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Cylindrical Antenna Theory for the Analysis of
Whole-Body Averaged Specific Absorption Rate
Behailu Kibret, Assefa K. Teshome, and Daniel T. H. Lai

Abstract—International guidelines and standards on whole-body radiofrequency (RF) dosimetry use the whole-body averaged specific absorption
rate (WBA-SAR) as a surrogate metric to quantify the temperature rise in
the body. This study proposes the analysis of whole-body RF dosimetry
for far-field exposure of a grounded human body in the frequency range
of 1–150 MHz based on a semianalytic approach of cylindrical antenna
theory. The human body is represented by a lossy homogeneous cylindrical
monopole antenna. For the first time, an explicit model for the resonance
frequency of a grounded human body is proposed. The model captures
the effects of the human body weight, height, and the dielectric properties.
This study also addresses the effect of shoes on WBA-SAR. It is found that
the resonance frequency for the WBA-SAR with shoe effect is higher than
reported from using the bare-footed models, as confirmed by theory and
measurement.
Index Terms—Cylindrical antenna, resonance frequency, RF dosimetry,
specific absorption rate (SAR), whole-body averaged SAR (WBA-SAR).

I. I NTRODUCTION
One of the technological breakthroughs is the increasing use of
electromagnetic fields for a broad spectrum of applications in dayto-day life. At the same time, the concern of the possible adverse
effects of electromagnetic fields is also growing alongside in the
society. Excessive whole-body exposure to the radio-frequency (RF)
electromagnetic fields has the effect of increasing the human body
core temperature. To address this issue, international standards [1] and
guidelines [2] have been developed that use the whole-body averaged
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specific absorbtion rate (WBA-SAR) as a proxy metric to quantify the
temperature rise in the body. WBA-SAR is the amount of RF power
absorbed by the human body averaged over the whole body. Since it is
not suitable to measure the WBA-SAR inside the human body, computational results are often used to relate the WBA-SAR with external
measurable quantities, such as the incident electric field.
Prior RF dosimetry studies made use of simple human body models based on common geometrical shapes so that analytical solutions
or simple numerical techniques could be applied [3], [4]. Currently,
the most common way of computing the WBA-SAR is performed
by applying the finite-difference time-domain (FDTD) technique on
realistic high-resolution voxel models of the human body [5]–[7].
Through the whole-body RF dosimetry studies, the analogy between
the human body and a quarter-wave monopole antenna has been widely
reported. However, not much has progressed in the analysis of the
computation results from the antenna theory perspective. Among the
few studies that focus on antenna theory, the similarity between a
quarter-wave monopole antenna and a grounded human body has been
reported in [8]–[10] from statistical analyses of the FDTD computation results from applying the human body voxel models. Also, other
earlier studies have employed the cylindrical antenna theory to calculate the induced current inside the human body when it is exposed to
electromagnetic fields. The cylindrical antenna model of the human
body was used in the analysis of the electromagnetic field exposure
from power transmission lines by King et al. [11] based on a semianalytic approach. For similar power-line frequency, Poljak et al. [12]
used the method of moments (MoM) to calculate the induced current
in thick-wire model of the human body. Both approaches provided
reasonably accurate results compared to the results found using the
FDTD algorithm on voxel-based models of the human body [13]. A
two-term approximation method was utilized by King [14] for higher
frequency range of 50–200 MHz to calculate induced current in the
cylindrical dipole antenna model of an isolated or ungrounded human
body with the objective of quantifying the amount of current induced
inside the body of amateur radio operators. Within this context, we
propose a semianalytic approach, based on the three-term approximation method, to analyze the WBA-SAR based on an equivalent
cylindrical monopole antenna representation of a grounded human
body. The cylindrical monopole antenna represents a realistic case of
a person standing on the ground, whereas a cylindrical dipole antenna
represents a human body in free space.
In this study, a grounded human body is represented by an equivalent cylindrical monopole antenna grounded on an infinite conductive
plane as shown in Fig. 1. Early studies have used simple geometrical
shapes, such as the cylinder, prolate spheroid, or cuboid, to approximate the human body [3], [4]. Unlike previous (9) studies, our study
is not concerned with using the cylinder to approximate the physical
attributes of the human body; rather, it is concerned with defining the
parameters of a cylindrical monopole antenna that produce equivalent
WBA-SAR values compared to the FDTD computations on realistic
voxel models of the human body. Also, the main objective of this study
is not finding alternative analytic expressions for the WBA-SAR, since
the state-of-the-art in electromagnetic computations allows a much
better approach. Instead, we propose semianalytic expressions that are
used to analyze the whole-body RF dosimetry in a more convenient
and flexible way than can be achieved using FDTD. Moreover, the
proposed model integrates the mechanism of how different parameters of the human body affect the WBA-SAR. The analysis focuses
on the effect of human body attributes, such as height, weight, and
the dielectric properties of the tissues with additional look at the
effect of shoes. The approach is valid for the frequency range lower
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V0e and U0 in (1) are defined as
V0e = −Isc (0)
and
v(z) =

