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Document Overview

This CMD contains descriptions of the measured propagation characteristics and the associated channel models applicable for the operational environments relevant for the considered applications.  

It is suggested that the proposed channel models with the defined parameters be applied to the test environment. The CMD will support the evaluation of the PHY proposals submitted to P802.15.3e for consideration by the 15.3e task group (TG3e).
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[bookmark: _Toc418256431][bookmark: _Toc418259720][bookmark: _Toc418262678][bookmark: _Toc418272015][bookmark: _Toc419250048]Introduction

This document describes the channel models for close proximity point-to-point (P2P) wireless communications at 60 GHz. The channel models are based on the results and analysis of experimental measurements. The goal of the channel modeling is to support the development of IEEE802.15.3e. 

The measurement environment is suited for analysis of channel models under the usage scenario of applications described in the 802.15.3e Technical Guidance Document (TGD), 15-05-0109-03-003e [1]. This document proposes a general structure of a new channel model which takes into account the close proximity propagation characteristics for consumer electronics (CE) devices. The channel model is proposed in accordance with the usage scenarios of file exchange, kiosk download services, wireless storages, and ticket gates.

We describe the channel model on the millimeter-wave band of 57–66 GHz with support for single-input single-output (SISO) and multiple-input multiple-output (MIMO) systems. The MIMO system studied in IEEE802.15.3e can be considered to be a spatially multiplexed system. The channel model for MIMO systems are an extension of the channel model for SISO systems. 

In this document, we show the channel model with defined parameter set which measurement analysis are result in. It is suggested that the proposed channel model be extended to the test environment to support the evaluation of the PHY proposals submitted to P802.15.3e for consideration by the TG3e.


This document is organized as follows. Section 2 gives an overview of the usage scenario based on technical requirements and guidance; Section 3 defines the channel model characterization; Section 4 shows the measurement results of power delay profiles under close proximity P2P wireless communications at 60 GHz band ; Section 5 presents an approach to extend channel model of SISO systems to MIMO systems; Section 6 introduces the channel model with defined parameter set based on measurement analysis; Section 7 represents various defined parameter examples of the proposed channel model and a simulation scenario to evaluate PHY performance; Section 8 summarized this document.  

[bookmark: _Toc419250049]Propagation Environments
With regard to the TG3e Technical Guidance Document [1] and the contribution on application usage [2], environments in where IEEE802.15.3e devices shall be operated can be defined. 
There are two representative usage scenarios which are a) file exchange application between consumer electronics (CE) devices and b) kiosk download service between a CE device and a infrastructure terminal.

Table 1 summarizes the two usage scenarios. The environment of propagation can be assumed to be a line-of-sight (LOS) channel with a short transmission range from about a cm up to 10 cm. Concerning usage scenarios in [1], IEEE802.15.3e transmitters and receivers are implemented inside consumer electronics (CE) devices or infrastructure terminals such as kiosks. Even for a LOS scenario, we need to consider the impact of nearby metallic surfaces such as a metal chassis, a metal cover or a printed circuit board around the transmitters and receivers.



[bookmark: _Toc419250050]Channel Model Characterization

The general characteristics of the channel models, the application environments and associated channel modeling parameters are as follows.
[bookmark: _Toc418256435][bookmark: _Toc418259724][bookmark: _Toc418262682][bookmark: _Toc418272019][bookmark: _Toc419250051]Requirements for channel model
The following are the requirements of the channel models for close proximity P2P communications at 60 GHz.

· Scope close proximity P2P wireless communications with the distance of
from millimeter range up to 10 cm;

· Provide accurate space-time characteristics of the propagation channel 
including the impact of antenna type and CE device; 

· Support for SISO systems and MIMO systems;

· Present the impact of antenna polarization at the transmitter and receiver;
[bookmark: _Toc419250052]Operating frequency band
The channel characterization shall cover the 57 to 66 GHz range.   
Usage scenario
File exchange application 
An overview of this main usage application is illustrated in Figure 1. File exchange under close proximity P2P communications enables high speed transfer of large data files (photo, video, images, etc.) between two CE devices such as smartphones, laptop PCs, digital cameras, camcorders, computers, TVs, game products and printers. Using this technology in its simplest form, data can be transferred at high speed with just a single touch. 

