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Abstract—We provide the results of human body absorption
cross-section (ACS) measurements. The setup was based on the re-
verberation chamber as a well-known measurement environment
capable of performing ACS measurements. The approach was sup-
ported by reference measurements on canonically shaped objects
which were convenient for analytical (Mie scattering theory) ACS
calculations. Measured ACS of canonical objects was in excellent
agreement with calculated values. The ACS measurements of a
human model were performed: 1) on an actual human body in
an upright posture and 2) on a cylindrical water model made of
vertically stacked water-filled jugs. The cylindrical model had the
same water content as an average human body. Comparison be-
tween these two models showed a small difference in measured
ACS within the measurement uncertainty of our setup. Thus, the
cylindrical water model proved to be a useful artifact, especially
for time-consuming broadband ACS measurements.

Index Terms—Absorption cross-section, absorption effective-
ness (AE), human exposure, loading, Q-factor, reverberation
chamber.

I. INTRODUCTION

MODERN communications take place in various and gen-
erally complex electromagnetic environments. Sources

of electromagnetic radiation, whether intentional or uninten-
tional, are present in any environment including living and
working spaces as well as aircraft and automobiles. The elec-
tromagnetic field distribution in such environments is highly
nonuniform and strongly depends on characteristics of the
environment in which communication takes place. Multiple
reflections, transmissions, and diffractions, which are charac-
teristic of such environments, arise as a consequence of the en-
vironment’s electrical properties and the presence of the lossy
objects.
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If the observed environment is highly reflective, then its qual-
ity factor Q, defined as the ratio of the stored energy and dissi-
pated power inside the environment [1], represents an essential
indicator of the environment’s electromagnetic behavior.

Besides communication aspects, the environment Q deter-
mines human exposure to electromagnetic fields. Relevant
standards for assessing human exposure exhibit a deficiency
regarding closed reverberant (diffuse) environments. In fact, the
available literature regarding human exposure presumes plane-
wave exposure in the free space, which generally does not well
represent many real exposure situations.

Propagation characteristics inside environments populated by
lossy objects that influence the Q factor are commonly studied
for different means of transportation [2]–[4]. In such environ-
ments, viewed as resonators with an internal modal structure, the
presence of RF sources can lead to the forming of “hot-spots”
where the electromagnetic field has a significant level. However,
in a real situation, apertures, such as windows and doors, and
absorbing objects, such as passengers and seats, absorb part of
the energy accumulated inside the observed environment and
lower its Q factor.

The presence of different lossy objects inside the reverber-
ant environment changes its Q and affects the electromagnetic
field amplitude as well as locations of maximum and minimum
field levels. The absorption cross-section (ACS) presents a very
important parameter of any lossy object placed within a highly
reflective environment, and excited by an RF field. Due to the
large number of incident plane waves, the ACS is generally given
as an average over different incidence angles and polarizations.

In this paper, we present a study of the power dissipated (in
terms of the ACS) within an average human body in an upright
posture inside a mode-tuned reverberation chamber. Before per-
forming the measurements on a real human body, the approach
was verified on lossy spherical objects whose ACS could be de-
termined analytically. Only the verification measurements were
performed at NIST; no human tests were performed at NIST
or by NIST personnel. Human-body measurements included
1) a real human body and 2) a cylindrical water model made of
vertically stacked water-filled jugs.

The outline of the paper is as follows. In Section II, the moti-
vation for analyzing the human body ACS is discussed and the
theoretical background of the ACS is reviewed. Section III il-
lustrates the proposed measurement setups and techniques used
for determining the ACS. Section IV summarizes the results and
findings. In Section V, we follow with the validation of the mea-
surement setup and measurement uncertainty. Final conclusions
are given in Section VI.
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II. ACS—THEORETICAL BACKGROUND

The ACS measurements of lossy objects within a reverber-
ation chamber were performed in [5]. The method is based on
measuring the average power transmission between two anten-
nas with and without the lossy object present in the chamber
[6].