Fig. 1. Equivalent cylindrical monopole antenna representation of a grounded
human body.

than 150 MHz, which is an important frequency range in whole-body
RF dosimetry since it contains the resonance frequency of both the
grounded and isolated human bodies. In RF dosimetry, the resonance
frequency is defined as the frequency where the maximum WBA-SAR
occurs. Recently, a similar approach was applied to analyze the WBASAR of an isolated or ungrounded human body [15], to study the
antenna effects of the human body on human body communications
(HBC) [16], and to characterize the antenna nature of the human body
[17]. Moreover, the practical application of the equivalent antenna representation of the human body has proved to be accurate at measuring
the ankle current, as reported in [18].
In this communication, first, the expression for the total induced
axial current and the WBA-SAR of the equivalent cylindrical
monopole antenna are provided based on the three-term approach.
Next, the parameters of the equivalent cylindrical antenna are related
to the physical attributes of the human body. From the FDTD calculated WBA-SAR values of three voxel models, numerical values of the
parameters of the cylinders representing the adult males, adult females,
and children are defined. In order to demonstrate the validity of the
approach, explicit formula for the resonance frequency is proposed
and validated with FDTD-based results of 11 different voxel models
that represent different age groups, sex, and race. Lastly, the effects of
the height, weight, and the dielectric properties of the body are discussed. More emphasis is given to the real-life notion of WBA-SAR
by analyzing the effect of shoes on the WBA-SAR and the resonance
frequency, which is further supported by experimental results.

U0 =

E0
k2

(2)


j2πk2
sin γ(h − |z|)
ζ0 γΨdR cos(γh)


1
1
+ TU (cos γz − cos γh) + TD cos k2 z − cos k2 h
2
2
(3)

j4π
u(z) =
HU (cos γz − cos γh)
ζ0


1
1
(4)
+ HD cos k2 z − cos k2 h
2
2

where E0 (V m−1 ) is the incident electric field at the surface of the
cylinder; k2 is the free-space wave number; ZA = 1/(2v(0)) (Ω)
is the driving-point impedance of the same cylinder when driven at
the base; ZL (Ω) is the load impedance at the base of the cylinder;
Isc (0) = U0 u(0) is the current at the base when there is no load; and
ζ0 is the free-space impedance. The expressions of the frequencydependent coefficients ΨdR , TU , TD , HU , and HD in (3) and (4)
are given in [16], which involve integrals that are solved numerically.
Based on King [19], the imperfectly conducting nature of the equivalent cylindrical antenna was characterized by the complex propagation
constant γ, which was defined as

4πz i
(5)
γ = k2 1 − j
k2 ζ0 ΨdR
where z i (Ωm−1 ) is the surface impedance per unit length of the
cylinder that was defined in [19] as
zi =

κ J0 (κa)
= r i + jxi
2πaσω∗ J1 (κa)

(6)

where J0 and J1 are the zeroth- and first-order Bessel functions,
respectively. The term κ was also defined as

