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Abstract—The theory of room electromagnetics provides a
simple characterization of indoor microwave propagation. By
considering the indoor environment as a lossy cavity, the ex-
ponential decay rate of the power-delay profile is related to the
total absorption inside the room. In this paper, we explore the
possibility of estimating the number of people inside a below-deck
ship compartment using only the decay time constant, also known
as reverberation time. First, we verify the reverberating nature of
the room. Then, we find the relation between reverberation time
and the number of people inside the room. We show that it is
possible to estimate the number of people with a good accuracy,
depending on the number of antennas used. With a success rate
of 88%, the estimation error is only 1 person when 16 spatially
averaged antennas are used.

Index Terms—ships, propagation, measurements, room elec-
tronmagnetics, indoor environment, reverberation time, ACS,
human detection

I. INTRODUCTION

Deploying wireless networks in confined, reflective spaces

such as found in metallic warehouses, aircraft cabins, and

below-deck compartments in ships is gaining lots of interest,

mainly for automatic alarm, monitoring, and safety applica-

tions. In particular, below-deck spaces in ships have been

a primary focus of a number of studies, which explored

both RF propagation and wireless communication performance

[1]–[5]. Current shipboard monitoring systems use extensive

lengths of cables to connect a massive number of sensors

to control units. Wired installation during ships construction

results in a high cost and weight. In addition, ships repre-

sent a harsh environment in which wires are vulnerable to

moisture, heat and toxic elements, making maintenance a very

difficult task. On the other hand, wireless communication is

a serious challenge in the particular environment of ships [5].

Such highly reflective environment is characterized by rich

electromagnetic scattering, time and angular dispersion, and

can exhibit features of a complex reverberant cavity. However,

the method proposed in this paper uses a relatively simple

propagation model with only a single parameter to describe

the environment.

Similar to Room Acoustics [6], Room Electromagnetics

theory views the indoor environment as a lossy cavity, where

all the effective losses can be described by the exponentially

decaying tail of the power-delay profile (PDP) [7], as shown in

Fig. 1. The decay time constant, also known as reverberation

Fig. 1. Theoretical model of propagation including a LOS and an exponential
tail with time constant τ

time (RT), is a function of the volume and the absorption area

of the room. The work in [8] validates the use of the acoustic

reverberation models in electromagnetics by observing the

reverberation time and gain, while altering the properties of the

room in a controlled manner. It confirms that the reverberation

is confined in the room where the transmitter and receiver are

located. In [9], the impact of persons is studied by conducting

measurements in a 24 passenger section of an aircraft cabin for

the cabin being unoccupied and fully occupied. It shows that

the total absorption from the seated passengers is dominated by

the few who are near the transmitter. Also, the average absorp-

tion area of a passenger has been approximately determined at

2.4 GHz for the fully occupied cabin. Experimental assessment

of the absorption cross section and specific absorption rate of

the human body is conducted in [10] at 2.3 GHz. The results

confirm that the reverberation time is location and antenna

independent by conducting the measurements in two different

locations using two different measurement systems.

The contribution of this paper is to estimate the number

of persons in a reverberant ship compartment based on room

electromagnetics. Knowledge of the location or the movement

of people on ships has a wide range of applications in com-

mercial solutions and during the duty of state officials. Most

solutions require the person to have a device that communicate

with the network access points [11], [12]. The novelty of this

work is based on detecting the presence of persons indoors

without any active or passive components attached. Since the

RT is related to the absorption area of the room, the presence
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TABLE I
MIMOSA CHANNEL SOUNDER SPECIFICATIONS

Parameter Setting

center frequency 1.35 GHz

bandwidth 80 MHz

number of Tx and Rx antennas 8

Tx and Rx polarization H/V

number of OFDM subcarriers 6560

OFDM symbol duration TS 81.92 μs

cyclic prefix duration TCP 0 ≤ TCP ≤ TS

16×16 channel acquisition time 2 (TS + TCP ) ≤ 327.68 μs

of people in the room will alter the total absorption area, and

hence, the RT. To this end, the PDP is measured in a below-

deck room using a channel sounder, first without the presence

of humans. Then, persons are introduced into the room one

at a time. Eventually, the RT is calculated by means of linear

regression and for each case, the number of people inside the

room is estimated using the theory of room electromagnetics.

The outline of this paper is as follows. The measurement

scenario is described in Section II. Section III describes the

methodology to extract the RT, while in Section IV results of

the measurements and RT are presented. Section V shows the

estimation results for the number of people, and conclusions

are drawn in Section VI.

