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Abstract— A closed room environment is viewed as

a lossy cavity, characterized by possibly a line of sight

(LOS) component and diffuse scattering parts from walls

and internal obstacles. A theory used in acoustics and

reverberation chambers is applied for the electromagnetics

case, and main issues related to measurement systems,

antennas characteristics, diffuse energy properties, and

human exposure are investigated. The goal of this paper

aims first towards validation of the assessment of the

reverberation time in an environment using a virtual MIMO

channel system. Secondly, the reverberation time in an

adjacent room is investigated and hence a measurement-

based method is readily developed to assess the absorption

cross section and the whole-body specific absorption rate of

humans at 2.3 GHz in a realistic closed environment.

Index Terms:

Room electromagnetics, reverberation time, absorption cross

section, power density, specific absorption rate, SAR, diffuse

scattering.

I. INTRODUCTION

INDOOR microwave propagation has been investi-
gated in detail for a long time. More recently,

room electromagnetics has become appealing because
it does not require full knowledge of all details of
the propagation environment [1], which makes it less
tricky. Currently, propagation models are complex,
[2]–[5]. A very simple propagation model with only
few parameters is obtained by considering the indoor
environment as a lossy cavity where all the effective

losses can be described with a single parameter. The
theory of wideband propagation in an environment is
applied, similar to studies in acoustics and reverber-
ation chambers. The acoustics community has been
applying the method [6] since the 1920 s (Sabine’s
equation), but the fundamental difference to the radio
case is the polarization [7]. The basic model is very
simple and considers a first arriving LOS (Line-
Of-Sight) signal if present and after that multiple
reflections and scatterings giving rise to a tail with
exponential decay and a time constant noted as the
reverberation time, similar to the acoustics case. Room
electromagnetics basic theory is discussed in [7].
Here the theory of room electromagnetics is applied
for transceivers in the same room and for the first time
is extended for adjacent rooms.
Electromagnetic measurements near the body are im-
portant for electromagnetic compatibility (EMC) stud-
ies, for the characterization of antennas near dielectric
media, and for potential health effects of electromag-
netic radiation.
The reverberation time assessment using a channel
sounder is investigated in [1], [7]. In this paper the
reverberation time assessment is compared for two
different measurement systems, namely the channel
sounder and the virtual MIMO (Multiple Input Mul-
tiple Output) channel sounder. The use of the virtual
MIMO has several benefits, i.e., it is much cheaper
than the channel sounder, there is no coupling between
antennas, etc. However the cost of using a virtual
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MIMO channel sounder is the increased measurement
time, but the measurement of the reverberation time
takes only a few minutes. The reverberation time as-
sessment is of main importance because it is a function
of the absorption area in the room, the total surface
absorbing electromagnetic radiation, and hence linked
to the absorption cross section i.e., the body surface
area being exposed to radiation, for humans in realistic
environments and other lossy objects.
The International Commission on Non-Ionizing Radi-
ation Protection (ICNIRP) [8] defines guidelines for
Specific Absorption Rate (SAR) as a basic restriction
for human exposure in the Radio-frequency (RF) band.
A statistical exposure tool to determine the distribution
of the whole-body averaged SAR in realistic indoor-
picocell environment is proposed in [9]. The SAR is
a difficult quantity to measure in an actual human.
Therefor, the studies of the SAR in realistic human
body models and realistic environments are based on
numerical computations such as the finite-difference
time-domain (FDTD) technique, such as in [10], [11].
These computations are dependent on the accuracy
of the phantom modeling, the used numerical code,
and are time consuming, etc. Rather than using such
numerical computational methods, a measurement-
based approach based on the absorption cross section
(ACS) is a suitable alternative for the assessment of
the whole-body averaged SAR (SARwb), and is readily
developed in this paper.
From the ACS, and given an incident power density
it is hence easy to derive the whole-body SAR [12].
The outline of this paper is as follows: the two mea-
surement systems configuration and the environments
are described in Section II. Section III describes the
methodology to extract the reverberation time (τ ),
in Section IV we present the benchmarking results
of both measurement systems and other features of
the reverberation time. Section V is devoted to the
absorption cross section assessment and the experi-
mental whole-body SAR calculation. Conclusions are
presented in Section VI.

