body Oﬁoljak et al. implemented the method-of-moments (MoM)
antennas that operate inside or in the vicinity of the hum%&)proach to calculate the axial current inside the thictewi
body, ;uch as, implanted and wearable antennas. Aside frg{§4el of the human body [7]. Recently, we have applied the
the brief mention of the analogy between the whole humagingrical antenna model of the human body using the three-
body and a quarter wave monopole antenna in few of thegeém approximation to investigate the antenna effect of the
studies, a comprehensive characterization of the human beg,man body on intrabody communication [8] and to analyse
as a monopole antenna is not available in the literature. the whole-body averaged specific absorption rate [9].

In the field of RF dosimetry, the mechanism of RF energy ngtaple experiments, in attempt to characterize the human
absorption inside the human body has been exhaustlvgkydy as a monopole antenna, were carried out by Andresen
studied. For example, extensive early studies on RF dogime}; [10]. From the measured admittance of the human body
conducted by Gandhi [1] and others reported that the RF powgr monopole antenna, it was concluded that the human

absorbed inside the human body depends on the orientationgfy, goes not resonate within the frequency range of 30-
the incident electromagnetic field, its frequency, the @nee 7 \ 2 This contradicts the results in a large number of

of reflectors in the environment, and the posture of the humaip dosimetry computations and measurements that showed
body. The primary focus of these studies were quantifyireg thy, o whole-body resonance frequency of the human body is
amount of RF power absorbed by the human body. In theggnin the same frequency range. The reason for this could

studies, important antenna characteristics of the humaly bgye the fact that the measured conductance is affected by the
were identified, such as, the frequency at which maximugyssitic impedance between the foot and the ground. For the

The authors are with the College of Engineering and Sciek@etoria _experlmental setting used in [10], this parasitic impeganc
University, Melbourne, Australia. is so large that only a very weak resonance was observed
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between 30-70 MHz. By using a similar experimental setup,
we were able to see a strong resonance at frequencies higher
than 70 MHz. By decreasing the foot to ground separation, a
strong resonance of the measured conductance can be abserve
within the frequency range 30-70 MHz. In [10], the authors
also estimated the radiation efficiency of the human body as a
monopole antenna by comparing gain measurements with that
of thin-wire whip antennas. This second result is in reabtna
agreement with our theoretical predications as shown. later

Other studies have made use of saline filled cylindrical
models of the human body to measure the induced ankle cur-
rent [11]. Similarly, a practical approach of using a monepo
equivalent antenna of the human body was also proposed to
measure the ankle current [12]. Despite the fact that adirpri
studies have focused on calculating or measuring the irtluce
axial currgnt inside the human b(.)dy’ none of them have fug 1. The equivalent cylindrical monopole antenna of asperstanding
characterized the human body with the essence of applyin rﬁa highly conductive groundZy, is the load impedance due to the space
as an antenna. (shoes) between the foot and the ground.

Presently, studies have demonstrated that the total axial i
duced RF current in the body, when the human body is irradi-
ated by vertically polarized plane wave, is less affectedhiey predicted results were compared against experiments sealt u
change in cross-sectional size of the body, but behaves mardiuman subject to measure the reflection coefficient and
like the axial current distribution in a cylindrical mondpo radiation efficiency.
antenna [11], [13]. These studies also showed that significa
variations of the axial current density exist along the heaf
the body. This is due to the fact that large axial current igns
is developed in the cross-section of the body where there isDue to the conductive nature of the body, at the frequency
small volume of conductive tissues, such as the knee ané.ankange of interest, the induced axial fields are not disteiut
This is the basis of some studies that claim the local specifiniformly at a given cross-section. In other words, the fre-
absorption rate (SAR) limit set by International Commissioquency range we are interested is high enough that skinteffe
on Non-lonising Radiation Protection (ICNIRP) [14] mighttannot be ignored. The skin-effect phenomenon is incorpo-
be exceeded at the recommended exposure reference lévelsatad into the model by considering the field distribution in
such parts of the body [2]. Therefore, the use of a homogenahs cross-section of a very long conductive cylinder of wadi
cylindrical monopole antenna model of the human body i§ complex conductivityr? and permeability.,. Assuming,
justifiable to characterize the whole human body in a standionly the axial component of a rotationally symmetric magnet
posture. Such representation is more relevant to analyse Wector potentialA;.(p, z) is maintained along its axis, the
axial standing waves induced inside the human body that haegulting wave equation can be solved as
wavelengths much larger than the body length. This is true
for the frequency range we are interested in, which is lower Ai1:(p,z) = DJo(kp) (Crcosyz + Casinyz) (1)
than 110 MHz for a cylinder representing a human subject of
height 1.76 m, as shown later. Moreover, such an approach
the advantage of simplicity and flexibility, to characterthe
human body as antenna, compared to widely used meth
such as, the FDTD computations on realistic voxel models
the human body.

