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Abstract—Using a similar approach to that applied in acoustics 

and in microwave reverberation chambers, a theory of wideband 
propagation in a closed environment is discussed. Here, a room 
environment is viewed as a lossy cavity, characterized by diffuse 
scattering from walls and internal obstacles. For experimental 
results, measurements from 3 to 8 GHz were performed in a 24 
passenger section of an aircraft cabin. This UWB system has the 
transmitter at ceiling height and the receivers at armrest and 
headrest positions. The measurements were performed for the 
cabin being unoccupied and fully occupied. In the theoretical 
model, the closed room environment is characterized by the 
reverberation time and volume, and these parameters allow 
derivation of the the remaining parameters such as path loss and 
average passenger absorption. The RMS delay spread and mean 
excess delay are also studied. For the mean power the agreement 
between the theory and measurements is good to within 1-2 dB, 
indicating the excellent accuracy of the method, which extends to 
estimating body absorption in real world environments. The total 
absorption from the seated passengers is dominated by the few 
who are near the transmitter. In general, this absorbed power is 
relatively small, so the effect of passengers is marginal for this 
configuration of a cabin communication system. 
 

Index Terms— UWB propagation, room acoustics, room 
electromagnetics, diffuse scattering. 
 

I. INTRODUCTION 
NDOOR microwave propagation has been treated in detail 
for many years [1]. Different approaches exist covering 
statistical models based on measurements as well as deter-

ministic models like ray tracing. In order to analyze the 
propagation channel of a wideband communication system the 
impulse response is the most important characteristic used, 
since system parameters like the RMS delay spread can be 
derived from the data. Modeling of the impulse response has 
previously involved a time domain cluster model [2] and the 
cluster model has been extended to include clustering in the  
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angular domains in the WINNER project [3].  Simple statisti-
cal models for wideband path loss modeling and delay pa-
rameter determination have been developed for standardiza-
tion [4-6]. In these models a finite number of rays (plane 
waves) exist. In the approach presented in this paper only the 
LOS part exists together with a single cluster in delay and 
uniform angular distribution. A numerical model has recently 
been published, which supports these assumptions [7]. A mul-
tidimensional measurement approach [8] describes a number 
of discrete paths together with an exponential decay compo-
nent, ascribed to diffuse scattering, and which is termed dense 
multipath. This result is also close to the presented work, ex-
cept that here only one coherent component exists, the LOS 
from the transmitter, if not shadowed.  

Ray tracing is a popular method [9] but it has difficulties 
with rough surfaces. In terms of scattering it is important to 
distinguish between coherent scattering from the walls and 
diffuse scattering from random objects and rough surfaces. 
Most ray tracing methods rely implicitly on coherent 
reflections from smooth surfaces allowing image methods to 
be applied. Our goal is to represent this diffuse scattering  in 
the simplest way but still encompassing all essential features 
of closed-room propagation. Thus, our model considers a 
first-arriving LOS signal, if present, while multiple reflections 
and scattering gives rise to a tail with exponential decay and a 
time constant noted as the reverberation time, similar to the 
acoustic case; see Fig. 1, where t0 (time of flight) denotes the 
arrival time at a specific position. 

Full wave solutions can be obtained numerically for simpli-
fied environments [10], however, it requires high detail of the 
full configuration of the environment which in many cases is 
not feasible. The method applied in this paper seeks a very 
simple model, with only few parameters needed for a descrip-
tion of the propagation. The indoor environment is considered 
as a lossy cavity where all the effective losses can be described 
with a single parameter. The method has been previously ap-
plied to a single large office environment [11, 12] and was 
coined “Room Electromagnetics” analogous to the well-known 
“Room Acoustics” [13]. The acoustics community has been 
applying the method since the 1920’s (Sabine’s equation), so it 
is surprising that it has not been used earlier by the microwave 
community, considering that the fundamental difference from 
acoustic wave modeling is only the polarization. In the Ap-
pendix, the differences and similarities between acoustics  
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Fig. 1: Modeling of mean impulse response consisting of a direct LOS path 
and an exponential tail of diffuse scattering with time constant τ. 

 
and electromagnetic are further elaborated. 