II. CONFIGURATION AND ENVIRONMENT

A. Virtual MIMO channel sounder setup

The virtual channel sounder setup for the MISO
(Multiple Input Single Output) measurements is
shown in Fig. 1.
A network analyzer (Rohde & Schwarz ZVR) is used
to measure the complex channel frequency response

for a set of transmitting and receiving antenna po-
sitions. The channel is probed in a 500 MHz mea-
surement bandwidth with a frequency resolution of
1.25 MHz (401 frequency points) and a central fre-
quency of 2.3 GHz. As transmitting (Tx) and receiving
(Rx) antenna, broadband omnidirectional biconical
antennas of type Electro-Metrics EM-6116 are used.
To be able to perform measurements for large Tx-
Rx separations, one port of the network analyzer is
connected to the Tx through an RF/optical link with
an optical fiber of length 500 m. A Dirac pulse signal
(in the frequency domain) generated by the network
analyzer is sent into the Tx via optical fiber. The RF
signal sent into the Tx and the RF signal coming from
the Rx are both amplified using an amplifier of type
Nextec-RF NB00453 with an average gain of 37 dB.
The amplifiers assure that the signal-to-noise ratio at
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Fig. 1. Virtual channel sounder setup

the receiving port of the network analyzer is at least
20 dB for each measured location of the Tx and Rx.
The calibration of the network analyzer is done at the
connectors of the Tx and Rx antenna, and as such
includes both the RF/optical link and the amplifiers.
The Rx is fixed and the Tx is positioned in 51 differ-
ent locations forming a virtual uniform linear array
(ULA). Both antennas are polarized vertically and
positioned at a height of 1.8 m during measurements.
The separation between two adjacent positions in the
array is 0.8 cm. One measurement (all 51 virtual
antenna positions of the array) last about 5 minutes.
At each Tx position in the array, the network analyzer
measures the S21 scattering parameter ten times (i.e.,
10 time observations), which we average to obtain one
power delay profile (PDP) per Tx-Rx combination.
Since we have 51 Tx and 1 Rx, we have 510 PDPs
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for the whole ULA which is averaged to obtain the
average PDP in dB, labeled as APDP, and given by:

APDP (t)|dB = 10 log(|Sav
21 (t)|

2),

where Sav
21 (t) is the average PDP in linear domain over

the number of Tx positions. The spatial averaging is
necessary to avoid the effect of fading, it is performed
by the stepper motor moving the antennas around. The
PDP is plotted within a delay of 800 ns, which is
enough to observe the decay of the power. The scatter-
ing parameter S21 is translated into the time domain by
using an IFFT operation with an UNIFORM window
(see Section III-A for motivations).

B. Channel sounder setup

The measurements were also carried out using
a Multiple-Input Multiple-Output (MIMO) channel
sounder, based on the correlation principle. The sys-
tem allows truly simultaneous measurement of all
up to 8 Rx and 16 Tx branches. Details of the
measurement system can be found in [13]. The main
characteristics of the setup used in this set of mea-
surements are:

• Measurements time-triggered at 60 Hz. This en-
sures proper sampling of the channel, which is
changing due to both movements of the Rx and
other external changes.

• Bandwidth: 100 MHz
• Carrier frequency: 2.3 GHz.
• Measurement duration: 10 seconds (600 measure-

ments)
• Rx channels: 4 mockup laptop arrays are mea-

sured simultaneously, each with 4 antennas (mea-
sured via switch). The laptop arrays have 2 top-
mounted and 2 side-mounted dipole-like anten-
nas.

• Tx channels: 4 dual-band branches, 4 element
linear array with vertically polarized elements.
Each of the four laptops is placed on a table
in front of a person. During each measurement
the persons are moving the laptops randomly on
the table with displacements of approximately
plus/minus 10cm. For the current work, the PDPs
are obtained as an average over all the measure-
ments made with the four antennas on the laptop.

C. Description of the environment

1) Environment in Aalborg (Denmark): The mea-
surements were performed in a seminar room of

Aalborg University (AAU), shown in Fig. 2, where
only the right part is used. The room is equipped with
tables, chairs, and ordinary meeting room facilities.
The locations for Rx in this room are summarized in

Fig. 2. Seminar room: Tx and Rx measurement positions

Table I.
The Tx had a fixed position whereas the Rx occupies
positions Rx1, Rx7, Rx12, and Rx18 as shown in
Fig. 2. The measurements with the channel sounder

Position Distance to
Wall A (m)

Distance to
Wall B (m)

Rx1 2.5 4.6

Rx7 6.4 4.4

Rx12 6.5 1.4

Rx18 2.5 1

TABLE I
LOCATIONS FOR RX IN THE SEMINAR ROOM IN AALBORG

occurred in May, 2010.