The ACS represents the lossy object’s surface area that ab-
sorbs the incident electromagnetic power. It is generally smaller
than the actual lossy object’s surface area due to the fact that a
portion of the power incident on the exposed lossy object can
be reflected from or transmitted through the lossy object. The
ACS depends on the frequency, incident wave direction, and
polarization. It is defined as the ratio of the power absorbed by
the exposed lossy object Pabs and power density incident on the
exposed lossy object Sinc

ACS =
Pabs

Sinc
. (1)

The absorbed power can be expressed in terms of the exposed
lossy object’s mass m and whole-body specific absorption rate
(WBSAR), which represents a measure of the exposure due to
the electromagnetic fields [7], Thus, ACS can be written as

ACS =
WBSAR · m

Sinc
. (2)

According to (2), we can determine the WBSAR by know-
ing the power density incident on the exposed object, its mass,
and associated ACS. Therefore, the knowledge regarding the
behavior of the ACS for various human models and postures is
of utmost importance for developing a useful model for assess-
ing human exposure to the electromagnetic fields inside highly
reflective (diffuse) environments. Recent studies of human ex-
posure to the electromagnetic fields in diffuse environments can
be found in [8]–[13]. The ACS of a human body in various pos-
tures was studied in [2], [14]–[17]. In this paper, we present the
broadband ACS results of a human body in an upright posture
measured inside a mode-tuned reverberation chamber.

The measurement approach is based on a power balance the-
ory [18], wherein the resonant cavity total Q can be expressed
as a combination of four different contributions

Q−1 = Q−1
1 + Q−1

2 + Q−1
3 + Q−1

4 (3)

where Q1 is related to the losses in imperfect metallic walls, Q2
is related to the losses due to the absorption in lossy objects,
Q3 is associated with the losses due to the apertures, and Q4 is
related to the losses in the measurement antennas. The second
term on the right-hand side in (3) is inversely proportional to
the ACS

ACS =
2 · π · V

λ
· Q−1

2 (4)

where V is the cavity volume and λ is the wavelength. Adding a
lossy object to a reverberation chamber (loaded cavity) changes
the Q as follows Q−1

loaded = Q−1
unloaded + Q−1

2 . Hence, by mea-
suring the loaded and unloaded cavity Q, we can determine lossy

object’s ACS as

〈ACS〉 =
2 · π · V

λ
·
(
Q−1

loaded − Q−1
unloaded

)
(5)

where the brackets denote an ensemble average over paddle
orientations.

Generally, measurements in a reverberation chamber are sim-
plified by measuring the scattering S parameters. To determine
the ACS of an object placed inside a reverberation chamber,
it is necessary to measure the forward transmission coefficient
S21 , whose squared value is equal to the ratio of received and
transmitted power. The theory given above assumes lossless
and perfectly matched antennas. Since antennas, generally, can-
not be assumed perfectly matched, the normalized transmission
factor G, instead of S21 is used [18]

G =

〈
|Ss

21 |2
〉

(
1 − |〈S11〉|2

)
·
(
1 − |〈S22〉|2

) (6)

where |Ss
21 | is the magnitude of the stirred component of the

forward transmission coefficient, and S11 and S22 are measured
reflection coefficients of transmit and receive antennas, respec-
tively. The ACS can then be easily calculated from known G fac-
tors for the chamber loaded with the absorbing object Gloaded
and the unloaded chamber Gunloaded

〈ACS〉 =
λ2

8 · π ·
(

1
Gloaded

− 1
Gunloaded

)

=
λ2

8 · π · Gr − 1
Gunloaded

(7)

where relative normalized transmission is Gr = Gunloaded/
Gloaded .

III. MEASUREMENT SETUPS AND TECHNIQUES

Reverberation chambers were used to determine the human
body ACS. In order to verify the validity of the approach, prior
to measuring the ACS of the human body, we measured the
ACS of spheres that could be determined analytically using
the Mie series method [19]. Therefore, two different setups
were prepared, one for the reference measurements and another
for the human-body measurements.

A. Reference Measurements

All reference measurements were performed inside an alu-
minum reverberation chamber with dimensions: (L) 1.49 m ×
(W) 1.16 m × (H) 1.45 m. According to [20] and [21], this
size of the reverberation chamber enables measurements start-
ing from approximately 1 GHz. The reverberation chamber was
equipped with a single aluminum mechanical stirrer mounted
between ceiling and floor. The stirrer rotated about a vertical
axis within a cylindrical volume 1.1 m in height and 0.6 m in
diameter. Broadband double-ridged horn antennas, connected to
the VNA through the bulkhead connector, were used as transmit
and receive antennas. Antennas were aimed away from each
other to reduce the direct energy coupling between them. The
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Fig. 1. Schematic layout of the reference measurement setup.

Fig. 2. Reverberation chamber interior for the reference measurements:
a) water- and HSL-filled large shell and b) water-filled small shell.

schematic layout of the reference measurement setup is shown
in Fig. 1.

