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Moe Z. Win, Fellow IEEE

Abstract—Emerging healthcare radio technologies are designed
to operate in the 2.4GHz industrial, scientific and medical
(ISM) band. Since both standardized (Bluetooth and Wi-Fi) and
non-standardized (proprietary) devices use the same frequency
band, the aggregate interference may significantly affect the
performance of medical wireless systems. This paper charac-
terizes the spatiotemporal spectrum occupancy and proposes
models for the aggregate interference in hospital environments.
In particular, time–frequency and cluster-based statistical models
for the aggregate interference are developed based on network
experimentation. The proposed models enable the design of
wireless networks for e-health applications and medical services.

Index Terms—Wireless networks, medical ICT, e-health, inter-
ference, spectrum occupancy, network experimentation.

I. INTRODUCTION

Radio frequency spectrum is a finite resource coordinated
by regulatory bodies around the globe. In particular, regulatory
bodies in different countries allocate frequency bands for
healthcare [1]. This includes the sub-GHz ISM band, the
2.4 GHz ISM band, and the 3–10 GHz band [1]. In such
bands, there are multiple sources of interference such as that
generated by Wi-Fi, Bluetooth, ZigBee, and cordless phones
all operating in the 2.4 GHz band.

The increasing deployment of wireless technologies in
hospitals will significantly contribute to the electromagnetic
pollution, and, consequently, the interference will be a limiting
factor of their succesful operation. Spectral occupancy (SO),
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which affects the level of interference, provides insights into
the coexistence of heterogeneous wireless networks [2]–[10].
Therefore, it is important to determine the spectral occupancy
(SO) in the 2.35–2.50 GHz band to characterize the aggregate
interference. Dynamic spectrum access relies on accurate eval-
uation of the SO. Different SO metrics, namely channel occu-
pancy (CO), frequency band occupancy (FBO), and spectrum
resource occupancy (SRO), have been considered respectively
to represent the utilization of a channel, frequency-band or
spectrum resource over a period of time.

In [11], a measurement campaign in the 2.4 GHz ISM
band was conducted to determine the SO in an university
environment. In [12], experimental results on the coexis-
tence between Bluetooth and Wi-Fi in the ISM band are
reported. In [13], a measurement campaign is carried out to
determine the type of interference harming Wi-Fi devices.
In [14], experimental results on interference between Wi-
Fi and other radio devices (such as microwave ovens) op-
erated on a 2.4 GHz ISM band are described. Measurement
campaigns for SO characterization in hospital environments
have considered mainly the 2.4 GHz ISM band [15] and
were performed over a single day continuously [16] or over
multiple days in specific hours [17]. Since the number of
active devices can vary significantly from one day to another,
especially in a hospital environment, continuous measurements
over multiple days are of great importance. In addition to
the ISM band, other bands have been proposed for medical
information and communication technologies (ICT). In partic-
ular, in 2012, the Federal Communications Commission (FCC)
set aside 40 MHz of spectrum in the 2.36–2.40 GHz band
dedicated specifically for wireless medical devices. Similarly,
the European Telecommunications Standard Institute (ETSI)
is considering setting aside 16.5 MHz in the 2.4835–2.50 GHz
band. A comprehensive study of SO in ISM band and non-
ISM bands for e-health applications and medical services is
still missing in the literature.

This paper characterizes the spatiotemporal SO in the 2.35–
2.50 GHz band. In addition to the ISM band, we carried out
measurements in the lower 2.35–2.40 GHz band and in the
higher 2.4835–2.50 GHz band.1 Based on three measurement

1One of the measurement campaigns was carried out by the ETSI Smart
Body Area Networks (SmartBANs) Group [18] and has been reported in [19]–
[22]. While in [23] some preliminary results are reported on the spectrum
occupancy, based on a limited measurement campaign, this paper largely
extend the measurements campaigns and propose two statistical models of
the aggregate interference.



