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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 (mmwave) based alternative physical layer for the existing IEEE 802.15.3 Wireless Personal Area Network (WPAN) Standard 802.15.3-2003. 
In order to evaluate the performance of different physical layer (PHY) proposals, a commonly agreed upon channel models is a must. However, there is no well-known mmwave 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 (CFP). 
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]-[6]. The generic structures of these mmwave 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 (PL) 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 Microsoft 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 large scale channel characterization namely, path loss and shadowing effects. Section 4 presents a generic channel model as well as the definitions of the channel parameters that will be used in later sections. Section 5 briefly discusses the generation of NLOS channel model from the LOS channel model. Section 6 lists all the parameterizations for the considered channel models. A summary concludes the report. Appendix A contains a summary of all measurement documents and proposals presented to the group; a MATLAB program for the generation of CIRs, can be found in Appendix B.

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 5 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. The scenario can be classified to line-of-sight (LOS) and non-line-of-sight (NLOS). For LOS, we consider that there are no objects that block the direct path in between the transmitter (Tx) and receiver (Rx), while for NLOS scenario, it can be obstructed LOS or where there is no direct path between the Tx and Rx. 
	Channel Model
	Scenario
	Environment
	Descriptions

	CM1
	LOS
	Residential
	Typical home with multiple rooms and furnished with furniture, TV sets lounges, etc. The size is comparable to the small office room. The walls/floor are made of concrete or wood covered by wallpaper/carpet. There are also windows and wooden door in different rooms within the residential environment.  

	CM2
	NLOS
	
	

	CM3
	LOS
	Office
	Typical office setup furnished with multiple chairs, desks, computers and work stations. Bookshelves, cupboards and whiteboards are also interspersed within the environment. The walls are made by metal or concrete covered by plasterboard or carpet with windows and door on at least one side of the office. Cubical, laboratory, open and closed office can be treated as a generic office. Typically these offices are linked by long corridors.

	CM4
	NLOS
	
	

	CM5
	LOS
	Library
	Typical small size library with multiple desks, chairs and metal bookshelves. Bookshelves are filled with books, magazines, etc. Some tables and chairs were interspersed between the bookshelves. At least one side of room has windows and/or door. The walls are made of concrete. 

	CM6
	NLOS
	
	

	CM7
	LOS
	Desktop
	Typical office desktop and computer clutter. Partitioning surrounded this environment


	CM8
	NLOS
	
	


Table 1: List of channel models and the descriptions of the environments for the TG3c Channel Modeling Sub-Committee. 
The environments listed in Table 1 are not comprehensive given that the broad applications envisaged by the mmwave technology. 
3. Large Scale Channel Characterization 

3.1 Path Loss (PL)
The PL 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 PL for a wideband system such as ultra-wideband (UWB) [7]-[9] or mmwave system, is both distance and frequency dependent. In order to simplify the models, it is assumed that the frequency dependence PL is negligible and only distance dependence PL is modeled in this report. The PL as a function of distance is given by 
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where [image: image2.wmf]PL

(dB) is the average PL and X( is the shadowing fading, which will be described in Section 3.2 As summarized in [10], several distance dependence PL modeling approaches were reported. The channel sub-group adapted the conventional way to model the average PL as given by 
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where d0, ( and d denote the reference distance, wavelength and distance, respectively. The PL exponent n for mmwave 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 effects and reverberation effects which lead to increase in power levels by multipath aggregation, 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=1m 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. 

Due to the lack of measurements points for characterizing large scale fading in environments, PL models from literature was adopted in this document.