2) Environment in Ghent (Belgium): The measure-
ments were performed in room C3/3-3 and C3/3-4 at
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the third floor of an office building (Ghent, Belgium).
The ground plan is shown in Fig. 3. This floor is
comprised of different rooms indexed by C3/3 − i
where i is the ith room. We are only interested in room
C3/3-3 and C3/3-4. A description of these rooms is
as follows: room C3/3-3 contains desks (with chairs,
computers, etc. . . ), people, dressers and other furniture
such as cardboards, books, etc. . . and the room C3/3-
4 contains about the same things. The receiver is
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Fig. 3. Third floor of office building in Ghent

always located in room C3/3-3 whereas the transmitter
is either located in room C3/3-3 (Room-Room, in-
dexed by RR), or in room C3/3-4 (Adjacent-Room,
indexed by AR). The measurements with the virtual
channel sounder were performed from September 20th

to September 24th, 2010.

III. METHODOLOGY

A. Extraction of the reverberation time (τ )

In indoor propagation, multiple reflections and scat-
tering give rise to a tail with an exponential decay
in the PDP curve and a time constant noted as the
reverberation time [7]. In a log-scale this is equivalent
to a tail of the impulse response which is linear, and
its slope leads to the reverberation time according to
the following formula:

τ = −
10 log(e)

slope
,

where e = 2.718... is the Euler’s number and slope is
the slope of the linear tail in the impulse response.
For the assessment of τ , the amplitudes of the average
PDP at different delays don’t have to be accurate
(because we are interested in the slope), instead the
frequency resolution, i.e., the temporal resolution has
to be as accurate as possible. This is the reason why
the UNIFORM window has been used in the IFFT
computation, since it has a Noise-Power-Bandwidth

factor of 1.
Actually the experimental APDP (in dB) does not have
a perfect linear tail because of the noise level of the
network analyzer, the measurement uncertainties, etc.
We need to derive the reverberation time over a certain
delay range (or a certain range of power) for which
the APDP tail is approximated by linear regression.
This choice should be done automatically because
the manual detection would suffer from judgment
subjectivity (see next section). The methodology is
shown in the flow graph of Fig. 4.

S21(f)

|S21(t)| Average Power Delay Profile (APDP) Optimal linear regression fit

Calculation of τ

IFFT for each antenna position

E[|S21(t)|
2] automatic

detection

Slope

Fig. 4. Flow chart of methodology for virtual channel sounder method

B. Automatic detection algorithm

In this section we introduce the algorithm (in Fig. 5)
used for the automatic reverberation time detection.
One may detect automatically the reverberation time
using a fixed delay range (or a fixed power range).
Such kind of algorithm would be good for a cer-
tain room and propagation environment. But when
changing the room (mainly the volume), the Tx-Rx
separation for the same room, or when the propagation
environment changes, the received power may be
different. Then the PDP tail varies and neither the
delay range, nor the power range will be valid. We
define here different quantities using the APDP curve
(as in Fig. 5) to explain the algorithm:

• τfirst: the arrival time of the first component,
• Tmean: the mean arrival time,
• Pmin: the minimum APDP value,
• ∆Pn: the difference between Pmin and the value

of the first peak before Pmin.
• ∆Pp: the difference between Pmin and the value

of the first peak after Pmin.

The following threshold is then defined:

Threshold = Pmin +min(∆Pn,∆Pp),

where min(a, b) is the minimum value of a and b, we
introduce ∆Pn and ∆Pp to ensure that the Threshold
will be in the noise zone (see Fig. 5).
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All APDP values lower than Threshold are gathered
in an array, called ”NoiseArray”. We finally define the
noise floor by:

Pnoise = mean(NoiseArray) + 3 dB,

where 3 dB is added to be 2 times above the noise
mean value.
It should be noted that the algorithm described in this
section is only used for the ULA measurements.
Let’s denote by τnoise the delay corresponding to
Pnoise. The reverberation time is derived by perform-
ing a linear regression fit between Tmean and τnoise as
shown in Fig. 5, with:

Tmean =

∫

τP (τ)dτ
∫

P (τ)dτ
,

where we replace APDP(τ ) by P(τ ) for notation
convenience.

C. Absorption area and absorption cross section

(ACS)

When electromagnetic fields propagate in a room,
rays impinge walls, objects, ceiling, possibly hu-
man(s), etc... and this results in an absorption area, i.e.,
the total surface absorbed by radiation. Considering all
objects fixed (except people), the absorption area will
only vary according to the number of people in the
room. The total effective absorption area is given by:

A′

n = A′

0 + n× ACS,

where A′

n is the total effective absorbing area, A0 is
the effective absorbing area without people, n ∈ N is

the number of people in the room, and ACS is the
absorption cross section (we assume that all present
persons have the same ACS), i.e., the human body
surface absorbing electromagnetic radiation.
The methodology is based on Room electromagnetics

theory [7], which states that all losses in a closed room
can be described with a single parameter, called the
reverberation time and is determined from the PDP
(see Section III-A).
From the reverberation time [7] it is possible to assess
the effective absorption area (A′

n):

A′

n =
4V

cτn
,

where V , c=3×108 m/s and τn are the room volume,
the light velocity and the reverberation time when n
person(s) are present in the room, respectively.
By varying the room occupation with people, the
effective absorbing areas as a function of the number
of people (n=0, 2, 3, 7, 10, etc. . . ) is obtained from
the reverberation times values. The absorption cross
section is then the slope of the linear regression of
the points related to the different absorbing areas for
the different number of people (see Section V-A).

