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1. Introduction
So far, some efforts have been made to characterize the body area propagation channel [1]

 REF _Ref210503615 \r \h 
[2]

 REF _Ref210504389 \r \h 
[3] where the static channel characteristics at various frequency bands with a vector network analyzer using a human specimen as well as a phantom and a simple path loss model have been investigated. In addition, dynamic narrowband channel measurements around 2.4 GHz with custom equipments have been investigated in [4]. 
In this article, dynamic wireless body area network (BAN) channel measurement results are introduced and modeling of the channel behavior by the movement of the human body is proposed. It describes the measurement campaign using a human specimen in an anechoic chamber and the investigations on the characteristics of body surface propagation in dynamic conditions. In this article, “dynamic channel” means a quasi-static channel, which can be considered to be static during the burst period of the measurements. Based on this fact, the authors propose the statistical model of the path gain in various positions on the surface of the human body.
The purpose of this document is contribution to dynamic channel modeling for the IEEE802.15.6 based on the measurement using a realtime channel sounding system. The models shown in this document include only CM3 (body surface to body surface) of the scenarios as shown in Table 1 [1], [2]. For the CM3, we measured the channel transfer function at the frequency bands of 4.5 GHz with the bandwidth of 120 MHz. Thanks to the fast acquisition time of the sounder it is much suitable to measure the dynamic behavior of the human body on body-surface wireless channel.
Table 1 List of scenarios and their descriptions
	Channel Model
	Description
	Frequency band(s)

	CM2
	Implant to Implant
	402-405 MHz

	CM2
	Implant to Body Surface
	402-405 MHz

	CM3
	Body Surface to Body Surface (LOS)
	TBD

	
	Body Surface to Body Surface (NLOS)
	

	CM4
	Body Surface to External (LOS)
	TBD

	
	Body Surface to External (NLOS)
	


2. Measurement Configuration
This section describes the measurement configuration. The channel measurements were performed in a radio anechoic chamber using a real-time channel sounding system at 4.5 GHz. The channel transfer functions of 120 MHz (193 multi-tones) were obtained every 1 millisecond for around 10 seconds.
2.1 Measurement overview
In the body-surface wireless channel there are some possible propagation mechanisms between the antennas, including the refraction and diffraction around the human body surface besides the direct path. These paths can experience fading due to the movement of the human body as well as the multi-paths originated from around the body and from the surrounding objects. In order to simulate outdoor environments focusing on the fading effect due to the movement of the human body, the measurements were conducted in a radio anechoic chamber where the multi-path from the surrounding objects is negligible. 
2.1.1 Channel Sounder
In this time, a real-time channel sounder was used for the measurement to capture the dynamic channel behavior [5]

 REF _Ref210543965 \r \h 
[6]. It was originally designed for MIMO directional channel measurement but used in a SISO (Single-Input Single-Output) measurement where the test signal was a periodic multi-tone signal (193 tones) with the center frequency and bandwidth of the transmitting signal were 4.5GHz and 120 MHz, respectively.
2.1.2 Antennas
The antenna (SkyCrossTM SMT-3TO10M-A) was small meander line type that is commercially available at present for UWB (ultra wideband) from SkyCross
. It covers wide frequency range between 3.1 to 10 GHz. The channel variation can be affected by the change of the alignment and distance between the antennas as well as the shadowing effect that the LOS path can be excluded by the movement of human body in dynamic scenarios introducing obstacles between them. In BAN channel measurement, the problem is that it is very difficult to separate only the propagation channel response from the antenna effect. In this work, the antenna effect has been considered as a propagation channel component itself and embedding the antenna effect will be one of some significant future works. 
	
[image: image1]
Fig. 1 Antenna (SkyCrossTM SMT-3TO10M-A)


2.1.3 Human specimen

A man in his early twenties whose height, bust and waist are 171.5, 89.5 and 76.5 cm respectively served as a human specimen.
2.2 Experiment Setup
The measurements were performed in a radio anechoic chamber to avoid some multi-path effects by reflection from the surrounding objects assuming outdoor environments. The Tx antenna was fixed on around navel and the measurements were conducted one by one at 10 Rx positions, respectively as shown in Fig. 2 (a)
. The antennas were attached by using a spacer made by formed styrol and a belt to tie up the antenna on the body surface as illustrated in Fig. 2 (b). The distances between Tx and Rx antennas are given in Table 2. The values were measured in still posture but ranged in case that the antenna was on a part with large movement (e.g. wrist and ankle).