II. MEASUREMENT CONFIGURATION AND SCENARIO

Channel measurements are performed with the MIMOSA

radio channel sounder [13]. The center frequency is 1.35 GHz

and the transmission bandwidth is 80 MHz. The sounder uses

dual-polarized patch antenna arrays with horizontal (H) and

vertical (V) polarization. For this measurement campaign, 8-

element rectangular arrays are used at both the transmitter (Tx)

and receiver (Rx). Orthogonal frequency division multiplexing

(OFDM) is used to encode 8 parallel transmit channels,

and by connecting each to a two-port RF switch for the

two polarizations, a total of 16×16 channels are measured.

The channel sounder is fully parallel: the data from each

transmit antenna is simultaneously modulated onto the carriers

using interleaved frequency division multiple access. Table I

summarizes the technical specifications of MIMOSA.

The measurement campaign is carried out in the steering

gears room of a bulk carrier vessel, shown in Fig. 2. The Tx

and Rx of the channel sounder are placed inside the room and

the door is kept closed during the measurement. The room

has a height of 4 m and a volume of 600 m3, approximately.

The antenna array of Rx is fixed at 2 m height, with radiation

towards the corner of the room [1]. The reverberating nature of

the room is first investigated by measuring the radio channel

at random locations inside the room. This is done by placing

the Tx antenna array at 6 different locations. Then, the Tx is

fixed and the radio channel is recorded for different numbers

of people inside the room, ranging from 0 to 6 persons at

different locations. The channel sounder with fixed Tx and Rx,

thus, works as a bistatic radar. Each channel is measured 200

times in static conditions and averaged to reduce measurement

Fig. 2. Below-deck ship compartment with rectangular antenna arrays of the
channel sounder

noise. Hence, a total of S = 7×64×4 PDPs are calculated,

where the value 64 results from the 8×8 antennas, and 4 from

the polarizations (VV, HV, VH, HH) with the first for Tx and

the second for Rx.

III. METHODOLOGY

In order to estimate the number of people inside the room,

we first need to extract the RT. In indoor propagation, multiple

reflections and scattering lead to an exponential decay of

power with a decay constant τ . The diffuse scattering model

in Fig. 1 can be represented as

P (t) = P0 exp (−t/τ) (1)

where t is the arriving time of a point on the delay axis and

P (t) is the corresponding power. The RT τ can be expressed

as [7]

τ =
4V

cAn
(2)

where V is the room volume, An is the total absorption area

and c is the velocity of light. In a fixed environment, where

the contents of the room do not change except for the number

of people inside, the total absorption area can be written as

An = A0 + n×ACS (3)

where A0 is the absorption area of the room without people,

n is the number of people in the room and ACS is the

average absorption cross section area of the human body. Each

additional person in the room increases the total absorption

area by the amount of the ACS of the human body. From the

RT in (2), it is possible to assess the absorption area An, and

assuming the ACS is known, the number of people n can be

calculated from (3).

For the extraction of the reverberation time, the slope of

the PDP exponential decay has to be calculated. However, the
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Fig. 3. PDP and linear regression for different polarizations in case of an
empty room

tail of the PDP is not perfectly linear due to noise, LOS and

specular components. A least-square regression line is thus

used to fit the PDP over a delay range, and the choice of this

range is done automatically. First, to avoid LOS, the starting

point is taken as the mean arrival time Tm given by

Tm =

∑
tP (t)∑
P (t)

(4)

Second, the noise level is calculated by averaging all the

power values with large delays from the PDP where no

multipath components above the noise are expected. Finally,

in order to avoid the effect of the noise floor, the ending point

of the regression delay range is taken when the power level

reaches 5 dB above the calculated noise level.

IV. EXPERIMENTAL RESULTS AND POSTPROCESSING

A. RT Extraction

In order to investigate the reverberating nature of the

environment, the RT is calculated at 6 different locations in

case of an empty room. The PDP is first spatially averaged

over all the antennas before extracting the RT, to reduce

small-scale fading. Fig. 3 shows the PDP at one location for

different polarizations in case of an empty room. The figure

shows the identical diffuse power level of the co-polar and

cross-polar channels, suggesting that the complex field in the

room is completely random and the environment is indeed

reverberating. To further strengthen that assumption, the RT

is calculated at 6 random locations in the room. Fig. 4 shows

the RT at each location for different polarizations. It is clear

that the RT value is independent of the location as well as the

polarization of the antennas, with a relative standard deviatoin

of 0.99%. This verifies the reverberating nature of the room,

in accordance with [10].

