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1. Introduction

This is a document for the IEEE802.15.6 (Body Area Network) channel modeling subcommittee. This document provides recommendations of the channel modeling subcommittee of IEEE802.15.6. The models discussed generally characterize the path loss of BAN devices taking into account possible shadowing due to the human body or obstacles near the human body and postures of human body. 
The channel model is needed to evaluate the performance of different physical layer proposals. The main goal of these channel models is a fair comparison of different proposals. They are not intended to provide information of absolute performance in different environments or body postures. The number of available measurements on which the model can be based, in the frequency range of 
	Description
	Frequency Band
	

	Implant
	402-405 
	Kamran, Kamya

	Implant
	433
	Kamran, Kamya

	On-Body
	400 MHz
	Kamya

	On-Body
	600 MHz
	Kamya

	On-Body
	900MHz
	Kamya, Guido

	On-Body
	2.4 GHz
	Kamya, Dino, Noh, Guido

	On-Body
	3.1-10.6 GHz
	Kamya, Guido, Noh

	On-Body
	(HBC) 50 MHz
	Jung Hwan


Table 1: List of frequency band
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2) 
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2. Scenarios
From [9,6], a list of scenarios can be identified in which IEEE802.15.6 devices will be operating. These scenarios along with their description and frequency band are listed in Table 1. The scenarios are determined based on the location of the communicating nodes (i.e. implant, body surface and external). The scenarios are grouped into classes that can be represented by the same Channel Models (CM). 

	Scenario
	Description
	Frequency Band
	Channel Model

	S1
	Implant to Implant
	TBD
	CM1

	S2
	Implant to Body Surface
	402-405 MHz
	CM2

	S3
	Implant to External
	402-405 MHz
	CM2

	S4
	Body Surface to Body Surface (LOS)
	TBD (f1,… fn)
	CM3

	S5
	Body Surface to Body Surface (NLOS)
	TBD (f1,… fn)
	CM3

	S6
	Body Surface to External (LOS)
	TBD (f1,… fn)
	CM4

	S7
	Body Surface to External (NLOS)
	TBD (f1,… fn)
	CM4


Table 2: List of scenarios and their descriptions
The distance of external devices is considered to be a maximum of 5 meters.
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3. Channel Model CM3 (Scenarios S4 and S5) for 915 MHz and 2.45 GHz ISM Band
3.1 Description
The CM3 model is meant for scenario S4 (LOS Body Surface to Body surface) and scenario S5 (NLOS Body Surface to Body Surface).  The 915 MHz and 2.45 GHz measurements and models have been described in [16]. The measurements are done in an office environment.

Figure 1 shows where the antennas are placed around and along the torso. 
[image: image5.emf]
Figure 1: Experiment setup: measurement locations around the torso (left figure) and along the torso (right figure)
The same small, low-profile Skycross SMT-8T025-MA antennas (www.skycross.com) are used for all measurements. The antennas are 50.5 x 28 x 8 mm in size and weigh 4.2 g. These antennas were chosen since they are close to the size and profile requirements typical of comfortable body-worn sensor devices. They have a wide bandwidth which minimizes degradation resulting from the antenna being de-tuned when placed near the body.
All channel parameters are extracted from measurements performed in 3 planes separated by approximately 15cm along the vertical axis (see left part of Figure 1). In the middle of Figure 1, the receiver positions are shown for each plane. The transmitter is placed on the front, and the receivers are placed at distances of 10 – 45 cm in steps of 5 cm measured around the perimeter of the body.  The right part of Figure 1 shows where the antennas are placed for communication along the torso. The transmitter is worn at approximately shoulder height at one of two different positions. The receiver is placed directly below the transmitter at seven positions separated by 10 cm covering the range from the shoulder to the knees. To gather more measurement points, we repeat the procedure on the back of the body. 
LARGE SCALE FADING
At each antenna position on the body and at each location in the room, this attenuation is averaged over the 49 points on the measurement grid to yield the large scale pathloss variations. This averaging mostly removes the effect of small-scale fading due to small changes in the user position around the room. The path loss is shown in Figure 2
:
[image: image6.emf]
Figure 2: Measured pathloss around the body at 915 MHz and 2.4 GHz for CM3 with 5 mm body-antenna separation.
The horizontal axis is the distance between the antenna and receiver measured around the perimeter of the body. The circles and crosses correspond to measurements in the 2.45 GHz and 915 MHz band, respectively. For distances smaller than 30 cm, the energy is diffracted around the body. For distances greater than 30 cm, corresponding to propagation to the opposite side of the body, the path loss flattens due to energy received from nearby scatterers.
Four pathloss models have been tested against the measurement data, namely the standard indoor pathloss law, an exponential loss model for diffracted waves, a dual-slope exponential loss model and a combined exponential-linear saturation model. The latter model gives the best fit with the measurement data and can be expressed as:
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This model represents the exponential decay with distance (expected with diffraction around a cylindrical body), followed by a flat saturation point due to energy received from multipath reflections off nearby scatterers. 
The parameters of the pathloss model are given in Section 3.2 and 3.3 for the two ISM bands