D. Calculation of SAR from ACS and vice-versa

As stated in Section I, the SAR is the physical
quantity used for defining the basic restrictions [8].
Basically, the SARwb is defined as the amount of
power absorbed by an individual per mass unity, and
is given by:

SARwb =
Pabs,pers

m

=
Pabs,pers,dif + Pabs,pers,los

m
, (1)

where Pabs,pers, Pabs,pers,dif , Pabs,pers,los are the to-
tal power absorbed, the diffuse power absorbed, the
power absorbed due to LOS component respectively
by a person in W and m is his weight in kg.
In room electromagnetics analysis, a person is exposed
to two sources of power, i.e., the diffuse scattered field
from the reverberation phenomenon and the coherent
power from the LOS component.
Firstly, the power absorbed due to the diffuse mul-
tipath components (DMC) is determined. The power
density in diffuse field has been investigated in [1],
and expressed as follows:

Idif =
1

πA′
e−

d0
cτ ∗ ηpol,
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where d0, λ and ηpol are the shortest distance (separa-
tion) between the transceivers, the wavelength and the
polarization factor of the DMC, respectively. Assume
that the DMC is completely diffuse (the polarization
is then completely random), a polarization factor of
0.5 is considered.
The power absorbed by a person in a diffuse field is
defined as:

Pabs,pers,dif =

∫ 2π

0

∫ π

0

I ′dif (θ, φ)A(θ, φ) cos θ sin θdθdφ,

(2)
where I ′dif (θ, φ) is the receiving radiance in
W.sr−1.m−2. Because in completely diffuse field the
intensity is independent on the direction (azimuth-
elevation), Eq. 2 is now expressed as:

Pabs,pers,dif = I ′dif

∫ 2π

0

∫ π

0

A(θ, φ) cos θ sin θdθdφ

= Idif × Aaverage

≡ Idif × ACS (3)

where Idif , A(θ, φ) are the incoming irradiance in
W.m−2 and the absorption cross section from an
incident plane wave, respectively.
In general, A(θ, φ) is not known excepted from
numerical calculations. From the measurements, we
know the average whole-body absorption cross section
(Aaverage), which is equivalent to the ACS.
Secondly the power absorbed by a person due to the
LOS component is:

Pabs,pers,los = Ilos × A(θ0, φ0)

= Ilos × Alos (4)

where Ilos is the LOS component power density,
which is direction-independent because an antenna
with isotropic radiation pattern (fields coming from
all directions with the same magnitude) is used.
The power density for the LOS component (Ilos)
is computed from the received LOS component and
the receiving area of the Rx antenna and will be
investigated in Section V-B.
A(θ0, φ0) is still unknown, but let assume the fol-
lowing: the LOS component only sees one side of
the body, and the front and back of a body are
identical in term of surface. So we can say that
Alos =

Aaverage

2
= ACS

2
, hence Eq. 4 becomes:

Pabs,pers,los = Ilos ×
ACS

2
(5)

Using Eq. (1), Eq. (3) and Eq. (5) the whole-body
SAR is defined as:

SARwb =
ACS(Itotal + Idif )

2m
,

where Itotal = Ilos + Idif is the total incident power
density.

IV. BENCHMARKING

A. Channel sounder vs Virtual channel sounder

In order to validate the measurement system, we
compare the results of the channel sounder with those
of the virtual channel sounder. The measurements
campaign has been performed in the same room in
Aalborg with both measurement systems. The room
volume is about 118 m3. The measurements have
been done at different dates and the Tx and Rx
locations were the same (as best as possible) for the
two measurement campaigns (see Section II).
Tables II and III summarize the results for the rever-
beration time obtained for both measurement systems.
D, Pers., Tmean, and A′ represent the Tx-Rx separa-
tion, the number of persons in the room, the mean-
delay arrival time of the rays and the absorption area
respectively.