	Environment
	Scenario
	n
	PL0
	(s
	Comment
	Reference

	CM1
	LOS
	1.53
	75.1
	1.5
	Tx-72( HPBW, Rx-60( HPBW
	[11]

	CM2
	NLOS
	2.44
	86.0
	6.2
	Tx-72( HPBW, Rx-60( HPBW
	[11]

	CM3
	LOS
	1.16
	84.6
	5.4
	Tx-Omni, Rx Horn (30( HPBW)
	[12]

	CM4
	NLOS
	3.74
	56.1
	8.6
	Tx-Omni, Rx Horn (30( HPBW)
	[12]

	CM5
	LOS
	N/A
	N/A
	N/A

	
	

	CM6
	NLOS
	N/A
	N/A
	N/A

	
	

	CM7
	LOS
	N/A
	N/A
	N/A

	
	

	CM8
	NLOS
	N/A
	N/A
	N/A
	
	


Table 2: The PL exponent, n and standard deviation for shadowing, (.
The parameters of the PL model given in Table 2 were derived from measurements using different transmitter antenna gain, GTx and receiver antenna gain, GRx. To remove the effects of both antenna gains, one can increase the proposed value of the parameter PL(d0) by a factor of GTx + GRx as suggested in [11]. For example, the parameters of the PL model in CM1 and CM2, were derived by eliminating the effects of both the Tx gain and Rx gain. These removed gains were compensated or adjusted in the new parameter PL(d0).
Under such approximation, one can consider to have 0 dBi for the Tx and Rx antennas which allows proposers to use their own antenna gain for link budget analysis. However, the proposed approximation becomes inaccurate when the highly directive antennas were employed since only a limited number of multipath could have reached the antenna, and thus the value of the parameters n and σS will be different [11]. 
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 PL variation about the mean value given in [13](2)

. Many measurement results reported in the mmwave range have shown that the shadowing fading is log-normal distributed  GOTOBUTTON ZEqnNum675127  \* MERGEFORMAT -[16] i.e., X([dB]=N(0, (S) where X( denotes zero mean, Gaussian random variable in unit dB with standard deviation (S. The value of (S is site specific as listed in Table 2 for different environments. 
The shadowing parameters derived here are under the assumption that the channel is static and there is no movement of human. In the presence of human movement, measurement results show that the obstruction by human can be significant and range from 18-36 dB [16]-[17]. Furthermore, the duration of shadowing effect is relatively long up to several hundreds of milliseconds and this duration increases with number of person within in the environment [16]. 
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 [4], [5], [7], [19], a generic mmwave 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], [24], [25]. The proposed cluster model is based on the extension of Saleh-Valenzuela (S-V) model [20] to the angular domain by Spencer [21]. The CIR in complex baseband is given by 
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where [image: image5.wmf]()
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is the dirac delta function, L is the total number of clusters and Kl is total number of rays in lth cluster. The scalars [image: image6.wmf],
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 and denote the complex amplitude, delay and azimuth of the kth ray of the lth cluster. Similarly, the scalars [image: image9.wmf]l

T

 and [image: image10.wmf]l

Q

 represent the delay and mean angle-of-arrival (AOA) of the of the lth cluster. The key assumption used in arriving to equation [22](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 (pdfs). It is also important to note that each of the multipath in [22](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. 
Measurement results show that when directive antennas are used in the measurement especially in the LOS scenario, there appeared a distinct strong LOS path on top of the clustering phenomenal described previously [28], [29]. This LOS path can be included by adding a LOS component to (3)

 as given below 
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where the second term on the right of 
(3)

 is described exactly the same way as in the classical S-V model.  GOTOBUTTON ZEqnNum915657  \* MERGEFORMAT accounts for the strict LOS component i.e., the multipath gain of the first arrival path which can be determined deterministically using ray tracing or simple geometrical based method or statistically. In desktop LOS, a two-path response was observed for the LOS component due to reflection off the table. In this case, 
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is modeled statistically as 
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where 
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where
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, h1 and h2 are the path loss in first impulse response, wave-length, attenuation value for NLOS environments, mean distance, reflection coefficient, height of the Tx and Rx, respectively. Gt1, Gt2, Gr1, Gr2 are the gain of the Tx antenna for path 1 and path 2, and gain of the Rx antenna for path 1 and path 2, respectively. 
Equation (5)

 becomes deterministic for all the considered channels when 
is set to zero, and becomes statistical when  
is non-zero as for the LOS desktop.. 
Figure 1 pictorially depicts the CIR as described by (4) while Figure 2 shows the measurement results for the desktop environment which demonstrates the two-path response as a LOS component to the conventional S-V model. It can be seen from Figure 2 that the LOS path arrives around 10 ns before the first cluster of paths arriving around 50 ns. The paths that arrive in between 10-50 ns are due to the windowing effect and are -30 dB compare to the LOS path.
[image: image24.png]G1





