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ABSTRACT 

The aim of this document is to identify some relevant wireless body area network 

(WBAN) channel models exploitable for the design of WBAN systems in different 

communication scenarios. First of all, it presents a general overview of the existing 

WBAN channel models and an analysis of the WBAN measurement campaigns 

which had been performed at CEA-Leti. Then, it describes the WBAN channel 

measurement campaigns which will be carried out in the context of the 

CORMORAN project. Channel model tools which will be used for the process of 

these measurements are presented. Finally, human mobility models are described 

and a diagram presents the way to combine them to the channel models in order to 

obtain a realistic physical simulator. 

 

In the state-of-the-art, a general overview of WBAN channel models for on-body, off-

body and body-to-body communication scenarios is presented. It is completed by the 

analysis of previous WBAN channel measurements performed at CEA-Leti in 

narrow band and ultra-wide band. More precisely, these measurements allowed the 

characterization of space-time correlation properties between different intra-BAN 

radio links, i.e. for on-body communication scenarios. Furthermore, the influences of 

the body movement and orientation, and the antenna characteristics had been 

investigated for off-body and body-to-body communication scenarios.  

Then, a description of the planned channel measurements campaigns is carried out. 

The interest of these measurement campaigns is twofold. First, the degradation of the 

estimation of the angles of arrival of the electromagnetic waves due to the presence 

of the body will be investigated. For this purpose, a modeling tool, namely Space 

Alternating Generalized Expectation-maximization (SAGE), is necessary. This algorithm 

developed and validated with indoor measurements at CEA-Leti is described in the 

document. Secondly, an analysis of a cooperative WBAN channel combining off-body 

and body-to-body radio links will be performed.   

 

One of the final objectives of the Task 2 being the development of a physical 

simulator, the last chapter of this deliverable presents a body mobility model. 

Finally, methods for a possible general WBAN channel model implementation 

combining this body mobility model and the identified channel models are 

proposed.  
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1.  INTRODUCTION 

A good understanding of channel characteristics is of fundamental importance in 

order to design operative and reliable communication systems. Physical (PHY), 

Medium Access Control (MAC) and Upper Layers protocols are strictly connected to 

the knowledge of propagation mechanisms and channel models. A number of 

studies have been performed in that direction for Body-centric communications. 

As far as Body Area Networks (BANs) scenarios are concerned, it is possible to point 

out three types of channels that have to be investigated separately. They are 

characterized by specific features and the nodes involved in the communication are 

located in different places related to the human body. The channel models 

classification can be organized according to the antennas location around the body: 

 

• On-Body channel: in this case both end points of the communication link are 

placed on the human subject. The propagation takes place along or around 

the body by diffraction (creeping waves), by Line-of-Sight (LOS) path in 

specific scenarios such as a link between the waist and the wrist, and hybrid 

mechanisms (e.g. diffraction off of arms). The shadowing effect of the body 

could affect significantly the system performance.  

 

• In-Body channel: the propagation takes place between an implanted device and 

another that is positioned in or on the body itself (we can distinguish between 

in-in and in-on body communication). Human tissues and organs are 

extremely lossy materials leading to sever attenuation. 

 

• Body-to-Body or Off-Body channel: we refer to body-to-body channels when the 

communication takes place between at least two human subjects, wearing 

different BAN, free to move relatively to each other in the environment, 

whereas off-body channels occur when one of the end point of the 

communication link is represented by an external fixed device e.g. a gateway 

or a router. In these cases a free-space propagation component has also to be 

considered. 

 

As described in the CORMORAN D1.1 deliverable, the CORMORAN project is 

focused on the development of WBAN systems for Large-Scale Individual Motion 
Capture (LSIMC) and the Coordinated Group Navigation (CGN). No implanted device is 

required for these kinds of applications. Consequently, only On-Body, Body-to-Body 

and Off-Body channels are investigated in this deliverable. In-Body communication 

scenarios are not studied. 
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2. ON-BODY CHANNEL 

2.1. OVERVIEW 

2.1.1 STATICS MODELS 

First investigations on on-body propagation have been carried out in 2002-2003 [1], 

[2], although contributions concerning related questions (such as the strong influence 

of the body on antennas, beam shadowing by persons, etc.) have been published 

since the late 90s. In Europe, contributions have been provided by ETH Zurich [3], 

IMEC (NL), ULB (Brussels) and UCL (Louvain) [4], [5], [6], [7] the University of 

Birmingham and Queen Mary University of London [8] and Queen’s University of 

Belfast [9], [10]. Worldwide, contributions have come from Japan, Korea, Singapore, 

Australia and the USA. 

 

More recently, studies on the influences of the body shape and the surrounding 

environment on the static on-body channel characteristics have been carried out.  

In [11] and [12], the authors classify the body as “thin”, “normal” or “fat” to propose 

different channel models. From measurement campaigns, for several antenna 

locations on the body, they observed that the slimmer the body is, the lower the path 

loss is. They define the path loss as a linear function of the distance: 

       (1) 

where d is the distance between Tx antenna and Rx antenna, a and b coefficients 

whose values are function of the body corpulence. Moreover, they observed that the 

slimmer the body shape is, the less dispersive in time the channel is. Thus, they 

define three Power Delay Profile models namely “sparse” for thin body, “medium” 

for normal body and “dense” for fat body. The lack in their study is the missing of 

criteria to classify body corpulence.  

 

Likewise, recent analyses on the influences of the environment on on-body channel 

characteristics have been carried out. For instance, the effects of the room volume on 

the UWB on-body channel characteristics are studied in [13]. For this purpose, 

measurement campaigns have been carried out in five different room volumes. It has 

been concluded that the PDP could be divided in two domains. The first one, 

corresponding to delays lower than 4ns and characterized by the presence of a direct 

path and diffracted paths, is dependent of the propagation distance along the 

perimeter of the body. Therefore, the PDP in this first domain is modeled by a 

conventional power decay law. In the second domain, corresponding to delays 

higher than 4ns and characterized by multi-paths coming from the surrounding 

environment, the PDP is modeled by a modified Saleh-Valenzuela model 

considering the room volume.  

 

In [15] and [16], analyses are made on the interest and the feasibility to separate the 

on-body cluster and the off-body clusters to simplify the on-body channel modeling 
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process. Indeed, it is thus simpler to analyze the influence of the body posture, 

movement, corpulence, the antennas (on-body cluster) and the influence of the 

environment as the type and the size of the room (off-body clusters).  

 

2.1.1 DYNAMICS MODELS 

Despite the huge number of scientific contributions on BAN channel existing in 

literature, only few works address the issue of time-variant channel modeling, 

whereas most others focus on static or quasi-static scenarios. Obviously, the human 

body mobility should be taken into account in order to accurately describe the radio 

channel characteristics and design cooperative protocols for BANs applications. 

However, the characterization of these phenomena presents some technical 

difficulties in performing measurements. The path losses that have to be measured 

are generally very high (more than 70-80 dB), because of strong shadowing effect 

produced by the human body. This means that measurement test-beds with a 

reasonable signal dynamic must be employed. That is why frequency domain 

measurements are often performed by means of Vector Network Analyser (VNAs) to 

characterize BAN channel [17], [18], [19]. Quasi-static measurement campaigns 

employing VNA have been performed by Fort in the UWB by focusing on the arm 

movement. The authors found a log-normal distribution for the path loss fluctuations 

around the mean value at three different antenna locations on torso. No distinction 

between the slow and the fast fading components is considered, and the frequency 

dependence of the path loss is not included. 

 

Narrowband quasi-static measurements at 2.45 GHz have been performed in 

anechoic chamber by highlighting the effect of body posture [17], [18] again  a log-

normal distribution variation of path gain around its means value has been proved, 

without any separation of the small and large fading component. A similar pseudo-

dynamic measurement method has been applied in [20] to reproduce the human 

walking motion.  

 

The measurement test-bed for on-body channel measurements at 868 MHz employed 

by Scanlon and Cotton presents some interesting features since different sensors on 

body are able to collect RSSI values, avoiding in that way cable parasitic effects [21]. 

The main drawback of this measurement setup is that no phase information is given, 

so that it is not possible to evaluate the channel dispersion characteristics. Nakagami 

and Rice distributions with high K-factor have been found to best fit fading 

distribution for respectively standing and moving scenarios. The same team also 

performed some measurements at 2.45 GHz with a transmitter on waist and the 

receiver on different positions on body [22], [23], [24]. In [22] the authors propose a 

Nakagami-m distribution to model the fading channel characteristics.  In stationary 

scenario high m value of the Nakagami distribution suggests the existence of a 

predominant component. 
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Measurements by NICT have employed a channel sounder at 4.5 GHz [25]. The 

transmitting antenna was placed on the navel, while the receiving one was on 

different positions on body. The scenarios measured in anechoic chamber were: 

standing position, walking on the spot, and up-down movement. The authors 

propose three different distributions of the relative path gain. Normal or log-normal 

distribution seem the best suited distributions for static or little movement scenarios, 

while the Weibull distribution can be employed in larger human body movements. 

 

An important work in on-body narrowband channel characterization has been 

carried out by NICTA in [36]. This work focuses on two frequencies relevant for the 

ISM band: 820 MHz and 2.36 GHz. The human subject was asked to perform three 

different actions: standing still, walking on the spot and running on the spot. The 

receiving antenna is placed on the right hip or chest, while the transmitting antennas 

were located on different body positions. The analysis carried out shows that a 

unique distribution is not suitable to describe all the scenarios for the three different 

body movements, moreover the authors pointed out the dependency of different 

fading characteristics on the carrier frequency and movement. Despite the fact that 

different statistical behaviors have been pointed out according to the scenario, the 

results presented in [36] have been integrated in the final IEEE 802.15.6 report [26] by 

merging all the scenarios together. 

The same team has also performed some investigations on the stability and temporal 

correlation of the dynamic BAN channel, introducing a new parameter called 

channel variation factor, calculated as the ratio between the standard deviation and 

the square root of mean received power [26]. 

Recently real-time channel measurements have been exploited in order to define a 

channel model which keeps space-time correlation properties. In fact this kind of 

knowledge is mandatory to define the possibility for use of cooperative approaches 

in BANs [27], [28].   

In [29], a specific scenario at 2.45 GHz is investigated to model the fading correlation 

between two antennas as a function of the distance d. With respect to the scenarios 

specification in IEEE 802.15.4a, sensors are distributed horizontally on the front 

abdomen at a given level of the torso. The measurements are conducted in a quasi-

anechoic environment in the walking mode (torso is kept standing still without 

actual walking while the arms periodically move forward and backward). The fading 

distribution in BAN follows a lognormal distribution. 

The measurement results show consistent relationships between correlation 

coefficient and the distance difference. An average linear approximation to model the 

fading correlation variation is proposed for the front abdomen body area: 

 
     ρ= 1 − 0.043 d[cm]    (2)  

 

with a shared propagation distance of 12cm between the transmitting and the 

receiving antennas. 

The measurement protocol presents the following parameters:  
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• Sampling rate: 1kHz,  

• Observation time: 20s,  

• Body movements. Natural arm swinging (around 1.2s/cycle),  

• Perimeter of abdomen: 86cm,  

• Torso’s height: 183cm,  

• Torso’s weight: 80kg,  

• Front body region: a span of 20cm from the centre to left/right side. 

 

In [30], a front/back scenario is analyzed with the help of a human body model based 

on an ellipsoid representing the torso trunk. Two cylinders representing the arms are 

added with a swinging movement alternatively forward and backward in a 

periodical pattern. There are three propagation paths: propagation paths reflected by 

left/right arms and propagation path around body trunk. For the NLOS case, the 

reflected propagation paths are combined by the tangent free-space propagation path 

from the arm centre to the ellipse and the creeping waves from the tangent point to 

the destination. 

It is observed that the fading correlation obtained at the back side of torso trunk has 

steep drops at given distances. This could be due to the body surface shape change at 

some position of the back side of torso trunk. The paper also demonstrates that even 

if there are only three MPCs for each channel, their different phase contribution to 

the channel can still affect the channel correlation under regular body movements. 

One of the latest measurement campaign performed in order to investigate the 

characteristics of time-variant BAN channel at 2.45GHz has been carried out at CEA-

Leti and the results are presented in [31]. The measurement campaign has been 

realized in both anechoic chamber and indoor environment involving different 

human subjects, who stood still just changing the arm position, walked in straight 

line and ran on the spot. 

 

2.2. STANDARDIZED CHANNEL MODELS  

This sub-section presents a state-of-the-art of the IEEE on-body channel models. 

Before entering into the details of each model that will be presented, it is necessary to 

underline that all these models are far from giving an exhaustive characterization of 

the propagation channel for BAN scenarios. Each of them lacks in taking into account 

more than one source of variability, such as population (human subjects), postures 

and movements, antenna and frequency variability, and only few studies consider 

the time varying characteristics of the channel. 

It would be also very difficult to compare the results presented in these works 

because there is no standardized measurement protocol that could be used as a 

reference and often the data have been collected for too specific scenarios, losing in 

this way the desirable generality that a model should present.  
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2.2.1 IEEE 802.15.4A 

IEEE 802.15.4a standard proposes UWB channel models [32] [33] for different 

applications including on-body communication. Although this model has been 

partially checked with a few measurements of “control”, it is worthwhile to point out 

that its initial version – and notably its structure – was extracted from 

electromagnetic simulations (with the anatomic model of the “Visual Human 

Project” over a reflecting ground) over a [2-6] GHz bandwidth. Moreover, the model 

is restricted to scenarios for which the antennas are located only on the torso, and the 

antennas behaviors are completely excluded from the model. 

This model is consequently more or less restricted to the anechoic chamber 

environment with ground echoes, which may be considered as a representation of an 

outdoor environment. 

 

The electromagnetic simulations emphasized the existence of creeping waves around 

the torso and the quasi non-penetration of the waves in the body for frequencies in 

the GHz range. Therefore, the distance between the transmitter and the receiver has 

been defined around the perimeter of the body instead of a straight-line through the 

body. Three scenarios – corresponding to the receiver position on the front, side and 

back of the body – are specified with different parameterizations as illustrated in 

Figure 1. 

 
Figure 1: Scenarios of the receiver positions 

The path loss is modeled as an exponential decay with the distance: 

 

    (3) 

 

where � is in units of dB/meter, d the distance from the antenna, d0 is the reference 

distance and P0 is the power at the reference distance. The parameters values of this 

path loss model extracted from the simulator are given in the Table 1.  

 

 
Table 1: 802.15.4a path loss model 
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Although a slight increase of the path loss with the increasing of frequency has been 

measured, it is considered as negligible for the 2-6GHz frequency band in the 

standard. Thus, the path loss model is assumed independent of the frequency. 

 

Contrary to conventional Rayleigh or Ricean models, amplitude distributions are 

found to be log normal and bin to bin correlated (mainly between adjacent ones) as 

showed in the Figure 2. This is due to the fact that the uncorrelated scattering 

assumption is violated. The Table 2 summarizes the simulated mean, the variance, 

and the correlation matrices of the log amplitudes. 

 

 

 
Figure 2: Correlation between bins 1 et 3 (side of body) 
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Table 2: Amplitude distribution of each bin 

The number of clusters is fixed (only 2 are considered, one for the “on-on” and 

another for the ground reflection), as long as the inter-cluster and inter-path arrival 

time. As in the initial cluster, the multi-paths components (MPC) reflecting off the 

ground is modeled by correlated lognormal variables. The resulting amplitude 

distributions for the three first bins are summarized in the Table 3. The mean path 

loss is given relative to the reference path loss near the antenna, P0 = 35.5dB.  

 

 
Table 3: Amplitude distributions of ground reflection off a perfect electrical conductor 
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Improvements to take into account the multi-path components (MPCs) originating 

from the surrounding environment have been proposed in [5], [6] and recalled in 

[33]. Components creeping around the body are generated according to the previous 

correlated log-normal model, whereas the MPCs coming from the environment are 

added using a SV model modified as follows:  

• The original exponential decay model of the Power Delay Profile (PDP) is 

replaced by a dual slope exponential decay model, with slopes Γ1 (dB/ns), 

then Γ2 (dB/ns) after an empirically derived breakpoint of T1 = 40 ns. 

Variation around this trend is log-normally distributed with a standard 

deviation σ. Intra-cluster exponential decay (γ) model is unchanged. 

• The cluster arrival time statistics of the measurements (office environment) 

are more closely fitted by a Weibull distribution (with shape parameter α and 

scale parameter β) than by the Poisson process of the “generic” (SV-based) 

model. 

• The small-scale fading statistics, extracted from the received energy in each 

bin, turned out to be either Nakagami-m or log-normal with almost the same 

confidence levels. 

• In addition, a large-scale statistics of the energy reflected back from the 

surrounding environment – corresponding to the exploration of various 

locations in a room – is found to follow a lognormal distribution; the first 

empirical moments (lognormal mean μoff,dB and standard deviation σoff,dB) are 

obtained as ML estimates of the distribution of the integrated energy received 

after the arrival time of the diffracted MPCs (creeping waves around the 

body) and normalized to the transmitted energy. Note that, comparing these 

figures with the path loss of the IEEE 802.15.4a BAN model, it appears that, 

for the scenarios where the antennas are placed on the same side of the body, 

the contribution of the surrounding environment is almost insignificant 

(ground reflection excluded), whereas it can be the reverse when antennas are 

placed on both sides. Due to the shadowing effect of the body, μoff,dB varies 

typically from about -70 dB for the “front scenario”  (antennas on the same 

side) to about -80 dB for the “back” one. 

 

2.2.2 IEEE 802.15.6 

In November 2007, the IEEE 802.15 Task Group 6, also known as IEEE 802.15.6, was 

formed in order to standardize BANs, which were not covered by any existing 

communication standard yet.  

The IEEE 802.15.6 standard [26] appeared in February 2012 defines the PHY and 

MAC layers optimized for short-range transmissions in, on or around the human 

body. The purpose is to support a low complexity, low cost, ultra-low power and 

highly reliable wireless communication for use in close proximity to, or inside, a 

human body (but not limited to humans) to serve a variety of applications both 

medical/healthcare and non-medical. 
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The broad range of possible application fields in which BANs could be involved into, 

leads to an equally wide variety of system requirements that have to be met. The 

definition of a unique PHY layer has turned to be not a feasible solution. Hence, the 

IEEE 802.15.6 standardization group has proposed three different alternatives: 

narrowband centred at different frequencies, UWB and Human Body 

Communication (HBC). Figure 3 graphically summarizes the spectrum allocation 

chart of all available frequencies for BAN applications, with the specification of the 

related country or region where they could be used. 
 

 
Figure 3: WBAN frequency bands allocated in different countries. 

The channel models presented by the “Channel Modeling Subgroup of IEEE802.15.6” 

generally characterize the path loss in different BAN scenarios, also taking into 

account possible shadowing effects due to the human body or obstacles near it and 

postures of the subject [26]. 

As shown in Table 4, the standardization group has identified a list of scenarios in 

which BAN IEEE 802.15.6 compliant devices will operate, along with their 

description and the frequency band of interest:  

 

 
Table 4: List of scenarios and their description 

The scenarios are determined based on the location of the nodes; according to their 

physical emplacement, three different types of nodes have been identified: 

• Implant node: placed inside the human body, immediately below the skin or 

further deeper inside the body tissue. 

• Body Surface node: placed on the surface of the human skin or at most 2cm 

away. 
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• External node: not in contact with human skin (between a few centimeters and 

up to 5 meters away from the body).  

 

In Table 4, the scenarios are grouped into classes that can be represented by the same 

Channel Model (CM). 