This paper characterizes the human body as a monop
antenna for the frequency range _of 10 - 110 MHz. The humar_l I(2) = Cy cosyz + Cy sinyz. )
body is represented as a cylindrical monopole antenna ghat i
analysed based on the three-term approximation method. i the case of our equivalent cylindrical representaticthe
parameters of the cylindrical monopole antennas are defin@gman body, the axial current should have a similar general
based on the comparison with the FDTD based computatifgim as the expression in (2) with additional terms to amend
results of the total absorbed RF power inside the voxel nsodehe effect of its finite length.
of the human body. Using these parameters, an expression foFrom the above expressions, the skin-effect, which was rep-
total induced axial current inside the human body is devedop resented by the transverse distribution of axial field gjtiest

which is used to characterize the human body as a receiving:@h be expressed based on the axial current dedsity, z)
transmitting antenna. The theoretical radiation efficjeand a5

the reflection coefficient are used to determine the perfooma
of the human body as a monopole antenna. The theoretically

—x
ground plane 2L

Il. THEORY

re D, Ci, and Cy are constants;/, is the zeroth-order

essel functionyx? = k% — 42, k1 = /—jwpeos,; andy =
Oés- ja is the complex propagation constant along thaxis.

om the boundary condition of the tangential magnetic $ield
at the surface of the cylinder, it can be shown that the total

axlal current/(z) in the cylinder is

I(2)k Jo(kp
2wa Jy(ka

~

le(pa Z) = (3)

~—
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where J; is the first-order Bessel function. Also, the surfacef the cylinder with the resulting electric field approxiredt
impedance per unit length of the cylindet can be defined by the delta-gap model.

as An expression fod; . (z) can be derived from (8) using the
i_ K JO("“@. (4) three-term approximation method [8], [16], [17] as
2racy, Ji(ka)
. . . Li.(2) =W U 9
The expressions of the axial current density and the sur- 12(2) ov(z) + Uou(2) ©)
face impedance per unit length of the equivalent cylindricavhere
monopole antenna representing the human body were defined Vo = —I,.(0) 22421 (10)
to be the same as the expressions in (3) and (4), respectively 2Za+ 21
E
_ Up = — (11)
A. The Induced Axial Current ko
The human body can be completely characterized as a -
receiving or transmitting antenna from the induced cugémt v(z) = _ Jemhe [siny(h — |z|)
the body. The problem of computing the induced currents can CovWar cos(vh)

be simplified by considering a typical scenario of a vertjcal +Ty(cosyz — cosyh) 4+ Tp(cos %;ﬁz — cos %th)} (12)
polarized plane wave illuminating a human subject standing
on a highly conductive ground, as shown in Fig. 1. For this

specific case, we assumed that the axial current induced by u(z) = Jam [Hy (cosyz — cosvh)
the vertically polarized electric field is dominant. Othéiac Go
acteristics of the human body as a receiving or transmitting +Hp(cos %kﬁgz — cos %kﬁgh):| (13)

antenna, such as the antenna impedance, radiation efficienc _ _ _
and reflection coefficient, can be derived from the expressioZ4 iS the input impedance of the monopole anteng; is
of the axial current. The problem is further simplified byngsi l0ad impedance at the base of the cylindgg(0) = Upu(0)

(14)

efjkg’l“

47
V/

an equivalent cylindrical monopole antenna represemtatfo iS the short-circuit current at the base of the cylinder when

the human body. Zr = 0; and {p, = 1207 Q is the free space impedance.

We assumed that a time-harmonic vertically polarized incln€ imperfectly conducting characteristics of the cylinee

dent plane wave illuminated a cylindrical monopole antensiefined byy as

of height h and radiusa, grounded on highly conductive jdmzt

infinite plane, that induced an axial current density of arfor v =k; ( - W) .

similar to the expression in (3). From antenna theory [15], i 2SR

is well-known that the surface axial magnetic vector pagnt The coefficients in the (12), (13) and (14) are calculated for

As.(a, z) due to the axial current density can be expressed @&ch frequency by numerical computations of the integrals
given in our previous paper [8].