A transmitter and a receiver of IEEE802.15.3e are implemented inside CE devices. We assume that antennas for this applications are dipole type, including loop type made by metal-line material. Antenna elements with small form factors are ideal for integration into smartphones, tablets and other very thin mobile devices.
[image: ]
[bookmark: _Ref418114845]Figure 1: File exchange image using close proximity P2P communications

Kiosk download service
An overview of a typical service provided by a kiosk terminal is illustrated in Figure 2. This service supports portable devices transferring high-speed files from/to content providers or storage services (cloud services). The connection between the portable devices and the kiosk terminals are provided by close proximity P2P communications with touch operations. 

A transmitter and a receiver of IEEE802.15.3e are implemented inside portable devices and kiosk terminals. We assume that antennas for this service are of patch type made by metal-plane materials. This antenna type can be easily positioned on the back side of portable devices. The service can also be operated using MIMO systems to provide higher throughput. Patch antenna types can easily configure M-transmit and M-receive matrix for MIMO systems with less redundant space between adjacent antennas. 

[image: ]
[bookmark: _Ref418114896]Figure 2: Kiosk download service image in a public area

[bookmark: _Toc419250053]Antenna types 
For the purpose of studying the channel models under various usage scenarios, the antenna radiation characteristics of basic antenna types are included. We have chosen a dipole type and a patch type, a waveguide antenna for kiosk, both of which provide a wide radiation pattern suitable for close proximity P2P wireless communications with a touch operation.
[bookmark: _Toc419250054]Path loss
For close proximity P2P communications, the transmission distance is limited up to 10 cm. The applicable path loss model is based on the free space loss with a slope coefficient of 2. 

			(1)

Where PL is the path loss, D is the distance between the transmitter and receiver, cis the speed of light, and f is the carrier frequency. PL is computed with the mid-band frequency point. The parameter PL are derived by eliminating the effects of both Tx and Rx antenna gain.
[bookmark: _Toc419250055]Fading / Multipath
For close proximity P2P communications, since the millimeter-wave signals have much shorter wavelengths than for microwaves and lower frequencies, they can be affected not only by objects between the devices, but also by (within) the devices themselves. Particularly at the point of fading or multipath, the effects on the devices can be dominant, since other objects such as walls, ceiling, furniture, and computer peripherals are relatively distant. 