It is important to remark that the channel model for scenarios involving implanted 

devices is fundamentally different from the one characterizing body surface 

communications, for that reason the CMs could be divided into two subgroups: CM1 

and CM2 for channel model involving at least one implant device, and CM3 along 

with CM4 for the Body Surface to Body Surface or to external nodes 

communications. A graphical representation of the scenarios and the relative channel 

model is presented in Figure 4. 

 
Figure 4: IEEE Channel models 

As mentioned previously, the main applications identified in the CORMORAN D1.1 
deliverable are the Large-Scale Individual Motion Capture (LSIMC) and the Coordinated 
Group Navigation (CGN). Thus, in this sub-section, we analyse only the CM3 channel 

model for the scenarios S4 and S5 corresponding to on-body channel models for line 

of sight (LOS) and non-line of sight (NLOS) contexts respectively.  

 

• CM3 at 2.4GHz 

One of the main parameters in channel modeling is the mean path loss and the 

shadowing and fading characteristics. The conventional approach for modeling the 

Path Loss (PL), precisely as a function of the distance PL(d), is still widely used, 

although it is questionable. 

Different kinds of model are proposed in the literature and all of them are for 

example retained in the IEEE 802.15.6 proposal. 

Power law model 

   
   (4) 

 
NbdadPL ++⋅= )log()( [mm][dB][mm]
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where a and b are parameters of the model and N is a normally distributed variable, 

centred and with standard deviation σN (see Table 5). It is used for both Narrowband 

and UWB channels. 

Note that variants, in particular dual-slope models, are also proposed in the 

literature. 

This path loss model, namely CM3A in the IEEE 802.15.6 standard, is based on 

measurements that cover the frequency interval of 2.4-2.5GHz. Details of the 

measurement set up, derivation and data analysis can be found in [34]. 
 

 

Table 5: CM3 A model parameters 

• a and b: Coefficients of linear fitting  
• d: Tx-Rx distance in mm.  
• N: Normally distributed variable with standard deviation σN 

 

Saturation model  

This kind of model is “hybrid” in the sense that it merges a local propagation model 

(on-body to on-body, or “on-on”) and the influence of the environment (typically 

Multi-Paths Components – MPCs – reflecting off of the walls) resulting in an 

exponential part for “short distances” (on-on mechanism) and a “plateau” for larger 

distances, accounting for a “saturation” behaviour of the PL in indoor premises 

whose MPCs reflecting off the room become dominant (saturation due to 

“environmental MPCs”). It has been proposed for Narrowband channels at 915 MHz 

and 2.4 GHz. 

 

The corresponding formula (which is really ambiguous as written for example in the 

table of §8.2.5 B of [26]) should be read: 

 
 (5) 

 

where P0, P1, and M0 are parameters of the model, nP is a unit variance centred 

normal random variable and σP is the PL standard deviation (relative to mean). 

 

This model, namely CM3B, is based on measurements at 2.45GHz. Details of the 

measurement set up, derivation and data analysis can be found in [35]. The path loss 

follows an exponential decay around the perimeter of the body. It flattens out for 

PP
PdMP nedPL σ++⋅−= − )1010log(10)( 10/343.4/)(10/

[dB][cm]
1]cm[00



 

PROGRAMME 

INFRASTRUCTURES MATERIELLES ET 

LOGICIELLES POUR LA SOCIETE 

NUMERIQUE – ED. 2011  

 

18 

 

large distances due to the contribution of MPCs from indoor environment. Table 6 

presents the model and the corresponding parameters. 

 

Table 6: CM3 B model parameters 

• P0: The average loss close to the antenna  

• M0: The average decay rate in dB/cm for the surface wave travelling around 

the perimeter of the body  

• P1: The average attenuation of components in an indoor environment 

radiated away from the body and reflected back towards the receiving 

antenna  

• σp: The log-normal variance in dB around the mean, representing the 

variations measured at different body and room locations. This parameter 

will depend on variations in the body curvature, tissue properties and 

antenna radiation properties at different body locations.  

• np: Zero mean and unit variance Gaussian random variable  

 

The small scale fading is represented by a Ricean distribution with K factor that 

decreases as the path loss increases. The delay spread is normally distributed. Table 7 

and Table 8 summarize the model and the corresponding parameters. 
 

 

Table 7: Small scale fading in CM3 B model 

 

Table 8: Delay spread fading in CM3 B model 
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Scenario-based models 

In this more recent approach, application-dependent radio link “scenarios” are 

retained, e.g. belt to chest for ECGs (Electrocardiograms), and PLs are derived from 

measurements averaging various sources of variability (human subject, and/or “local 

positioning”, posture, unwanted movements, antennas, etc.). It has been proposed 

for both Narrowband and UWB channels. 

The following path loss measurements have been performed at frequency of 

2.36GHz for everyday activities such as walking around the office, working in the 

office, driving, at home, etc… and sleeping on a bed and in a bedroom. Details of the 

measurement set up, derivation and data analysis can be found in [36] [37]. Table 9 

summarizes the results.  

As observed, the dominant factor affecting fading in the channel appears to be the 

movement of the test subject. This is to be expected, as movement causes the 

separation and orientation of the antennas to change. 
 

 

Table 9: CM3 C model parameter 

• Ptx: Transmitted power 

• Prx: The RMS received power 

• Gamplifiers: Amplifier gain 

• Lcable: Cable loss 

 

The first-order statistics fits to everyday and sleeping on-body channel gain data, 

where the data has been normalized to mean of each link data set. The gamma 

distribution is the best fitting distribution type for this data, apart from overall sets, 

non-normalized, which is lognormal. 

 

The shadowing term, i.e. the stochastic term added to the PL model (expressed in dB) 

and accounting for its variance, is generally assessed as a centred normal variable 

with standard deviation σN , resulting in the “classical” log-normal behaviour. 

A small parametric analysis of the antenna-body spacing δ  effect on the PL is 

provided in [34]. As expected, the PL exponent n essentially does not depend on δ  

whereas the PL0 does: 

0/

0/

0 <∂∂
≈∂∂
δ

δ
PL

n
     (6) 
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This is due to the fact that n depends only on the physical phenomena along the 

propagation path (creeping waves, absorption, diffraction, etc.) whereas PL0 is 

“source dependent” (antenna type and coupling to the body). This trend is 

confirmed by several works.  

 

• CM3 for UWB 

CM3A 

Measurement campaigns in the 3.1-10.6 GHz frequency band have been carried out 

for UWB on-body channel modeling [34]. The table below summarizes the model 

and corresponding parameters. 

 

 

 
Table 10: CM3A model for UWB  

• a and b: coefficients of linear fitting 

• d: Tx-Rx distance in mm 

• N: normally distributed variable with zero mean and standard 

deviation �N 

 

A power delay profile (PDP) model – proposed by NICT – is also given in [34]. It 

corresponds to a classical single cluster tapped delay line/Poisson process model, 

with: 

    ∑
−

=
−=

1

0
)()exp()(

L
jah

l

lll ττδϕτ     (7) 

where, al, τl, φl, are respectively the amplitude, arrival time and phase for l-th path. 

The phase φl is modeled as a uniformly distributed random variable (r.v.) (over [0, 

2π[).  

The path amplitude al is modeled by an exponential decay Γ with a Ricean factor γ0, 

which reads: 

   




>+Γ−+
==

0)/log(exp(10
00

)(
0 l

l

l
l S

a dB τγ    (8) 

where S is a stochastic term modeled by a log-normal distribution with zero-mean 

and standard deviation of σS. The path arrival time τl  is modeled by a Poisson 

distribution, which is given by: 

    )](exp[)( 11 −− −−= llll ττλλττp    (9) 
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where λ is the path arrival rate. The number of the arrival paths L is modeled by a 

Poisson distribution, which reads: 

!

)exp(
)(

L

LL
LP

L

=      (10) 

where L  is the average of L. The parameters values extracted by model fitting from 

measurements are listed below: γ0=-4.6 dB, Γ = 59.7 ns, σS = 5.02 dB, λ = 1.85 ns-1 and 

L  = 38.1 for the hospital room environment. 

 

CM3B 

Another path loss model is proposed in the standard, based on another measurement 

campaign described in [35]. The table below summarizes the corresponding 

parameters.  

 
Table 11: CM3B model for UWB 

• n: path loss exponent 

• P0: path loss at the reference distance 

• d0: reference distance 

 

2.3. CEA ON-BODY CHANNEL INVESTIGATIONS 

Previous measurement campaigns have been carried out at CEA-Leti to investigate 

the time-variant on-body channel [31]. The measurements have been carried out in 

narrow band (at 2.45GHz) and in ultra wide band (3-5 GHz). Different 

communication scenarios have been considered: different human subjects, body 

movements, antenna locations on the body, kind of antennas, environments.  
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A common assumption is to define the radio channel as a composite of the linear 

wave interactions, which occur between a transmitting and a receiving antenna, and 

can be represented by means of a time-varying linear filter characterized by its 

impulse response );( τth , also known as input-delay spread function according to the 

classical Bello’s definition A snapshot of );( τth  at observation time nt can be 

expressed as: 

   
( ) ( ))()();(

)(

1
nk

tj
tK

k
nkn tetath nk

n

ττδτ θ −= ∑
=

    (11) 

 

where )( nk ta , ( )nk tθ  and ( )nk tτ  represent respectively the amplitude, phase and 

delay of the k-th path, while ( )ntK is the total number of multi path components.  

Imposing a limited rectangular bandwidth B, the discrete delays are combined into L 

delays bins. 

When the delay separation between of a number of paths ( )()( njni tt ττ − for 

)(,...,2,1, ntNji = ) is less than the bin separation BT /1= , they cannot be resolved as 

distinct. As a consequence the resolved path is: 

 

    
( )nk
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)(

1
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The channel impulse response can be written as: 

 

   ( )[ ])(sin)();(
)(

1
nl

tL

l
nln tBctAth

n

τττ −= ∑
=

   (13) 

 

where )( nl tτ are the discrete time bin. 

The time variant transfer function can be expressed as:  

 

   ττ τπ dethftH fj 2);();( −
+∞

∞−
∫=      (14)  

 

By integrating over the frequency we obtain the time dependent power transfer 

function averaged over the band of interest: 

 

   dfftH
B

tP
B

2
);(

1
)( ∫=     (15) 

 

where B is the bandwidth of interest. This quantity is often approximated by the RSSI 

signal at the receiver. 

 



 

PROGRAMME 

INFRASTRUCTURES MATERIELLES ET 

LOGICIELLES POUR LA SOCIETE 

NUMERIQUE – ED. 2011  

 

23 

 

2.3.1 CHANNEL GAIN MODEL 

For a given channel transfer function the total power, or channel gain, is given by: 

 

∫ ∫=
obsT B

obs

dtdfftH
BT

G
2

0 );(
1

   (16)  

 

where  is the averaging observation period. The channel gain is a key parameter, 

which determines the signal-to-noise ratio, averaged over small-scale and large-scale 

fading, which can be achieved by the wireless system. The averaging operation over 

the bandwidth supposes that all the dielectric constant of materials and all 

propagation phenomena related with, do not depend on the frequency. This 

assumption corresponds in a certain way to a WSS assumption in Bello’s definitions. 

In classical indoor and outdoor channels, the  is often expressed as a function of 

antenna separation. A number of studies in the literature investigated the channel 

gain, or equivalently the mean path loss, as a function of the antenna separation, by 

defining a path loss coefficient. 

Here we use a “scenario-based” approach as explained above. We computed the 

channel gain by means of (16) for each scenario and we found a significant variation 

between different human subjects. These results can be easily explained by the fact 

that even if the antenna position is carefully reproduced on each human subject, the 

differences on body shape and dielectric proprieties yield to different path losses. 

From measurement results we found that the most appropriate way to describe is 

a log-normal distribution. As a consequence the channel gain in dB can be 

represented by a Gaussian random variable (r.v.): 

 

( )SS 000 ,~ σµΝ
dB

G       

(17) 

 

where the mean value and standard deviation depend on the scenario S, as described 

above. The statistical analysis is here performed on the mean channel gain of the 

different subjects, so that normal distribution accounts for the dissimilarities between 

human bodies. Some local micro-variations of the antenna emplacement, due to 

dissimilar body shapes, produce also differences in mean channel gain, and their 

effect is taken into account by (17). In Table 12 and Table 13, we list the results for the 

investigated scenarios. 
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Table 12: Channel gain: transmitter on hip 

 

 
Table 13: Channel gain: transmitter on left ear 

 

As shown in Table 12 and Table 13, the dispersion on channel gain can be 

considerable especially in anechoic chamber (large σ0S), where the propagation 

occurs mainly by creeping waves on-body, line-of-sight and by a small reflection on 

the ground. 

Moreover the path loss is stronger in the anechoic chamber, while in indoor the 

propagation occurs by multiple bounces (e.g. reflections, diffractions...) in the 

environment, which results into an additional energy contribution. This 

phenomenon is particularly clear when the receiving antenna is significantly masked 

by the human body. For instance in the Hip-Foot and Ear-Foot links, we measured a 

channel gain up to 10dB and 15dB stronger in the indoor environment. We can 

remark a more important dispersion in the Hip-Chest and Ear-Hip links, showing a 



 

PROGRAMME 

INFRASTRUCTURES MATERIELLES ET 

LOGICIELLES POUR LA SOCIETE 

NUMERIQUE – ED. 2011  

 

25 

 

significant variability of the human body. When the antennas are placed on torso, the 

propagation is mainly due to creeping waves and no “on-air” propagation occurs. 

Thus, in these kinds of scenarios the body shape and composition plays a more 

important role, which yields to a large σ0S. Generally, by integrating over a larger 

bandwidth in (8), we obtain a smaller r0S , with except for same cases in anechoic 

chamber and TX on Hip. As a consequence the results in lower UWB band are less 

dispersed than in the ISM (2.45 GHz) bandwidth, which was somewhat expected. 

 

2.3.2 SHADOWING AND FADING MODEL 

It is well-known that one can distinguish a slow fading component ( )ntS  and a fast 

one ( )ntF  in the time-dependent power transfer function: 

 
( ) ( ) ( )nnn tFtSGtP ⋅⋅= 0     (18) 

 
We extracted from our measurements the slow fading component by applying a low 

pass filter, practically realized by averaging the time-dependent power transfer 

function on a sliding temporal window of length W=10: 

 

        (19) 

 

The slow component is basically due to the shadowing by human body. As shown in 

Figure 5, the shadowing strictly depends on the movement condition. When the 

human subject does not move, the slow component is quite moderated since the 

shadowing condition basically remains identical. The shadowing also depends on 

the way of moving of each human subject. Figure 6 shows for instance that the 

amplitude of the slow component is larger in subject B than D, since one oscillates his 

arms more the other one, when walking.  

The statistical analysis on the slow component has been carried out on the time 

dependent samples 
dBntS )(  of the whole population of the human subjects. It has 

been found that the shadowing in dB follows a normal distribution: 

 
( )SsdBntS σΝ ,0~)(      (20) 

 
where the standard deviation Ssσ accounts for the slow variations of the power 

transfer function given by shadowing from human body, in a specific scenario. 
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Figure 5: Time-variant power transfer function and slow fading in indoor: TX on Hip, 2.45 GHz 

band, still (left) and walking subject (right) 

 

 
Figure 6: Shadowing for human subject B and D: Walking Hip-to-Wrist link 

In Table 14 and Table 15, we list the values of Ssσ  when TX is on hip and the left ear 

respectively. As expected, we have a larger standard deviation in moving scenarios. 

It is interesting to notice that the largest variations around the mean value have been 

found in the walking case. The standard deviation of the running subject is smaller 

than the walking one, since people tend to keep arms close to the body, limiting their 

oscillating movement.  Similarly, the legs’ movement is faster than in the walking 

scenario but, since the subject keeps standing on the same spot, the feet do not move 

backwards and forwards in a circular arc with respect to the body axis. As a 

consequence, the shadowing condition is less time-varying than in the walking 

scenario, which results into a smaller Ssσ . Moreover, the slow fading effect is smaller 

in indoor since the propagation occurs also by reflections on the surrounding 

environment, which somewhat mitigate the shadowing caused by the human body. 

The two random variables describing the channel gain and shadowing are obtained 

by statistical analysis on human body variability and human body movement, so that 
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it is reasonable to consider that they are uncorrelated. As a consequence, the channel 

gain (in dB) presents a slow variation around the mean value S0µ , which is described 

by a total variance
22

0 SS sσσ + . 

 
  TX on Hip 

    Chest Thigh R Wrist R Foot 

A
ne

ch
oi

c Still 0.6329 0.4269 1.0185 0.4564 
Walking 2.2892 5.4279 4.4565 5.2028 

Running 2.3997 2.5117 3.6504 2.8322 

In
do

or
 Still 0.638 0.2578 0.2706 0.2593 

Walking 1.6049 3.486 2.7915 2.734 
Running 2.0977 2.0965 2.5062 1.8854 

Table 14: Shadowing parameters TX on Hip 

  TX on Left Ear 
  R ear Hip R Wrist R Foot 

A
ne

ch
oi

c Still 0.7205 1.1237 1.781 0.8133 
Walking 0.7293 2.1193 3.5141 4.4149 

Running 0.5409 2.9261 3.1742 1.7009 

In
do

or
 Still 0.5768 1.5246 0.8373 0.7621 

Walking 0.9393 2.2444 1.8723 2.1241 
Running 0.7259 2.282 1.9811 1.3007 

Table 15: Shadowing parameters TX on Ear 

The shadowing effect discussed above, represents a large scale variation of the 

power transfer function which is mainly due to the masking effect by human body. 

Nevertheless, a fast fading component is also present, as depicted in Figure 5. 

Obviously, by integrating over a large bandwidth in (22) the fast fading is sensibly 

reduced. As a consequence, here we focus on the power transfer function at single 

frequency at 2.45 GHz. The bandwidth is implicitly the one employed in 

measurements, i.e. 10 MHz. The slow fading is extracted by applying a sliding 

temporal window.  

 

 
Table 16: Fading characteristics at 2.45 GHz (B =10 MHz): TX on Hip, Indoor, walking 

scenarios. 

In Table 16, we report the slow and fast fading characteristics when the human 

subject walks in an indoor environment. The fading duration is computed as the 

average time below the mean value. Measurement results show that the fade 

duration can affect directly the single symbol transmission, while the shadowing can 

affect the packet one (Table 17).  
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Measurement results show that fast fading follows a Rice distribution: 
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where ( )•0I represents the modified Bessel function of the first kind with 

order zero, and χν
 and χσ

 are the parameters of the distribution. Figure 7 

shows the good agreement of data and the Rice model, in the walking and 

running scenarios. 

 

 
Figure 7: Fast fading distribution in indoor: TX on Hip, walking (left) and running (right). 

 
In Table 17, we list the parameters of the Rice distribution of ( )ntχ  obtained by 

Akaike method from measurement results. Results show a high k-factor 

( é
xK σν χ 2/2=  ) when the human subject does not move, which means that there is a 

main path with a strong energy contribution. As a consequence, the channel 

experiments a little fast fading, which is mainly due to involuntary breathing 

movements. In walking scenarios, the K-factor is low, which results in a more 

important fast fading. For instance in the Hip-Foot link, the nodes are often masked 

by the body and propagation occurs by reflections on surrounding environments. As 

a consequence, K-factor is close to 0 and we can approximate the fading statistic with 

a Rayleigh distribution.  

 

 
Table 17: Fading statistics at 2.45 GHz (B =10 MHz): TX on Hip, Indoor. 