We used three different objects under test (OUTs) for the ref-
erence measurements. The first one was a water-filled sphere
in a PVC shell with 15-cm diameter (large shell), the sec-
ond one was the same 15-cm sphere filled with a broadband
head simulating liquid (HSL) [22], and the third was a water-
filled sphere in a glass shell with 10-cm diameter (small shell).
All OUTs were placed within the chamber’s working volume
where the average field is expected to have a statistically uniform
distribution. The environment inside the reverberation chamber
for the reference measurements is shown in Fig. 2.

S-parameters were measured in the frequency range from 1 to
8 GHz. All four scattering parameters were measured (real and
imaginary parts). Since the transmitted power into the chamber
is assumed to be constant, the received power is proportional to
the squared magnitude of S21 . The frequency range of interest
was measured in 32 001 points with 218.75-kHz sample spacing.
During all measurements, the input power was set at 0 dBm.
The scattering parameters were measured using a mode-tuned
mechanical stirring technique. The results were gathered in steps
of 6° of stirrer rotation, which yielded 60 discrete measurement
points per one full stirrer turn. The final value of S-parameters
magnitude was obtained by averaging measured results for all
discrete stirrer orientations.

Fig. 3. Schematic layout of the human-body measurement setup.

B. Human-Body and Water Jugs Measurements

The main goal of this contribution was to measure the ACS
of an average human body in the upright posture. Consid-
ering a human body as the OUT, we needed a reverbera-
tion chamber capable of accommodating an average human in
the upright posture and still preserving the reverberant behav-
ior; i.e., not being overloaded. Hence, the measurements were
performed inside a reverberation chamber with dimensions:
(L) 7.78 m × (W) 4.34 m × (H) 3.10 m. This size of the
reverberation chamber allows measurements in the frequency
range starting from about 120 MHz. The schematic layout of the
measurement setup is shown in Fig. 3. The mode stirring was
achieved with a single mechanical stirrer made of aluminum
panels, mounted between ceiling and floor (see Fig. 4).

Measurements were performed on a real human body and the
cylindrical water-filled model shown in Fig. 5, both in an upright
posture. The human body was 1.79 m high and weighed 72.5 kg.
On the other hand, the cylindrical water-filled model consisted
of three 50-cm high jugs. Each jug contained approximately
17 liters of water. The water jugs were stacked one above the
other in an upright posture, supported by a PVC structure, as
shown in Fig. 5. The complete water model was 1.5 m high and
weighed 51 kg. According to [23], the total water content for
a human of average weight (70 kilograms) is approximately 50
liters, representing ∼70% of the total body weight. Considering
the body water content as the observed parameter, the cylindrical
model that was used well describes an average human body.

Another important parameter commonly used to predict the
ACS is (body) surface area [17]. Based on the ACS measure-
ments of the cylinder model containing three water-filled jugs
and the linear regression of the ACS against the surface area
[17], we predicted the ACS of the cylinder model containing
four and five water-filled jugs.

The CW signal was generated and monitored by a VNA from
200 MHz to 8 GHz. The desired frequency range was divided
into two subranges; one from 200 MHz to 1 GHz, where a pair
of log-periodic antennas was used and another from 1 to 8 GHz,
where we used a pair of double-ridged horn antennas.
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Fig. 4. Reverberation chamber interior for the human-body measurements
(front and back view).

Fig. 5. Reverberation chamber interior for the water jugs measurements:
a) Support structure and b) Cylindrical water model with support.

As with the reference measurements, the real and imaginary
parts of all four scattering parameters were measured. The fre-
quency range of interest was divided into 39 subranges each
having a width of 200 MHz. In each subrange, the S-parameters
were measured in 801 measurement points with a spacing of
25 kHz, which finally resulted in 31 201 measurement points
in the total observed frequency range from 200 MHz to 8 GHz.
During all measurements, the input power was set at 0 dBm. The
scattering parameters were measured by use of a mode-tuned
mechanical stirring technique. The results were gathered in steps

Fig. 6. Q factor measurements of unloaded chamber and chamber loaded with
reference OUTs.

of 5° of stirrer rotation, which yielded 72 discrete measurement
points per one full stirrer turn.

IV. RESULTS

Here, we present the results of the reference OUTs and
human-body OUT absorption characteristics given in terms of
the ACS and the absorption effectiveness (AE). The ACS can
be determined from the measured Q factor (i.e., normalized
transmission factor G) of the unloaded and loaded reverberation
chamber, respectively. The AE was given as a difference of the
normalized transmission factor measured without and with the
OUT placed within the chamber

〈AE〉 = 10 log Gunloaded − 10 log Gloaded . (8)

In this section, we present the validity of the used approach by
performing the reference measurements (using spherical OUTs).
After that, we proceed with the work that extends the current
study by performing the measurements on: 1) the cylindrical
water model that can be used as a good substitute (phantom)
of the real human and 2) the real human in the upright posture
with the hands down. Note that given ACS references mainly
study humans in the sitting posture [15], [16]. In [17], three
different postures were studied; seated, fetal, and star (standing
with hands up) posture. The idea presented here was to measure
the posture that was not previously studied.