Fig. 3
 shows the anechoic chamber configuration with the location of the human specimen and measurement equipments. Considering the fluctuation of the characteristics the RF cable would be fixed not to move much when the specimen was moving.

The measurement at each Rx antenna position includes the three postures (still, walking on the spot, repeatedly stand up and seat down). Fig. 4 shows those three postures in case that Rx antenna is at shoulder. About 10,000 snapshots (10 seconds) at every Rx and every posture were captured by the channel sounder. The detail measurement specifications are given in Table 3.
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(a) Measurement positions on the human body
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(b) Antenna attachment on the body

	Fig. 2 Measurement locations on the human body (A: right wrist, B: right upper arm, C: left ear, D: head, E: shoulder, F: chest, G: right rib, H: left waist, I: Thigh, J: Ankle)


Table 2 Distance between Rx’s and Tx
	Position

Index
	Position
	Distance d [mm]

	
	
	4.5 GHz

	A
	Right wrist
	440 ~ 525

	B
	Right upper arm
	360

	C
	Left ear
	710

	D
	Head
	650

	E
	Shoulder
	310

	F
	Chest
	230

	G
	Right rib
	183

	H
	Left waist
	140

	I
	Thigh
	340

	J
	Ankle
	815 ~ 940


Table 3 Measurement specification
	Parameter
	Value

	Sounder
	Medav channel sounder

	Antenna positions
	Tx : navel (fixed),

Rx : 10 positions

	Number of snapshots
	about 10,000

	Postures
	Still,

walking on the spot,

stand up seat down on the chair

	Acquisition time
	about 10 seconds

	Calibration
	Back to back


	[image: image4.emf]Rx Tx


Fig. 3  Layout of the measurement room (anechoic chamber)
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(a) still                         (b) walking on the spot             (c) stand up / seat down

Fig. 4  Three postures (Rx: shoulder)


3. Measurement Results and Analysis

This section presents the measurement results and the investigation on the statistical property. A number of measurement snapshots (about 10,000 for 10 seconds) make us model the movement of the human body statistically. As mentioned previously, the body surface channel can be thought as a quasi-static channel, which can be considered to be static during the burst period of the measurements. The authors propose the statistical model of the dynamic movement of the human body with the path gain in various positions on the body surface. 

It notes that all measurements results that obtained at all scenarios are presented as the Appendix at the end of this article.
3.1 Relative Path Gain

We computed the path gain of the first arrival component (peak value) in the channel impulse responses that were obtained by FFT (fast Fourier transform) of the measured frequency domain channel transfer functions. Each path gain at every Rx antenna position was normalized by the mean value of the still posture
. Fig. 5 (a) ~ Fig. 14 (a) in Appendix A show the variation over time of the relative path gains of each Rx position and posture. It could be found that the channel experiences fading following the actions of the movements in regular base. However, in spite of the still posture, irregular and abrupt fading could be also found in some points by involuntary movements of the human being such as Fig. 5 (a); right wrist (A) and Fig. 8 (a); right ear (D).
3.2 Statistical Models

We tried to fit the measurement results by using some well known probability density functions such as normal, log-normal and Weibull distributions using some functions of MATLAB, MathWorks. And we found the best match of them. As a matter of fact, in dynamic scenarios, it can be expected that the movement of human body produces shadowing-like effects because the channel is varying by the change of the alignment and distance between the antennas as well as by the fact that the LOS path can be blinded introducing some obstacles on the LOS path. In that meaning, it is natural to use log-normal distribution to represent the dynamic behavior.
The probability density distribution functions used in this work are given as following.
Normal distribution:   and  denote the mean and variable, respectively
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Log-normal distribution:  and  denote the mean and variable in decibel, respectively
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Weibull distribution: it is well known that various distributions can be fit by using the scale (a) and shape (b) factors, respectively
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3.3 Probability distribution fitting results

Fig. 5 (b) ~ Fig. 14 (b) in Appendix A show the cumulative distribution functions (CDF) of the relative path gain of each Rx position and posture normalized by the mean value of still posture. The dashed and dotted lines denote the log-normal and Weibull distribution fitting results, respectively. For the readability, the normal distribution fitting results were omitted. Fig. 15 ~ Fig. 24 in Appendix B also illustrate the probability density function (PDF) of the path gain.

The estimated parameters of log-normal and Weibull distribution for every scenario are given in Table 4 and Table 5, respectively. The values of the log-normal distribution in Table 4 are in decibel. The values in parenthesis are negative log likelihood values by which the best fit distribution were judged (less means better fit). The best fit distributions are summarized in Table 6.
According to Table 6, it can be found as following.