 
When moving from anechoic chamber to indoor scenario, the multi-paths coming 

from surrounding scatterers superpose to the purely on-body propagation (i.e. 
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diffraction on the body and transmission in line of sight). Since each multi-path 

component yields an energy contribution the mean channel gain increases, as shown 

in the previous section. On the other hand, increasing the number of multi-path gives 

out an enhancement of fast fading. This effect is directly transposed on the statistic of 

|χ(tn)|. In Figure 8, we compare the K factor of the fast fading distribution in indoor 

and anechoic chamber. We can notice that the K factor in indoor is quite lower than 

in anechoic chamber, which describes a more important contribution of the non-line 

of sight components and consequently a larger fading. 

 

 
Figure 8: K factor in Walking scenarios: TX on hip (left) and on the left ear (right) 

 

2.3.3 DELAY DISPERSION 

In the previous sub-section, it has been shown that movement conditions produce 

slow variations of the power transfer function. The consequential effect on the Power 

Delay Profile (PDP) is a variation of the delay dispersion characteristics [38].  

 

• Delay dispersion characteristics 

The most common way to mathematically represent the channel is a time-varying 

linear filter characterized by its impulse response: 

 

               (22) 

 

where αk(tn), �k(tn), �k(tn) denote respectively the amplitude, phase and arrival time of 

the k-th path. A common metric characterizing the delay dispersion is the delay 

spread: 

  (23) 
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where �m(tn) is the mean delay. Here, we focus on the analysis and modeling of our 

measured results in the 3-5 GHz band. The path extraction has been performed up to 

achievement of the 90% of the CIR’s energy, by considering a bin width of 1 ns of 

each multi-path component (MPC).  

 

In Figure 9 we show the temporal evolution of the delay spread, together with the 

slow fading component, of the Hip-to-Wrist radio link, when the human subject is 

walking in an indoor environment. Each time sample corresponds to 20 ms. The arm 

oscillation causes a variation of delay spread from 194 ps to 23 ns according to the 

shadowing conditions. When the antennas are in Line-of-Sight (LOS) the energy is 

concentrated in a small number of paths, which yields to a less dispersive channel, 

i.e. lower delay spread, while in NLOS the power decreases and delay spread 

increases.  

 
Figure 9: Hip-to-Wrist link in walking scenario : delay spread (up), shadowing (down) 

 

This effect is clearly shown for the same scenario in Figure 10, in which the 

cumulated energy is depicted as a function of number of MPCs and the observation 

time. When the antennas are in LOS a very small number of MPCs is needed to 

achieve the 90% of the CIR’s energy. Obviously the variation of the delay spread 

strongly depends on the type of movement and the antenna emplacement.  
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Figure 10: Percentage of cumulated energy as a function of the number of multi-path 

components 

 

For instance, in the same walking scenario, the antenna on the chest experiments 

only a little slow fading, since the masking effect by the body is quite stable. As a 

consequence also the delay spread is quite stable during the walking cycle, as 

depicted in Figure 11. Generally we can identify three different operating zones 

according to antennas reciprocal position during the movement: LOS, NLOS and a 

Transition one. Nevertheless this distinction has more sense in scenarios where the 

channel experience high shadowing, such as the links with receiving antennas on the 

limbs. 

 
Figure 11: Hip-to-Chest link in walking scenario: delay spread (up), shadowing (down) 

 

In Table 18 we report the measured delay spread in the indoor scenarios, when Tx is 

on the hip. When the human subjects do not move (i.e. “Still” scenario) the results on 

delay spread are quite similar in LOS and NLOS since there is no slow fading given 

by the movement. Similarly when the receiving antenna is on the chest, the 

shadowing is rather flat, so that the delay dispersion characteristics of the channel 

are unchanged even in moving conditions. 
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Table 18: Delay spread in nanoseconds 

 

• Delay profile modeling 

The analysis carried out in the previous section shows that a unique PDP model is 

not suited to reproduce the characteristics of the on-body dynamic channel. 

Therefore we identify here different PDP models according to the scenario and the 

shadowing condition. As classically done in wide-band channel modeling [39], the 

path amplitude can be modeled by an exponential decay (tn) and a Rician factor 

�0(tn): 

 

   
(24) 

 

Tab. II lists some of PDP characteristics, obtained by averaging the measured results 

over seven different human subjects. The average exponential decay Γ and number 

of paths K increase progressively when changing from a LOS to NLOS condition 

because of body movement. These results are somewhat dependent on the MPC 

extraction: for instance the number of MPCs K doubles when the cumulated energy 

threshold goes from 90% to 99%. In Fig. 5 we show the LOS and NLOS CIRs 

(normalized with respect to the first path) of the Hip-to-Wrist link for one human 

subject walking and the exponential decay extracted. 
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Table 19: PDP decay: walking subject, Indoor scenario 

 

 

 
Figure 12: Example of CIRs and exponential decay 

 

By defining the first MPC arriving at �0(tn) = 0, the inter-ray arrival delay can be 

modeled by a Poisson distribution: 

 

   (25) 
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where we denote �k,n = �k(tn) for simplicity. The results reported in Tab. II show that 

the inter-arrival delays in the different zones are only slightly different. This is due to 

the fact that this characteristic is basically related to the surrounding environments, 

since a part of MPCs comes from scatterers out of the body.  

 

According to the arrival time, each component of the normalized PDP has a mean 

value given by (24). The variation around this mean value can be described by a 

normal distribution: 

 

    (26) 

 

Actually in most of scenarios, a Nakagami distribution should fit as well as the 

normal distribution. The results show a σ� which has almost the same value in the 

three different zones. For instance, in Figure 13 we depict the normalized amplitude 

of the MPCs in LOS ans NLOS in the Hip-to-Wrist channel, when the human subject 

is moving. Basically, to properly model the PDP the main parameters are the decay 

factor and the mean number of paths .  

 

 
Figure 13: Normalized MPC amplitude in Hip-to-Wrist  channel 

 

2.3.4 SPACE-TIME SLOW FADING CORRELATION 

In cooperative networks, if the quality of communication is too low on a radio link, 

one can hop to a second link which presents a higher SNR with respect to the first 

one. This idea can also be used in BANs when different sensors are placed on-body. 

Obviously, one has to estimate the correlation between two different links, which 

undergo to different shadowing effects. To this aim, for a given scenario S, the 

correlation coefficient has been computed as follows: 
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where iTXS ,  represents the slow fading component in dB in the radio link associated 

to the TX transmitting antenna position and i-th receiving antenna position. The 

statistical mean operator E  has been applied on the samples
dBntS )( , relative to the 

considered link, of the whole population of human subjects. So that the correlation 

coefficient defined above is obtained by a statistical analysis on the time-variant slow 

fading.  

In Figure 14 we present the correlation coefficients at 2.45 GHz in indoor 

environments when transmitting antenna is on the Hip. Measurement results in 

anechoic chamber are not reported for sake of briefness, but they show that the 

correlation is only slightly higher than in indoor. This can be explained by the fact 

that only propagation around the body and reflection on the ground are present in 

anechoic chamber, but body movement is mainly responsible of slow fading. 

Shadowing correlation is relatively high when the human body does not move. 

Nevertheless the small value of Ssσ  reduces the correlation significance in Still 

scenarios.  

The scenarios which present high shadowing (generally when one antenna is on a 

limb) present the highest correlation. For instance in walking scenarios the Hip-

Wrist, Hip-high and Hip-Foot are strongly correlated. It is very interesting to see that 

correlation is inverted for Wrist/Thigh and Wrist/Foot. This is due to the fact that the 

receiving antennas are all on right limbs while the transmitting antenna is on the left 

side. During a walk, humans tend to alternate the movement of legs and arms. As a 

consequence, shadowing on right wrist is the opposite of shadowing on right thigh 

and right foot, while shadowing on foot and thigh follow the same temporal 

behavior (as depicted in Figure 14).  

This macro effect is verified in both anechoic and indoor environments. Finally in 

running scenarios the shadowing on limbs are more correlated than shadowing on 

chest, but generally less correlated than in walking scenarios. This is due to the fact 

that the human subjects have less control on the synchronism of movements, which 

results into a higher asynchronism of shadowing thus a lower correlation. 

 

 
Figure 14: Correlation coefficients: TX on Hip 
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In order to describe the temporal evolution of shadowing, here we use an Auto-

Regressive (AR) model: 

        (28) 

where  represents the estimation of shadowing, in dBs, which is given by a 

linear combination of the past P outputs plus a zero-mean white noise input �(n). The 

weights ap on the P past outputs minimize the mean-square prediction error of the 

autoregression var(�)². Here the Yule-Walker method has been used to extract the AR 

model of the shadowing of the Hip to Limbs channel in Walking scenarios (Table 20). 

So to generate N simultaneous shadowings, one uses the filter coefficients for the 

desired on-body channels. Each system is then driven by N correlated zero-mean 

Gaussian white noise, which variance var(�) has been obtained by AR modeling. 

These N correlated noises are obtained by Cholesky factorization of the shadowing 

correlation matrix. An example of results of AR model is reported in Figure 15: 

Example of measured correlated shadowing (up) and its AR model (down): the 

output of the filter respects the same statistical properties of the two correlated 

shadowings.  

Once the simultaneous correlated, slow fading components have been generated, one 

can use the appropriate PDP model according to the shadowing zone. Nevertheless 

the choice of the PDP model should be ambiguous, especially for what concerns the 

parameter . The number of MPCs follows a certain regularity according the 

shadowing conditions, as depicted in Fig. 3. In Figure 16Figure 16: MPCs vs. 

Shadowing in the Hip to Wrist channel the number of MPCs as a function of the 

shadowing value is depicted for the Hip-to-Wrist channel. An exponential 

dependence of K(tn) versus S(tn)|dB has been found for most of scenarios: 

 

       (29) 

 

Thus once the correlated shadowing on each node is generated, the mean number  
can be obtained from (8) by using the parameters reported in Table 21. Then, the PDP 

can be obtained from the parameters reported in Tab. II with except of . 

 

 
Table 20: Coefficient of the AR model in walking scenarios, TX on hip 
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Table 21: Shadowing correlation and exponential decay of K(tn) vs. S(tn)|dB, in walking 

scenario, TX on Hip 

 

 

 
Figure 15: Example of measured correlated shadowing (up) and its AR model (down) 

 

 

Figure 16: MPCs vs. Shadowing in the Hip to Wrist channel 

 

2.3.5 DOPPLER SPECTRUM MODELING 

In classical time-variant channel models, the mobility is often taken into account by a 

movement of the receiving antenna at speed v with respect to the transmitting one. 
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By considering that a small movement, corresponding to a time separation t∆ ,  the 

amplitude and phase of the k-th MPC can be considered constant, while the phase 

variation is 
( ) ktv φλπ cos/2 ⋅∆⋅⋅

. In the case of isotropic scattering, the received 

signals come from all directions with equal probabilities. The isotropic scattering 

model, also known as the Clarke’s model, corresponds to the uniform distribution 

for the angle of arrival 
[,[ ππφ −∈k . This assumption and hypothesis of uncorrelated 

scatters (US) yields to the classical Jake’s bath-tube like Doppler spectrum[40]. 

Previous works on indoor channel with fixed antennas and moving scenarios have 

highlighted Doppler behaviour different from the Jakes/Clarke model [41][42] . In 

these scenarios, the time variance of the channel is given by the people movement in 

the environment where the fixed antennas are placed. The Doppler spectrum in this 

case is centred around a mean value at 0 Hz and can be modeled by a Laplacian 

distribution [43]. 

 

In BANs, the antennas are placed on-body and the human subject is set free to move. 

The scatters are given by the surrounding environment and the human body itself. In 

practical situations, the antennas reciprocal positions do not vary significantly, while 

the scatters position, with respect to the TX-RX link, can change with the human 

movement. Thus, the on-body channel can be assumed, in a first approximation, as a 

fixed TX-RX situation with moving scatters, producing the time variance of the 

channel. This assumption is quite correct when both transmitting and receiving 

antennas are placed on the torso or on the same limb, or more generally, when there 

is a slight movement of the receiver antenna with respect to transmitter (e.g. Hip-

Foot link, and arm swinging). In these cases, the Doppler function is centred at ν = 

0Hz. 

In anechoic chamber no scatters are present with except the body itself. In Figure 17, 

we show the normalized Doppler Spectra at 2.4 GHz, when the human subject walks 

in anechoic chamber. When one antenna is on the torso and the other on a moving 

limb, the distance between TX and RX can change slightly. However, the velocity of 

the receiving antenna with respect to the transmitting one is very low, and the time-

variance is mainly given by the varying position of the scatters. As a consequence the 

Doppler function is still centred at ν  = 0, but it presents a smoother behaviour, as 

shown in Figure 17. 
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Figure 17: Normalized Doppler Spectra: human walking in anechoic chamber 

The difference between the levels of the floor when the receiving node is on the 

chest, with respect to the nodes on the limbs, can be explained by the increased 

degree of mobility in the latter case. Given this behaviour of the Doppler spectra it is 

useful to identify the bandwidths with respect to a threshold, e.g. -20 dB below the 

peak value at 0 Hz, instead of the maximum Doppler Shift. In Table 22 we list the 

results obtained from our measurements in anechoic chamber. 

A rigorous mathematical formulation of Doppler spectrum from moving scatterers 

has been recently given in [44]. By assuming uniform scattering pattern and 

independence of scatterers, the Doppler spectrum can be decomposed by Bessel and 

Legendre functions. Instead of Laplacian distribution a simplified expression of the 

normalized Doppler spectrum can be the following: 
 

2

1
)(

νγ
ν

+
=−BODYOND     (30) 

 

In Figure 17 we show the good approximation of this model with the 

measurement results, by using the values of listed in Table 22. A small value 

of  γ  represents a modest degree of mobility, as in the Hip-Chest, Ear-Ear and 

Ear-Hip links. 
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Table 22: Doppler Bandwidth at -20 dB and model parmeter of on-body Doppler 

Some important differences can be noticed when moving from the anechoic scenario 

to a realistic one. In  

Figure 18 we show the normalized average power of effective scattering distribution, 

for the Hip to Wrist channel in walking scenarios. When the human subject is in 

anechoic chamber, since no off-body scatterers are present, most of energy is 

concentrated around 3ns, which is close to time-of-flight between the node locations. 

The effective scattering distribution presents a high peak at the frequency Doppler ν  
= 0. When human subjects are in indoor environment, we can clearly identify some 

off-body scatterers, far away from the on-body ones. It is interesting to notice that the 

presence of these scatterers yields to no-symmetric scattering distribution. This is 

mainly due to the fact that the antennas are placed on the front side of the body. As a 

consequence the scatterers in a half space behind the body are strongly masked by 

the shadowing of the body itself. 
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Figure 18: Average power of effective scattering distribution in dB: Hip-Wrist link walking in 
anechoic chamber (up) and in office environment (down) 

 

As depicted in Figure 19, the effect on the Doppler spectrum is a component at 

around 10 Hz when the Tx is on the Hip. This frequency is related to mobility of the 

human subject, who walks at about v = 0.7m/s. Since both transmitting and receiving 

antennas are moving at the same time, the equivalent Doppler shift is twice the 

maximum shift at the frequency of interest. When the transmitter is on the Left Ear, 

the shadowing effect from the body is different and the angular distribution of the 

off-body scatterers is not concentrated in half space like in the previous scenarios. As 

a consequence a Doppler component at positive frequencies is not present, and the 

main effect of on-body scatterers is to enlarge the -20 dB Doppler band around 0 Hz. 
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Figure 19: Normalized Doppler Spectra by human walking in anechoic chamber: TX on Hip 

(up), TX on Left Ear (down) 

When a well-identified Doppler component is present, like in the on Hip scenario, it 

is possible to separate the off-body scatterer Doppler contribution from the purely 
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on-body one. In these cases, one can express the total Doppler Spectrum as the 

combination of two independents factors: 

 
)()()( ννν BODYOFFBODYONTOT DDD −− ⋅=

   (31) 

where BODYOND −  is the component related to the on-Body scatterers, as in (28), and 

)(νBODYOFFD − to the off-body ones. Obviously the factorization of these two 

components is a strong approximation, but it yields to a simple model. In the 

scenarios with TX on the Hip, it was found that the off-boy presents a Gaussian 

shape in dB: 
 

( )










 −
⋅=− 2

2

0
2

exp)(
νσ

ννν m

dBBODYOFF DD

   (32) 

 
In Figure 20 we show the good agreement between measurements and the model 
expressed in (29). Table 23 lists the parameters of Doppler Spectrum for some 
scenarios in indoor on-body channels. It is interesting to notice that the off-body 
component presents in all scenarios a mean value around 10 Hz, showing some 
reproducibility of the effect of the off-body scatterers. 
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Figure 20: Normalized Doppler Spectra: human walking in Indoor, Hip- Wrist Channel 

 
Table 23: Doppler parameters in indoor 
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The knowledge of Doppler Spectrum allows the quantification of how much 

broadening is imposed on the spectrum of signal, according to the rate of change in 

the channel state. In multi-path scenarios, the Doppler shift of each path can be 

different from that of another path, which results into a Doppler spreading. The 

Doppler spread can be used to evaluate the time-variance of the channel and 

estimate the coherence time at 0.5 correlation threshold and shown in Figure 21, [45]. 

 
Figure 21: Coherence time: TX on Hip (left), on Ear (right) 

 

2.3.6 ANTENNA POLARIZATION INFLUENCES 

In order to study the influences of the polarization, another measurement campaign 

has been carried out at CEA [46]. The measurement scenarios are similar to those 

presented in the previous sub-sections. Two different sets of antennas have been 

used: Top Loaded (TL) Monopole antennas presenting a normal polarization with 

respect to the body surface, and Planar Loaded (PL) Monopole antennas presenting a 

tangential polarization. More precisely, for each set of measurements, the same kind 

of antenna (TL or PL monopole) has been used for the transmitter and the receivers.  

 

The numerical results presented in Table 24, Table 25 and Table 26 are useful in 

order to make some comparative considerations between the two different sets of 

antennas, and the influence of the environments where the measurements have taken 

place. 