Considerable research has been undertaken on microwave 
reverberation chambers, e.g., [14], which are enclosures with 
stirring to randomize the field distribution. Reverberation 
chambers are not necessarily governed by diffuse scattering, 
which is the main contribution in this paper.  The measure-
ment data used in this paper have been published before in 
[15, 16] with a standard type of modeling, but are applied here 
to give additional insights using a different theory. 

It is noteworthy that in theory [12], the tails of the impulse 
response (t>t0) for a specific room, have the same exponential 
slope and power level, regardless of position within the room. 
It is also independent of the antenna radiation pattern. This 
idea originates from experimental observations [12] and is 
well supported by the acoustics theory.  

In this paper, measurements in an aircraft cabin are 
compared with the proposed theory and the effects of 
passengers in the seats are also investigated. The propagation 
of a UWB channel within a passenger cabin was previously 
studied in [17, 18], whereas the effect of human presence in a 
midsize airliner was previously investigated in [19]. One of 
the drawbacks common to these previous investigations is the 
lack of a simple theory which allows effective quantification 
of the influence of the human occupants on UWB 
propagation. 

The paper is organized as follows. Section II presents a 
brief theory of room electromagnetics with more details in the 
Appendix. A description of the cabin and measurement 
scenario is presented in section III. A comparison between 
calculation from theory and measurements is presented in 
section IV. Section V summarizes the observations and 
concludes the paper. 

II. THEORY OF DIFFUSE RADIATION 
The theory relies heavily on the developments from acous-

tics  [13]. The relationship to acoustics and derivation of the 
mathematical results are given in the Appendix. Here we shall 
just give an overview, clarifying the assumptions.  

    A rough wall may reflect electromagnetic waves in two 
ways, (i) a coherent component, which for planar structures 
may be computed by the Fresnel reflection coefficients and 
the use of image theory, and (ii) an incoherent scatter from all 

scatterers in all directions. The value of the reflection coeffi-
cient will decrease as the roughness increases. It is assumed 
here that the roughness (or randomness) is so large that the 
diffuse part dominates. In the time domain, multiple scattering 
leads to an exponential decay of power with a decay constant, 
τ, called the reverberation time.  This can be obtained from 
(A9)  

 
                          (1) 
 
where V is the room volume, A’ the effective absorption area, 
and c the velocity of light. A’ may also be written as ηA, 
where A is the true surface area and η is the absorption coeffi-
cient. The power at zero delay, Pm in Figure 1, is given in 
(A14) by   
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where impulse width, Δ, is much smaller than the reverbera-
tion time.  ηpol is a factor giving the fraction  of the incident 
power at the antenna that matches the polarization of the an-
tenna. The field is assumed to be completely random, includ-
ing the polarization, so ηpol = 0.5. The distributed (over the full 
sphere) directivity of the antennas equals one, since the inci-
dent energy is assumed uniformly distributed over all direc-
tions. The antennas are assumed lossless. 

In order to find the received power, Prec, we need to inte-
grate the impulse over the delay time (A13) 
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III. MEASUREMENT SCENARIO 
A measurement campaign was carried out at the front sec-

tion, upper deck of a double-decker large wide-bodied aircraft 
mockup. The investigated area of the cabin consists of five 
rows of seats and, depending on the row number, each has up 
to six seats which leads to a total of twenty-four seats. A stair-
case to gain access to the lower deck is located at the front of 
the investigated area while the end of the investigated area 
was covered up by wooden doors. Fig. 2(a) and 2(b) show the 
layout of the aircraft cabin with transmitter positions marked 
with a solid rhombus and receiver positions indicated by solid 
rectangles. Owing to the longitudinal symmetry of the aircraft 
cabin, transmitters were located at only one of the side walls, 
at the front (E1 from Fig. 2(a)) and at the end (E3 from Fig. 
2(b)).  
 All transmitters were raised to ceiling height on a tripod 
while receivers were mounted at headrest and armrest heights, 
aiming to differentiate LOS and NLOS propagation scenarios.  
Channel measurements were first performed in an empty cabin 
and then the measurement was repeated in a fully occupied  
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Fig. 2(a): Cabin layout with transmitter E1 located at the front. Receivers 
(Rx) were located at headrest and armrest height. Additional grid measure-
ments were performed at Grid 1 at headrest height. 
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Fig. 2(b): Cabin layout with transmitter E3 at the end of the cabin section 
which was shielded. Receivers (Rx) are located at headrest and armrest 
height. Additional grid measurements were performed at Grid 2 at armrest 
height. 
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Fig. 3(a) and 3(b): 9 measured positions from Grid 1(left) and 13 measured 
positions from Grid 2 (right). 
 
cabin (all 24 seats with a passenger). 