2 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

campaigns at Oulu University Hospital, various spatiotemporal
SO metrics have been evaluated and two statistical models
of the aggregate interference have been proposed. The first
model, referred to as the time-frequency (TF) model, describes
the aggregate interference plus noise over the entire frequency
band and over the whole week. The second model, referred
to as cluster-based (CB) model, describes the behaviour
of aggregate interference clusters over the whole week at
representative frequencies having low, moderate, and high
interference. While the TF model is useful for simulating the
aggregate interference plus noise, the CB model is useful for
generating an aggregate interference.

The contributions of the paper can be summarized as
follows:
• three one-week long network experimentation campaigns

in a hospital to measure the level of interference activity
in the ISM band;

• a statistical analysis of the occupancy of the frequency
channels in the ISM band; and

• two statistical models of the aggregate interference in the
ISM band.

The proposed models serve as basis for simulating network
behavior and designing medical devices (e.g., electrocardio-
gram sensors) in wireless hospital environments. The findings
in the paper suggest how to make effective use of the ISM
band for mission-critical medical services.

The reminder of this paper is organized as follows. In
Sec. II the evaluation of the SO is discussed, while in Sec. III
the measurement campaigns and the equipment are reported.
Sec. IV defines the channel occupancy, the frequency band oc-
cupancy and the spectrum resource occupancy metrics, while
Sec. V describes the experimentation in hospital environments.
Sec. VI discusses the statistical models of the aggregate
interference, and Sec. VII concludes the paper.

Notation: random variables (RVs) are displayed in sans
serif, upright fonts; their realizations in serif, italic fonts.
Vectors and matrices are denoted by bold lowercase and
uppercase letters, respectively. For example, a RV and its
realization are denoted by x and x; a random vector and its
realization are denoted by x and x; a random matrix and its
realization are denoted by X and X , respectively. Sets and
random sets are denoted by upright sans serif and calligraphic
font, respectively. For example, a random set and its realization
are denoted by X and X , respectively.

II. SPECTRUM OCCUPANCY CHARACTERIZATION

The characterization of SO involves collection and pro-
cessing of measurement data obtained in different settings.
The International Telecommunication Union–Radio Commu-
nication Sector (ITU-R) guidelines for SO measurements are
reported in [24]–[26]. Following the ITU-R guidelines, the
samples collected during each frequency sweep of the entire
bandwidth are grouped into regulated channels utilized by
wireless systems (e.g., Wi-Fi, Bluetooth, and Zigbee).

The sweeping rate of frequency band affects the charac-
terization of different temporal behaviors of the interference.
For example, bursty interference could not be captured by

infrequent sweeping of the band as in [27]. It is also important
to characterize the behavior of the interference over the
entire frequency band without restricting to channels utilized
by specific wireless systems. Furthermore, it is crucial to
design threshold for determining the SO metrics according
to a false-alarm vs. missed-detection tradeoff. In this paper,
an iterative algorithm known as median forward consecutive
mean excision (FCME) [28], [29] is applied over each sweep
to dynamically determine the threshold ηth for guaranteeing a
desired false-alarm probability p?FA.

The samples recorded by the spectrum analyzer (SA) in
the 2.35–2.50 GHz band are organized into a time-frequency
sample matrix

S = [s1, s2, . . . , sn, . . . , sN ] (1)

of size L×N , where L and N represent the total number of
sweeps and frequency samples in the band, respectively. The
nth column of S is given by

sn = [s1,n, s2,n, . . . , s`,n, . . . , sL,n]T (2)

where the element s`,n represents the sample of the received
power corresponding to the `th sweep at the nth frequency.
For example, in the second measurement campaign (accident
and emergency ward) the SA acquires K = 1200 frequency
samples over the 2.35–2.50 GHz band (i.e., separation between
two consecutive frequency samples was 125 kHz) in a 3 ms
long sweep. The processing time between two consecutive
sweeps was 45 ms. The number of sweeps is L = 1250, which
means that an acquisition time of 1 min is needed to capture
a single time-frequency matrix S. The total bandwidth under
investigation has been divided into 150 channels, 1 MHz wide
each. Every channel is thus composed of eight (1200/150)
frequency samples.