As(a,z) = Ho / Ji=(p, ) dv’ (5) The characteristics of the cylinder as a transmitting amden
can be easily derived from the expression of the total induce
axial current of the receiving antenna when the cylinder is

wherek; = w, /g€ is the free space wave number. Applyingjriven at the base with electromotive forg. Thus, the total
the three-term approximation conditions¢ < 1, h > a, induced axial currenfy.(z) for the transmitting equivalent
andkh < §m) [16], [17], the expression of reduces to cylindrical monopole antenna can be expressed as

r=1/(z—2')° + a? (6) L2 (z) = 2Vou(z). (15)

so that the expression in (5) simplifies to N
P ©®) P B. The Cylindrical Antenna Parameters

Lo ,emdkar In our previous studies [9], [18], we employed the equiva-
Az:(a,2) = — /Ilz(z ) —dz (") " lent cylindrical antenna representation of the human body t
—h accurately predict the FDTD computed whole-body averaged

specific absorption rate on 14 realistic high resolutionefox

where I,(z') is the induced axial current. Applying the s th i the i ; h
boundary conditions of the axial electric fields on the syffodels that were reported in the literature. We found that

face of the cylinder, the scattered axial electric field oa tHNe parameters of the equivalent cylindrical antenma/i,
surface of the cylinder is related tds. (a, z) using the one- @nd o) depended on gender and age. In this study, since
dimensional wave equation [8], [16], [L7] as we used an adult male human s_ubject for the experimental
52 2 megsnljrement, thedparar?]eters d(_eflneﬁ for thg aldult m?leldvpxel
5 K3 ; models were used to characterize the equivalent cylindrica
(@ * kQ) Az=(a,2) =575 [11:(2)2" = Vod(2) = Bo] antenna. Accordingly, the expression for the radiusvas
(8) derived as

where E is the incident axial electric field on the surface of B 5m
the cylinder andl; is the voltage drop on a load at the base a@= Tpmh

(16)
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wherem (kg) is weight of the human subjedt,(m) is height 10
of the subject ang,, = 1050 kgnT? is the average density
of the human body. In [9], [18], it was assumed that the = .|
. . X . . E 5
cylinder consists of a suspension of spherical particles th 2
was analysed based on the Maxwell-Wagner effective mediurr E ol
theory. Thus, the complex conductivity of the cylinder was g
related to the human body parameters as % our method
5 -5
2 8 - o- FDTD voxel
oy =0.58fn——0o, a7) 3
3 — X ﬁ 10t
where f,, is the fraction of muscle tissue by mass that can
be approximated as 0.43 for adult males with normal body- 15 . . . . .
mass-index (18.5-24.9) and’, is the complex conductivity 20 40 60 80 100

of muscle tissue calculated from the 4-Cole-Cole dispessio Frequency (MHz)

parameterlzed by Gabriet al. [19]‘ The_ factorz is a function Fig. 2. Comparison of the calculation results of the totalcabed RF power
of the lean-body-mass that characterizes the total bodgrwah the body of a grounded human subject/ef1.76 m and weightn=73 kg

volume and it was defined for adult males as for an incident electric field=p of 1 V/m r.m.s.
1
x=0.321+ E(33.92h —29.53). (18)
The height of the cylinder was defined to be the height of the
human subjech. ground plane B Aluminium foil
In order to determine how well the equivalent cylindrical N
monopole antenna predicts the FDTD based computations N—

results on realistic voxel models, the total absorbed RFgoow o — L’
in a human subject calculated using the two methods was V(AE dI dielectric slab (Zz) /;
compared. The total absorbed powEy,s for an incident 7 2
electric field Ey illuminating a human subject grounded on

Rd'z s R'r‘ad

a highly conductive ground is defined as 50 ©
gny g AMA—AMA
h J_
Pue = <r. [ U (z)d 19 " Z Qm
abs — 5 (1/| ou Z)' Z ( ) 1 :I; —=
0

whereR. is the real part of the total impedance per unit lengtfig. 3. . Tdh_e ?iagram SIhOWS the typicsll_setur) of feeg!ng ;:edfw[hmd_y
: . as a cylindrical monopole antenna and its correspondingvagut circuit
Z. of the Cylmder that can be derived as representation. A single foot is shown for clarity.
1