With the aim of ensuring that the small-scale fading 
characteristics were captured within a local area, two gridded 
measurements were conducted at two different seats in the 
aircraft cabin. The measurements were performed with the aid 
of measurement tools known as Grid 1 and Grid 2. These 
comprise 7 x 7 grids with each cell spaced by 40 mm as shown 
in Fig. 3(a) and 3(b). During these measurements, Grid 1 was at 
the headrest (HR) position while Grid 2 was mounted at armrest 
(AR) position. With the grid spacing being close to half of the 
wavelength of the lowest frequency, the aim is to ensure the 
spatial samples collected are uncorrelated. It has been reported 
in [15, 16] that the small-scale fading can be effectively 
averaged out from 9 spatial grid samples, so that the shape of 
the mean power delay profile can be estimated. Therefore, 9  
positions from Grid 1 and 13 positions from Grid 2 were 
measured. The transfer functions of the channel were measured 
using a vector network analyzer (Rohde & Schwarz  

   
Fig. 4(a)(b): Receiver at armrest height in fully occupied cabin (left) and 
receiver at headrest height in empty cabin (right). 
 
ZVC, 20 kHz-8GHz) for a frequency range from 3 to 8 GHz. 
In order to increase the dynamic range of the setup, the output 
signal of the VNA was amplified by about 50 dB using an HF 
amplifier (PTC6345-N from TMD). The measurement setup is 
depicted in Figure 5. In order to exclude the influence of the 
amplifier and all cables used for the measurement, the 
calibration planes are at the ends of the cables as shown in 
Figure 5. Small conical antennas with good impedance 
matching over the frequency band were used during the 
measurement and the almost frequency-independent antenna 
patterns are included in the channel. The patterns are 
omnidirectional in the horizontal plane, and they capture, for 
the experimental channel transfer functions, the vertically 
polarized components from these directions. The horizontal 
polarization and the incident components from the other 
directions are suppressed according to the pattern.  
 

 
 
Fig. 5: Measurement setup used in the measurement campaign. 

IV. COMPARISON WITH MEASUREMENTS 

A. Reverberation Time  
The reverberation time may be derived from the measure-

ment data using the slope in dB/ns. Fig. 6 shows sample (in-
stantaneous) impulse responses measured from one access 
point (E3) to three different occupied seats. The resolution is 
0.2 ns corresponding to the total bandwidth of 5 GHz. The 
straight line is the best minimum least-square fit to all three 
curves between 40 and 140 ns to avoid the LOS and the noise 

Rx at armrest height 

Rx at headrest height 
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floor, respectively The slope of the best fit line corresponds to 
a reverberation time of τ = 17.7 ns. 

The receiver located at the nearest seat {(row, column) = (5, 
1)} has a LOS link to the transmitter, hence the impulse 
response is dominated by the LOS component and close 
proximity scatterers contributing to the beginning of the 
impulse response. This deviates very much from the impulse 
responses measured from the other receivers at seat (2, 4) and 
seat (1, 1). After about 25 ns, however; all the three tails are 
about the same, both in slope as well as in amplitude, which 
supports the general diffuse theory. Owing to the lack of spatial 
averaging in these sample results, there is considerable 
variability. However, this can be resolved by using the data 
obtained from grid measurements for two seats as mentioned 
above; the frequency dependence is studied with a bandwidth 
of 1 GHz. Following the model, the exponential decay of the  
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Fig. 6: Impulse responses measured from one access point to different seats in 
headrest (HR) positions, where seat = {(row, column)| (5,1), (2,4) and (1,1)}.  
The responses are derived from 1600 frequency points from 3 to 8 GHz. The 
arrival times correspond approximately to the distances between the anten-
nas. The average slope of the tails corresponds to an average reverberation 
time of 17.7 ns. 
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Fig. 7: Reverberation times as a function of frequency and occupancy of seats 
averaged over 13 closely spaced points in a grid [12]. Bandwidth used is 1 
GHz. 

diffuse component is approximately the same regardless of the 
measured positions as indicated earlier, and only the grid 
measurement data set derived from one of the seats (2, 4) with 
transmitter E1 is shown. The dependence of reverberation 
time on frequency, as well as on seat occupancy, is depicted in 
Fig. 7, where the reverberation time, derived by best-fitting 
the measured averaged impulse responses is found to fall be-
tween 15 ns and 25 ns. The decline of reverberation time with 
frequency is an indication of increasing absorption with fre-
quency (A9). 