Position D Pers. τ Tmean A′

(m) (ns) (ns) (m2)
Rx1 3.4 6 23.1 15.9 68

Rx7 4 6 22.7 18.2 69.3

Rx12 6.2 6 26.8 19.6 61.2

Rx12 6.2 9 25.5 19.7 61.7

Rx12 6.2 12 25.3 20 62.1

Rx12 6.2 15 26.1 21 60.3

Rx18 2.7 12 25.3 20 62.1

TABLE II
PARAMETERS FROM CHANNEL SOUNDER MEASUREMENT

As we are mainly interested in the reverberation
time τ , we focus the comparison on this parameter
as illustrated in the diagram chart in Fig. 6. For the
channel sounder we obtain a mean value of τ (τmean)
equal to 24.5 ns with a standard deviation στ equal
to 1.7 ns which is 6.9% of τmean. We obtain τmean =
25.8 ns and στ = 1.6 ns (6.2% of τmean) for the virtual
channel sounder. The deviation between reverberation
time obtained with the two measurement systems is
only about 1.3 ns (5.2% of their mean value).
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(m) (ns) (ns) (m2)
Rx1 3.6 0 24.5 26.2 64.2

Rx1 3.6 2 23.8 26.2 66.2

Rx7 7.2 2 25.2 42.1 62.5

Rx7 7.2 4 25.1 40 62.7

Rx7 7.2 18 22 38.5 71.5

Rx12 6 2 28.2 39.5 55.8

Rx18 3 2 26 16.5 60.6

TABLE III
PARAMETERS FROM VIRTUAL CHANNEL SOUNDER MEASUREMENT

Fig. 6. Channel sounder and the virtual channel sounder

The observed small discrepancies between the results
of the two measurement systems may be due to the
following reasons:

• differences between the measurement system se-
tups

• variations in Tx-Rx positions: for a certain posi-
tion, the Tx-Rx separation may not be exactly
the same for the two measurement campaigns
(second column of Tables II and III). The theory
actually says that the reverberation time should
be independent on the location, assuming only
diffuse scattering.

• furniture, tables, people, etc . . . were not exactly
in the same positions for both measurement cam-
paigns

• different number of people in the room as illus-
trated in the diagram chart (Fig. 6)

Given the small deviations between the reverberation
time obtained for each measurement system at
different locations, we can say that the reverberation
time is independent of the transceiver location, as
suggested by the room electromagnetics theory [7],
regardless of the measurement system. However, we

observe that the results obtained with the channel
sounder are systematically lower than the ones
obtained with the virtual channel sounder, this might
be due to different polarization of the used antennas.

B. Different antennas

Using the virtual channel setup, we investigated the
reverberation time variation using different antennas.
We first use a broadband omnidirectional biconical
antenna of type Electro-Metrics EM- 6116 denoted
”ibbt” and the ”laptop antennas” mentioned in Section
II-B denoted here as ”aau”. For the biconical antenna

Position Dibbt Daau Pers. Pers. τ(ibbt) τ(aau)
(m) (m) (ibbt) (aau) (ns) (ns)

Rx1 3.6 3.6 1 1 24.1 24.9

Rx7 7.2 6.6 2 1 25.2 23.7

Rx12 6 6 2 1 28.2 25.8

Rx18 3 2.4 2 1 26 22

TABLE IV
PARAMETERS FOR DIFFERENT ANTENNAS USING THE VIRTUAL

CHANNEL SOUNDER, IBBT = BICONICAL ANTENNA AND AAU =
LAPTOP ANTENNA

(ibbt) we obtain a mean value of τ (τmean) about
25.9 ns whereas we obtain τmean = 24.1 ns for the
laptop antenna, which gives a difference of 1.8 ns
(7.2% of their mean value). Table IV summarize the
results for different antennas. Few variations between
the results are observed, but this was expected due
the reasons mentioned in Section IV-A except that
we used here the same measurement system. Again
we find almost the same values of the reverberation
time using one measurement system with different
antennas, indicating that the reverberation time is in-
dependent of the antennas although it should be noted
that the polarization might have a slight influence if a
special algorithm is not used to extract only the diffuse
part.

C. Reverberation time in adjacent room

Up to now, reverberation times were investigated for
Tx-Rx located in the same room (see Section IV-A).
The reverberation time when the transmitter (Tx) is
located in a room adjacent of the receiver (Rx) room
is investigated here. The transmitter is located in room
C3/3-4 and the receiver is located in room C3/3-3 (see
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Fig. 3). The basic theory is the same as the case where
the transmitter is located in the same room, unless that
there is an energy exchange between the two rooms
for the coupling elements case [6]. Let the transmitter
be located in the room RTx (C3/3-4) and the receiver
in the room RRx (C3/3-3). Both rooms are closed and
separated by a wall with surface S. P(t) is the power
transmitted in room RTx, α is the wall transmission
factor.
In the following we assume complete diffuse field

in both rooms, then the power density is direction-

independent, i.e., I(θ, ϕ) = I .
The room RRx is fed by two sources:

• α2P (t), which is the transmitted LOS power
scaled by the wall transmission factor

• Pexch, which is due to the exchanged energy from
RTx to RRx through surface S by the diffuse field.