Z. = (20)

. :
ra’o},

The comparison of the total absorbed power calculated usigS chosen is, unlike conventional monopole antennas, the
the FDTD computation on realistic voxel model of a malgarasitic impedance,, due to the base of the foot and the
adult of heighth= 1.76 m and weightn= 73 kg [2] and ground cannot be ignored when considering the human body
our three-term approximation approach (19) on its equialeé®S @ monopole antenna. This parasitic impedance is small

cylinder with parameters defined using (16) and (17) is sho/iy€ 0 the large surface area of the foot so that part of the
in Fig. 2. RF current couples to the ground via this impedance. The

parasitic impedance is related to the impedance due to the

. - . - sole of shoes. Therefore, the equivalent circuit represiemnt

C. Radiation Efficiency and Reflection Coefficient of the cylindrical antenna includes this parasitic impexan
The radiation efficiency;. and reflection coefficientSi1| as shown in Fig. 3.

are important parameters that demonstrate the potential ut grom Fig. 3, it can be seen that the human body antenna

these parameters can be facilitated by the representation o

the equivalent cylindrical monopole antenna with the corre ZA = Rais + Ryaa + 7 Xa (21)
sponding equivalent circuit. We considered the specifie cas

of a person standing bare foot on a dielectric slab of thisknewhere R;;; represents the power dissipatBg, in the human

d, area A and relative permittivitye that is located on the body due to conduction and dielectric loss of the human
surface of a highly conductive ground plane, as shown in Figody, R,.q represents the radiated powét..;, and X4

3. A thin Aluminium sheet is placed on top of the dielectricepresents the power stored in the near fields of the human
slab for the subject to rest the feet; and it is excited by dody. The antenna impedan¢g, can be easily calculated
RF source via a 5@ transmission line that is grounded orfrom the expression of the axial current (15) by assuming an
the highly conductive ground plane. The reason such settimput voltagel, at the terminals of the antenna. The antenna
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Fig. 4. The antenna impedancgé, calculated for a cylindrical monopole Fig. 6. The theoretical radiation efficieney. and the total efficiency); for

antenna representing a human subject of hefigtit. 76 cm and weightn=73  different thicknesses of the dielectric slabd= 3, area= 22x30 cR) placed

kg. underneath the cylindrical monopole antenna represeatingman subject of
height h=1.76 m and weighin=73 kg.

80

(9]
o
T
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~
S
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N
o
~

!

4 - @ - Measured litrature
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Fig. 5. The magnitude of antenna impedance versus heigheafytindrical
monopole antenna representing different human subjeatshéwve the same Fig. 7. Comparison of), and n; with the measured radiation efficiency

body-mass-index of 23.56. found in [10]. n: was calculated based on the experimental setting in the
literature; Zo= 50 Q, parameter forZ;, aree= 1, A=r(0.15¢ m?, and d=
0.1 m.

impedanceZ 4 is )

Za=——. (22) between the input circuit and the antenna can be charagtieriz
2v(0) iy .

by the total efficiencyy; defined as

The antenna impedance calculated for an equivalent moaopol )

antenna representing a human subject of height1.76 m e =nr (1= IT%) (24)

and weightm= 73 kg is shown in Fig. 4. Fig. 5 shows theyhereT is the reflection coefficient. The reflection coefficient
relationship between the variation in the dimension of thg the case of Fig. 3 is influenced by the parasitic impedance
equivalent cylindrical monopole antennas and the mageitug, - therefore, it can be obtained as
of the antenna impedance. The magnitude of the antenna

: : H . o Zeq - Z()
impedance was calculated for different equivalent cylicedr s ———
monopole antennas representing human subjects of differen Zeqg + Zo
height with similar body-mass-index of 23.56. Minimum ofvhereZ,= 502 is the output impedance of the feeding circuit
|Z 4| shifts to lower frequencies as the height of the monopo#andZ., is the equivalent impedance &f, andZ;, in parallel.
antenna increases, suggesting that a tall human subjestsau

(25)

lower resonance frequency. From Fig. 6 and Fig. 4, it can be seen that the theo-
The radiation efficiencyy,. is defined as the ratio of theretical radiation efficiency increases with frequency, i
power radiated to the total antenna input pouyr as tends to follow the pattern of the real part of the antenna