Fig 1: Graphical representation of the CIR as a function of TOA and AOA. 
4.2 Number of Clusters 

The number of clusters is an important parameter for the channel models considered in this report. Unlike in [8] which assume that the mean number of cluster, [image: image25.wmf]L

 can be described by a Poisson distribution, the analysis of our measurements data in various environments and scenarios show that [image: image26.wmf]L

 does not follow a specific distribution. However, the observed mean number of cluster can be calculated. These values range typically from between 3-4 to 14 in some scenarios. Since the clustering phenomenal is due the effect of superstructure (such as walls, furniture, computers and door), higher number of clusters would be expected in cases where the environment under consideration has more furnishing [27].

4.3 Power Delay Profile

The power delay profile of a channel is an average power of the channel as a function of an excess delay with respect to the first arrival path. As the delay and angle can be modeled independently, the delay domain of the proposed models in this report relies on three sets of parameters namely:

1. LOS component, [image: image27.wmf]LOS

a

 which is assume to have zero delay

2. Inter-cluster parameters, [image: image28.wmf]{,}

l
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 that characterize the cluster.

3. Intra cluster parameters, [image: image29.wmf],,

{,,}

lklkl

K

at

 that characterize the multipath components. 


[image: image30]
Fig 2: Typical power delay profile that leads to combined two path response and S-V modeling [28].
The distribution of the cluster arrival and ray arrival times are described by two Poison processes. According to this model, cluster inter arrival times and ray inter-arrival times are given by two independent exponential pdfs as follows: the cluster arrival time for each cluster is an exponentially distributed random variable conditioned on the cluster arrival time of the previous cluster i.e., 
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where ( and ( are the cluster arrival rate and ray arrival rate, respectively. Furthermore, in the classical S-V model, [image: image33.wmf]0
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 and [image: image34.wmf]0,

l

t

 are assumed to be zero and all arrival times are relative with respect to the delay of the first path. In the presence of strong LOS such as using directive antenna as in (4), the concept of S-V model remains valid except that both values of [image: image35.wmf]0

T

 and [image: image36.wmf]0,
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 are no not zero since the reference zero point has changed. 
4.4 Power Azimuth Profile

The power azimuth profile of a channel is an average power of the channel as a function of an angle of arrival. Again due to independence between the delay and angle domains, the angular domain of the proposed models in this report relies on three sets of parameters namely:
1. LOS component, [image: image37.wmf]LOS

a

 with angle of arrival, [image: image38.wmf]LOS

f

 which can be fixed at zero degree.
2. Inter-cluster parameters, [image: image39.wmf]{,}

l

L
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 that characterize the cluster.

3. Intra cluster parameters, [image: image40.wmf],,
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 that characterize the multipath components. 

The distribution of the cluster mean AOA, [image: image41.wmf]l

Q

conditioned on the previous cluster mean AOA [image: image42.wmf]1
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 derived from all of our measurements can be described by uniform distribution over [0,2(] i.e.,
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The cluster AOA are not necessary be the first arrival within the cluster but the mean of all angles of arrival for the cluster. On the other hand, the ray AOAs within each cluster can be modeled either by zero-mean Gaussian or zero-mean Laplacian distributions given by (8) and (9), respectively.