Although many measurements of channels in the 60 GHz band and some definitions of channel models have been reported [3]-[9], these cannot truly represent channel models under close proximity wireless conditions.  We introduce a channel model which is developed in [10]-[12] to enable their use for 15.3e. In [10]-[12], a simple channel model was proposed under close proximity wireless communications using CE into which millimeter-wave transceivers were implemented.
[bookmark: _Toc419250056]Shadowing
For close proximity P2P communications under LOS (line-of-sight) conditions, it is not necessary to take into account shadowing effects on the channel models and simulation criteria. 
[bookmark: _Toc416872685][bookmark: _Toc418112265][bookmark: _Toc418125130][bookmark: _Toc418125166][bookmark: _Toc418126222][bookmark: _Toc418256445][bookmark: _Toc418259734][bookmark: _Toc418262692][bookmark: _Toc418272029][bookmark: _Toc413435100][bookmark: _Toc413436338][bookmark: _Toc413436366][bookmark: _Toc413436410][bookmark: _Toc416872686][bookmark: _Toc418112266][bookmark: _Toc418125131][bookmark: _Toc418125167][bookmark: _Toc418126223][bookmark: _Toc418256446][bookmark: _Toc418259735][bookmark: _Toc418262693][bookmark: _Toc418272030][bookmark: _Toc419250057]Polarization
Polarization is a property of EM waves describing the orientation of electric field E and magnetic intensity H in space and time. The vector H due to properties of EM waves can always be unambiguously found if the orientation E and the direction of propagation are known. So the polarization properties are described for vector E only in this document.
The impact of polarization is substantially higher for close proximity 60GHz than for other communications having a longer transmission distance. The physical reason for the high impact of polarization is that the first-tap signal arrives under LOS conditions and thus remains strongly polarized. On the other hand, the second- or later-tap signals which are reflected against devices suffer from random polarization. Experimental proof of the polarization impact on channel propagation on 60 GHz band was given in [13]-[14]. To support polarization impact on the channel model, polarization characteristics of antennas and polarization characteristics of the propagation channel should be introduced. An approach to introduce polarization characteristics into channel models in close proximity wireless communications on the 60 GHz band was proposed in [10]-[12]. This approach was used as the basis for the development of the polarization model used in this document. 
For the simulations of transmission performance, we assume the following two items. The first  is that the polarization is aligned between the transmit and receive antennas during communications. The second one is that polarization conditions and antenna orientations of the transmit and receive antennas are not changed during communications. 
[bookmark: _Toc419250058]Power Delay Profile
The power delay profile (PDP) of a channel is the average power of the channel as a function of an excess delay with respect to the first arrival tap. Each delay can be modeled independently with amplitude and phase variations. In the close proximity transmission, angle of arrival (AoA) can be uniformed for each delay tap.
[bookmark: _Toc419250059]MIMO 
[bookmark: _Toc418256450][bookmark: _Toc418259739][bookmark: _Toc418262697][bookmark: _Toc418272034]MIMO (multiple-input and multiple output) transmission described in this document is based on short-range communications where each transmit antenna can broadcast at the same time and in the same bandwidth an independent signal. This corresponds to a spatial multiplexing system. Using this technology with M transmit and M receive antennas, for example, an M-fold increase in data rate can be achieved over the same bandwidth [15][16]. 

This document shows a set of channel models applicable to MIMO transmission system in IEEE802.15.3e on 60 GHz band. The MIMO channel model is derived by extending the single-input single-output (SISO) channel model described in this document.
[bookmark: _Toc419250060]Others
The IEEE802.15.3e system is based on packet-by-packet communications with high throughput which means each packet length is quite short. For such usage scenarios, a CE device having a transmitter or a receiver implemented inside is held by human.  Human movement is said to be about up to several hundreds of milliseconds which is relatively longer than each packet length. The parameters of channel model can be derived under the assumption that the channel is static during a packet transfer. 
Molecular attenuation on 60 GHz band can be ignored because usage scenario focuses close proximity wireless communication with transmission distance of up to 10 cm.

[bookmark: _Toc419250061]Power delay profile measurement and modeling
[bookmark: _Toc419250062]Measurement Setup for SISO systems
Figure 3 shows the setup to measure DPDs. The small and flat transceiver modules that we developed [19] are implemented into the consumer electronic (CE) devices of laptop PC and digital still camera (DSC). Each transceiver module consists of a developed 60 GHz transceiver IC and a thin connector. Baseband signals are transmitted between the modules and measuring equipment by using small-gauge coaxial cables. Measuring equipment is located sufficiently far from the electronic devices. The developed IC consists of up/down converters, a power amplifier for Tx, a low-noise amplifier for Rx, and an antenna for Tx /Rx [20]. The antenna is a bonding wire loop antenna having a beamwidth of approximately 60 degrees horizontally and approximately 120 degrees vertically [20]. To measure frequency spectra, an OFDM signal is used. The signal is generated by an arbitrary waveform generator (Tektronix AWG5012C), transmitted via the 60 GHz proximity channel, and sampled by an oscilloscope (Agilent DSO9104A). The frequency spectra across the 56 to 66 GHz range are obtained at intervals of 15.625 MHz by compensating for the frequency characteristics of the measurement system, such as cables and transceivers including antennas. The measured frequency spectra across the 10 GHz band range are converted to power delay profiles (PDP) by using an inverse fast Fourier transform. The Hamming window is used to obtain a large dynamic range. 