In the same way, the RT is calculated when the room is

occupied by people, starting from 1 till 6 persons. Fig. 5 shows

VV HV VH HH
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Fig. 4. RT at 6 locations for differemt polarizations in case of an empty
room, where the first polarization (H/V) is for Tx and the second one is for
Rx
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Fig. 5. RT versus the number of persons inside the room for different
polarizations

the RT versus the number of persons for different polariza-

tions. The figure clearly indicates that the RT is inversely

proportional to the number of persons in an almost linear

way. This validates the relation between the RT, absorption

area, and the number of persons in the room for different

polarizations. Fig. 5 also shows that the RT for VV is slightly

lower than the average of all polarizations, suggesting that

human bodyis more prone to absorbing vertically polarized

compared to horizontally polarized waves. Nevertheless, the

RT for different polarizations are similar enough (relative

standard deviation of 0.61%) to aggregate them into a larger

sample size.

B. Absorption Area and ACS

Since our method assumes the knowledge of the average

ACS of the persons inside the room, it would be of interest
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TABLE II
PARAMETERS CALIBRATION IN (M2)

Full data Calibration set (20%)

ACS 1.33 1.26

A0 36.44 36.57

to first calculate the ACS based on our measurements and

compare it to prior studies. From (3), the ACS is the slope

of the linear regression of different absorption areas An

related to a different number of persons (n = 0, 1, .., 6).

The calculation of An is given in (2) by averaging the PDPs

of all polarizations before extracting the RT τn. This gives

an ACS of 1.3 m2. Previous studies indicate an ACS of

0.3-0.4 m2 for the given frequency [14]. A reason for this

deviation is the complex structure of the room, making the

calculation of the exact volume a difficult task. Moreover, (2)

assumes homogeneous repartition of energy within the room,

and consequently uniformly distributed absorption, and that

the field is completely diffuse [7]. In general, the field will

be sufficiently diffuse if the basic dimensions of the room are

almost the same, walls are not parallel, and most absorbing

surfaces are divided into parts and uniformly distributed. In

practice, almost none of these requirements are fulfilled.

Nonetheless, to be able to estimate the number of people

from the RT, the ACS and A0 of our scenario need to be

calibrated. This is done by randomly splitting the measurement

data S into two sets: a calibration set of 20% of the data for

calculating the ACS and A0, and a testing set of 80% to

actually estimate the number of people based on the calibrated

values. Table II summaries the calculated calibration values

from both the full data set and the calibration set. The small

difference between the values of the two sets indicates how

well the estimation performance is expected to be.

V. ANALYSIS AND DISCUSSION

In this section, the number of persons inside the room is

estimated. Table II lists the calibrated ACS and A0 values,

while the total absorption area An is calculated based on the

measured τ from (2) for each case. From (3), the estimate

number of persons is obtained as

n̂ =

[
An −A0

ACS

]
(5)

where a simple round operator [.] is used to get the integer

estimate. The estimation performance depends on the RT

calculation as aforementioned. For a more accurate RT, spatial

averaging of the PDPs from several antenna elements is

used. Fig. 6 presents the estimation performance for different

number m of averaged PDPs from the testing set. It shows

the histogram of the estimation error e defined as the absolute

difference between the estimate and the actual number of

persons

e = |n− n̂| (6)
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Fig. 6. Estimation error (e = 0-6 persons) histogram of the number of persons
in the room for different spatial averaging sizes

Fig. 7. Confusion matrix for the estimation percentage of the number of
persons in the room for m=16

With only a single antenna (m=1), the estimation error

can reach up to 6 persons with an estimation success rate

of only 21.4%. As m increases, the estimation performance

improves in terms of higher success rate and smaller number of

persons as estimation error. With 16 spatially averaged links,

the success rate is 88% with only 1-person error of 12%. Fig. 7

shows the confusion matrix for m=16. It gives the details of

the estimation percentage per each case of observed number

of persons. This clearly shows the good performance of the

estimation algorithm, where all the cases have a success rate

above 81%, and all the estimation error larger than 1-person

is 0%.

It should be acknowledged that, while the persons may

not be exposed identically, this method assumes they are, as

shown in (3), which influences the estimation performance.

Factors that can improve the performance of estimation in-
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clude: increasing the sample size of measurement scenarios,

and increasing the number of antennas or spatial averaging

m for improved calculation of the RT, and hence, improved

overall estimation performance.

VI. CONCLUSION

Based on the simple theory of Room Electromagnetics, this

paper explores the feasibility of estimating the number of

persons inside a reverberant ship compartment by means of

only measuring the reverberation time. Our findings indicate

that there is indeed an inverse relation between the number

of persons inside the room and the reverberation time. We

observe that the reverberation time is the same, independent

of the antenna or the location used for measurement inside

the room. A calibration of the ACS is needed before perform-

ing the estimation, which is done via measurements. While

the estimation performance is very low in case of a single

antenna, it can be enhanced via spatial averaging of multiple

antennas. With 16 spatially-averaged PDPs, a good estimation

performance is achieved with only a 1-person error of 12%.
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