 
 

 
  

Tx Heart  

Top Loaded Monopole  

Tx Heart 

Planar Monopole  

 
  

Quasi-anechoic 

chamber 
Indoor Office 

Quasi-anechoic 

chamber 
Indoor Office 

  Rxs μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] 

Walking 
Right  

Thigh -38,45 1,06 -38,65 1,15 -66,77 3,35 -62,72 2,41 

 Rigth Hand -47,07 2,16 -49,47 1,2 -63,87 6 -60,15 5,79 

 Left Hand -43,86 2,46 -42,97 3,19 -60,42 4,35 -58,35 1,5 

 Left Ear -48,62 3,62 -46,82 4,57 -61,06 5,18 -60,48 3,5 
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Sitting/ 

Standing 
Right Thigh 

-39,45 1,59 -41,04 1,44 -63,96 5,36 -58,02 3,61 

 Rigth Hand -46,54 2,46 -47,73 4,6 -58,41 2 -56,06 4,89 

 Left Hand -43,52 2,35 -43,02 2,76 -54,62 3,07 -56,21 3,53 

 Left ear -48,34 2,43 -43,47 1,98 -63,07 2,72 -59,13 4,47 

                   

Standing 

Still 
Right Thigh 

-38,75 0,92 / / -68,34 4,92 / / 

 Rigth Hand -46,58 1,69 / / -66,25 6,17 / / 

 Left Hand -42,12 1,87 / / -62,43 2,36 / / 

 Left Ear -45,01 1,36 / / -60,96 2,27 / / 

Table 24: Channel Gain values for scenarios where Tx is placed on Heart  

 

 
  

Tx Left Hip - Top Loaded 

Monopole  Tx Left Hip - Planar Monopole  

 
  

Quasi-anechoic 

chamber 
Indoor Office 

Quasi-anechoic 

chamber 
Indoor Office 

  Rxs μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] 

Walking 
Right  

Thigh -38,78 2,06 -38,4 1,17 -63,85 2,4 -60,77 4,89 

 Rigth Hand -52,09 4,58 -53,09 2,89 -67,54 7,5 -61,69 6,9 

 Left Hand -40,32 3,17 -40,74 4,32 -50,38 1,08 -49,62 2,95 

 Left Ear -47,24 2,02 -48,3 2,69 -68,45 5,4 -64,26 3,3 

                   

Standing 

Still 
Right Thigh -42,78 2,26 / / -61,17 1,06 / / 

 Rigth Hand -48,35 4,8 / / -68,97 1,29 / / 

 Left Hand -34,52 1,37 / / -47,59 2,4 / / 

 Left Ear -46,77 1,46 / / -69,77 3,63 / / 

Table 25: Channel Gain values for scenarios where Tx is placed on Left Hip 

 

 
  

Tx Right Ear - Top Loaded 

Monopole 
Tx Right Ear - Planar Monopole 

 
  

Quasi-anechoic 

chamber 
Indoor Office 

Quasi-anechoic 

chamber 
Indoor Office 

  Rxs μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] 

Walking 
Right  

Thigh -55,13 3,29 -57,57 1,84 -72,53 5,96 -67,01 2,77 

 Rigth Hand -53,82 3,92 -53,31 3,19 -64,61 4,49 -59,18 2,27 

 Left Hand -66,59 4,98 -57,57 0,91 -74,89 2,63 -65,67 4,63 
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 Left Ear -35,81 0,82 -37,01 2 -58,54 6,05 -54,67 4,73 

                   

Sitting/ 

Standing 
Right Thigh -56,77 2,99 -57,78 2,56 -72,27 3,58 -65,93 4,41 

 Rigth Hand -54,2 2,97 -55,18 1,95 -61,83 5,41 -61,22 2,5 

 Left Hand -61,52 3,62 -58 1,52 -73,82 3,26 -64,79 3,63 

 Left ear -36,33 1,56 -36,43 2,08 -57,41 8,28 -55,44 6,33 

                   

Standing 

Still 
Right Thigh -53,82 1,99 / / -76,22 3,05 / / 

 Rigth Hand -49,92 2,47 / / -67,77 2,47 / / 

 Left Hand -66,87 3,43 / / -78,83 2,05 / / 

 Left Ear -33,69 0,81 / / -68,02 4,12 / / 

Table 26: Channel Gain values for scenarios where Tx is placed on Right Ear  

First of all, it is possible to remark how the path loss is generally stronger when PL 

Monopole have been used, comparing to the case with TL Monopole, as shown in 

Figure 22. As expected, the antenna with normal polarization with respect to the 

body surface (TL Monopole) is more suited for On-Body applications, supporting the 

creeping-waves propagation over the body.  This leads to higher values in terms of 

channel gain up to 22-25dB with respect to the ones found for tangentially polarized 

antennas (PL Monopole). This effect is particularly evident for those channels with a 

strong on-body propagation component and where no “on-air” propagation occurs, 

such as Heart-Thigh, Hip-Thigh and Ear-Ear links.  
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Figure 22: G0 comparison for different antenna sets 

 
For PL Monopoles, it could also be pointed out that the dispersion on the channel 

gain is relevant especially in quasi-anechoic environment, where the σ0S values are 

larger than those found for the indoor scenario. Same considerations could not be 

drawn for the TL Monopole case, where the standard deviations are generally 

smaller than in the former case and the difference between indoor and anechoic 

environment is not so stressed. This is due to the fact that the presence of a ground 

plane makes the antenna less influenced but the human body.  

The different behaviour of the two sets of antennas in respect with the environment 

considered could be explained assuming that in anechoic chamber the propagation 

occurs mainly by creeping waves on-body and small reflection on the ground, and 

these phenomena affects more the performances of tangentially polarized antennas, 

like the PL Monopole, than those of antennas with normal polarization. 

 
For the PL antennas, it could also be noticed that the mean path loss is stronger in the 

anechoic chamber than in indoor, because in the latter environment the multi-paths 

contribution due to reflections and diffractions from the environment is very 

significant, leading to an additional energy contribution. This trend is more evident 

when one of the nodes composing the link is considerably masked by the human 

body. For instance, channel gain stronger up to 10 dB in indoor than anechoic 

chamber have been measured for the Right Ear-Left Hand channel, where the whole 

body shadows the communication. 
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For the same reasons explained above, this is not at all valid for the TL Monopoles, 

where all the scenarios present almost the same values for the channel gain. A 

graphical example is given in Figure 23. 
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Figure 23: G0 values in different environment for PL Monopole (up) and TL Monopole (down) 
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3. OFF-BODY AND BODY-TO-BODY CHANNEL MODELS 

Even if a lot of efforts have been put on the study of propagation dynamics and 

channel characteristics for on-body communications, body-to-body (or inter-body) as 

well as off-body channels have been little investigated. Hereafter, a general overview 

on the proposed channel models for these scenarios is given. 

3.1. OVERVIEW 

• Body-to-body communications 

Some research teams realized different measurement campaigns in order to collect 

data to characterize the inter-body channel. In particular, S.L. Cotton and W.G. 

Scanlon from the Queen University of Belfast performed the statistical description of 

the dynamic body to body communications at 2.45GHz. They considered a scenario 

representative of indoor sweep and search operations for fire and rescue personnel 

where four subjects move in a building, one of them held the transmitter device 

while the other three played the role of the receivers . The authors demonstrate (see 

Figure 24) that the k-μ distribution is able to provide a good fit to the distribution of 

small-scale fading for all the considered links, in comparison to other statistics such 

as Nakagami, Lognormal, Rice and Weibull. 

 

 
Figure 24: Fading distribution in body-to-body channel 

Considering also the low cross correlation and comparable mean signal levels 

characterizing the received signals, the idea of employing spatial diversity to 

improve channel performance could be an interesting option. 

Similar conclusions on diversity are presented in [49] and [50] even if measurements 

have been carried out wideband at the carrier frequency of 5.5GHz in an indoor 

environment. Considering the classical distance-dependent path loss model, the 

authors propose an inter-BAN channel model where the shadowing is best described 

by a Log-normal distribution and the path loss exponent results to be always smaller 

than 2. 
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Another statistical description of the inter-BAN channel is given in [51] and [52].  The 

authors investigated propagation characteristics in the frequency band centred at 

2.45 GHz and 5.8 GHz through an extensive measurement campaign involving two 

subjects (one with the transmit antenna and the other equipped with the receiving 

devices) in an office environment. The users were positioned at different distances 

between each other, performing various random activities with random body 

orientations. Variations of the channel path gain was found to follow a gamma 

distribution with mean and variance values following a power law in respect to the 

distance between the two BANs, the rate of decrease resulted to be almost 

independent of the considered frequency, while more related on the device on-body 

position. 

Moreover, the short-term fading turned to be described by a Rican distribution with 

K-parameter depending more on the on-body position of the antenna than on the 

distance, while the long-term fading followed either a gamma distribution (when the 

distance between the subjects remains constant) or a lognormal one (if the distance 

also changes randomly). For this distribution, the mean and the variance decrease 

with the distance following a power law with a rate of decrease almost independent 

from the frequency band but strictly related to the antenna position. 

 

Investigations on the UWB have been performed by the Institute for Infocomm 

Research of Singapore [53]. Collecting data in an anechoic chamber environment for 

two subjects standing at various distances with different body orientations, the 

authors found that the path loss, calculated through the classical distance-dependent 

formula, was strongly related to the devices on-body emplacement as well as to the 

relative position of the human bodies. 

 

Hanlen et al. performed some measurements focusing on coexistence problems when 

multiple BANs are co-located [54][55]. Since none of the networks has the right to 

stop the transmission of the others, they obviously mutually interfere, and this could 

lead to a severe degradation of the performances of the reference network. Collecting 

the RSSI values of all the investigated links (reference and interferer), the authors 

found that the interference signal power is dominated by factors which are not 

related to the distance but regard mostly subject movements, both local (e.g. arm 

swinging) and global (i.e. walking or running). Moreover, results show that Signal-

to-Interference Ratio (SIR) could be low or even negative, since the interferers were 

often more powerful than the reference link because of the great shadowing effect of 

the human body that could lead to power absorption up to 60dB.  

Authors also wandered if the reference and the interferer links were sufficiently 

independent, such that it would be possible to measure them separately and later 

combine them. The computation of correlation coefficients has revealed that the two 

signals are generally uncorrelated and also statistically independent when 

considered over large periods of time (order 100’s of seconds). Differently 

considering short intervals, the two channels may show correlation, in particular 
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when the subject movement is not the main source of channel dynamic and hence it 

varies slowly. The answer to the initial question remains still open, since the 

correlation between interferers and reference signal is strongly related to the subject 

instantaneous activity. 

 

Ray-Tracing methods have also been used recently in [56]for off-body and body-to-body 

communications. The 2D scenario considered in this work does not take into account 

the environment around the bodies and the latter are modeled as closed cylindrical 

surfaces with constitutive parameters chosen based on the “Muscle” model. This 

approach could represent a powerful building block in the perspective of modeling 

inter-BAN communications (i.e. at least the part which does not involve an 

interaction with the environment). 

Differently from that, in [57] and [58] Cotton and Scanlon present a novel approach 

to simulate dynamic soldier-to-soldier signal propagation using jointly an animation-

based technology, in order to take into account real body movements (Poser7 

software tool), a computer generated environmental model (AutoCAD software 

package from Autodesk), and a commercial ray-launching engine to perform channel 

prediction. The reference scenario, in this case, was that of millimetre-wave (60GHz) 

soldier-to-soldier communication for counter-insurgency cordon and sweep 

operations. Authors simulated the field of action and the realistic movement of a 

team of four soldiers to extract important channel metrics such as root mean square, 

angle of arrival and delay spread.  

In [59] the same team of researchers realised a simulated study of the co-channel 

inter-BAN interference at 2.45GHz and 60GHz. Using an accurate CAD model of an 

indoor location together with a human body model obtained through the use of 

Poser7 animation software and a full 3D ray-launching simulator tool, the authors 

found that on-body communications at 2.45GHz were heavily susceptible to 

interference caused by undesired signal reception from other nearby BANs, while 

operating at the 60GHz frequency generally provides mitigation of co-channel 

interference, allowing a greater number of networks to co-exist. 

 

• Off-body communications 

One of the first attempts in giving a complete insight on the off-body channel 

characteristics has been done by Ziri-Castro et al. in [60]. The authors presented a 

comparison between measured data and simulations of a narrowband 5.2GHz radio 

channel for two indoor scenarios (a corridor and an office). The measurements 

involved one fixed transmitter and one receiver placed on the hip of a subject 

walking towards (LOS conditions) and away (Non-LOS conditions) from the 

transmitting antenna, whereas the simulations were performed using a three-

dimensional image-based propagation prediction technique. The use of a simulation 

tool seemed to be appropriate for LOS case but revealed some inaccuracies in NLOS 

situations. Statistical analysis on small-scale fading proved a good fitting with 

Rayleigh (signal level below the mean) or Lognormal (signal level above the mean) 
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distribution for the corridor environment, whereas in the office case the Lognormal 

statistic turned to be the best one. 

 

The research group at the Queen’s University of Belfast performed a set of 

experiments in order to extract a channel model for off-body communications at the 

frequency of 868MHz [61][62][63] and [64]. Measurements have been done 

considering several receiving antennas placed on the subject’s body, different 

environments (i.e. anechoic chamber, open office and hallway), LOS and NLOS 

conditions and a walking movement. 

Data analysis pointed out how both antenna positioning and human body movement 

play an extremely important role in indoor propagation characteristics for wearable 

systems. Moreover, it has been verified that Nakagami-m distribution provides the 

optimum fit for the majority of the off-body propagation channel investigated in 

both anechoic and indoor multipath environments. This distribution turned out to be 

suitable for the considered scenarios as, differently from other distribution like Rice 

or Rayleigh, it does not assume scattered components of equal amplitude. Level 

Crossing Rate (LCR) and Average Fade Duration (AFD) were also provided, which 

are well described by Nakagami second order statistics.  

In [64] the cross correlation level between fading experienced at different body 

locations was also evaluated, the low values found suggest the idea that a spatial 

diversity combining scheme could improve significantly the system performances. 

 

A similar experiment is presented in [65], the authors perform a measurement 

campaign collecting real time channel responses at the carrier frequencies of 820MHz 

and 2.36 GHz for a subject equipped with two antennas and standing still in front of 

a fixed RX antenna, just changing body orientation and the relative distance or 

performing a walk towards the receiving device. 

Different statistics have been compared in order to find the one that best describes 

the received signal amplitude; overall, the Lognormal distribution provides the most 

reliable fit for both the considered bands (see Figure 25). 
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Figure 25: Fading distribution of off-body channel 

In order to evaluate the channel stability, the authors introduced a new parameter 

called channel variation factor and calculated as the ratio between the standard 

deviation and the root mean square power of a channel response sequence. Off-body 

BAN channel turned out to be quite stable, more at 802MHz than at 2.36GHz, with a 

coherence time reasonably of the order of tens of milliseconds; on-body device 

position also played a significant role in the channel temporal stability. 

 

Considering the great advantages that the use of UWB could bring to the system 

performances in terms of reduction of multipath fading, possibility of reaching high 

data rates and decrease of the operative power, some researches have also been 

performed focusing on the characterization of the channel at these frequencies. 

Goulianos et al. from the University of Surrey [66][67][68], proposed to model the 

off-body communication channel with a multi-slope Path Loss equation obtained 

from the study of propagation mechanisms around the body (creeping waves) 

combined with the traditional distance-dependent Path Loss formula.  

Based on the measured data, statistical channel parameters have been extracted with 

respect to both the radial coordinate ρ, denoting the distance between the transmitter 

and the body centre, and the body orientation angle ΘA, which is formed by the lines 

connecting the body centre to the transmitter and to the on-body antenna 

respectively. 

Mathematically the model could be expressed as: 
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where L0(ρ) is expressed by: 

    ( ) ( ) 







+=

0
10000 log10

ρ
ρρρ ρnLL    (34) 

 

and ΘAL and ΘAS are the breaking point angles, that are defined as the angle after 

which the decay coefficient nΘ(ΘA) changes its arithmetic value. These angles indicate 

respectively the passage from the lit zone and from the shadow region of the 

transmitter. Power delay profile analysis and modeling were also performed. 

 

Focusing on a real hospital environment in [69] the authors present a measurement 

campaign for stationary and mobile UWB off-body channels. Measurements were 

made using RF-over-fibre technology to eliminate unwanted electromagnetic effects 

associated to the use of co-axial cables. The results show that Received Signal 

Strength (RSS) values depend on whether transmitting and receiving antennas are in 

relative line of sight or non line-of-sight conditions. For mobile tests, both LOS and 
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NLOS cases tend to have log-normally distributed fading with the latter having 

significantly lower mean signal strength. In stationary conditions, signal strength 

results also dependent on user orientation, with difference between standing and 

sitting in the same location. 

 

3.2. STANDARDIZED CHANNEL MODELS  

• CM4 for 2.5GHz 

In the IEEE 802.15.6 standard, CM4 channel model address the body surface to 

external scenarios. The following path loss measurements have been performed at 

frequency of 2.36GHz for sleeping position on a bed and in a bedroom. Details of the 

measurement set up, derivation and data analysis can be found in [70]. Table 27 

summarizes the results.  

The transmitter is placed on the chest and the receiver is away from the body with 

various distances as outlined. 
 

 
Table 27: CM4 channel model for 2.4GHz 

The first-order statistics fit with off-body sleeping channel data, where the data has 

been normalized to mean of each link data set. The gamma distribution is the best 

fitting distribution type for this data, apart from overall sets, non-normalized, which 

is lognormal. 

The second-order statistics fit with off-body sleeping channel data. Lognormal is the 

best fitting distribution type for channel outage distribution (linear magnitude 

values) for this data. 

 

• CM4 for UWB 

Measurements for the UWB frequency band of 3.1 – 10.6 GHz have also been carried 

out [71] to propose an UWB channel model in 802.15.6 standard for off-body 

communications. The measurements were done in an office environment. The 

transmitting antenna was fixed near to wall, while the receiving antenna (placed on 

the body) positions were changed in office area. The effect of ground is considered in 

the measurements. The further detail on set-up, derivation and data analysis can be 

found in [71]. Table 28 summarizes the results for different body orientation with 

respect to the transmitter.  
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Table 28: CM4 channel model for UWB 

 

• h(t): complex impulse response 

• L : number of arrival paths, modeled as Poisson random variable with mean 

equal to 400 

• am : amplitude of each path 

• �m : timing of path arrivals, modeled as Poisson random process with arrival rate 

λ=1/(0.50125 ns) 
• k : effecti of K-factor (NLOS) 
• Ω0 : path loss (can be assumed as free space) 

• d : Tx-Rx distance 

• c : light velocity 

 

3.3. CEA OFF-BODY CHANNEL INVESTIGATIONS 

Previous measurement campaigns have been carried out at CEA for the investigation 

of narrow band channels at 2.45GHz for off-body communications [46]. Thus, we 

present in this section a space-time varying channel model, where one end of the 

communication is stationary and placed outside the human body, while the other 

one is located on it in a specific position and moves according to the wearer 

movements. 

 

The main idea that stands behind the analysis performed is to model the channel 

gain (G|dB) extracting a main component dependent on the distance (G0|dB) and/or on 

the angle between the body and the external gateway, plus a random variable (F|dB) 

that accounts for the movement of the subject and the environment considered, 

defining in that way a sort of fading contribution.  

The model could be represented through the following equation: 
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dBdBdBdBdB FddndGFGdG |010|0||0| )(log10)()( ++=+=    (35)  

 
where d0 is the reference distance equal to 1 m. 

 

3.3.1 DISTANCE-DEPENDENT MODEL: LOS AND NLOS CONDITIONS 

In order to extract the distance dependent component of the channel gain (G0|dB) 

some distance-discrete measurements have been performed.  

The LOS condition represents the scenarios where the subject stands in front of the 

external gateway acting as the transmitter, and the angle α set between the body and 

the Tx antenna is considered equal to 0°.  

On the contrary, in NLOS condition the subject stands with his backside facing the 

external transmitter, so that the body completely shadows the transmission, and α is 

set to 180°. 

 

The characterization of G0|dB is achieved extracting from the data acquired the values 

of G(d0)|dB and n, this last one considered as the path loss exponent. Figure 26 shows 

a graphical example of the analysis performed. 

The vertical sets of crosses represent the data acquired during the measurements at 

each distance (from 1 to 4 meters far from the Tx with a resolution of 0.25 m), while 

the continuous line is the log-distance fit that allows the evaluation of G(d0) and n for 

each link. 

Just looking at the graphs, it is possible to drawn some general considerations: in the 

LOS case the dispersion of the acquired samples at a fixed distance is very limited, 

meaning that there is a main direct path that leads the propagation. On the opposite, 

NLOS scenarios are characterized by a significant dispersion of the data, up to 10-12 

dB in indoor, due to the fact that the propagation occurs mainly by reflections or 

diffractions on the body (if in anechoic chamber) and/or on the surrounding 

environment (if in indoor).  
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Figure 26: G0|dB  trends for TL Monopole LOS conditions (up) and PL Monopole NLOS 

conditions (down)  

Table 29 and Table 30 give an overview on the results obtained respectively for the 

Planar Monopole and the Top Loaded Monopole cases and for all possible scenarios. 