The measured signal power is affected not only by multi-path fading, but also by loss of propagation. To focus on multi-path fading, the loss component is compensated from the measured data. We confirmed that the propagation loss measured without any objects in the vicinity other than the transceiver modules fits well with the theoretical free space loss.


[image: ]
[bookmark: _Ref418121088]Figure 3: Measurement setup.

[bookmark: _Toc419250063]Measurement Conditions
The measurement environment is set on a desk. A metal board is placed on the desk in order to simulate more severe environment. The CE devices contain not only the transceiver modules but also other pre-existing components, such as substrates, electronic components, and batteries. These components contain metal. The cases of the CE devices themselves also contain metal. The coordinate origin of the measurements is taken to be at the antenna of the transceiver IC in the laptop PC, which lies at a fixed position on the desk. The measurement point (x, y, z) is located at the antenna of the transceiver IC in the DSC. The X, Y, and Z axes represents the horizontal offset, the distance, and vertical offset between the devices, respectively. The DSC is fixed on a three dimensional stage that moves according to programmed procedures. Other objects such as the measuring equipment are covered with radio wave absorbers to reduce their effect on the results. The measurement ranges and other conditions are summarized in Table 2.

[bookmark: _Ref418121987][bookmark: _Ref418121977]Table 2: MEASUREMENT CONDITIONS
	Frequency range
	56-66 GHz

	Frequency step
	15.625 MHz

	Tx power
	0 dBm

	Tx electronic device
	Laptop PC

	Rx electronic device
	DSC

	Measurement range
	X: 15~15 mm, Y: 10~80 mm, Z:0~6 mm

	Measurement step
	1.5 mm along X and Z, 0.1 mm along Y

	Antenna polarization
	Horizontal polarization



[bookmark: _Toc419250064]MEASUREMENT RESULTS
This demonstrates that multi-path fading caused by the CE devices does exist. Figure 4 shows averaged PDPs. Averaging was carried out over the range of (x, y, z) = (15~15, 10~40, 0~6) at intervals of 1.5 mm. For comparison, the range of 40~80 mm along the Y axis over the same X and Z ranges was also evaluated. The power of the measured PDP is normalized by total power after averaging. It can be said that PDPs are similar to the conventional exponential decay profile with relatively large power in the first path [21], [22]. It is notable that the two PDPs for different Y ranges are quite similar. These prompt the following hypothesis with consideration for the dominant cause of reflections.

Concerning reflections caused by the CE devices, there are two possibilities as illustrated in Figure 5. One is intra-device reflection, which is reflection inside of each CE device. The other is inter-device reflection, which is reflection between the two CE devices. When d is the distance between the two facing devices, the length of the inter-device reflection path route tends to be 3 times d. The proportional difference causes approximately 9.5 dB fixed propagation loss without depending on d. On the other hand, the delay difference between the direct path as the first path and the inter-device reflection path as the second or later paths increases in proportion to d. From these observations, the gradient of the exponential decay in PDP would be expected to change depending on d if inter-device reflections are dominant. Conversely, this result indicates that intra-device reflections do exist and are dominant under this measurement conditions in Figure 3. Under this hypothesis, it is reasonable for the measured PDPs to be dense in the time domain as shown in Figure 4. Since the CE devices are densely filled with a large number of components, the time difference among intra-device reflection paths can become very small. 

Depending on the antenna type, rotation and orientation, including effects of ground planes of printed boards and other components, the reflection characteristics must be changed. Due to iterated measurements, for various kinds of channel environments at 60 GHz, we can state a hypothesis that delayed paths which are reflected a few or more times suffer from dispersive propagation at the point of fading and polarization. We present the verification of the hypothesis with measurement results in the later sections of 4.4 and 4.5. 