III. MEASUREMENT SETTINGS

Three one-week-long network experimentation campaigns
have been undertaken in Oulu University Hospital (OUH) to
characterize the SO in the 2.35–2.50 GHz band.2 The hospital
has more than 1000 beds and is equipped with state-of-the-art
medical equipment, several ambulatory bays, and a helipad.3

To capture the spatial behavior of interference activity, three
different locations were considered:

1) daily surgery ward;
2) accident and emergency ward; and
3) X-ray and radiology ward.
The experimental setup is depicted in Fig. 1. Measurements

were carried out using Agilent E4446A SA connected to a
computer using MATLAB Instrument Control Toolbox. To
capture the temporal behavior of the interference, the SA
collected data continuously for the whole week as the number
of active devices and their position vary from day to day during

2The radiation limitations are regulated in terms of specific absorption ratio
(SAR) by national agencies, including Federal Communications Commission,
Food and Drug Administration, and International Commission on Non-
Ionizing Radiation Protection. We characterized the interference generated
by the hospital’s wireless systems without adding intentional radiations.

3A detailed description of the hospital can be found in [30].
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Fig. 1. Equipment and experimental measurement scenario.

the week in a typical hospital. The SA was connected with
a 1 m cable to an omnidirectional, wideband antenna ARA
CMA-118/A [31].

The main parameter settings used in the network experi-
mentation are listed in Table I. As proposed by ITU-R [24],
the resolution bandwidth was set to 1/4 (250 kHz) of the
minimum channel bandwidth (1 MHz) in the second and third
measurement campaigns, whereas it was set to 300 kHz in the
first measurement campaign due to limitation on data matrix
size for MATLAB processing.

IV. SPECTRUM OCCUPANCY METRICS

The metrics recommended by ITU-R for characterizing the
SO are CO, FBO, and SRO. Specifically, the CO provides
information on the utilization of each channel in the frequency
band. The FBO provides information about the utilization of
the entire frequency band. The SRO provides information
on the utilization of the resources available to a specific
wireless system. ITU-R recommends that a channel is marked
as occupied if at least 50% of its frequency samples is above a
threshold, which may result in underestimation of true CO. To
overcome this issue, we consider the M×N binary occupancy
matrix B with elements

Bm,n =

{
1 sm,n > ηth

0 otherwise
(3)

where sm,n is the element of the M × N matrix obtained
by concatenating time-frequency sample matrices S in time.
The parameter M represents the number of sweeps per inte-
gration time; specifically, M = 4L for the first measurement
campaign and M = L for the second and third measurement
campaigns. The dynamic threshold ηth is determined accord-
ing to FCME algorithm with p?FA = 0.05.

Recall that the whole 2.35–2.50 GHz band is divided into
150 channels with index set C, each one composed by N/|C|
frequency samples. Let us define the CO indicator as

B(c)
m =

{
1 ∃n ∈ C(c) : Bm,n = 1

0 otherwise
(4)

TABLE I
PARAMETER SETTINGS FOR THE THREE MEASUREMENTS CAMPAIGNS.

Parameter Daily Surgery Emergency/Radiology
Frequency band 2.35–2.50GHz 2.35–2.50GHz

Bandwidth 150MHz 150MHz

No. of freq. samples 1601 1200

Resolution bandwidth 300 kHz 250 kHz

Bin-width 93.7 kHz 125 kHz

No. of sweeps 10000 1250 per min

Sweep time 2ms 3ms

Processing time 22ms 45ms

Integration time 4min 1min

Measurement duration 1 week 1 week

where C(c) is the sample index set of the cth channel. The cth
CO probability over the entire measurement campaign can be
approximated by averaging B(c)

m over all the sweeps as [32]

p
(c)
CO '