[image: image44.wmf](

)

22

,,

1

()exp/2

2

klkl

p

f

f

wws

ps

=-


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (11)


[image: image45.wmf](

)

,,

1

()exp2/

2

klkl

p

f

f

wws

s

=-


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (12)

where [image: image46.wmf]f

s

 is the standard deviation. UWB measurements and spatial modeling reported in [35] also proposed that Laplacian distribution can modeled the AOA information in a wideband channel.
4.5 Small Scale Fading Statistics 
Small scale fading is a result of rapid fluctuation of the amplitude and phase of the received signals within a small local area in a given short time period that causes constructive and destructive interference between the multipath components. Over this small local area, the small scale fading is approximately superimposed on the constant large scale fading. 
From the analysis of the measurement results, it is found that the both cluster and ray amplitudes can be modeled by log-normal distribution i.e., 
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where [image: image48.wmf]{
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. In conventional narrowband system which consists of vector summation of many irresolvable paths due to the limited capability of the system measurement bandwidth, typically the amplitude fading distributions are modeled by Rayleigh and Rician for LOS and NLOS scenarios, respectively. In indoor wideband system, the small scale amplitude fading can take different distributions depending on type of environments, measurement bandwidth and scenario. For example, Rayleigh distribution is used to model LOS library using 1 GHz bandwidth [3], Rayleigh distribution is also used to model LOS for office, home and library environments using 5 GHz bandwidth [6], Weibull distribution is used to model in LOS/NLOS for residential using 7 GHz bandwidth [27], log-normal distribution is used to model LOS/NLOS for office environment using 2 GHz bandwidth [31]. Nakagami distribution is used to model office LOS using 500 MHz bandwidth [30]. As the bandwidth of the measurement system increases sufficiently, more multipath components can be resolved and thus the effect of small scale fading is expected to become less extreme. The results reported here, however, can be characterized by a log-normal distribution for most of the environments despite with different measurement system bandwidth. 
5. Derivation of NLOS Channel from LOS Channel 

Due to the lack of measurement results available for NLOS scenario and the importance of NLOS scenario for 60 GHz applications, TG3c has decided to derive NLOS channel from the LOS channel counterpart for cases where NLOS data are not available. The generation of NLOS channel is performed by removing the LOS component presence in the statistical LOS channel model derived from measurements. Such approach has been reported in the 60 GHz literature [18] [36]. Note that only CM4 are the statistical NLOS channel modeled based on measurement results. 
6. 60 GHz Model Parameterization 
6.1 List of Parameters 
The complete list of parameters used in this report can be summarized as follows:
1. PL0, PL at 1m distance

2. n, PL exponent

3. (s shadowing standard deviation
4. (, amplitude of the first arrival path
5. (, inter-cluster (cluster) arrival rate

6. (, intra-cluster (ray) arrival rate

7. (, inter-cluster (cluster) decay rate

8. (, intra-cluster (ray) decay rate
9. (c, cluster lognormal standard deviation
10. (r, ray lognormal standard deviation

11. ((, angle spread 

12. [image: image51.wmf]L

, average number of clusters
13. d, Tx-Rx separation, h1, Tx height, h2 Rx height, GT, Tx gain, GR, Rx gain, (k, ray Rician factor, (, average power of the first ray of the first cluster (for combined two path and S-V model)
The large scale fading parameters are given in Table 2 while the small scale fading parameters are given in Table 3-6. 

6.2 60 GHz model Parameterization for 57-66 GHz

The parameters provided in this section are based on measurements which did not fully cover the full 60 GHz frequency band as well as operating distances as described in the UMD. Hence, these parameters shall be valid only for the specified measurement capability. However it is assumed in this report that these parameters are valid from 57-66 GHz as well as for all envisioned ranges.  

6.2.1 Residential

The LOS model for residential were extracted from measurement that cover a range up to 3 m and frequency bandwidth of 3 GHz centered at 62.5 GHz [5]. The measurement setup and data analysis can be found in [5] and [33].
	Residential
	LOS (CM1)
	NLOS (CM2)


	Comment

	
	Tx-360(, Rx-15(
NICT
	Tx-60(, Rx-15(
NICT
	Tx-30(, Rx-15(
NICT
	Tx-15(, Rx-15(
NICT
	Tx-360(, Rx-15(
NICTA
	
	