 ∗

σω
4πz i
− jω −
κ = −jωμ0 0
(7)
0
μ0 ΨdR
where μ0 is the permeability of free space, 0 is the permittivity of free
space, and ω is the angular frequency.
B. Total Power Dissipated Inside the Cylinder
The total average power dissipated Pdiss inside the cylinder can be
obtained as [21]

II. T HEORY
A. Total Induced Axial Current
It was assumed that a time-harmonic vertically polarized plane wave
induces a rotationally symmetric current density inside the equivalent cylindrical monopole antenna representing a grounded human
body as shown in Fig. 1. The approximate analytic expression for the
total induced axial current inside the equivalent cylindrical monopole
antenna of height h, radius a, and complex conductivity σω∗ was driven
based on the three-term approximation of the axial current in an imperfectly conducting and loaded receiving cylindrical antenna in [16],
[19], and [20] as

Pdiss

(1)

1

2

h

r i |I1z (z)|2 dz

(8)

0

where r i is the real part of z i (6). WBA-SAR is defined as the total
average RF power absorbed by the human body divided by the total
mass of the body [5]. Thus, for a homogenous cylinder of height
h, radius a, density ρ, and weight Wc = ρπa2 h, the total average
absorbed power per unit mass W SARcyl was defined as
W SARcyl

I1z (z) = V0e v(z) + U0 u(z).

2ZA ZL
,
2ZA + ZL

Pdiss
ri
=
=
Wc
2ρπa2 h

h
0

|I1z (z)|2 dz.

(9)
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TABLE I
C ONSTANTS OF P ROPORTIONALITY

C. Parameters of the Equivalent Cylindrical Antenna
In this study, the parameters of the equivalent cylindrical monopole
antenna were defined based on the anatomical parameters of the human
body. The equivalent cylindrical antenna parameters taken were its
radius a (m), density ρ (kgm−3 ), height h (m), and the complex conductivity σω∗ (Sm−1 ) of the material forming the cylinder. Also, the
human body anatomical parameters used were the weight W (kg),
height H (m), average density ρm (kgm−3 ), and the complex conduc∗
(Sm−1 ), as shown in Fig. 1. The muscle tissue
tivity of muscle σmus
was chosen due to the fact that it is one of the major tissues in the body;
and also, there is widespread use of the muscle tissue in homogenous
models of the human body [8].
Using similar explanations given in our previous study of an equivalent cylindrical dipole antenna for the representation of an isolated
human body in [15], the parameters of the cylinder were defined as

W
(10)
a = L1
πρm H
h=H
(11)
2x
∗
(12)
σmus
σω∗ = L2
3−x
ρm
ρ = L3
(13)
x
∗
where L1 , L2 , and L3 are the constants of proportionality; σmus
was defined based on the 4-Cole–Cole dispersions [22]; ρm 
1050 kgm−3 [23]; and x is a function of the lean-body-mass of the
human subject, which was defined in [15]. The parameter x for males
was defined as
1
(33.92H − 29.53)
(14)
x = 0.321 +
W
and for females as
1
x = 0.295 +
(41.81H − 43.29) .
(15)
W
As shown in (14) and (15), the subject-specific parameter x is a function of the weight and height of the human subject. Thus, it was
assumed that x correlates with the fat-to-muscle ratio of the human
subject, which affects the value of WBA-SAR [24].
For a given frequency, height, and weight of a human subject,
the expression of W SARcyl in (9) simplifies to a function of three
unknowns, namely L1 , L2 , and L3 . The values of these unknowns
were evaluated by iteratively comparing the value of W SARcyl with
known FDTD computed WBA-SAR values of three voxel models representing an adult male, an adult female, and a child. For the frequency
range of 1–150 MHz, ZL = 0, and E0 = 1 Vm−1 rms, the values
of the unknowns that produced the least-average difference between
the W SARcyl and the known WBA-SAR were taken as the values
of L1 , L2 , and L3 . The data for the FDTD-based WBA-SAR values
were taken from the literature [5], [24]. It was found that values of the
constants of proportionality depend on the sex and age of the human
subjects as shown in Table I. The WBA-SAR calculated using (9) and
the corresponding FDTD calculated WBA-SAR of the voxel models
are shown in Fig. 2.