1

M

M∑
m=1

B(c)
m . (5)

The mth sweep FBO probability can be approximated by

pFBO,m '
1

N

N∑
n=1

Bm,n . (6)

The FBO probability over the entire measurement campaign
can be approximated by averaging pFBO,m over all the sweeps
as

pFBO '
1

M

M∑
m=1

pFBO,m . (7)

The SRO considers the set of channels Ω(w) used by a
specific wireless system w. The mth sweep SRO probability
for a system w can be approximated by

p
(w)
SRO,m '

1

|Ω(w)|
∑

c∈Ω(w)

B(c)
m . (8)

The SRO probability for a system w over the entire measure-
ment campaign can be approximated by averaging p

(w)
SRO,m

over all the sweeps as

p
(w)
SRO '

1

M

M∑
m=1

p
(w)
SRO,m . (9)

V. NETWORK EXPERIMENTATION

We now present the experimentation campaigns in three
different wards. The interference measurements are based on
the level of energy detected, which depends on the position
and type of wireless systems emitting the interfering signals.
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Fig. 2. The floor plan of the daily surgery ward on the ground floor of the hospital. The red point (top center) depicts the location of the spectrum analyzer,
while the five green circles depict the fixed Wi-Fi access points. The heatmap of the received power from each access point is also illustrated.

A. Daily surgery ward

The first measurement campaign was carried out in the daily
surgery ward. The floor plan of the daily surgery ward is shown
in Fig. 2, where the red dot represents the location of the
measurement equipment. The measurement parameters used
in this campaign are listed in second column of Table I.

Figs. 3(a) and 3(b) show the CO calculated from measure-
ments on Saturday Dec. 13th and Sunday Dec. 14th, respec-
tively, for the IEEE802.11b/g channels. Comparing Figs. 3(a)
and 3(b) revealed that a high variation of CO can be seen from
one day to another. Although a low interference was observed
for channel 11 in most of Sunday Dec. 14th, Fig. 3(b) shows
that its CO was over 50% for about one hour.

During the measurement campaign it was also observed that
the 2.35–2.40 GHz band contain low interference, suggesting
that the 2.36–2.40 GHz band allocated by FCC for medical
purposes is open for possible exploitation. In Europe, this
particular band is already allocated for long term evolution
(LTE), which could cause interference to the medical devices.
ETSI is currently evaluating the option to reserve the 2.438–
2.50 GHz band for medical services or to require medical
devices with interference detection and mitigation capabilities.

Fig. 4 shows the CO calculated from measurements on
Saturday Dec. 13th for the IEEE 802.11n channels. When
compared to Fig. 3(a), it can be observed that interference in
IEEE 802.11n channels is more bursty. This can be attributed
to the fact that currently IEEE 802.11n is less used than
IEEE 802.11b/g. The small sweep time in our network experi-
mentation, enabled to capture the bursty temporal behavior of
the interference in these channels.

Fig. 5 shows the SRO for IEEE 802.11b/g and IEEE 802.11n
channels and FBO calculated from measurements on Sunday
Dec. 14th. While the SRO of IEEE 802.11b/g reached 21%,
the FBO was 4%. This means that although specific channels
can be considered occupied 21% of the time, 96% of the entire

frequency band is not affected by interference, suggesting
that a large portion of the band can be exploited for medical
services.

B. Accident and emergency ward

The second measurement campaign was carried out in the
accident and emergency ward. The measurement parameters
used in this campaign are listed in third column of Table I.

Fig. 6(a) shows the CO calculated from measurements
over the whole week for the entire 2.35–2.50 GHz band.
In addition to IEEE 802.11b/g/n users in the 2.40–2.47 GHz
band, narrowband signals belonging to audio/video systems in
bands centered at 2.406 GHz, 2.427 GHz and 2.490 GHz were
observed. It can also be observed that the 2.35–2.40 GHz band
contains low interference.