A. Reference Measurement Results

Placing a lossy OUT inside a reverberation chamber changes
its properties which are evident from the Q factor alteration.
The Q factor results of the unloaded chamber and the cham-
ber loaded with three different reference OUTs are shown in
Fig. 6. The unloaded chamber Q varied with frequency from
approximately 2000 at 1 GHz to 7500 at 8 GHz; adding the
lossy objects lowered the chamber’s Q. The obvious difference
in chamber’s Q due to the lossy object presence presents a good
motivation for determining the absorption characteristics of the
OUTs responsible for Q factor alterations. Hence, the interesting
parameter pointing out the absorption characteristics of the load-
ing objects presents the AE. Based on Q difference between
unloaded and loaded chamber, it is possible to determine each
OUT’s AE, as given in Fig. 7. The OUT that had the highest
AE (HSL-filled large shell) had also the largest impact on the
chamber’s Q, and vice versa.
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Fig. 7. AE measurements of reference OUTs.

Fig. 8. Measured and analytically calculated ACS of reference OUTs.

The ACS of three different OUTs was calculated with (7),
where normalized transmission factor G was obtained from the
measured scattering parameters with (6), averaged over 60 stir-
rer orientations. The ACS results are given in Fig. 8. Since the
HSL-filled large shell presented the highest loading scenario,
i.e., had the highest AE, whereas the chamber’s Q was the low-
est, and its ACS was also expected to be the highest, which
measurements confirmed. Similarly, the water-filled small shell
had the lowest AE of all tested reference OUTs and therefore
had the lowest ACS.

Additionally, the measured ACS was compared to the ana-
lytically obtained results. Analytical calculations were based on
the Mie scattering theory. A code developed in [24] was used
to calculate the theoretical values of the ACS for three differ-
ent reference OUTs. Good agreement between the measured
and theoretical ACS values for all reference OUTs is shown in
Fig. 8.

B. Human Model Results

The measurements of the S-parameters were performed first
for the unloaded chamber (empty chamber or chamber loaded
only with the support structure) and then for the loaded cham-
ber (human body or cylindrical water model present). Mea-
surements of the unloaded chamber were used as the reference
measurements. Q factors are shown in Fig. 9. Since similar Q re-
sults are observed for both the empty chamber and the chamber
containing only the support structure, we see that the support
structure does not contribute to the chamber’s loss, and this case
can be considered as the unloaded chamber measurement.

Based on the Q factor difference between the unloaded and
loaded chamber, we calculated the AE, shown in Fig. 10, and
the ACS, shown in Fig. 11. The results of human body ACS are

Fig. 9. Q factor measurements of unloaded chamber (empty and containing
support structure) and chamber loaded with human body and water jugs.

Fig. 10. AE measurements of the real human body and water jugs.

Fig. 11. ACS measurements of the real human body and water jugs.

in good agreement with the results reported by other groups [2],
[15]–[17]. Compared to the real human body, the cylindrical
water model, consisted of three water-filled jugs, showed lower
values of the AE and ACS especially in the lower frequency
range. Since the body water content presents the dominant but
not the only absorption contribution, the differences between
the calculated ACS of the real human body and the cylindrical
water model were expected. Possible better agreement could be
achieved by use of the cylindrical model filled with the saline
solution [25].

Based on the measured ACS of the cylindrical water model,
which consisted of three water jugs, we calculated the ACS of the
model containing four and five water-filled jugs, respectively.
The approach was based on the linear regression model [17]. In
[17], the linear regression of the ACS against the surface area
was assumed for the model capable of predicting the ACS. The



726 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 58, NO. 3, JUNE 2016

ACS results of the linear model containing four and five jugs are
also given in Fig. 11. While five jugs overestimate human ACS,
best agreement can be observed for four jugs, especially above
3 GHz, which proves that this model can be used to emulate a
real human body.

The ACS measurements of the real human body and cylin-
drical water model took approximately 2 h each and the person
needed to stay still during measurements. Even though the ACS
discrepancies in a lower frequency range between the cylin-
drical water model and the real human body exist, they can
still be very useful, especially considering how time-consuming
measurements such as the proposed ones are.