Fig. 2. Comparison of the WBA-SAR calculated using the equivalent cylindrical antenna and from FDTD on voxel models for E0 = 1 Vm−1 rms. (a) Adult
male. (b) Adult female. (c) 10-year-old child.

III. R ESULTS
The values of L1 , L2 , and L3 were derived based on the FDTDcomputed results of three voxel models. Therefore, their validity to
express the WBA-SAR of other human voxel models, other than those
used for their derivation, has to be assessed. This was done by deriving
a formula for the resonance frequency.
Assuming the load impedance at the base of the cylinder ZL = 0,
the total axial current can be expressed as
I1z (z) = U0 u(z).

(16)

Replacing I1z (z) in (9) with the expression in (16), the maximum
value of W SARcyl with respect to frequency can be found by differentiating (9) with respect to the complex propagation constant γ(5).
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TABLE II
C OMPARISON OF THE C ALCULATED R ESONANCE F REQUENCIES
W ITH T HAT OF THE FDTD C OMPUTED

Fig. 3. Comparison of the WBA-SAR calculated for different values of the
complex conductivity.
The weight W is in kg, the height H in m, the resonance frequencies in MHz.
Diff. is the percentage difference.

It was found that the maximum occurs when

j4πz i
1−
γh = k2
k2 ζ0 ΨdR

h  1.

(17)

Since k2 and h are real valued, the imaginary part of the complex term
in the bracket is negligible; thus, the second term in the square root
was approximated with its magnitude. The expression in (17) can be
written in quadratic form by replacing z i with its expression in (6) as
k22 −

1
j2 κ J0 (κa) k2
− 2  0.
ζ0 ΨdR σω∗ J1 (κa) a
h

(18)

For the radius a and complex conductivity σω∗ of the three human
body models used, when the expression in the absolute value in (18)
is computed for the frequency range of interest, the result tends to
approach the constant value of 0.12. The frequency-dependent parameters inside the absolute value are functions of the complex conductivity
of muscle, which has approximately constant magnitude in the frequency range of interest. Also, for the values of the radius a used, the
values of the Bessel functions change slightly. Therefore, replacing
this term with its equivalent computed value 0.12, using the relation
√
k2 = ω 0 μ0 = ω/c = 2πfres /c, and replacing the radius a with
(10), the quadratic equation can be solved for the resonance frequency
fres as
fres

c

1.742
4π



πH
W

1
2



4
πH
+ 2
+ 3.0345
W
H

1
2

that the condition k2 a  1 and h  a is satisfied. For the equivalent cylindrical antennas used in this communication, the condition
can be satisfied for the frequency range lower than 150 MHz, which
is an important frequency range in the whole-body RF dosimetry as it
contains the resonance frequency.
The formulation proposed in (19) is based on the three voxel models representing an adult male, adult female, and a 10-year-old child;
therefore, it became less accurate for very young children when comparing the predicted resonance frequency. For example, the percentage
difference between the FDTD resonance frequency and the estimated
resonance frequency for the 5- and 3-year-old version of TARO is
about 10%, which is much larger compared to the other models.

A. Effect of the Height and Weight
From the expression of the resonance frequency in (19), it can
be seen that the resonance frequency depends on the weight and the
height. The weight parameter in the formulation of the resonance
frequency determines the radius of the cylindrical antennas or it represents how “wide” a person is. For example, as shown in Table II, the
model Thelonious and TARO 5 years have equal weight of 11 kg and
height of 1.17 and 1.05 m, respectively. Their resonance frequencies
are 64.44 and 67.29 MHz, respectively. This shows that a tall person
has lower resonance frequency compared to a shorter person of the
same weight. Similarly, from (19), it can be seen that a heavier person
has a lower resonance frequency compared to a lighter person of the
same height. For example, this can be seen by comparing two subjects
of weight 30 and 40 kg and equal height of 1.4 m. Their corresponding
resonance frequencies are 53.52 to 50.54 MHz, respectively.