The parameters are explained by :
· P0 is the average loss close to the antenna. It wil depend on the type of antenna. 

· M0 represents the average decay rate in dB/cm for the surface wave travelling around the perimeter of the body.

· P1 is the average attenuation of components in an indoor environment radiated away from the body and reflected back towards the receiving antenna.
· (p is the log-normal variance in dB around the average 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.
FLAT SMALL-SCALE FADING
The small-scale fading has been characterized by fitting the received energies at  49 small-scale positions in each grid to Rayleigh, lognormal, Nakagami-m, and Ricean distributions using maximum-likelihood parameter estimates. For body perimeter distances less than 25 cm, Ricean distribution is best supported by the data overall. At 35 and 45 cm, the Rayleigh distribution is better supported by the data. 
The Ricean distribution is expressed in terms of a parameter K defined as the ratio of the specular component to the random multi-path component powers. When the receiver is moved away, the path loss P increases and the K-factor decreases. In fact, the Rayleigh distribution can be seen as a special case of the Ricean distribution with low K-factors.  The measurement data suggest a log-normally distributed K-factor, modeled as follows:
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The parameters are explained by :

· K0 is the fit with measurement data for the K-factor for low pathloss

· mk is the slope of the linear correlation between pathloss and K-factor

· PdB is the pathloss in dB

· (k is the log-normal variance of the measured data between pathloss and K-factor

· nk is a unit mean and variance Gaussian random variable.

The parameters are shown in sections 3.2 and 3.3.

FREQUENCY-SELECTIVE SMALL-SCALE FADING
The root mean square (rms) delay spread is the square root of the second central moment of a power delay profile. For narrowband systems, the delay spread provides a good indication of the potential for inter-symbol interference. 
The delay-spread are extracted from the cumulative density function (CDF) for antenna separations of 15 and 45 cm. 


The mean and the worst case delay spread values (90 % confidence interval) are shown in sections 3.2 and 3.3.

The measured delay spreads are on the order of a few tens of ns in the worst case. The delay spread can be modeled with a normal distribution. In general, the mean and variance increases with antenna separation. For the same antenna separation, the 915 MHz data has a lower delay spread than the 2.45 GHz data. This is expected as lower frequencies diffract more easily around the body. 
SUMMARY ISM 900 and 2.4 GHz Band:

A model has been developed of the pathloss, small-scale fading and rms delay spread based on well-known, computationally simple distributions. The pathloss follows an exponential decay around the perimeter of the body, which is consistent with diffraction around a cyclindrical shape. It flattens out for large distances due to the contribution of multipath components from the indoor environment. The small-scale fading is represented by a Ricean distribution with a K factor that decreases as the pathloss increases. The delay spread is normally distributed with a range of small values.
3.2 Parameters of model for 915 MHz ISM band
Table 1: Parameters of pathloss model for 915 MHz

	Parameter
	915 MHz value

	P0 (dB)
	-1.9

	m0 (dB/cm)
	2.1

	P1 (dB)
	-59.4

	(p (dB)
	3.2


Table 2: Parameters of small-scale fading model for 915 MHz

	Parameter
	915 MHz value

	K0 (dB)
	40.1

	mk
	0.61

	(k (dB)
	2.4


Table 3: Parameters of the mean value of the delay spread for 915 MHz

	Distance
	trms 

	15 cm
	3 ns

	45 cm
	9 ns


Table 4: Parameters of the 90% cumulative value of the delay spread for 915 MHz
	Distance
	trms 