	( [1/ns]
	0.191
	0.194
	0.144
	0.045
	0.21
	N/A
	  

	( [1/ns]
	1.22
	0.90
	1.17
	0.93
	0.77
	N/A
	

	( [ns]
	4.46
	8.98
	21.5
	12.6
	4.19
	N/A
	

	( [ns]
	6.25
	9.17
	4.35
	4.98
	1.07
	N/A
	

	(c [dB]
	6.28
	6.63
	3.71
	7.34
	1.54
	N/A
	

	(r [dB]
	13.0
	9.83
	7.31
	6.11
	1.26
	N/A
	

	(( [degree]
	49.8
	119
	46.2
	107
	8.32
	N/A
	

	[image: image52.wmf]L


	9
	11
	8
	4
	4
	N/A
	

	(k [dB]
	18.8
	17.4
	11.9
	4.60
	N/A
	N/A
	

	( (d) [dB]
	-88.7
	-108
	-111
	-110.7
	N/A
	N/A
	(0 was derived at 3m

	nd
	2
	2
	2
	2
	N/A
	N/A
	

	ANLOS
	0
	0
	0
	0
	N/A
	N/A
	


Table 3: Parameters for LOS and NLOS residential environment i.e., CM1 and CM2. CM2 shall be derived from CM1.
6.2.2 Office 
The models for office were extracted from two different set of measurements. For LOS office, the model was extracted based on measurement that cover a range of 1-5 m and frequency bandwidth of 3 GHz range centered at 62.5 GHz [32]. On the other hand, the NLOS office model was extracted from measurements that cover a range of 10 m and frequency bandwidth of 3 GHz centered at 62.5 GHz [5]. The measurement setup and data analysis can be found in [32] and [33], respectively.
	Office
	LOS (CM3)
	NLOS (CM4)


	Comment

	
	Tx-30(, Rx-30(
NICT
	Tx-60(, Rx-60(
NICT
	Tx-360(, 
Rx-15(
NICT
	Tx-30(, Rx-15(
NICT
	Omni-Tx, Rx-15(
NICTA
	

	( [1/ns]
	0.041
	0.027
	0.032
	0.028
	0.07
	  

	( [1/ns]
	0.971
	0.293
	3.45
	0.76
	1.88
	

	( [ns]
	49.8
	38.8
	109.2
	134
	19.44
	

	( [ns]
	45.2
	64.9
	67.9
	59.0
	0.42
	

	(c [dB]
	6.60
	8.04
	3.24
	4.37
	1.82
	

	(r [dB]
	11.3
	7.95
	5.54
	6.66
	1.88
	

	(( [degree]
	102
	66.4
	60.2
	22.2
	9.1
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	6
	5
	5
	5
	6
	

	(k [dB]
	21.9
	11.4
	19
	19.2
	N/A
	

	( (d) [dB]
	-3.27d-85.8
	-0.303d-90.3
	-109
	-107.2
	N/A
	

	nd
	2
	2
	3.35
	3.35
	N/A
	

	ANLOS
	0
	0
	5.56@3m
	5.56@3m
	N/A
	


Table 4: Parameters for LOS and NLOS residential environment i.e., CM3 and CM4. 
6.2.3 Library 

The LOS model for residential was extracted from measurements that cover a range from 2-5 m and frequency bandwidth of 1 GHz centered at 60 GHz [3]. The measurement setup and data analysis can be found in [3], [19] and [29].

	Library 
	LOS (CM5)
	NLOS (CM6)
	Comment

	( [1/ns]
	0.25
	N/A
	

	( [1/ns]
	4.0
	N/A
	

	( [ns]
	12
	N/A
	

	( [ns]
	7.0
	N/A
	

	(c [dB]
	5.0
	N/A
	

	(r [dB]
	6.0
	N/A
	

	(( [degree]
	10.0
	N/A
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	9
	N/A
	

	KLOS [dB]
	8
	N/A
	


Table 5: Parameters for LOS and NLOS residential environment i.e., CM5 and CM6. CM6 shall be derived from CM5.
6.2.4 Desktop 

The models for desktop were extracted from two independent measurement campaigns. The first campaign used two different types of antenna configurations [28], namely 
1. 30( HBPW for both Tx and Rx
2. 60( HBPW for both Tx and Rx. 
and the measurements covered a range of 5 m and frequency range of 3 GHz centered at 62.5 GHz. The measurement setup and data analysis can be found in [28].
The second measurement campaign which used omni directional Tx and Rx with 21 dBi gain antenna. The measurement covered a range of 2 m and frequency range of 10 GHz centered at 60 GHz. The measurement setup and data analysis can be found in [34].