[image: ]
[bookmark: _Ref418122849]Figure 4: Measured averaged PDPs

[image: ]           [image: ]
[bookmark: _Ref418123005]Figure 5 : Schematic diagram of intra-device reflections (left) and
inter-device reflections (right) by electronic devices.

[bookmark: _Toc418685870][bookmark: _Toc418784299][bookmark: _Ref418677925][bookmark: _Toc419250065]Distribution of received signal power under multipath
Figure 6 shows the cumulative distribution functions (CDFs) of the path power. The power of the path at each excess delay is normalized by the average power. For comparison, a Rayleigh distribution and Rice distributions with 3 dB and 5 dB Rice factors are also shown. With the exception of the CDF of the path at 0.0 nsec, the CDFs fit the Rayleigh distribution well. In accordance with the central limit theorem, the amplitude of the combined path at each delay is Rayleigh distributed if there are a sufficient number of paths. These results support the aforementioned hypothesis; that is, delayed paths which are reflected a few or more times suffer from dispersive propagation at the point of fading. In this case delayed paths are predominantly caused by intra-device reflections. Owing to the short wavelength and the many components in the electronic devices, the intra-device reflections can cause diverse path routes, whereas the inter-device reflections generate paths within a limited range of angles as illustrated in Figure 5. On the other hand, the CDF of the path at 0.0 nsec is similar to the Rice distributions rather than the Rayleigh distribution. This indicates that a line-of-sight path exists and is dominant for the first path.

[image: ]
[bookmark: _Ref418123535]Figure 6 : Cumulative distribution functions of normalized power of delay paths.

[bookmark: _Ref418677929][bookmark: _Toc419250066]Impact of Polarization
One plausible explanation is a change of radio wave polarization due to reflections [21],[22]. In general, radio wave polarization is changed by reflection at complex objects. The antenna is horizontally polarized and has about 10 dB loss in vertical polarization [22]. These can cause additional decay. To evaluate the effect, additional measurements were carried out. The Tx transceiver module was removed from the device chassis, i.e. the laptop PC, and placed on a foamed polystyrene block with rotation in 90 degrees. The rotation changes the polarization of the Tx antenna from horizontal to vertical. For comparison, a measurement without the rotation was also carried out. The measurement conditions other than the device chassis for Tx and the rotation were the same as the last measurement. The measured PDPs are shown in Figure 7. In order to compare the relative powers, the power of both PDPs is normalized with respect to the total power of the PDP measured without the rotation. There is a gap between the two PDPs at 0.0 nsec which disappears after approximately 0.2 nsec. This indicates that the radio waves can be quickly depolarized by a certain number of reflections inside the devices. These results also support the aforementioned hypothesis; that is, delayed paths which are reflected a few or more times suffer from dispersive propagation at the point of polarization.

[image: ]
[bookmark: _Ref418124179]Figure 7: Averaged PDPs with and without rotation of 
the transmission antenna in 90 degrees.
[bookmark: _Toc419250067]Observation of cluster caused by inter-device reflections
In other types of antenna implementation, measurement results shows clear cluster that is attributed in the inter-device reflections. Figure 8 shows the measured PDP with three ranges of transmission distance. Tx antenna is waveguide type antenna and Rx antenna is microstrip antenna. In this figure second peak is clearly observed.
Positions of second peaks in each curve are changed along with the transmission distance. The second peaks are attributed to the inter-device reflections, whose propagation route is “Transmitted from Tx → reflected on Rx →reflected on Tx →Rx”. The length of the route is three times of the transmission distance; for example, the second peak of the curve for 30 – 50 mm transmission distance is located around 0.25 nsec, which corresponds to  the time of around 75 mm propagation, consequently that is close to one round-trip time of 30 - 50 mm  inter-device reflections. A inter-device reflection includes intra-device reflections on the way of propagation route, hence it is observed as a cluster.
 In this figure, the peak that depends on the transmission distance is only one, in other words the inter-device reflection cluster that have to be considered  within this 50-dB dynamic range.
In simulating higher-order modulations, and/or with highly reflective chassis, another cluster should be included.
[image: ]
[bookmark: _Ref419238695]Figure 8:　Measured PDP