These received input powers in room RRx are balanced
by the increase in energy per second and the losses
through walls as follows [6]:

α2P (t) + Pexch = V
dWRx

dt
+

cηA

4
WRx (6)

where V is the volume of the room where the Rx is
located, η is the wall absorption factor, and A is the
total absorbed area.
The energy W and the power density I in the two
rooms are related as follows: WRx = α2 × WTx and
IRx = α2×ITx . Assuming that the radiance ITx(θ, ϕ)
is in the diffuse field and impinges uniformly on wall
S (with α being its transmission factor), then the
transmitted power via the surface S to the room RRx

is:

Pexch = S

∫ 2π

0

∫ π
2

0

α2ITx(θ, ϕ) sin(θ) cos(θ)dθdϕ,

= πα2ITxS

= πIRxS

Using WRx = 4π IRx

c
[7] (c is the light velocity in the

vacuum), Pexch is expressed as a function of WRx as
follows:

Pexch =
cS

4
WRx , (7)

If the source is turned off i.e., P (t) = 0 and using
Eq. (7), Eq. (6) becomes:

V
dWRx

dt
+

c

4
(ηA− S)WRx = 0 ,

which is a homogeneous equation with the solution

WRx = W0e
−

t
τ ,

with
τ =

τ0

1− S
ηA

, (8)

τ0 =
4V
cηA

is the reverberation time when both Tx and
Rx are located in the same room RRx i.e., room C3/3-
3, ηA = A′ is the effective area of the total absorbing
surface in room RRx and V is the volume of the room
RRx. The volume V is roughly about 360 m3.
From Eq. (8), it is easy to check that τ > τ0 for
S < A′. Physically, τ > τ0 could be explained by
the exchanged energy between both room, making
the reverberation time more longer. The measurement
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Fig. 7. Reverberation time investigation

results are shown in Fig. 7. The mean value of the
reverberation time when the transceivers are located in
the same room and adjacent room are τ0 = 45.32 ns
and τ = 58.90 ns, respectively. It is clear from Fig. 7
that τ0 (Tx and Rx in the same room) is lower than
τ (Tx and Rx in adjacent room) as shown in Eq. (8).
The variation of the reverberation time in both cases
is related to the number of people in the room, given
that this influences the total absorbing area and hence
the reverberation time.
From the measurements in Fig. 7 we obtain τ0

τ
|meas =

45.32
58.90

= 0.769. From Eq. (8) we deduce τ0
τ
|calc = 1− S

A′
.

The surface S being about 28 m2 and the effective
area A′ = 105.7 m2 (derived from τ0 measurement),
we obtain τ0

τ
|calc = 1 − 28

105.7
= 0.735. This shows

that the measurement results are in good agreement
with the calculation of the theory as both ratios agree
excellently.
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V. EXPERIMENTAL DETERMINATION OF THE

SARwb

A. Absorption cross section

The measurements were performed in an office en-
vironment (room C3/3-3, volume ≈ 360 m3) in Ghent,
Belgium (see Fig. 3). Three spatial locations for the
Tx and one location for the Rx are selected. Data of
both frequencies 2.30 GHz and 3 GHz were used.
An illustration of the absorption area as a function of
room occupation is shown in Fig. 8. The measurement
results in terms of absorption cross section for the
different locations and the two frequencies are sum-
marized in Table V. The average ACS at 2.3 GHz

0 2 4 6 8 10 12 14
76.5

77

77.5

78

78.5

79

79.5

80

80.5

81

number of people

A
b

s
o

rp
ti

o
n

 a
re

a
 (

m
2
)

Position = AR3 at 2.3 GHz 

ACS = 0.31175 m
2

Measured values

Fit

Fig. 8. Absorption area as a function of room occupation

ACS (m2)
Positions

f = 2.3 GHz f = 3 GHz

0.42 0.24 Position 1 (AR1)

0.28 0.43 Position 2 (AR2)

0.31 0.42 Position 3 (AR3)

0.34 0.36 averaged over Position
1, 2 and 3

TABLE V
ABSORPTION CROSS SECTION (ACS) FROM MEASUREMENT DATA

is about 0.34 m2 and 0.36 m2 at 3 GHz. We notice
that the absorption cross section varies slightly as a
function of the frequency.
Assuming that the mean weight and height of people
under test are 70 kg and 175 cm respectively, we
obtain from Fujimoto’s formula [14] a mean body
surface area (BSA) of about 1.79 m2. From the
correlation between the BSA and the ACS at 2 GHz
[12], we derive an ACS of about 0.49 m2. Recently,

[15] investigated the surface of the Visual Human
(VH) illuminated by a plane wave at 2.1 GHz for
three orientations (front, right side and oblique). An
illuminated surface of about 0.44 m2, 0.23 m2 and
0.39 m2 has been found for the front, right side and
oblique orientation, respectively.
It should be acknowledged that the persons may not
be exposed identically, leading to the observed small
differences.