	Desktop
	LOS (CM7)
	LOS (CM7)

Omni-Tx, Rx-21 dBi 
	NLOS

(CM8)

	
	Tx-30(, Rx-30(
	Tx-60(, Rx-60(
	
	

	( [1/ns]
	0.037　
	0.047
	1.72
	N/A

	( [1/ns]
	0.641
	0.373
	3.14
	N/A

	( [ns]
	21.1
	22.3
	4.01
	N/A

	( [ns]
	8.85
	17.2
	0.58
	N/A

	(c [dB]
	3.01
	7.27
	2.70
	N/A

	(r [dB]
	7.69
	4.42
	1.90
	N/A

	(( [degree]
	34.6
	38.1
	14
	N/A
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	3
	3
	14
	N/A

	(k [dB]
	11
	17.2
	N/A
	N/A

	(( d) [dB]
	4.44d-105.4
	3.46d-98.4
	N/A
	N/A

	h1
	Uniform dist.

Range: 0-0.3
	Uniform dist.

Range: 0-0.3
	N/A
	N/A

	h2
	Uniform dist.

Range: 0-0.3
	Uniform dist.

Range: 0-0.3
	N/A
	N/A

	d
	Uniform dist.

Range: d±0.3
	Uniform dist.

Range: d±0.3
	N/A
	N/A

	GT1
	GSS

	GSS
	N/A
	N/A

	GR1
	GSS
	GSS
	N/A
	N/A

	GT2
	GSS
	GSS
	N/A
	N/A

	GR2
	GSS
	GSS
	N/A
	N/A

	nd
	2
	2
	N/A
	N/A

	ANLOS
	0
	0
	N/A
	N/A


Table 6: Parameters for LOS desktop environment i.e., CM9 and CM10. CM10 shall be derived from CM9.
The reference antenna used here has a symmetric pattern in E- and H-planes, therefore antenna gain for reference antenna can be expressed as, 
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where 
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and 
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The scalar 
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 are the angle of beam pattern, half-power beam width, main-lobe beam width in degree, respectively. Note that the above model is applicable provided that the HPBW of the antenna pattern is less than 80 degree.
7. Summary and Conclusion
This report has presented channel models for performance evaluation of IEEE 802.15.3c system proposals. The large scale and small scale fading in each environment were modeled based on two different measurement data. Similarly, the LOS and NLOS models for a given environment were also derived from two different measurement data. Hence, the actual system performance of might not accurate under LOS and NLOS scenario but it gives same relative performance comparison between proposals. Matlab programs are also provided in the Appendix for the convenience of the user.
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Appendix

A Matlab Program for Generation of Channel Impulse Response
Recent Maltab program code can be found in [41]
B Measurement Setups, Procedure, Data Post-Processing and Analysis

The measurement setups and procedures presented in this document vary from one contributor to another. Similarly, different data processing and analysis techniques are used to arrive to the proposed channel models. Table 7 shows an overview of the measurement capability for the measured in different environments. For more information about measurement setups, procedure, data post-processing and analysis, interested readers are referred to the contributions listed in Table xx.
	Ref.
	Environ-ment
	LOS or NLOS
	Nlocal
	Nspatial
	fc (GHz)
	BW

(GHz)
	AOA

(Rot./VA)


	TX Ant. Type
	RX Ant. Type
	Pol.