 
 

Planar Monopole 
  Quasi-Anechoic Chamber Indoor 

  LOS NLOS LOS NLOS 

  n G(d0) n G(d0) n G(d0) n G(d0) 

Rx Right Ear -2,2 -63,48 -2,2 -51,69 -1,47 -50,24 -0,69 -53,43 

Rx Heart -1,99 -41,75 -1,8 -72,46 -2 -38,92 -0,4 -62,62 

Rx Left Hip -1,61 -50,11 -0,9 -69,09 -2 -51,94 -0,1 -68,78 

Table 29: G0 characterisation: G(d0) and n values for Planar Monopole antennas 
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Top Loaded Monopole 
 Quasi-Anechoic Chamber Indoor 

 LOS NLOS LOS NLOS 

 n G(d0) n G(d0) n G(d0) n G(d0) 

Rx Right Ear -2,18 -45,14 -2,07 -45,82 -1,62 -45,7 -2,96 -46,03 

Rx Heart -2,44 -49,11 0 -71,42 -1,37 -54,71 0 -66,33 

Rx Left Hip -1,83 -43,99 -0,24 -66,48 -1,99 -47,67 -0,59 -61,33 

Table 30: G0 characterisation: G(d0) and n values for Top Loaded Monopole antennas 

The values presented in the tables could suggest some general considerations: the 

LOS case in anechoic premises presents a value of the path loss exponent n around -

2, depending on the specific position of the receiver. This is in line to what has been 

expected, considering that for this scenario the propagation is mainly due to a Line of 

Sight component in the free space whose n value is commonly assumed to be equal 

to -2. The slight differences found could be referred to the body effect, the antenna 

used and the on-body position.  

In indoor it is necessary to take into account the influence of the specific 

environment, and this could explain the higher variability of path loss exponent 

around the free space reference value. 

In NLOS conditions, n generally assumes smaller values than in the LOS case; this is 

reasonable considering that when the body completely shadows the transmitting 

antenna from the receivers, the communication occurs mainly by multi-paths and 

there is no more main dominant LOS path. Naturally, this trend is more evident in 

indoor condition where the influence of the environment leads to a more significant 

multipath component. In this case, n presents values around 0, meaning that the 

randomness of different contributions to the propagation globally remove the 

distance dependence. 

 

As far as the G(d0) value is concerned, when the user passes from LOS to NLOS 

condition the path loss could increase significantly, with a difference up to 31 dB in 

anechoic chamber. In indoor premises this phenomenon is still present even if 

slightly less intense with a channel gain decrease up to 23 dB. 

In general, Top Loaded antennas present lower values for the channel gain (up to 

8dB less in anechoic and 7dB in indoor), but the trend is not confirmed by the link 

with the Rx on Heart. This phenomenon supports the idea that the specific node 

location and the antenna type play an important part in the definition of the channel 

characteristics. In particular, when the TL monopole is on the heart or on the hip, the 

LOS path is in radiation pattern null, which gives higher losses.  

When the antenna is on the Ear the TL monopole presents a non-null radiation 

pattern in both LOS and NLOS case. This evidently affects the propagation in a 

different way, and explain why G(d0) has very close values in both LOS and NLOS.  
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In order to complete the characterization of the Off-Body channel, the fading 

component F(t) has to be extracted and then statistically described. 

Firstly, the distance dependent component previously described has been verified 

through the comparison with the data acquired in dynamic walking conditions (LOS 

and NLOS) both in anechoic and in indoor. Figure 27 shows the good agreement 

between the dynamic acquisitions and the fit for G0|dB extracted from the distance 

discrete measurements. 
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Figure 27: Comparison between the fit to distance-dependent component and dynamic 

acquisitions 
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Then, the fading component has been computed subtracting the G0|dB component 

from the continuous measurements; considering that F(t) could be expressed as 
2|)(|)( ttF χ= . 

Measurements results show that |χ| follows a Nakagami distribution, which  is 

defined through a shape and a spread parameters, respectively μ and w. A graphical 

example of the data fit to the proposed distribution is shown in Figure 28 for two 

different scenarios. 
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Figure 28: Cumulative distribution function of the fading data F(t): NLOS (up) and LOS (down) 

for TL Monopole 

The study has been performed for all the possible scenarios combining the two 

antennas types, the different environments and the propagation conditions (LOS and 

NLOS). Table 31 and Table 32 present the whole sets of results obtained for the 
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statistical characterization of the fading, as well as the mean duration of the fade in 

ms, its mean depth in dB and the rate of appearance in s-1.  

 
 

  Fading statistics - Planar Monopole  
    LOS Conditions NLOS Conditions 

  Rxs μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] 

Anechoi

c 

Chambe

r 

Rx       

Right Ear 
1,04 0,66 2 0,41 -3,33 7,62 1,66 0,75 0,18 -1,06 

  Rx Heart 12,02 1,52 0,5 0,23 -0,83 1,42 2,02 7,7 0,04 -6,11 

  

RxLeft 

Hip 11,43 1,04 1,35 0,36 -1,01 5,28 2,12 0,8 0,07 -1,6 

Indoor 
Rx       

Right Ear 2,11 0,98 4,3 0,14 -6,77 1,24 2,09 4,55 0,07 -7,85 

  Rx Heart 5,48 0,73 1,65 0,5 -3,38 0,81 1,12 5,35 0,11 -12,24 

  

RxLeft 

Hip 2,61 2,06 2,75 0,06 -5,83 0,92 1,91 6,25 0,07 -11,55 

Table 31: Fading statistics for Planar Monopole  Antenna 

 
 

  Fading statistics – Top Loaded Monopole  
    LOS Conditions NLOS Conditions 

  Rxs μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] 

Anechoi

c 

Chambe

r 

Rx       

Right Ear 
5,83 1,34 1,3 0,21 -1,01 9,96 1,14 2,35 0,17 -0,8 

  Rx Heart 2,74 1,08 1,05 0,5 -3,63 1,15 1,88 1,75 0,27 -5,69 

  

RxLeft 

Hip 
4,68 0,81 1,5 0,47 -1,8 0,82 0,8 2,1 0,36 -7,5 

Indoor 
Rx       

Right Ear 
2,15 0,76 3,4 0,22 -7,4 1,46 2,1 4,15 0,08 -7,16 

  Rx Heart 1,28 1,45 3,2 0,14 -8,89 1,02 1,79 6,25 0,07 -10,71 

  

Rx Left 

Hip 
1,46 1,49 3,3 0,13 -7,26 1,02 1,22 5,95 0,09 -11,65 

Table 32: Fading statistics for Top Loaded Monopole  Antenna 

 
When moving from anechoic to indoor scenario, the values of the shape factor 
characterising the fading decrease. This is due to the fact that the increasing of the 
multipath component, related to the influence of the environment, enhances the 
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fading, and this is directly transposed on its statistic, with a lower value of µ meaning 
a weaker main path propagation component. 
 
The same consideration can be drawn for the comparison between LOS and NLOS 
conditions, where in the latter case the multipath is stronger than in the former due to 
the shadowing effect of the body and, as already explained, the propagation occurs 
mainly by reflected or diffracted waves. 
 
To confirm this trend, the frequency of appearance of the fading, given by the rate 
values listed in tables, is sensibly higher when in indoor than in anechoic or when in 
NLOS than LOS case. In accordance to that, a higher fading rate is always followed 
by deeper fading phenomena (see depth [dB] values in tables). 
 
As for the channel gain, the link involving the antenna on the Ear results to be 
peculiar. This is due to the particular shadowing condition and reciprocal antenna 
positions.  
 

3.3.2 ANGLE DEPENDENT MODEL: CIRCULAR MOVEMENT 

In the previous sub-section, it has been presented a model for the Off-Body channel 

where only the dependence on the distance d from the external gateway has been 

taken into account.  

This section is focused on the effect of body rotation, i.e. the angle set up between the 

subject and the transmitter antenna, which affects the propagation channel. An 

evaluation of the mean shadow effect due to the human body while it performs a 

complete 360° rotation (starting from LOS, α=0°) is performed. 

For this kind of analysis circular, both static and dynamic, measurements have been 

used. The circular static measurements performed allow the evaluation of the 

channel gain for every angular position with a step of 45°. For instance in Figure 29 

we show the angular dependent path loss, when receiver is on the Ear (blue line), 

Heart (green line) and Hip (red line), for both antennas. 
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Figure 29: Static circular acquisition for Off-Body channel with PL Monopole (up) and TL 

Monopole (down) in quasi-anechoic chamber 

The vertical sets of crosses represent the acquired data at every angular step, from 0° 

to 360°, while the dashed line links the mean values of each group of acquisitions, 

representing a sort of mean shadowing effect of the body. 

As it could be expected, it appears clearly that the two sets of antennas are 

characterized by different shadowing trends, and this is due to the fact that their 

radiation pattern end polarization characteristics are significantly dissimilar. 

The same considerations could be done also for the measurements performed in 

indoor, whose graph are not here presented only for the sake of briefness. 

The analysis has been performed for every possible scenario, Table 33 and Table 34 
list all the values obtained:  
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  Rx Right Ear Rx Heart Rx Left Hip 

  max mean std max mean std max mean std 

  PL TL PL TL PL TL PL TL PL TL PL TL PL TL PL TL PL TL 

0° / / / / 0,22 1,21 / / / / 0,2 1,79 / / / / 0,19 1,27 

45° -7,12 -0,91 -8,73 0,33 1,7 0,36 -2,4 10,15 -2,77 11,41 0,49 0,61 3,98 0,03 3,97 1,26 0,22 0,48 

90° -3,26 -6,75 -4,58 -7,28 1,22 1,53 -9,41 8,34 -9,5 9,88 0,28 0,86 -0,34 5,1 -0,16 5,99 0,11 0,6 

135° -2,97 -9,31 -2,8 -8,68 0,18 0,93 -25,68 -1,03 -27,34 0,84 1,6 0,46 -9,86 7,18 -10,2 9 0,41 0,1 

180° -2,5 -3,47 -3,65 -4,89 0,86 1,68 -23,33 -0,66 -24,99 0,41 1,39 1 -13,38 -11,58 -16,7 -13,26 2,47 2,45 

225° 2,6 -9,04 1,12 -8,79 1,43 0,8 -15,84 0,77 -17,03 2,48 0,81 0,41 -12,4 -8,88 -15,2 -9,75 2,34 1,6 

270° 9,63 -4,45 9,53 -3,36 0,61 0,35 -20,81 8,03 -22,77 9,8 1,3 0,55 -12,35 2,15 -15,5 3,62 1,62 0,5 

315° 9,07 -10,33 9,14 -13,17 0,27 3,39 -11,57 9,21 -12,4 10,74 1,03 0,71 -3,68 6,46 -6,23 7,52 2,06 0,72 

360° 3,81 -3,02 4,09 -2,17 0,12 0,64 -1,94 -0,4 -2,25 1,21 0,41 0,51 -1,71 0 -1,76 0 0,32 1,27 

Table 33: Shadowing effect for TL Monopole and PL Monopole in Indoor Environment 
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 Rx Right Ear Rx Heart Rx Left Hip 

 max mean std max mean std max mean std 

 PL TL PL TL PL TL PL TL PL TL PL TL PL TL PL TL PL TL 

0° / / / / 0,43 0,1 / / / / 0,14 0,18 / / / / 0,03 0,09 

45° 2,37 -4,6 2,83 -4,65 0,24 0,09 -13,48 9,06 -13,92 9,38 0,39 0,03 1,56 -7,13 1,61 -8,38 0,03 0,67 

90° -1,96 -7,74 -1,49 -7,95 0,24 0,12 -17,3 6,53 -18,11 6,68 0,6 0,11 -5,1 3,54 -5,17 3,59 0,08 0,1 

135° 6,18 -9,02 7,19 -9,32 0,07 0,23 -26,41 -5,06 -27,49 -5,12 0,66 0,17 -12 -1,43 -12,3 -1,43 0,19 0,06 

180° 10,8 -2,12 11,87 -2,28 0,05 0,2 -24,55 -10,99 -25,06 -11,56 0,38 0,61 -26,3 -13,23 -27 -13,75 0,37 0,28 

225° 2,42 -3,56 2,68 -5,51 0,43 1,24 -23 -7,89 -24,09 -8,43 0,65 0,48 -24,3 -9,87 -25,4 -11,86 0,65 1,86 

270° 19,84 -3,37 20,66 -4,09 0,14 0,88 -7,06 2,33 -7,06 2,1 0,11 0,25 -13,7 -5,93 -14 -6,62 0,21 0,32 

315° 20,06 -5,71 20,94 -7,29 0,17 0,96 0,7 4,52 0,34 4,7 0,33 0,14 -3,89 -0,71 -4,09 -1,68 0,13 0,54 

360° 7,38 -0,41 8,06 -0,53 0,24 0,09 1,86 -0,49 1,73 -1,03 0,13 0,44 -0,07 2,26 -0,15 2,16 0,06 0,12 

Table 34: Shadowing effect for TL Monopole and PL Monopole in Quasi-Anechoic chamber 
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Every row represents an angular position, while the columns present the maximum value of 

the channel gain, its mean and standard deviation normalized to the results obtained for  

α=0° (first row). The aim is to define an additional loss contribution that could be added to 

the distance dependent component of the global channel gain (G0|dB); this additional term 

takes into account the angular shift of the body with respect to the position of the external 

transmitter. 

As to confirm the fact that the two sets of antenna behave in a different way while the subject 

moves circularly, the values in the Max and Mean columns of PL and TL present completely 

different trends. In order to verify the reliability of the data acquired in the static circular 

measurements, a comparison with the dynamic circular acquisitions has been performed.  

Figure 30 shows the good agreement between the two sets of measurements. The dashed line 

links the mean value of the discrete samples, whereas the dotted curve represents the 

continuous acquisition while the subject moves circularly. To better compare the curves, a 

mean shadowing effect component has been extracted from the dynamic data averaging 

them on a sliding temporal window of a proper size (continuous line). The trends of the 

dashed and the continuous line result to be very similar, despite the loss of synchronism 

while performing the dynamic circular walk.  This confirms the reliability of the results 

obtained for the characterization of the body effect in function of the angle.  
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Figure 30: Comparison between body shadowing effect computed from static and dynamic measurements 

Additionally, dynamic circular walks have been realized at different distances (2m, 3m and 

4m far from the external transmitter).  

Figure 31 shows that the trend of the body shadowing remains always the same no matter 

which is the distance it is referred to. The variation of the channel gain values as a function of 

the distance results to be in good accordance with the results previously presented and listed  

in Table 29 and Table 30 for α=0° and α=180°. 
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Figure 31: Comparison of the body shadowing effect at different distances for the PL Monopole case 
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3.4. CEA BODY-TO-BODY CHANNEL INVESTIGATIONS 

Previous measurement campaigns have been carried out at CEA for the investigation of 

narrow band channels at 2.45GHz in body-to-body contexts [46]. Thus, we present in this 

section a space-time varying channel model where each end of the communication channel is 

“worn” by a different human subject and located in a specific on-body position.  

 

The main idea that stands behind the analysis performed is to model the channel gain (G|dB) 

extracting a main component dependent on the distance (G0|dB)  plus a random variable (F|dB) 

that accounts for the movement of the subject and the environment considered, defining in 

that way a sort of fading contribution. The model could be represented through the 

following: 

dBdBdBdBdB FddndGFGdG |010|0||0| )(log10)()( ++=+=     (36) 

where d0 is the reference distance equal to 1 m. 

 

3.4.1 CHANNEL GAIN AND FADING MODEL 

In order to extract the distance dependent component of the channel gain (G0|dB) different 

sets of measurement have been realized while one subject walks towards (LOS) or 

backwards (NLOS) the other one who stands still in the meantime, for both sets of antenna 

but just in indoor premises.  

 

Figure 32 gives two examples of the acquisitions obtained: the one on the top represents LOS 

conditions while the other one NLOS. It is clear that the latter case suffers more from a 

fading effect with respect to the former one. When one subject walks backward the other one 

(NLOS), the entire body stands in between the transmitters and the receivers and the 

propagation occurs mainly by reflections and diffraction on the body and/or on the 

environment; this leads to a more significant multipath effect, strictly related to the fading 

component.   
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Figure 32: Examples of acquired data while one subject performs a walk towards (up) and backwards 

(down) the other one 
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In order to characterize the distance dependent component of the channel gain it is necessary 

to evaluate G(d0) and n, respectively the channel gain at the reference distance d0 and the path 

loss exponent. Those values have been extracted using a polynomial fitting of the data 

acquired. The results are listed in Table 35 and Table 36 for all the possible body-to-body 

scenarios and a graphical example is given in Figure 32, where the black line represents the 

log-distance fit. 
 

Planar Monopole  - Indoor 

  Tx Right Hip Tx Left Thigh Tx Right Hand 

  n G(d0) n G(d0) n G(d0) 

LOS Rx Left Ear -1,14 -56,8 -0,75 -58,33 -0,69 -57,6 

 Rx Right Hip -3,33 -37,88 -1,68 -47,64 -2,8 -36,1 

 Rx Heart -1,14 -54,02 -1 -57,67 -0,74 -51,3 

NLOS Rx Left Ear -0,8 -70,59 -0,82 -67,53 -1,07 -64,38 

 Rx Right Hip -1,15 -66,33 -0,67 -66,5 -1,17 -58,8 

 Rx Heart -0,67 -70,77 -0,46 -70,3 -0,72 -63,46 

Table 35: G0 characterisation: G(d0) and n values for Planar Monopole antennas 

Top Loaded Monopole  - Indoor 

  Tx Right Hip Tx Left Thigh Tx Right Hand 

  n G(d0) n G(d0) n G(d0) 

LOS Rx Left Ear -0,95 -52,97 -1,33 -52,9 -1,2 -48,34 

 Rx Right Hip -1,7 -46,89 -1,99 -47,1 -1,86 -45,2 

 Rx Heart -2,19 -44,85 -2,57 -41,67 -2,46 -43,7 

NLOS Rx Left Ear -0,77 -60,3 -0,92 -59,76 -0,7 -58,06 

 Rx Right Hip -1,47 -55,47 -1,28 -56,77 -1,01 -56,53 

 Rx Heart -1,64 -56,1 -1,99 -53,86 -1,91 -52,46 

Table 36: G0 characterisation: G(d0) and n values for Top Loaded Monopole antennas 

From the data presented above some general considerations could be drawn: first of all the 

path loss exponent significantly decreases when switching from LOS to NLOS scenario, 

meaning that the multipath phenomenon that greatly affects the propagation in the latter 

case reduces the distance dependence of the mean channel gain. This behavior is true for 

both the sets of antenna used, even if it is more stressed for the Planar Monopoles, and not 

always valid for the link which involves the ear. As already stated, this channel is kind of 

particular, considering that LOS and NLOS conditions are not referred to a complete 

masking effect of the body, but are equivalent just to an inversion of the antenna position, 

from right side of the head to the left side. 

 

Another observation that could be done is that the values of n strongly depends on the 

specific position of the receiver more than that of the transmitter, this could be explained by 

the fact that the three Txs are placed approximately on the same horizontal line, i.e. barely at 

the same height from the floor, so the different position of the Rxs play a more important role 
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in the channel performance. To confirm this assumption, if looking to a single row (both in 

LOS or NLOS), the n values are very similar for the three transmitters, with a maximum 

dispersion of 0.35 in the worst case. To generalize this conclusion, it is possible to say that the 

path loss exponent strongly depends on the specific relative position of the ends of the 

communication links. 

