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1. Introduction

This document summarizes the activities and recommendations of the channel modeling subgroup of IEEE 802.15.3c. The Task Group 802.15.3c (TG3c) is aimed to develop a millimeter-wave based alternative physical layer for the existing 802.15.3 Wireless Personal Area Network (WPAN) Standard 802.15.3-2003. 
In order to evaluate the performance of different physical (PHY) layer proposals, a commonly agreed upon channel models is a must. However, there is no well-known millimeter-wave channel model available at the time the sub-group was formed, that could benefit the use of antenna arrays as well as fit firmly into the environments defined in response to the Call for Applications (CFA) and Usage Model Document (UMD) [1]. The main goal of the newly developed channel models is to allow a fair comparison of different proposals submitted to TG3c in response to the Call for Proposals. 
Since the sub-group was formed, a numerous of channel modeling related documents has been presented and discussed at the IEEE 802 meetings and weekly teleconference calls. During the establishment of the channel model, the sub-committee encountered a number of challenges such as time constraint and limited resources. Despite of significant efforts have been carried out to make models as realistic as possible, the number of available measurements on which the model can be based in the 57-64 GHz range as well as the number of available measurement data, are insufficient to fully characterize the underlying environments. Therefore, it was inevitable to do some (over) simplifications that affect the absolute performance, but not the relative behavior of the different proposals. 
All the models presented and submitted as recommendation in this document are based on measurements conducted in several environments [2]-[7]. The generic structures of these millimeter-wave models are derived based on the clustering model that characterizes both the large and small scale fading (attenuation and dispersion). The large scale fading includes path loss and shadowing while the small scale fading describes the power delay profile, power azimuth spectrum and amplitude fading statistics.  
All the models are continuous in time while the temporal discretization (which is required for any simulation) is left to the implementer. To facilitate the use of the model, this document also includes a MATLAB program for the generation of channel impulse responses (CIR). A set of stored CIR in the form of MATLAB format (.mat) and Excel tables (.xls) for each channel model is provided. The use of these stored CIRs is mandatory for the simulations to ensure consistent and fair comparison of systems submitted to 802.15.3c. 
The remainder of the document is organized as follows: Section 2 gives an overview of the considered environments; Section 3 presents a generic channel model as well as the definitions of the channel parameters that will be used in later sections. Section 4 lists all the parameterizations for the considered channel models. A summary concludes the report. Appendix A contain a summary of all measurement documents and proposals presented to the group; a MATLAB program for the generation of impulse responses, can be found in Appendix B, and general procedures for the measurement and the evaluation of the data, as recommended by the modeling subgroup are contained in Appendix C.

2. Environments
From the CFA and UMD [1], a list of environments can be identified in which IEEE 802.15.3c devices should be operating. Due to the resources constraint, only xx environments will be characterized in this report by the sub-committee. Table 1 summarizes the considered environments with their respective typical layouts, settings and descriptions. 
	Environment
	Layout
	Description

	Office 

i. Desktop

ii. Corridor
iii. Closed 

iv. Open

v. Conference Room
vi. Cubical
	
	i. Typical office desktop and computer clutter
ii. Corridor

iii. Single office with desk and bookshelf clutter
iv. Large office with multiple desk/work stations and typical office clutter (bookshelves, filing cabinets
v. Large office with large table and multiple chairs
vi. Large office with typical cubicle workstations

	
	
	

	Library
	
	Typical library environment with tables, chairs and metal bookshelves with books


	Residential 
	
	Typical family room with TV, lounges, cabinets, coffee tables, bookshelves, etc.


Table 1: List of the environments under consideration by the channel modeling sub-committee. 
The environments listed in Table 1 are not comprehensive given that the broad applications envisaged by the millimeter-wave technology. 
Discussion Point: We need to fix the number of environments given that the measurement data we have. The pros and cons of each of the measurement such as bandwidth used, measurements points taken, AoA information, resolution etc can be taken into account. Based on what we have now, we can have 14-16 channel models for both LOS and NLOS cases. 
3. Large Scale Channel Characterization 