A impedanceR,..q + Rq;s- This is because the real part of the
_ Praa . Pus R, |U(z)|2d 23 total impedance of the cylinder per unit length. changes
" P T Pwm " Read+ Ra / [0(0)2 " (23) " slowly within the frequency range of interest. The theat
0 efficiency suggests that the human body has a high radiation
whereP;,= P..q+Py;s. The effect of the impedance mismatctefficiency, up to 70%, for higher frequencies (between 90-100
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MHz), provided the RF current is coupled to the base of the
foot efficiently. For the particular scenario consideretehéhe
total efficiencyr, is the appropriate parameter to characterize
the performance of the human body as a monopole antenne
since it captures the effect of the dielectric slab (shoes)
underneath the foot. Fig. 6 shows that as the thicknéss
of the dielectric slab increases, the parasitic impedarige
increases, causing more RF current to excite the base o
the foot so that the total efficiency increases. Therefdre, t
parasitic impedance should be maximized to increase thé tot

|S11] (dB)

efficiency or gain. In practice, however, the radiation éficy —h=188m
is smaller due to losses such as the power dissipated throug 20— : : ;

: : 20 40 60 80
the imperfectly conducting ground. Frequency (MHz)

The calculated theoretical radiation efficiency of the haoma
body is close to the measured radiation efficiency of a seawakig. 8. Comparison of the calculated reflection coefficiefotscylindrical
monop0|e antenna, a maximum of 75, in the frequency monopole antennas representing human subjects of difféieght and the

. same body-mass-index of 23.56.

range of 40-200 MHz [20]. In other studies [11], [21], mea-
surements on saline based equivalent cylindrical monopole
antennas of the human body were used to estimate the induce
ankle current computed using a realistic voxel model of the
human body. This suggests that the human body can be
represented by a saline filled cylindrical monopole antenna
Therefore, the calculated theoretical radiation efficjelneing
close to the measured radiation efficiency of the seawatel
monopole antenna is a plausible estimate.

In order to determine how accurate our predicted theoiletica
radiation efficiency isy,- andn, were compared to a measured
radiation efficiency found in the literature. In [10], thedia
tion efficiency of a human body as a monopole antenna was es . . . . .
timated from gain measurements relative to whip antenngas. B i 20 40 60 80 100
using the parameters used in the measurement, we predicte Frequency (MHz)
the measured radiation efficiency in a reasonable accuiacy a

i ; ijg. 9. Comparison of the calculated reflection coefficiefuts different
shown in Fig 7. It can be seen that, at 60 MHz, half of tht icknesses! of the dielectric slabes 3, area= 22x30 c#) placed underneath

?npUt power is dissipated inside the body. More intere$§ing 5 cylindrical monopole antenna representing a human subjebeight A=
it can be inferred that the human body as a monopole anter#¥® m and weighin= 73 kg.

has a maximum theoretical radiation efficiency, about’7,0
in the FM radio band.
The other antenna performance indicator is the reflectitmwest reflection coefficient occurred based on (26). In RF
coefficient that can be represented in the s-parameter fermd@simetry, the term ‘resonance frequency’ is often used to
indicate the frequency at which maximum power is absorbed
|S11](dB) = 201ogy,(|T'). (26) inside the whole body. Assuming the parasitic impedafige
Fig. 8 shows the theoretical reflection coefficient for this neglected in (25), it can be seen that the calculation ef th
equivalent cylindrical monopole antennas of differentghei reflection coefficient involves the antenna impeda#ageand
representing human subjects of similar body-mass-indeg. Tthe device output impedancg. But in the case of calculating
reflection coefficient was calculated ignoring the parasitthe total absorbed power, only the antenna impedaiige
impedanceZ;, and assuming the antenna was fed by a 38 used; therefore, the two resonance frequencies are not
Q) system. As expected, the resonance frequency shifts dougentical. For example, in our previous study [18], we were
wards as the height of the antenna increases with a minim@le to formulate the resonance frequency of the total alesor
reflection coefficientS;,| about -17 dB. power, inside a grounded human body, using the height and
The effect of the dielectric slab on the reflection coeffitiewveight of the person as parameters. The proposed formula
is depicted in Fig. 9; it can be seen that as the thickdess accurately predicted the FDTD computed results from using
the dielectric increases the reflection coefficient de@sasth realistic voxel models, which were developed by different
the resonance frequency increasing slightly. The reflactitesearch groups, representing different ages, genderaaed
coefficient also shows that a large value of the parasifidie formula for the resonance frequengy, in Hz is
impedance improves the performance of the human body as

[S11] (dB)

1 1
antenna. c mH\? mH 4 >5
res = — |1.742 ( — | + | 3.0345—+ —
It should be noted that the term ‘resonance frequency’ f 4m [ (W) ( W  H?
used in this paper is to indicate the frequency where the (27)
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|S11] (dB)
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Fig. 11. The measured reflection coefficient for differentkhesses of the

rubber layers rubber layersd= 3, area= 22x30 cf) placed underneath the human subject.