From a communication point of view, the reverberation 
time τ is not the only time parameter of interest - others are the 
RMS delay spread s and the mean arrival time tm 
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where t is the arrival time of a point on the delay axis and P(t) 
is the corresponding power. The excess delay is the mean ar-
rival time minus the propagation delay (time of flight), tm-t0. 

For the simple model of Figure 1 it is easy to find the 
various moments analytically with the result that 
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so the delay spread is upper bounded by the reverberation time 
and lower bounded by the mean excess time, in good agree-
ment with figure 8 for the fully occupied cabin. K is the Ri-
cean K-factor. 
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Fig. 8: Three characteristic time parameters for a fully occupied cabin. The 
delay spread and the excess arrival time are smaller than the reverberation 
time owing to the concentration of the impulses near the beginning. For a 
strictly exponential curve, K=0, the three parameters would be identical. 
 



 
 

5

B. Path Loss 
In order to determine the average path loss corresponding to 

the diffuse power from eq. (A13), we need to determine the 
volume V, the reverberation time τ, and the distance d0.  τ is 
determined from the measured impulse responses and distance 
d0 is the shortest distance between receiver and transmitter. In 
an ordinary room, the volume can be easy to measure, but for 
a complicated structure such as an aircraft cabin with 
cylindrical cross section, furniture clutter, and openings to 
other levels, it is not simple. It is interesting to observe from 
eq. (A14) that for an impulse which is shorter than the 
reverberation time (Δ<< τ), the level of the exponential tail of 
the impulse response depends on the volume and wavelength 
only. With a pulse width Δ of 0.2 ns used in our discussion 
here, this condition is satisfied, and the volume V is estimated 
to be 100 m3 from eq. (A14). 
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Fig. 9a:  Diffuse path loss at headrest E1 as function of carrier frequency for 
a fully occupied (WP) and an unoccupied (NP) cabin. 
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Fig. 9b: Diffuse path loss at armrest E3 for a fully occupied cabin (WP). An 
additional armrest shadowing loss of 8 dB compared with headrest position. 

 
In Fig. 9a, the theoretical path loss for diffuse power is 

compared with an experiment for a full (WP=With Passen-
gers) and unoccupied cabin (NP=No Passengers), using the 

reverberation times from Fig. 7. The first observation is that, 
from a path loss point of view, the difference between fully 
occupied and unoccupied is in the order of 1 to 2 dB. One dB 
can be accounted for by the reduction of τ by about 20% (Fig. 
7), and the remaining loss comes from the exponential spatial 
decay (last factor in (A12)). The frequency dependence is 
dominated by the λ2 term in the path loss (A13), although τ is 
also somewhat frequency dependent.  The path loss exhibits 
an additionally drop at frequencies below 3.5 GHz for an un-
known reason. 

In Fig. 9b, the armrest scenario in an occupied cabin is 
shown. The measurement result shows an additional loss of 
about 8 dB for this particular location, which may be 
interpreted from the fact that the field of view is limited at 
armrest level so not all the multipath rays may reach the 
antenna, in contrast to the headrest with a wider field of view. 
This additional loss has also been noted in [15]. 
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Fig. 10: Path loss versus distance with occupied cabin, antenna at headrest, 
f=5.5 GHz. The LOS case assumes a directivity of 1 and dominates at small 
distances. Averaging over a 200 MHz bandwidth. τ is set at 16 ns. 
 