[bookmark: _Toc419250068]Approach for MIMO systems
For the purpose to realize channel models for MIMO systems, its approach is based on measurement results in SISO channel response; MIMO channel matrix H comprises SISO channel responses as each element. 
As described above, in the close-proximity transmission environment, received level of line-of-sight (LOS) components will be large. Therefore MIMO transmission in 3e systems will be LOS-MIMO or short-range MIMO (SR-MIMO). SR-MIMO transmission relies not only on the difference between multipath components but also on the difference in direct wave components of the line-of-sight propagation. Basic idea of SR-MIMO are shown for example, in [17]. In SR-MIMO whose LOS reception level has dominant impact on channel model and is sufficiently larger than the reception levels of multipath components, channel capacity is maximized when the element spacing is optimized. The optimum element spacing can be determined along the transmission distance.
Figure 8 shows the typical structure of the channel of SR-MIMO. Antenna arrays of the transmitter and the receiver are directly faced each other via transmission distance D. Geometry of both arrays is the same rectangular array, with element spacing d.
Figure 9 shows examples of array arrangement examples for the numbers of elements, M = 2, 4, 8, 9, 16 systems. In SR-MIMO, channel capacity is maximized when the element spacing d is optimized[17]. Figure 10 shows the optimum element spacing, dopt, for arrays shown in the previous figure. In designing the IEEE801.15.3e system with MIMO, antenna arrays will be designed by using the optimum element spacing for the target transmission distance, D. The proposer can set any target transmission distance if it is within the scope of this project.
[image: ]
[bookmark: _Ref418715244]Figure 8: Short-range MIMO channel which comprises M = 16 antenna arrays.

[image: ]
[bookmark: _Ref418715236]Figure 9:Array arrangement examples.
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[bookmark: _Ref418715270]Figure 10: Optimum element spacing calculated geometrically

In actual MIMO transceivers, microstrip antenna will be typically used. Here the validity of the geometrical path length calculation is shown by comparing the result with the measured channel response (Figure 11) [16]. The figure shows the measured difference in path lengths in path Tx element #1 – Rx element #1 (h11) and Tx element #1 – Rx element #2 (h21). The values are the averages of 201 measured points in the frequency band of 24-26 GHz (as an scale model of 60 GHz band). In this figure the solid line shows the difference in path lengths, which is calculated geometrically. The measured values were found to be close to the calculated ones, thus confirming the validity of the element spacing’s geometrical design. This observation shows that in modeling LOS component of SR-MIMO channel, channel response is close to the free-space propagation which can be calculated geometrically only using the information of array arrangement.

[image: ]
[bookmark: _Ref418715210][bookmark: _Ref384135770]Figure 11: Phase differences vs. element spacing with fixed transmission distance (measured and calculated).

[bookmark: _Toc419250069]Channel Characterization


The measured channels are characterized by using the conventional exponential decay profile and an additional parameter  which denotes an initial decay. By using a decay factor  and the initial decay , the path amplitude  at delay time  is given by

		(2)




where  is the expectation value and N is the number of paths. The first path, , exhibits the Rice distribution with Rice factor K dB. Other paths, , exhibit the Rayleigh distribution. For the purpose to represent these propagation paths, tap concept [23][24] is applied in channel model expressions with a function of delay time. Conventionally, the initial decay is expressed in terms of only the Rice factor K [25]. In the modified expression, the initial decay is defined not only in terms of the Rice factor K, but also in terms of the antenna gain of the two polarizations as given by Eq (3). The first tap, other delayed taps and these parameters are illustrated in Figure 12. 

 is mainly dependent on the inside of the CE devices. For example, if a CE device contains a lot of metal parts inside,  can become large. The Rice factor K also tends to depend on the device casing material. The inter-cluster decay rate is Γ. Intra cluster decay rate for the cluster #i is γi.　Cluster arrival time is τi, which is determined by the transmission distance.

 depends on antenna characteristics of polarization and the Rice factor as given by Eq (3). 