‘ create a variable thickness dielectric in order to see tfeztef

o of changing the values of the parasitic impedance.
ground plane ? i

NN The maximum output power of the VNA is 0 dBm, accord-
ing to the specifications of the VNA, which is much smaller
compared to the safety limit restricted by ICNIRP [14]. Taki
Fig. 10. The experiment setup with a human subject of hefghtl.76 m the W_OrSt_ Ca_tse’ if We fassumEd all the power generatt_a-d by the
and weightm= 73 Kg. VNA is dissipated inside the body of the human subject, the

Whole-Body Averaged Specific Absorbtion Rate (WBA-SAR)
is 1073/73= 137 uWkg~!, which is much lower than the

where H is height of the subject in meter§} is weight WBA-SAR limit set by ICNIRP, 0.4 Wkg' for occupational
of the person in kilograms; and is the speed of light in exposure. Even assuming the unlikely event that all the VNA
free space. For the human subject of height 1.76 m andtput power is absorbed by 1 gm of the tissue of the human
weight 73 kg, the resonance frequency obtained from tlsebject, the local SAR is equal to 137 mWkKg which is
reflection coefficient is approximately 50 MHz as shown istill much smaller compared to the recommended limit for
Fig. 8, whereas the resonance frequency of the maximwecupational exposure on the head and trunk, which is 10
power absorption calculated from (27), for the same supje¥tkg—. For the frequency range of 100 kHz to 10 MHz, the
is approximately 40 MHz. A formulation for the resonancéCNIRP limit is set based on the current density, which is
frequency of the maximum power absorbed for a person dtefined asf/100 mA/m?, where f is the frequency in Hz.
free space can be found in [9]. At 1 MHz, taking the mean conductivity of muscle 0.5 Sin
and its density 1.06 kgn¥, the power deposited in 1 gm of
muscle due to the maximum permissible current density at
this frequency is 100 mW, which is larger than the output

In order to validate the theoretical predictions made abop@wer of the VNA. But, we know that it is unlikely that all
the performance of the human body as cylindrical monopdiee output power dissipates on a 1 gm tissue of the human
antenna, experimental characterization was carried out. Tsubject; therefore, the experiment was safe to use a human
typical scenario considered in this study, which is shown Bubject.
Fig. 3, was experimentally setup and important parametersThe measured reflection coefficient for different thickmesss
were measured. A bare-foot human subject of helghtl.76 of the dielectric slab is shown in Fig. 11. Even though the
m and weightm=73 kg stood on layers of rubber slabs (1.Bheoretical reflection coefficient shown in Fig. 9 predicted
cm thick, 22 cm wide and 30 cm long each) with Aluminiunthe general behaviour of the experimental results, theee ar
foil placed on top, as shown in Fig. 10. The rubber layedifferences in the location of the resonance frequencies an
were placed in the middle of a 4% m? Aluminium sheet the magnitude of the reflection coefficient. The resonance
that acted as the conductive ground plane. The signal weasquency predicted was near 50 MHz but the measurement
generated using a battery operating vector network amalysesults show resonance close to 40 MHz. One of the obvious
(VNA), which is capable of sweeping the frequency range a@fuses of such differences is the fact that the human body
1-200 MHz. The effect of radiating cables and human operaisrmodeled by a cylindrical antenna that was analysed based
was eliminated by connecting the VNA and the measuriran the three-term approximation. The other causes are iexper
computer via a Bluetooth connection. The RF signal was fedental factors that were not included in the theoreticalset
to the Aluminium foil with a short coaxial cable with its skde One such factor is the effect of the Copper core of the coaxial
attached to the ground plane. The rubber slabs were stackedable used to connect the VNA to the Aluminium foil. In order

IIl. EXPERIMENT
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Fig. 12. Comparison of the effect of varying the length of tireshielded Fig. 14. The measured reflection coefficient when the sulpjesed different

Copper on the measured reflection coefficient. The thickioéske rubber postures.AS= arms by side, AU= arms raised up{ R= crouching, ASt=

layer used was 3 cm. arms stretched out, anB D= bending down. The thickness of rubber layer
used was 9 cm.