B. Power density

As already stated in Section III-D, power illumi-
nating a person is absorbed in two ways in a closed
environment, namely by the LOS component and by
the diffuse part. There may be also a power absorption
due to the specular components (caused by specular
reflections), but we do not take this into account in this
paper because of the room electromagnetics theory
simplification. In this section we investigate the power
density of these two components for the transceivers
located in the same room. The LOS component power
density is calculated from the experimental received
power at a certain position and the Rx receiving area.
The LOS component power density is, [16]:

Pd =
Pr

Aeff

(9)

where Pd, Pr and Aeff are the power density, the
received power, and the effective area of the receiving
antenna.
The use of the hypothetical isotropic antenna allows to
write that Aeff = Aisotr. =

λ2

4π
, [16]. Since we measure

the received power, and the wavelength is known, it
is then easy to derive the power density from Eq. (9).
Its expression is as follows:

Pd = 4π
Pr

λ2

This is the experimental way to measure the power
density of the LOS component. Since the power
density of the LOS component is determined from the
PDP, the LOS component amplitude is of main im-
portance whereas its arrival time is non-relevant. The
FLAT TOP window has the best amplitude accuracy
because of its largest Wide-Main-Lobe. The FLAT
TOP window has been used in the IFFT computation
leading to the determination of the LOS component
power density.
Theoretically from a distance d of the transmitter it is
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expressed as:

Pd =
Pt

4πd2
,

where Pt is the radiated power by the transmitting
antenna.
The diffuse power density is derived at a certain
position using Eq. (2) once the reverberation time and
the absorption area are known. Fig. 9 shows the power
densities (LOS, diffuse) for different distances in the
same room (room C3/3-3 in Fig. 3) for an input power
of 1 W. The experimental LOS power density agrees
with the theoretical LOS power density.
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Fig. 9. Power density for 1 W input as a function of separation between
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The LOS power absorption is important in the vicinity
of the transmitting antennas, i.e., in a radius smaller
than 4 m. As we move away from the transmitter, the
LOS power density decreases dramatically, making the
power absorption less significant for higher distances.
Experimental and theoretical results for the diffuse
power density agree very well, although it should be
admitted that the theoretical results use the experi-
mental reverberation time and absorption area (only
the distance is actually theoretical), see Eq. (2).
The diffuse power also decreases with increasing sep-
aration. As shown in Fig. 9 the LOS field dominates
the diffuse field in the vicinity of the transmitter,
whereas the diffuse field is dominating for long Tx-Rx
separation. This leads to the so-called reverberation

distance. At the reverberation distance location, the
LOS field and the diffuse field have the same intensity.
Its theoretical expression has been investigated in [7],
and is defined as:

Rd =
1

2

√

DtDrA′,

where Rd, Dt, Dr are the reverberation distance,
the transmitter and the receiver antenna directivity,
respectively.
In a completely diffuse field, the power density is
direction-independent, thus the directivity of the
antennas is unity, i.e., Dt = Dr = 1. The results of
the reverberation distance according to the Tx-Rx
position are shown in Table VI. We obtain a mean

Tx-Rx sep-
aration (m)

0.6 1.2 2.4 3.6 6 7.8 9.6 10.2

Rd (m) 5.2 5.3 5.2 5.2 5.1 5.2 5.0 5.1

TABLE VI
REVERBERATION DISTANCES

reverberation distance of about 5.16 m while a
standard deviation of about 0.09 m is obtained. This
Rd agrees excellently with the intersection of the
LOS and diffuse power density in Fig. 9. So we
conclude that the measurement is in good agreement
with the theory.
The slope of the decrease of the diffuse power

derived from Eq. (2) is −10×log10(e)
cτ

(in dB), which is
only dependent on the reverberation time, meaning
that in a large room the scattered power density
tends to be constant, or at least within a certain
range of Tx-Rx separation. For the room investigated
here (τ ≈ 45 ns), the slope is about 0.32 dB/m and
hence we can consider the scattered power density
as constant-we take the mean value-given that a
maximal deviation between the extrema is only about
2 dB.