		(3)





where , , , and  represent the antenna gain in linear scale for horizontally and vertically polarized Tx and Rx, and K denotes the Rice factor in dB. The denominator represents the received power if the radio wave is sufficiently depolarized. The numerator represents received power if the radio wave is not depolarized. The numerator also contains a component of line-of-sight expressed by K. We assume that the radio waves can be sufficiently depolarized within a minimum time resolution of the target system.

[image: ]
[bookmark: _Ref416873926][image: ]
Figure 12: Schematic diagram of the channel model for 60 GHz close proximity 
[bookmark: _Toc419250070]Model Parameterization
[bookmark: _Toc419250071]List of Parameters
The complete list of parameters used in this document  can be summarize as follows:

1. K,	K factor of Rice distributions for the first arrival tap
2. , 	intra-cluster decay rate for the delayed taps (i = 0,1,2,3, …)
3. 	initial decay between the first tap and delayed taps
4. τi, 	cluster arrival time
5. Γ, 	inter-cluster decay rate

As simulation scenario, there above parameters are introduced under the conditions that polarizations between the transmitter and the receiver are aligned. 
[bookmark: _Toc419250072]Model Parameterization for 57 – 66 GHz
Proposer shall report values of parameters that is used in the performance evaluation simulation.
[bookmark: _Toc419250073]Simulation Scenario
In this section, we describe how to simulate multipath fading effects on transmission performance of proposed wireless system in IEEE802.15.3e. These scenarios are for reference only; other scenarios which provide the same principle as the following will be admissible.

[bookmark: _Toc419250074]Maximum tap space
Regarding signal bandwidth (BW), 15.3e channel models assume that maximum tap spacing can be  represented by 

 ,	(4)

where N 2.

BW is assumed to be 1.76 GHz in IEEE802.15.3e, so tap-space can be calculated to be 0.2841 nsec.  Concerning the case where signal bandwidth is expanded due to channel bonding,  tap spacing, tap-space, shall be reduced by the factor of 2Bonding-BW/BW, where Bonding-BW is the new signal bandwidth. 
[bookmark: _Toc419250075]Number of multi-path
The number of multi-paths varies depending on the environment. Based on initial measurements the number of multi-paths are counted to be about between 1 to 8. We suggest that the number of multi-paths be arranged related to reflective objects around a transmitter and a receiver. 

Considering average received power levels of the first tap and delayed taps, we suggest that all the multi-path taps whose level difference is within the value that the proposer determines  against the first tap should be included into simulation scenario. 
[bookmark: _Toc419250076]Impulse response of each path in the first cluster that comprises LOS component
Each tap in Figure 12 of impulse response, h,  has a Ricean distribution and comprise a fixed and random component. From the reference [23][24], the impulse response can be represented by 

The first tap: 

				(5 a)

		Other tap for multi-path : 

	(5b)

where P is the received signal power of the first tap including direct wave,  is derived from the angle of arrival/departure of the LOS component, X is a complex Gaussian random variable with zero mean and unit variance, d is the delay time of multi-path tap from the first tap.

The K factor only applies to the first tap of the impulse response, all other taps have a K factor of 0. For the 802.15.3e channel model, the angle of arrival /departure of the LOS component can be fixed at some value for example 0 degree. 
Equations shown in this subsection have random values, φ and X, and proposer can run simulations using the averaged impulse responses shown in Figure 12.
[bookmark: _Toc419250077]Impulse response for following clusters
Cluster arrival time is τi that is defined by the transmission distance.

=0         	                             (6)

[bookmark: _Toc419250078]MIMO system
Figure 13 shows the basic model of a MIMO channel. In the figure the number of elements is set to M = 2. Antenna arrays at the transmitter and receiver are directly facing each other. Geometry of both arrays is the same, including element spacing.