Fig. 6(b) shows the maximum and the mean CO calculated
from measurements over the whole week for the entire 2.35–
2.50 GHz band. Although large values of the CO were ob-
served, most of the channels are scarcely occupied over the
entire week, suggesting that a large portion of the band can
be exploited for medical services.

Fig. 6(c) shows the SRO in the 2.35–2.50 GHz band (150
channels) calculated from measurements over the whole week.
A SRO over 15% was observed on the 4th, 6th and 7th day of
the week, while the mean SRO over the whole week was 4.5%.
Therefore, 95.5% of the spectrum resources were unoccupied,
on average. Restricting the SRO to ISM band (80 channels)
would increase the maximum SRO to 26.38% and the mean
SRO to 8.01%. On the other hand, focusing the 2.36–2.40 GHz
band (40 channels) would reduce the maximum SRO to 6.49%
and the mean SRO to 0.1%.

C. X-ray and radiology ward

The third measurement campaign was carried out in the
X-ray and radiology ward. The X-ray and radiology ward



MUCCHI et al.: SPECTRUM OCCUPANCY AND INTERFERENCE MODEL BASED ON NETWORK EXPERIMENTATION IN HOSPITAL 5

2350 2412 2437 2462 2500

Frequency (MHz)

00:00

03:30

07:00

10:30

14:00

17:30

20:00

24:00

T
im

e 
[h

h
:m

m
]

0

1

2

3

4

5

6

7

8

9

10

11

O
cc

u
p

an
cy

 (
%

)

(a) Saturday Dec. 13th.
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(b) Sunday Dec. 14th.

Fig. 3. CO for channels 1 (2.412GHz), 6 (2.437GHz) and 11 (2.462GHz)
of the IEEE802.11b/g (Saturday Dec. 13th and Sunday Dec. 14th). First
measurement campaign in daily surgery ward.

contains computer-aided tomography, X-ray, microwave and
radio ablation, and diathermy machines. The measurement
parameters used in this campaign are listed in third column of
Table I.

Fig. 7 shows the CO calculated from measurements over the
whole week for the entire 2.35–2.50 GHz band. Comparing
this ward to others revealed that here the CO was lower and
only sporadic interference was detected. This is due to the fact
that typical walls in X-ray and radiology ward are shielded,
and that this ward is less crowded compared to the others.

VI. STATISTICAL MODELS OF THE INTERFERENCE

To characterize the aggregate interference in a hospital envi-
ronment, two statistical models in the 2.35–2.50 GHz band are
proposed. The first model describes the aggregate interference
(plus noise) over the entire time–frequency intervals; while
the second model describes the aggregate interference (without
noise) by grouping the interference samples in clusters. Each
proposed model is selected among the candidate distributions,
as the one that best fits measurement data according to the
Bayesian information criterion (BIC) [33] described in the
following.

Let f̆x(·|θ) denote a candidate distribution for each element
of the random sample with corresponding joint distribution
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Fig. 4. CO for channels 3 (2.422GHz) and 9 (2.452GHz) of the
IEEE 802.11n (Saturday Dec. 13th). First measurement campaign in daily
surgery ward.
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Fig. 5. SRO for IEEE802.11 systems and FBO (Sunday Dec. 14th). First
measurement campaign in daily surgery ward.

f̆x(·|θ) and vector parameter θ of dimension d. For a given
observed vector x of lenght n, the cost associated with f̆x(·|θ)
is given by

ζBIC(x) = −2 ln(f̆x(x|θ̂)) + d ln(n) (10)

where θ̂ is a maximum likelihood (ML) estimate of θ, i.e.

θ̂ = arg max
θ̃

f̆x(x|θ̃) . (11)

Among all the candidate distributions, the best fit distribution
fx(·|θ) with corresponding joint distribution fx(·|θ) that min-
imizes the BIC in (10) is selected.