· Normal distribution seems to fit the still postures best but it can be seen that the fittings with any distributions have large error from the PDFs.

· Log-normal distribution shows good match in cases of still postures and small movements such as walking posture in case of head (C), right ear (D), chest (F), right rib (G), left waist (H), right thigh (I) and stand up/down posture in case of head (C).
· Weibull distribution can represent much better large movement behaviors such as walking posture in case of right wrist (A), right upper arm (B), shoulder (F), right ankle (K) and all stand up/down postures except for head (C).
Table 4 Fitting Results (Log-normal Distribution)
	 / s [dB] (-LogL)
	Log-normal fitting

	
	Still
	walking
	updn

	A
	Right wrist
	-0.0652 / 0.9531
 (-1114.1)
	-3.9908 / 11.7727 (14948)
	8.4456 / 3.4836 (31047)

	B
	Right upper arm
	-0.0491 / 0.6544
 (-4800.9)
	4.4491 / 2.4972 (18735)
	6.3009 / 5.6692 (31093)

	C
	Head
	-0.0100 / 0.2969
 (-12476)
	-3.5392 / 3.2052 (2983.8)
	-3.6932 / 5.3385 (7601)

	D
	Right ear
	-0.0400 / 0.5921
 (-5815.6)
	-4.1465 / 2.4654
 (-1005.5)
	-3.3130 / 5.2458 (8384.1)

	E
	Shoulder
	-0.0024 / 0.1453
 (-19806)
	-1.8011 / 2.0549 (2507.8)
	0.2165 / 4.1023 (14537)

	F
	Chest
	-0.2359 / 1.4019 (2315)
	3.6360 / 2.4688 (16779)
	5.0788 / 6.4077 (29907)

	G
	Right rib
	-0.0470 / 0.6043
 (-5657.3 )
	-0.8883 / 1.3994 (818.79)
	5.7033 / 3.2101 (24051)

	H
	Left waist
	-0.0035 / 0.1742
 (-17942 )
	-1.4965 / 0.9770
 (-4109.5)
	-3.5588 / 3.3466 (3337.8)

	I
	Right thigh
	-0.0191/ 0.4017
 (-9717 )
	-2.6924 / 2.6453 (2970.7)
	-0.5995 / 3.7712 (11098)

	J
	Right ankle
	-0.0131/ 0.3352
 (-11251 )
	0.9424 / 3.7030 (14861)
	-1.1303 / 4.7167 (12357)


Table 5 Fitting Results (Weibull Distribution)
	a / b (-LogL)
	Weibull fitting

	
	Still
	walking
	updn

	A
	Right wrist
	1.0478 / 7.7411

(-5770.3)
	1.4690 / 0.4510 
(14629)
	10.0006 / 1.7319
 (29786)

	B
	Right upper arm
	1.0655 / 7.3618

(-4529.3)
	3.6759 / 2.0325 
(18625)
	7.5368 / 1.0787 
(29631)

	C
	Head
	1.0297 / 17.9473
 (-13029)
	0.6360 / 1.5519 
(3061.7)
	0.8015 / 0.8228
 (8458.3)

	D
	Right ear
	1.0594 / 7.7870

(-5394.6)
	0.5071 / 1.9516
 (-840.12)
	0.8224 / 1.0055
 (7959.7)

	E
	Shoulder
	1.0165 / 29.8877
 (-18940)
	0.8237 / 2.6536 
(1913.3)
	1.6534 / 1.2203 
(14452)

	F
	Chest
	1.1203 / 2.9913 (3487.2)
	3.0419 / 1.9575
 (16909)
	6.3808 / 0.8247
 (29393)

	G
	Right rib
	1.0742 / 4.9107

(-1979.2)
	0.9539 / 3.2009 
(1357.2 )
	5.2709 / 1.6440
 (23654)

	H
	Left waist
	1.0190 / 28.9055
 (-17946)
	0.7915 / 4.9572
 (-3903.2 )
	0.6117 / 1.7907
 (1823.7)

	I
	Right thigh
	1.0464 / 9.6410

(-7951.2)
	0.7325 / 1.6297
 (3867.9)
	1.2626 / 1.6251 
(9539.3)

	J
	Right ankle
	1.0379 / 11.8572
 (-9813.1)
	1.7880 / 1.6227 
(13323)
	1.2867 / 1.0759
 (12124)