 

As far as the G(d0) value is concerned, when the user passes from LOS to NLOS condition the 

path loss could increase significantly, with a difference up to 29 dB for PL monopole, and 12 

dB for TL Monopoles.  

In general, Top Loaded antennas present higher values for the channel gain (up to 14dB 

more), but this is not true for a couple of links (i.e. Hip-Hand and Hip-Hip) confirming that 

the specific node location and the antenna type play an important part in the definition of the 

channel characteristics. 

 

In order to complete the characterization of the body-to-body channel, the fading F(t) has to 

be extracted and then statistically described. 

It has been calculated subtracting the distance dependent component G0|dB, defined 

through the values listed in Table 35 and Table 36, from the data acquired through the 

dynamic measurements. 

The analysis results show that fast fading follows a Nakagami distribution, which is defined 

through a shape parameter and a spread parameter, respectively μ and w. Figure 33 shows 

graphical examples of distribution fit obtained in for two different scenarios, respectively 

LOS and NLOS for Top Loaded Monopole. 
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Figure 33: Cumulative distribution function of the fading data F(t): LOS (up) and NLOS (down) for TL 

Monopole 

The study has been performed for all the possible scenarios combining the two antenna types 

and the propagation conditions (LOS and NLOS). Table 37 and Table 38 present the whole 

sets of results obtained for the statistical characterization of the fading, as well as the mean 

duration of the fade in ms, its mean depth in dB and the rate of appearance in s-1. 
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  Fading statistics - Planar Monopole  
    LOS Conditions NLOS Conditions 

  Rxs μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] 

Tx Right 

Hip 

Rx       

Right Hip 1,05 1,73 2,06 0,22 -7,41 0,79 2,12 6,17 0,07 -10,6 

  Rx Heart 0,62 2,68 1 0,52 -10,8 0,52 3,33 4,67 0,11 -10,67 

  

RxLeft 

Ear 0,59 2,87 1,77 0,27 -11,4 0,74 2,26 5,57 0,08 -10,94 

              

Tx Right 

Hand 

Rx       

Right Hip 1,15 1,64 2,31 0,16 -7,12 0,98 1,8 8,8 0,05 -9,95 

  Rx Heart 1,05 1,73 2,31 0,17 -6,37 0,8 2,09 7,09 0,07 -10,04 

  

RxLeft 

Ear 0,76 2,2 2,37 0,2 -9 0,82 2,06 6,69 0,07 -10,52 

            

Tx Left 

Thigh 

Rx       

Right Hip 1,26 1,56 2,26 0,17 -6,06 0,91 1,9 7,11 0,06 -11,3 

  Rx Heart 0,75 2,21 1,83 0,25 -7,47 0,69 2,4 5,34 0,09 -10,94 

  

RxLeft 

Ear 0,9 1,9 2,74 0,16 -7,93 0,81 2,07 6,43 0,07 -9,9 

Table 37: Fading statistics for Planar Monopole Antenna 

 

 

  Fading statistics – Top Loaded Monopole  
    LOS Conditions NLOS Conditions 

  Rxs μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] 

Tx Right 

Hip 

Rx       

Right Hip 0,95 1,84 3,57 0,12 -10,88 0,99 1,79 7,06 0,06 -10,02 

  Rx Heart 0,93 1,87 2,94 0,15 -10,45 0,86 1,97 5,43 0,08 -11,3 

  

RxLeft 

Ear 0,92 1,88 3,29 0,13 -9,58 0,96 1,83 7,49 0,06 -11,31 

              

Tx Right 

Hand 

Rx       

Right Hip 1,1 1,68 4,63 0,09 -9,86 1,01 1,76 6,94 0,06 -10,47 

  Rx Heart 0,98 1,8 4,31 0,1 -10,84 0,87 1,97 5,66 0,08 -10,89 

  

RxLeft 

Ear 1,31 1,53 3,66 0,12 -7,93 0,8 2,1 5,57 0,08 -10,46 

            

Tx Left Rx       0,93 1,87 4,67 0,09 -10,83 0,94 1,86 6,89 0.07 -10,76 
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Thigh Right Hip 

  Rx Heart 0,94 1,85 3,43 0,12 -10,21 0,84 2,02 5,49 0.08 -10,24 

  

RxLeft 

Ear 0,89 1,93 4,8 0,09 -9,9 0,87 1,96 6,77 0.07 -11,44 

Table 38: Fading statistics for Top Loaded Monopole Antenna 

It is interesting to notice that moving from LOS to NLOS scenario, the shape parameter 

slightly decreases, but, differently from the Off-Body case previously considered.  

Nevertheless, to confirm the more significant fading contribution when the subject is in 

NLOS conditions, fades result to be more frequent than in LOS (up to 7,5 times per seconds), 

as well as deepest, with a mean value up to -11 dB in the worst case.   

 

A second set of measurements has been performed in order to quantify the average body 

shadowing effect on the channel performance. The data has been acquired while one subject 

stands still and the other one performs a complete rotation, starting from LOS (α=0°), passing 

to NLOS conditions (α=180°) and finishing in the starting position (α=360°). The moving 

subject wears the Tx only in the Heart position and the circular walks have been repeated at 

different distances from the still user  (1m, 3m, 5m, 7m). 

The mean body masking effect has been calculated averaging the samples recorded over a 

temporal sliding window of a proper size, following the slow variations of the curves. An 

example of the results obtained is presented in Figure 34. 
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Figure 34: Mean shadowing effect of the body for PL Monopole (up) and TL Monopole (down) in function 

of the distance with the Rx placed on the Heart 

 
The dashed lines represent the acquired data while the subject performs the dynamic circular 

movement, each one related to a particular distance, whereas the continuous curves refer to 

the averaged contribution, representing the shadowing effect of the body. 
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It is possible to notice that the two sets of curves, related to the different antenna types, 

present quite similar trends, even if the ones obtained for PL Monopole show a deepest dip, 

meaning that they suffer from a stronger shadowing when moving from LOS to NLOS 

conditions. 

This phenomenon is also confirmed in Table 39, where the values for the mean body 

shadowing effect are listed. They have been computed as the mean difference between the 

maximum and minimum values of the slow varying curves shown in Figure 34. 

Except for the case where the Rx is placed on the Ear, Planar Monopole generally present a 

higher value of the mean shadowing in respect to what has been found for Top Loaded 

antennas. 

 
 

Mean Shadowing Effect [dB] - Dynamic Circular -  Tx Heart - Indoor 

    1 meter  3 meter 5  meter 7 meter 

Planar Monopole 

Rx Right 

Ear 18,69 16,5 15,23 13,7 

  Rx Heart 23,5 17,23 19,71 21 

  Rx Left Hip 23,39 16,84 19,18 17,36 

Top Loaded 

Monopole 

Rx Right 

Ear 19,6 14,32 15,2 13,57 

  Rx Heart 14,24 13,97 14,12 15,5 

  Rx Left Hip 17,44 15,4 11,42 14,83 

Table 39: Mean shadowing body effect for the two sets of antenna as a function of the distance 

Finally, another consideration that could be drawn from Figure 34 is that the trend of the 

channel gain as a function of the angle is not strictly dependent on the distance at which the 

movement has been performed. For both the antenna sets, the curves present in fact 

approximately the same trends. However, the depth of the fade could vary in function of the 

distance considered, as shown in Table 39. 

Considering that the transmitter is not located in the same position as for the previously 

illustrated measurements, it is not so easy to make a direct comparison between the values in 

Table 39 and those in Table 29 and Table 30. Anyway, considering the reference distance of 1 

meter, it is possible to notice a good agreement between the data that reveals a very similar 

shadowing effect, with a relatively small dispersion mainly due to the different node 

emplacement.   

 

 

 

 

 

 

 

 



 

PROGRAMME 

INFRASTRUCTURES MATERIELLES ET 

LOGICIELLES POUR LA SOCIETE 

NUMERIQUE – ED. 2011  

 

78 

 

4. BAN CHANNEL CHARACTERIZATION  AND MODELS 

4.1. RELEVANT CHANNEL MODELS FOR CORMORAN 

Taking into account the application scenarios defined in the CORMORAN D1.1 deliverable, 

we describe in this sub-section relevant channel models which will be used for the design 

and the performance evaluation of PHY and MAC layers. 

Let us note that these models correspond to indoor environments which are applicable to 

most of the operating environment defined in D1.1, especially for CGN scenarios.  

 

4.1.1 ON-BODY CHANNEL MODELS 

• Link budget modeling [31] 

As explained in section 2.4, the radio link budget P(tn) is characterized by the channel gain 

G0, the slow S(tn) and the fast fading F(tn). This parameter is necessary to determine the signal 

to noise ratio (SNR) of the received signal. It is defined by the following equation: 

 

 ( ) ( ) ( )nnn tFtSGtP ⋅⋅= 0     (37) 

Channel gain 

The channel gain is specific to a human subject and a radio link (Tx and Rx antenna 

locations). For a given movement scenario, it does not vary in time. Therefore, the first step 

to generate a radio channel link budget is to set the channel gain value.  

It has been concluded in the paragraph 2.4.1 that the channel gain follows a log-normal 

distribution: 

 

 ( )SS 000 ,~ σµΝ
dB

G      (38) 

  

The mean value and the standard deviation values depending of the radio link and the 

movement scenario are given in Table 40 and Table 41.   

 

Let us note that the Table 40 should be privileged for CGN applications since  

the prefered antenna location, mentioned in D1.1, is on the head and the ears.   
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Table 40: Channel gain : transmitter on hip 

 

 

Table 41: Channel gain : transmitter on left ear 

 

Slow fading 

The shadowing strictly depends on the movement condition. In the paragraph 2.4.2, it has 

been modeled by a log-normal distribution with zero mean: 

 

( )SsdBntS σΝ ,0~)(      (39) 

 

The standard deviation Ssσ  values are given in Table 42 and Table 43. Once again, Table 43 

should be privileged for CGN applications since the transmitter is located on an ear. The 

parameters values given for the anechoic chamber environment could be exploited for the 
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LSIMC and CGN in outdoor sparse environment, which corresponds respectively to 37.5% 

and 20% of the working environment.  

 

  TX on Hip 
    Chest Thigh R Wrist R Foot 

A
ne

ch
oi

c Still 0.6329 0.4269 1.0185 0.4564 
Walking 2.2892 5.4279 4.4565 5.2028 

Running 2.3997 2.5117 3.6504 2.8322 

In
do

or
 Still 0.638 0.2578 0.2706 0.2593 

Walking 1.6049 3.486 2.7915 2.734 
Running 2.0977 2.0965 2.5062 1.8854 

Table 42 : Shadowing parameters - TX on hip 

 

  TX on Left Ear 
  R ear Hip R Wrist R Foot 

A
ne

ch
oi

c Still 0.7205 1.1237 1.781 0.8133 
Walking 0.7293 2.1193 3.5141 4.4149 

Running 0.5409 2.9261 3.1742 1.7009 

In
do

or
 Still 0.5768 1.5246 0.8373 0.7621 

Walking 0.9393 2.2444 1.8723 2.1241 
Running 0.7259 2.282 1.9811 1.3007 

Table 43 : Shadowing parameters - TX on ear 

 

 
Table 44 : Fading characteristics at 2.45GHz (BW=10MHz) - TX on hip – walking scenario 

 

Antenna polarization influences 

Antenna polarization and radiation pattern can have some impacts on the link budgets. We 

remind in Table 45, Table 46 and Table 47 some parameters values when Top Loaded 

Monopole (TLM) and Planar Monopole (PM) antennas are used.  

 

 

 
  

Tx Heart  

Top Loaded Monopole  

Tx Heart 

Planar Monopole  

 
  

Quasi-anechoic 

chamber 
Indoor Office 

Quasi-anechoic 

chamber 
Indoor Office 
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  Rxs μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] 

Walking 
Right  

Thigh -38,45 1,06 -38,65 1,15 -66,77 3,35 -62,72 2,41 

 Rigth Hand -47,07 2,16 -49,47 1,2 -63,87 6 -60,15 5,79 

 Left Hand -43,86 2,46 -42,97 3,19 -60,42 4,35 -58,35 1,5 

 Left Ear -48,62 3,62 -46,82 4,57 -61,06 5,18 -60,48 3,5 

                   

Sitting/ 

Standing 
Right Thigh 

-39,45 1,59 -41,04 1,44 -63,96 5,36 -58,02 3,61 

 Rigth Hand -46,54 2,46 -47,73 4,6 -58,41 2 -56,06 4,89 

 Left Hand -43,52 2,35 -43,02 2,76 -54,62 3,07 -56,21 3,53 

 Left ear -48,34 2,43 -43,47 1,98 -63,07 2,72 -59,13 4,47 

                   

Standing 

Still 
Right Thigh 

-38,75 0,92 / / -68,34 4,92 / / 

 Rigth Hand -46,58 1,69 / / -66,25 6,17 / / 

 Left Hand -42,12 1,87 / / -62,43 2,36 / / 

 Left Ear -45,01 1,36 / / -60,96 2,27 / / 

Table 45 : Channel gain values for scenarios where Tx is placed on heart 

 

 
  

Tx Left Hip - Top Loaded 

Monopole  Tx Left Hip - Planar Monopole  

 
  

Quasi-anechoic 

chamber 
Indoor Office 

Quasi-anechoic 

chamber 
Indoor Office 

  Rxs μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] 

Walking 
Right  

Thigh -38,78 2,06 -38,4 1,17 -63,85 2,4 -60,77 4,89 

 Rigth Hand -52,09 4,58 -53,09 2,89 -67,54 7,5 -61,69 6,9 

 Left Hand -40,32 3,17 -40,74 4,32 -50,38 1,08 -49,62 2,95 

 Left Ear -47,24 2,02 -48,3 2,69 -68,45 5,4 -64,26 3,3 

                   

Standing 

Still 
Right Thigh -42,78 2,26 / / -61,17 1,06 / / 

 Rigth Hand -48,35 4,8 / / -68,97 1,29 / / 

 Left Hand -34,52 1,37 / / -47,59 2,4 / / 

 Left Ear -46,77 1,46 / / -69,77 3,63 / / 

Table 46 : Channel gain values values for scenarios where Tx is placed on right ear 

 

 
  

Tx Right Ear - Top Loaded 

Monopole 
Tx Right Ear - Planar Monopole 

 
  

Quasi-anechoic 

chamber 
Indoor Office 

Quasi-anechoic 

chamber 
Indoor Office 
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  Rxs μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] μ0S [dB] σ0S [dB] 

Walking 
Right  

Thigh -55,13 3,29 -57,57 1,84 -72,53 5,96 -67,01 2,77 

 Rigth Hand -53,82 3,92 -53,31 3,19 -64,61 4,49 -59,18 2,27 

 Left Hand -66,59 4,98 -57,57 0,91 -74,89 2,63 -65,67 4,63 

 Left Ear -35,81 0,82 -37,01 2 -58,54 6,05 -54,67 4,73 

                   

Sitting/ 

Standing 
Right Thigh -56,77 2,99 -57,78 2,56 -72,27 3,58 -65,93 4,41 

 Rigth Hand -54,2 2,97 -55,18 1,95 -61,83 5,41 -61,22 2,5 

 Left Hand -61,52 3,62 -58 1,52 -73,82 3,26 -64,79 3,63 

 Left ear -36,33 1,56 -36,43 2,08 -57,41 8,28 -55,44 6,33 

                   

Standing 

Still 
Right Thigh -53,82 1,99 / / -76,22 3,05 / / 

 Rigth Hand -49,92 2,47 / / -67,77 2,47 / / 

 Left Hand -66,87 3,43 / / -78,83 2,05 / / 

 Left Ear -33,69 0,81 / / -68,02 4,12 / / 

Table 47 : Channel Gain values for scenarios where Tx is placed on Right Ear  

 

Fast fading for narrow band at 2.45GHz 

Fast fading and slow fading depth and duration values are given in Table 44 for walking 

scenario in indoor environment when the transmitting antenna is located on the hip.   

 

It has been shown that the fast fading follows a Rice distribution:  

 



























 +−
=

202

22

2 2
exp

χ

χ

χ

χ

χ
χ σ

χν
σ

νχ
σ
χ

Ipdf    (40) 

 

where I0(.) represents the modified Bessel function of the first kind with zero order, and -. 

and /. are the parameters of the distribution. Their values are given in Table 48 for all the 

movement conditions and for a transmitting antenna located on the hip.  

 

 
Table 48 : Fading statistics at 2.45GHz (BW=10MHz) – TX on hip 
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• Channel impulse response modeling [38] 

The delay spread is the most common parameter characterizing the delay dispersion. It has 

been observed that its value is the lowest for the LOS scenarios. Table 49 gives its values for 

different radio links and movement conditions.  

 

 
Table 49 : Delay spread in nanoseconds 

The CIR can be modeled by a conventional Saleh-Valenzuela model. The path amplitude is 

modeled by an exponential decay (tn) and a Rician factor �0(tn) as: 

 

   (41) 

 

The inter-ray arrival delay is modeled by a Poisson distribution: 

 

    (42) 

 

The variation around the amplitude mean value has been described by a normal distribution: 

 

    (43) 

 

The values of these parameters are given in Table 50. The average path number  is also 

given. It has also been observed that the stronger the shadowing is, the higher the number of 

significant path is. Thus, K(tn) is modeled by an exponential function of S(tn)|dB whose 

parameters m and m0 are given in Table 51. 

 

    (44) 
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Table 50 : PDP decay - walking subject 

 
Table 51 : Shadowing correlation and exponential decay of K(tn) vs. S(tn)|dB – walking scenario – TX on the 

hip 

 

• Model of temporal evolution of shadowing [38] 

In the previous paragraph, a delay spread model has been described in function of the 

shadowing. In movement condition, shadowing values can evolve especially if the antennas 

are located on limbs.  

Here, we give an Auto-regressive (AR) model  which describes the temporal evolution of 

shadowing in walking scenarios. It is defined by the following equation: 

 

     (4-1) 

where  represents the estimation of shadowing in dB, which is given by a linear 

combination of the past P outputs plus a zero-mean white noise input . The weights ap 

values are given in Table 52. 
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Table 52: Coefficients of the AR model in walking scenarios – TX on hip 

 

• Space–time correlation modeling 

To assess the performances of cooperative communication systems, it is necessary to model 

the space-time correlation between different radio links (i,j). Some correlation values 3i,j are 

given Table 51.  

 

 

   (45) 

 

• Doppler spectrum modeling [45] 

In the case of movement conditions, a Doppler effect appears. We model it with the 

following equation: 

 

   
)()()( ννν BODYOFFBODYONTOT DDD −− ⋅=

    (46) 

   

where ν is the mobility speed of the body, DON-BODY is the Doppler spectrum component 

related to the on-body scatterers and DOFF-BODY, that related to off-body scatterers. These 

Doppler spectra are modeled by the following equations: 
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Table 53 gives the parameters values extracted from measurement campaigns in indoor 

environment and used in the previous equations.  
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Table 53 : Doppler parameters in indoor 

 

4.1.2 OFF-BODY CHANNEL MODELS  

For off-body communication scenarios, the factors which have the most important influences 

on the link budget are not only the distance between the transmitter and the receiver, but 

also the orientation of the body. In the sequel, we remind parameters values extracted from 

measurement campaigns where TLM and PM antennas have been used [46]. 