The similarity of the selected distribution with the empirical
distribution based on measurement data can be quantified
using the Jensen–Shannon divergence (JSD) [34]. Let p1 and
p2 be two probability density function (PDF) representing a
RV x taking values on a set X , then the JSD is defined as

J{p1||p2} =
1

2
D{p1||q}+

1

2
D{p2||q} (12)

where q = 1
2 (p1 + p2) and D{p1||p2} is the Kullback–Leibler

divergence, defined as

D{p1||p2} =

∫ ∞
−∞

p1(x) log
(p1(x)

p2(x)

)
dx . (13)
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(a) CO for the entire 2.35–2.50GHz band.

(b) Maximum and mean of the CO for the entire 2.35–2.50GHz band.

(c) SRO for the entire 2.35–2.50GHz band.

Fig. 6. CO and SRO for the entire 2.35–2.50GHz band over the whole week.
Second measurement campaign (accident and emergency ward).

A. Time–frequency statistical model of the interference

The data set measured in the daily surgery ward was chosen
to determine the time–frequency distribution of the aggregate
interference in different interference regimes.4 We consider
several candidate distributions including: Burr; exponential;
extreme value; Gaussian; generalized extreme value (GEV);
logistic; log–normal; t–location scale; and Weibull. The se-
lection is performed using an algorithm developed based on
[35]. Table II shows the selected distribution and the associated
parameters for different scenarios in the delay surgery ward.
The four best fit distributions are listed in the following,
where x is a RV representing the received power in time and
frequency.

4The daily surgery data set was chosen since it was the largest one
containing the full dynamic range of the interference, and it has the same
interference characteristics as of the other two wards.

Fig. 7. CO for the entire 2.35–2.50GHz band over the whole week. Third
measurement campaign (X-ray and radiology ward).

The GEV distribution [36] is given by

fx(x|k, µ, σ) =
1

σ
exp

{
−
(

1 + k
x− µ
σ

)−1/k}
×
(

1 + k
x− µ
σ

)−1−1/k
(14)

where k is the shape parameter, µ is the location parameter,
and σ is the scale parameter.

The Burr type XII distribution [36] is given by

fx(x|α, c, k) =
kc (x/α)c−1

α (1 + (x/α)c)k+1
(15)

where c and k are the shape parameters, and α is the scale
parameter.

The t–location scale distribution [36] is given by

fx(x|µ, σ, ν) =
Γ(ν+1

2 )

σ
√
πν Γ(ν/2)

(ν + (x−µ)2
σ

ν

)− ν+1
2

(16)

where Γ(·) represents the gamma function, µ is the location
parameter, σ is the scale parameter, and ν is the shape
parameter.

The logistic distribution [36] is given by

fx(x|µ, σ) =
e
x−µ
σ

σ
(

1 + e−
x−µ
σ

)2 (17)

where µ is the location parameter and σ is the scale parameter.
We further consider two scenarios of interest, namely low

and high interference, for the popular IEEE 802.11b/g systems
in the daily surgery ward. It was found that the stable distribu-
tion is the best fit for these two scenarios. The characteristic
function of a stable distribution [36] is given by

Φx(x|α, β, γ, δ) = exp{ıxγ − |δx|α(1− ıβ sgn(x)φ)} (18)

where x is a RV representing the received power in time
and frequency, ı is the imaginary unit, α is the first shape
parameter, β is the second shape parameter, γ is the scale
parameter, and δ is the location parameter, and

φ =

{
tan(πα/2) for α 6= 1

−(2/π) log |x| for α = 1 .
(19)
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TABLE II
SELECTED DISTRIBUTIONS AND ASSOCIATED PARAMETERS.