The spatial variation of the path loss is also important and 
an example is shown in Fig. 10 with antennas at headrest level 
for a full cabin scenario. In order to reduce the variability, the 
powers are averaged over a 200 MHz bandwidth centered at 
5.5 GHz. Both the power law of LOS and the exponential law 
for the diffuse radiation (A13) are shown. It is clear that the 
LOS strongly dominates at short distances of 1-2 meters, 
while the diffuse radiation dominates at larger distances. The 
agreement is reasonable, but it is of course apparent that other 
models may also be used to explain the situation, such as 
those discussed in [14, 15]. However, the presented model has 
the advantage of a physical mechanism as its basis. The slope 
of the diffuse power versus distance can be derived from 
(A13) with t0=d0/c 

 

][τ= dB/m     clog(10) 
10

dl
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which equals 0.9 dB/m for τ =16 ns, for the case of Fig.10. 
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C.   Absorption in Persons  
There are two aspects of the presence of seated passengers: 

the propagation parameters such as path loss and delay spread 
are influenced; and some of the energy is absorbed.  The latter 
aspect is discussed in this section, since possible health risks 
continue to be an issue. The relevant concern here is the 
whole- body Specific Absorption Ratio (SAR) which depends 
on absorbed power per unit weight. The SAR is often found 
numerically [22] from knowledge of the distribution of 
complex permittivity in the body, and experimental values are 
scarce. The absorbed power is the product of the incident 
intensity I (W/m2) and the absorption cross section Ap (m2) of 
a person. The measurements described in this paper allow us 
to quantify the absorption in a single passenger by assuming 
that the absorption cross section of each passenger is the 
same.  

Having already determined the reverberation times (Fig. 7) 
the absorption areas for a full and empty cabin may be found 
from eq. (A9), and the result is shown in Figure 11. There is a 
clear difference between the fully occupied and unoccupied 
cabin, and we assume that the difference is purely due to the 
absorption of the passengers. The total amount of absorbed 
power relative to transmitted power is around 0.10-0.27, since 
the total transmitted power must equal the total absorbed 
power.  
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Fig. 11:  Absorption areas for a full and an empty cabin based on 
reverberation times (Fig. 7). Headrest at grid E1.  The difference curve is 
assumed to be due to absorption in passengers. In this case 10-27 % of the 
input power is absorbed by passengers. 
 

The relevant quantity we need is the intensity Ii incident on 
the passenger, and this may be derived from the received 
power by dividing with the antenna absorption area. It should 
be noted that the polarization factor should not be applied 
since both polarizations contribute to the absorbed power. The 
intensity relative to 1 Watt transmitted power is shown in Fig-
ure 12 as a function of distance from the access point, the fig-
ure is essentially the inverse of Fig. 10, the equation relating 
the relative absorbed power with the intensity and the absorp-
tion area of the persons is then (A6) 

∑ ∑
= =

==
24

1i

24

1i
ippi 250IAAI .ππ              (8)   

     
where the index i refer to passengers, and 0.25 a 
representative number for the relative absorbed power. The 
problem is that we do not know the intensity (or received 
power) at all the seats, but a good estimate is sufficient for a 
simple model. Assume that two persons are exposed with 
Ii=0.1 W/m2, two with Ii=0.01 W/m2, and 20 persons with 
Ii=0.001 W/m2, which is in rough agreement with Fig. 12. The 
resulting Ap from eq. 8 is then 0.33 m2. This area is in good 
agreement with experimental results such as [17] where a 
figure of 0.4 m2 is quoted at 2.4 GHz with the note that the 
result “varies very slowly with frequency”. In [18] an 
absorption cross section of 0.38 m2 is computed for adult 
Japanese for a frequency of 2 GHz.  

After having determined Ap, we may also note that the total 
absorption will fall drastically if no passenger is located 
within 2 meters from the access point. In this example, the 
total relative power absorbed by the persons will drop to 0.06 
instead of 0.25, when the two closest persons are moved from 
a position with incident intensity at 0.1 W/m2 to another 
position with incident intensity at 0.01 W/m2.  
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Fig. 12: Intensity in W/m2 for 1 W input as a function of distance. Essentially 
the same as the negative of Fig. 10 corrected for antenna area and polariza-
tion. 
 

V. CONCLUSION 
 A simple method for addressing the impact of persons is 

presented in this paper. The theory is inspired by the 
observation that in closed rooms the acoustic impulse 
response features a single exponential tail where the level and 
slope of the tail is essentially the same everywhere in the 
room. This leads to the equivalent electromagnetic theory for 
rooms. The approximations made are: 

 
- The effect of polarization is included by assuming that it 

is completely random. This makes the theory very 
similar to room acoustics. 
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- Incoherent diffuse scattering is assumed to be valid 
everywhere within the room. This makes the theory 
different from standard ray tracing techniques and the 
use of image theory for coherent reflections. 
 