 

• Channel gain and fading model  

The radio link budget is modeled by the following equation: 

 

  dBdBdBdBdB FddndGFGdG |010|0||0| )(log10)()( ++=+=    (49) 

 

Table 54 and Table 55 give parameters values related to the equation above. The LOS and 

NLOS conditions correspond to the cases where the transmitter is in front of the body 

(orientation of 0°) and in the back of the body (orientation of 180°) respectively.  

 

Planar Monopole 
  Quasi-Anechoic Chamber Indoor 

  LOS NLOS LOS NLOS 

  n G(d0) n G(d0) n G(d0) n G(d0) 

Rx Right Ear -2,2 -63,48 -2,2 -51,69 -1,47 -50,24 -0,69 -53,43 

Rx Heart -1,99 -41,75 -1,8 -72,46 -2 -38,92 -0,4 -62,62 

Rx Left Hip -1,61 -50,11 -0,9 -69,09 -2 -51,94 -0,1 -68,78 

Table 54: Mean channel gain characterisation: G(d0) and n values for Planar Monopole antennas 

 

Top Loaded Monopole 

 Quasi-Anechoic Chamber Indoor 

 LOS NLOS LOS NLOS 

 n G(d0) n G(d0) n G(d0) n G(d0) 

Rx Right Ear -2,18 -45,14 -2,07 -45,82 -1,62 -45,7 -2,96 -46,03 

Rx Heart -2,44 -49,11 0 -71,42 -1,37 -54,71 0 -66,33 

Rx Left Hip -1,83 -43,99 -0,24 -66,48 -1,99 -47,67 -0,59 -61,33 
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Table 55: Mean channel gain characterisation: G(d0) and n values for Top Loaded Monopole antennas 

 

The fast fading component is expressed as 
2|)(|)( ttF χ=  where |χ| follows a Nakagami 

distribution. The latter is defined through a shape and a spread parameters, respectively μ 

and w. Their values, obtained from measurement campaigns, are reminded in the Table 56 

and Table 57.  

 

  Fading statistics - Planar Monopole  
    LOS Conditions NLOS Conditions 

  Rxs μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] 

Anechoi

c 

Chambe

r 

Rx       

Right Ear 
1,04 0,66 2 0,41 -3,33 7,62 1,66 0,75 0,18 -1,06 

  Rx Heart 12,02 1,52 0,5 0,23 -0,83 1,42 2,02 7,7 0,04 -6,11 

  

RxLeft 

Hip 11,43 1,04 1,35 0,36 -1,01 5,28 2,12 0,8 0,07 -1,6 

Indoor 
Rx       

Right Ear 2,11 0,98 4,3 0,14 -6,77 1,24 2,09 4,55 0,07 -7,85 

  Rx Heart 5,48 0,73 1,65 0,5 -3,38 0,81 1,12 5,35 0,11 -12,24 

  

RxLeft 

Hip 2,61 2,06 2,75 0,06 -5,83 0,92 1,91 6,25 0,07 -11,55 

Table 56: Fading statistics for Planar Monopole Antenna 

 

  Fading statistics – Top Loaded Monopole  
    LOS Conditions NLOS Conditions 

  Rxs μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] 

Anechoi

c 

Chambe

r 

Rx       

Right Ear 
5,83 1,34 1,3 0,21 -1,01 9,96 1,14 2,35 0,17 -0,8 

  Rx Heart 2,74 1,08 1,05 0,5 -3,63 1,15 1,88 1,75 0,27 -5,69 

  

RxLeft 

Hip 
4,68 0,81 1,5 0,47 -1,8 0,82 0,8 2,1 0,36 -7,5 

Indoor 
Rx       

Right Ear 
2,15 0,76 3,4 0,22 -7,4 1,46 2,1 4,15 0,08 -7,16 

  Rx Heart 1,28 1,45 3,2 0,14 -8,89 1,02 1,79 6,25 0,07 -10,71 

  

Rx Left 

Hip 
1,46 1,49 3,3 0,13 -7,26 1,02 1,22 5,95 0,09 -11,65 

Table 57: Fading statistics for Top Loaded Monopole Antenna 



 

PROGRAMME 

INFRASTRUCTURES MATERIELLES ET 

LOGICIELLES POUR LA SOCIETE 

NUMERIQUE – ED. 2011  

 

88 

 

 

• Angle dependence 

The orientation of the body or more precisely, the angle set up between the subject and the 

transmitting antenna, has an important impact on the radio link budget. Table 58 and Table 

59 remind channel gain values for different orientations and antenna positions on the body.  

 

  Rx Right Ear Rx Heart Rx Left Hip 

  max mean std max mean std max mean std 

  PL TL PL TL PL TL PL TL PL TL PL TL PL TL PL TL PL TL 

0° / / / / 0,22 1,21 / / / / 0,2 1,79 / / / / 0,19 1,27 

45° -7,12 -0,91 -8,73 0,33 1,7 0,36 -2,4 10,15 -2,77 11,41 0,49 0,61 3,98 0,03 3,97 1,26 0,22 0,48 

90° -3,26 -6,75 -4,58 -7,28 1,22 1,53 -9,41 8,34 -9,5 9,88 0,28 0,86 -0,34 5,1 -0,16 5,99 0,11 0,6 

135° -2,97 -9,31 -2,8 -8,68 0,18 0,93 -25,68 -1,03 -27,34 0,84 1,6 0,46 -9,86 7,18 -10,2 9 0,41 0,1 

180° -2,5 -3,47 -3,65 -4,89 0,86 1,68 -23,33 -0,66 -24,99 0,41 1,39 1 -13,38 -11,58 -16,7 -13,26 2,47 2,45 

225° 2,6 -9,04 1,12 -8,79 1,43 0,8 -15,84 0,77 -17,03 2,48 0,81 0,41 -12,4 -8,88 -15,2 -9,75 2,34 1,6 

270° 9,63 -4,45 9,53 -3,36 0,61 0,35 -20,81 8,03 -22,77 9,8 1,3 0,55 -12,35 2,15 -15,5 3,62 1,62 0,5 

315° 9,07 -10,33 9,14 -13,17 0,27 3,39 -11,57 9,21 -12,4 10,74 1,03 0,71 -3,68 6,46 -6,23 7,52 2,06 0,72 

360° 3,81 -3,02 4,09 -2,17 0,12 0,64 -1,94 -0,4 -2,25 1,21 0,41 0,51 -1,71 0 -1,76 0 0,32 1,27 

Table 58: Shadowing effect for TL Monopole and PL Monopole in Indoor Environment 

 

 

 

 

 Rx Right Ear Rx Heart Rx Left Hip 

 max mean std max mean std max mean std 

 PL TL PL TL PL TL PL TL PL TL PL TL PL TL PL TL PL TL 

0° / / / / 0,43 0,1 / / / / 0,14 0,18 / / / / 0,03 0,09 

45° 2,37 -4,6 2,83 -4,65 0,24 0,09 -13,48 9,06 -13,92 9,38 0,39 0,03 1,56 -7,13 1,61 -8,38 0,03 0,67 

90° -1,96 -7,74 -1,49 -7,95 0,24 0,12 -17,3 6,53 -18,11 6,68 0,6 0,11 -5,1 3,54 -5,17 3,59 0,08 0,1 

135° 6,18 -9,02 7,19 -9,32 0,07 0,23 -26,41 -5,06 -27,49 -5,12 0,66 0,17 -12 -1,43 -12,3 -1,43 0,19 0,06 

180° 10,8 -2,12 11,87 -2,28 0,05 0,2 -24,55 -10,99 -25,06 -11,56 0,38 0,61 -26,3 -13,23 -27 -13,75 0,37 0,28 

225° 2,42 -3,56 2,68 -5,51 0,43 1,24 -23 -7,89 -24,09 -8,43 0,65 0,48 -24,3 -9,87 -25,4 -11,86 0,65 1,86 

270° 19,84 -3,37 20,66 -4,09 0,14 0,88 -7,06 2,33 -7,06 2,1 0,11 0,25 -13,7 -5,93 -14 -6,62 0,21 0,32 

315° 20,06 -5,71 20,94 -7,29 0,17 0,96 0,7 4,52 0,34 4,7 0,33 0,14 -3,89 -0,71 -4,09 -1,68 0,13 0,54 

360° 7,38 -0,41 8,06 -0,53 0,24 0,09 1,86 -0,49 1,73 -1,03 0,13 0,44 -0,07 2,26 -0,15 2,16 0,06 0,12 

Table 59: Shadowing effect for TL Monopole and PL Monopole in Quasi-Anechoic Environment 
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4.1.3 BODY-TO-BODY CHANNEL MODELS 

• Channel gain and fading model [72] 

Similarly to off-body communication scenarios, the link budget is characterized by: 

 

   dBdBdBdBdB FddndGFGdG |010|0||0| )(log10)()( ++=+=   (50) 

 

Table 60 and Table 61 give parameters values related to the equation above in LOS and 

NLOS conditions corresponding to the cases where the bodies are face-to-face and face-to-

back respectively.  

 

Planar Monopole  - Indoor 

  Tx Right Hip Tx Left Thigh Tx Right Hand 

  n G(d0) n G(d0) n G(d0) 

LOS Rx Left Ear -1,14 -56,8 -0,75 -58,33 -0,69 -57,6 

 Rx Right Hip -3,33 -37,88 -1,68 -47,64 -2,8 -36,1 

 Rx Heart -1,14 -54,02 -1 -57,67 -0,74 -51,3 

NLOS Rx Left Ear -0,8 -70,59 -0,82 -67,53 -1,07 -64,38 

 Rx Right Hip -1,15 -66,33 -0,67 -66,5 -1,17 -58,8 

 Rx Heart -0,67 -70,77 -0,46 -70,3 -0,72 -63,46 

Table 60: G0 characterisation: G(d0) and n values for Planar Monopole antennas 

 

Top Loaded Monopole  - Indoor 

  Tx Right Hip Tx Left Thigh Tx Right Hand 

  n G(d0) n G(d0) n G(d0) 

LOS Rx Left Ear -0,95 -52,97 -1,33 -52,9 -1,2 -48,34 

 Rx Right Hip -1,7 -46,89 -1,99 -47,1 -1,86 -45,2 

 Rx Heart -2,19 -44,85 -2,57 -41,67 -2,46 -43,7 

NLOS Rx Left Ear -0,77 -60,3 -0,92 -59,76 -0,7 -58,06 

 Rx Right Hip -1,47 -55,47 -1,28 -56,77 -1,01 -56,53 

 Rx Heart -1,64 -56,1 -1,99 -53,86 -1,91 -52,46 

Table 61: G0 characterisation: G(d0) and n values for Top Loaded Monopole antennas 

Like off-body communications, the fast fading is modeled by a Nakagami distribution whose 

values are summarized in the Table 62 and Table 63.  

 

  Fading statistics - Planar Monopole  
    LOS Conditions NLOS Conditions 

  Rxs μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] 

Tx Right 

Hip 

Rx       

Right Hip 1,05 1,73 2,06 0,22 -7,41 0,79 2,12 6,17 0,07 -10,6 
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  Rx Heart 0,62 2,68 1 0,52 -10,8 0,52 3,33 4,67 0,11 -10,67 

  

RxLeft 

Ear 0,59 2,87 1,77 0,27 -11,4 0,74 2,26 5,57 0,08 -10,94 

              

Tx Right 

Hand 

Rx       

Right Hip 1,15 1,64 2,31 0,16 -7,12 0,98 1,8 8,8 0,05 -9,95 

  Rx Heart 1,05 1,73 2,31 0,17 -6,37 0,8 2,09 7,09 0,07 -10,04 

  

RxLeft 

Ear 0,76 2,2 2,37 0,2 -9 0,82 2,06 6,69 0,07 -10,52 

            

Tx Left 

Thigh 

Rx       

Right Hip 1,26 1,56 2,26 0,17 -6,06 0,91 1,9 7,11 0,06 -11,3 

  Rx Heart 0,75 2,21 1,83 0,25 -7,47 0,69 2,4 5,34 0,09 -10,94 

  

RxLeft 

Ear 0,9 1,9 2,74 0,16 -7,93 0,81 2,07 6,43 0,07 -9,9 

Table 62: Fading statistics for Planar Monopole Antenna 

 

 

  Fading statistics – Top Loaded Monopole  
    LOS Conditions NLOS Conditions 

  Rxs μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] μ w 

Rate 

[s-1] 

Duration 

[ms] 

Depth 

[dB] 

Tx Right 

Hip 

Rx       

Right Hip 0,95 1,84 3,57 0,12 -10,88 0,99 1,79 7,06 0,06 -10,02 

  Rx Heart 0,93 1,87 2,94 0,15 -10,45 0,86 1,97 5,43 0,08 -11,3 

  

RxLeft 

Ear 0,92 1,88 3,29 0,13 -9,58 0,96 1,83 7,49 0,06 -11,31 

              

Tx Right 

Hand 

Rx       

Right Hip 1,1 1,68 4,63 0,09 -9,86 1,01 1,76 6,94 0,06 -10,47 

  Rx Heart 0,98 1,8 4,31 0,1 -10,84 0,87 1,97 5,66 0,08 -10,89 

  

RxLeft 

Ear 1,31 1,53 3,66 0,12 -7,93 0,8 2,1 5,57 0,08 -10,46 

            

Tx Left 

Thigh 

Rx       

Right Hip 0,93 1,87 4,67 0,09 -10,83 0,94 1,86 6,89 0.07 -10,76 

  Rx Heart 0,94 1,85 3,43 0,12 -10,21 0,84 2,02 5,49 0.08 -10,24 

  

RxLeft 

Ear 0,89 1,93 4,8 0,09 -9,9 0,87 1,96 6,77 0.07 -11,44 

Table 63: Fading statistics for Top Loaded Monopole Antenna 
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4.2. PLANNED CORMORAN BAN CHANNEL MEASUREMENT 

In this sub-section, we present the measurement campaigns which will be carried out for off-

body and body-to-body channel modeling. Different channel characteristics will be 

investigated. First of all, we will focus on the influence of the body on the estimation of the 

angles of arrival of the paths for off-body scenarios. Then, analysis of radio link budgets 

(channel gain, slow and fast fading) and delay dispersion will be carried out for different 

movement conditions in cooperative communication scenarios combining off-body and 

body-to-body radio links.  

 

4.2.1 OFF-BODY CHANNEL MEASUREMENT CAMPAIGNS 

• Frequency-domain measurement setup 

One of the objectives of the off-body measurement campaigns will be the study of the body 

influences on the estimation of the angles of arrival of the paths. The other objective will be 

the UWB radio budget link modeling for the different off-body radio links. The body will be 

simulated by a phantom showed in Figure 35.  

 

  
Figure 35: Phantom used for measurement campaigns 

To estimate the angles of arrival of the paths, an antenna array at the receiver side is 

necessary. A channel estimation algorithm processes the channel transfer functions 

measured between the transmitter and the different receiving antennas to estimate the angles 

of arrival. For this purpose, we will use the SAGE algorithm [73] [74] which will be presented 

in sub-section 4.3.  

In a realistic antenna array, the antennas have not the same radiation patterns because of the 

mutual coupling effect. The latter has to be taken into account in the channel estimation 

algorithm which increases its complexity. To avoid this inconvenient, a classical method 

consists in using only one antenna and changing its position to simulate the antenna array. 

This method allows obtaining a so-called virtual antenna array avoiding the mutual coupling 

effect. For this purpose, we will use the (X,Y) positioner showed in Figure 36. 
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Figure 36: (X, Y) positionner 

The measurements will be performed in the [3-5] GHz frequency band, covering the lower 

UWB band. For this purpose, a Vector Network Analyzer (VNA) showed in Figure 37 will be 

used.  

 

 
Figure 37: Rohde & Schwarz ZVA 24 Vector Analyzer 

Let us note that due to the time necessary for the positioner to reproduce a virtual antenna 

array and that needed by the VNA for UWB channel measurement, performing the 

measurements in a dynamic environment is not possible. In the next measurement 

campaigns, body movement conditions will be included in the scenarios.  

 

• Measurement campaign description 

In order to assess the influences of the presence of the body on the estimation of the angles of 

arrival, it is necessary to perform reference measurements, i.e. without phantom as 

illustrated in Figure 38. The square in the figure represents the grid on which the Rx antenna 

moves to reproduce the virtual antenna array.  
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Figure 38: Reference measurement illustration 

 

Then, measurements in the same environment and the same conditions will be carried out 

with the phantom. Since the VNA allows using four antennas, three antennas will be 

positioned on the phantom. According to the preferred antenna on-body locations identified 

in the CORMORAN deliverable D1.1 and due to the fact that the phantom does not have any 

limb, we choose to position the antennas on the torso, the back and the left shoulder as 

illustrated in Figure 39.  

 

 
Figure 39: Off-Body measurement illustration 

The measurements will be carried out for several distances doff between the transmitter and 

the phantom. According to the anchor density specified in D1.1, doff will vary from 1 meter to 

8 meters with a step of 1 meter.  

Furthermore, the phantom will present different orientations Φ as illustrated in Figure 40. 

The orientation values will be 0°, 45°, 90°, 135° and 180°. 

 

 
Figure 40: Phantom orientation for off-body measurements 
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Finally, in addition of the analysis of the degradation caused by the presence of the phantom 

on the estimation of the angles of arrival, an UWB path loss model will be provided in 

function of the distance doff and the orientation Φ.  

 

4.2.2 CHANNEL MEASUREMENT CAMPAIGNS FOR COOPERATIVE SCENARIOS 

One of the main objectives of the CORMORAN project is to show the interest of using 

cooperative radio links. For instance, for the absolute positioning of a BAN in a Global 

Coordinate System (GCS), off-body radio links have to be exploited. To improve the absolute 

positioning system performance, one or several cooperative body-to-body radio links could 

also be exploited.  

 

Off-body and body-to-body channel measurements have to be carried out in parallel, i.e. at the 

same time. For this purpose a human subject, in addition of the phantom, will be used for the 

measurement campaigns.   

 

 

• Measurement campaigns description 

Static UWB measurements 

First of all, UWB statics measurements will be performed using the VNA, i.e. the human 

subject will not move and will be located at different positions (illustrated by crosses in 

Figure 41) during the measurements. For convenience, we number the antennas from 1 to 4. 

 

 
Figure 41: Static UWB measurement campaign illustration in a cooperative scenario –view from the side 

According to the maximum inter-body distances defined in D1.1, the distance dB2B separating 

the human subject and the phantom will vary from 1m to 7m. The off-body distance doff 

between the external gateway and the phantom will be set at 8m.  

 

Two antennas will be located on the torso and the back of the human subject and one on the 

torso of the phantom. The influence of the body orientation Φ on the path loss will also be 

investigated. The torso orientation of the phantom will take the same values than those 

chosen for the off-body measurement campaign, i.e. 0°, 45°, 90°, 135° and 180°.  

Thus, body-to-body and off-body channel investigations will be performed in the case of an 

obstruction caused by a human subject in function of the phantom orientation, the human 

subject antenna location and the phantom orientation.  
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Furthermore, investigations on the delay dispersion will be performed for off-body and 

body-to-body scenarios in function of the distances and the bodies’ orientation.  

 

Dynamic narrow band measurements 

Measurements will also be performed in walking and running scenarios. The human subject 

will walk or run along the positions previously defined for the static measurement 

campaigns while the phantom will not move as illustrated in Figure 42.  

Similarly to the previous measurement campaigns, the phantom will take different 

orientations Φ (0°, 45°, 90°, 135° and 180°) and will be located to different distances doff (3.5 to 

6.5m).  