Scenario Selected Distribution Distribution Parameters
Day 1 Spectrum Variation GEV k = 0.6676; σ = 2.9557; µ = −85.9427

Day 2 Spectrum Variation GEV k = 0.6370; σ = 2.8504; µ = −85.5746

Day 3 Spectrum Variation GEV k = 0.7941; σ = 2.8023; µ = −85.7233

Day 4 Spectrum Variation GEV k = 0.8568; σ = 2.6080; µ = −85.9357

Day 5 Spectrum Variation GEV k = 0.7900; σ = 2.7385; µ = −85.8011

Day 6 Spectrum Variation GEV k = 0.8520; σ = 3.0775; µ = −85.6074

Day 7 Spectrum Variation GEV k = 0.7812; σ = 2.9172; µ = −85.6607

Whole Week Spectrum Variation GEV k = 0.7812; σ = 2.8348; µ = −85.9843

Whole Week IEEE 802.11b/g Ch. 1 Burr type XII α = 5.7691; c = 43.5808; k = 0.2567

Whole Week IEEE 802.11b/g Ch. 6 t–location scale µ = 5.3937; σ = 0.3650; ν = 1.9946

Whole Week IEEE 802.11b/g Ch. 11 logistic µ = −0.0094; σ = 0.0290

Whole Week IEEE 802.11n Ch. 3 GEV k = 0.2759; σ = 0.0380; µ = 0.0711

Whole Week IEEE 802.11n Ch. 9 logistic µ = 0.0563; σ = 0.0047

Whole Week FBO Variation t–location scale µ = 0.8664; σ = 0.0360; ν = 2.4698

Whole Week SRO (IEEE 802.11b/g) GEV k = 0.4101; σ = 0.0022; µ = 0.0055

Whole Week SRO (IEEE 802.11n) t–location scale µ = 3.8262; σ = 0.1370; ν = 2.2628

TABLE III
BIC AND JSD VALUES FOR HIGH AND LOW INTERFERENCE SCENARIOS.

Scenario Distribution BIC JSD
Low stable 3.0928× 104 7.5753× 10−4

logistic 3.1005× 104 8.0385× 10−4

t–location scale 3.1060× 104 8.0602× 10−4

Gaussian 3.1217× 104 7.6444× 10−4

GEV 3.1795× 104 1.0131× 10−3

extreme value 3.5839× 104 2.2964× 10−3

High stable 3.4938× 104 1.7755× 10−3

Burr type XII 3.4959× 104 1.9803× 10−3

GEV 3.4963× 104 2.0030× 10−3

t–location scale 3.5099× 104 2.0984× 10−3

logistic 3.5131× 104 1.9824× 10−3

Gaussian 3.5425× 104 1.9814× 10−3

These results agree with the theory of statistical distribution
for the aggregate interference developed in [4]–[6], [37]–[42].

Table III shows the BIC and JSD values for the six best
statistical distributions in low and high interference scenarios,
for the popular IEEE 802.11b/g systems in the daily surgery
ward. The stable distribution is always the best fit distribution
to the empirical data. The parameters of the best fitting (Stable)
distribution are summarized in Table IV.

B. Cluster-based statistical model of the interference

In this section, a cluster-based statistical model5 of the
aggregate interference is developed for two scenarios of
interest, namely low and high interference, for the popu-
lar IEEE 802.11b/g systems over all the three measurement
campaigns. In particular, channel 6 (2.437 GHz) showed low

5For a given channel, a cluster is defined as a group of consecutive samples
above the threshold.

interference in the X-ray and radiology ward, while channel 1
(2.412 GHz) showed high interference in the accident and
emergency ward. The cluster-based statistical model relies on
the distributions of cluster size, cluster interference sample,
and cluster inter-arrival time. For a given channel: the cluster
size is the cardinality of a cluster; the cluster interference
sample is the value of a sample inside a cluster; and the cluster
inter-arrival time is the difference between the first sweep
index of a sample in a cluster and the last sweep index of
a sample in the previous cluster.