These approximations make the theory very simple and 
similar, but not identical, to microwave reverberation chamber 
theory. The theory considers the use of finite pulse width for 
exciting the impulse response which leads to a spatial 
distribution of the diffuse energy (in a narrowband steady 
state situation the diffuse power is uniformly distributed). 
From the assumption of diffuse scattering, an experimentally 
determined reverberation time allows determination of the 
path loss and delay time parameters. The theory is compared 
with accurate experimental results measured over a 5 GHz 
bandwidth in an unoccupied and fully occupied cabin, and the 
agreement is within a few dB for path loss. When the antenna 
is ‘buried’ in the environment so not all paths are visible an 
additional loss is noted. In close proximity to the transmitter, 
the field intensity is dominated by the LOS component. The 
diffuse power becomes dominant further away from the 
transmitter, so in general the total absorption depends 
critically on any people that are in close proximity to the 
transmitter. The average absorption area of a passenger has 
been approximately determined for a fully occupied aircraft 
cabin section, but the method is general and applies to other 
indoor single room spaces. 

APPENDIX 
The following is a condensed version of the theory of dif-

fuse radiation as developed by [13], with the proper modifica-
tions required to go from acoustics to electromagnetics. The 
theory of electromagnetic reverberation chambers [14] is 
closely related. 

The main difference and similarity between acoustics and 
electromagnetics can be shown through the basic differential 
equations for free space [23] 
 

0AkA 2
e
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0pkp 2
a
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where A  is the electromagnetic vector potential (not to be 
confused with absorption area, A) and p the acoustic pressure. 
In the case of only vertical polarization, say, A  will be a sca-
lar. The wavenumbers are ke=ω/c and ka=ω/v, ω being the 
angular frequency, c the velocity of light, and v the velocity of 
sound, so the wavenumbers or wavelengths (λ=2π/k) are of 
the same order. Of course their material properties may be 
different, but the approximate equality of the wavelengths 
indicates that the correlation properties of the surfaces are 
similar. The phase of the waves is not relevant because diffuse 
scattering relates to the local mean power.    

The basic assumption is complete randomness for the dif-
fuse tail of the impulse response, which can be translated into 

uniformly distributed directions of intensity I (W/m2) at any 
time. The energy density is [23]  
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for one incident path, so for many paths we integrate over all 
directions 
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since we assume that all directions carry the same intensity I. 
                                                                                              
Assume now that the intensity in (A3) is incident on a wall 
area A, which partly absorbs it with fraction η. The total pow-
er absorbed is an integration over a half-space (one side of the 
wall), i.e. 
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where the cosine term is needed for defining the apparent ap-
erture in the direction ϑ . Since I is independent of direction, 
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where we have introduced A’ = ηA. 
 
With an input source power of Pin(t) Watts, we can now for-
mulate the final power balance in the room using (A6). The 
input power is balanced by the increase in energy/second in 
volume V and the losses at the walls, 
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The solution to this equation is 
 
                                                   

 (A8)  

                                                            (A8)  
 

where                                                                            (A9) 
  
 
is the reverberation time. 
 
Assuming a rectangular pulse of unit height and width Δ, we 
find 
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In our case   Δ<< τ ,  so  
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since causality requires that there is a propagation delay, 
where t0=d/c  (Figure 1). 

In order to find Prec , the total power received at the an-
tenna, we need to integrate over the tail of the impulse re-
sponse and multiply the intensity with the absorption cross 
section of the antenna. The latter equals λ2/4π since the gain of 
any lossless antenna in a uniform, random environment, is 1. 
This leads to the final result for the path gain 
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Realizing that the antenna only receives half of the incident 
intensity, which is assumed equally divided between two or-
thogonal polarizations, we multiply with a polarization factor 
ηpol=0.5. 
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The result is surprisingly simple, telling that the mean re-
ceived diffuse power may be determined everywhere by 
knowing the reverberation time and the volume, which deter-
mine the effective absorption area A’. 
 
It is interesting also to determine Pm (Fig. 1) where the slope 
cuts the power axis. Translating the zero energy density value 
W(0) to received power, we find 
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where the approximation in (A11) has been used. Note the 
independence of absorption. 
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