	15 cm
	5 ns

	45 cm
	15 ns


3.3 Parameters of model for 2.4 GHz ISM band
Table 5: Parameters of pathloss model for 2.45 GHz

	Parameter
	2.45 GHz value

	P0 (dB)
	-25.8

	m0 (dB/cm)
	2.0

	P1 (dB)
	-71.3

	(p (dB)
	3.6


Table 6: Parameters of small scale fading model for 2.45 GHz

	Parameter
	2.45 GHz value

	K0 (dB)
	30.6

	mk
	0.43

	(k (dB)
	3.4


Table 7: Parameters of the mean value of the delay spread for 2.45 GHz

	Distance
	trms 

	15 cm
	6 ns

	45 cm
	16 ns


Table 8: Parameters of the 90% cumulative value of the delay spread for 2.45 GHz

	Distance
	trms 

	15 cm
	11 ns

	45 cm
	22 ns


4. Channel Model CM3 (Scenarios S4 and S5) for 3-10 GHz UWB Band

Most of the measurements are described in [15], [17] and [18]. A more compact model is proposed that has been described in [19].

Ultra Wideband (UWB) is a promising air interface for short-range coummunication matching the requirements of IEEE 802.15.6. Wideband models are more complex than narrowband models. The wideband nature will reveal multiple reflections in the channel. In this case, we must define the statistical properties of each resolvable component. Furthermore, individual multipath reflections can be spread out over time by frequency dependent antennas and scatterers. This results in a more complex power delay profile as well as correlation between the channel filter taps.
For communication between two sensors on the human body, transmitted signals can arrive at the receiver in 3 ways:

A) propagation through the body

B) diffraction around the body

C) reflections off of nearby scatterers and then back toward the body. 

In the 3 -10 GHz UWB band, the propagation though the body is negligible. Therefore, we concentrate on mechanisms B) and C).  Because of the complex nature of wideband propagation, we will divide the models in two parts:
1) UWB BAN channel model only (excluding environmental reflections)

2) Indoor UWB BAN channel model

UWB BAN CHANNEL MODEL
These measurements are done in an anechoic chamber. Small size, low profile Skycross SMT-3TO10M UWB antennas (www.skycross.com) antennas are used for the UWB measurements. The separation is controlled by placing either a 0, 5 or 10 mm dielectric between the body and the antenna. 

The UWB measurement campaign is taken a bit different than the ISM band study. The measurements are performed in 6 planes separated by 7 cm along the vertical axis of the torso. In Figure 3 (b) the planes are shown where the antennas are placed on the body. The receiver positions are marked with circles, while the transmitter position is marked with a box around the circle. The transmitter is always placed on the front of the body, and the receiver is placed at various positions on the torso at distances of 10-45 cm. To analyze variations in the radio channel around the body, the parameters are extracted separately in regions representing the “front”, “side”, and “back” of the body. 
[image: image9.emf]
Figure 3: Measurements around the torso (a) and along the front of the torso (b)
The front region corresponds to observations taken between 0 < d < 0.2m, the side region is between 0.2 < d < 0.4m, and the back region corresponds to 0.4 < d < 0.5 m. This does not apply to measurements taken along the front of the torso. 
The components excluding the surrounding reflections are measured (mechanism B only). The attenuation between each receiver/transmitter position is plotted in Figure 4. It is clear that the pathloss due to diffraction around the body is higher than the pathloss due to waves traveling along the body. 
[image: image10.emf]
Figure 4: Measured UWB pathloss along and around the torso for 5mm antenna-body separation
The pathloss is well modeled using the traditional empirical power decay law.  Compared with free space loss (n=2), the pathloss exponent near the body is much higher (n=6). A much lower exponent (n=3) is measured when the propagation is along the front rather than around the torso. The pathloss exponent does not depend significantly on the antenna-body separation because after the wave is radiated beyond the near field, it propagates independently from the source. 
Table 9: UWB path loss parameters for different antenna-body separations.
[image: image11.emf]
Table 10: UWB pathloss parameters around the torso for diffent antenna-body separations 
	