(19)

where c is the speed of light in free space.
The comparison of the resonance frequencies calculated using (19)
to the FDTD-based resonance frequencies of 11 voxel models that
were developed by different authors and reported in [8] is shown in
Table II. The formulation of the resonance frequency proposed in (19)
estimates the FDTD results of the 11 voxel models with an average
percentage difference of 4.31% as shown in the last column of the
table.

IV. D ISCUSSION
The semianalytic approach followed here to analyze the equivalent
cylindrical antenna and to calculate the total axial current has been
proved to be accurate in cylindrical antenna analysis [25], providing

B. Effect of the Dielectric Properties of Tissues
In order to observe the effect of the dielectric property on the WBASAR, the complex conductivity of the equivalent cylindrical antenna
representing the adult male was doubled and halved. The predicted
WBA-SAR is shown in Fig. 3. It can be seen that when the conductivity
was doubled, the frequency characteristics of the WBA-SAR became
narrower. This is expected from the perspective of antenna theory. It
is well known that a thin and highly conductive wire antenna has a
narrowband frequency response, whereas a thick and imperfectly conducting cylindrical antenna has broadband response [26]. Also, when
the conductivity was halved, the WBA-SAR got broader. This effect
was also observed when comparing the WBA-SAR of the adult male
and the adult female as shown in Fig. 2. The WBA-SAR of the female
model is slightly broader than that of the male, which could be due
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suggests that the WBA-SAR resonance frequency in a real scenario
might be larger than the predicted value from using bare-footed voxel
models. Our calculation and measurement suggest that, for an average
size adult human with shoes on, the resonance frequency is between 50
and 60 MHz compared to the 35 to 45 MHz predicted for bare-footed
voxel models.
Similarly, assuming that the load impedance is due to a gap (air)
between the cylinder base and the ground, our calculation showed that
a separation of 5 cm shifts the resonance frequency of the adult male to
65 MHz, which is equivalent to the resonance frequency of the isolated
adult male. Also, a 1-cm cylinder base-to-ground separation shifts the
resonance frequency to 56 MHz.
The proposed formulations can be used in the analysis of the WBASAR in the frequency range of 1–150 MHz, which contains the FM
band. Moreover, the formulation of the resonance frequency and the
analysis of the effect of shoes on the induced current have applications in the investigation of the electromagnetic phenomenon in HBC
and in the survey of the possible application of the human body as
antenna for implant wireless communications. For example, it has been
explained how the minimum channel attenuation in HBC aligns with
the resonance frequency of the induced currents in the human body
exposed to electromagnetic fields [16]. In order to investigate the possible application of using the human body as an antenna for implant
wireless communications, the formulation of the resonance frequency
can also be useful to estimate the frequency at which maximum RF
power radiates out of the body.

Fig. 4. (a) Effect of load due to inserting rubber of thickness d 1 and 2 cm
at the base of the equivalent cylindrical antenna representing NORMAN.
(b) Measured power when a subject is illuminated by electromagnetic field.

to the smaller muscle mass percentage or higher fat in females. The
conductivity of muscle is larger than fat.

C. Effect of Shoes on Whole-Body RF Dosimetry
Most studies on WBA-SAR were based on voxel models of a barefooted human body. The effect of shoes on the WBA-SAR and the
resonance frequency was reported in [6], but a detailed analysis was
not given. All the preceding calculations were performed based on
the assumption that the equivalent cylindrical monopole antenna is
grounded on a perfectly conducting plane; in other words, the load
impedance was set to zero, ZL = 0. But, in real life, people wear
shoes; therefore, it is more relevant to see how a load at the base of
the cylinder affects the WBA-SAR and the resonance frequency. Using
the equivalent cylindrical antenna representation of the adult male, the
load impedance of rubber (r = 3.5) with thickness of 1 and 2 cm is
inserted at the base of the cylinder. Load insertion at the base has the
effect of decreasing the value of WBA-SAR and shifting the resonance
frequency to a higher band. For example, the insertion of 2-cm rubber
at the base of the cylinder decreased the WBA-SAR by 16 µWkg−1
(for E0 = 1 Vm−1 rms) shifting the resonance frequency from 40 to
53 MHz as shown in Fig. 4(a). This prediction was supported by measurements carried out in our previous study on the antenna effects of
the human body [16]. As described in our previous study, a human
subject, who wore a pair of rubber-soled shoes and has an equivalent
anatomical parameters with NORMAN, was illuminated with electromagnetic field generated from a monopole antenna located 3 meters
away. It was found that the measured power due to the electric current
established when the subject touches an electrode attached to a spectrum analyzer has resonance near 55 MHz as shown in Fig. 4(b). This