was seen when the reflection coefficient was measured with
the human subject in different postures as shown in Fig.
14. Lifting the arms high increases the total length of the
radiating element, therefore the resonance frequencysshif

% downwards as shown in the measurement results. The mea-
E sured reflection coefficients for stretching the arms out and
- / lifting them high are slightly different with the former @s
101 Voo Measured shifting the resonance frequency a little downwards. Wihen t
L/ |- - - Modified inductive subject crouched or bent down, the radiating length shedgn
R Simulated therefore, the resonance frequency shifted upwards. More
s 20 60 %0 100 interestingly, the reflection coefficient improved almogtd
Frequency (MHz) dB when crouching and bending down; this could be due to
the increased surface area closer to the RF source.
Fig. 13. Comparison of the measured reflection coefficierth wie sim- Applying the human body as a transmitting antenna by

ulation results. The modified simulation represents thesegéin coefficient . . hical | h
calculated after adding a series inductive reactance septiag the unshielded COUp“ng. Ia_rge RF_po_wer might not be et ica and also the
Copper core. The thickness of rubber layer used was 9 cm. power dissipated inside the human body might exceed the

recommended limit. But, the human body can be used as

a receiving monopole antenna for applications that involve
to accommodate the variable thickness of the dielectriery low power electromagnetic fields or fields that are present
and secure a good ground connection, part of the Copper canethe environment. One such application is the use of the
7 cm long, was left unshielded. We observed that shortenihngman body as a receiving antenna for RF energy harvesting.
the size of the unshielded core shifts the resonance fregueCurrently, the interest in the area of RF energy harvesting
upwards as shown in Fig. 12, which illustrates the diffeeends growing particularity in the field of self-sustained and
when using a 7 cm and a 3 cm long unshielded cores. Thisaisgtonomous sensor networks. Research focused on the am-
expected as a longer unshielded Copper core increaseddhe tient RF energy in the digital TV band because there is
height of the radiating element in addition to the human bodyninterrupted available broadcast power and also the naten
therefore, it has the effect of shifting the resonance feeqy size required is relatively small. Several ambient RF eperg
slightly downwards. Another experimental factor that was nsurveys showed that the available power in the FM band is
included in the theoretical setup was the additional impeda comparable or sometimes better than the available power in
due to the unshielded coaxial cable and its connection widligital TV bands [22], [23], [24]. But the idea of designing a
the Aluminium foil. Incorporating this impedance as a serieRF energy harvesting system in FM band has been abandoned
inductive reactance between the feeding circuit and thd lofor the primary reason that a larger antenna is requiredisit th
Zeq Of the theoretical setup shown in Fig. 3, the measuremérgquency band. By designing an optimal matching network,
results can be predicted better as shown in Fig 13. Fig. ff&2 human body might be used as antenna for RF energy
shows the addition of a series inductive reactance, whiph réharvesting in the FM band to power wearable or implanted
resents the effect of the unshielded core, reduces theiti@pac antennas.
reactance of th&,,; thus shifts the resonance frequency lower. Another possible application of the human body as receiving

Another interesting observation is the human body retaiastenna is in the area of far-field wireless power transfer to

the impedance characteristics even for different postiieis energize implants in the human body. As it known that the
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total axial current distribution in the human body, near thi] Kibret, B., Teshome, A. K., and Lai, D. T. H., “Analysis dfie Whole-

resonance frequency, has larger value close to the feet. It i body Averaged Specific Absorption Rate (SAR) for Far-fielgpp&sure of

. . . . an Isolated Human Body Using Cylindrical Antenna TheoRrogress
also known that there is small amount of conductive tissue in |, gjectromagnetics Research Miol. 38, pp. 103-112, 2014

the ankle; this implies that the current density in the vtginf [10] Andersen, J. B. and Balling, P., “Admittance and radiatefficiency

the ankle is very large compared to other parts of the body. Th 8‘2)5“% (;11“”13’;;0@ in the resonance regioRtbe. IEEE, Vol. 60, pp.

!arge current density at the ankle can be intgrcepted 10 POWA Simba, A. Y., ltou, A., Hamada, L., Watanabe, S., Arifiaand Uno, T.,
implants embedded in the lower legs. An implanted ferrite “Development of Liquid-Type Human-Body Equivalent Antesn for
core toroidal transformer, in conjunction with a rectifgin Induced Ankle Current Measurements at VHF BantBEE Trans.