	0 mm
	5 mm
	10 mm

	n
	5.8
	5.9
	6.0

	d0 (m)
	0.1
	0.1
	0.1

	P0dB
	56.1
	48.4
	45.8


Table 11: UWB pathloss parameters along the torso for different antenna-body separations
	
	0 mm
	5 mm

	n
	3.1
	3.1

	d0 (m)
	0.1
	0.1

	P0dB
	56.5
	44.6


A discrete-time impulse response model is chosen to model the distribution of energy over time.  A tapped delay line model provides a convenient representation of the channel. We define the body area tapped delay line FIR as follows:
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We can obtain the taps of this model by recreating the energy distributions of each

bin extracted from the measurements. We have found that correlated Lognormal distributions

are better supported by our data overall regardless of the position of the receiver. This model is also consistent with the expected physical phenomenon of the received signal undergoing a large number of multiplicative effects.
An L element vector of correlated log-normal variables is generated, where L is the number of bins containing significant energy. L = 6 is sufficient on all sides of the body since the

average bin energy will decay by more than 20 dB after 3 ns (6 bins) in the worst case.

A column vector X  consisting of L uncorrelated, zero mean, unit variance normal variables. X is then post multiplied by the lower triangular Cholesky factorization of the covariance matrix (CdB) to introduce the correlation and variances. The L element column vector  of the mean energy in each bin (μdB) and the appropriate distance related pathloss (PdB) are then applied. This procedure can be summarized as follows:
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where gdB is the L element vector of tap gains in decibels, and TdB is the L by

L Cholesky factorization of the covariance matrix extracted from the measurements.

Vector μdB is defined relative to the pathloss PdB(d).

A simplification is proposed to more compactly describe the channel. The vector μdB is replaced by two parameters, μdB  and γ, describing the mean energy in dB of the first bin and the decay rate in dB/ns respectively. One single variance is used to model all the bins. Correlation between adjacent bins only is taken into account. The last two simplifications allow us to replace the covariance matrix CdB by two parameters ρdB and σdB representing correlation between the adjacent bins and the standard deviation of each bin.
Using these simplifications, the body area propagation channel can now be described

with only four parameters given in Table 123.
Table 12: Simplified model parameters. The first column is for propagation along the front of torso, the last three columns are for propagation around the torso. Results are for an antenna-body separation of 5mm.

	Parameter
	Front
	Front
	Side
	Back

	μdB (relative to PdB) 
	-1.2
	-2.0
	-2.4
	-3.2

	(dB
	3.6
	4.0
	4.8
	4.3

	γ(dB/bin)
	-8.8
	-6.7
	-5.3
	-4.1

	ρdB
	0.7
	0.8
	0.8
	0.8


The parameters µ and σ are the lognormal mean and variance of the first time bin. Subsequent bins have approximately the same standard deviation, but a mean value that decays at a rate of γ dB/ns. Meaurements indicate significant correlation between adjacent bins given by ρ.

The following can be used to generate the L taps separated by our measurement

resolution of Δ = 0.5 ns having the specified correlation coefficient in adjacent taps:
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This equation uses zero mean, unit variance, uncorrelated normal variables, nk, to

generate bk such that bk and bk-1 have the specified correlation coefficient. The appropriate

standard deviations and means are then added to generate gdBk, the gain in dB of tap k (k > 0). Finally, the result is converted to the linear domain to obtain the tapvalues for a specific channel realization of our tapped delay line model.