[image: ]
(a) structure of SR-MIMO channel

[image: ]

 (b) Model comprises M2 SISO channel responses
[bookmark: _Ref418715186]Figure 13 :  Channel modelling of MIMO system

The model for the impulse response outlined in the above sections represents a SISO model. For a MIMO system, the taps are created for each element of the MIMO channel matrix, H. The impulse response, hij, can be modified for the i-th receive antenna and j-th transmit antenna pair, as the following;
The first tap is
		(7).
In the form of matrix, the first tap is (here M = 2 is assumed in the second line of this equation);

	(8)

HF is not time-variable, fixed component. Each element  of this matrix is calculated geometrically using the location of each antenna element. Aij is the real number which denotes the amplitude of this LOS path, φij is the phase rotation due to that path length. When the path length of Tx antenna #j and Rx antenna #i is lij, these values are shown below.

		(9)

		(10)

As described above, lij are calculated geometrically from the antenna arrangement. f is the RF frequency.

On the other hand, Hv is the component which is independently Rayleigh distributed, i.e., i.i.d. (independent and identically distributed) channel. In the close proximity transmission, transmitting antenna and receiving antenna are located in the same scattering environment unlike wireless LANs or mobile communications, and the element spacing is more than half a wavelength. Hence the MIMO channel model assumes that the multipath component is independently Rayleigh-distributed.

Other tap for multi-path in the first cluster is expressed in the same form as for SISO.

.		(11)

[bookmark: _Toc393353075][bookmark: _Toc393353944][bookmark: _Toc393354314][bookmark: _Toc393354735][bookmark: _Toc393354808][bookmark: _Toc393354880][bookmark: _Toc393353076][bookmark: _Toc393353945][bookmark: _Toc393354315][bookmark: _Toc393354736][bookmark: _Toc393354809][bookmark: _Toc393354881][bookmark: _Toc413435111][bookmark: _Toc413436349][bookmark: _Toc413436377][bookmark: _Toc393353077][bookmark: _Toc393353946][bookmark: _Toc393354316][bookmark: _Toc393354737][bookmark: _Toc393354810][bookmark: _Toc393354882][bookmark: _Toc413435112][bookmark: _Toc413436350][bookmark: _Toc413436378][bookmark: _Toc393353078][bookmark: _Toc393353947][bookmark: _Toc393354317][bookmark: _Toc393354738][bookmark: _Toc393354811][bookmark: _Toc393354883][bookmark: _Toc413435113][bookmark: _Toc413436351][bookmark: _Toc413436379][bookmark: _Toc393353079][bookmark: _Toc393353948][bookmark: _Toc393354318][bookmark: _Toc393354739][bookmark: _Toc393354812][bookmark: _Toc393354884][bookmark: _Toc413435114][bookmark: _Toc413436352][bookmark: _Toc413436380][bookmark: _Toc393353080][bookmark: _Toc393353949][bookmark: _Toc393354319][bookmark: _Toc393354740][bookmark: _Toc393354813][bookmark: _Toc393354885][bookmark: _Toc413435115][bookmark: _Toc413436353][bookmark: _Toc413436381][bookmark: _Toc393353081][bookmark: _Toc393353950][bookmark: _Toc393354320][bookmark: _Toc393354741][bookmark: _Toc393354814][bookmark: _Toc393354886][bookmark: _Toc413435116][bookmark: _Toc413436354][bookmark: _Toc413436382]As for the following clusters, 
  　　　　
=0　　　 	　　　　　　　　　　　　　　　　(12)

[bookmark: _Toc419250079]Summary and Conclusions
This document has presented the channel model for performance evaluation of IEEE802.15.3e system proposal. The parameters for close proximity P2P system considering file exchange application and kiosk download service were introduced based on measurement data.  The channel model also includes the impact of polarization alignment between the transmitter and the receiver for practical usages .
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