3.1 Path Loss
The path loss is defined as the ratio of the received signal power to the transmit signal power and it is very important for link budget analysis. Unlike narrowband system, the path loss for a wideband system such as UWB [8][9] or millimeter-wave system, is both distance and frequency dependent. In order to simplify the models, it is assumed that the frequency dependence path loss is negligible and only distance dependence path loss is modeled in this report. The path loss as a function of distance is given by 
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where 
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(dB) is the average path loss and X( is the shadowing fading, which will be described in Section 3.2 As summarized in [10], several distance dependence path loss modeling approaches were reported. The channel sub-group adapted the conventional way to model the average path loss as given by 
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where d0, ( and d denote the reference distance, wavelength and distance, respectively. The path loss exponent n for millimeter-wave based measurements ranges from 1.2-2.0 for LOS and from 1.97-10 for NLOS, in various different indoor environments [10]. In the presence of wave-guiding effect, n can be smaller than 2. Table 2 summarizes the values of n for different environments and scenarios, obtained based on our measurement data. The PL exponent is obtained by performing least squares linear regression on the logarithmic scatter plot of averaged received powers versus distance to (1)

. The data was segmented into LOS and NLOS scenarios, respectively. The value of d0=1 is used in all of the cases as reference distance as listed in Table 2 while the value of ( is computed using the mid band frequency point.  
	Environment
	Scenario
	n
	(
	Comment
	Reference

	Office Desktop
	LOS
	
	
	
	

	
	NLOS
	
	
	
	

	Office Closed
	LOS
	
	
	
	

	
	NLOS
	
	
	
	

	Office Open
	LOS
	
	
	
	

	
	NLOS
	
	
	
	

	Office Cubical
	LOS
	
	
	
	

	
	NLOS
	
	
	
	

	Conference Room
	LOS
	
	
	
	

	
	NLOS
	
	
	
	

	Corridor
	
	
	
	
	

	Library
	LOS
	
	
	
	

	
	NLOS
	
	
	
	

	Residential
	LOS
	
	
	
	

	
	NLOS
	
	
	
	


Table 2: The path loss exponent, n and standard deviation for shadowing, (.   
3.2 Shadowing 

Due to the variation in the surrounding environments, the received power will be different from the mean value for a given distance. This phenomenal is called shadowing which causes the path loss variation about the mean value given in (2)

. Many measurement results reported in the millimeter-wave range have shown that the shadowing fading is log-normal distributed i.e. 
X([dB]=N(0, (L) where X( denotes zero mean, Gaussian random variable in unit decibels with standard deviation (L. The value of (L is site specific as listed in Table 2 for different environments. 
Discussion Point: So far we have only PL model from P. Pagani (15-06-0041-00-003c) and S. Emami (15-05-0601-00-003c and 15-06-0191-00-003c), can the others confirm me that whether a large scale characterization (including shadowing) will be performed or not, or if I have missed someone here? 

4. Small Scale Channel Characterization
4.1 Generic Channel Model

Based on the clustering of phenomenon in both the temporal and spatial domains as observed in our measurement data [][][], a generic millimeter-wave channel model which takes clustering into account is proposed since it can always be reduced to conventional single cluster channel model as observed in [6][15]. The proposed cluster model is based on the extension of Saleh-Valenzuela model [11] to the angular domain by Spencer [12]. The channel impulse response (CIR) in complex baseband is given by 
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where 
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is the dirac delta function, L is the total the total number of clusters and K is total number of rays in kth cluster. The scalars 
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 and denote the complex amplitude, delay and azimuth of the kth ray of the lth cluster. Similarly, the scalars 
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 represent the delay and mean AOA (MAOA) of the of the lth cluster. The key assumption used in arriving to equation [13](3)

 is that the spatial and temporal domains are independent and thus uncorrelated. However, measurement results in  GOTOBUTTON ZEqnNum915657  \* MERGEFORMAT  have otherwise shown that there was a correlation between these two domains and was modeled using two joint probability density functions (pdf). It is also important to note that each of the multipath in [14](3)

 will experience distortions due to the frequency dependency of the scatterers  GOTOBUTTON ZEqnNum915657  \* MERGEFORMAT  but this is not accounted in our model due to lack of information.   
4.2 Power Delay Profile
Will be updated when more analysis are available 

4.3 Power Azimuth Profile

Will be updated when more analysis are available 

4.4 Small Scale Fading Statistics 
Will be updated when more analysis are available 

4.5 Polarization
5. 60GHz Model Parameterization 
6. Summary and Conclusion
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