INDOOR UWB BAN CHANNEL MODEL
These measurements are done in an office environment.
 For indoor environments, both components diffracting around the body and components reflecting off of surrounding scatterers are observed at the receiver. To describe the complete channel, the correlated log-normal model of the previous section is used to describe the components diffracting around the body, and then additional components from the surrounding environment using a modified Saleh-Valenzuela model. 
Measurements are taken at several locations in a room. At each location, measurements are made at 49 points, arranged in a 7 x 7 square grid with 5 cm spacing.   
A complete body area channel model is proposed including both components diffracting around the body and reflecting off of nearby scatterers. The tapped delay line model representing the impulse response for band-limited communication systems due to reflections from nearby scatterers can be represented as


[image: image21.wmf]å

å

¥

=

¥

=

÷

÷

ø

ö

ç

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

+

ú

û

ù

ê

ë

é

D

D

-

=

0

0

)

exp(

)

(

k

l

lk

lk

l

ref

K

j

g

E

X

g

t

t

d

f

t


where glk and Φlk represent the magnitude and phase of the kth bin in the lth cluster.

To simplify our implementation, we round τl, the arrival time of the lth cluster, to the nearest tap ([.] indicates rounding). Unlike the original SV model, this equation represents a ”dense” model where every bin is assumed to contain significant energy. This approach better characterizes the more continuous channel responses observed during our analysis. We therefore only determine the arrival rate of clusters and not of individual rays.

The Weibull distribution with parameters α and β fits the distribution of the cluster inter-arrival times better than the originally proposed exponential distribution. Thus, the cluster arrival times can be generated from the following distribution:
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Based on measurement results, cluster magnitudes arriving after the breakpoint, τbp = 40 ns, decay much faster and are small enough to be ignored. Because the transmitter and receiver are worn on the body and move together through the room, two prominent wall reflections arrive at the receiver at the same time regardless of the position of the body in the room. We therefore add two additional clusters at times T1 = 42 ns and T2 = 84 ns. These clusters are only observed with the receiver on the side and back of the body and represent the first and second reflections off the

front and back walls.

Like the original SV model, the average energy of clusters arriving before the breakpoint decay exponentially at a rate of Γ dB/ns and components within a cluster decay exponentially at a faster rate of γ dB/ns. We further introduce a Lognormal cluster fading with standard deviation σ to take into account the highly directive body-worn antennas as well as variations in the scattering properties of different objects in the room. The magnitude of deterministic wall reflections do not follow the same cluster decay trends. Instead, they are modeled as Lognormal variables having means μdB1 and µdB2 and standard deviations σdB1 and σdB2. Small-scale fading of

individual bins assumes a Lognormal distribution having a standard deviation of σgkl .

Taking all of this into account, the bin magnitudes are generated as follows:
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The unit mean, unit variance, uncorrelated normal variables nl and nk are used to generate

the cluster and small-scale fading respectively. The bin phases (Φlk) are assumed

to be uniformly distributed and uncorrelated. All parameters are summarized in Table 4:


Table 13: Model parameters of cluster arrival time
	Parameter
	Front
	Side 
	Back

	( (ns)
	5.0
	7.9
	5.1

	( (ns)
	2.2
	2.1
	2.3

	T1, T2 (ns)
	-
	42, 84
	42, 84


Table 14: Model parameters of cluster decay
	Parameter
	Front
	Side 
	Back

	( (dB/ns)
	-0.15
	-0.19
	-0.11

	(dB,g1l
	3.3
	4.1
	2.7

	γ(dB/ns)
	-
	42, 84
	42, 84

	(dB,gkl
	4
	4
	4

	μdB,1 , μdB,2
	-
	-3.7, -15.0
	4.8, -9.2

	σdB,1 , σdB,2
	-
	4.4, 5.8
	3.8, 6.7


Table 15: Model parameters of cluster decay
	Parameter
	Front
	Side 
	Back

	μdB,gtot
	-69.1
	-72.6
	-77.5

	σdB,gtot
	0.9
	3.1
	2.5


The power delay profile is normalized to unit energy and the wideband fading distribution (X) is enforced,  where X is a Lognormal variable with parameters μdBgtot and σdBgtot .

Longer delay spreads are observed on the back of the body compared with the front. Similarly, the reflected energy is spread out over more resolvable components on the back of the body compared with the front. Despite simplifications of the cluster shapes and small-scale fading distributions, the model matches the measured data closely validating our modeling approach.

If we assume that the reflections are uncorrelated with the components diffracting

around the body, then the complete tapped delay line model incorporating multipath

components both diffracting around the body and reflecting from the surrounding environments

is generated by adding together gbody(τ) and gref (τ).
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