V. C ONCLUSION
The whole-body RF dosimetry was analyzed based on the equivalent cylindrical antenna representation of the human body of normal
BMI in the frequency range lower than 150 MHz. The equivalent cylindrical antenna representation of the human body is parameterized as
adult males, adult females, and children based on the FDTD computation results of three realistic voxel models. Explicit formula for
the resonance frequency was proposed, which was used to validate
the proposed cylindrical antenna model. The effects of the height, the
weight, and the dielectric properties of the body are discussed. More
importantly, the proposed equivalent cylindrical antenna suggests that
the real-body resonance frequency could be higher than previous theoretical frequencies based on bare-footed voxel models. The proposed
approach can be applied to study the electromagnetics in HBC, which
has operation frequency less than 150 MHz.
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Modification of Sinuous Antenna Arms for UWB
Radar Applications
Y. Kang, K. Kim, and W. R. Scott, Jr.

Abstract—The sinuous antenna is modified to improve its performance
for ultrawideband (UWB) radar applications. The radiated waveforms in
the time domain of typical sinuous antennas contain a long ringing tail
after the chirp-like main pulse when excited by a temporally short pulse.
The ringing is due to resonances that are set up on the antenna arms and
are essentially eliminated by modifying the shape of the arms. The first
modification removes the sharp ends where the arms terminate, and the
second changes the shape of the arms where they bend. These modifications are also shown to improve the gain flatness of the antennas. Three
representative sinuous antennas are fabricated, tested, and demonstrated
in a monostatic radar experiment. The measured results clearly show the
advantages of the improved antenna.
Index Terms—Broadband antennas, log periodic antennas, radar measurements, sinuous antenna.

I. I NTRODUCTION
Since DuHamel first presented the sinuous antenna in 1987, it has
been widely used by many ultrawideband (UWB) antenna designers
[1]–[6]. Sinuous antennas are suitable for UWB applications and have
advantages over other UWB antennas, such as resistive dipoles and
Vivaldi antennas. Resistive dipoles suffer from poor radiation efficiency, and Vivaldi antennas do not have dual polarization capability,
unless they are made in a 3-D structure. On the other hand, the sinuous
antennas have good radiation efficiency and dual polarization capability in a 2-D structure. However, conventional sinuous antennas (CSAs)
when excited by a temporally short pulse have long ringing tail. The
late-time ringing of the radiated pulse clutters the image of the target in the close range. Thus, the elimination of the late-time ringing
is important in closed-range target imaging applications, such as the
ground-penetrating radar. Recently, in the literature, the sharp ends of
the arms have often been removed to alleviate the problem [7]–[10].
It is empirically understood that the technique removes the ringing tail
while keeping other advantages, such as the flat gain and impedance.
To the authors’ knowledge, a detailed analysis including a comparison
between sinuous antennas with and without sharp ends has never been
elaborated in the literature.
The first part of this communication analyzes sinuous antennas with
and without sharp ends, and it is shown that the standing wave of current in the sharp ends of the sinuous arms causes the ringing tail. The
detailed analysis shows that the ringing tail is reduced significantly
by removing the sharp ends, and thus, the gain flatness is improved.
However, the radiated waveform still contains ringing at frequencies
whose values are logarithmically scaled by the inverse of the growth
ratio. The gain of the antenna also shows spikes at these frequencies.
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