 

 

 
Figure 42: Dynamic narrow band measurement campaign illustration in a cooperative scenario  

 

Since the VNA can not perform UWB measurements fast enough compared to the time 

coherence of the channel which depends of the human subject moving speed, the 

measurements will be performed in narrow band at 2.45GHz which corresponds to the 

central frequency of an ISM band. 

 

Finally, a mean channel gain model and a fast fading model will be provided for off-body 

and body-to-body narrow band channel in function of the phantom orientation. 

  

4.3. MODELISATION TOOLS 

4.3.1 OVERVIEW 

A Space Alternating Generalized Expectation-maximization (SAGE) algorithm has been 

developed at CEA Leti and will be exploited as a tool for UWB channel modeling in off-body 

scenarios. Based on the Expectation Maximization (EM) algorithm [75], SAGE algorithm has 

been proposed for the first time for channel parameters estimation by B. Fleury in [73]. In 

[76], Chong et al. proposed a frequency-domain version of SAGE for Single-Input Multiple-

Output (SIMO) system, which has been extended by Matthaiou et al, to Multiple-Input 

Multiple-Output (MIMO) systems [77].  UWB and spherical wave features have been 

introduced by Haneda et al. in [78] and [79]. Finally, S. Van Roy et al. adapted the UWB 

SAGE algorithm for BAN scenarios.  
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The SAGE algorithm is an iterative process which allows the estimation of the parameters of 

the multipath components (MPC). In our case, we will focus on the estimation of the number 

of paths, their amplitudes, delays and angles of arrival (AoA). As mentioned in the last sub-

section, the AoA estimation necessitates the use of an antenna array at receiver side.  

 

Similarly to the EM method, the SAGE algorithm is characterized by an expectation step (E-

step) and a maximization step (M-step). The M-step is a maximum likelihood (ML) detector. 

It consists in testing all the possible values of the parameters of each path and retaining the 

most likely. The E-step is an interference cancellation function. It consists in cancelling the 

contributions of the interfering MPCs from the measured channel transfer function (CTF). 

Thus, it is easier to estimate the parameters of a considered MPC in the M-step.  

 

In the sequel, we present the principles of the UWB SAGE algorithm in frequency domain. 

 

4.3.2 ALGORITHM DESCRIPTION  

First of all, let us express the channel transfer function (CTF) measured on the m-th antenna 

at the n-th frequency point of the considered bandwidth. It is equal to the sum of all the 

MPCs contributions: 

 

 
(4-2) 

• l and L are the MPC index and the total number of MPCs respectively 

• 4l is the amplitude 

• 5l is the delay 

• 7l and �l are the angles of arrival (AoA) in azimuth and in elevation respectively 

• e(7l , �l ) is a unitary vector whose the direction is that of the l-th path 

• rm is the coordinates of the m-th antenna 

• :n is the wavelength for the frequency fn 

• D(n, 7l , �l ) is the product of Tx and Rx complex antenna gains depending of the 

frequency fn and the angles of arrival 

• W(m,n) is an additive white Gaussian noise sample. 

 

• E-step 

The E-step allows estimating the signal contribution of the l-th MPC by subtracting the other 

MPCs contributions from the measured CTF as: 
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((((4444----3333))))    

where  is the estimated contribution of the l-th MPC and  represents the estimated 

parameters of the l-th MPC. This operation is performed by a parallel interference cancellation 

(PIC). However, it has been showed in [76] that in a rich multipath environment, a successive 

interference cancellation (SIC) has a better performance. In this scheme, the MPCs are ordered 

according to their received powers and the MPCs are estimated and cancelled successively from 

CTF. Thus, only the MPCs whose power is higher than that of the considered MPC are cancelled 

from the CTF. 

 
((((4444----4444))))    

• M-step 

It is then possible to estimate the l-th MPC parameters using a ML detector, corresponding to the 

M-step. For this purpose, a correlation function is defined as: 

 

 
((((4444----5555))))    

 

The M-step consists in testing all the possible 5, 7 and � values and retaining those which 

maximize the absolute value of the correlation function. In order to limit the complexity of this 

step, the parameters of each MPC are not estimated in parallel but successively. Classically, the 

first parameter to be estimated is the delay. For this purpose, the angles of arrival values 

estimated during the previous iteration are used in the correlation function as showed in 

equation (4-6). Then, the angles of arrival are estimated taking into account the updated 

estimated delay.  

 

    
((((4444----6666))))    

 

Once the delay and angles of arrival of a MPC is estimated, the amplitude is simply computed by 

the following equation: 

 

 
((((4444----7777))))    
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Let us note that here, one average amplitude is estimated by MPC for all the bandwidth. In the 

case of an UWB channel, the amplitude can vary significantly. Haneda and Takada proposed in 

[78] to divide the considered frequency band in sub-bands. Hence, the M-step is carried in all the 

sub-bands in parallel. Thus, one estimated average amplitude is computed by sub-band by MPC. 

This method allows a better estimation of the MPC amplitude. However, it reduces the time 

resolution of the algorithm since it is function of the inverse of the considered bandwidth. In 

other words, the delay estimator performance decreases. 

 

• Initialization cycle 

At the start of the algorithm, no estimation of the MPCs parameters is available. Therefore, 

no interference cancellation can be carried out for the estimation parameters of the first MPC 

and no estimated value of the angles of arrival is available for delay estimation of the MPCs.  

 

In [74], B. Fleury proposed an initialization cycle (i=0) in which a SIC is exploited for E-step 

and the correlation function is modified for M-step. More precisely, delay estimation is 

performed without taking into account the effects of the angles of arrival in the initialization 

cycle. The initialization allows providing not only initial estimations of the MPC parameters 

but also, an estimation of the total number of MPCs. For this purpose, SIC and M-step are 

performed successively until the estimated power of a MPC is not significant.  

 

Different criterion can be used to determine if an estimated MPC is significant or not. It can 

be the comparison with the power of the strongest path or the noise power. A classical 

criterion used is the comparison of the regenerating CTF power (corresponding to the 

estimated interference in E-step) with that of the measured CTF. For instance, if regenerating 

CTF power is higher to 90% of the measured CTF power, it is considered that the estimation 

of other MPCs parameters is not necessary. Figure 43 summarizes in a flow chart the 

initialization cycle principle of SAGE algorithm.  

 

 

 
Figure 43: Flow chart of SAGE algorithm during the initialization cycle 
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5. DETERMINISTIC CHANNEL MODEL TOOLS 

5.1. INTRODUCTION 

Ray tracing (RT) tools have been developed for accurate radio propagation predictions [81], 

[82], [83], [84], [85]. Those RT tools are based on geometrical optics (GO) and 

geometric/uniform theory of diffraction (GTD/UTD) which allow to define the optical paths 

between two points using an electromagnetic formulation of propagation phenomena such 

as reflection, transmission, and diffraction. In order to perform simulation with RT tools, a 

detailed 3D site geometry, material properties, transmitter/receiver locations, and antenna 

properties are required. Once this complete information is given, a RT task is executed. Then, 

after the identification of rays that are captured by the receiver antenna, the channel transfer 

function is calculated. 

 

Conventional RT tools take usually much time to simulate a radio link. This delay makes 

those tools not suitable for real time communication and localization techniques. In this 

paper, a new technique of RT is presented. This technique is based on graph theory i.e the 

modeling of environment layouts using graphs. A faster technique to compute rays is 

proposed based on those graphs [86]. The proposed technique is applied to estimate location 

dependent parameters (RSSI and TOA). The comparison between measurements and 

simulations reveals a good match even without taking into account the pieces of furniture 

present in the environment during measurements. These results would allow using RT tools 

in localization systems to complement/replace the measurement campaigns. 

 

5.2. PYLAYERS: GRAPH-BASED RAY TRACING SIMULATOR 

PyLayers simulator [87] describes the data structure of the indoor layout through the 

definition of the following graphs:  

� The structure graph Gs 

� The visibility graph Gv 

� The topological graph Gt 

� The graph of rooms Gr 

� The graph of interactions Gi 

 

Definitions and examples of these graphs are given from Figure 44 to Figure 48. The adopted 

multi-graph description contains meta information from the layout which can be exploited 

for both incremental identification of rays and simulation of indoor pedestrian mobility. 
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Figure 44: Gs representation of 2 rooms separated by a door (in red), positive nodes are walls and 

negative nodes are vertices. 

 

 
Figure 45: Visibility graph Gv has the same nodes of Gs but edges are defined differently. Two 

nodes are connected if they share an optical visibility relationship. 

 
Figure 46: Topological graph Gt. It results from the determination of all cycles of the graph Gs. Gt 

contains a valuable topological information. Each cycle contains various attributes as for example 

the set of nodes and edges of the cycle. 
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Figure 47: Graph of rooms Gr. It is the subgraph of Gt retaining only cycles which possess at least 

one door (i.e. doors). 

 
Figure 48: Graph of interactions Gi. It results from the determination of all possible interactions 

between the nodes of Gs. The nodes of Gi are either a tuple (id of Gs node, id of room) in case of 

reflection or a simple number (negative for diffraction and positive for transmission). 

 

Let first define a ray with iN  interactions as an ordered list of 2+iN  points starting at 

transmitter position tx and ending at receiver position rx.  

     (5(5(5(5----    1111)))) 

where  is the ordered list of iN  interaction points . The ray tracing 

(RT) consists then in determining the list . Based on the graphs described previously, we 

first construct rays signatures and then we apply a two-steps technique to obtain 2D rays 

from signatures. Those 2D rays are then transformed into 3D rays using geometric 

transformations.  

The signature of  is defined as the sequence of structure ids of . The structure id of a 

point is simply the identification number either of the diffraction point (id<0) or the segment 

number (id>0), this is directly a node number from graph Gs or Gv defined previously. Id(p) 

is a function which returns the layout index number of p. 

     (5(5(5(5----    2222)))) 

Conventionally, the signature of the LOS path is the empty set:  
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Notice that when at least one ending point of the radio link is moving, all the points of  

are moving correspondingly. This is not the case of the signature  which can remain 

stationary in the vicinity region of the moving point. 

 

In a first step the algorithm seeks for the nodes  of Gs which are visible from tx, and the 

set of nodes  of Gs which are visible from rx. The second step consists in exploiting the 2 

subsets  and  for determining first order signatures where 

 and  . The algorithm determines then all the 

simple paths (paths with no repeated nodes) between any pair of nodes in the graph Gi. 

 

 
The determination of a ray from its signature is a two steps process. The first step consists in 

calculating a set of intermediate points starting from the transmitter tx = [xt, yt]T. Once 

calculated, those intermediate points can be used for any receiver position with the same 

signature. The signature can be either valid or not valid for a given receiver depending on its 

coordinates. We consider a signature of length N which can contain three types of 

interaction: diffraction (D), reflection (R), transmission (T). From this signature, two ordered 

lists of points are retrieved. 

          (5(5(5(5----    3333)))) 

         (5(5(5(5----    4444)))) 

       (5(5(5(5----    5555)))) 
In the case of a diffraction the point appears identical in each list otherwise pa and pb 

contains respectively tail points and head points of the signature segments. The sequence of 

intermediate points can be determined from the knowledge of the transmitter point, the 

sequence of segments and also importantly the type of interaction (R|T|D). This sequence of 

intermediate points is:  
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with mk = [xk, yk]T . Depending on the very nature of the interaction the intermediate point is 

either: 

� (R) : the image of the current point w.r.t the segment, 

� (T) : the current point itself 

� (D) : the diffraction (interaction) point itself 

m0 depends on the type of the first interaction as:  

         (5(5(5(5----    6666)))) 
and similarly, mk depends on the type of the kth interaction: 

         (5(5(5(5----    7777)))) 
where Sk (reflection matrix) and vk are defined as: 

         (5(5(5(5----    8888)))) 
The translation vector is defined as: 

          (5(5(5(5----    9999)))) 
with 

               (5(5(5(5----    10101010)))) 
 

The coordinates of intermediates points are obtained by solving the following linear system: 
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                    (5(5(5(5----    11111111)))) 

                                          (5(5(5(5----    12121212)))) 

                                                                                             (5(5(5(5----    13131313)))) 
where I2 and O2 are respectively identity matrix and zero matrix of dimension 2, z2 is 2-by-1 

zero column vector. The notation {R|T|D} stands for the possible matrix entries depending 

on the interaction type. 

Let the receiver be noted by rx = [xr, yr]T . Interaction points are points which belong to the 

layout segments. They are obtained from the intersection between the segments indicated by 

the signature and the segments joining successively the previously obtained intermediate 

points m. The unknown interaction points are pk = [x’k, y’k]T . By introducing a 

parametrization on both the unknown 4-by-1 column vector is  with 

 Starting from the receiver and joining the last intermediate point mN-1, we 

obtain: 

                  (5(5(5(5----    14141414)))) 
We solve successively the following linear systems 

                      (5(5(5(5----    15151515)))) 

                 (5(5(5(5----    16161616)))) 

                     (5(5(5(5----    17171717)))) 
The interaction point pk is determined identically taking advantage of the knowledge of 

point pk-1: 
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                 (5(5(5(5----    18181818)))) 

                      (5(5(5(5----    19191919)))) 

               (5(5(5(5----    20202020)))) 

                    (5(5(5(5----    21212121)))) 
The parameterization of the signature segment plays a very important role, if 0<βk,αk<1 the 

interaction point pk  is valid and the calculation can proceed otherwise the interaction point 

is out of the segment and the signature is rejected for the current receiver coordinates. An 

example of obtained 2D rays is plotted in Figure 49. 

 
Figure 49: Example of obtained 2D rays. 

 

6. TOWARDS PHYSICAL SIMULATOR 

6.1. MOBILITY MODEL 

Based on discrete event simulations, the mobility model we propose here is a model which 

takes into account the layout of the environment (i.e. walls, doors, corridors, rooms, etc.) in 

order to propose as far as possible a realistic movement of users within that environment. 

This is guaranteed by considering both node-node and node-layout dependencies to avoid 

undesired collisions between nodes and layout. The simulator is also able to define different 

RATs for each node-node link. The proposed implementation of this mobility model is based 

on the SimPy library [88]. 

SimPy is a discrete event simulator which allows the simulation of active components. In 

particular, the mechanical layer uses the Personal Rapid Transit Simulation [89], a SimPy-

based library which defines the movement of persons. 

In PyLayers, persons are called agents. Agents are independent instances moving into the 

layout. The movement of the agents is implemented by taking into account the 2 of the 3 

major properties of the human mobility [90]: 

� Temporal: which defines time dependent action of the movement, (frequency of 

visits,...) 
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� Spatial: which defines the physical nature of the movement. (jump size,...) 

The temporal property describes where agents are moving into the layout, e.g. having a 

target and knowing the path to reach that target. In PyLayers, the target is defined as a room 

and the path as a succession of rooms. The path from a room i to a targeted room t is 

obtained with the help of graph Gr. Rooms i and t corresponds respectively to nodes  and 

 of Gr . Then, the path is obtained with  , a Djikstra  [91] shortest path algorithm:   

 

                     (5(5(5(5----    22222222)))) 

The ordered set of nodes  describes the shortest path between  and . To achieve the 

complete trajectory from i to t, the agent go iteratively through all the room corresponding to 

the nodes of . Hence, each time a node of  is reached, the next one becomes an 

intermediate target it, until the node  is reached.  

Once the path has been computed, the agents are moving by taking into account the layout 

environment, such as walls and doors. This is the spatial property of the movement. That 

spatial property of the human mobility has been modeled using magnetic forces [92]. The 

magnetic force model aims to obtain a resulting acceleration vector a to drive the agents 

through the layout. The magnetic force model supposes that the agents and the layout 

environment can be assimilated to positive poles unlike the intermediates target which can 

be assimilated to negative poles.  

Each agent k is potentially under the influence of several magnetic forces: an attractive 

magnetic force  which attracts the agent to its intermediate target node ; several 

repulsive magnetic forces , which avoid the collision of the agent with the walls or with 

another agent. According to [92], it is possible to approximate the attractive magnetic force 

 on agent k, with the Coulomb's law: 

 

                    (5(5(5(5----    23232323))))    

 

with qk and qit the intensities of the magnetic load of the agent and the intermediate target 

respectively,  the vector from the agent k to the intermediate targeted node . In 

order to be close to a human being mobility, we suppose that agents are not grazing the 

walls. Then the repulsive force must be maximal along the walls. Thus, we propose to model 

the repulsive magnetic forces  with: 
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                   (5(5(5(5----    24242424)))) 

with  the distance vector from the agent k to a wall w and α a parameter to adjust the 

repulsion. 

Similarly, the inter-agent avoidance can be modeled by replacing  by  where k 

and l are two different agents. Then, the acceleration vector ak of the agent k with regard to 

the environment can be written as the sum of three previously described interactions: 

 

                (5(5(5(5----    25252525))))    

 

where W is the number of walls in the vicinity of the agent k. The vicinity of the agent is 

determined with a simple distance threshold. The use of that threshold avoids the 

computation of the forces from all the walls of the entire layout. An example of operation of 

the mechanical layer can be seen in [93]. 

 

6.2. CHANNEL MODEL POSSIBLE IMPLEMENTATION 

The combination of the human mobility model with the on-body, off-body and body-to-body 

channel models allows the implementation of a realistic BAN channel model. The Figure 50 

describes the principle of the proposed channel model implementation.  

 

First of all, the time invariant parameters have to be set. These parameters correspond to the 

antenna locations on the body, their characteristics such as their polarization and their 

radiation pattern, the kind of environment, the number of external gate and the number of 

BAN users. Once these parameters are set, their values are injected in the human mobility 

model. The latter gives time variant parameter values useful for the different BAN channel 

models. According the sub-section 4.1, these parameters are the movement conditions of the 

body, the orientation and the distance of the body compared with the external gateway (off-

body scenario) or another body (body-to-body scenario), and the direct visibility condition. 

Finally, the channel characteristics such as the channel gain, the fading, the PDP 

characteristics and the Doppler spectra are given by the different BAN channel models.  
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Figure 50: Physical simulator principle 
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7. CONCLUSIONS 

This D2.2 deliverable presents channel models for different communication and mobility 

scenarios which are exploitable for the design of WBAN systems and the evaluation of their 

performances. These models mainly describe the mean channel gain, the shadowing effects 

and the fast fading characteristics in function of the nodes positions on the body, the body 

orientation and location, and the antenna characteristics for narrow band signals around 

2.45GHz. Space-time correlation properties between different radio links for on-body 

communication scenarios are also described. Values of the means channel gains and their 

variances obtained from previous measurements campaigns performed at CEA-Leti are 

summarized for different mobility scenarios. A channel model describing the channel 

impulse response characteristics such as the delay dispersion is also presented for on-body 

communication scenarios.  

A channel modeling tool namely SAGE (Space Alternating Generalized Expectation-

maximization) has been presented and validated with indoor measurements. This tool will be 

used in future channel measurement campaigns for the evaluation of the degradation of the 

estimation of the angles of arrival of the paths caused by the presence of the body. WBAN 

cooperative communication aspects will also be analyzed by performing other measurement 

campaigns combining off-body and body-to-body radio links. All these measurement 

campaigns and the material which will be used such as the phantom are described in this 

deliverable. The analysis of these measurements and their process will be presented in the 

D2.3 deliverable. Other models for WBAN channel modeling are also presented such as a 

deterministic channel model based on a ray tracing method. 

 

In order to evaluate the performance of WBAN systems, methods to synthesize a general 

physical simulator are presented. The so-obtained general WBAN channel model will 

combine body mobility models with the identified relevant WBAN channel models. The 

structure of this physical simulator will be continuously fed by novel WBAN channel models 

resulting from the analysis of measurement campaigns.  
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