	NICT
	Office (open), Residential Room (Empty)
	NLOS

LOS
	1 (Office)

1 (Res)


	NA
	62.5 
	3.0
	Receiver Rotation

(5° per rotation)
	Omni, Horn (10 dBi, 16 dBi, 22 dBi)
	Horn (22 dBi)
	Vertical

	NICT
	Desktop
	LOS
	5
	20
	62.5
	3.0
	Receiver Rotation

(5° per rotation)
	Horn (10dBi, 16dBi)
	Horn (10dBi, 16dBi)
	Vertical

	NICT
	Office
	LOS
	5
	NA
	62.5
	3.0
	Receiver Rotation

(5° per rotation)
	Horn (10dBi, 16dBi)
	Horn (10dBi, 16dBi)
	Vertical

	NICT
	Residential
	NLOS
	3
	NA
	62.5
	3.0
	Receiver Rotation

(5° per rotation)
	Horn (16dBi)
	Horn (16dBi)
	Vertical

	NICTA
	Desktop, different-sized offices,  cubicles
	LOS
	7 (Desktop)

4 (Corridor)

28 (Indoor: different-sized offices, labs, cubicles)
	NA
	60
	10.0 
	Receiver Rotation

(4º per rotation)
	Omni
	Direc (21 dBi)
	Vertical

	IMST
	Library
	LOS and NLOS
	9 (Library)
	501, 1001, 301x51;

1mm step
	59.5 
	0.96 
	Virtual Array
	Omni Lens (8 dBi at 760 from vertical)
	Horn (20 dBi), Planar (22 dBi), Biconical (9dBi)
	co- and crosspolar orientations

	FT


	Residential (Cluttered), Office (closed, Corridor, Conference room)
	LOS and NLOS
	26 (Res. LOS)

49 (Res. NLOS)

34 (Off. LOS)

12 (Off. NLOS)
	76 (Res.)

60 (Off.)
	60
	1.024,

0.512 (some Off.)
	Virtual Array (76 steps Res., 60 steps Off.)
	Horns (72° 8 dBi, 10° 24.6 dBi)
	Horns (60° 13 dBi, 10° 24.6 dBi)
	Vertical

	FT

(AoA)
	Office
	LOS
	66
	100
	61 
	1.024
	Virtual Array (10x10, 0.4 lambda spacing))
	Omni (5.5 dBi), Horn (100°, 7.3 dBi)
	Omni (5.5 dBi), Horn (100°, 7.3 dBi)
	Vertical

	IBM
	Office,  home, Library/lab
	LOS and

NLOS
	513, 

136, 

117
	NA
	61.5 
	5.0
	No
	Omni
	Omni
	Vertical

	UMASS
	Conference room

Corridor

Residential

Office – cublicle type office
	LOS
	Measurement still on going – at least two per environment
	N/A
	60 
	1.0
	182 rotational points
	Directional, HPBW of 14º
	Directional, Polarization,  HPBW of 14º
	Circular right hand


fc - center frequency, BW- bandwidth, Nlocal - # of Local Measurement points per environment

Nspatial - # of Spatial Measurement points per Local point

Table 7: Overview of the measurement capability for the contributions presented to the Channel-Modeling Sub-Committee.
	Channel Model
	Ref. for Measurement Setups and Procedure
	Ref. for Data Post-Processing and Analysis

	CM1
	[5]
	[5]

	CM2
	[40]
	

	CM3
	[32]
	[32]

	CM4
	[5]
	[5]

	CM5
	[3]
	[3]

	CM6
	N/A
	N/A

	CM7
	[28]
	[28]

	CM8
	N/A
	N/A


Table 8: References for measurement setups and procedure as well as data processing and analysis.
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Side-lobe effect of window function in IFFT





























Antenna height


Tx: 170 mm


Rx: 150 mm


Beam width: 60 deg


Distance: 3 m





S-V cluster





K = 24.1 dB






































































































































� Note that these adopted models were derived based on the different measurement setups and propagation scenarios (even they can be categorized as same environment) and thus do not resemble the actual effects as would be expected. However, the performance of all the proposers will be scaled at the same relative magnitude. 


� GSS is a Gaussian antenna model with sidelobe level discussed in � REF _Ref156739813 \r \h ��[42]�� REF _Ref156739813 \r \h ���.
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