We measured the maximum ACS of the average human body
as approximately 0.6 m2 at 200 MHz. It fell to approximately
0.3 m2 at 4 GHz and then slowly rose to approximately 0.35 m2

at 8 GHz. In the meantime, the water phantom, based on the
linear regression model for four water jugs, showed an ACS
of approximately 0.5 m2 at 200 MHz. Above 3 GHz, phantom
showed excellent agreement with real human body.

V. CHAMBER VALIDATION AND MEASUREMENT UNCERTAINTY

In order to perform reliable measurements, chamber calibra-
tion needs to be performed. The aim of the calibration is to
prove the spatial uniformity (SU) within the working volume
for all polarizations and given number of stirrer orientations.
We performed the calibration for both chambers according to
[16]. The data were collected by the receive antenna at eight
(i = 1, 2, . . . , 8) different locations that form the corners of
the working volume, while the transmit antenna was kept at the
fixed location.

The SU was expressed in terms of the standard deviation of
the normalized transmission factor G for three different polar-
izations (j = 1, 2, 3) and the total dataset. The total dataset
was represented by 24 measurements gathered by combining
three individual polarization components at eight measurement
locations.

The arithmetic mean of G for each polarization component at
each frequency is given by

Ḡ =

8∑

i=1
Gi

8
. (9)

Similarly, the total arithmetic mean of G equals

Ḡx,y ,z =

8∑

i=1

3∑

j=1
Gi,j

24
. (10)

The SU is then expressed in terms of the standard deviation
given as

σ =

√√
√
√
√

8∑

i=1

(
Gi − Ḡ

)2

8 − 1
(11)

σx,y ,z =

√√
√
√
√

8∑

i=1

3∑

j=1

(
Gi,j − Ḡ

)2

24 − 1
(12)

TABLE I
UNCERTAINTY BUDGET

Uncertainty source SU VNA E-Cal

Value 1.4 dB 0.2 dB 0.1 dB
Distribution Normal
Divisor 1
Standard uncertainty 1.4 dB 0.2 dB 0.1 dB
Sensitivity coefficient 1
Uncertainty 1.4 dB 0.2 dB 0.1 dB
Combined uncertainty 1.42 dB
Expanded uncertainty 2.84 dB

where σ is the standard deviation of each polarization compo-
nent, respectively, and σx,y ,z is the standard deviation of the
total normalized transmission factor. The standard deviation is
expressed in decibels relative to the arithmetic mean as

σdB = 10log
σ + Ḡ

Ḡ
. (13)

The standard deviation calculated from (13) for both cham-
bers loaded by the reference OUTs or human models was
slightly lower than 1.4 dB. This represented the major
contribution to the overall measurement uncertainty. The un-
certainty budget, which includes three sources of the un-
certainty (SU, VNA drift, and electronic calibration module
drift), is given in Table I. The expanded uncertainty obtained
for the reverberation-chamber-based ACS measurements was
±2.84 dB. Note that the uncertainty estimation was conserva-
tive. The SU was determined in the Cartesian field, even though
the ACS actually depends on the total field, which generally
has smaller variations. Therefore, true measurement uncertainty
should be lower than that given in Table I.

VI. CONCLUSION

In this paper, we presented broadband results for measured
human body ACS in a reverberation chamber. Human body ACS
is an important parameter for proper assessment of human ex-
posure due to the electromagnetic fields inside highly reflective
environments. Before performing the measurements on a real
human body, the approach was verified on simple lossy objects,
spherically shaped and filled with water and solution simulating
an adult human head. Measurements on those canonical OUTs
were compared with analytically calculated ACS results and
good agreement was achieved.

Additionally, we proposed a simple cylindrical human phan-
tom made of vertically stacked water-filled jugs. The phantom
had the same water content as an average human body. The dif-
ferences in measured ACS between the real human body and the
phantom were within the calculated measurement uncertainty.
Therefore, the created phantom was a very useful measure-
ment artifact, especially if we consider time-consuming mea-
surements involving humans.

The ACS study will enable us to better estimate the influence
of people on a diffuse environment Q, yielding a better under-
standing of the phenomena related to both, human exposure
(dosimetry aspect) and propagation (communication aspect) in
such environments.
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Future study could include more thorough measurements on
a larger sample of subjects in different postures. Based on those
results, we believe it would be possible to accurately relate
the ACS to the total body surface parameter which could later
be used for proper dosimetry and communication studies of
human populated highly reflective environments.
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