. . Electromagn. CompatVol. 54, No. 3, pp. 565-573, 2012.
circuit, can be used to convert the RF current to a Usatﬂ@] Aslan, E., and Gandhi, O. P., “Human-equivalent anéefor electro-

DC power. For such applications, the far-field power can be magnetic fields,” U.S. Patent 5 394 164, Feb. 28, 1995
broadcasted from a source operating near the human by Hirata, A., Yanase, K., Laakso, I., Chan, K., Fujiwa@, Nagaoka, T.,

f he | | - f Watanabe, S., Conil, E., and Wiart, Joe “Estimation of theletbody
resonance frequency. The legal requirements o narroWbandaveraged SAR of grounded human models for plane wave ex@agur

energy broadcasting can be met by employing the Industrial, respective resonance frequencieBlys. Med. Biol., Vol. 57, No. 24,

Scientific and Medical (ISM) radio band at 40 MHz, which 8427, 2012 , o . ,
. . . 14] ICNIRP (International Commission on Non-lonising Rathn Protec-
lies in the resonance frequency region of the human body.™ “yj5n) ““Guidelines for limiting exposure to time-varyingeetric, mag-
netic, and electromagnetic fields (up to 300 GHB¢alth Phys.Vol. 74,

IV. CONCLUSION No. 4, pp. 494-522, 1998.
. . . 515] Balanis, C. A,Antenna Theory: Analysis and Desigrdlohn Wiley &
In this paper, the human body as a cylindrical monopole ™ gons New Jersey, USA, 2005.

antenna has been characterized by using the equivalent cyi6] King, R. W. P., and Wu, T. T., “The imperfectly condugimylindrical

drical antennas that were analysed using the three-term ap_transmitting antenna,lEEE Trans Antennas Propadol. 14, No. 5, pp.
. . . . 524-534, 1966.
proximations. Theoretically, it was found out that the hlmmam] Taylor, C. D., Charles, W. H., and Eugene, A. A., “Resistreceiving

body can be an efficient radiating antenna with theoretical and scattering antennalEEE Trans Antennas Propag/l. 15, No. 3,
radiation efficiency reaching up to 7% for the frequency PP 371-376, 1967.

. . 18] Kibret, B., Teshome, A. K., and Lai, D. T. H., “Cylindat antenna
range of 90 - 100 MHz. But, the total eff|C|ency detenorate[s theory for the analysis of whole-body averaged specific igtiem rate,”

when the human body is coupled to a 8system due to IEEE Trans Antennas Propagubmitted.

impedance mismatch, which can be improved with the desif§] Gabriel, S., Lau, R., and Gabriel, C., *The dielectricoperties of
biological tissues: Ill. Parametric models for the dialiecspectrum of

of an optimal matching network. In practical scenario, the tissues,’Phys. Med. Biol.Vol. 41, No. 11, pp. 2271-2293, 1996.
efficiency decreases further due to the losses in the grouhd 0] Hua, C., Shen, Z., and Lu, J., “High-efficiency sea-wateonopole

the small values of the parasitic impedance due to shoes. It antenna for maritime wireless communicationlEEEE Trans Antennas
Iso f dth h hp bod P b ropag Vol. 62, No. 12, pp. 5968-5973, 2014.
was also found that the human body resonates between 40 189 takahashi, V., Arima, T., Pongpaibool, P., Watanabe,agd Uno, T.,

MHz with the magnitude of the reflection coefficient not much “Development of a liquid-type human-body equivalent anterusing

affected with different postures. Measurement resultsveldo ~ NaCl solution,”Proc. 18th Int. Zurich Symp. Electromagn. Compap.
151-154, 2007.

that crouching and bending down improved the magnitu@e; vyas R., Cook, B., Kawahara, Y., and Tentzeris, M., NEHP: A
of the reflection coefficient by 2 dB. The human body as a battery-less, embedded,sensor-platform wirelessly pehvzom ambient,

monopole antenna can be used for applications that use lowJ/taTV sighals IEEE Trans. Microw.Theory Tegfol. 61, No. 6, pp.

RF power, such as RF energy harveSting and far-field Wife'q% Shariati, N., Wayne, S. T. R., and Ghorbani, K., “RF fieldestigation

power transfer. and maximum available power analysis for enhanced RF ersaayeng-
ing,” The 42nd European Microwave CgnAmsterdam, pp. 329-332,
2012.
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