C. SARwb calculation and application

In this section the whole-body SAR is calculated
using the method in Section III-D. The results will
be compared with the absorption calculated using a
statistical method [9], and with a calculation proposed
in [10]. An absorption cross section of about 0.34 m2

(height = 175 cm and weight = 70 kg) at 2.3 GHz
has been obtained in Section V-A. If we assume a
total incident power density of 1 W/m2, and a mean
diffuse power density of about 2.3 mW/m2 (see
Section V-B), a whole-body SAR of 2.43 mW/kg is
obtained using the method proposed in Section III-D.
In [10] the whole-body averaged SAR calculation
has been performed from 100 MHz to 3 GHz at the
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basic 2 mm resolution of the voxel model NORMAN
using the Finite-difference time domain (FDTD)
algorithm. An SARwb of about 3.77 mW/kg has
been found at 3 GHz. It is noteworthy to mention
that the NORMAN phantom characteristics used in
[10] are different from the characteristics used in the
present paper. In [9] a statistical method is applied
for the SARwb calculation in an indoor pico-cell
environment at 2.45 GHz with a spheroid average
man with same characteristics (weight and height)
as for our experiment and a mean SARwb of about
2.7 mW/kg has been obtained. We obtain excellent
agreement between this result and our measured
SARwb. [17] investigated the whole-body SAR
for different phantoms from 20 MHz to 2.4 GHz.
A whole-body specific absorption rate of about
3.75 mW/kg is found for the Visual Human, Zubal
and Korean model at 2.4 GHz. For the Norman model
a whole-body specific absorption rate of 6.25 mW/kg
is found at 2.4 GHz whereas a value of 7 mW/kg is
found for the female Japan and Japan model at the
same frequency. This paper highlights the variability
of the whole-body averaged SAR according to the
phantoms.
The small deviation from our experimental SARwb

and the results of [9], [10], [17] may be explained
by the difference in the phantom shapes and the
postures. For instance, for the same body surface
area of 1.78 m2 the absorption cross section variation
may reach 0.15 m2 for two different phantoms
shapes and/or postures [12], resulting a difference of
1.07 mW/kg in the SARwb. Compared to the results
obtained in [9], [10], [17], mention that our method
leads to the lowest value in term of absorption. This
is mainly due to the fact that we have determined
the absorption cross section in an office room with
people working, meaning all the people in the room
were sitting whereas phantoms are standing in the
other papers.

As an application we investigate now the SARwb

using an actual transmitted power for WiFi to show
that our method enables to estimate whole-body SAR
without the need of simulations. We assume an office
scenario with a WiFi access point installed in a room.
The maximum allowed EIRP (Effective Isotropic
Radiated Power) for 802.11 wireless LAN in 2.4 GHz
band is 100 mW [18]. Using this transmitted power
and the power density of Section V-B, the SARwb
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Fig. 10. Whole body SAR at 2.30 GHz for 100 mW input as a function
of distance (in the same room)

can be determined. Fig. 10 shows SARwb in a person
for different distances from the access point radiating
with an EIRP of 100 mW. The SARwb in a person
decreases of course with distance with values of
0.17 mW/kg at 0.6 m and 0.0012 mW/kg at 10 m.
These values are much lower than 0.08 W/kg, which
is the limitation for the exposure of the public [8].

VI. CONCLUSIONS

Based on a simple theory called room electromag-
netics, we have found interesting properties of the
reverberation time. The difference in values measured
by two systems and different antennas has been dis-
cussed. Results confirming that the reverberation time
is location and antenna independent have been pre-
sented, although the antenna polarization might have a
small influence. It is possible to make use of a virtual
channel sounder to measure the reverberation time.
Room electromagnetics theory has been applied for
the first time in adjacent rooms, and the measurement
results are in excellent agreement with the developed
theory. Further, a novel and easy method to assess
the absorption cross section has been proposed. We
found an absorption cross section of about 0.34 m2

at 2.3 GHz and 0.36 m2 at 3 GHz, confirming
that the measurement results are in good agreement
with literature. The theory for the power absorption
for the line of sight component and for the diffuse
field has been investigated. Using the measurement-
based absorption cross section, a whole-body SAR
of 2.43 mW/kg is found in a realistic environment,
in agreement with computational and statistical meth-
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ods. The main advantage of the proposed method is
that it does not require any simulation nor phantom
modeling. The method developed here holds only
for the vertical polarization, our future research will
investigate the correlation between the absorptions
induced by a vertical and horizontal E fields. Hence,
the present theory can be extended to the horizontal
polarization case.
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