Table 6 Best fit distributions
	
	Still
	walking
	updn

	A
	Right wrist
	Normal
	Weibull
	Weibull

	B
	Right upper arm
	Log-normal
	Weibull
	Weibull

	C
	Head
	Normal
	Log-normal
	Log-normal

	D
	Right ear
	Normal
	Log-normal
	Weibull

	E
	Shoulder
	Log-normal
	Weibull
	Weibull

	F
	Chest
	Log-normal
	Log-normal
	Weibull

	G
	Right rib
	Log-normal
	Log-normal
	Weibull

	H
	Left waist
	Normal
	Log-normal
	Weibull

	I
	Right thigh
	Log-normal
	Log-normal
	Weibull

	J
	Right ankle
	Log-normal
	Weibull
	Weibull


4. Conclusion

In this article, dynamic wireless BAN channel measurement results using a male specimen in a radio anechoic chamber assuming outdoor environments and the investigations on the statistical characteristics of body surface propagation in dynamic movement of a human being were presented. Considering that the body surface channel is quasi-static, the authors proposed the statistical model of the dynamic movement of the human body with the path gain in various positions on the body surface. We found that the log-normal and Weibull distribution can provide a characterization measure of dynamic behavior on human surface in the BAN channel.
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Appendix A: Time variation and cumulative distribution function (CDF) of path gain
	
[image: image11]
 (a) Path gain variation over time

	
[image: image12]
 (b) Cumulative distribution of the path gain (dashed line : log-normal distribution fitting and dotted line: Weibull distribution fitting)
Fig. 5 Right wrist (A)


	
[image: image13]
(a) Path gain variation over time

	
[image: image14]
(b) Cumulative distribution of the path gain (dashed line : log-normal distribution fitting and dotted line: Weibull distribution fitting)
Fig. 6 Right upper arm (B)
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(a) Path gain variation over time
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(b) Cumulative distribution of the path gain (dashed line : log-normal distribution fitting and dotted line: Weibull distribution fitting)
Fig. 7 Right ear (C)
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(a) Path gain variation over time
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(b) Cumulative distribution of the path gain (dashed line : log-normal distribution fitting and dotted line: Weibull distribution fitting)
Fig. 8　Head (D)
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(a) Path gain variation over time
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 (b) Cumulative distribution of the path gain (dashed line : log-normal distribution fitting and dotted line: Weibull distribution fitting)
Fig. 9 Shoulder (E)
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(a) Path gain variation over time
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 (b) Cumulative distribution of the path gain (dashed line : log-normal distribution fitting and dotted line: Weibull distribution fitting)
Fig. 10 Chest (F)


	
[image: image23]
(a) Path gain variation over time
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(b) Cumulative distribution of the path gain (dashed line : log-normal distribution fitting and dotted line: Weibull distribution fitting)
Fig. 11 Right rib (G)
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(a) Path gain variation over time

	[image: image26.emf]-30 -20 -10 0 10 20 30

10

-4

10

-3

10

-2

10

-1

10

0

Relative Level [dB]

CDF

H:Left waist     

 

 

still

walking

updn


(b) Cumulative distribution of the path gain (dashed line : log-normal distribution fitting and dotted line: Weibull distribution fitting)
Fig. 12 Left waist (H)
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(a) Path gain variation over time

	[image: image28.emf]-30 -20 -10 0 10 20 30

10

-4

10

-3

10

-2

10

-1

10

0

Relative Level [dB]

CDF

I:Right thigh    

 

 

still

walking

updn


(b) Cumulative distribution of the path gain (dashed line : log-normal distribution fitting and dotted line: Weibull distribution fitting)
Fig. 13 Right thigh (I)
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(a) Path gain variation over time
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(b) Cumulative distribution of the path gain (dashed line : log-normal distribution fitting and dotted line: Weibull distribution fitting)
Fig. 14 Right ankle (J)


Appendix B: Probability density function (PDF) of path gain
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Fig. 15 Right wrist (A)
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Fig. 16 Right upper (B)
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Fig. 17 Right ear (C)
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Fig. 18 Head (D)
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Fig. 19 Shoulder (E)
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Fig. 20 Chest (F)
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Fig. 21 Right rib (G)
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Fig. 22 Left waist (H)
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Fig. 23 Right thigh (I)
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Fig. 24 Right ankle (J)
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� The antenna used in this article is the same antenna that used in static channel measurement of NICT.


� The positions of receiving antennas were chosen following the same configuration of NICT � REF _Ref210560565 \r \h ��[2]�� REF _Ref210504389 \r \h ��[3]�. The symbols of them are also same.


� The absolute values of path loss modeled by NICT � REF _Ref210560565 \r \h ��[2]�� REF _Ref210504389 \r \h ��[3]� can be referred because the path gains were measured at the same positions using the same antenna with NICT.
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