Fig. 8 shows the empirical probability mass function (PMF)
of the cluster size. It can be observed that the low interference
scenario exhibits a smaller variability of the cluster size
compared to the high interference scenario. In particular, the
maximum cluster size is 14 and 79 samples in the low and high
interference scenarios, respectively. The best fit distribution for
the cluster size in both low and high interference scenarios is
geometric [36] given by

fx(x|p) = p (1− p)x−1 (20)

where x is a RV representing the cluster size for the specific
channel and p is the success probability parameter. The
associated parameter is p = 0.9755 for the low interference
scenario, and is p = 0.8896 for the high interference scenario.

Fig. 9 shows the empirical PDF of the cluster interference
sample. It can be observed that the cluster interference samples
range from −84 to −19 dBm and from −84 to −17 dBm in
the low and high interference scenarios, respectively. While the
ranges are similar in the two scenarios, we observed from our
data that in the high interference scenario, there are about 30
times larger number of samples occupying the channel than in
the low interference scenario. Note that the empirical PDFs are
obtained by normalizing over such numbers of samples.The
best fit distribution for cluster interference sample in both low
and high interference scenarios is GEV given by (14), where
x is a RV representing the cluster interference sample for the
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Fig. 8. Empirical PMF of the cluster size in low and high interference
scenarios.
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Fig. 9. Empirical PDF of the cluster interference sample in low and high
interference scenarios.
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Fig. 10. Empirical PMF of the cluster inter-arrival time in low and high
interference scenarios.

specific channel. The associated parameters are k = 0.65,
σ = 6.30, and µ = −78.41 for the low interference scenario,
and are k = 0.12, σ = 3.73, and µ = −79.44 for the high
interference scenario.

Fig. 10 shows the empirical PMF of the cluster inter-arrival
time. It can be observed that the low interference scenario

TABLE IV
PARAMETERS OF THE STABLE DISTRIBUTION FOR THE LOW AND HIGH

INTERFERENCE SCENARIOS.

α β γ δ

Low 1.818 −0.938 2.278 −94.755

High 1.707 0.934 4.967 −96.550

TABLE V
SIMILARITY BETWEEN THE EMPIRICAL DISTRIBUTIONS OF GENERATED

DATA AND OF MEASURED DATA.

Scenario JSD
Low 6.0594× 10−4

High 1.8858× 10−6

exhibits a larger variability of the cluster inter-arrival time
compared to the high interference scenario. In particular, the
maximum inter-arrival time is around 4200 and 520 samples
in the low and high interference scenarios, respectively. The
best fit distribution for the cluster inter-arrival time in both
low and high interference scenarios is geometric [36] given
by (20), where x is a RV representing the cluster inter-arrival
time for the specific channel and p is the success probability
parameter. The associated parameter is p = 0.0037 for the
low interference scenario, and is p = 0.1027 for the high
interference scenario.

The similarity between the empirical distributions (of data
generated from the cluster-based statistical model and of data
gathered from measurements) is quantified using the JSD in
(12). In particular, Table V shows the JSD values for the low
and high interference scenarios.

VII. CONCLUSION

This paper characterized the aggregate interference in an
hospital environment for the largely used 2.35–2.50 GHz band
based on a network experimentation representing three one-
week-long measurement campaigns. Leveraging on these mea-
surements, the spectrum occupancy is quantified according
to three metrics, namely CO, FBO and SRO. Two statistical
models of the aggregate interference have been proposed: the
first model describes the aggregate interference (plus noise)
over the entire time–frequency intervals; while the second
model describes the aggregate interference (without noise)
by grouping the interference samples in clusters. Our results
show that mission-critical medical services in the ISM band
can be severely hampered by the interference, calling for the
use of reserved sub-bands or the use of interference detection
and mitigation techniques. The proposed models also serve as
basis for simulating network behavior and designing medical
devices in wireless hospital environments.
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“On spectrum occupancy evaluations from the standpoint of body area
networks in ISM band,” in Int. Symp. on Med. Inf. and Commun.
Technol., Mar. 2015, pp. 15–19.

[21] L. Mucchi, A. Carpini, T. D’Anna, M. H. Virk, R. Vuohtoniemi,
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